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This thesis explores the potential of digital
pseudonoi se nodul ati on and uncoor di nat ed assi gnnent
of cellular provider networks to address rural
t el ecommuni cati ons issues. Those issues include
affordability, quality of service, and universal
service. In particular, an analysis is conducted of
t he economc, strategic, and social inplications of
Extrenely Hi gh Frequency (EHF) Digital Cellular
Tel ephony (EDCT) as a proposed new cl ass of fixed
W rel ess service.

A new approach to allocating radio frequency

spectrum anong EDCT service providers is devel oped,



based on a spectral congestion toll, rather than on
spectrum auctions, as has occurred in cellular PCS
t el ecommuni cations. The revenue stream such a toll
m ght produce is estimted.

The potential for EDCT is exam ned in a nunber
of ways. A technol ogical analysis is conducted on
the extent of the
expandi ng radi o frequency spectral resource, which
together with the potential for |ow cost EHF
communi cation links, prom se the availability of
spectrum needed for EDCT. The anal ysis shows that
EDCT can provide an increase in capacity and
reduction of nonthly cost of service for |ocal
Wi rel ess tel ecommuni cations. The strategic
managenent techni que of stakehol der analysis is used
to understand EDCT industry formation and industry -
government rel ations.

The cost of service of EDCT is estimated for
three rural Wsconsin counties, and conpared to the
Hatfi el d Mbdel estimate of the cost of wireline

service. The results show that EDCT is a cost



conpetitive technol ogy, with costs in rural areas
conparable to wireline costs in high density,
nmetropolitan areas. Thus, EDCT appears to offer the
delivery of high quality and | ow cost

t el ecommuni cations service to rural areas. The

mul tivariate techni que of principal conponents
analysis is applied to survey data concerning

W sconsin | ocal service infrastructure deploynent, to
ai d i ncunbent providers in understandi ng how best to
make a transition to a future conpetitive environnent

for rural | ocal service.

Advi sor
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Viii
PREFACE
“Because current spectrum managenment policies have

pronot ed conmmercial allocations and auctions to the
exclusion of nearly all other services and |licensing

schenmes, a spectrumcrisis has developed. 1In the
comerci al services, there is a trenendous surplus of
spectrum while the private services ... continue to

struggle to sustain both credibility and unfettered
access to their existing allocations...”

- Reply comments of the Industrial Tel ecomm

uni cati ons Association to the 1998 FCC petition
of the Land Mobil e Comruni cati ons Counci
concerning reallocation of spectrumto the
Private Mobile Radio Service, as cited in QST
82:9, 15.

“1t is well known that the office of the chief
priest was sold by the Romans to the highest bidder, who
was thus required to conme froma wealthy priestly famly;
and that rural priests were inpoverished by the
i nequities created by the greed of the priestly
ari stocracy...”

- Walter W nk, Engaging the Powers,
M nneapolis: Fortress Press (1993).

The task at hand is both scholarly and spiritual in

nat ur e. It is to create an alternative institutional choice

to both the “land rush” and auction theoretic approaches to

el ectromagneti c spectrum all ocation, to create a new ki nd of

digital wireless tel ephony that serves the interest of people,

especially in rural areas, and so restore an institution which

has fallen into serving the self-interest of a few
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CHAPTER 1. | NTRODUCTI ON.

“You’'ve said the established telephone carriers will be out of
business in five years. Why?

“I't may sound absurd, but it’s really based on ny
honest assessnment of their potential market. Conpetition
is a fact, and it’s com ng faster than they are prepared
to deal with. They nust take their business nodel and --
inreal time -- change it to a new busi ness nodel.”

- Aninterviewwith WIIliam Schrader,

CEO of PSINet, Inc. (Brown, 1999).

“They chose to live out there [in the countryside],
so to hell with them”

- A former mayor of Washi ngton, D.C.,

as cited by an FCC official.

Where wi Il change | eave rural tel ephone custoners, whose high
cost traditional service is at present cross-subsidized to the
extent of tens of billions of dollars per year? Deregul ated
mar ket s cannot coexist with intensively regul ated markets --

cont est abl e market theory rules out cross-subsidies! (Baunol,

1

The term cross-subsidy is often used a bit |oosely in
connection with markets for tel ephone service, perhaps because
of the power of |anguage to reframe issues. The precise
meani ng of the termin managerial economcs is for a
diversified firmto prop up a product offering in which
revenue is less than the direct cost (marginal cost, including
any custoner-specific capital costs), by allocating the firms
common costs in support of that activity. Also, note that



1982). Also, the will to regulate is ebbing.

Is it possible to design a new cl ass of
tel ecomuni cati ons service that achieves the social benefits
of the delivery of a merit good? provided at margi nal cost
pricing, but wthout the need of intensive regulation? Is it
possible to design a market for radio frequency spectrum
utilization and couple the market design with technol ogy
choi ces, such that wirel ess universal tel ephone service can be
provided in traditional high cost areas w thout incurring the
di stributional shortcom ngs of the very limted conpetition
that occurs in rural markets with other existing choices?

For several decades tel ephone service has been provided
by intensively regul ated nonopolies. Changes in technol ogy
and growth in total market size have together overconme the
structural advantage of nonopoly provision of infrastructure
goods on which the traditional approach was based. At present
I nstitutional choices for alternative markets involve various
forms of inperfect conpetition -- that is, conpetitive forns
where a small nunber of conpetitors (generally two to five)
engage in inter-firmrivalry in an attenpt to i nprove price

and out put quantities fromthe nmonopolistic result. But

perfect contestability assunes costless entry and exit.
2

A nmerit good is a private good we agree everyone ought to have
avai l able to them
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unfortunately fromthe perspective of consuner welfare, the
out comes of choices based on inperfect conpetition are
inferior to what could be attained in theory under intensive
regul ation. Additional choices are needed that can make the
best use of the technol ogy of digital nodulation fromthe
perspectives of pronoting conpetition, mnimzing costs, and
delivering benefits to the public.

| investigate in this study whether the theoretical
limtations and practical shortcom ngs of inperfect
conpetition underlying the existing institutional choices of
cel lul ar and PCS radi ot el ephony can be overcone. Radio
frequency spectral auctions have certain distributional
shortcom ngs and are economcally efficient only in a narrow
sense. Severe restrictions on the nunmber of players in
cellular and PCS service territories create conpetitive
conditions in which economc rents are inevitable. Moreover
the spectrum regul atory nodel of one |licensee per frequency
slot is no |longer necessary or socially optimal with the
availability of at |east some types of digital nodul ation,
rendering the extant approach to licensure increasingly
I nappropri ate.

The central idea behind a new approach to spectrum
pricing is that with digital nodul ati on the spectrum can now

be thought of as having not only breadth (already enmbedded in



t he extant approaches to spectral resource allocation) but
depth, which allows multiple transmtters (and even nultiple
organi zations) to efficiently share the sanme frequency bands
(Broml ey, 1998).

At the sane tinme that a new way of thinking about
Wi rel ess spectral resource allocation becones feasible, the
energence of the conpetitive provision of |ocal tel ephone
service in the nost popul ous areas has rendered practically
unsust ai nabl e the traditional cross-subsidization of |ocal
basi c universal service in high cost (nostly rural) areas.
Whil e the Tel ecommuni cati ons Act of 1996 (1996 Act) protects
smal | tel ephone | ocal exchange carriers fromcertain
del eterious effects of conpetitive entry, the shrinkage of
traditional cross-subsidization of those firms is now
resulting in substantial increases in |ocal service charges in
rural areas.

The challenge is to determ ne whether a new institutional
choice that carries forward the societal virtues of the
mar gi nal cost pricing of an essential public good as has
occurred under rate of return regulation of |ocal tel ephone
service can be developed. The alternative institutional
choi ce proposed will be assessed for distributional
consequences and pricing efficiency. The approach | suggest

may have | ower costs and be distributionally superior to that



of auction theory, while efficiently pricing the spectral
resource.

A key tenant in ny thinking about the design of an
institutional choice is that while m croeconom sts and | awers
have as a rul e become accustoned to regarding technology as a
seal ed bl ack box when understanding i ndustry behavi or, good
institutional choice design nust raise technology to assune
the role of a choice variable, placing technol ogy al ongsi de
t he existing orthogonal considerations of econom c efficiency
and distributive fairness (More, 1995). Technol ogy choi ces
can no nore be allowed to remain exogenous to institutional
choi ce design than can consuner welfare, if the proposed

choice is to be socially beneficial.

Met hodol ogy of institutional choice design.

An institutional choice is an interwoven bl end of
enabl i ng technol ogy, a market mechani sm design for delivering
t he new good, enabling |legislation, and a regulatory / policy
approach that seeks to overcone the subtle limtations of
mar kets.® A good share of the undertaking is beyond the scope
of an individual effort, and nore properly flows out of a

process of governance.

3

See especially Giffiths, 1984, Ch. 18 for a critique by a
free mar ket advocate of free narkets.



(One nmight envision the follow ng algorithm
Technol ogy pat hway < Cost beneficiality < Pricing

nodel < Institutional and regulatory choices.)

Desi gning an institutional choice to provide an essenti al

i nfrastructure good |like tel ephony necessarily invol ves
striking a balance that attenpts to simultaneously provide for
t he market need of efficient pricing and the noral conm tnment

to uni versal service.

Pareto efficient frontier
/_ (economics ensures this)

influence of public
policy (distributive

N fairness)
[N
o
>
=
&
@
N
o
Qé
&
utility of 1

Figure 1.1. Efficiency, fairness and
technol ogy. We nust nmaster all three
si mul t aneousl y. (Derived in

part from Kreps, 1990, 154.)



For the present I wish to focus on the new technol ogy of
di gital nodul ation and what is now possible by way of private
markets that fully utilize the character of digital wrel ess
conmmuni cations. Then the cost characteristics of a possible
new class of digital wireless tel ephony can be conpared with
the existing institutional choices for providing |ocal

t el ephone servi ce.

The basic research question.

Is it possible to design a market for radio frequency
spectrumutilization and couple the market design with
t echnol ogy choi ces, such that wi reless universal telephone
service can be provided in traditional high cost areas without
incurring the distributional shortcom ngs of the very limted
conpetition that occurs in rural markets with other existing

choi ces?

(O sinply restated)

Can energing technol ogy be conbined with an institutional

design to fully deliver the prom se of an affordable

t el ecommuni cati ons service for rural custoners?



TwWo sub issues exi st:

1.

Can a congestion pricing nodel for radio frequency
spectrum be devel oped? What core technol ogi es would
be needed to achieve a product realization?

Can a new class of wireless | ocal phone service be
devel oped, targeted for the needs of rural markets?
How woul d the cost of this new institutional choice
conpare to a wireline cost of service proxy nodel

|1 ke the Hatfield Mdel ?



Si gni ficance of this work.

| propose a new class of service provider with a nove
system architecture, choice of nodul ation schenme and attendant
pricing nodel that pronotes the price / output vector of
perfect conpetition, especially in thinly popul ated markets
for local telephone service.

For rural wireless markets, | propose an end to the
tradi tional approach to radio frequency spectrumregul ati on
i nvol ving one license hol der per frequency assignnent. The
approach fit the technol ogy of anal og nodul ati on, but is no
| onger necessary for services enploying digital nodul ation.

| suggest approaches to enforcing efficiency in radio
spectrumutilization and to industry structure in the proposed
EDCT service that together are intended to nostly elimnate

t he need for ongoing governnental regulation

Organi zation of the thesis.

Tel ecommuni cati ons begins with the underlying technol ogy.
In the next chapter | introduce sone of the basic ideas
concerning the radio frequency spectral resource. | will then
exam ne how the digital wireless era refranes the institutions
of radi o spectrum regul ation and creates a new opportunity for
spectral resource allocation. | next develop a radio

frequency spectral pricing nmodel based on fundanent al
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engi neering relationships for digital nodul ation. The form of
this new nodel will be briefly conpared and contrasted with
the extant literature on congestion pricing.

Anal ytical tools are needed to understand the cost
structure, business strategy, and performance of the existing
I ndustry. In that way the need for a new institutional choice
will be nost clearly understood. Existing industry
partici pants and policy makers can be guided in devel opi ng
approaches to incorporate the new technol ogies of the wirel ess
era in their business nmodels. |In chapter three | explore the
technol ogy of the existing tel ephone infrastructure, for
uni versal wireline tel ephone service and for cellul ar
tel ephony. The strategy and performance of the existing
i ndustry that provides |ocal wireline tel ephone service for
the State of Wsconsin is exam ned, in terns of neasures of
infrastructure depl oynent and service features.

The techni que of nultivariate analysis (principal
conponents, or PCA) is used first, to explore the key
di mensi ons al ong which existing firns or entrants with new
technol ogy m ght conpete in a future conpetitive market for
rural |ocal telephone service. Potential conpetitive
strategies are identified, that firnms m ght be best positioned
toinitially enploy. As such, the PCA nodel is primarily a

gift to the industry, it being only tangentially related to
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t he i mmedi ate purposes of this work. [In addition, however,
one m ght |earn about the effectiveness with which individual
firms have been regulated, illumnnating the wi sdom of the
exi sting order. Specifically, a few small firnms have been
provi di ng unusual value to their custoners -- has regulation
had a role to play in the differential performance of the
I ndependent service providers? Finally, the PCA nodel
hi ghl i ghts the advanced service features that formthe
cont enporary foundation of universal telephone service.

In a second section of chapter three, the cost of

provi ding wireline basic universal service will be estinmated
for the State of Wsconsin using the Hatfield Cost Mddel v.4
(Hatfield, 1997). The Hatfield Mddel was recently devel oped
by an industry consortium for the purpose of understandi ng
the cost structure of the U.S. tel ephone infrastructure. The
Hatfield Model is of particular interest in the context of the
present work, because it reveals the effects of subscriber
l'ine density and i ncunbent service provider firmsize on the
cost of providing rural |ocal service. The Hatfield Model
al so reveals the way cost of service is allocated between
swi tching and outside plant (the wires), underscoring the need
for a replacenment for outside plant. The cost structure of
t he proposed new cl ass of service, EDCT, can be directly

conpared to the Hatfield Mddel predictions for specific
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geogr aphi c areas.

In the final section of chapter three service
characteristics and the cost of service for cellular and PCS
service providers will be estimated. In a |later chapter, the
resulting informati on about the existing cellular industry
forms an additional basis for distinguishing between EDCT and
the array of existing service options.

Chapter four focuses on technol ogy. W nust understand
how to place rural telephony firmy into the realmof the
econom cs of silicon. It is first necessary to devel op a deep
intuitive understanding of the trajectory of the technol ogy of
silicon, particularly in regard to the strategic inplications
of sem conductor linewidth. Continued industry novenment al ong
t he path of Moore s |aw i npacts the costs of switching and
digital signal processing hardware. The extent of the total
avai |l abl e radi o spectral resource, key to the deploynent of
new wi rel ess technologies, is intimtely tied to the
intentionality of Moore’s law. | explain the connection
bet ween |inewi dth and new consunmer uses of the radi o spectrum
near the m ddl e of chapter four.

In the second half of chapter four a proposed new
institutional choice for basic universal service based on the
spectral pricing nmodel of chapter two will be devel oped in

some detail, so that its service characteristics can be
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eval uated. The question of the best choices of radio spectrum
for this new class of service will then be addressed, based on
our understandi ng of the unfolding of the spectral resource.

In chapter five a strategic analysis of the proposed EDCT
i ndustry structure is conducted. A business nodel for EDCT is

devel oped and the cost of service is estimted. The federal

revenue stream from an EDCT spectral congestion toll is
estimated. | examine a practical inplication arising fromthe
potential existence of a new institutional choice -- the

crossover between optinmal choice of the existing |l ess than two
G gahertz cellular tel ephony and the new technol ogy as a
function of increasing popul ation density, as one approaches
an urban area. It will becone clear that EDCT has a unique
conpetitive role to play, in relation to other choices, in
ensuring universal access to advanced tel econmuni cations
services, including high speed Internet access, particularly

in rural areas.

EDCT: A convergence of need, technol ogy, and institution.

At present, those who live in cities are still nostly
constrai ned by anal og nodem Internet data rates. Over the
next one to two years, Ethernet-like speeds will beconme nuch
nore available to urban residential custonmers. Subsequently,

Web content will evolve to becone dependent on higher
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bandwi dth, as it has once before, to take advantage of the
popul arity of 56 Kbps nodenms. Over the next few years, ways
must be found to extend w der bandwidth to rural custoners, so
t hat everyone m ght enjoy the social benefits, and to avoid
stranding rural comunities.

As the transition to conpetition in |ocal markets for
t el ecommuni cati ons continues to unfold, the previous
institutional arrangenment that made rural local wireline
service affordable will beconme untenable. That tinme is
perhaps five years hence. The desire of sone to continue the
old order will not stand, because at a m ninmum technol ogy
change will nmke available to the businesses and residents of
the built-up areas of rural comunities conpetitive options,
i ke cabl e tel ephony, PCS, and decent Internet access. Rural
t el ecomuni cati ons markets will be bifurcated, and the
outlying custonmers potentially isolated.

Fortunately the pieces of technol ogy needed to craft a
new ki nd of rural tel ephony are just now emerging from
research | aboratories. |In perhaps five years, EDCT could be
made into a viable service alternative. The radio frequency
circuits needed for use at the frequencies | propose for EDCT
are already being nade in nodest quantities. M cronechani cal
antennas exi st as prototypes. The signal processing circuits

needed for | ow cost voice grade and first generation data
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service are here now. There renmains nuch engineering to be
done, but the hard parts have been acconpli shed.

