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Preface

Certain commercid radio sysemsareidentified in thispaper as examples of mobile voice communication
systems. In no case does such identification imply recommendation or endorsement by the National
Tdecommunication and Information Adminigiration, nor doesit imply that the system is necessarily the best
availablefor the purpose. Neither doesthe comparison of any systemsimply that those systems provide
anequd leve of performance, or that any other conclusionsregarding the relative suitability or desirability
of such systemsfor any purposes should be drawn fromthis study. Although substantial care wastaken
to verify characteristics of systems discussed in this report, we make no representation that such system
descriptions are necessarily correct.
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A SURVEY OF RELATIVE SPECTRUM EFFICIENCY
OF MOBILE VOICE COMMUNICATION SYSTEMS

Robert J. Mathesont

Thispaper providesdefinitionsof spectrum efficiency for genera communication systems,
then simplifiesthe definitions so that the spectrum efficiency of several contemporary
mobileradio systems can beeasly compared. A variety of systems currently in useand
proposed for near-term deployment are compared to analog FM dispatch radio. The
caculationsshow aratio of 1 million between themogt efficient and least efficient of the
systems considered. Based on these calculations, a comparison can be made between
varioustechnologiesand their ability to deliver communication syssemswith avery high
spectrum efficiency.

Keywords: cdlular radio, frequency reuse, mobileradio, PCS, spectrum efficiency, spectrum policy,
trunked radio systems, vocoders.

1. INTRODUCTION

In the 1992 Bill authorizing the FY 93 budget for the National Telecommunications and Information
Administration (NTIA), the Congressincluded arequirement for NTIA to producea"plan for Federa
agencieswith existing mobile radio systemsto use more spectrum-efficient technologiesthat are at least as
spectrum-efficient and cost-effective asreadily avallable commercid mobileradio systems™ In 1991 the
Federal Communications Commission began asevera year study called the mobile radio "Refarming”,
designed to improve the efficiency of non-Federal mobile radio systems so that the current severe
crowding could be alleviated without the alocation of large amounts of additiona spectrum for mobile
radio. Sincethe Federal and non-Federal frequency managers are both wrestling with the problem of
mobile spectrum efficiency, it seems appropriate to examine the theoretical foundations of spectrum
efficiency, aswell asto examine some aspects of spectrum efficiency of existing systems.

The"spectrum efficiency” described in thisreport hasbeen described in past reportsastechnical spectrum
efficiency.” Thismeansthat we are describing only the"technica™ aspects of spectrum efficiency, without
regard to thevery important practical considerationsof cot, reliability, or even minimum suitability to
perform aparticular function. Thus, acomparison of the spectrum efficiency of two systems should not be
expected to show which systemis"better." Instead, the comparison of spectrum efficiency should be
expected to show only which system has the greater technical spectrum efficiency, as defined by the
equationswithin thispaper. For example, in alater section of this paper, the spectrum efficiencies of an
air traffic control (ATC) channel and acellular telephoneare compared. Although thecellular telephone
ismuch more efficient according to the definitions established here, thereisno intention to imply that cdllular
telephonesare"better” than air traffic control channels. Thetwo systemsperform much different functions,
in greatly different environments, meeting very different constraints.

The author is with the Institute for Telecommunication Sciences, National Telecommunications and Information
Administration, U.S. Department of Commerce, Boulder, CO 80303



Similarly, for systemsthat areless obvioudy different from each other than cellular phonesand ATC
channds, thereader should remember that the comparison isbased only on the narrow criterion of technica
spectrum efficiency. Beforeany conclusionscan be drawn regarding which systemisbetter for aparticular
function, many other factors need to be considered. A partia list of these other factors might include
equipment cog, infrastructure cogt, technica complexity, rdidbility, time needed for deployment, robustness
under particular circumstances, timetorepair, size, weight, power consumption, required transmission
distance, message privacy/encryption, over-the-air distribution of encryption keys, ease of operation,
spectrum availability, cost of operation, full duplex operation, group call capabilities, compliancewith
exigting protocols, required customer density, expandability/flexibility, legal congtraints, compatibility with
other systems, biological hazards, consumer preferences, Government regul ations, devel opment costs,
historical precedents, priority access, operating environment/terrain, etc., etc. These other factorsare
outside the scope of this report, as are the more general conclusions that might be drawn if they were
present.

Section 2 contains definitions of spectrum efficiency, including some waysto simplify these definitionsto
allow rough estimates of comparative spectrum efficiency to bemade. Section 3 contai nsdescriptions of
some mobile communications systems used by the Federal Government and other non-Federal users,
covering arange of traditional and proposed systems. The descriptionsof mobileradio systemsinthis
section areincluded mainly tomorefully describethefairly terse system descriptionsin Section 4. Section
4 appliesthesmplified definitions of relative spectrum efficiency to many of thetypesof mobilesystems
described in Section 3, comparing them to conventional analog FM mobileradios. This section showsa
very wide range of spectrum efficiency (morethan 1,000,000:1) between the least efficient and the most
efficient systems.

Section 5 summarizesthefindings of Section 4. Section 6 usesthe summary of spectrum efficiency to
propose some directions in which future mobile systems might move.

The approach taken in this paper relies on the use of convenient approximations and easy assumptions,
which may cause concern for the accuracy of theresults. Although the results admittedly may suffer a
higher degree of uncertainty because of the approximations and assumptions, they do not subgtantiadly affect
the conclusions of the paper, and they permit many systemsto be compared easily, even whilelacking
detailed information on the technical and deployment parameters of many systems.

2. DEFINITION OF SPECTRUM EFFICIENCY

Thissection defines severa quantitiesrelated to spectrum efficiency®. Some of these quantitiesaredifficult
to define and even more difficult to calculatefor red systems. Therefore, wewill also define somereative
measures, inwhich some problematic termsmay cancel out, alowing useful caculationsto bemoreeasily
made. Finaly, wewill step back and look at the communications process as awhole, including some

*These definitions closely follow the definitions in CCIR Report 662-3 [1]. They have been expanded to
include some alternative definitions that more closely match the functional requirements of a wider variety of
radio systems.



factorsthat might not be considered by acommunications engineer, but which greatly affect the use of
communications systems.

2.1 General Definitions

Wewill first define spectrum utilization, i.e., the amount of the radio spectrum that isbeing usedina
particular Stuation. Next, wewill define spectrum utilization efficiency, whichistheratio of theamount of
communications achieved per the amount of spectrum space used. Since one major use of spectrum
utilization efficiency information isin comparing the efficiencies of two sysems, we will dso definereative
spectrum efficiency.

2.1.1 Spectrum Utilization

A radio system operates at a particular frequency (actually across a particular bandwidth), at a given
location, and at aparticular time. At frequencies sufficiently closeto that operating frequency, other nearby
radio sysemsmay not be ableto operate without causing interference or recelving interference. However,
therange of aradio sysemisnot infinite; outside of some distance another radio system could operate on
the samefregquency without causing interference or receiving it. Finaly, someradio systemsarenot used
all of thetime; they will not cause or receiveinterference when they are not being used. Therefore, there
isatime factor associated with the radio system.

We define spectrum utilization asthe product of the bandwidth, the geometrica (geographic) space, and
the time denied to other potential users. The measureis

U=BxSxT, 1

where U is spectrum utilization,
B isthe radio bandwidth,
Sis geometric space, and
T istime.

Theformulafor utilization isagenera conceptua formulathat will need to be made specific whenitis
applied to an actual case. It can be quite difficult to apply this concept to agiven system, partly because
the mathematicsbecomevery detailed and partly because there areanumber of judgements/assumptions
that must bemade. Theformularepresents no specific number until the assumptions are made, and there
isno obviousset of default valuesor even "ided” vauesthat can be used. Much of the remaining discusson
about the definitionsin theremainder of Section 2 will ded with the problem of making reasonable choices
for a specific system.

Transmittersand receiversboth use spectrum space. Transmitters use spectrum space by denyingtheuse
of that spaceto nearby receivers (other than the intended receiver), which would recaeive interference from
the transmitter. This spaceis called "transmitter-denied space,” or ssimply "transmitter space."

Receivers use spectrum space by denying the use of that spaceto additiona transmitters (assuming thet the
receiver isentitled to protection from interference). A tranamitter operating within that space would cause
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interferenceto the receiver'sintended operation. Thisspaceiscalled "recelver-denied space," or Smply
"receiver space."”

For most communication systems, receiver and transmitter spectrum spaces are both important. For some
systems, however, one space may be much moreimportant than the other. Radio astronomy, for example,
utilizesonly recelver space. The presence of aradio astronomy receiver deniesthe use of nearby spectrum
spaceto other transmitters. Expressed differently, aradio astronomy receiver issurrounded by "receiver-
denied" spectrum space. Thereisno corresponding practical transmitter space, Sncethe "tranamitters’ are
located at astronomical distancesfrom our areaof concern. An ISM?3transmitter, on the other hand, may
be surrounded only by "transmitter-denied" spectrum space, where other receivers may experience
interference.

The process of ca culating theamount of pectrum space used can beformidable. Propagation modelsand
terrain databases may be needed to calculate coverage. Transmitter emission characteristicsand receiver
susceptibility characteristicsmust be used to determine bandwidth factors. Inthe caseof mobilesystems,
transmission time Statistics and transmitter/receiver location statistics must be known. Transmitter and
recelver antenna patterns are important for many systems. Some choices will have to be made about
defining thetolerableleve of interferencethat can bereceived by particular typesof sysems. Findly, these
cdculaionsmust be madefor every combination of receivers and transmitters within agiven operding area.
Evenif fast computers are used for the cal culations, database limitations and other practical matterswill
requirethat S mplifying assumptionsbe used when performing the computations. Evenif the complexity
problem were solved, there would remain a problem of selecting the appropriate values for many
parameters. Thereisawide range of defensible choices for many of these parameters, which can
significantly affect the answers and severely challenge the credibility of the results.

2.1.2 Spectrum Utilization Efficiency

Spectrum utilization efficiency is defined astheratio of information transferred to the amount of spectrum
utilization. The measureis

Q=1/U=1/(BxSxXT) 2)

where Q is spectrum utilization efficiency,
| isthe rate of information transfer,
U isthe amount of spectrum utilization = spectrum space used
B is bandwidth,
Sis geometric space, and
T istime.

%ISM: Industrial, scientific, and medical transmitters are controlled by Part 18 of the FCC rules. These
systems include transmitters used for various processes like RF welding of plastics, microwave ovens, medical
diathermy, etc.



Sincetheintent of using the spectrum isto transfer information, the spectrum utilization efficiency isa
technical measure of how efficiently oneisusing the spectrum. (Thereare, of course, many additiond
factors that must be taken into account besides efficiency—such as cost, reliability, availability of
equipment, special operationa requirements, etc.). Thedifficulty of calculating avauefor U (spectrum
utilization) has been discussed in the previous section, leaving only the problems associated with choosing
realistic assumptions about I, the amount of information transferred by the system.

For somedigita systems, therate at whichinformation istransferred can be easily described in terms of
abit rate. For other systems, there can be problems determining exactly how much datais being
transferred. How much dataisthereinaTV image? What if the image does not change from frame to
frame? How much lessinformationisin apoor TV imagethan agood one? What isthe information rate
of aradar or aflood warning alarm system. Doesthe absence of an airplane on aradar screen convey an
equa amount of information asthe presence of one? How much information isthe flood warning alarm
trangmitting when thereisno flood? Although these questions suggest some difficultly in assigning anumber
to theinformation rate, anumerica vauewill need to be established before avauefor Q can be computed.

Evenfor a"smple’ voice system, there can be cons derable disagreement about the information rate of the
system. If one speaks 3 words per second using a basic vocabulary of 8000 words, the basic datarate
of avoice channel would be 39 hits/s (assuming that each word in an 8000-word vocabulary could be
designated by a specific 13-bit code). On the other hand, Nyquist sampling on a 3-kHz audio channel
using 8-bit quantization would require adatarate of at least 48,000 bits/s. Both answers (and everything
in between) can be defended rigoroudly on solid technical grounds. Thus, arbitrary (but reasonable and
necessary) assumptionscould lead to a1200:1 range of answersfor theinformation rate of avoice system.

Similar orders-of-magnitude differences affect assumptionsused to cal cul ate the amount of spectrum space
used by asystem. Theeffect of such assumptions on the numerica vauesof soectrum efficiency issufficient
to cause somedistrustin numerica va uesfrom any such caculationsmade on practical systems, especialy
if thenumbershave been derived by different investigatorsusing (dightly?) different assumptions. Itwould
berisky to use such cal culationsto compare the spectrum efficiencies of two systems, when those two
efficiencies are expected to be approximately equal (perhaps differing by afactor of 10 or less).

2.1.3 Rélative Spectrum Efficiency

Systemsthat perform the same function can becompared using the concept of relative spectrum utilization
effidency. Wedefinethequantity of "relaive efficiency” astheratio of two spectrum utilization efficiencies

R=QJ/Q, 3)

where R = relative efficiency = ratio of spectrum utilization efficiencies,
Q. = spectrum efficiency of system A,
Q, = spectrum efficiency of system B.

Although the use of R may seem to have doubled the computational problems, it often makes the
computation much easier. Since many of the same difficult-to-compute quantitiesare part of Q,and Q,,
they cancel out without ever having to be calculated. For example, if system A and system B perform the
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same function, they must cause the same amount of information to be transferred (even if the transfer
mechanismsare completely different). Thismeansthat the"l," and"l,' termsare equa and cancel outin
the computations, avoiding the associated conceptual and cal culation problems.