It is time to begin crafting the institutions of EDCT --
an enabling regulatory environment and a mechani sm f or
af fordably all ocating spectrumto EDCT service providers.
There is an opportunity to create a good fit between the needs
of rural custoners, the energing technol ogies of fixed
Wi rel ess comuni cations, and the needed social structures.
The spectral congestion pricing | explore in the next chapter

I's the core around which the various aspects of EDCT converge.
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A tribute to spread spectrum s inventors.

I am grateful for a concept that was devel oped decades
ago, and now stands ready to provide w despread benefits.
Spread spectrum was conceived by the novie star Hedy Lanmarr
and her conposer friend George Antheil over dinner one
eveni ng.

Oiginally termed frequency hopping, the nodul ation
schenme was intended to make allied torpedo gui dance signals
I mmune to eneny janmm ng. The idea was to have a transmtter
and receiver shift frequencies in synchrony, according to a
prearranged pattern. 1In this way the conmunication could only
be detected by the intended receiver. They were awarded
patent nunmber 2,292,387 (1942) for their idea, which they
assigned to the U S. governnment. Antheil was invaluable in
creating a physical realization of Lamarr’s idea, one related
to his concert performances of synchroni zed pl ayer pianos.

Last (1998) perhaps best tells the story of Hedy Lamarr.
Hedy was born (under a different nanme) in Austria and began
her career there as a novie star in the early 1930s.4 Her
first marriage was to a Viennese nunitions tycoon. The arns

deal er and Nazi synpathizer wanted his wife constantly by his

4

She regrets having nmade sonme of those early novies. As Hedy
once said, “Any girl can be glanmrous. All you have to do is
stand still and | ook stupid.” (Flippo, 1997)
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side. As a result, Hedy sat through innunerable nmeetings with
weapons devel opers and buyers. Not nerely a beautiful woman,
she paid close attention. She was able to escape to Engl and,
| ater comng to Anerica to begin a second filmcareer here.
She seened to carry with her from her encounters an
under st andi ng of the nature of weapons systens, as well as a
determ nation to do good. Today she lives nodestly in
Fl ori da.

Because of the difficulty of inplementing the frequency
hoppi ng schene with the anal og technol ogy of the day, just one
use was possibly made of it during World War Il -- a secure
voice circuit fromthe Wiite House to Churchill. The second
reported use was for the telenmetry link for a pilotless
surveill ance drone used over Vietnamin the 1960s (Pessar,
1998), the first digital inplenmentation.

In the 1990s, with the advent of |ow cost silicon-based
frequency synthesis and signal processing, spread spectrum has
become conparable in cost to traditional anal og approaches to
desi gni ng radi o conmuni cations systenms. The frequency hopping
scheme of Lamarr and Antheil heralds a new era of wreless.

For her breakt hrough work, Hedy Lamarr received an Electronic

Fronti er Foundati on 1997 Pi oneer Award.
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A layman’s overvi ew of EDCT technol ogy.

As an aid to the nontechnical reader, | explain EDCT --
what’s new and how it is tied to an energing need for inproved
rural comruni cations. EDCT is first and forenost designed
fromthe ground up to nove rural telephone service fully into
the age and econom cs of silicon. EDCT has a network approach
li ke cell phones. The link to custonmers is wireless. But
because EDCT operates on EHF frequenci es, where waves are very
short, the antennas can be made the size of ping pong balls.
Custonmers can add service features and links to conpeting
service providers by plugging in nmodul ar conponents.

EDCT is tailored to the needs of rural residential users,
rat her than urban nobile users. EDCT is intended to make
rural voice and high speed Internet access as affordable and
of the sanme quality for rural residents as it is for city
dwel l ers. Voice service quality is designed to be equal to
the best wireline service, rather than the Spartan character
of mobil e phones. Entry level Internet connections conparable
to 56K nmodem speeds are included. Optional high speed
I nternet access at 14 tinmes that rate is priced not by the
nont h, but according to the negabytes of data exchanged, in
order to pronote affordability and adoption. A new software-
defined radi o technol ogy could give EDCT custoners prem um

cordl ess service at home, while enabling the same handset to
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be used everywhere.

The EDCT service provider business nodel centers on a
hardware architecture that uses PCS with plug-in digital
signal processing cards to make extrenely | ow cost sw tches.
The antennas house the fully integrated radio frequency
el ectronics. As a result cell site cost is kept bel ow that of
a half way decent tractor, enabling anyone with a high spot on
their land and the inclination to get in the business.

The needed radi o spectrumis allocated in an
uncoor di nated fashion, using digital spread spectrum
techni ques. Spectrumpricing is on a pay-as-you-go basis,
using a spectral congestion toll. The conbination of sinple,
| ow cost cell sites, and the alternative to |lunmp sum paynents
for spectrumrights smash barriers to entry and artificial
restrictions on conpetition. Even rural areas should now be
able to enjoy the benefits of conpetition, while facilitating
| ocal ownership of service providers. Allocating spectrum by
using a congestion toll facilitates reshaping the FCC for the
digital wireless age.

EDCT may grow to perhaps five percent of the U S. narket
for tel ephone service. For each one percent of market share,
and at a one cent per mnute toll, the new spectral congestion

toll would bring about $280 mIlion annually to the treasury.
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CHAPTER 2.

A RADI O FREQUENCY SPECTRAL CONGESTI ON PRI CI NG MODEL.

The anal og worl d of tel econmunications has certain
physi cal characteristics that informand shape its
institutions. When instead we use digital approxinmations of
reality to convey information, the physical characteristics of
tel ecomuni cations are altered. Institutions dealing with
tel ecommuni cati ons need to be reshaped to take full advantage
of digital tel econmunications and the private markets they
engender, while still striving to attain the universal service
goals of the traditional approaches to regulation.

In this chapter | explain what has been fundanmentally
altered in the transition to the digital era of
tel ecomuni cations. | propose a new approach to pricing the
radi o frequency spectral resource that fornms a basis for a new

institutional choice for tel ephony.

1. Need for regulation of the radio spectrum

1.1. Institutional choices envel opi ng anal og nodul ati on.
Essentially all of the existing kinds of telecomun-

i cations service that nake use of electromagnetic radiation

(radi o waves) to convey information enpl oy anal og nodul ati on

to attach the information to a carrier wave of fixed
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frequency. Anal og communi cati ons systens include 800
megahertz (MHz) cellular, |land nobile radio, ship and aircraft
comruni cations, radio and tel evision broadcasting, and

mul ti poi nt distribution service.

Physi cal characteristics of anal og nodul ati on. An

unfortunate but inherent aspect of anal og nodul ation is that
if two senders use approximtely the sane carrier frequency,
they will cause nutual interference to each other. For
example in tel evision broadcasting, in which video information
is conveyed in a manner quite simlar to anplitude nodul ation
(AM), one can observe two superinposed i nages with the
interfering signal slowy drifting about in relation to the
desired signal. Wth the frequency nodul ation (FM enpl oyed
for FM broadcasting, |and nobile radio and anal og cel |l ul ar,
the effect of interference is slightly different. FM
receivers will tend to | ock onto, or capture, the strongest
carrier while preventing the signal which is weaker at that
i nstant from being heard at all. You may have noticed this
effect while driving on a rural highway between two cities
t hat each have an FM broadcast station assigned to the sanme
frequency.

These characteristics of AM and FM anal og nodul ati on are

not necessarily bad -- who wants to listen to two FM stations
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at the same time? On the other hand just one public safety
wor ker who accidently sits on their m crophone can render a
whol e network i noperable. But the fundanmental point is that
in institutions built around the technol ogy of anal og
nodul ation it is essential that this potential for mutual
interference be well taken into account. Apart from frequency
re-use,® only one transmtter can occupy a frequency
assi gnnent .

Two additional and nore often discussed characteristics
(at least in polite scholarly circles) of anal og nodul at ed
signals are
1. Non- excl udability, which means that no receiver can
be prevented from enjoying the content of a
transm ssi on, except through artificial constraints;
and
2. Non-di m ni shability, which neans that one person’s
enjoynent of a transm ssion does not reduce the
enj oynment of anot her.
Econom sts regard econom c exchanges that have these two
properties as pure public goods. The clear inplication of
these two characteristics is that the real mof anal og

nodul ation is one in which the goods and services provided

5

Whi ch means that sufficient physical separation of
transmtters is maintained during the process of frequency
assignnment to individual transmtters.
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have the character of public goods, and are converted to
private goods only through the sonmewhat artificial action of
| aw, and not the true underlying reality of the physics of
radi o commruni cati ons.

Finally the nunmber of different frequencies available for
transmtters, the total available spectral resource, is
constrained by the ever increasing costs of attaining higher
frequencies in realizable systens. It is not that the
spectral resource has a firmlimt, but nore so that the
econom cs of system design sets limts to the upper bound and
frequency spacing of the services. Traditionally this has
meant that highly specialized or strategic systens have been
the first to nmake use of the upper reaches of spectrum

avai l able at a given point in tinme.®

I mplications. The inplications for institutional choice
of the technol ogy of anal og nodul ation are manifold. First
and forenost the practical engineering limt on the avail able
spectrum make it in nost cases a scarce resource. Scarcity
I mmedi ately suggests to a contenporary econoni st that a price

shoul d be attached to the spectral resource to bring about

6

But as will be explained in chapter four, this long held
assunpti on about how to best allocate spectrum between
governmental and consuner uses is turned on its head by the
new realities of the trajectory of silicon
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efficient use. But because the physical nature of anal og
nmodul ation inparts the character of a public good to the
spectral resource, the institutions that have grown over the
| ast decades to envelop that part of the el ectromagnetic
spectrum cal |l ed radi o” have taken a public interest approach
to regulation. By that I nean in the U S., for exanple, that
i cense hol ders have been required to serve the “public
i nterest, conveni ence, or necessity” (1934 Act).

Regul ation of the spectrumis by expert agency. |n many
nations a bureau is attached to the mnistry of post. 1In the
U.S. there is a stand-al one federal agency called the Federal
Conmmuni cati ons Commi ssion (FCC), which preenpts |lower units of
government in the regulation of radi o conmunications, except
in regard to |l and use and matters of public safety.
Application for renewable right-to-use |licenses that are
essentially free has until recently (1996 Act) been on a

first-come-first-serve basis, with conpeting applications

7

To now in the emerging digital age revert fromthe nanme radio
to the name wirel ess seens an assault on the institutions that
adm ni ster the spectral resource. Wth sone thought it is
hoped that many will see it is neither necessary or wise to
destroy the analog world to nake way for the digital age.
Anal og nodul ati on conti nues to have inherent advantages in
certain classes of service. For exanple field tests of COFDM
di gital audio broadcasting appear |less than satisfactory if
there is a breeze (Thibault & Lee, 1997). Recently a
broadcast engi neer assessed HDTV initial field tests as

provi ding but a fraction of the service area of anal og
television (Eliason, 1998).
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deci ded on a conparative worth basis in an adnm nistrative |aw
proceeding. No property rights are conveyed in the U S.,
either traditionally or in spectral auctions. But then, on
the other hand, no U S. broadcast station or cellular carrier
has ever failed to have its |license renewed (Smth, 1995).3
In at | east one country (El Sal vador) property rights to
spectrum are i ndeed conveyed, but this is best viewed as non-
physi cal and inconsistent with the international |aw
concerni ng tel ecomuni cati ons (Stockwell, 1998, 3).

A cooperative nodel has evolved for international
regul ation of the electromagnetic spectrumin the anal og era.
The international |aw of comruni cations (includes transport
and mail) is nost highly advanced in the area of
t el ecommuni cati ons (Al exandrowi cz, 1971), precisely because
t el ecommuni cati ons has evolved to a cooperative approach, as

opposed to the awkward bilateralismof transport and mail.?®

8

The cellular industry reportedly makes a careful habit of
settling wongful death actions out of court, so that there is
never an adverse finding that could subsequently be used to
challenge a carrier’s license before the FCC (Smth, 1995).

9

It is interesting to contrast the cooperative nodel used in
the international regulation of telecommunications with the
bilateral interconnection agreenments now required nationally
under Sections 251 (c) and 252 of the Tel econmuni cations Act
of 1996 (1996 Act). |Is this an advancenent in regulation?
They have generally been far | ess contested than rate-of-
return proceedi ngs, so they nmay indeed represent an

I ncremental inprovement in sonme ways, and form a basis for
future advancenent.
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The I nternational Tel ecommuni cations Union (1TU) neets
periodically to fine-tune frequency all ocations on a coll egial

basis best described by Price & Rinaldo (1998, 31).

1.2. Evolution of institutional choice upon introduction of

di gi tal nodul ation.

VWhat is nost notable about the effects of the
revol utionary transformati on of tel econmmunications fromthe
analog to the digital age is howlittle the foundations of the
institutions of spectrum managenment have been altered.
Changes enbodi ed in the Tel econmuni cati ons Act of 1996 do
pronote an increased reliance on private markets to deliver
bot h basic and advanced tel econmuni cati ons servi ces,
certainly, the one key exception at present being rural basic
uni versal tel ephone service.® Private markets are wonderfu
i nventions in that they enforce operation at the efficient
frontier, thereby providing the greatest possible total
gquantity of telecomrunications services, and so are to be

preferred to the greatest extent possible.

10

The exenption for those | ocal providers with |ess than 50, 000
lines (1996 Act) is not witten as if it is but a tenporary
protection for rural |ocal providers, but given the presence
of anal og cellular, tel ephony over cable systens, and the
eventual build-out by PCS Block C |icense holders, the
protection will prove infeasible (Vedro, 1995). Already the
FCC s Universal Service Board is beginning to explore

al ternatives.
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In the area of international regulation of

t el ecommuni cations, the I TU continues to enbrace a cooperative
nodel of regulation, but for the first time is being | obbied
and petitioned directly by |large equi pment manufacturers, who
hurriedly seek all ocations for products to be marketed in nore
than one nation (Price & Rinaldo, 1998). The effect of the
private interests is to bypass and ultimtely dimnish the

role of national governnents in spectral resource allocation.

What hasn’t changed.

The under pi nning that has not changed is the doctrine of
the exclusive frequency assignment of transmtters. Before,
excl usi ve assignnment foll owed fundanmentally fromthe physi cal
character of the nodul ati on schene, but now there is no such
hard constraint. The reason for a now possible lifting of the
constraint of exclusive use lies in the fact that with digital
spread spectrum nodul ation, transmtters using different
nodul ati on spreadi ng codes cannot be heard, except by a
receiver set to a specific desired spreadi ng code, even though
the transmitters share the sanme frequency allocation (Mlstein
& Sinmon, 1996, 152-3). There remains only a subtle
justification for exclusive assignnent, there being sonewhat
of an inprovement in spectral utilization efficiency (Yue,

1983). | explain how the small efficiency advantage that a
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centrally adm nistered frequency assi gnnment approach |ike
exclusive right-to-use has to offer is only significant under
certain conditions.

The econom ¢ principle of non-excludability is also no
| onger operative, again because a receiver needs to know a
particular (proprietary) spreading code in order to receive a
transm ssion. Therefore the spectral resource need no | onger
be considered as a public good, in the traditional
institutional sense concerning the regul ati on of broadcasti ng.
Scarcity still applies, so that allocation mechani sm design
remains inportant to efficient use.

I will next explain how spectral auctions largely but not
fully capture the new physical realities of the digital
t el ecomuni cati ons regime and | eave open an opportunity for

i mprovenment of societal welfare.

2. The need for a new institutional choice.

Spectral auctions for wireless tel ephony are not Pareto
opti mal, because they do not fully capture the underlying
physi cal nature of digital spread spectrum nodul ati on. MW

assertion may surprise sonme, and | hasten to point out that I

11

The key argunent is contained in nmy devel opnent of a radio
frequency spectral pricing nodel at the end of chapter two and
summarized in figure 2.3, which shows that for SNR > 10 dB
spectral utilization efficiency is relatively uninportant.
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do not propose the whol esal e repl acenment of spectral auctions
with sonmething different, but rather the delineation of
reginmes in which an additional spectral pricing option
prom ses to inmprove the |lot of classes of custonmers who are
ot herwi se excluded by the workings of inperfect conpetition.

The 1993 introduction of spectral auctions created a
private market for digital wireless tel ephony, with the
granting of a ten year renewabl e exclusive right to use an
assignnent. An oligopolistic price / output vector has been
established in each served market.

That auctions are an efficient nmechani sm design for the
all ocation of a good, within the confines of the behavioral
under pi nni ng of m croeconomcs,  is universally accepted.
Econom c rents (profits in excess of the weighted average cost
of capital) are inevitably present in the oligopolistic PCS
mar ket created, but it was hoped by the architects of that
institutional choice that by having five conpetitors (rather
t han the duopoly of analog cellular) that the rents woul d not
be obj ecti onabl e.

| feel the existence of sonme rents in urban service
territories where there are a nmultiplicity of providers and
sufficient average income |levels is acceptable, at least in a

utilitarian sense. O course the urban poor lie outside such

12
The assunption of rationality.
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rationalization (see King, 1998), and | revisit this special
case in chapter five. M proposed new class of service m ght
al so be viewed as a truly low cost “provider of |last resort”
in urban service territories, solving a heretofore intractable
problemin establishing markets for conpetitive |ocal access.
| should nmention that the original notivation has al ways been
to provide affordable |ocal service in nostly rural areas
where wireline service is costly to provide and the
traditional cross-subsidy of |ocal service in the US. is

bei ng wi t hdr awn.

Wreless tel ephony: The next |ocal | oop.

Wrel ess tel ephony is now show ng the potential of
substantially displacing wireline service, especially in high
cost areas, but also as a neans of quickly providing
conpetitive residential |ocal access to end the historical
nonopol y provision of |ocal service in urban areas. As this
happens radi o spectrum allocation choices will nove to
eventual |y displace the traditional regulation of wireline
conmmon carriers as the key to attaining public interest goals
of universal service (see Arellano, 1998). | anticipate that
sea change by providing a choice for wireless | ocal access
that intrinsically provides for universal service goals.

Unfortunately anal og cellular and PCS cl asses of service by
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design do not fully neet the needs of universal |ocal access
to voice and data services.

Cellular. Analog cellular has the greatest nunber of
shortcom ngs, both technical and service related. First, in
rural areas it is usually deployed so as to best serve nobile
users, leaving rural custonmers with spotty or non-existent
coverage, by enploying highly directional antenna patterns
| ocat ed al nost exclusively along major roadways.

Second, the engineering assunptions made in the early
1970s at the inception of the service to assure a reasonable
| evel of privacy have | ong since been overcone. Prior to the
I nvention of the m croconmputer few individuals could afford to
possess sufficient conmputing power to overcone encryption of
supervi sory data streanms. Also at that tinme good perform ng
800 MHz receivers were costly. The Conmmuni cations Privacy
Enhancenent Act of 1998 (HR 2369) does nothing to alter these
facts (Mansfield, 1999).

Third, the channel characteristics of anal og cellul ar,
while sufficient for voice, are insufficient to provide
I nternet connectivity at what are now routine wireline speeds
(56 Kbps anal og nodens and 64 Kbps | SDN basic rate). For a

gi ven rated nodem speed, throughput is nuch worse over a
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cel lular connection than a wireline connection.®® Also the
channel bandwidth |imts data rates to about 9.6 Kbps.

PCS. The institutional choice created for PCS differs in
its effects fromthe intent of basic universal service
provi sion of wireline tel ephony. Froma technical
perspective, voice and data performance are very nuch |ike
wireline universal tel ephone service. The difficulties lie in
the regul atory nodel. Instead of marginal cost provision,
there is oligopolistic pricing. There is no obligation to
provide service. In fact in rural areas there is little
servi ce buil dout planned, due especially to the financi al
difficulties of Block C winners. There have been reports to
the FCC of defaults on auction paynents, with the prospect
t hat bankruptcy proceedi ngs could encunber for years the use
of licenses that were awarded. |t appears likely that in
rural areas nowhere near the intended five conpetitors wl
ever be realized.* Thus PCS is also a flawed option for

wireline replacenent in traditional high cost areas.

13

The problemis that nodem data conpression al gorithnms assune a
virtual ly noi sel ess channel. The radio channel is highly
i nperfect, thus attainable conpression ratios are < 2:1.

14

At the time of witing this section Bell Atlantic, which
recently acquired GIE, is reported to be in talks to buy out
Airadi gm (dba Einstein PCS, which holds the rights to nost of
rural Wsconsin). The prospect, thus, is a future deregul ated
nmonopoly for many Wsconsin rural custoners.
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A new approach. In the transition to digital wreless
t el ephony, instead of proceeding increnentally froma
regul atory regi me devel oped for the technol ogy of anal og
nodul ation,*® we need to think nmore fundanmental ly about the
role of regulation of the digital wireless industry. In doing
so it would be advantageous to tailor resource pricing to the
needs of rural markets. Specifically, the need for |arge up-
front cash paynents m ght be replaced with a pay-as-you-go
approach, collecting simlar total revenues over the long run.
Engi neeri ng decisions could be made to mnini ze the fixed cost
of entry, to engender conpetition even in sparsely popul ated
regi ons.

Let's try starting with a clean sheet.

3. Back to basics: Coupling between users.

Regul ation ari ses because of the need to make opti mal use
of a scarce resource, given that one person's use of the
spectral resource has an inpact on the quality of use
experienced by others. But the functional form of the
coupling between users differs with the chosen technol ogy:

1. For anal og nodul ation, central coordination of users

on a nutually exclusive basis is an inherent

15

An approach that would perpetuate rents and | eave under -
provided the full technical potential of digital telephony.
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requi rement of the technol ogy.

2. For channelized digital nodul ati on schenes (like
TDMA 800 MHz next generation digital cellular and
COFDM br oadcasting (see Thibault & Li, 1997)),
exclusive right-of-use is not essential, but allows
a higher spectral utilization efficiency.

3. For direct sequence pseudonoi se nodul ati on, any
number of transmtters nay share the sane band of
frequencies in an uncoordi nated manner, with a
spectral wutilization efficiency of 72% of what is
theoretically possible for centrally adm ni stered
spectrum (Rowe (1982) and Viterbi (1982), as cited
in Yue, 1983).

Case three above suggests that there are some geographic

areas where a new pricing nmechani sm m ght be devi sed, based on

the externalities created by the existence of nmultiple
transmtters. Spectral utilization efficiency in this case
could be traded off for some other societal benefits w thout

suffering any di sadvantage to users.

4. Implications for digital wireless tel ephony.
It is possible that urban (high traffic density) and
rural (low traffic density) users will be best served by

di stinct institutional choices for radio frequency spectrum
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managenent. First, given high traffic density, spectral
utilization efficiency dom nates wi rel ess spectrum all ocation
consi derations, so that channelized networks are the best
choice for the bul k of urban custonmers. Second, urban users
attract a sufficient nunber of service providers to force
price / output vectors to at |east the oligopolistic result.
Third, for urban fixed wireless networks the sunk cost of the
existing wireline infrastructure mght afford a future
opportunity for contestability between conpeting technol ogies.

For rural users the reginme is different. Low popul ation

density makes the increnental efficiency advantage of
channel i zed operation uninmportant. Markets are too small to
attract conpetitors when there is a substantial fixed cost of
entry. Affordability is a critical issue with the fading of
cross-subsi di zati on of |ocal service in high cost areas.
Equity is of increased inportance, because of |ower incone

| evel s and the anticipated increasing dependence on wrel ess
for basic service.

The key questions are then:

1. Can a new spectral pricing nodel, a new wi reless
system desi gn engi neering specification, and
enabling | egislation engender conpetitive access in
rural markets?

2. Woul d the new choice al so be applicable to other
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countries with largely rural populations or to urban

core custoners dropping off the network?
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5. A Radio Frequency Spectral Pricing Model.

Many of the terms | am about to use are explained in the
table on the next page. 1In general the ideas | discuss have
to do with the theory of information conveyance in
conmmuni cati on systens, a specialized area of electrical
engi neering. These concepts formthe basis for an econonic
nodel that allocates a resource efficiently using a dynam c

price mechani sm

5.1. Engineering basics of digital comrunication.

In a |l ow user density environnment, consider what can be
achieved with multiple transmtters using pseudonoise
nodul ati on and sharing the same frequency assignment. Each
user’s transmtter will degrade the reception of the other
users. Each transmtter appears to other users as an
addi ti onal increment of noise above the background thernal
noi se level. The conbined effect can be well nodel ed as
additive Gaussian white noise (AWGN), especially for the
circuit conditions present in a rural environment (direct
spreadi ng modul ation in the intended architecture, weak

signals) (Yue, 1983, 103).
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Bit rate.

Baud rate.

Bit error rate.

Chip rate.

Code r at e.

Pseudonoi se.

Spr eadi ng factor.

Informati on transfer rate
(bits / second).

Signaling rate (coding elenments / second)
(Baud) .

Fraction of bits which the receiver

denmodul at or fal sely decodes
(di nensi onl ess) .

A spreadi ng code el enent.
For direct sequence spread spectrum
nodul ati on, the nunber of pseudonoi se
chips / baud >= 1.

Nunber of bits per baud; a neasure of the

extent of insertion of forward error
correction code into the informati on

stream (0 <r < 1). The r paraneter
directly affects spectral utilization
efficiency. Adding error correction
i nproves system performance in the
presence of noi se and does not
degrade throughput (See Viterbi,
1979).

A met hod of information encoding (nod-

ul ati on) that appears to other rec-
eivers not using the sane code as

a very good approximation of noise.

Si gnal -t o-noi se i nprovenent brought about
t hrough the use of spread spectrum
techni ques (dB).

Gaussi an white noi se. Noi se with no frequency or phase
dependence.
Table 2.1. Useful neasures of information flow.
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Viterbi (1985, 12) devel oped a nodel for the nutual
interference of M Earth station digital uplinks as experienced
by a single orbiting nmultiple access receiver. It is directly
applicable to the case of a terrestrial cell site receiver
(and of further value in the case of adjacent uncoordi nated
cell sites). | next describe Viterbi’s nodel and explain its

utility in the devel opnment of a spectral pricing nodel.

M Nunmber of transmitters of equal [received] power.

No Background thermal noise [spectral power] density.

N, Total received noise spectral density.

= Recei ved energy in one pseudonoi se chip of duration Ts.
W, =1/ Ts. Chip bandwi dth (Hz).

Ep Recei ved energy per bit of information of duration T,.
Ry =1/ T,. Bit rate (bits / second).

Ty, | Ts = W / R,. Spreading factor.

k Nunmber of pseudonoi se chips per baud (k >= 1).

r Nurmber of information bits per baud.

Table 2.2. Sone spread spectrum vari abl e

definitions (Viterbi, 1985, 12).
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As Viterbi explains, the total noise power at the
receiver on a per-user basis is the sumof the background
noi se and interference fromthe other users. The nutual
interference in an uncoordi nated environment will also appear
to the receiver as random noi se (AWGN), as does the background
noi se. The noise and interference add.

The background noi se power is the product of the
background noi se spectral density function and the receiver
i nformati on bandw dt h: NyW.

The energy received fromthe (M- 1) other users is

(M- 1)E;, so the received power density of the interference

becones (M- DHE,_ .
Ts W

The total received noise spectral power density is

Ny, =N, + (M- 1)E .
The signal-to-noise ratio E, / N, can then be cal cul ated as
follows. The ratio of signal energy per chip (spreading code
el ement) to total noise is

E._ = E._/ N,
N, 1+ (M- 1) E / N

The code rate (bits / baud) is

r = kEs /| E, = kTg /| Ty = kR, /| W .
Es can be rewritten in terns of E, and the system design
paraneters (r and k) or (R, and W):

Eb_ = E, / N,
NK 1+ (M- 1) (r/ kK (E /7 N)
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E,_/ N, .
1+ (M- 1) (Re/ W) (B / Ny

In turn the signal-to-noise ratio determ nes the system

bit error rate (BER) that can be attained in practical
i mpl enent ati ons.

The literature suggests that a BER <= 1072 is the maxi num
comrerci ally acceptable for a voice channel and that a BER =
10°° is judged by end users to give good signal quality
(satisfactory for data). (See Yue (1983, 103-4), Viterbi
(1979), and Kucar (1996, 252-3)).

Viterbi (1985, Table |I) estimtes the signal-to-noise
ratio required to achieve a BER = 10°° for a practi cal
communi cati ons systemin which various degrees of forward
error correction are present. Note however that there is a
tradeoff between the benefit of forward error correction and
spectral utilization efficiency (SE), which | illustrate in

table 2. 3:
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r (bits/baud) |E, / N, (decibels)! |SE (%?
1 (no FEC) 9.6 72
0. 875 6.4 63
0.75 5.5 54
0.5 4.5 36
~0 (linmit) 3.4 0

! For a realizable system using convol utional
encodi ng and soft decoding. (Ther = 0 entry is an
estimate.) All E, / N, contain a 2 dB nmargin,
reflecting the inperfections of physical

i npl ementations (see Viterbi, 1985, 13 footnote 1).
(© 1985 | EEE.)

2Relative to a fully utilized ideal channelized
schenme. (See Yue, 1983, 101 and Viterbi, 1985,
figure 1.)

Table 2.3. Required E, / N,/ for BER = 10°° for various r

and SE. (Based in part on Viterbi, 1985, 13.)

VWhat Table 2.3 doesn’'t reveal, because it only contains
the threshold E, / N, for the target BER, is the highly
nonl i near nature of the way that BER degrades with declining
signal -to-noise (SNR) ratio. The behavior is best summrized
graphically in the SNR - BER perfornmance of digital

conmuni cati ons receivers (Bhargava & Fair, 1996, 142):
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tersnrt edr

12

SNR E,/N,” (dB)

Figure 2.1. Signal-to-noise performance of various
di gital nodul ation forward error correction coding
schemes. (Sinplified, based on Sklar, 1988, 300, as
cited in G bson, 1996, 142.) All curves tend to
converge to BER = 10! at SNR = 0 dB (see Orsak

1996, 129).

5.2. Analogy to optimal toll: The foundation of a pricing
mechani sm

The nost striking thing about this figure is that on a
log - log plot the relation between BER and SNR is for all

practical purposes a straight line for BER better than 103
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(the poorest commercially viable performance). The line
shifts to the |left depending on the extent of error correction
coding (the value of the r paraneter). A straight |line on
such a plot reveals that the bit error rate rises according to

a power |law relation with declining signal-to-noise ratio.

Congestion costs in a conmuni cati ons network. As message
traffic builds on the block of spectrum assigned to these
uncoor di nated users, each new user establishing a connection
degrades the quality of comrunications for all users. An
equi val ent way of expressing the effects of one user on the
other users is in a nonetary equivalent formas an increasing
mar gi nal cost of nessage traffic in the face of declining
circuit quality. One mght imagine in the case of data
transm ssion an increasing nunber of corrupted packets that
need to be resent, or in the case of voice traffic, increasing
listener effort leading to difficult conversations.

Utimately users would begin switching to higher cost

al ternati ves.

Simlarity to vehicular traffic congestion. The

situation is highly analogous to the increasing costs that

occur in the case of vehicular traffic congestion. That close



45
simlarity suggests that a pricing nechani smcan be desi gned
to optimze the utilization of the spectral resource, and that
the establishment of a market based on spectral congestion
pricing can essentially replace the need for traditional forns
of spectrumregul ation, while avoiding the “tragedy of the
comons” (FCC, 1998). As will be seen shortly there are but
two essential deviations from an existing nodel setting an
opti mal congestion toll:

1. The exact functional form of the marginal cost curve
Is set by the technol ogy of pseudonoi se nodul ation,
rat her than the physical behavior of a roadway.

2. Vehi cul ar traffic toll nodels tend to be static,
bot h because of the difficulty of neasuring the
I nst ant aneous degree of congestion and the
difficulty of finely tailoring toll collection to
the route traveled. But spectral pricing can be

made fully dynamc, as | propose bel ow.

Optimal toll in vehicular traffic congestion. M
di scussi on of urban transport closely follows Sharp (1966) and
Sneed (1964). In figure 2.2 below | show the relation of

costs and demand for a typical urban trip on a congested road.

16

See St. Clair (1964, 66): Dynam c pricing is the much sought-
after goal of congestion theory.
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The demand for trip making is determ ned by how peopl e woul d

val ue making trips in relation to their total

cost.

The

average cost (AC) and margi nal cost (MC) per vehicle will vary
with the amount of traffic.
I I I I
demand marginal cost
6 dead \ —
optimal weight .
(AC + toll) toll loss \(jarea )
N 45 |- —
Fasi- N b
a .
2 0 j
7. short run "
S average cost (AC) .
1.5 |- ' —
Q QF
congesztw.cdr
0 | I I | |
2 4 6 8 10 12 14
trip intensity (vehicles per hour x1000)
Figure 2.2. The social welfare inplications of
traffic congestion: Optimal toll. (Harmatuck, 1994

and Sharp, 1966.)
as cited in St. Clair (1964, 78).
If the average cost per vehicle is X, then addi

the N vehicles on the road causes the margi nal

added car to be

See also Mohring & Harwitz (1962)

ng one nore to

cost of the
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(N + 1) (X + 3 - NX = X + 8 + N&X

So the marginal cost for the (N + 1)'" vehicle will be above
its average cost by N&X. This nmeans that the travel demand
curve will intersect the marginal cost curve at Q, before
i ntersecting the average cost curve at Q. The inplication is
that the (N + 1)'" vehicle, who would be willing to pay the
average cost to make the trip, is inposing a higher marginal
cost on all other users. The difference M - ACy is the
anount that could be charged back in the formof a toll to
that person to notivate optiml decision making. Once a toll
is charged to all users the amount of traffic will shift from
@ down to Q@ and users who valued the trip at less than its

true cost will forgo making it.?"

5.3. Optimal spectral resource pricing on an uncoordi nated
networ k: Obj ectives of a radio frequency spectral pricing
nodel .

In the remarks | nake here concerning the devel opnent of

17

I ncidently such a toll is usually collected in the formof a
downt own parking fee, in the case of trips to the urban core,
t he reasons being that a parking fee has a | ower transaction
cost than toll collection and sinmultaneously sets a non-zero
price on the parking resource. As a result traffic toll
collection is a static pricing nechanism By contrast

el ectronic billing of calls has such a |low transacti on cost
that dynamic pricing is readily attainable.
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a spectral pricing nodel one can see the interplay between
efficiency, fairness, and technology that | alluded to
earlier, and the essential nature of the sinultaneous
consi deration of an allocation mechanism the underlying
technol ogy of an industry, and the enabling regul atory
envi ronnent that make for sound and enduring institutional
choice. O her sections of my thesis will take up the rel ated
aspects of a new class of service.

I now investigate the essential core -- whether a
suitabl e pricing nodel can be devel oped for the spectra
resource that neets the following criteria:

1. Prevents the occurrence of the “tragedy of the commons,”

by pronoting efficient use of the spectral resource.

2. M nim zes the need for regul atory oversight.
3. Encour ages Pareto-opti mal spectral resource
utilization.?®
4. Provi des for universal service, including Internet access

at various bandw dt hs.

5. Optionally allows for a nodel of broadcasting which
provi des for the added value of individually tailored
content for rural and |ow inconme custoners.

6. The nodel “should be a dynam c nodel, taking account of

18
The paradigmto be used here m ght be Mhring' s one-road
vari abl e-demand t heorem (Mohring & Harwitz, 1962, as cited in
St. Clair, 1964, 78).
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variations over time, rather than a static nodel,
expressing only the rel ationshi ps existing at one tine”

(St. Clair, 1964, 66).