In the specific case of voice channels, we assume that each system carries the same amount of data, but
we needn't define exactly how much datathat is. The purist might complain that one voice channd hasa
better signal-to-noiseratio, less decoding delay, more natural sounding speech, etc.—i.e., that onevoice
channd isnot equa to another. Part of theanswer to theobjectionisto insst that the sysemsactudly have
to performthesamefunctions. A high-fiddlity studio-to-transmitter audio link meetsdifferent functiona

specificationsthan apolice mobileradio. The other part of the answer isthat even if voice channelsdon’t
meet exactly the same specifications, they will dill be much more dikethan the 1200:1 differencesthat were
encountered in the assumptions needed to calculate absolute information transfer rates.

Similarly, many of thedifficult caculationsthat are part of the spectrum utilization factors may cancel out.
Thisoftenleavesasmple set of ratiosto be caculated, e.g. system A isessentialy identical to system B,
except system B uses twice the bandwidth, system A has 3 times the coverage area, etc.

Itistempting to over-smplify the caculation of R, by pretending that asingle change does not cause any
other changes. For example, we might compare two systemsthat are "identica,” except that one uses 16-
QAM modulation and the other uses 32-QAM. We might smply note that the 32-QAM system would
require half the bandwidth and declareit to have twice the efficiency of the 16-QAM. A closer examination
might show that the 32-QAM system requires a better Sgna-to-noiseratio and Ssgnd-to interferenceratios
to operate, requiring moretransmitter power and making it lesstolerant of interference, etc. Thisrequires
adjusmentsto other parametersbesidesthebandwidth. Thissituationistypica, but caculationsof rdative
efficiency are till usually much ssmpler than calculations of absolute efficiency.

Theratio of the two computed efficiencies is often more useful than the absolute values of the two
efficiencies, sncetheefficienciesdon't relateto anything familiar. (Isaspectrum utilization efficiency of
0.79 Mbits'ssMHz/m?good or bad? Or what?) In contrast, therel ative spectrum efficiency will show, for
example, that system A is 3.5 times as efficient as system B.

When severa systems providing the same service are compared, it is useful to compare dl of themto a
singlereference system providing the same service. The system selected asthe reference system can be

a. the most efficient system that can be practically built, or
b. asystem that can be easily defined and understood, or
c. asystem that iswidely used—a de facto industry standard.

In Section 4, we compare the efficiency of severa types of mobile systemswith an analog FM dispatch
mobile radio, since thisis the most widely used mobile system and its characteristics are well known.

2.2 Commentson the Definition of Spectrum Efficiency

This section discusses some dternative definitions of spectrum efficiency that may be more suitable for
certaintypesof systems. Section 2.2.1 contains aternative definitions of service provided or information

6



transferred (1). Section 2.2.2 providesadiscuss on of aternativedefinitionsof spectrum space consumed.
2.2.1 Alternative Definitionsfor Information Transferred

In the definition of spectrum efficiency (Equation 2), the definition of | (I = information transfer rate)
contains only afactor for the amount of datatransferred. 1t does not include factorsfor the distance the
datatravelled or the number of placesthe datawasreceived (or could potentially have been received).
Theseareimportant constrai ntson the definition of spectrum efficiency; they areresponsiblefor the high
efficiency calculated for short-path systems. Sincethisdefinition impliesthetypesof systemsthat are
considered efficient, it is reasonable to ask whether alternative definitions should be considered.

A genericradio system often performstwo separate functions: trangport and access. Thetrangport function
includes moving datafrom one geographic location to another. The access function providesthe user a
convenient way to get access to data that isaready close by. Therole of a point-to-point microwave
systemismainly transport. Therole of acordiesstelephoneismostly access. Traditional radio systems
like broadcasting stations often include both roles of access and transport. Today, thetransport roleis
being more completdly filled with optical fiber, whilewireless technologies are being optimized to fill the
accessrole.

The selected definition (Equation 2) of spectrum efficiency is consistent with the new paradigmsin
communications, where radio mainly furnishes a convenient means to access data. If data can be easily
transported anywhereby non-radio means(e.g., optical fiber), thereislittle additional benefit achieved by
using radio to trangport dataover alarge distance. Therefore, thisdefinition of spectrum efficiency—which
we will call the "access' version—is proper in omitting the "transport” role of radio communications.

There are, however, many radio systems that are designed to perform the transport role. For these
systems, one may wish to use adefinition of spectrum efficiency that recognizesthe transport role. For
example, consder the spectrum efficiency of point-to-point microwave systems. The mgor function of
such systemsisto transport data over long distances, and the definition of spectrum efficiency should
include afactor that includes the distance over which the dataistrangported. In this casethe definition for
Q; (transport version) would be

Q,=1xD/U, 4

where Q; is spectrum utilization efficiency (transport version),
| isthe rate of information transfer,
D isthe distance over which the information is transported,
U isthe amount of spectrum utilization = spectrum space used.

A broadcasting application requires another definition of spectrum efficiency, since neither the identity,
quantity, nor location of the usersis known and the system cannot be expected to provide specific linksto
these unknown users. For broadcasting, the object isto provide a"coverage area,” within which all
potential or actua listener/viewerscan beserved. Inthiscase, thelinear factor D should bereplaced with
an areafactor A, matching the benefit of having alarger coverage area. Thisyields



Q.=IxA/U, (5

where Q. is spectrum utilization efficiency (coverage version),
| isthe amount of information transferred,
A isthe area of coverage, and
U isthe amount of spectrum utilization = spectrum space used.

Theseexamplesillustrate the need to choose the appropriate definition of spectrum efficiency, asapplied
to aparticular radio system. The accessverson (equation 2) isthe proper version when the basic objective
isto establish acommunicationslink, including most mobile, wirdless, and PCS applications. Equation 4
(transport version) isthe definition that appliesto radio sysemswhose chief purposeisto transmit asigna
over along distance, such aslong-haul microwave. Equation 5 (coverage version) containsthe proper
definition for radio systemswhose purposeisto provide servicesto al locationsin a specified coverage
area—actypical broadcasting or radar application.

It may be unclear which definition gppliesin agiven circumstance. Inamobile service, the accessverson
would normally apply. Consder, however, amobile system that dlows"group cal" operations (wheredl
members of asdlected group must be ableto listento dl traffic on agiven channdl). If usersin aselected
cal group are scattered over alarge area, it may be necessary to transmit amessage throughout every cell
of alargemulti-call system. Thisgituation beginsto look suspicioudy like abroadcasting operation, which
would be described using the area version of the definition.

The crucid differenceiswhether the system can identify the locations of users eearmarked to receive group
call messages. If the system knowswho and where the users are, one could imagine asystem optimally
configured to provide the required linkswhile using minimum spectrum space. Therefore, the access
definition would apply. Ontheother hand, if the serviceis such that the system cannot not know who or
wherethe usersare, thereisno possibleway to ensure communicationswith the required users, except to
provide sufficient Sgnal over arequired coveragearea. Under thiscircumstance, the" coverage' definition

would apply.

Similar arguments can be applied to along-range mobileradio system, whereit isrequired that the radio
sgnd travelsalong distance. A mobile systiemwould normally usethe access definition. However, inthe
case of along-range HF communi cation system, the mobile receiver may be 3000 km away, inan area
wherethereisno other communicationsinfrastructure. 1t would be reasonable to wonder whether this
radio isbeing used more to provide access or to provide transport. One sufficient, but not necessary,
criterion for the use of the trangport definition: use the transport definition if the total distance requiresthe
useof multiple hops because asingle hop cannot span thedistance. Thus, along-haul microwave system
with four hops would use the transport definition.

2.2.2 Alternative Definitionsfor Spectrum Space Utilized.
The definition for spectrum utilization (Equation 1) is U = Bandwidth x Space x Time. Although spaceis

nominally a3-dimensond quantity (i.e., volume), we often assume that spaceiscondrained to athin layer
near the surface of the earth, since that is the only volume which will usualy contain transmitters or



recaivers. If thethickness of thislayer islessthanr, wherer isthetypica frequency reusedistance, there
is no chance of frequency reuse along the vertical dimension. Accordingly, we would assumethat the
volume of interest has the properties of a surface and varies as r?, wherer isthe radius of acircle on the
surface of the earth. For the casewherer isvery smdl, however, the geometry may become 3-dimensiond,
and the amount of space used will vary asr?. This situation occurs, for example, in an urban skyscraper
environment, wherefrequencies may aso bereused on averticd basis(e.g. every 10th floor). The use of
an r*factor would give an even stronger theoretical advantage to short path systems. In most of the systems
considered in this paper, however, r is sufficiently large that the use of r? is appropriate.

It has also been suggested that a"nodal™ definition of spectrum usage be used for point-to-point fixed
microwave systems. Thisdefinition isbased on the operationa limitations of this service, where many
microwave links must convergeat asmall number of sites, and the ability to add morelinksat acrowded
sitelimits how densely the band can be used. This definition would be particularly dependent on the
narrowness of the antenna beamwidth and freedom from serious sidel obes.

A linear definition of spectrum usage might be used for geosynchronous satellites. Sincethereisonly a
singlecircular orbit line 36,000 km (22,400 mi) above the equator where geosynchronous satellites can
be parked, the linear position along this orbit may be a useful simplification of geometrical space.

2.2.3 Ambiguities Resolved by Relative Spectrum Efficiency

No matter what the exact form of the definition for spectrum efficiency, the definition of relative spectrum
efficiency will help to keep the answers useful. Aslong asthe systems being compared use the same
definition of spectrum efficiency, the valuefor relative spectrum efficiency will not be affected. Thisis
another instance where the use of relative spectrum efficiency avoids the need to make critical, but
ambiguous, choices.

2.3 Factorsthat Constitute Relative Spectrum Efficiency

The previous section described aquantity called "relative spectrum efficiency.” Thissection builds on that
concept, by breaking down amobile communication system into anumber of component factorsfor reative
spectrum efficiency, each of which canindependently be compared with variousaternativetechnologies
for performing that function. Although there may be other waysto plit up the factorsthat cause spectrum
to be used, we have attempted to select factors that are independent of each other—i.e., so that changes
in onefactor do not cause changesin other factors. These factors are factorsin the mathematical sense;
doubling any oneof them will cause theamount of spectrum required to change by afactor of two. Each
of the factors can be considered to be a"relative efficiency” factor, a pure number that can be increased
or decreased by some ratio.

We have broken thesefactorsout in order to study what makesthe use of mobileradio to be efficient and
what makesit to beinefficient, aswell asto understand whereimprovementsare most easily possible.
Thesefactorswill use the present technology asareference. In particular, wewill relate these factorsto
aconventional FM analog mobileradio system. Thefactorsarelisted below, beginning with the most
immediate (personal) to the most globa (detached). Theparticular order doesnot changetheinterpretation
of the factors.



Message efficiency factors:
1. Decision efficiency - Send a message? How big a message? What priority?
2. Mode efficiency - Useradio or not?

Technical efficiency factors:
3. Configuration efficiency - How many frequencies per message?
4. Queuing efficiency - trunked systems, blocking probabilities
5. Compression efficiency - voice and video compression algorithms
6. Modulation efficiency - bandwidth. How many bits’/Hz?
7. Range efficiency - frequency reuse, cell size, power control

Spectrum management efficiency factors:
8. Assignment efficiency - separation distance, sharing rules
9. Allocation efficiency - Does allocation bandwidth match needs?

Economic efficiency factor:
10. Resourceefficiency - Doestota process give maximum service for minimum
cost?

There may be some question whether dl of thesefactorsbelong onthelist. Although only the technology
factorswill be consdered inthisreport, it isuseful to note the existence of other factorsaswel. Eventhe
mogt efficient radio system uses more radio spectrum to send amessage than an adminigtrative system that
isorganized to allow amessageto travel by non-radio means. Which system should be considered the
most spectrum-efficient? How does one balance the benefits of an administrative reorganization against
the use of more efficient technology to send radio messages? We have developed few toolsto evaluate
the numerical efficiencies of the non-technical factors. Nevertheless, it would represent asub-optimal

answer to consider only solutions that improve the technical factors.

Theten spectrum efficiency factorslisted abovewill be described in the remaining part of thischapter,
especidly asthey apply toamobileradio system. Thefivetechnical spectrum efficiency factorsdefined
abovewill be used as abasisfor comparing the relative spectrum efficiency of mobile radio systemsin
section 4. When numerical results are needed, the systems being evaluated will be compared with a
reference system. For these studies, asingle-channel analog FM simplex dispatch system with 15-kHz
channel bandwidth isthe selected reference system. Inal cases, anumber greater than 1 meansthat the
target systemsis more efficient (uses less spectrum) than the reference system.

2.3.1 Decision Efficiency

Thefactor leading to adecision to send amessage or not to send oneisnot generaly consdered to be part
of spectrum management, though it isat the heart of the use of communications. Thisfactor dsoincludes
how important it isthat the message gets through and the length of the message. Sncewe areliving inwhat
hasbeen cdled an"information age,” it seemslikely that there will be a continuing need to send messages.
A value greater than 1 means that more messages will have to be sent.
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2.3.2 Mode Efficiency

This factor deals with the decision to use a radio-based medium to send the message that was made
necessary in Factor 1. Most messagesare not sent viaradio, but are delivered verbaly in person, by mail
or memo, by telephone, etc. Until recently, radio was used mainly when speed of ddivery wascrucia and
whenwire-based communications(e.g., telephone) werenot available. The current emphasison "wireless’
technol ogiesrepresentsachangein modeefficiency, including morefrequent decisionsto usearadio mode
for convenienceand quick responsetime. Itisanticipated that many future messageswill moveviaradio
modes(including cellular voiceand data, PCS, and wirdessLAN) instead of thetraditiond wireline, postd,
or personal modes.