These criteria can be fulfilled by using the follow ng
approaches: Enploy a congestion pricing scheme utilizing
pseudonoi se nodul ation and a spot survey of the background
noi se spectral density. A usage charge could be assessed,
based on the connection bandw dth and tied to the noise
congesti on caused. Service provider equiprment would conduct a
spot survey of noise power spectral density to set spectral
tolls for end-user sessions.

The regul atory oversight role of the FCC can now be
fundamentally redefined as it pertains to this class of
service. The FCC woul d be needed only to conduct area |ong
term noi se surveys to estimate total revenue flows for use of
the resource and ensure efficient use of the spectral

resource.

In addition to the six criteria above, the proposed
pricing nodel would also enable the foll ow ng:
7. Provides for socially optinmal network deploynent, while

avoi di ng the undesirabl e aspects of rent extraction by
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ol i gopolistic conpetition.®*® The challenge is “howto
decentralize the socially optiml solution” (Econom des,
1996, 682).

8. Provi des a secondary nmarket for service reliability, to
substitute for the reliability inherent in traditional
rate-of -return reqgul ati on.

9. Avoi ds standards coordi nati on ganes and enforces the

socially optimal |ong-run outcone of conpatibility.

These additional criteria can be fulfilled by using the
foll owi ng approaches: As | illustrate with photographs of
antenna structures in chapter four, and for other reasons, at
extrenely high frequencies (EHF) equi pnment costs can plumet.
A hardware architecture that fully exploits the cost
trajectory of EHF can therefore provide an extrenely | ow fixed
cost of entry.

A secondary market for service reliability could readily
be established by encouraging end users to contract for
alternate service providers to provide service on a standby
basis. End user equi pnent could automatically switch to
al ternate providers as needed to cover for outages. In rural

areas, where electric power tends to fail for |onger periods,

19

Note that if positive network externalities are present,
mar gi nal cost pricing is not socially desirable.
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battery backup tailored to expected electric outage duration
coul d al so supplenent the traditional service reliability of
wi reline tel ephony.

Cooperative ownership of intellectual property by the
service providers, perhaps through a technol ogy managenment
body, could provide for private governance of nost aspects of
t he operation of the industry. There are already two
excel | ent nodel s of cooperative governance of the spectrumin
the operation of the ITU and the amateur radi o service (which
Is largely self-regulating). But in addition a cooperative
nodel of industry structure could help to avoid the socially
costly game of technology churn, in which individual firns
intentionally introduce inconpatible technologies to hold

captive classes of custoners.?

5.4. The marginal cost of spectral congesti on.
Let us now consider the functional form of the margina
cost curve. As noted earlier
1. The BER - SNR rel ation degrades exponentially as the
SNR falls bel ow about +10 dB.

2. The target BER for a good quality voice channel and

20

See Katz & Shapiro (1985) and Berg (1988), as cited in
Econom des (1996) for a discussion of conpatibility in markets
where there is inperfect conpetition.
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a serviceable data channel is 10°°.
3. The mini mum BER for voice is 103,

The inplication is that the margi nal cost of spectrumto the
next additional transmtter remai ns near one cent per ninute,
until SNR declines to about 10 dB, which corresponds to a BER
of 10°® for anr =1 (SE = 72% no FEC) network, or a BER of
10°8 for anr ~ 0.5 (SE ~ 369 network design. Then the
mar gi nal cost rises exponentially until at a BER of 102 it is
bounded by the price of a conpeting technol ogy, like a

wi reline or analog cellular call.
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Figure 2.3. Marginal cost curves for spectrum use

I n an uncoordi nat ed pseudonoi se radi o networK.
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The foll ow ng engi neering assunptions are present in the
representative curves of figure 2.3:
1. The nodel is based on a centrally | ocated receiver
able to decode all connections sinmultaneously (like
Viterbi, 1985).
2. The value of r is set to 1 for voice circuits and
0.5 for data in this exanple, in order to give data
i nks the | ower BER desired for conputing sessions,
whi |l e hol ding received power |levels the sanme for
each class of service. As a result, SE for data
will be Iower, which mght be reflected in
differential pricing for voice and data.
3. The upper bound of the marginal cost curves is the

current price level of a conpeting technol ogy.

5.5. Dynam c pricing of spectrum usage.

The background noi se spectral power density (thermal +
interfering) can be measured in real tine by anyone, using a
radi ometer. Essentially a radionmeter is a broadband receiver
whose passband corresponds to the band of spectrum assigned to
t he network, the output of which is connected to an
integrating voltnmeter to produce a rolling tinme-averaged
measure of the noise |evel.

In a depl oyed system for providing rural voice and data
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tel ephony, it is intended that there will be any nunmber of
geographi cally di sbursed cell sites in conpetition with each
other, in as uncoordinated an architecture as is practical.
Each cell site can be equipped with a radioneter to give a
dynam ¢ neasure of the spectral congestion experienced
|l ocally. Each cell site can then instantaneously set a usage
charge for air tinme. At any given tine different providers’
sites may be expected to see different |evels of congestion,
dependi ng on the pattern of utilization of capacity in a
geographic region. Since all providers are sharing the sanme
frequency assignment and only the spreading codes will differ
for each individual user account, handsets can be designed to
sanpl e each provider’s air tine price and select the | owest
avai l able fromthe providers with whom a user has registered
i n advance.

It is envisioned that the connection price is set at the
begi nning of a session and holds or is updated only
infrequently during a given session, so that only new users
face the prospect of being tolled-off. The handsets woul d
di splay the total per-mnute price for a session, which is the
sum of various charges that occur el sewhere on the network,

pl us the congestion toll.

A note about congestion price |evels.
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| nmentioned above in section 5.2 of this chapter that
each additional user in an uncoordi nated pseudonoi se
envi ronnent degrades the quality of the comruni cations of al
users. The effect is perceived by end users as a
deterioration in the bit error rate of the decoded baseband
I nformati on stream For exanple, in voice service for signal-
to-noise ratios of better than 10 dB at radio frequencies, the
decoded BER is better than 10’ (see figure 2.3). Speech
quality will be perceived by users as being excellent. As the
signal -to-noise ratio declines at radi o frequencies, however,

t he decoded BER clinbs, and users are relatively |ess
satisfied with speech quality. The degradati on experienced by
users takes several forns, all of which make understandi ng the
speech nore arduous -- the speech is nore “hissy,” |ess
natural, maybe gap-filled (like early Real Audi o™ was).
Eventual |y custoners begin switching to other commrunications
nodes or other activities that conpete for their tine.

Thus there is a real cost to spectral congesti on,
measurable in the aggregate, as in vehicular traffic
congestion. For spectral congestion, the cost of congestion
at the limt of a fully degraded circuit is roughly equal to
the price |l evel of the next best alternative. At internediate
| evel s of congestion the cost varies according to a power | aw

relation. In the limt of no congestion there remains a non-
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zero cost of spectrum usage, as can be seen in figure 2.3
above.

It is tenpting to immediately translate the engi neering
relation of figure 2.3 into an anal ytic expression that
econom sts would use to predict the optinmal toll, as is done
in the case of vehicular traffic congestion theory. But in
transportation policy, the existence of a definite toll price
predi ction conceals the fuzziness of the underlying inputs.
The value of tinme prediction of commuters nmakes sone sense in
the conmposite, but limted sense to the individual. The
practical lack of alternate routes for many commuters can make
a toll look like a nere tax to many. Anal ogous consi derations
woul d conme into play for a spectral congestion toll. In
reality the toll price |level nust be set within a soci al
context. Chapter five contains a further discussion of the

many factors related to setting congestion toll price |evels.
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CHAPTER 3. EXI STI NG | NSTI TUTI ONAL CHO CES FOR RURAL

TELEPHONY.

I nt roducti on.

The tel ecommuni cations industry in Wsconsin is analyzed
by way of exanple to help understand the benefits of
devel oping a new institutional choice for the provision of
uni versal tel ephone service. Wsconsin is an interesting
candi date for the study of new approaches to providing
t el ecomuni cati ons service because the state has a diverse m x
of urban and rural custoners (about 50 percent), agriculture
and industry, popul ation density and geographic features that
i nherently affect the cost of service.!?

Anal yses focused on an industry rather than on the |evel
of an individual firmare inherently strategic in nature,
whi ch sinply nmeans that the results of the investigation have
to do nmore with the interface between firms and their external
st akehol ders, rather than with the internal processes of
i ndi vidual firms. The various analytic nodels used in
busi ness and econom cs illumnate in differing ways the

strategic relations of firnms in an industry. For exanple,

1

Many ot her | ess popul ous states and sonme small countries that
are now considering how to first provide universal service for
their citizens are not unlike Wsconsin in certain essenti al
ways.
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figure 3.1 bel ow shows strategic relationships for the EDCT

I ndustry | propose and analyze in chapters four and five.

Venture
capitalists
Equipment
®
Employees
State
government

$ Local
government

DCT minority
shareholders

Absentee

owners
Community
interest grps

] EDCT
service @
banks providers
Competing Consumer
EDCT prov. cooperatives
EDCT

Telephons industry _®

) association Political
industry assoc .
parties

B Consumer
FCC advocates
Internet
U.S. Congress committees

freeman2.cdr

Figure 3.1. Stakehol der map of the proposed

EDCT industry. (Line intersections are not

connect ed,; A and B are |line connectors.)
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I wish to focus in this chapter on two key views of
i nvestnents in infrastructure made by providers of |ocal
tel ephone service. The first viewis a nultivariate
statistical analysis nmodel that provides conpetitive insight
into the services that infrastructure investnment makes
possi ble. The second is an engi neering and accounti ng-based
nodel that describes the cost structure of wireline |oca
service.
Measures of infrastructure investnent.

The role of infrastructure investnment in conpetition and
social welfare. Adequate infrastructure capacity is the
engi neering foundation of universal basic service and
profitable enhanced service features. Capital intensity is
much higher in the infrastructure industries |like
tel ecommuni cations than it is in other sectors of the econony.
For exanple in the manufacturing sector, about 25 cents of
capital produces about one dollar of revenue on average,
whereas in telecommunications and electricity capital outlays
the range is one to three dollars per dollar of gross
receipts. That is why in the infrastructure industries
assessnment of the effectiveness of infrastructure depl oynent
is key to strategi c managenent and regul atory oversi ght.

Sources of information. Under intensive regulation,

nonopol y providers have | ong been subject to detail ed uniform
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reporting requirenents concerning the financial, physical
infrastructure, and quality of service aspects of firm
activities. A uniformchart of accounts and techni cal
standards in the public domain have nade the public utilities
anenabl e to regul atory oversight and scholarly study -- no
ot her industry has been so open and orderly.

But both traditional providers of |ocal telephone service
and their regulators have fallen into a psychic prison of
sorts, imagining that the accounting and engi neeri ng neasures
so conveniently provi ded adequately conprise a strategic view.
I hope to aid stakeholders in the industry providing |ocal
t el ephone service by showing what rnultivariate anal ysis can
do, in addition to using the results of the nodel within the
context of this particular work.

By contrast firnms in conpetitive markets reveal to the
public only what is required in reports to sharehol ders and
the SEC. Instead, technol ogy beconmes a nore dynam c¢ di nensi on
of firmand industry strategy. As a result nore sophisticated
nmetrics and anal ytic nodels |like nultivariate analysis are
essential to adequately understand and assess the quality of
firm behavior in a transition to a deregul ated busi ness
envi ronnent for | ocal tel ephone service.

Measurenment. Econom ¢ nmeasurenment al one, while usefully

serving as a sinmple check of the quality of regulation and
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firmrational behavior, is far too narrow a measure.
I nfrastructure has several aspects that in total determne its
capacity to adequately serve the public interest, convenience,
and necessity. The telecommunications infrastructure consists
of switching, local |oop, term nal equipnent, |ong distance,
and services. For each elenment of infrastructure, a different
metric is nost appropriate. In a newmMy conpetitive
envi ronnent the data needed to gain a full picture are either
scattered about or in need of collection by researchers. The
chall enge is how to analyze the coll ected data, making the
best use of the avail able information.

Multivariate nmodel. | use nultivariate analysis in the
next section of this chapter to map the strategic positioning
of providers in relation to each other. The nultivariate
(principal conmponents anal ysis) nodel can be seen as an
attenpt to view the present industry structure in ternms of
those ingredients that best distinguish groups of firns.

Whi ch providers are giving their custoners the nost
infrastructure at the | east cost then beconmes newly apparent.
Such a conpetitive mappi ng becones a sunmary neasure of the
qual ity of the managenent of providers, yet can be assenbl ed
fromdisparate netrics. | amthen in a position to best
comment on the effectiveness of regulation of the incunbent

firms. Moreover the nultivariate nodel illum nates the inputs
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that a proxy cost nodel |ike Hatfield can anal yze.

Hatfield Model. The second part of Chapter three is a
presentation of the Hatfield Mddel results for the State of
W sconsin. The Hatfield Model is an engi neering-based nodel 2
t hat asks the question, ‘how much would it cost to rebuild the
U.S. tel ephone system from scratch, using current technol ogy?
The answer is intended to be used by the FCC and state public
service conm ssions to set the anount of universal service
support noney for |ocal phone service. The Hatfield Mdel
uses an adjustable set of input paraneters and certain
exogenous aspects (popul ati on and geography). The Hatfield
Model is a proxy cost nodel in that the industry is nodel ed
using a uniform set of technol ogical assunptions that are
applied hypothetically to all provider firms. Because all
firms use the sanme technol ogy by assunption, all nust be
equal ly efficient. The Hatfield Mddel affords an opportunity
to approach the cost of service of individual providers froma
nore “forward | ooking” perspective.

Key results of the nobdels. By pulling forward and
reproduci ng here sonme of the results of the nodels | can give
t he reader a capsul e overview of Wsconsin |ocal telephone

service providers.

2

The Hatfield nodel is inplenmented in Mcrosoft Visual Basic
for Ofice 95.
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Hatfi el d Mbdel results. The nost basic result is the

number of customers and their distribution anong the

provi ders.
Figure 3.2. 1997 Market
Small TELCOs ; ;
(16.7%) share of Wsconsin | oca
oTE t el ephone exchange
(13.3%) _ . .
Wisc Bell carriers, on a per-line
(70%)
basis (Hatfield, 1997).
hatgrl.cdr
In Wsconsin in 1997 there were about 3.43 million tel ephone

lines. A little over two thirds of these are owned by

W sconsin Bell, which does business as Aneritech. As figure
3.2 illustrates, GIE owns al nost half of the remaining |lines
not owned by Anmeritech. Dozens of small tel ephone conpanies
provi de the remai nder of service to Wsconsin residents.

The key prediction of the Hatfield Moddel is an estinmate
of the cost of providing |local tel ephone service to Wsconsin
residents. The statew de average is $31.10 per nonth, but
there is quite a bit of structure that the average woul d

ot herwi se obscure.
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Mul tivariate nodel results. Table 3.1 summari zes the key
conpetitive inplications of both nodels. Table 3.1 shows the
firms individually identified by the nultivariate nodel as
conform ng to one of the possible strategies of table 3.2.
(shown followng table 3.1), together with the Hatfield

predi cted cost of service for those particular firms.
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Provider Hatfield WACS No. of Multivariate identified
name %) Lines strategy (See Thl. 3.2))
GTE North (Wisconsin) (76) 35 456,000 1
All in mass of points in Figure 3.4. 46 (approx.) 452,252 1
All in Strategy 1 (wt. ave.): 40.50
Century of Wisc. (19) 38 102,282 2
Mt. Horeb Telephone Company (44) 39 4,000 2
Lakefield (31) 84 1,493 2
All in Strategy 2 (wt. ave.): 38.67
Tri-County (66) 71 3,684 3A
Chibardun (14) 69 5,281 3A
All in Strategy 3A (wt. ave.): 69.82
Riverside (54) 53 3,008 3B
Wisconsin Bell (77) 26.80 2,397,000 Focus

Table 3.1. Hatfield (1997) predicted cost of

service for strategic groupings of Wsconsin firns
t hat had been previously identified using principal
conmponents analysis. (Analysis using the Hatfield

Model appears later in this chapter.)

The Multivariate and Hatfield nodels are then conpared
and contrasted in a later section to gain insight into the
quality of traditional rate-of-return regulation for the

W sconsin tel ephone industry.
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Cel l ul ar tel ephony.

Finally the service characteristics, pricing, and cost of
service of cellular telephony are examned in a third section
of this chapter. One key objective in that section is to
estimate the marginal cost of a cellular call when the

exi sting institutional choices of analog cellular and PCS are

utilized.
Strategy Relation to Porter Characteristics
1 Low cost. Fewer service features, lower investment.
2 Low cost. Fewer service features, higher investment.
3A Differentiation. Many service features, higher investment.
3B Differentiation. Many service features, lower investment.
case 77 Focus. (Wisc. Bell -- see conclusions.)

Table 3.2. Conpetitive strategies identified by the

mul ti vari ate nodel

I nt ended uses of the anal ysis.
For the i nmmedi ate purposes of this work the nultivariate

nodel will show what service features | will need to enphasize
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in the design specification for a new kind of |ocal service.
The Hatfield nodel will describe the cost of sw tching and
outsi de plant separately, so that | m ght conpare and contrast
costs for the various service options that would be avail abl e
to custoners. | intend to make these conparisons in
subsequent chapters.

In chapter five, table 5.7 provides a top | evel overview
of the various service options. The cost conparisons shown in
that table are obtained fromthe Hatfield Model and cost of

wirel ess service estimtes performed el sewhere in this work.
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1. Plain old tel ephone service: A strategic anal ysis.
1.1. A nmultivariate analysis of Wsconsin tel ephone | ocal
exchange carriers: Infrastructure deploynent and inplications

for business strategy.