Although the "wireless' changeswould give amode efficiency factor of lessthan 1, it should a so be noted
that many messagesthat were previoudy carried by point-to-point microwave systems are now carried by
optical fiber. Thus, the mode factor for many of the microwave servicesis now typically greater than 1.

It should also be noted that systems that have good mode factors often have poor technical factors. The
terse messages sent by air traffic controllers are partly necessary because of the very poor technical
spectrum efficiency factorsassociated with the geometry of air traffic control links. On the other hand, the
very high technicd efficiency of cellular telephoneis needed partly because of the poor decision efficiency
and mode efficiency of typica cellular phone users. (In other words, the cellular phone system must be
technically efficient, because its customers talk too much.)

Factor 1 and Factor 2 establish the basi ¢ requirementsfor the use of theradio spectrum. Onceit hasbeen
determined that amessage needsto be sent by radio, there are alarge number of techniquesthat can be
used to transmit the messages. Thesdection of these techniques determine how much spectrum is needed
to transmit themessage. Thenext fivefactorsare cadled thetechnica efficiency factors. Thesefivefactors
are the mgjor area of consideration for this report.

2.3.3 Configuration Efficiency

Thisfactor relatesto the number of radio channelsthat are needed for amessage, compared to asmplex
system using onefrequency switched between transmit and receive functions. Based onthe conventionthat
better spectrum efficiency will correspond to numberslarger than 1, asystem requiring two frequencies per
voice channel will have aconfiguration efficiency = 0.5. A system requiring four frequencies per voice
channel hasaconfiguration efficiency = 0.25, etc. A full-duplex system requirestwo frequenciesfor the
full duration of a message (therefore, configuration efficiency = 0.5).

Many mobileradio sysemsusethe haf-duplex mode, where onefrequency isused for amobiletransmitter
and another frequency is used for the mobile receiver. A half-duplex station cannot listen whileit is
transmitting. Although ahaf-duplex system usestwo frequencies, each frequency istypically used for only
half of the duration of a message (configuration efficiency = 1).

A repeated, trunked, half-duplex system requires two frequencies for the duration of the message
(configuration efficiency = 0.5). A haf-duplex system requiring the use of multiple (N) serid repeatersto
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get coverage over an areawould require 2N frequencies for the duration of amessage (configuration
efficiency = 1/2N).

2.3.4 Queuing Efficiency

Thisfactor relates to the ability to secure achannel for usewhen it is needed, and to release the channel
at other times. It relates specificaly to the use of trunked systems, where the user experiencesimproved
channel avallability even when channdsarein heavy demand. The queuing efficiency factor istheratio of
the number of usersthat can be serviced with arequired level of channdl availability, compared with the
number of usersthat could obtain that level of channd availability with an equal number of channdsona
reference system.

If "User X" believesthat hisneed for immediate communicationsis soimportant that he cantolerate only
a0.1 percent chance of hismessage being blocked because the channel isoccupied by another user, there
aretwo approachesto meeting hisneeds. He canins st that he be given the sole use of achannel—or at
least achannel that is shared by other users whose total use of the channel islessthan 0.1 percent of the
time. Thisapproach severely restrictsthe number of usersthat can share achannd with User X. If User
X isaheavy user of the channd (e.g., 20 percent of thetime), it might befdt that thiswas sufficiently heavy
usethat no one would object dedicating the channel to the single user. A more frustrating Situation occurs
when User X makesvery light use of the channd, but still requires exclusive use of the channel because of
his need for immediate channel availability.

The second approach is to

place User X on a multi-

channel trunked system. A

trunked system assigns a g
channel to auser on acall- 100
by-call basis, allowing the
user to communicateif any
of the channelsisavailable.
Evenif many of the channels
arebeingused, itisrdatively
unlikely that they will al be
in use. This allows more
users to share a given
number of channelsif they
are trunked, compared to
the use of the same number U Pl ©d
of channels on an R
independent basis. Figurel : ! 10 100
shows the improvement in Average Channel Usage

blocking probability (the

chance that the user will be  Figure 1. Percentage blocking statistics on trunked systems.
denied the use of achanndl)

100
=

10 p

Blocking Probability
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versusaverage channel usagefor 5-channd and 10-channe trunked systems. In the example shown, the
system requires a control channel to accept requests from users and to make temporary channel
assignments. Thereforethe 5-channel system carriestraffic on 4 channels, and the 10-channel system
carriestrafficon 9 channels. If thetrunked system isused asarepeater (which isusually the case), each
channel will consist of apair of frequencies.

Asshown in Figure 1, asingle channd has ablocking probability equd to the average channel usage (i.e,
if the channd isbeing used by someoneé s, it will block my useof the channel). The blocking probability
islessthan average usagefor 5- and 10-channel trunked systems. For example, if ablocking probability
of 1 percent isacceptable, one could tolerate 1 percent average usage in a 1-channel system, 25 percent
average usage in a5-channel system, and 55 percent usagein a10-channel system. Thisrepresentsan
improvement in the amount of usage that can be obtained from an average channel of 25 timesand 55
times, respectively, for the 5-channel and 10-channel systems. The amount of improvement goes down
when higher blocking probabilities are tolerated. For 10 percent blocking, improvements of 3.5 and 6 are
provided in 5-channd and 10-channel systems, respectively. For very high usage(closeto 100 percent),
thistypeof trunked system actually producespoorer performance than anon-trunked system, becausethe
requirement for a control channel occupies a channel that could otherwise carry traffic.

Itisdifficult to chooseasingle number to describe theamount of spectrum efficiency benefit one obtains
from the use of trunked channels. If one assumed that users demand low blockage probabilities, (e.g., 1
percent), a10-channel systemwould provide animprovement of 55times. Onthe other hand, inamgor
catastrophe, auser might be willing to accept ahigher blocking probability (possibly 20 percent?). Under
these conditions, a10-channe trunked system could provide service with 75 percent average usage. Thus,
an improvement factor of dightly less than 4 would be obtained.

Many users are nat as concerned with blocking probability aswith "waiting time," the amount of time auser
will have to wait until a channel becomes available. Although thisisamore complicated problem,
depending on user message-length statitics, the sametype of improvement isprovided by trunked systems.
With N channelsto chose from, thereis N times the probability that at least one channel will become
available in a given period of time.

Lacking detailed specifications on the all owable channel blocking probability for a"typical™ user, the
number of channelsinatypicd trunked system, aswell asamethodol ogy for combining such dataif it were
available, anumerical value of 5 was chosen to represent the improvement of trunked systems over
individual channels, for the calculationsin Section 4.

Thereisamagjor assumption in the above andyss, snceit assumesthat all channel usageisindependent
of other channel usage. Thismeansthat thereisno statistical correlation between the timesthat User X
wantsto use achannd and the timesthat other users want to use achannel. However, if dl of the users
sharing the trunked system with User X needed to communicate for the same reason (at the sametime) as
User X, thedatigica andysisof channd availability would not bevdid. Only 4 of themwill Smultaneoudy
be ableto usea5-channel trunked system—no matter what the statisticssay. The use of alarger number
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of channels on atrunked system yields better statistical performance—partly becausetheraw daidicsare
better, but also because there is a better chance that the population of userswill need to communicate at
amore randomly mixed set of times.

The above limitation becomes pertinent to emergency communications when all of the users need to
communicateduring mgjor catastrophes. Although trunked systems can provide greetly improved channel
availability during timesof moderate use, they may become overwhe med by demand during timesof large-
scale demand—whichisexactly the situation in which these systems are needed to perform their most
critical functions. Because some Situationstrigger asimultaneousneed for many usersto communicate,
many trunked systems incorporate the ability to give priority preferenceto certain sets of users. The
priority userswould generally be expected to change, depending on the nature of the emergency Situation.

The problem of statistical dependence aso suggeststhat (despite common practice) the worst strategy
would be for each agency to build its own private trunked system to ensure reliable emergency
communications. This practiceispoor on two counts. First, being a single-agency system, it will have
fewer channelsand will give lessgtatistical improvement on that basis. Second, since the membersof a
given agency tend to need communicationsfor the same set of reasons, asingle-agency strategy will tend
to decrease the independence between users, ensuring that al of the users will want to use the system at
thesametime. Providing amix of usersfrom various agenciestendsto increase the number of channels
available in an emergency, as well as randomizing the times when users make heavy use of the system.

The advantage of Satistica independence does not mean that there are no advantagesin sdecting the type
of user dlowed on atrunked system. There are substantia practical advantages to have usersrequiring
acommon set of communication system capabilitiesand who can agree on acommon set of adminidrative
priorities. Ontheother hand, asystem sized to handlealarge number of mixed high- and low-priority users
provides excellent and economical service during norma times. During emergencies, alarge number of
channels are available for high-priority users, while the low-priority users are temporarily shut down.

2.3.5 Compression Efficiency

Thisfactor appliesespecially to digital systems, whereit refersto the amount of datacompressionthat is
performed between the derivation of origina digital dataand theamount of digital datathat istransmitted.
If redundant coding isrequired for efficient operation, it should beincluded inthisfactor. Thisfactorisset
to 1 for analog systems.

Compression ispossiblefor voi ce messages because voi ce messages contain a tremendous amount of
redundancy, when viewed asasmpleinformation channd. Asmentionedin Section2.1.2, thereisaratio
of more than 1200:1 between the number of bits needed to transmit the voice and what is needed to
transmit theinformation contained in the voice message. Much of thisdifference represents redundancy
in the speech process that can be removed by proper digital compression.

Proper digital compressionisnot that easy to perform, however, and much research is currently underway

inthefield of digital Sgnd processng to obtain better agorithmsand processing hardware. A generd rule
of thumb is that more-natural-sounding speech can be obtained by using more bits/second or more
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computer signal-processing "horsepower.” Low datarate vocoderseither sound poor or require more
expensivesigna processing and smarter agorithms. The current state of the art for inexpensive, high-
qudity vocodersisin therange of 16,000 - 32,000 bits's. These systemstypically require more bandwidth
than efficient analog systems.

On the other hand, digital compression techniques should be expected to continualy decrease the number
of bits needed to transmit a voice message. For example, the new APCO-25 vocoder requires only
4,800 hits/'s (plus another 4,800 bits/sfor error correction, timing, and other overhead) and takes 12.5 kHz
bandwidth. It should be assumed that future research will lead to the devel opment of vocodersthat require
aslittle as 1000 bits/s (possibly 5-10 yearsaway). Many digitd systems plan to incorporate more efficient
vocoders when they become available, giving an immediate increase in the number of voice channels
available.

2.3.6 Modulation efficiency

Thisfactor includesal of thefactorsthat determinetheamount of bandwidth required for an anadog system
or the number of bits/Hz for adigital system. For an analog system, thisfactor issimply the ratio of
bandwidths. For adigita system, theefficiency factor isdivided intwo factors: oneassociated with data
compression and one associ ated with the number of bitstransmitted per Hz. Thedigital sysemissplitinto
two factors since these two factors can often be separated and engineered independently.

Most modern digital mobile systemswill uselow-level modulationlike4-QAM (2 bits'sample). Although
fixed microwave links often use 64-QAM (6 bits/'sample) and 256-QAM (8 bits/sample), these higher
levels of modulation need better Sgnd-to-noiseratios and arelesstolerant of multipath digtortion. Thefixed
microwave systems can get by with the use of a high-performance adaptive equalizer, but the rapidly
changing mobile radio signal path degrades the performance of some equalizers.

2.3.7 Frequency Reuse (Range) Efficiency.

Thisfactor isrelated to the distance within which one system could causeinterferenceto another system.
A short rangeis preferable, sinceit allows afrequency to be reused moreoften by other systems. Range
efficiency isinversdy proportiona to the square of the frequency reuse distance. This may seem counter-
intuitive, since one often considerslong range an asset—the longer, the better. From a standpoint of
gpectrum efficiency, however, long rangeis associ ated with the consumption of more spectrum space (it
ispart of the"S" factor in Equations 1 and 2). A longer range means that the frequency cannot be re-
assigned asoften, decreasing the amount of service obtainable at that frequency. Thisdoesnot mean that
long-range radio links are necessarily bad, but only that they consume more spectrum space than ashort
radio link. (In other words, don't use along-range system if a short-range one will do aswell.)

The actual length of aradio link isnot what consumes the spectrum space. The spectrum spaceis
consumed wherever theradio transmitter produces asignd strong enough to cause interference to another
system. Thus, good spectrum management will use the minimum amount of transmitter power needed to
perform the required communi cationsfunction. Use of more power resultsmainly in the consumption of
additional spectrum space, causing interference to other potential userswithout adding other benefits.
Cdlular sysemsdynamicdly adjust the power level transmitted by the mobile unit to the minimum required
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for reliableoperation. Thisnot only prolongs battery lifein portableradios, but provides better satistical
frequency reuse in adjacent cells.

Reducing the power of atransmitter and decreasing antenna height are only two of the possible techniques
to improvefrequency reuse. Some cdlular sysems use directiona antennasto divide coveragefromasite
into 3or 6 sectors. Thisalowsthe benefitsof up to 6 cellsfrom asingle base station. Two orthogonally
polarized antennas have been employed to double the use of each frequency at many fixed satellite and
terrestrial microwave sites.

It should be noted that merely alowing additional assgnmentsto be made within ashorter distance of an
exigting assignment does not necessarily give better rangeefficiency. If the shorter assgnment rangeisless
than the actual interference range of the system, decreasing the assignment range does not improvethe
system efficiency, but merdly alowsthe assgnment of more users at the cost of increased interference. A
comparison of range efficiency must assumean equad degree of interference (preferably none) in each case.

It can bedifficult to obtain realistic information on the typical frequency reuse range of many systems.
Unlike many system parametersthat are set by hardware, the range of many radio systems can be easily
changed over wideratios. In cdlular systems, for example, down-sizing of cellsisacommon way to
increase the traffic capacity of the system.

2.3.8 Assignment Efficiency

The category of assignment efficiency includes those factors in the assignment process that allow a
maximum amount of use to be derived from a channel. An assignment process that is too
consarvative—poss bly because of over-smplified EM C modds, incomplete or incorrect frequency listings,
or lack of detailed user information—uwill fail to allow the maximum number of usersonachannel. This
factor could aso include bottlenecksthat prevent or substantialy delay the assignment of frequenciesto
intended users. Wedo not have sufficient information to know how to cal culate this number in most cases,
but it is afactor affecting the efficient use of frequencies.

One example of assignment efficiency is observed when a certain set of frequenciesisreserved only for
base station transmitters and another set (often paired with channel sof thefirst set) isreserved for mobile
transmitters. Since base stations have higher antennas, with higher gain, and more powerful transmitters
compared to the corresponding mobilestations, the possibility of base station-to-base station interference
would require very long distances—possibly 160 km (100 mi)—between base stations operating on the
samefrequency. If al base stations use acommon set of transmitter frequencies, however, thereisno
interference between base stations, since no base station receives on the samefrequency that another base
station transmits. Therefore, one can cal cul ate a separation distance based on the distance a base station
caninterferewithamobileunit. Thisdistanceisusualy amuch smaller distance (possibly 40 km), since
the mobile unit has a lower antenna, which is often blocked by terrain and buildings.

The mobile unitsexperience asmilar improvement of efficiency, Sncetwo foreign mobile units operating

closetogether (but at their maximum operating rangefrom their respective base stations) cannot interfere
with each other, since neither of them will use a transmitter frequency that is received by the other.

16



2.3.9 Allocation Efficiency

This category includes those frequency management decisonsthat alocate frequency bandsfor particular
functionsand set the operating rulesfor those frequency bands. It includes all ocating enough bandwidth
to meet user demand and redll ocating bands (or changing rules) when necessary to meet new requirements.
It includes actions like re-channelization and narrowbanding when crowding becomes sufficient to
recommend the action. It includesthe sdection of frequency bandsthat are most suitable for each service,
based on propagation and technology considerations. In most cases, agood alocation efficiency would
requirethat bandsbeallocated according to real functional needsand that all alocationsrepresent alevel
of control and efficiency sufficient to meet the crowding in a given band.

Problemswith alocation efficiency are caused, for example, whenastandard set of frequenciesisreserved
for aparticular typeof mobileuser (e.g. forest products, motion pictures, fisheries, etc) even though some
of these users have widdy-varying requirementsin various geographical areas. Another exampleisthe
division of mobileradio bandsinto aset of Government and non-Government bands, irrespective of the
amount of relative demand in various areas.

2.3.10 Resour ce Efficiency

Thisfunction isnot—strictly speaking—afactor of spectrum management, but more of afigure-of-merit
that shows how well nationa spectrum management is performing itsjob. Inamarket-driven spectrum
economy, where spectrum shortages are reflected in higher user pricesfor spectrum, thisfactor would
show how wel | the spectrum management processalowsusersto minimizetota system cost (including the
cost of the spectrum used by the system). Thisfactor may be moredifficult to measure and interpret i f
spectrum cost cannot be determined, but still deals with achieving the maximum total service for the
minimum cost.

Spectrum efficiency remainsagod, to be sure, but only asub-god that issubservient toagoa of maximum
sarvicefor least cost. For example, one could impose expensiveand rigid technical standardsin mobile
bands(e.g., very tight spuriousresponse limitson receivers) that would contribute dightly towards better
spectrum management. |If the tighter limitswould not provide benefits worth the cost, however, such a
measure should not beingtituted. Each changethat is suggested should have its cost measured againgt the
likely benefits, and this difference should be an important part of the decison. Thefactorswill be different
for each frequency band, including the degree of need for greater efficiency (the amount of present and
future crowding) and the operational and fiscal costs of making the changes. The acceptance of thisasa
genera principledoesnot suggest that the numbersfor costsand benefitsare necessarily easy to obtain or
not subject to extensive interpretation.

3. DESCRIPTIONSOF MOBILE SERVICES
The category of "mobile services' includes a number of distinctive applications, some of which are
inherently ableto use the radio spectrum more efficiently than other applications. For somereaders, this
chapter may be quite elementary and can be skipped. It is included here to provide a common

undergtanding of the serviceswhaose spectrum efficiencieswill be caculated in thefollowing section. One
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must notethat each of the services described meetsdistinct functional needs. One should not necessarily
assumethat these services should be considered interchangeabl e when gpplied to the communication needs
of aparticular user. The services described in this section include the following examples:

a. Single-channel, single-user systems
b. Repeaters

c. Trunked systems (including SMR)
d. Cellular telephone systems

e. Future PCS and other systems

3.1 Single Channel, Single User Systems

Thesesystemsaretechnically the smplest type of system and were historically thefirst type of systemto
ganwidespread use. Inthistypeof system, each organization wanting communications obtains afrequency
(perhaps apair of frequencies) and builds asystem operating on that frequency. If communicationsare
needed over alargearea, e.g. a50-km radiuscircle, thetypica user would build abase station with atall
(15- to 50-m) transmitter tower and ahigh-gain omnidirectiona antenna. The high antennawill provide
better coveragethan alower antenna, sincealarger geographica areawill beline-of-sight or amost-line-
of-sight from the base sation antenna. Fewer obstructionswill stand between the base sation antennaand
mobile units, and radio waves will travel with lower lossesto areceiving antenna. To ensurereliable
reception over that distance, the base station transmitter will use ardatively large amount of transmitter
power (50-100 W). The vehicle-mounted mobile units will be constrained to use smaller antennas and
lower transmitter power (10-50 watts); portable hand-held units (walkie-talkies) will be even more
serioudy condrained inantennasi ze and transmitter power (typicaly 1-3W). Althoughthesizeof batteries
in hand-held units hastraditionally been themgor limitation on portabletransmitter power, possible hedlth
risks (or thefear of health risks) from higher-power transmitters held closeto the user's head may also
become afactor.

Because two-way communications are needed in most situations, the performance of the mobile
transmittersistheweak link that limitsthe system'smaximum useful range. Infringelocations, the mobile
unit may be ableto hear the more powerful base station transmitter, even though the base station cannot
hear theweaker mobilesigna. Therefore, somesystemsemploy multiplereceiving sites placed throughout
base gtation transmitter serviceareato compensatefor the shorter effective range of the mobiletransmitters.
At the base station, the receiver site with the best signal is selected for the mobile-to-base channel.

The useful range between mobile unitswill be even shorter. In some Situations, though, the mgjor role for
communications will be between mobile units working close by each other on acommon project while
outside of the range of the base station. Here, it will be crucial to maintain mobile-to-mobile
communications and less important whether they are out of range of the base station.

A single base station might transmit to 25 mobile units. Inasimple system, all 25 userswill hear the
messages broadcast from the base station, even though the message wasintended for only one of those
users. To eliminate the distraction and inconvenience on the part of the 24 "unintended” listeners, some
systemstransmit acoded signal containing the ID of the intended listener. Although al 25 mobile units
receive the message, the loudspeaker on the intended receiver isthe only one turned on and the message
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isheard by only theintended listener. In someapplications, of course, itisdesrablefor al 25 usersto hear
all transmissions, sothat they al remain aware of the progressof thework that isunderway. Or, possibly
only asubgroup of 10 users needsto be made aware of the activity on aparticular project. Theuseof IDs
forindividud listenersor groupsof listenerscan accomplishthis. Theability to smultaneoudy cal agroup
of listenersistermed "group calling” or "partly-line" (if al listenersare allowed to hear). "Tone-coded
squelch” refers to the use of specific audio or sub-audio tonesin a coded combination causing the
unaddressed loudspeakers to remain turned off (squelched).

Simplex and duplex.* If the base stations and mobiles use asingle frequency for al transmitting and
receiving, thesystemiscaled a"smplex sysem.” Ina"half-duplex" system (also called atwo-channel
smplex system), astation usesapair of frequencies, onefor transmitting and onefor receiving, however
adtation cannot S multaneoudy transmit and receive. Simplex and half-duplex systemsboth require” push-
to-tak" operation, wherethegtationisnormaly in alistening mode. The operator typicaly pushesabutton
onthemicrophoneto turn onthetranamitter. 1f two stations both transmit a the sametime, neither onewill
be ableto hear the other'smessage or be able to determine whether the other party is continuing to speak
or tryingtointerrupt. Thus, certain conventionsand radio disciplines have been developed to signal theend
of atransmission, "over" being one phrase used to turn the radio channel over to the other transmitter.

Push-to-talk operations allow many users to listen on a channel (or pair of channels), with the only
constraint being that only oneuser cantranamit at atime. In simplex operation, mobile userswill hear all
of messages to and from the base station. In half-duplex operation, mobile users will hear al of the
messages from the base station, but they will miss the messages from other mobile users.

Ina"full-duplex”" sysem, apair of frequenciesisa so used, but each station smultaneoudy and continuoudy
listenson onefrequency and transmitsontheother. Thisalowscustomary socid conventionsto determine
who continues speaking if both parties attempt to speak at the sametime. Although full-duplex systems
are easier to use (no push-to-talk action required), they use radio frequencies more of the time and
hardware costs may be 20-40 percent more than a comparable haf-duplex radio. Less-experienced (or
wedlthier) usersmay prefer full-duplex systems because of the greater ease of operation. A more serious
limitation on full-duplex radiosisthat only two users can S multaneous share aconversation. Sinceeach
user iscontinuoudy transmitting, athird user will necessarily continuoudy interferewith one of the other
users.

In some half-dupl ex dispatch operations, the base station maintainsful l-duplex capabilities, but transmits
only on apush-to-talk basis. Thisalows the base station dispatcher to hear incoming mobile messages
even when the base station is transmitting.

3.2 Repeaters

Repesters are used primarily to solve the problem of limited range. Thelocation of the user's office might
not permit tall antennatowers, or it might bein avalley that severely limitsthe radio coverage range.

“We will follow a set of definitions from Duff [2]. Unfortunately, there is not industry-wide agreements on
these terms and alternative definitions have been used.
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Taking between two mobile units (each with alow antennaand weak transmitter power) aaso hasvery
limited range. A repeater station on amountainto allowsthe user (in effect) to put his base station onthe
mountaintop, while sharing cost with other users.

Communi cations from the user to amobile unit proceedsin atwo-stage process. The user tranamitsto the
repeater station on frequency A. Assoon asthe repeater station beginsreceiving the signa on frequency
A, it beginsre-tranamitting the signal on frequency B. Themobileunitsreceivethesignal onafrequency
B. When the mobile unitswant to transmit areply, they transmit asignal on frequency A, whichisbe
received by the repeater station and re-transmitted on frequency B, whereit isreceived a the user's office.

The repeater station handles signalsfrom the office and mobile unitsin the sameway. It doesnot know
whether the signa comesfrom the office or from amobile unit. Therepester Sation originatesno sgnds,
it smply receives any signa on frequency A and retransmitsit on frequency B. Functionaly, the office
station isidentical to any of the mobile units, and can be expected to operate with the same type of
transmitter power and antennas as the mobileunits—assuming that the officeislocated within the range of
therepeater. Therange of coverage between any two mobileunitsislimited only by the requirement that
both units are within the repeater site area of coverage.

The repeater siteis not selective about what signalsit re-transmits. It repeatsany signal it receiveson
frequency A (including signalsnot necessarily intended for thet Site). Thus, several independent userscould
uze the same repeater Site (aslong as they transmit to the site on frequency A and receive from it on
frequency B) usingthel D codesdiscussed earlier to keep the unwanted signalsfrom distracting the other
users. Many repeater systems have been built for Government use, for business use and for amateur
operation. Since the repeater site owner may want to prevent unauthorized operation of the side, the
repeater may look for a specia "password” code, so that only authorized messages are repeated.

It should be noted that, although arepeater uses apair of frequencies, it does not provide full-duplex
operation to the user. Repesater operation requires apair of frequencies for single-direction half-duplex
operation. Every transmisson is Smultaneoudly transmitted on two frequencies: frequency A from the
transmitting mobile unit to the repeater Ste and frequency B from the repeater Ste to the receiving mobile
unit. A repeater system providing full-duplex serviceto the user would requirefour frequencies. Froma
frequency usage standpoint, repester operation uses twice as many frequencies as conventional operation,
and is—in that respect—inherently wasteful of frequencies. Moveover, the major objective of usinga
repester isto be ableto cover amaximum geographic area. Thismeansthat thefrequency pair isnot essily
amenable to reuse within anearby area, further aggravating the spectrum efficiency problem.