I nt roducti on.

The technique of multivariate analysis of principal
conmponents (PCA) will be used to |ook for strategic dinensions
al ong whi ch Wsconsin tel ephone | ocal exchange carriers (LECs)
m ght differentiate thenselves. This nmay provide evidence of
groupi ng of the Wsconsin tel ephone | ocal exchange carriers
into distinct industry subsets. Next such possible strategic
groupi ngs are considered in relation to Porter's three
conpetitive strategies.® The inplications for firns in the

| ocal telephone industry are expl ored.

The data set.
Cross-sectional data were collected for the 77 | arge and
smal | tel ephone | ocal exchange carriers with business

operations in the state.* The data set consists of physical

3

See Porter (1985).

4

In the summer of 1993 | conducted an enpirical study of the
tel ecomruni cations industry infrastructure currently depl oyed
in Wsconsin, while serving as a consultant to the Governor's
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(pl ant and equi pnent), service (features provided custoners),
and financial (accounting) nmeasures of the tel ecommunications
network. In addition |ongitudinal data was collected for
financi al nmeasures of infrastructure investnent.

Al'l but two of the local service providers are snall
One large local service provider is the regional Bel
operating conpany (RBOC) Aneritech, whose Wsconsin subsidiary
is incorporated as Wsconsin Bell and does business as
Anmeritech in the cities of Madison and M I waukee. Anmeritech
has a common adm nistrative structure. The remaining |arge
firmis GIE North, which has a single adm nistrative
structure, but which operates in various service territories
simlar to the service territories of the small firms. By
contrast the small firnms are typically locally owned and
managed and thus are not able to fully realize econom es of
scale in their operations. The small firms, GIE and Aneritech
each have about a one third share of the Wsconsin
t el ecommuni cati ons market. The LECs have been intensively
regul ated for many years by the Wsconsin Public Service

Comm ssi on (PSCW .

Bl ue Ri bbon Tel ecomruni cations Infrastructure Task Force. The
data has been published by the Task Force (1993a, 1993b) in
summary form and so is practically in the public domain.
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Approach to anal ysi s.

To date only a cursory univariate analysis of the data
set exists (Task Force, 1993b), conducted essentially for
pur poses of benchmarking. 1In fact the data under
I nvestigati on begs a proper statistical analysis, because
concl usions to be drawn about industry structure and strategy
could aid both the Wsconsin State Tel ephone Associ ation
(WSTA) and the Public Service Conmm ssion (PSCW in the
devel opnent of an optinmumtransitional regulatory franmework.

A central question to ask of this data set is what m ght
be | earned about the possible inpact of changes in the
regul atory environnment, to be brought about by the state
| egi sl ation, on the business environnment of the firns under
i nvestigation. A thorough answer is beyond the scope of this
paper, but prelimnary conclusions can be drawn by applying
the framework of Porter's (1985) typol ogy of conpetitive
strat egi es.

Porter (1985) identifies three conpetitive strategies
whi ch successful firms tend to adopt: 1) being the | ow cost
producer in that industry, 2) differentiation from
conpetitors, or 3) focus on a specific subset of that
i ndustry's custonmers. Porter goes on to explain that firns
which fail to clearly adopt exactly one of the three

conpetitive strategies tend to under performrelative to their
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rivals. Porter calls this being “stuck in the mddle.”

The nmultivariate technique of PCA will be used on the
i ndustry data set to identify key underlying di nensions al ong
whi ch these firns may be able to differentiate thensel ves.
Next | will look for evidence of grouping of the Wsconsin
Tel ephone LECs into distinct industry subsets, in the manner
of Carter, et al. (1994). Finally I will consider these
groupings in relation to Porter's three conpetitive
strategies, and consider the inplications for firnms in this
I ndustry.
Survey variables. For the 77 |ocal service providers
surveyed, there are 31 (nostly discrete) variables, of which
20 are candi dates for nultivariate analysis. Variable
definitions and notes about the individual variables and cases
are contained in Appendix A. The data set is rich and of a
hi gh quality, due to uniformreporting requirenments in this
segnent of the tel ecommunications industry, although the data
were not collected specifically for nmultivariate anal ysis.

Of the 31 variables on which informati on was col | ect ed,
13 were chosen for their descriptive power in a nmultivariate
PCA nodel of industry structure. The decisions about which
variables to screen at this early stage were nmade by the
aut hor, who possesses 'expert' know edge of this industry.

The vari abl es not chosen are considered to be primarily of
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val ue as sinple conparative measures.

The total nunber of residential and business subscri ber
lines (Rtotal and Btotal) and swi tches are useful as neasures
of firmsize, but are not explicitly included in the
multivariate analysis. The reason is that because there are
but two large firnms, the distribution by firmsize is highly
skewed. Therefore conducting PCA using firmsize (nunmber of
t el ephone |lines) as a variable would produce a trivial and
potentially invalid result. Instead the two cases of the
large firms will be examined in light of their principal
conponents scores to gauge their positioning in relation to
each other and the other firnms.

The subscriber |line variables and the nunber of (central
office) switches variable (Switches) are used to convert the
ot her variables used in the PCA nodel into fractions (range of
0 to 1), which represent the diffusion of the various product
technologies into a firms service territory. 1In so doing all
of the other variables used are made i ndependent of firm size.
The 11 variables used in the PCA nodel are shown in Appendi x
B. Assignnent of individual firnms to case nunbers is shown in
Appendi x C.

When conducting an econom ¢ analysis at the industry
level, firmprofits are normally taken to be of central

I mportance. Firnms are considered to act rationally; that is,
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they are postulated to engage in profit-maxim zi ng behavi or,
with cost-m nimzation equivalent by corollary (Varian, 1992).
But in the intensively regul ated Wsconsin tel econmuni cati ons
i ndustry, profits and m nimum servi ce standards are fixed by
PSCW Thus the key strategic variables firns can mani pul ate
are limted to deploynent of advanced service features and
| evel s of dollar investnent per subscriber. Accordingly these

are the variables to use as inputs to the analysis.
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Princi pal conponents anal ysis.?®
Met hodol ogy of PCA. OQur main interest is to identify key
features that nmake the tel ephone firns different. Principal
conmponent anal ysis provides this information by projecting a
hi gh- di nensi onal set of data into a few dinmensions. PCAis
perfornmed by maxim zing variances in nutually orthogonal
di mensi ons. First, the eigenval ues and ei genvectors of the
correlation or covariance matrix are found. Each ei genval ue
gives the variance of the data on the axis corresponding to
t he respective eigenvector, and each ei genvector provides the
coefficients of the |linear conbination of the original data.

To devel op a graphical representation of the data, two
di mensions with the | argest spread (variances) are first
chosen. Reification of the dinmensions can provide a basic
under st andi ng of relationships. Formally, the nunber of
di mensions to include in the PCA nodel can be chosen by
selecting a cut off at the el bow point of a scree plot. From
this nmultidinmensional plot, a nore precise nodel can be
obtai ned than could be froma plot portraying just two
di mensi ons. One could also I ook for sonme groupings in the
mul ti di mensional plot to see which firnms are clustering

together. The clustered firnms have simlar features and

5

The principal conponents analysis in this subsection is
extracted from Moore, et. al. (pending).
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performance. Finally, a residuals plot can show us sone
di screpancies of the projection into | ower dinensional space,
and also outliers which don't have simlar performance as the

ot her cases.

Results. The results of the principal conponents analysis are
as follows. Because PCA attenpts to maxi m ze variance in al
di mensi ons for all cases, those cases for which m ssing data
exi sted were omtted fromthe analysis. There were five such
cases. All of these were smaller firnms, and the final data
set consisted of 70 small, and two | arger tel ephone conpani es.

Figure 3.4 bel ow shows a scree plot of the principal
conmponents. The scree plot follows a fairly typical pattern
in which the initial sharp decline is followed by a much nore
gradual decline. However, the "flatter"” portion of the plot
quickly falls into a noderate pace of decline. The point at
which the graph initially flattens is close to the customary
ei genval ue cutoff for retention (I = 1). This plot suggests
that a four or five conmponent solution should best fit the
dat a.

The principal conmponents analysis reveal ed four
conponents with eigenval ues greater than one. Enploying the

arbitrary, but common practice of retaining conponents
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Figure 3.4. A scree plot of the principal conponents.

with eigenval ues greater than one, a four dinmensional solution
was initially chosen. However, the fifth principal conponent

| oaded heavily on the one variable which | oaded only
noderately on the other variables. Further, the inclusion of
the fifth dinmension added 8.6% to the explanatory power of the
nodel. In total, the first five principal conponents

accounted for 71.87% of the variance in the data.

Descri ption of the observed principal conponents. An
exam nati on of the | oadings on the chosen conponents suggests
t hat each conponent can be considered as a bundle of firm

resources allocated in a comopn way.
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Loading on principal component: 1 2 3 4 5
Variable:
Component #1

Fraction of all switches that are digital .5256
Fraction of residential lines served by digital switch .8391
Fraction of business lines with digital switches .6400
Fraction of business lines with narrow band ISDN -.718
Average subscriber distance to switch .5596

Component #2
5 year average transmission investment .4858
5 year average switch investment .6336

Component #3
Average miles of digital lines / customer .6211

Component #4
Enhanced 911 .6251
Signaling System 7 switches .5395

Component #5
Fraction of business lines .6253

Tabl e 3.3. Maxi mal | oadi ngs of vari abl es

on first five principal conponents.

As table 3.3 shows, the first principal conponent | oads
positively primarily on the fraction of firm owned sw tches
that are digital, the fraction of residential and business
lines served by digital switches, and the average subscri ber
di stance to switch in mles. This conponent also | oads
negatively on the fraction of narrow band | SDN busi ness |i nes.
Thus, the first conponent is essentially digital in its
measure, but also with subscribers tending to be farther from

switching facilities.
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The second principal conponent |oads strongly positively
on both neasures of financial investment. The third conponent
| oads strongly positively on only the average digital
transm ssion line |l ength per subscriber. The fourth conponent
| oads positively only on the advanced features of enhanced 911
service and Signalling System 7. Finally, the fifth conponent
| oads only on the fraction of subscriber lines that are
busi ness |i nes.

Because two di mensions can easily be understood by visual
exam nation, a plot of the first two principal conponents is
often informative. In this case, with a five dinensional
solution, it mght be profitable to | ook at the first two
princi pal conponents, |ocate the outliers, and assess how
these differ fromthe other points on the plot. The first two
princi pal conponents are plotted in figure 3.5 below. This
pl ot reveals a relatively honobgenous cluster that is
differentiated al nost solely by the second principal
conponent, or the |level of financial investnent. The |arge

conpani es are indicated by their case nunbers of 76 and 77.
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Figure 3.5. Plot of first two principal conponents.

To locate outliers, the residual sumof squares for a
nodel conposed of the first two principal conponents was
calculated. A plot of the case nunbers agai nst the residual
sum of squares can reveal outliers as those points with
unusual |y | arge val ues of RSS (Krzanowski, 1993). This plot
is shown in figure 3.6 below. An arbitrary cutoff value for
RSS of ten was chosen to determ ne outliers. This revealed 11

outliers for a two di nensi onal nodel.
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Figure 3.6. OQutlier plot for a nodel conprised of

only the first two principal conponents.

Identification of firmstrategies. To gain insight into
the nature of the deviations fromthe | ow di nensi onal nodel, a
four dinmensional plot was constructed (see Krzanowski, 1993,
for discussion of the technique). This plot, shown in figure
3.7, both locates a point in two dinensional space, and

provi des two additional vectors representing the third and
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fourth di nensions respectively. The third dinmension is
pl otted horizontally, and positive values are indicated by a
rightward, or easterly, orientation. The fourth dinmension is
plotted vertically, and positive val ues point upward, or

north. Case nunbers of outliers are indicated on the plot.
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Figure 3.7. A four-dinensional plot of

the first four principal conponents.
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The point closest to the nunmber is the conpany's position
al ong the first two principal conponents.

Strategy 1. Figure 3.7 reveals that the mass of points
differentiated by investnent |evel tend to be adequately
represented in two di nensions. Those farther renoved fromthe
mass tend to have nore conplex strategies. Thus conpani es who
fall into the mass of points will be referred to as those
conpani es characteri zed by STRATEGY 1, a 'feature-poor' or
virtual |ack of advanced service feature defined strategy.
This makes up 75 % of the tel ephone conpanies in the state.

Strategy 2. O the remnining conpani es, an exam nati on
of the four dinmensional plot suggests that the conpanies
Century (19), Munt Horeb Tel ephone (44), and to a | esser
extent Lakefield Tel ephone (31), seemto be simlar to each
ot her in four dinmensional space. This second group seens to
share a strategy characterized by slightly higher investnent,
little use of digital switches and narrow band I SDN lines in
busi ness service, short subscriber distance to switches, a
preponderance of digital transm ssion line, and |ight use of
enhanced 911 and Signalling System 7 in switches. Thus,
STRATEGY 2 shows little attention to advanced sw tching
services, but a sonmewhat higher |evel of investnent in
transm ssi on.

Strategies 3A and 3B. The renmai ni ng conpani es seemto
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have individually defined strategies. One possible exception
tothis is a cluster of simlar businesses conposed of the
conpani es Chi bardun Tel ephone (14), Tri-County Tel ephone (66),
and Riverside Telcom (54). These conpanies are simlar in
di mensions three and four, and are differentiated by
i nvestnent level. This differentiation splits the group into
two. The first sub-group (STRATEGY 3A) is made up of Tri-
County Tel ephone and Chi bardun Tel ephone. These conpani es are
generally slightly oriented toward increased investnent, with
heavy use of digital switches and narrow band | SDN |ines in
busi ness service, and general use of digital transm ssion.
They have unusually high proportions of enhanced 911 and
Signalling System 7 swtching, and custoners are generally
close to, to fairly far fromsw tches. The other sub-group
consists of only Riverside Tel com (STRATEGY 3B). It enploys a
very simlar strategy to Tri-County Tel ephone and Chi bardun
Tel ephone, however its level of investnment is low, and it is
slightly negative on the first principal conmponent.

However, it is inportant to note that in general the vast
majority of the small firms have virtually indistinguishable
line, switch, and special service allocation strategies.

The | arger conpani es, Wsconsin Bell (77) and GITE North
(76), have very different strategies. Wile Wsconsin Bell is

far removed fromthe other firms, GIE North enploys a strategy
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very simlar to STRATEGY 1. Wsconsin Bell on the other hand
I's characterized by high investnent, very light use of digital
swi tches and narrow band I SDN |ines in business service, very
short subscri ber distance to switches, a preponderance of
digital transm ssion line, and unusually frequent use of
enhanced 911 and Signalling System 7. GIE North on the other
hand can be differentiated from STRATEGY 1 only by a slightly
negative position along the first principal conponent, and
noderately |ight use of enhanced 911 and System 7 sw t chi ng.
Thus, there does not seemto be support for the notion that
| ar ge conpani es woul d have a common conpetitive strategy.
Rather, it seenms that conplex conpetitive strategies tend to
be individually determ ned by the conpanies regardl ess of firm
Si ze.

The first four principal conmponents explain a total of
63. 2% of the variance in the data. While exam nation of the
i nformation contained in these di nensi ons shed consi derabl e
i ght upon the conpetitive strategi es enployed by W sconsin
t el ephone conpani es, the inclusion of a fifth conponent woul d
add an additional 8.6% expl ained variance to the nodel. The
utility of including a fifth dinmension was confirnmed by
exam nation of the RSS plot for a nodel consisting of only the
first four principal conmponents. This plot is shown in figure

3.8. It reveals that seven points can still be considered to
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be outliers.
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Figure 3.8. CQutlier plot for a nodel conposed of

the first four principal conponents.

I nclusion of the fifth principal conponent in the nodel
renoved three of the seven conpanies fromoutlier status.
These are Riverside Telcom Siren Tel ephone, and W sconsin
Bell. O these, Riverside Telcom and Siren Tel ephone (60)
position noderately negatively on the fifth principal

conponent (coordinates: Riverside Telcom= -2.03, Siren
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Tel ephone = -2.17), suggesting that they can be characterized
by slightly smaller proportions of business custoners.
W sconsin Bell positions slightly on the positive side of this
conponent (coordinate = 1.18), suggesting that it has slightly
nore business custoners than the norm in addition to the
profile offered above. It is inportant to note that thus far,
the proportion of business custoners has not broken up any of
the strategies outlined above. O the remaining outliers from
t he four dinensional nodel, only Mount Horeb Tel ephone was
previously included in a strategy (STRATEGY 2). |Its position
on the business custonmers dinmension (coordinate = .499) is so
slight that although it has nore busi ness custoners than the
norm it is unfair to say that this dinension breaks up the
strategy. Finally, Maple Tel ephone Cooperative (36)
(coordinate = 2.47) has a noderately strong business customner
base, whil e Rhinel ander Tel ephone (55) and Tenney Tel ephone
(65) have mpoderately weak busi ness custoner bases (coordi nates
= -3.58 and -2.33 respectively).

Finally, it is useful to point out that all but

Rhi nel ander Tel ephone are renoved fromoutlier status when a
nodel consisting of the first six principal conponents is
constructed. This suggests that this conpany has the nost
conmpl ex strategy, based upon the variables included in this

anal ysi s.
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Concl usi ons.
Identification of conpetitive strategies of Porter (1985).