If each mobile unit can talk to another mobile unit only through the repesater, all communi cations between
mobileunitswould ceaseif the repeater stopped operating properly or if the mobile units moved outside
therange of the repeater Site. Therefore, many of the mobile units offer the option of "talk-around,” which
allowsmobileunitstotalk directly with each other, bypassing therepeater. With talk-around, the mobile
units switch to simplex operation, transmitting and receiving on the same frequency. Of course, the
advantages gained by repester operation arelogt, but mobile units can continue to communicate with each
other, independent of the repeater site.
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3.3 Special Mobile Radio (SMR) and Trunked Systems

The speciaized mohbileradio (SVIR) service wascreated to provide repester servicesto businessand other
organizations. Particularly for the small business having only afew mobile units, the cost of setting upa
base tation giving full geographic coverage could be avoided by paying asmal monthly fee (typicaly $12-
$15 per unit per month) to rent some servicesfrom arepester operator. Evenin thissingle-channel mode,
repeaters offer avaluable service extending the coverage range of mobile/portable transmitters.

Theussfulnessof repeaters(and their spectrum efficiency, aswell) ismultiplied subgtantialy when they are
operated ina"trunked" mode. Thetrunked mode usesseveral frequency pairsintegrated into asingle
system. For the following discussion, we will namethese frequenciesA, - Acand B, - B, Whenauser
wantsto transmit amessage, the SMR system sdlects one of the channel pairsthat is currently unused (e.g.,
A,and B, and assignsthat pair to the user and the intended listener for the duration of the conversation.
Thismeansthat auser hastheimmediate use of achanne pair whenever any one or more of the trunked
channel pairsisavailable. The discussion of queuing efficiency in Section 2.3.4 describes the very
substantial improvement in channel availability provided by trunked systems.

Non-Federal LMR bandsthat have been described as extremely crowded have been measured to have
overal occupancy during the most crowded hour of theday of somewherein the 15 percent range. Figure
1in Section 2.3.4 showsthat onecould put 5 times as much usage (75 percent utilization) into a 10-channel
trunked system beforeit would experience apparent usagein the 5 percent range. (Note, however, that
the use of trunked operationimpliesthe use of arepeater Site, which doublesthe number of channelsinuse.
Therefore, the repeater band occupancy of 75 percent would correspond to a non-repeater occupancy
of 37.5 percent. Thus, this scenario would correspond to an increasein user traffic of 2.5 times, instead
of 5times.)

Theéefficiency continuesto increasewith the number of channel strunked together. For avery large number
of trunked channels, almost 100 percent usage in each channel would be obtainable before the user
experiences crowding. Even greater benefits can be obtained by combining userswho have peak usage
at different hours of theday. Thus, the ability to serve moreusers at alower apparent level of crowding
more than compensates for the spectral inefficiency of using two radio frequenciesfor each signd. The
user, of course, usualy subscribesto an SMR system because of the benefitsrelated to lower cost or better
service—not because of the greater spectrum efficiency. The trunked SMR systems represent the great
majority of SMR systemstoday, and they are expected to continue to make up anincreased percentage
of trunked systems.

Telephoneinterconnectsaredlowed by many SMR systems, giving SMRsavauableauxiliary dua-mode
cagpability. A specia codeidentifiesatelephone connection mode, and the SMR base station then switches
to afull-duplex mode with the mobile station. Inthis case, the SMIR base station still usesthe same pair
of frequencies (receiving on A , and transmitting on B ), but now the circuits are to and from the same
mobile unit, instead of being used to receive from one mobile unit and tranamit to another mobile unit. Full-
duplex telephone operation, of course, implies that the mobile unit has to be capable of full-duplex
operation, increasing the mobile hardware cost consderably. 1n haf-duplex telephone interconnect mode,
the mobile user hasto use "push-to-talk" procedures. Although the SMR mobile unit operator might be
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comfortable with this operation, an inexperienced telephone user on the other end may fed awkward with
this constraint. In contrast, the cellular network is afull-duplex network, permitting normal use of a
telephone.

It isimportant to note that telephone users generate a different set of message-length statistics than a
dispatch user. Although dispatch messages usually last for only afew seconds (5-20 s), telephone users
often have conversationslasting severad minutes. A relaively smal number of telephoneuserswill tend to
occupy al of theavailableair timeon asystem. Sincethe FCC measures channel loading by the number
of customers, rather than by the amount of air time used, the use of SMR for telephone interconnect may
prevent channelsfrom being used by enough customers. Without at least 70 customers per channels, an
SMR system is not considered fully loaded and the SMR operator cannot ask the FCC for additional
channds. Therefore, SMR telgphone interconnect operation in urban areasis discouraged. Inrurd aress,
thereisusudly no competition for additiona channelsand the loading criterion does not need to be met to
request additional channels. Therefore, telephone interconnect is more widely used in rural areas.

Recent technical developments and changes in the regulations governing SMRs has encouraged
interconnection withthetelephone system. Especialy inrura areas, wherefrequency crowdingislessof
an issue, telephone interconnect has become a maor service for many SMRs. Although the SMR
operators are not allowed to make a profit on the telephone services, they can charge for air time
associated with the telephone services.

Most SMR services arebilled on aflat monthly rate according to the number of mobile units. To ensure
some degree of fairnessto other customers, many SMRs put a several-minute time limit on telephone
interconnect messages—disconnecting or billing on a per-minute basis after the time limit has run out.

SMRscurrently can belicensed aspublic carriers (regulated under Part 22) or asaprivate user (regulated
under Part 90). The services provided are essentialy identical, though the regulatory environment is
somewhat different. Theseregulationsare being revised to reflect the status of many smaller private SMR
systems which are providing services to the public at large.

Trunked systemsare being strongly recommended to Government agencies, partly because of the spectrum
efficiency obtained with trunked systems and partly because of the cost savings obtainable by combining
theradio requirementsof severa Departmentsor agencies. A number of groupsof 5-pair of channelsare
specifically designated for trunking systemsin the 406-420 MHz Government LMR band. The Federa
Government can aso obtain service on commercial SMR systems, but cannot be the owner of an SMR
system. Licensesfor Government users are obtained through the NTIA, not the FCC.

3.4 Cdlular Telephone

Cellular telephone provides easy (but somewhat expensive) mobile connectionsto the local switched
telephone network. The service to mobile or persond telephonesis provided by 30-kHz-wide channels
using conventional analog FM transmission and duplex operation. Although the use of two 30-kHz
channd sfor each message requires much spectrum, this system achieves additiond spectrum efficiency by
using trunked technology and by dividing ametropolitan service areainto anumber of smaler cdls served
by low-power transmitters. Thetotd set of frequenciesisdivided into subsets (typicaly 7-12 subsets) with
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each cell being served by one of these subsets. Since the range of coverage is designed to remain
ddiberately limited, agiven subset of frequencies can bereused in severad cdlswithin ametropolitan area.

Asthedemand for additiona cellular service grows, the existing cells can be continually reduced in size
through the use of lower antennas, directiona antennas, and lower transmitter power. Thispermitsmore
(smdler) cdls, permitting ill greeter frequency reuse. In Toronto, for example, Bell Mobility Cdlular has
[-km-radius cellswith 60-degree sectorization [3]. Thisisclaimed to give 150-200 times greater spectrum
efficiency thantheearlier 8-km-radiusomnidirectiona cells. Theevolution of smaller microcellshasthe
dua advantage of providing greater frequency reuse and lower transmitter power in the mobileunit. The
low tranamitter power hasmadesmal persona cellular phonesquite practical, and thetrend toward smaller
cellswill continue, especially in major metropolitan areas.

Cdlular systems continue to expand rapidly. At the beginning of 1992, there were 8 million users, with
another 2 million addedin 1992. In June1992, cdlular systems had been established indl of the 734 U.S.
market aress. In theyear preceding June 1992, the number of cdlular stesincreased from 6,685 to 8,901.
Some of these new sites represent service to new geographic areas (especially rural areas); others
represent downsizing to allow for moreintense frequency reusein crowded areas. All of the new sites
represent increased cellular capacity. Digital dataservicesover the cellular network wereadded in 1992,
partly to provide awireless communications path to portable laptop and pamtop computers. New nation-
wide caling servicesthat useasngletelephone number to reach agiven cdlular telephone anywherein the
U.S. are becoming available and are beginning to provide some of the advanced features that are
envisioned as part of afuture Personal Communications Service (PCYS).

Severe crowding in the magjor metropolitan areas has pushed the devel opment of severa new technologies
toincreasethetraffic capacity of cellular systems, including 1) adigital sysem TDMA system (1S-54), 2)
anarrowband ana og system (narrowband advanced mobile phonesystem, NAMPS), 3) adigital CDMA
system (1S-95), and 4) continued downsizing of cells. The TDMA system and NAMPSwill each produce
3timesasmany channdswith the present spectrum. The TDMA system uses 9.6 kbits/'s vocoder and has
the advantage of alowing complete privacy through digita encryption, aswell astheextension to advanced
digital dataservices. Futureversionsof the TDMA system will use 4.8 kbits/s vocoders, providing 6
channels/30 kHz. NAMPS ismainly anarrowing of the analog FM channel. Although thetripling of
capacity can be obtained fairly easily, no further extension of capabilitiesis likely. All of these
improvementsto AMPShavethemgjor disadvantage of being incompatiblewith AMPS and each other.

Theability of cdlular sysemstoincorporate very smal cdllsalowsvery high spectrum efficiency in dense
trafficareas. Toefficiently utilizethesesmall cells, however, the mobile cellular phone must adjust its
transmitter power to match thecell szethat itiscurrently using. Inalargerura cell, themobileunit may
need afull 3wattsto reach thereatively distant cellular base station Site; far |ess power will be needed to
reach the base stationin amicrocell. Thetransmitter power of the mobile transmitter is adjusted, based
on commands received from the base station.
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3.5 Comparison Between Cellular Telephoneand SMR

Cdlular telephone serviceisfundamentaly different from SMR/trunked, and it reachesdifferent customer
needs, asthese services are presently condtituted. However, this difference is based more on the selection
of operational parameters designed to service different types of customers, rather than being an inherent
andinflexibledivison. SMRsprimarily provide mobile-to-mobile s mplex repester service, betweenafew
specifically-designated private customers, using maximum-sized coverage areas. SMRsallow convenient
dispatch operation, whereit isonly necessary for auser to pick up amicrophone and call your intended
listener (who can hear the message without any action on hispart). SMRsalow sdective cdling, group-
cdling, and partly-line operation. Theseareimportant feeturesfor many operations, where severd mobile
and/or fixed units need to be continually kept up-to-date on the progress of the many independent parts
of an operation. Law enforcement operation, fighting a forest fire, coordinating the parts of alarge
construction operation all can require this function.

Onthe other hand, cellular telephone systemsare intended to add a mobile full-duplex connection to the
telephone network. A mobile-to-mobile connection with cellular telephonesis clumsy and expensive.
Cdlular phones are not configured (nor permitted) to enable group cal or party-line operations. A mobile-
to-mobileconnection can be made only through the base station and requires 2 independent mobile channe
pairs.

Cdlular systemsaredesigned for small cells, which allows frequenciesto bereused severd timesina
metropolitan area. The shorter frequency reuse distance gives current cellular systemsalarger traffic
capacity than an SMR system (which hasalarger coverage areaand alarger reuse distance). Cellular
systems pay for that extra capacity, however, with the added expense of constructing many cell sites, as
well asthe extracomplexity needed to route signal sto the appropriate cell and to allow amobileunit a
smooth transfer from onecell to another. The spectrum efficiency that cellular getsfrom frequency reuse
is dependent on agiven conversation using only one cell at atime. However, mobile-to-mobile, group-
cdling and party-linefeatureswould typicaly require the smultaneous use of frequenciesinmultiplecells,

increasingthecost of thesefeaturesinace lular environment. Full-duplex and group cdl arefundamentaly
incompatible capabilities. If two usersin agroup were located in asingle cell, they would both be
smultaneoudy calling back to the base station repeater on the samefrequency. Thesetwo simultaneous
mobile-to-base signals would interfere with each other.  Therefore, SMR systems provide group call

services only in a half-duplex mode.

Nextd and other SMIR providersare building an enhanced SMR (ESMR) service, combining some of the
features of SMR and cellular telephone. The cdllular-like features will include full-duplex telephone
interconnect, aswell assmdl cdlsusing directiond antennasfor cell segmentation. The SMR-likefeatures
include dispatch mode operation with afull range of group-call features. Advanced technical features
include a TDMA/digital compression architecture that will provide 6 voice channelsin 25 kHz of
bandwidth, and afull set of digital message and paging services. Nextd will first providethis servicewith
al25-9tesystemin LosAngelesinthefirst quarter of 1994, with other systemsin San Francisco, Chicago,
and New Y ork opening later in the year. Other companies are building similar systemsin other cities.

Though we have no pricing information at present, we have been told that Group Call featureswill be
priced according to how many cells must be used to reach all members of the group.
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3.6 Future Personal Communications Services (PCS).