Princi pal conmponents analysis of the structure and
strategy of an industry enables the identification of the
particul ar strategies which are operative in a specific
i ndustry. For exanple in the Wsconsin tel ephone industry a
smal |l nunber of strategies are identified, which have been

sunmarized in table 3.2 bel ow. &

Strategy Relation to Porter Characteristics

1 Low cost. Fewer service features, lower investment.
2 Low cost. Fewer service features, higher investment.
3A Differentiation. Many service features, higher investment.
3B Differentiation. Many service features, lower investment.
case 77 Focus. (Wisc. Bell -- see conclusions.)

Table 3.2. (Reproduced.)

Conpetitive strategies identified.

Casting the strategies identified in terns of the three

conpetitive strategies of Porter (1985) nmy next be of val ue,

6

More will be said about the utility of the identified
strategies as they pertain to the Wsconsin tel ephone industry
about 30 pages hence, after there has been an opportunity to
explore the predictions of the Hatfield Model.
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because it permts a sinple netaphor for the strategies
identified. For exanple, STRATEGY 1 and STRATEGY 2 appear
nost |ike Porter's conpetitive strategy of |ow cost.
STRATEG ES 3A and 3B are nost |ike Porter's differentiation.
The two main conponents from which the allusion to Porter is
constructed relate to the nunber of service features and | evel
of investnment, as shown in table 3.2. Wthin the | ow cost and
differentiation strategies, STRATEGY 1 appears to be a fuller
expressi on than STRATEGY 2 and simlarly 3B than 3A, because 1
and 3B achieve the desired service |levels at |ower |evels of
i nvestment within each strategy.

Finally Wsconsin Bell (Ameritech) (77), which is far
removed fromthe other firms with respect to its principal
conponents scores and which serves two | arge urban areas, can
be thought of as exhibiting Porter's focus strategy.

W sconsin Bell scores high in certain service features, |ike
enhanced 911 & Signalling System 7 (both principal conponent
(PC) 4), and digital transm ssion (PC 3). Also Wsconsin Bell
scores high in level of investnent (PC 2), all of which is
consistent with a focus strategy designed to best serve the
demands of its urban custonmers. And yet Wsconsin Bell was
found to score | ow overall on the variables relating to
digital service features (PC 1, the nobst significant).

G ven the strong econony of density in its urban service
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territory and the econony of scale present for such a
conparatively large firmin this industry, one ought to wonder
why W sconsin Bell should score so high in investnment and yet
so | ow generally in service features (see figure 3.5).
Furt hernmore, why should there be a high score on digital
transm ssion facilities on a per-custoner basis, when
econom es of density are also present for the firmin switch
| ocation and interconnection with the | ong-di stance network?
Possi bl e expl anati ons for such deviation fromindustry nean
behavi or may reside in the presence of rents, 1/0
i nefficiency, or sone strategy for this firmwhich is not
articul ated by the set of industry neasures used here. (Could
Anmeritech be cross subsidizing the construction of its

cellular “local calling area?”)

Limtations of Porter (1985).

A strong note of caution is in order with regard to
inter-firmdifferences generally and their use as a basis for
identifying strategic groupings along the |ines of Porter.

For nost of the firns differences are slight, especially for
princi pal conponent 1. Alternate explanations may exist for
much of the variation displayed for principal conponent 2 (see
figure 3.5). In particular each individual rural service area

can be expected to inpose its own demands on the |evel of
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transm ssion investnent. So there is little basis for a
strategic grouping approach w thout further taking into
account certain dynam cs of individual firms.

Usi ng the | anguage of Porter to describe firns rather
than directly exam ning the scores on principal conmponents
resulting froma proper nultivariate analysis can be
m sl eadi ng. The effect of the Porter (1985) nodel is to
reduce to a single dinmension a firmbehavior that is actually
better described by the interplay of two or nore principal
conponents, as is seen for exanple with Wsconsin Bell. And
yet judging by a reading of the periodical "MS Quarterly"” in
recent years and observing industry presentations, Porter is
used al nost exclusively in the tel ecommunications industry to
describe firmstrategy. | see little enmpirical support in

this study for such reliance on Porter by the industry.

A top perfornmer.

A bright spot in the analysis is the identification of
Ri versi de Tel com (54), STRATEGY 3B, as exhibiting a high score
in service features and a | ow score in |level of investnent.
This firmis the best performer, in that it has achieved a
hi gh | evel of service at low cost. Oher firms m ght benefit
fromthis paradigmas they prepare for the changing

conpetitive environnent ahead.
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What has been acconplished so far is a static anal ysis,
rich in inplication, and which makes opti mal use of the
various kinds of information avail able about the firnms in this
i ndustry. Principal conponents analysis appears to hold rmuch
prom se as an additional tool for inmproving the quality of

policy formulation in this industry.
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1.2. An estimate of the cost of universal wireline tel ephone
service for the State of Wsconsin, utilizing a cost-proxy

model .

I nt roducti on.

VWhat does it cost to provide tel ephone service?

This question is inportant, because the cost of the existing
institutional choice of basic universal wireline service
serves as a benchmark by which proposed alternatives can be
eval uat ed.

There are a nunber of different approaches to
under st andi ng the cost of providing a nerit good such as the
public switched tel ephone network. One approach m ght be to
val ue the network at its historical cost of acquisition, as
reflected in the accounting records of the providers, net of
depreciation. In turn there are various nethods for
under st andi ng the useful service |life of the capital stock of
the firms, for applying depreciation, and for risk spreading
in projects undertaken to provide service to custoners. But
while a historical methodol ogy reflects well the decision
hi story of managenent and regul ators overseeing the good, the
trajectory of technol ogy, particularly with regard to
declining cost curves of the core technol ogies of the firns,

Is ignored. In the next chapter | explore the inplications of
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the trajectory of silicon with regard to cost and the feasible
set of radio frequency spectrum for providing service.
Simlarly the technology of glasses has yielded to date a ten-
fold reduction in the cost of bulk transm ssion of nmessages.
The historical cost nethod is ignorant of these revolutions in
t he technol ogy of tel ecommunications.

The Bellcore nodel is a second approach to estimating the
cost to construct a systemthat exactly replicates the
geogr aphi cal configuration of the existing network, but which
makes use of present-day “off-the-shelf” equi pnent and | abor
costs. Because this nmethod estimates cost using a surrogate
for the capital stock actually in place, it constitutes a
“proxy”-cost nodel. In addition the substitution of current
technol ogy choices for the historical capital stock makes this
met hod “forward | ooking.”” The Bellcore nodel is popular with
i ncunbent firms, which find in it a way to include their past
j udgenment s about depl oynent deci sions nmade over the course of
buil ding their systems, while taking into account changes in
t echnol ogy.

A third nmethod rel axes the constraint that the geographic

7

I woul d have preferred that it be termed “present |ooking,” to
acknow edge the validity of a possible additional nethod using
R&D- est abl i shed technol ogi es planned by industry for future
roll-out. A possible difficulty with the Bellcore nodel is
that this nethod relies on a proprietary data set describing
the physical infrastructure of the regional Bell operating
conpani es.
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arrangenent of the network elenments nmust mimc that currently
in place. The method posits a network optimally arranged to
service the present-day distribution of custoners. Past
deci sion making is now largely erased. This is the approach
taken in the Hatfield Model and the various generations of the
Benchmar k Cost Proxy Model (BCPM .3

Ot her cost estimation methodol ogi es exist, but these have

not gai ned wi de acceptance by regul atory agencies.?®

Characteristics of cost-proxy nodels.

As nentioned, the fundanmental approach of the don nant
cost-proxy nodels is to estimate the cost to construct a
system that exactly replicates the service extent and
characteristics of the existing network, using “off-the-shelf”
capital equipment and |abor. I n addition the use of current
technol ogy makes these nodels “forward | ooking.”

A conpact overview of the Hatfield Mddel appears in New
York Public Service Comm ssion Opinion Nunber 97-2 (95-C-0657)

at 135 and 143:

8

The Hatfield Model is jointly sponsored by AT&T and MCI, both
potential entrants into markets for |ocal telephone service.
The BCPM is sponsored by Bell Atlantic and others who in part
represent incunmbent providers.

9

Some of these nmethods are described in the public record of
the hearing in a Pennsylvania Docket (1-00940035) concerning
the cost of basic universal tel ephone service in that state.
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“To estimate demand, the Hatfield Model’' s first
nmodul e starts with data regardi ng each state’ s census
bl ock groups [CBGs], each of which is assuned to be
served fromthe nearest existing [sic] wire center of the
I ncumbent LEC. Through a variety of cal cul ati ons, which
take account as well of access |ine and usage demand data
reported by New York Tel ephone, the nodel determ nes the
number of residential, business, special access, and
public lines in each CBG [f] In its next nodule, the
nodel uses the distance between each CBG and its serving
wire center as well as topographical considerations, to
estimte feeder and distribution cable lengths. 1t does
so on the basis of a variety of assunptions, such as the
exi stence of four main feeder routes | eaving each wire
center, with subfeeder routes placed at 90-degree angl es
fromthe main feeder routes, and the uniform spaci ng of
custoner prem ses across a CBG On the basis of
geonetric relationships, it calcul ates average
di stribution distance within a CBG to equal five-eighths
of the length of one side of the CBG 103

To estimate swi tching, signaling, and transport
i nvestnent, the nodel’s wire center investnment nodul e
uses the total line counts for each wire center along
with data on inter-office distances and the distribution
of total traffic anong varying services as well as
assunptions regarding traffic. On that basis, it
cal cul ates such itens as the size of the switches to be
pl aced in each wire center and the amount of trunk
capaci ty needed. 104"

(continuing in p. 143) “The Hatfield nodel’s ‘ BCM
PLUS | oop nodul e’ estimates | oop cable facilities
i nvestnent via a * “bottomup” network design process
t hat uses forward-1ooking | oop plant engineering and
pl anni ng practices, publicly available information on
conponent prices, and | east-cost cable sizing algorithns
to estimate the outside plant investnent appropriate to a
TELRI C-based anal ysis®.’ 13° Recognizing that prices
paid for | oop conponents may vary fromcarrier to
carrier, the nodel allows these values to be adjusted by
t he user but enpl oys default values based on Hatfield s
best estimates. As already noted, it assumes that fiber
feeders woul d be used above a crossover point to be set

10

Hatfi el d Model Description (1997a, 15).
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by the user (the default value is 9,000 feet); for
shorter feeder lengths it assunes copper cable.

The nmodel s wire center investnent nodul e produces
I nvest nent estimates for, anong other things, swtching
and wire centers, the signalling network, including STPs,
SCPs, and signalling links, and transport investnent.”

. “In its convergence nodul e, the nodel conbines
the | oop cable investnments with those for the other
el ements and produces the conplete collection of network
I nvestnments stated by density range.”

.. “It also provides a user defined input for the

fraction of structure investnment that should be assigned
to |l ocal tel ephone service as distinct fromother utility

services (such as electric and cable tel evision) that
share poles, trenches, or conduits.”

Sel ection of a particular nodel.

Both the BCPM and Hatfield Models rely in part on firm
proprietary data. The Hatfield Mddel also relies on
proprietary information about price |evels of equipnent, based
on di scussions with equi pnent suppliers about closing prices
I n equi pnment sales to LECs (1-00940035, 1995). The intent of
Hatfi el d apparently is to introduce still greater realisminto
the cost estimte.

The BCPM as a whole is a proprietary and cl osed nodel, in
t hat persons using it are not allowed to make any
nodi fications to the data set beyond those permtted by the
sponsoring tel ecommuni cati ons conpanies. 1In addition the BCPM
must be used in its entirety -- Users of the BCPM may not

entertain technol ogy choi ces beyond those currently identified
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by the regional Bell operating conpanies (RBOCs).

The BCPM doesn’t constitute a proper basis for scholarly
study, because the nodel restrictions prevent the insertion of
the cost characteristics of new technol ogy for providing
outside plant. 1In addition the BCPMrestriction that the
| ocation of switches and wire centers be identical to that
hi storically in place would violate the duty of firms to their
sharehol ders to optimally arrange their network el ements when
hypothetically faced with a decision to build a network.
(Optimal network el ement arrangenment is consistent with profit
maxi m zation, given a hypothetical rebuilding.)

Though the Hatfield Model contains proprietary data,
users of the nodel remain free to replace sections of the
nodel with new ones that are not proprietary and to explore
ot her technol ogy choices within the framework of the nodel.
Thus the Hatfield Model can becone truly “forward | ooking.”

G ven these advantages and the fact that the nodel has

achi eved wi despread respect in regulatory settings,* | have

11

Whet her the BCPM remai ns a proper object of regul atory
deci sion making is a question |left to others.

12

The BCPM donmi nates recent discussion. The FCC has been

consi dering both the BCPM and the Hatfield Mbddel as contenders
for the mechani sm by which to all ocate federal universal

servi ce support, and was to have made a final determ nation by
August, 1998 (FCC DA 97-1912 in CC Docket Nos. 96-45 and 97-
160). | understand that a final decision has been del ayed
(Wecki, 1998).
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chosen to enploy the Hatfield Model in nmy estinmate of the cost
of universal telephone service for the people of Wsconsin.

The Pennsyl vani a docket (1-00940035) contains testinony
concerning the detailed nethodol ogy of the Hatfield Model
design. In addition that design is critiqued at length in New
York Public Service Conmm ssion Opinion Nunber 97-2 (95-C-
0657). The authors of the nodel describe it fully in Hatfield

(1997a). The input data set is shown in Hatfield (1997b).

Di scussion of the predictions of the Hatfield Mdel for
W sconsin.

The Hatfield Model was run for each of the tel ephone
conpani es providing |local service to Wsconsin residents,
using the default scenario assunptions concerning the prices
of equi pnment and | abor, the determ nation of the anount of
fiber to include in trunks, information about the |ocal |and
conditions and census data concerning the popul ation
di stri bution.

A summary of the results of each run appears below in

13

The Hatfield Moddel Release 4.0 (dated 080197) used in this
study is copyrighted (1997) and owned jointly by Hatfield
Associ ates, Inc., AT&T Corporation, and MCI Tel ecomruni cati ons
Cor poration. The antecedent BCM PLUS Model is owned by M.
The nodel may contain licensed, proprietary information of
Bel I core or PNR & Associates, Incorporated. (Dale Hatfield is
currently enployed at the FCC as chief technologist in the

O fice of Plans and Policy (QST, Feb 98, 76).)
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table 3.4. An overall sunmmary appears on the final page of
that table. The right half of the table is conprised of
| ogi cal variables representing the existence of certain ranges
of custonmer density in each service territory. Note that the
% DLC variable represents that fraction of the custoner |ines
provi ded using digital |oop carrier technology, which is a
kind of rnultiplexing. The Per Unit Cost of Service variable
is the sum of outside plant (loop), switching, signaling,

transport, operator systens and public tel ephones.
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Hatfield Model, V. 4 Summary of Wisconsin TELCOs using default scenario.

.\hat4suml1.wb2
Al..0144
Company name

All lines

Large TELCOs:
Wisc. Bell (Ameritech)
GTE Wisconsin

Small TELCOs
All non-RBOC companies

Small TELCOs:
Amery
Ambherst
Badger Telecom
Baldwin Telecom
Bayland Telephone
Belmont Telephone
Bergen
Black Earth
Bloomer
Bonduel
Bruce
Burlington, Brighton & Wheat.
Casco
Cencom dba PTI
Central State
Century of North Wisc.
Century of Northwest Wisc.
Century of Larsen - Readfield
Century of Monroe County
Century of Wisconsin, Inc.

Chequamegon Telephone Coop.

Chibardun Tele Coop.
Citizens Tele Coop

Clear Lake Tele Co.
Cochrane Cooperative Tele

Coon Valley Farmers Tele Co.

Crandon Tele Co.

Cuba City Tele Exchange
Dickeyville Telephone Corp.
Eastcoast Telecom, Inc.
Fairwater- Brandon- Alto Tele

Farmers Independent Tele Co.

Farmers Tele Co.

Forestville Tele Co., Inc.
Frontier Comm. of Lakeshore
Frontier Comm. of Mondovi
Frontier Comm. of St. Croix
Frontier Comm. of Viroqua
Frontier Comm. of Wisconsin
Grantland Telecom, Inc.
GTE Wisconsin

Hager Telecom, Inc.
Headwaters Telephone Co.

Small TELCOs:

Number Per unit cost
of lines of service ($) DLC

3,426k total
2,397k 26.8
456k 35

572k

1,028k 40

5824 49

4373 60

6828 49

3500 46

1682 72

792 108
185 361
1419 62

2955 41

1740 45

1534 79

3378 46

1112 100
26910 53

9432 61

13909 76

17685 57

2442 76

10309 41

57937 21

8656 86

5281 69

2008 87

1322 77

1178 87

2128 87

3395 62

1647 59

1154 96

6055 46

1219 86

2244 65

6295 46

2180 76

1922 69

2423 60

7803 36

3659 37

22953 38

3853 58

(See above)

1751 96

4611 72

switch

2.31
2.62
2.43
2.43
2.48
2.53
4.08
2.58
2.34
2.59
2.59
2.57
2.75
2.49
2.54
2.71
2.53
2.71
2.46
2.26
2.76
2.68
2.63
2.62
2.7

2.6

2.34
2.58
2.72
2.55
2.68
2.77
2.49
2.79
2.42
2.36
2.42
2.26
2.43

2.58

2.45
2.69

Number Per unit cost
of lines of service ($)

total

switch

Tabl e 3. 4.

%

0.71

0.7

0.8

0.74
0.36

0.6

0.35

0.54
0.47

0.76

0.91

0.6
0.45

=

o
w

OO0OORRFR ORRPROROR RRLRERRERE
o~ O [63] N
EENEEN (3] ol

0.51
0.86

%
DLC

Density (lines terminated per square mile):
Oto 5to 100- 200- 650- 850- > 2550

5 100 200 650 850 2550
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1
1
1 1 1 1 1
1 1 1
1
1 1
1
1
1 1 1
1
1 1 1
1 1 1 1
1
1 1 1 1 1
1 1
1 1
1 1 1 1
1
1 1 1 1 1 1
1 1 1 1 1 1 1
1 1
1 1 1
1
1
1
1 1
1 1 1
1 1 1
1 1
1 1
1
1 1 1
1 1 1 1 1
1 1
1
1 1 1
1 1 1 1
1 1 1 1
1 1 1 1 1 1 1
1 1 1 1
1
1 1

Density (lines terminated per square mile):
Oto 5to 100- 200- 650- 850- > 2550
5 100 200 650 850 2550

(Conti nues)
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Number Per unit cost % Density (lines terminated per square mile):

Small TELCOs: of lines of service () DLC O0to 5to 100- 200- 650- 850- > 2550

total switch 5 100 200 650 850 2550

56 Hillsboro Telephone Co., Inc. 1578 0.32 1 1

57 Indianhead Telephone Co. 2040 88 262 1 1 1

58 Kendall Telephone, Inc. 581 153 2.67 1 1

59 La Valle Telephone Coop. 1823 79 269 1 1

60 Lakefield Telephone Co. 1493 84 253 1 1

61 Lemonweir Valley Telephone Co 3091 70 255 1 1 1 1

62 Luck Telephone Co. 2202 82 258 1 1 1 1

63 Manawa Telephone Co., Inc. 2268 64 2.6 0.56 1 1

64 Marquette- Adams Tele Coop 3360 56 2.68 0.72 1 1

65 Mid- Plains Telephone, Inc. 29866 21 2.23 0.44 1 1 1 1 1

66 Midway Telephone Co. 7824 45 2.43 0.83 1 1 1 1

67 Milltown Mutual Telephone Co. 2277 63 2.59 0.55 1 1

68 Mosinee Telephone Co. 4588 50 2.18 0.64 1 1 1 1 1

69 Mt. Horeb Telephone Co. 4000 39 2.24 0.46 1 1 1

70 Mt. Vernon Telephone Co. 8141 39 2.46 0.54 1 1 1

71 Nelson Telephone Coop 3682 64 261 0.74 1 1 1

72 Niagara Telephone Co. 3956 63 269 1 1 1 1

73 North-West Tele Co. dba PTI 75299 36 241 0.71 1 1 1 1 1 1 1

74 Northeast Telephone Co. 6647 48 2.44 0.78 1 1 1 1

75 Peoples Telephone Co. 6422 51 2.73 0.54 1 1 1

76 Platteville Tele Co. dba PTI 8961 31 2.31 0.4 1 1 1 1 1 1

77 Price County Telephone Co. 4483 70 2.37 0.83 1 1 1

78 Rhinelander Telephone Co. 13263 33 2.21 0.66 1 1 1 1 1 1

79 Rib Lake Telephone Co. 1248 98 2.66 1 1 1

80 Richland- Grant Telephone Coop 2502 86 284 1 1

81 Riverside Telcom, Inc. 3008 53 2.63 0.59 1 1

82 Scandinavia Telephone Co. 2559 67 2.54 0.48 1 1

83 Sharon Telephone Co. 985 1 1

84 Siren Telephone Co. 2340 50 2.4 0.47 1 1

85 Somerset Telephone Co. 1907 68 241 1 1

86 Southeast Telephone Co. 7890 38 2.38 0.73 1 1 1

87 Spring Valley Telephone Co. 958 88 2.47 0.39 1 1

88 State Long Distance Teleph. Co. 8387 30 2.41 0.49 1 1 1 1

89 Stockbridge&Sherwood Tel. Co. 2855 87 275 1 1

90 Tenney Telephone Co. 1011 104 237 1 1 1

91 Thorp Telephone Co. dba PTI 2151 72 243 051 1 1 1

92 Tri-County Telephone Coop, Inc. 3684 71 2.86 0.79 1 1 1

93 Union Telephone Co. 4061 63 279 1 1 1

94 Wisconsin Utelco, Inc. 15054 34 2.4 0.58 1 1 1 1 1 1

95 Vernon Telephone Coop 6104 63 2.74 0.87 1 1

96 Waunakee Telephone Co. 6190 33 2.32 0.67 1 1 1 1 1

97 Wayside Telephone Co. 1335 176 3.52 0.87 1 1

98 West Wisc. Telcom Coop 5106 57 273 1 1 1 1

99 Wisconsin Bell (See above)

100 Wittenberg Telephone Co. 2556 58 2.56 0.57 1 1

101  Wood County Telephone Co. 25046 30 2.24 0.58 1 1 1 1 1 1 1

Number Per unit cost % Density (lines terminated per square mile):
Small TELCOs: of lines of service ($) DLC 0to 5to 100- 200- 650- 850- > 2550

total switch 5 100 200 650 850 2550

102 ======

103 Small TELCO total lines (all 86): 572,465

104 —=====

105

106  Number of small companies with density shown: 37 84 44 36 13 16 14

107 Fraction thereof (of 86): 0.430 0.98 0.511 0.42 0.151 0.186 0.16

Table 3.4. (Continues)
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108 Small TELCO total lines (all 86): 572,465
109 Total number of small companies. 86

110 Number of companies with <10,000 lines: 75

111 Number of customers they serve: 339,533
112 Their combined market share on a per-line basis (%) 9.9

113

114  Weighted average cost of service (WACS) ($) (inclusive of switching)*

117

118 WACS for all Wisconsin lines: ($) 311

119 WACS for all 86 small TELCOs: 46

120 WACS for TELCOs with <10,000 lines only: 45

121 WACS for GTE: 35

122 WACS for Wisc. Bell: 26.8

123

124

125

126  Weighted average cost of switching (WACSw) ($) (switching only)*

129

130 WACSw for all Wisconsin lines:

131 WACSw for all 86 small TELCOs: ($) 2.44

132 WACSw for TELCOs with <10,000 lines only: 1.95

133 WACSw for GTE: 1.17

134 WACSw for Wisc. Bell:

135

136

138

139  Weighted average cost of service (WACS) ($) by population density* No. of lines
140 WACS for TELCOs with only density <101 lines/mi2: (%) 78.8 83105
141 WACS for TELCOs with only density <201 lines/mi2: 73 131317
142 WACS for TELCOs with only density <651 lines/mi2: 65.2 211276
143 WACS for TELCOs with only density <2551 lines/mi2: 60.2 282418

* Each firm's cost per line is multiplied by the number of total lines. Result is summed across all firms in that group,
and then divided by the total number of lines served in that group.

Table 3.4. (Three pages.) A summary of sinmulations of
t he cost of universal tel ephone service for the State of
W sconsin, using the Hatfield Mddel Rel ease 4.0.

Basic predictions. In Wsconsin in 1997 there were about
3.43 mllion telephone lines. A little over two thirds of
t hese lines are owned by Wsconsin Bell (Aneritech). As the

figure below illustrates, GIE owns al nost half of the

remai ning |ines not owned by Aneritech. Dozens of small
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t el ephone conpani es provide the remai nder of service to

W sconsin residents.

Figure 3.2. (Reproduced.)
Small TELCOs
(16.79%) 1997 Market share of
GTE W sconsin | ocal tel ephone
(13.3%) .
Wisc Bell exchange carriers, on a
(70%)
per-line basis (Hatfield,
hatgrl.cdr
1997) .

The key prediction of the Hatfield Model is an estimate
of the cost of providing |ocal tel ephone service to Wsconsin

residents. The statew de average estinmated cost is $31.10.
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But there is quite a bit of structure that the average costs
woul d ot herwi se obscure, as | explain in the next few pages.

W sconsin Bell’'s weighted average cost of service (WACS)
is substantially below the predicted statew de average cost.
The WACS of GIE is very close to the state average. More
I nteresting however, is how the other 86 small tel ephone
conpani es (TELCOs) stand in relation to the statew de average
and to each other.

The 75 small est TELCOS, those with |less than 10, 000
l'i nes, each have a WACS slightly |ess than the whol e ensenbl e
of 86 small TELCOs. The advantage is slight, WACS for the
smallest 75 firns is $45, as opposed to $46 for the entire 86
smal|l firms. Interestingly, the smallest 75 providers also

have a di sproportionally smaller share of the nunmber of |ines.

Figure 3.9. A \\\\\\\\\\\\\\

conpari son of

100
the 75 smal | est 80
. 60
TELCGOs, having
40 Firms
| ess than 10, 000 20
) 0 Lines per firm
| i nes each. & (x10,000)
»>° &
X o° ) S
b\ B\ A'\'Q\{\

hatgr2.cdr
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The inplication is that the smallest of the small firns are
able to enjoy a structural cost advantage of sone sort. Note
that the providers with I ess than 10,000 Iines each together
have 340, 000 custoners, a market share of 9.9 percent.
The firms with |l ess that 10,000 |Iines have a | ower cost
of swtching than all the small TELCOs taken together, in

spite of there being an econony of scale in switch sizing.
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Figure 3.10. Weighted average cost of switching for
W sconsin tel ephone service providers. (Sw tching
as portrayed here is central office only, not

I nclusive of tandem W sconsin Bell data is not

represented in a conparable way.)
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Uni vari ate analysis. Sinple univariate statistical
anal ysis of the predicted WACS for the small TELCOs can
denonstrate whether the predicted cost of service for each of
the firms forms a nore or |ess normal distribution.
Uni vari ate analysis al so provides insight into possible
outliers that m ght skew the WACS. A “dot plot” made for the

86 small firns is shown bel ow

o 9 %30 o 0
o 6 0 000 00 00
O 00 000 000Q 00 O 00
o 00 000 000 000% 0O 00 00
0 0000 00 0 000 0000000 00O 00O 000 O
[ [ | | | I !
0 20 40 60 80 100 120
Small TELCO WACS (3$) 3 |° °° I I ° |
hatgr7.cdr 100 200 300 400

Figure 3.11. A dot plot of the cost of service for each

of the small TELCOs.

Provi der Cost of service No. of |ines
Ber gen $ 361 185
Waysi de Tel . Co. 176 1,335
Kendal I Tel, Inc 153 581
Bel nont 108 792
Tenney Tel ephone 104 1,011

Tabl e 3.5. The highest cost service providers.
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As shown in table 3.5 above, there are five providers
with a predicted cost of service above $100. Table 3.6 bel ow
shows what effect the highest predicted cost firms m ght have
on the character of the distribution and on the small TELCO
conposite WACS. The standard deviati on and WACS are

calculated with outliers renmpbved as foll ows:

Configuration WACS Std. dev. Sinmpl e ave | No. Lines
All 86 small $45.97 |40.9 66. 9 572, 465
Less 1 hi ghest 45.87 | 25.6 63.4 572, 280
Less 3 hi ghest 45.46 | 20.4 61. 570, 364

Tabl e 3.6. Effect of small TELCO outliers on

standard devi ati on and wei ghted average cost of

service (WACS)

By discarding the three highest predicted cost firms, the
standard devi ation declines markedly to a value that one’'s
intuition would expect for the plotted distribution, but the
ef fect on WACS wi t hout the three highest cost firnms is only
about one percent. The five highest cost firnms are all firms
with |l ess than 10,000 lines. Thus excluding three outliers
froma reported WACS nakes clearer the cost advantage of the

75 small est firns.
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Ef fect of density in service territories. The Hatfield
nodel also reports the range of popul ation densities that
provi ders experience in their service territories. (See figure
3.12.) One can use this information to gain additional
insight into the role that the firns that service the nost

thinly popul ated service territories play in the industry.

hatgr6.cdr
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Number of providers with a given
range of customer density (86 total)

Oto 5to 100- 200- 650- 850- >2,550
5 100 200 650 850 2550

Density (lines terminated / square mile)

Figure 3.12. Distribution of population density in

service territories of small TELCOs.

Nearly every firm has areas where the custonmer density is

| ess than 100 lines per square mle, and a little over 40
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percent of the small TELCOS experience areas where there are
|l ess than six lines per square mle. Areas with densities of
|l ess than ten |lines per square mle are obvious candi dates for
wirel ess | ocal |oop. GIE reportedly now offers anal og
cel lul ar phones to new custoners in the | owest density regions
of its service territories (PSCW 1997). The universal
preval ence of regions with |l ess than 100 |ines per square mle
suggests that nearly every one of the small providers in
W sconsin could benefit froma |ow cost alternative to
wi reline technol ogy.

Next, figure 3.13 shows the relation between firm size
and cost of service. For the small TELCGs, those firns are
identified that operate only at customer densities bel ow
certain threshold values. The result is that the very
smal l est firnms are progressively isolated. For exanple, the
firms that experience only custoner densities up to 100 |ines
per square mle have a conbined total of only 83,100 lines, or
2.4 percent of all Wsconsin |ines. The weighted average cost
of service for those firns is $79. As the maxi mum served
density increases (roughly in factors of four) the WACS
declines quasi-linearly. Wth the possible exception of the
nost egregi ous outlier, Bergen, which has a nmaxi num cust omer
density of 100, in Wsconsin at least there is no explosion in

cost of service at the Iow end of density. However the three
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outliers excluded previously all have a maxi mum density of 100
i nes per square mle. For densities below 650 the WACS ri ses
fromtwo to 2% tinmes the statewi de average WACS. Wth this
i nformati on about cost and density one can better gauge
opportunities for providing wireless alternatives to basic
t el ephone service in the nost thinly popul ated regi ons of

W sconsi n.
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Figure 3.13. Effect of density on cost of service.
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1.3. Conparison with the nmultivariate nodel.

The Hatfield Model is perhaps best understood as an
algorithmc attenpt to optimally construct the present using
an input set consisting of technology (capital deployed in
fi xed assets of firns), a transfer function of the industry
(which converts assets into usage), and certain exogenous
aspects (popul ati on and geography). Because all firns use the
sane technol ogy by assunption, all are assuned to be equally
efficient.* The nmultivariate (principal conponents) nodel
can be seen as an attenpt to view the present industry
structure in terms of those ingredients that best distinguish
groups of firms. The nmultivariate nodel is alive, in the
sense that it illum nates the inputs that a proxy cost node
li ke Hatfield can analyze, comm ngled with subjective aspects
li ke the quality of managenment and the effectiveness of
regul ati on that have shaped the present. The two nodels only
partially overlap, affording an opportunity to conpare and
contrast their views.

As noted above, the 75 smallest TELCOs enjoyed a slightly
| ower WACS than the other small TELCOs, even though the 75

have a disproportionally smaller share of custonmers of those

14

Assumi ng all are equally good at obtaining managenent tal ent,
which it turns out is a key determ nant of firm efficiency.
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served by small TELCOs. Because of the “scorched earth”®
nature of the Hatfield Mddel, this predicted advantage cannot
be due to the history of the relation between the W sconsin
i ndustry and its regulators. By contrast, the nmultivariate
nodel devel oped from survey data shows that cost
differentiation anong small providers could easily be due in
some subtle way to the role of regulation.

The cost advantage of the smallest firnms nerits further
i nvestigation. One approach would be to |list several firns
which the Hatfield Model predicts would have the | owest cost
and explore the correlation with the firns that the
mul tivariate nodel revealed to be differentiated on the basis

of | ow cost.

Provider WACS WACSw No. of Multivariate identified
name $) $) Lines strategy (See Thl. 3.2.)

Century of Wisc. (La Crosse area only) 21 2.40 57,937 n/a

Mid-Plains Telephone, Inc. 21 2.23 29,866 1

State Long Distance Telephone Co. 30 2.41 8,387 1

Wood County Telephone Co. 30 2.24 25,046 1

Platteville Telephone DBI PTI 31 2.31 8,961 1

Waunakee Telephone Co. 33 2.32 6,192 1

Rhinelander Telephone Co. 33 2.21 13,263 1

Wisconsin Utelco, Inc. 34 2.40 15,054 1

North-West Telephone DBA PTI 36 2.41 75,299 1

Frontier Communications of St. Croix 36 2.42 7,803 1

Frontier Communications of Viroqua 37 2.26 3,659 1

Frontier Communications of Wisconsin 38 2.43 22,953 1

15

By this term| sinply nean that the nodel rebuilds the network
from scratch.
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Century of Wisc. (statewide wt. ave.) 38 2.40 102,282 2
Southeast Telephone Company 38 2.38 7,890 1
Mt. Horeb Telephone Company 39 2.24 4,000 2
Mt. Vernon Telephone Company 39 2.46 8,141 1

Table 3.7. Small TELCOs with the | owest WACS, in
ascendi ng order, predicted by Hatfield (1997).

(Century appears twice -- see text.)

Strategies 1 and 2 conpared. Table 3.7 shows the fifteen
| owest cost providers that the Hatfield Mddel predicts, those
with a predicted cost of service of |less than $40. All but
two of the firns listed are identified by the nultivariate
nodel as following the “fewer service features, |ower
i nvest ment” STRATEGY 1. The two STRATEGY 2 firnms (... ”higher
i nvestnent”) are grouped near the high end of the list, and
are closer to the state average WACS for small TELCOs. So far
the agreenment between the two nodels, for strategies 1 and 2
appears to be excellent. Note that of the fifteen firns
|isted, just about half have under 10,000 lines and the other
hal f have nmore than 10,000 |ines.

Century Tel ephone of Wsconsin, with its 58,000 |ines
serving just the La Crosse area, has a WACS of just $21,
maki ng it one of the very |lowest cost providers in the state.
For Century Tel ephone, all the different service territories

nodel ed individually by Hatfield were conbined into a single



114
wei ght ed average, in order that the result can be conpared
with the accounting data mai ntai ned by the Wsconsin Public
Service Comm ssion and used in the nmultivariate nodel. That
expl ains the second entry for Century in the above table with
a WACS of $38. In conposite Century is a strategy 2 firm?1
There is no particular correlation between WACS and WACSw f or

the smal|l TELCGs.