Thenext mgor evolution of thetelecommunicationsindustry will probably beaset of servicesknown as
PCS. Althoughtheexact natureof thisserviceremain subject to change, itislikely that it will include many
of thefollowing festures. It will be ashort-rangedigita wirdess servicethat will provide 2-way voiceand
datato avariety of portable terminas or personal communicators. It will probably operate in a number
of modes, including an in-building private branch exchange (PBX) (to provide cordless telephone service
within abuilding) and wireless local area network (to provide wideband data services to portable
computerswithin abuilding). Outsde abuilding, it would operate like ashort-range cellular telephone,
accessing signals radiated by the neighborhood PCS port located on alamppost at each city corner.
Outsidethe city, it would access acdllular medium-range service or possibly atrunked LMR system. In
remote aress, it might accessamobile satellite. The persond termind for PCSwould operatein dl of the
above modes, seeking out the best (and cheapest) communication pathway in every location.

Anintelligent switched network tied together by optical fiber and microwavewould feed al of thewireless
ports and would keep track of the location of all users, so that the nearest PCS radio port could be
selected for communicationswith aparticular user. Billing, cdl priorities, modeof communications (audio,
data, and/or video) would be sorted out and tracked by the intelligent network. The large number of
unknown factorsmake specific predictionsabout theuse of PCS systemsdifficult. However, suchasystem
might provide many of the services currently provided by LMR and cellular systems. The Federal
Government has stated that it expectsto make major use of PCS and it has requested that it be able to
purchase and operate PCS systems, as well as purchasing commercia services.

Depending on the nature of each personal terminal/communicator and the services selected, arange of
sarviceswould beavailable. A minimum level of serviceswould includeat least narrowband data, speech,
and paging services. Other dternativesmight providewider bandwidth services, including one- or two-way
video, updated geographical |ocation, health or security alarms, etc. Many of these servicesarelessthan
10yearsaway. Itisanticipated that these serviceswill be priced for the mass market, and they would
surely be apromising alternative to the piecemeal way that many mobile communication services are
provided today.

4. RELATIVE TECHNICAL SPECTRUM EFFICIENCIESOF MOBILE SERVICES

A variety of mobileservicesare used in the United States today, and additiona oneswill soon be available.
We have selected arepresentative variety of these systemsto provide an approximate estimate of the
relativetechnica spectrum efficiency of anumber of mobile systems. 1t was convenient to ignore some of
thefiner pointsof comparison, chiefly becauseit would complicatethe ca cul ationsbeyond theintent of this
paper. Although thisisapotentialy inaccurate approach, it alows systemsto be compared even when
detailed information is not available. Because of the possible inaccuracies, the reader should pay more
attention to the larger differencesin computed efficiency.

It isimportant to recognize that the systemsthat are compared here do not necessarily perform the same
functions, nor do they operate within the same constraints, nor have cost or other system characteritics
been considered. Therefore, alow efficiency number does not necessarily represent a poor choice of
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system or even apoor choice of engineering parameters. Instead, low efficiency factorsmay reflect an
operating environment or aservicethat isinherently difficult. Neither hasthere been any effort to compare
the suitability of aparticular syssemfor aparticular function. Therefore, the comparisons made within this
chapter should not be used to infer that any particular system isnecessarily abetter choicefor any particular
function. The focus of this chapter is spectrum efficiency, as defined in earlier chapters.

4.1 Comparison Methodology

In comparing the efficiency of mobile services, wewill caculate an overdl rel ative spectrum efficiency by
comparing theindividua spectrum efficiency of severd factorslisted in Section 2.3 as"technica spectrum
efficiency factors." The omission of the other five factors should not be construed to suggest that they are
not important, but rather that they arelessdirectly applicableto the engineering/technical parametersof a
communication system. The five technical spectrum efficiency factorsthat are being considered in this
section are repeated here:

Configuration efficiency - how many channelymessage?

Queuing efficiency - trunking, waiting times, blockages
Compression efficiency - voice and video compression algorithms
Modulation efficiency - binary FSK, 16-QAM, etc.

Range efficiency - Frequency reuse power control

Wewill compareadl of the selected systemsto acommercia dispatch system (whose characteristics will
be described below) on afactor-by-factor bass. Theoverdl reative efficiency of the systemisthe product
of theindividua factors. Each of these five factors has been described in more detail in Section 2.3. Here,
wewill repeat ashort description and list some of the assumptions employed for these calculations. For
each factor, anumerical rating greater than 1" indicates a higher spectrum efficiency than the reference
system.

Configuration efficiency. Thisfactor describes how many radio frequencies are required to send a
message. Thecommercid dispatch reference system usesapair of frequenciesin ahaf-duplex mode. It
could also use a single frequency for send and receive (simplex mode). These are considered
gpproximately equivaent, since the half-duplex configurations usestwo channel s—each of them for about
half the message time. The simplex system usesasingleradio channe for the duration of amessage. A
full-duplex channe or ahaf-duplex repeater usestwo channdsfor the duration of message, giving arddive
efficiency of 0.5for amessage. A full-duplex channd with arepeater usesfour channelsduring amessage,
yielding arelative efficiency of 0.25.

Queuing efficiency. The number of usersthat can obtain a pecified leve of service on atrunked system
depends on many factors, including the number of trunked channel's, the amount of timethe average user
needs the channel, the maximum amount of blockage that can be tolerated, etc. For smplicity, we will
assumethat any trunked system servesfivetimes more usersthan anon-trunked system. Weredlizethat
the efficiency of a 10-channel system is greater than a5-channel system (especialy if one channdl is
dedicated for acontrol channd), but agiven trunked system technology will haveawidemixtureof systems
with different numbersof trunked channel sand user requirements. 1t does not seem possibleto calculate
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amore precise number to represent alarge collection of systems. Note that many trunked systems operate
ina"repeater” mode, so that some of the trunked efficiency is cancelled by the 0.5 configuration efficiency
of arepeater operation.

Compression efficiency. Thisfactor isused to show extra channel capacity gained by using digital
compression techniques. Itisset equa to 1 for all analog systems. Inapractica sense, itisclosey tied
to modulation and bandwidth requirements, and there may be a somewhat arbitrary distribution of system
efficiency between the two factors.

Modulation efficiency. Thisfactor consdersthe efficiency of modulation and/or bandwidth compression
employed by asystem. Itisclosdy tied to compression efficiency factorsin adigital system. For most of
the systems reviewed here, this factor is the ratio of system channelization bandwidths.

Range efficiency. Thisfactor describes the amount of frequency reuse possible within a system. It
includesthe frequency reuse made possible because of reduced transmitter power, sectorized antenna
coverage, reduced antennaheight, terrain and building shielding, etc. When afrequency reusedistanceis
given as an average distance, the efficiency factor increases as the inverse square of the distance.

Pinning down range efficiency is somewhat € usive for some systems, sinceit is not afixed engineering
quantity, but rather acondition of implementation. Depending on how crowded asituationis, sysemsmay
beinstalled closetogether or far apart. The downsizing of cellular telephone cellsin crowded citiesisa
good example of this; the answer keeps changing. Therefore, we havetried to estimate the normd "date-
of-the-art" situation, or we have included arange of values.

Overall score. Thisfactor isthenumerica product of theindividud factorsfor configuration, queuing, etc.
It represents the ratio of communications capacity achievable with the specified system compared to the
reference system. A ratio of 150, for example, would imply that the specified system would be ableto
provide service to 150 times as many users as the reference system with no increase in the amount of
spectrum used. Under moreided circumstances, it would also imply that the specified system provided
equa servicesto those 150 times as many users, but we have not constrained our comparison to systems
that provide equivalent services.

4.2 Relative Spectrum Efficiencies of Various M obile Systems

Thissection providesca culationsof relativetechnica spectrum efficienciesfor selected mobile systems.
Some of these mobile systems provide much different servicesfrom others, soitisnot proper to judgethe
relative merit of these systems by a simple comparison of overall spectrum efficiency.

Commercial dispatch. Thissystem isthe reference system against which al other systemswill be
compared. The pertinent characteristicsare shown in Table 1, including afrequency reuse range of 80 km
(50 mi). Thesdection of an 80 km reuserangeissomewhat arbitrary, sncesmaller rangesareusedin
crowded vicinitiesand larger ranges are used in less-crowded areas. The same 80 km range was used
wherever the same basi ¢ equipment was employed. A paired-channel, half-duplex system isused asthe
basis for comparison, though a single-channel simplex system is numerically equivalent.
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Commercia LMR bandsuse avariety of channelizations, including 20 kHz (in the 30-50 MHz band),
15/30 kHz (in the 150-162 MHz band), and 25 kHz (in the 450-470 MHz band). The same F3E
modulation with a20 kHz bandwidth isused in al of these bands, aswell asin the Federal LMR bands
(162-174 MHz and 406-420 MHz). Therefore, the equipment isidentical in all of the Federal and
commercia bands. 1nthe commercia bands, various techniques have been employed to squeeze more
channelsin. Theuseof 20 kHz wide channelswith 15 kHz spacing, was judged to be the most efficient
of the techniques, though it requires aminimum 16 km separation between base stations on adjacent
frequencies. Strictly speaking, thistechnique should be counted as an assignment efficiency factor (factor
#8in section 2.3). Since we had included no place for assignment efficiency factorsin our tables, we
included the 15 kHz channelization in the factor for modulation efficiency.

Table 1. Commercial Dispatch (15 kHz BW)

Factor name Comments M
Configuration paired-channel, half-duplex system 1
Queuing paired-channel shared with other users 1
Compression analog FM 1
Modulation 15 kHz channel bandwidth (assignment spacing) 1
Range power 70 W, ant. gain 6 dB, ant. height 30 m, frequency reuse 1

range 80 km
Overall score | " 1 ||

Federal Government LMR dispatch (25 kHz BW/12.5kHz BW). Thistypeof system (Table2)is
widespread throughout the Federal Government LMR service, often with an LMR site serving only one
agency with severa paired-channel, half-duplex systems. The 162 MHz band has been recently re-
channdlized to use 12.5 kHz channdls; the 138 MHz and 406 MHz bandswill also be re-channdlized soon
to 12.5 kHz channels. Specifications remain the same, except for the re-channelization bandwidth.
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Table 2. Federa Government Dispatch (25 kHz BW/12.5 kHz BW)

Factor name Comments | score
Configuration paired-channel, half-duplex system 1
Queuing paired-channel shared with other users 1
Compression analog FM 1
Modulation 25-kHz channel bandwidth/ 12.5 kHz channel bandwidth 0.6/1.2
Range power 70 W, ant. Gain 6 dBi, ant. height 30 m, frequency reusg 1

range 80 km
Overall score analog FM 0.6/1.2

Cdlular telephone. Theuse of cellular telephone, advanced mobile phone system (AMPS), hasgrown
rapidly in the Government and the commercia markets. Cdlular telephoneisafull-duplex system, using
low base station transmitted power, aswell as carefully sited (and sometimes directional) antennasto
control the base station coverage area. Cellular mobile systemsadjust the reverse path (mobile-to-base)
transmitter power to thelowest level needed for effective communications. Inrural areas, thecellsare
gpaced up to 30 km gpart, with frequency reuse permitted at 55-km increments. In some very dense urban
areas, microcells have been devel oped with coverage areas less than 2 km across and frequency reuse
distancesof 8 km. Typical urban cell sizesare 8 km across, with afrequency reuse distance of 25 km.
The current analog cellular telephone uses 30-kHz analog FM channelsin afull-duplex, trunked system,
using 15 channel pairs at each site.

Improvements to cellular telephone systems include a digital TDMA-30 system that uses 9.6 kb/s
vocoders, giving 3digita channesper 30 kHz for thefirst stage of implementation and 6 channelsin future
versons[3]. Animproved narrowband AMPS (NAMPS) is based on narrowing each voice channel to
10 kHz. TDMA-30 and NAMPS will provide an additional factor of 3, in addition to gains from
downsizing cells. AMPS spectrum efficiency factors are summarized in Table 3.
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Table 3. Cellular Telephone (AMPS)

Factor name Comments | score |
Configuration full-duplex system 0.5
Queuing trunked, 15 channel pairs 5
Compression analog 1
Modulation 30-kHz FM bandwidth 0.5
Range frequency reuse range: 8 km minimum 100

power 3W (mobile), 1 W (portable) 25 km typical 10

55 km maximum 2

Overall score minimum distance 125
typical distance 12

maximum distance 25

Trunked systems (SMR and Government). Trunked systems (Table 4) provide substantial user
conveniencea amoderateleve of improved spectrum efficiency. Thetwo systemsdescribed hereinclude
the commercia specia mobileradio (SVIR) systemsavailablein the 800 MHz and 900 MHz frequency
rangefor private operations and the Federal trunked radio systemsin useinthe 406 MHz band. These
systems are gpproximately equivaent except for the frequency band, and they can be operated in ahalf-
duplex repeater mode or a full-duplex connection to the telephone system. In most urban systems,
tel ephone interconnectionis discouraged because userstend to spend too much timein that mode, denying
the system to other users. Theuse of trunked systemsis expected to grow rapidly, aresult of the FCC
Refarming studies and similar NTIA studies of Government systems.

Table 4. Trunked Systems (SMR and Government)

Factor name Comments M
Configuration repeater half-duplex system, or telephone interconnect full-dupléx 0.5
Queuing 5-channel or 10-channel trunked system 5
Compression analog FM 1
Modulation 25 kHz channel bandwidth 0.6
Range power 70 W, ant. height 30 m, frequency reuse range 55 km 2
Overdl score 3

Enhanced SMR systems (Nextd ESMR). The Nextd ESMR system (Table 5) provides substantialy
improved spectrum efficiency, using cellular-sized cellsand digital voice-compresson. Thissystemis
garting commercia servicewith a125-ste syseminLos Angeesin early 1994. Additiond systemswill
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be coming on-linein severd other large cities before the end of theyear. The Nextel system hasfeatures
that bridge the gap between cdllular telephone and conventiona SMR, including convenient mobile-to-
mobilecaling (viathe base station), multi-cell sdlectivegroup call, convenient telephoneinterconnect, and
avariety of enhanced digital data/paging functions.

Table 5. Enhanced SMR (Nextel)
Factor name Comments | score |

Configuration repeater half-duplex or telephone interconnect full-duplex systgm 0.5
Queuing 6-to 24-channel trunked system 5
Compression digital compression - 6 channels, 4.8 kb/s V-SEL P vocoder. 6
Modulation 25 kHz channel bandwidth (per 6-channel TDMA block) 0.6
Range frequency reuse range: 8 kmmin 100
power 3 W (mobile), 1 W (portable) 25 km ave 10
55 km max 2

Overall score minimum distance 900

average distance 90

maximum distance 18

Amplitude-companded single-sdeband (ACSB) systems. ACSB systemsuseasingle-sideband, AM
signal transmission techniqueto achievenarrow bandwidth, and apilot tonewith non-linear compression
to provideasolid frequency lock and improved dynamic range and noise reduction. Modern versions of
ACSB placethepilot tonein the middle of the bandpass (whereit isrelatively free from adjacent band
interference) and use digital signal-processing techniques to notch out the pilot from the audio channel.
Compressing the amplitude-modul ated signal beforeit istransmitted produces more uniform transmitter
output power, and de-compressing of the signal in the receiver provides better dynamic rangeand lower
background noise. Thepilot toneisused for establishing areference amplitudefor de-compression, aswell
asan accurate reference frequency for the single-sideband detector. Thiscombination providesausable
signa in a 5-kHz-wide channel. The use of a digita signal processing chip for most
detection/decompression functions helps to decrease hardware misalignment, providing improved
operational characteristics.

The 220-222 MHz band was recently re-allocated with this type of system as the intended occupant.
Other systemsare a so permitted, subject to fitting within the 5-kHz channdlization. ACSB systemsdo not
have scrambling, though the peculiar modul ation will discourage eavesdropping by conventiond scanners.
Table 6 summarizes the spectrum efficiency factors of ACSB systems.
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Table 6. Amplitude Companded Single-Sideband Systems)

Factor name Comments | score |

Configuration Single-channel, half-duplex system 1

Repeater/trunked system 0.5

Queuing Single channel shared with other users 1

5-channel trunked systems 5

Compression analog, ACSB 1

Modulation 5 kHz channel bandwidth 3

Range power 25 W, ant. gain 8 dB, ant. height 30 m, frequency reuse 1
range 80 km

Overall score single-channel system 3

repeater/trunked system 75

Proposed APCO-25 law enfor cement standard. The systems built using the APCO-25 standard will
besmilar in rangeto the existing mobileradio systems. They aredesigned to meet acommon need for a
large number of law enforcement agencies. They will use digitally compressed voice (4,800 b/sfor the
vocoder, plus another 4,800 b/s for system overhead and error correction). The development of this
system meets several needs, including

1. Full encryption of voice or digital messages (allowing secure transfer of information).
2. Compatibility with the new Government band 12.5-kHz channelization plans.

3. Interoperability between agencies for joint operations and coordinated emergency response.
4. Priority access during system crowding.

Thedetails of this standard have not yet been determined, but they are expected to be available soon. A
large number of these radios are expected to be purchased by Federa, state, and local governmentsfor
usein anumber of frequency bands. This standard will be available in single and trunked systems; a
trunked system is evaluated here, based on LMR RF technology. Table 7 summarizes the spectrum
efficiency factors of the APCO-25 system.
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Table 7. Trunked APCO-25 Law Enforcement standard

Factor name Comments | score |
Configuration half-duplex repeater, full-duplex telephone interconnect 0.5
Queuing trunked system 5
Compression 4,800 b/s vocoder (plus 4,800 b/s overhead, error cor) 1
Modulation 12.5-kHz channel bandwidth, QPSK 12
Range frequency reuse range 80 km 1
Overall score | " 3 ||

Future PCS systems (for example, Bellcore Wireless Access system). (The inclusion of this
particular TDMA system as an example does not imply any endorsement or particular suitability of the
system; some CDMA PCS candidate systems claim even higher spectrum efficiencies.) 1t should be noted
that many details of thissystem are not yet fixed, but the stated intention of such PCS systemsisto provide
essentially ubiquitous coverage over most of the United States for voice and data, at acost considerably
bel ow that of cellular telephone. Thissystemwill useencrypted, digitally compressed voicewith 9 or 19
voice channels (depending on whether 16-kb/s or 32-kl/s vocoders are used) being developed from apair
of 400-kHz-bandwidth channels[4]. Other typesof digital message service can be provided to digita
paging systems, laptop computers, etc., using data rates between 4,000 and 320,000 b/s. A typical
deployment of aPCS system would use base station antennas hung from 10-m tel ephone poles spaced at
600 mintervals. A frequency reuse plan breaks the available channelsinto about 25 frequency groups,
giving a3 km frequency reuse distance. Power control will alow future downsizing of cellswhen needed
to handle more traffic. Table 8 summarizes spectrum efficiency factors of a TDMA PCS system.
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Table 8. Personal Communication Services (Bellcore proposed TDMA standard)

Factor name Comments M
Configuration telephone system interconnect, full-duplex, TDMA 0.5
Queuing 9- or 19-channdl trunked system 5
Compression Digital compression - 9 channels (32 kb/s vocoder) 9

19 channels (16 kb/s vocoder) 19

Modulation 400 kHz channel bandwidth 0.0375
Range power 0.8 W, ant. gain 8 dB, 10-m antenna height

600-m-diameter cells, typical frequency reuse 3 km 710

300-m-diameter cells, typical frequency reuse 1.5 km 2,850

Overall score 3 km reuse, 32 kb/s vocoder - initial deployment 600

1.5 km reuse, 16 kb/s vocoder - follow-on 5,075

VHF air trafficcontrol (ATC) channd. TheVHF ATC system uses 25-kHz channelswith AM voice.
Theaircraft carrying these systemscan fly at dtitudes above 50,000 ft. At thisatitude, the horizonismore
than 500 km away from the aircraft, and the FAA requires a 2080-km separation distance for frequency
reuse[5]. Lower dtitudes permit shorter reuse distances. We have sdected 1280 km as a compromise
between separation distances required at lower and higher atitudes. The use of a simplex channel
configuration dlowsall usersto hear both ground-air and air-ground conversations, but increasesthereuse
digance. Thisserviceisa"safety-of-life' service, requiring excdlent religbility, with technica characteridtics
et by internationd agreement. Thevery low relative spectrum efficiency iscaused mainly by thevery long
frequency reuse distances. Fortunatdly, the usersof ATC systemsare highly trained to limit the length and
content of messages, decreasing the amount of traffic that the system isrequired to carry.

Table 9. VHF Air Traffic Control System

score |

Factor name Comments
Configuration simplex AM 1
Queuing well-disciplined user community dispatch system 1
Compression AM analog 1
Modulation 25 kHz channel bandwidth 0.6
Range up to 50,000 ft atitude, 100 W, 1280-km reuse distance 0.008

Overall score 0.005 ||
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Aeronautical public telephone service. This system provides air-to-ground full duplex voice
communicationsfor airline passengers, typicaly viaphoneslocated in seatbacks throughout the aircraft.
Although they operate from the same aircraft that use ATC systems, they are not a " safety-of-life" service,
and they operate with less-conservative frequency reuse distances. The use of trunked channes allows
efficient use of achannd, without depending on tight user-community discipline. In addition, this system
uses much more efficient amplitude companded single-sideband (ACSB) modulation using only 6 kHz
bandwidth. Newer versionsof thisservicewill beimplemented with compressed digital voice modulation,
permitting digital services(e.g. fax and computer messages). Thisserviceincorporatesrecent technologica
innovations, and it isnot subject to contral by internationa standards. Table 10 summarizes the spectrum
efficiency factorsfor ATC systems.

Table 10. Aeronautical Public Telephone Service

Factor name Comments score |
Configuration full-duplex, ACSB 0.5
Queuing 29-channdl trunked system 5
Compression analog 1
Modulation ACSB modulation with 6-kHz channel bandwidth 2.5
Range 50,000 ft altitude, power 30 W, 640-km reuse distance 0.03
Overall score 0.19 ||

Other advanced systems, including CDMA PCSand LEO MSS. There are severa other systems
whose spectrum efficiency would be particularly interesting to andyzein thisfashion. Theyinclude severa
spread spectrum (frequency-hopping and CDMA) systems, including terrestrial PCS, cellular, and low
earth orbit mobile service satellite (LEO M SS) systems. Unfortunately, for this greetly smplified process
to work, it is necessary for the systemsto be sufficiently similar to the reference system (analog FM
dispatch) that the systems can be broken apart and the factors compared on aone-to-one basis. These
sysemsare sufficiently different intheir mode of operationthat it wasimpossibleto discover credibleways
to comparethefactors. Therefore, such systemswill have to be compared on amore fundamental basis,
which is outside the scope of this survey paper.

4.3 Summary of Mobile System Efficiencies

This section containsasummary of therelative efficiencies of the previoudy described systems (Table 11).
It should be noted that relative efficiency refersto adefinition of spectrum efficiency compared to a
conventiona 15kHz mobileradio system. No clamismadethat these sysemsarefunctiondly equivaent;
ahigher relative efficiency factor does not necessarily suggest that agiven system isabetter choicefor a
particular function.
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Table 11. Relative Spectrum Efficiencies of Mobile Systems

| Type of System |Tab|e| Conf. | Que. | comp Modul. Range |

Commercia dispatch: 15-kHz bandwidth 1 1 1 1 1.0 1 1
Government dispatch: 25-kHz bandwidth 2 1 1 1 0.6 1 0.6
Government dispatch: 12.5-kHz 2 1 1 1 12 1 12
Cellular telephone (AMPS): 55-km reuse 3 0.5 5 1 0.5 2 25
Cdlular telephone (AMPS): 25-km reuse 3 0.5 5 1 0.5 10 12
Cdlular telephone (AMPS): 8-km reuse 3 0.5 5 1 0.5 100 125
Trunked systems 4 0.5 5 1 0.6 2 3
Enhanced SMR (Nextel): 55-km reuse 5 0.5 5 6 0.6 2 18
Enhanced SMR (Nextel): 25-km reuse 5 0.5 5 6 0.6 10 90
Enhanced SMR (Nextel): 8-km reuse 5 0.5 5 6 0.6 100 900
Amplitude-companded sideband (ACSB) 6 1 1 1 3.0 3 3
Trunked ACSB 6 0.5 5 1 3.0 7.5 7.5
Trunked APCO-25 law enforcement 7 05 5 1 1.2 1 6
PCS (TDMA, 3-km reuse, 32 kb/s) 8 05 5 9 0.0375 | 710 600
PCS (TDMA, 1.5-km reuse, 16 kb/s) 8 0.5 5 19 0.0375 | 2850 5075
VHEF air traffic control channels 9 1 1 1 0.6 0.008 0.005
Aeronautical public telephone 10 0.5 5 1 25 0.03 0.19
5. SUMMARY

Table11 showsaremarkably widerange of relative spectrum efficiencies, varying over avalueof 1.0for
current typica commerciad mobileradio systems, to avaue of 5075 for aproposed PCS system, to avaue
of 0.005for atypica VHF ATC channd. This1million-to-oneratio suggeststhat spectrum efficiency is
atopic that should be considered seriously when systems are sel ected for deployment. (Apparently, "a
radioisnotaradioisnot aradio.") Althoughthe most inefficient of the sysemsstudied (ATC) owesmuch
of itsinefficiency to the airborne environment in which it isused, it must be noted that recent commercid
sysems(eg., Airfone) provide full-duplex service in the same environment with 40 times greater efficiency.

This chapter examinesthe various sysemsto see what technologies might provide the greatest improvement
in spectrum efficiency. This can be gpproached partly by regrouping the datain Table 11 to show the best
(mogt efficient) and worst (least efficient) valuesfor the respective efficiency factors (Table 12). Because
of the manner in which values were assigned to "compression” and "modulation” in the origina tables,
TDMA systems appeared to have very high compression efficiency and very low modulation efficiency.
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Sincetheactud factor of interest isthe bandwidth per voice channel, an additiona row wasadded to Table
12. Thisrow iscalled "bandwidth/channel" and was cal cul ated asthe product of modul ation factor times
the compression factor for each system timesthe 15 kHz bandwidth of the reference system. Theresulting
worst and best systems were the 9-channel PCS (requiring 44 kHz per voice channel) and the Nextel
system (requiring only 4.2 kHz per voice channel).

Table 12. Minimum and Maximum Efficiency Factors

Factor Worst Best Ratio
Configuration 5 1 2
Queuing 1 5 5
Compression 1 19 19
Modulation 0375 2 67
Bandwidth/channel 44 4.2 10.5
Range .008 2850 350,000
Total Efficiency .005 5075 1,010,000

The"Ratio" column showstheratio between the worst (least efficient) and best (most efficient) vauesfor
aparticular efficiency factor. Theratio can betaken asan indicator of the amount of effect that each factor
can have on overall communication system efficiency. Wewill discuss the implications of these numbers
in the remainder of this section.

Configuration efficiency. Inthecaseof configuration efficiency, aratio of 2 showsthat configurationis
not aparticularly important factor. Presumably, it would not beworth spending alot of effort trying to
change the configuration efficiency number. Of course, the configuration efficiency of aparticular system
could haveamgor effect on thefunctiona uses of asystem, which might be much moreimportant thanthe
relatively small change in spectrum efficiency.

Queuing efficiency. Theratio of queuing efficiency is5. Thisratio was determined when we assigned
an efficiency factor of 5for al trunked systems and afactor of 1 for non-trunked systems. We madea
reasonable casefor that number, and noted that it could change considerably depending on the particular
system configuration and user requirements.

Theuseof trunked systems makes only moderateimprovementsin spectrum efficiency, especialy when

the trunked systemis operated in a"repeater” mode (which hasaconfiguration efficiency of 0.5) and when
the user can tolerate amoderate blocking probability. The net improvement for atrunked repeater system
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isonly 2.5. If the Federa Government choosesto operate their trunked repeater systemswith a25-kHz
bandwidth, whiletherest of their systemsuse a12.5-kHz bandwidth, the net spectrum efficiency for these
systems would be only 1.25.

Although the queued access of trunked repeater systems may provide only amodest improvement in
spectrum efficiency, it isoften abasisfor other important festures. Thesefeaturesinclude greater coverage
areas (especialy from mobile/portable units), the ability to share costs, access to the telephone network,
accessto alarge variety of digital features, etc. One of the greatest advantages of trunked systems,
however, isthat multi-site trunking technology isthe basisfor smal-cell multi-site systemslike cellular
telephone and ESMR, dlowing these systemsto benefit from short-range configurations having very grest
spectrum efficiency.

For users who need high channel availability (e.g. greater than 99 percent), trunked systems provide
efficiency gains much greeter than five-fold. For radio system userswho have only an occasiona need for
radio communications, but who need ahigh assurance of channe availability, atrunked radio system with
priority access features offers an excellent solution that has very high relative efficiency.

Bandwidth per channd. In spiteof the great theoretica promise of highly efficient digital vocoders, it
should benoted that the mogt efficient and the least efficient systems on achannel/bandwidth basiswere
both TDMA digital vocoder systems. The fact that the best vocoder was only about as efficient asan
ACSB anadog system (and theworst onewasten timesless efficient) suggeststhat highly efficient digital
vocodersare till hard to build. Thereiscontinued rapid progressin digital sgna processing (DSP) chips
and better algorithms, so thereishope. But considerable effort is needed to merely match an efficient
andogcircuit. Therelatively poor showing of digital vocoders probably reflectstherdatively undevel oped
state of digital vocodersand modems. At some future time, there may be considerably more advantage
to be gained by using state-of-the-art bandwidth compression techniques than there is at present.

Voice channel bandwidth could be reduced by using alower-bit-rate vocoder or by using a modulation
technique that provides more bits’'Hz. Although thereis probably more improvement possible in vocoder
technol ogy than in modulation technology, an improved vocoder will only improve the channed performance
whenvoiceisbeingused. Improved digital modulation technology will alsoimprovethe performance of
al pure-digita functions such aspaging, digita messages, fax, e-mail, etc. Sinceit isexpected that purely
digital functionswill grow in importance, it may be advantageous to pay more attention to efficient
modul ators.

Although reducing the bandwidth may provide lessimprovement than using smaller cells, it has severa
advantages. It alows piece-by-piece replacement of older radios, and often allows the user control over
part of the additional created channels. Although there may be interoperability problems during the
changeover, itwill probably not require major changesin operating procedures or inthe communications
organization. Piecemeal changesto narrowband systems may be the better aternativein areaswhere
spectrum crowding suggeststhat improvements are needed, but where the market istoo fragmented to pay
for afundamentally different infrastructure (such as a dense infrastructure of short-range cells).
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Frequency reuse(range) efficiency. Table 12 showsan extraordinary variation of range efficiencies
(350,000:1). Thetheoreticd possibility of using the "wrong" communications range for ajob and thereby
consuming 350,000 times more spectrum than was necessary isarea and (hopefully) sobering fact.
Although the mobileradio community has acknowledged that one should not over-design the usable range
of acommunications link, the consequences never seemed this serious.

The selection of communi cationsrange, however, isnot asimple choicethat can be arbitrarily made and
isolated from other aspects of system design. The selected range has to meet the operationd requirements
of themisson. For example, an arr traffic control (ATC) system will necessarily involve large operationd
ranges because of the need to communicate with aircraft over alarge range and the very dow rate at which
free-space propagation attenuates a signal .

Ontheother hand, awirelessPBX systemisinherently short-range. Short-range systemsusually have
much higher infrastructure costs (because of the need for many radio Sites, aswell as an eaborate network
to connect and coordinate the sites), and they will usually be practical only when costs of the required
infrastructure can be shared with many other customers (asin acommon carrier Situation). In addition,
such achange may require substantia modificationsin proceduresand organization to efficiently utilizethe
new communications architecture.

6. CONCLUSIONSAND RECOMMENDATIONS

The preceding summary chapter describes a variety of technologies that can be used to improve the
spectrum efficiency of mobile systems. Thelist of various mobile systems and technologiesreviewed is
intended to provide examples, not to be exhaustive. In particular, the smplified definition of relative
spectrum efficiency islimited initsapplication to systemsthat are sufficiently smilar tothe selected 15 kHz
analog FM mobileradio "reference” system. It would have been inappropriateto usethisdefinitionto
eva uatetheefficiency of severa important system technol ogies, including code division multipleaccess
(CDMA), HF radio, and mobile satellite systems.

Nevertheess, even using the incomplete data developed in this paper, some important conclusions can be
reached. Thewide range of possible spectrum efficiencies should provide some motivation for frequency
managersto carefully encourage the use of spectrdly efficient technologieswhenever itisfunctionaly and
economicaly appropriate. The potentia gainsin spectrum capacity from using some of the more efficient
technol ogies could provideenormousincreasesin service, much larger increasesthan would be available
by the reallocation of additional frequency bands for mobile services.

Our conclusionsare based on the potentid applicability of spectraly-efficient technologiesto severa types
of mobile systems. We will comment on

a. Large- and small-cell, multi-site trunked systems (cellular phone, PCS, ESMR)

b. Single-cell trunked systems (SMR, campus, wireless PBX, wireless LAN)
c. Single user systems.

39



Large- and small-cdll, multi-sitetrunked systems. The greatest increase in spectrum efficiency is
possible usng multi-site trunked systems like E-SMR, cellular, or PCS. In dense urban areas, these
systems can use many spectraly efficient technol ogiesincluding extensive frequency reuse, queuing, low-
rate vocoders, etc., resulting in relative spectrum efficienciesin the 100-10,000 range. In addition, these
systemscan offer awide variety of advanced digita services, likedata, paging, stored digital messages, fax,
encryption, priority access, talk groups, full-duplex voice, etc. Becauseof thevery high spectrum efficiency
of these systems, it is reasonable for spectrum managersto try to place aslarge apercentage of totd traffic
as possible on this type of system in geographic areas where spectrum crowding might be a problem.

Thistypeof sysemisquite"”scaable’ and can be engineered to meet awide range of traffic needs, mainly
by adjusting the Sze and number of cellsand the number of frequenciesavailableat each cdll. In suburban
and rurd aress, the coverage areafor each cell can be greatly expanded by using more transmitter power
and higher antennas. Cellular systems operate over at least a10:1 range of cell diameters, adjusting the
power output of the mobile (persond) radio to match the power needed inthelocd cdll. Although the use
of larger cdllsdecreasesthe efficiency gain from frequency reuse, larger cellsare generaly used only when
thereisless demand for services (with the corollary greater availability of frequencies).

These systems are complex and expensive, requiring alargeinitia investment to congtruct the system and
asubstantial expense to manage it thereafter. It is not as clear whether there are cost advantages to
building adenser system. If one assumes that the number of sitesin a system are proportional to the
number of customers per acre (thiswould bethe caseif one kept the same number of trunked channels at
each site), the coverage area of the average site would be inversely proportional to the density of
customers. Itisprobably cheaper to build asitewith asmaller coverage area; |low-power transmitters,
lower antennatowers, possibly fewer site restrictionsand zoning problems, etc. Onthe other hand, there
will be more sites, meaning that the network connecting the siteswill be more complex (but the lines
connecting thesiteswill beshorter). Altogether, webdieveit likely that the cost per customer will decrease
somewhat as the density of customers increases.

Single-cell trunked system. A conventional, single-cell trunked system or SMRisconsiderably less
complex than amulti-cell system. Such systemsare particularly applicableto serving multipleusersina
single building or campus (a short-range or medium-range system) or throughout ametropolitan areaor
military base (along-range system). Sincethereisonly asingle cell, the entire coverage areamust be
sarviced by that cdll. If alarge areaof coverageisrequired, the opportunity to achieve spectrum efficiency
through frequency reuse will be considerably diminished. Nevertheless, queuing efficiency and narrow
bandwidth efficiencies can till be obtainable. With ashort-range coverage requirement (e.g., awireless
PBX), therewill be high spectrum efficiency through frequency reuse, and total system efficiency canbe
very high.

Although along-range, single-cell trunked systemis probably |ess efficient than ashort-range multi-cell
trunked system providing the same coverage, it will be more efficient than aseverd single-channd systems
providing the same service.

Single-channd sysem. A single-channd voice system is unable to use queuing and is probably lessable
to take advantage of frequency reuse. Although there arefewer usersto share system costs, the system
isrelatively inexpensive to congtruct or operate. The traditiona wisdom applies here, including the use of
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no moretransmitter power or antenna height than is needed to provide the required coveragearea. Such
asystemis often an older 15-kHz- or 25-kHz-bandwidth analog FM system that will be eventually
replaced with more efficient narrowband technology. Changing regulationsfor Federal and non-Federa
mobileradioswill increasingly discouragethe use of single-channe systems, partly through effortsto make
more efficient systems (such as trunked systems, SMRs, and PCSs) easily available as aternatives.

The preceding paragraphs describe ahierarchy of spectraly efficient systems, with the highest efficiency
ascribed to the small-cell, multi-site, trunked system. Thislist should not be construed to suggest that
lower-efficiency systems are not recommended or have no place in amodern telecommunications system.
Instead, thislist should dert the spectrum manager to thelarge difference in spectrum efficiencies between
the various systems and allow a choice based on the radio environment and the user needs. Short-range,
highly efficient, multi-site sysems may beavailablein dense urban environments, and they may meet user
needsin an economica manner. Such systems are complex and expensive, however, and they requirea
large volume of traffic to be economically feasible; they will probably not be availablein rural aress.

Lower-efficiency systemscanbeusedinrural areas. Thisispotentialy agoodfit, sincethereislessneed
for efficiency intherura areas, and low-cogt, low-efficiency systemscan betolerated. Intheurban aress,
the high efficiency of short-range systemsisrequired to carry thetotal traffic. Thus, thereisanatura
division into urban short-range systems and rural long-range systems (and possibly super-long-range
systems in remote areas, supported with low VHF or mobile satellite technol ogy).

Theremay be substantial advantagesin combining the communicationsrequirementsof smaller users, so
that thereisenough combined traffic to makeahigher-efficiency sysemfeasible. Theadvantagesof shared
multi-user systemsmay not beredized if the users have sufficiently different needsthat the common set of
user requirements dictates equipment that is much more expens ve than needed by asmpler sysem mesting
the requirements of alarge subset of users. Problemsmay also ariseif user "cultures' are sufficiently
different that thereareirreconcilable differencesregarding system operational priorities. Other structural
barriersthat prevent usersfrom sharing efficient sysemsincludelack of common frequenciesor frequency
bands, conflicting administration and control i ssues, and conflicting licenseand procurement regul ations.
The spectrum management process should be careful to follow policiesthat effectively encourage agencies
to share multi-user systems, where appropriate.

Thevarious spectrum efficiency factorsdiscussed in this paper do not only produce spectrum efficiency.
They also produce added spectrum capacity, which isthe ability to provide serviceto many additiond
customers. The evolutionary development of more efficient cellular systems, for example, could result in
asystemthat provides enormous amountsof service. Stating that the Toronto cellular systemis(in certain
locations) asmuch as100-150 timesas efficient astheorigind cellular configuration meansthat the present
50 MHz of cdllular spectrumisnow providing servicesthat the origind cdllular configuration would have
required 5 GHz of bandwidthto provide. Thismagnitude of spectrum capacity increase can make major
shifts in the amount of spectrum required for various services.

Findly, the pursuit of increased spectrum efficiency isan empty god, unlessit resultsin better service at a
lower cost to customers. Any system that ismerely spectrally efficient, but not responsiveto customer
needs and marketplace competition, isafailure. Therefore, the material within this paper must be
continualy evaluated in the context of customer needs, including some of the less-than-obvious factors of
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security, robustness during emergencies, and user priorities. Intheend, thegoal isto provide the best
sarvicefor the least cogt, though we believe it reasonable to include the va ue of the spectrum used as part
of the cogt of the system. A market-based spectrum cost may makeit easier to understand the trade-offs
involved, and spectrdly-efficient technol ogieswill help to minimize the cost of spectrum used by the system.
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