Table 3.2. fromthe nultivariate nmodel, which summri zes

the strategies identified, is reproduced below for reference.

Strategy Relation to Porter Characteristics

1 Low cost. Fewer service features, lower investment.
2 Low cost. Fewer service features, higher investment.
3A Differentiation. Many service features, higher investment.
3B Differentiation. Many service features, lower investment.
case 76 Focus. (Wisc. Bell -- see conclusions.)

Tabl e 3.2. (Reproduced.) Conpetitive strategies

identified by the nultivariate nodel.

16

Even though it has an enviable WACS, perhaps in reality
Century of Wsconsin (La Crosse) has tried to be a little too
|l ow cost. | recall a strike in about 1970 agai nst the conpany
predecessor, La Crosse Tel ephone, in which scores of its
custonmers eventually were notivated to slamtheir old black
Aut omatic Electric phones into the wall, creating many barrels
of scrap. The problem wasn’t the phones, so nuch as the
switch, whose mai ntenance was bei ng neglected. For nearly a
decade afterwards the firmcontinued to use that same switch
then the oldest rotary crossbar still in operation in the U S.
I imgine that by now the anal og SPC switch that replaced it
has becone yet another nuseum pi ece.
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Tabl e 3.1, reproduced bel ow, shows the firns individually
identified by the nultivariate nodel as conform ng to one of
the strategies of table 3.2., together with the Hatfield
predi cted cost of service. Since the Hatfield Mddel assures
t hat each firm nakes optimal use of technology and is
therefore equally efficient, while the nultivariate nodel
reflects what has been deployed by real firms, the two nodels
can be conpared and contrasted to gain insight into the
quality of traditional rate-of-return regulation for the

W sconsin tel ephone industry.
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Provider Hatfield WACS No. of Multivariate identified
name $) Lines strategy (See Fig. 3.2.)
GTE North (Wisconsin) (76) 35 456,000 1
All in mass of points in Figure 3.4. 46 (approx.) 452,252 1
All'in Strategy 1 (wt. ave.): 40.50
Century of Wisc. (19) 38 102,282 2
Mt. Horeb Telephone Company (44) 39 4,000 2
Lakefield (31) 84 1,493 2
All in Strategy 2 (wt. ave.): 38.67
Tri-County (66) 71 3,684 3A
Chibardun (14) 69 5,281 3A
All in Strategy 3A (wt. ave.): 69.82
Riverside (54) 53 3,008 3B
Wisconsin Bell (77) 26.80 2,397,000 Focus

Table 3.1. (Reproduced.) Hatfield (1997) predicted
cost of service for strategic groupings of Wsconsin
firms that had been previously identified using

princi pal conponents anal ysis.

The nost apparent result is that strategies 1 and 2
identified by the nultivariate study appear negatively
correlated with the Hatfield Moddel prediction of WACS, though
by only about four percent ($40.50 vs $38.67). Since the WACS
for STRATEGY 2 consists of (by weight) essentially only
Century of Wsconsin, however, the lower Hatfield prediction
for the STRATEGY 2 group is nost likely to nerely reflect the

extrenely | ow predicted cost of service of $21 for those |ines
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in the La Crosse area.

In general one can only conclude that the Hatfield Model
does not distinguish between strategies 1 and 2 on the basis
of cost of service froma forward-| ooking perspective.
Therefore the distinction between strategies 1 and 2 that
princi pal conmponents anal ysis denonstrates nust have sone
hi storical basis. A possible explanation m ght be GIE s
conti nued and extensive use of older switches, which are
feature-poor and nore fully depreciated. Another possible
expl anation m ght be differences in the history of regulatory
treatment of M. Horeb Tel ephone or Century in relation to the
mass of small TELCOs. Lakefield (31), however, has a
predi cted cost of service of $84, alnpst two standard
devi ati ons above the small TELCO WACS, and is appropriately
pl aced i n STRATEGY 2.

Strategi es 3A and 3B conpared. W next turn our
attention to strategies 3A and 3B. The Hatfield Model
predicts a difference in WACS of $13 ($69.82 - $53), nearly
2/ 3 of a standard deviation, between the two substrategi es.
This is clearly statistically significant, in ternms of the
forward-1 ooking costs that distinguish the two groupi ngs of
providers. | conclude that the way that the providers grouped
into strategi es 3A and 3B have depl oyed their assets and their

past regulatory treatnment are in accord with the underlying
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costs of providing service to their custoners. Beyond that
the multivariate study also revealed that all three firns in
strategies 3A and 3B are providing their custonmers with a rich
set of service features. All three firns are to be conmended
for providing excellent service in a cost-based nmanner.

A second | ook at the top performer. The STRATEGY 3B firm

that the principal conponents analysis identified as the top
perfornmer, Riverside Telcom (54). The cost of service of $54
predicted by Hatfield is slightly above the statew de WACS for
the small TELCOs. However, for a firmserving a maxinum
popul ation density of 650 lines per square mle, figure 3.13
shows an expected WACS of $65. So indeed the nultivariate
nodel has isolated a firmwith nuch | ower than average
i nvestnent. The cost advantage for Riverside Tel com m ght be
in the geographic configuration of its custonmers or soi
conditions for |laying outside plant, which can be further
under st ood by exam ning the nodel run for that provider. The
mul tivariate nmodel further identified Riverside Tel com as
providing its custoners with a rich set of service features, a
testament to the quality of managenent that the Hatfield Modde
al one could not reveal.

Wth regards to the STRATEGY 3A firms, Tri-County (66)
and Chi bardun (14). Both of these providers experience

maxi mum cust omer densities of just 200. Figure 3.13 suggests
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that they could normally be expected to have a cost of service
that is $18 above Riverside ($73 - $65.20). Therefore the

three firnms together appear to be all equally well managed.

Concl udi ng remarks.

The two studi es together suggest that the three providers
of fering their customers the nost service features at the best
value are small firms with only a few thousand custoners each.
Most of the small TELCOs were identified as pursuing a
strategy of fewer service features and | ower investnent
conpared to the outstanding snmall providers.

By contrast GIE appears to have sinply under invested in
infrastructure. The STRATEGY 2 firms Century of Wsconsin and
M. Horeb Tel ephone m ght nerit closer individua
consideration. In all the quality and cost-effectiveness of
service of three very small firnms in relation to GIE is
striking. The multivariate study shows W sconsin Bell to be a
firmpursuing a distinct strategy, and the Hatfield Model
predicted its cost of service to be below the statew de
aver age.

The Hatfield Model predicts the statew de wei ghted
average cost of service to be $31.10 per nonth for al
W sconsin |lines and $46 per nonth for the small TELCOs only,

on a per-line basis. The standard deviation in the predicted
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cost of service for the small TELCOs is $21. Only a few
percent of the cost of service is in central office swtching,
wel | under $2.50 per nmonth in nost cases. The Hatfield Mdel
results show the overwhel m ng portion of the cost of |ocal
service to be in the outside plant.

It appears that the intrinsically high cost of providing
conventional wireline service in rural areas (as reveal ed by
the Hatfield Model) is burdensone to the small TELCOs and
essentially locks theminto the feature-poor STRATEGY 1. The
inplication is that a technology to replace the outside plant,
conbined with appropriate policy to address the sunk cost of
t he existing capital stock, could enable the bulk of the snmall
TELCOs to strategically reposition thensel ves and nove to
STRATEGY 3B or the focus strategy of Wsconsin Bell.

Custonmers in rural areas m ght be very well served by
rei nventing the cost structure of the small TELCO

Some smal | providers have begun to partner w th anal og
cellular providers in an effort to reduce service costs for
those custonmers farthest fromthe central office. But is
anal og cellular a direct substitute for wireline service? In
the next section | survey cellular tel ephony to showits

service characteristics and unmask its cost of service.
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2. Cellular telephony.

At the tine data were being gathered about W sconsin
| ocal exchange carriers for the Governor’s tel ecommunications
task force, a survey was al so conducted of the state cellul ar
t el ephone service providers (Task Force, 1993b).
Unfortunately the state anal og cellular service providers as a
whol e were unwilling to disclose anything to the governor’s

task force. That silence included the |ocations of cellular

towers, visually apparent as they are! | will try to
acconplish much with what | am gi ven
In this section, | describe the technology and service

characteristics of wireless tel ephony, survey consuner prices
and estimte the margi nal cost of service for wreless service
providers. Finally I explore the relation of cost and

pricing.

The under pi nni ngs of cellul ar tel ephony.

First | want to give an overview of the trajectory of the
product realizations of |land nobile tel ephony, which we now
commonly refer to as cellular telephony. Rather than dwelling
here on anal og cellular or PCS or the other nore specialized
cl asses of wireless service, with their various technical

di stinctions, | want to exam ne first the very idea of nobile
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t el ephony and how it translates into custoner service.

Service characteristics of PCS. Ricci (1997, 2) says
“We generally think of PCS as a nobil e tel ephone
service characterized by | owcost pocket tel ephones wth
service that is associated with a person instead of a
pl ace or a vehicle. Such a service could provide
di fferent services, such as voice, data and fax, to its
users.”
Garg & W1l kes (1996, 6) explain that the three key ingredients
of PCS are:
“1l. An easy-to-use, high-functionality handset
2. A single, personal number that can reach the
subscri ber anywhere
3. An individualized feature profile that follows the
user and provides a custom zed set of services at

any |location”.

Clearly the service characteristics these authors mention
constitute a | ong sought-after vision of systemarchitects, at
| east as regards the class of urban customer at which | and
nmobi | e tel ephony has been targeted since its inception.

| contend that a long-held vision of a personal

conmuni cati ons service has inforned all of the classes of
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nobil e service instituted since the inception of nobile
t el ephone service (MIS) in 1946 (Stone, 1994). That vision
has remained fairly constant over the decades, increasingly
distilled into products as the trajectory of the technol ogy of
silicon has permtted.* |In figure 3.14 is the first realiz-

ation of personal comrunications for the urban nobile user.

Figure 3.14. An MIS (Mobil e Tel ephone Service)
t el ephone. The price? Ten cents a m nute!

(For three mnute calls)(Sands & Tellet, 1968).

17

| explain the trajectory of silicon and its inplications for
wi rel ess tel ephony in chapter four bel ow
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At this point in time a human operator was still required to
handl e certain aspects of a call, as was the case with the

early 1960s design iteration, |IMIS, shown in the next figure.

Fi gure 3. 15.

| mproved nobil e

t el ephone service
(I MIS) control head

(Sands & Tell et

1968) .

Evol ution of underlying technical standards. The Bell
Labs devel opnment in 1979 of the first cellular tel ephone
system architecture (AMPS) enabled fully automatic conpletion
of calls, nmuch inproved spectral wutilization efficiency
through the splitting-up of urban areas into smaller “cells”
t hat reuse channels, and portabl e handsets for personal use
(Stone, 1994). Ever decreasing costs of signal processing and
operation at ultra-high frequenci es have made possible the

transition to digital modul ation and the realization of the
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service features of PCS. Technology standards of the wirel ess

I ndustry have evol ved al ong the path shown in Table 3.8 bel ow

Er a

1946

M d- 60s
1979

Lat e- 80s

1992

Now

Fut ure

Dom nant depl oyed technol ogy

Mobi | e Tel ephone Service (MIS), based on
Maj or Edwi n Arnmstrong’s 1930s work on
frequency nodul ation

| mproved Mobil e Tel ephone Service (I MIS)

Advanced Mobil e Phone System (AMPS), FM anal og
nmodul ation with 30 KHz. channel spacing, 800 MHz.,

(first true cellular architecture).

Time-Di vision Multiple Access (TDMA), digital
cel lul ar began replacing analog in selected areas.

Di gi tal European Cordl ess Tel econmuni cati ons ( DECT)
adopted continent-wide at 1.9 GHz.

Code-Di vision Multiple Access (CDMA) using
channel i zed approach on existing allocations
(PCS and 800 MHz.).

CDMA usi ng spread spectrum

Tabl e 3. 8. Time line of U S. wireless tech-

nol ogi es (based largely on Garg & W kes, 1996).

Undesirabl e service characteristics of cellular

t el ephony.

The existing choices for cellular telephony,

especially analog cellular, have certain limtations that
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render these classes of service marginally useful for
provi di ng data service to subscriber dwellings. Particularly
for providing Internet access, the 9.6 Kbps maxi num data rate
of anal og cellular has | ong been outstripped by consumner
expectations and the demands of content-rich Wb sites. For
PCS GSM t echnol ogy, the data rate currently offered is 9.6
Kbps, which has an actual throughput of about 14 Kbps (Scott,
1999). For nobile urban custonmers reading e-mail or nodest
file attachnents, these data rates are satisfactory, and
perhaps all that can be achieved, given the propagation
characteristics of nmobile radio links in dense urban
envi ronnents. But Internet comrerce and other proni sed uses
require nore bandw dth. Thus the vagaries of these two
channel i zed radi o system architectures wi thhold the prom se of
respectabl e Internet access for rural custoners, because of

certain technical realities |I discuss briefly bel ow

Handof f burst.

Anal og cel lul ar uses a supervisory channel pair to track
avai |l abl e handsets and signal calls. But once a call is
underway, the cell site nust use the voice channel for any
further signaling required. Wen a “handoff” of a call to a
nei ghboring cell is needed as a subscri ber noves out of range,

the cell site controller tenporarily nutes the conversation
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(for a large fraction of a second) and sends a packet of data
used to switch the handset to a new channel pair (Stone,
1994). This so-called handoff burst is acceptable for speech,
but disastrous for conputing sessions. Special, nore
expensi ve cellul ar nodens ($200 for Aneritech’s Mbile

Part ner ™ package) are needed to avoid dropped calls.

Dat a conpression rati o.

The data conpression algorithnms used in analog wreline
nodens take full advantage of the reliable 30 - 40 dB signal -
to-noise ratio typical of wireline service to achieve
conpression ratios of as nmuch as 4:1. So while the published
speed of a particular nodem m ght be 28 Kbps, throughput rates
are often around 100 Kbps.?* But radi o conmmunication |inks
are inherently noisy. The sane data conpression al gorithns
are hardly able to achieve a 1.5:1 throughput gain over a
cellular link. Thus the same published data rates for
wireline and wireless nmodens yield dramatically different

system | evel perfornmance.

Fadi ng and del ay spreading of the bit stream
For nobile custoners, and to a | esser degree for fixed

subscribers, the realities of radio wave propagati on can

18
At | east over the “last mle” of an Internet session, that is.
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result in short termand long termfluctuations of up to 30 dB
in received signal strength. For fixed |inks an adequate
signal strength margin can usually be designed into the
system ® The problem of signal strength fluctuations (and
resulting signal-to-noise deterioration) is worst for dense
ur ban custoners, where rapid fades of up to 60 dB are
observed. ®

In addition to fading effects, nmultipath propagation
| eads to del ay spreading of the information bit stream Del ay
spreading varies fromunder 200 nanoseconds (RMS) in open
areas, to 3 microseconds in urban areas (Garg & W kes, 1996,
51). The worst observation of delay spreading is 25
m croseconds in San Franci sco, CA (Rappaport, 1996, 162).

The strategic inplication of delay spreading is that it
sets an upper bound on system data rates for wreless
institutional choices targeted at particul ar geographic
settings. Rural custoners will be far better served by a

wirel ess tel ephony systemtailored to their setting.

19
Though the FCC regul ations strictly limting handset power and
prohi biting external directional antennas often prevent anal og
or PCS cellular fixed installations fromoffering a sufficient
fade margin.

20

See Rappaport, 1996, chapters 3 & 4 for an excel |l ent
di scussi on of radio propagation at 1 GHz.
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Uni versal Service Fund (USF) noney for the cellular
i ndustry? In spite of these many architectural limtations
and the unsuitability of cellular for Internet connectivity in
accord with fixed user expectations, the U S. cellular
I ndustry has been pressing FCC Chair Kennard for access to USF
support (G assner, 1999), and with apparent success. |
conclude that to date a satisfactory solution to universa
voi ce and data service in rural areas has not existed, or the
FCC woul d not choose to cross-subsidize a class of service

exempt fromintensive regulation and fromany state oversight.

Pricing of service.

Because cellular providers utilize the radio spectrum and
provi de an enhanced tel econmuni cations service, they are not
required to file tariffs with the FCC and consi der thensel ves
to be entirely exenpt fromstate regul ation as
tel ecommuni cati ons service providers.? |Information about
prices charged to custoners is neverthel ess available in
vari ous ways. For exanmple, in md-1998 Consunmer Reports
Magazi ne (various, 1998) conducted a nation-w de survey of

price offerings. The reader should independently refer to

21

There is partial federal pre-enption of the regul ati on of

radi o tel econmuni cati ons. The FCC further considers |and
nobi |l e tel ephony to be an enhanced service not subject to

i ntensi ve regul ati on.
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that conpilation, but | wish to extract sone basic statistics
fromthat survey now for industry analysis, and for use again
I n chapter five.

One estimite of wireless airtine. In the Consuner

Reports survey, in order to isolate the unbundl ed average
price of airtime, it is necessary to subtract the enbedded
price of the included handset from service bundles offered to
consuners. | also wish to subtract out the price of roam ng
m nutes (at one dollar per mnute) that had been included in
the offering bundles published in their survey. Table 3.9
below is an estinmate of the enbedded price of the single node
handsets included in 800 MHz anal og offerings and the dual
node handsets bundled with digital service provider offerings
(an effort by the authors to construct equivalent offers in
terms of coverage areas). Table 3.10 then estinmates the
unbundl ed nean price of airtime alone in several major U S.
cities.

Handset price. Analog service providers were reported to
charge fromzero to fifty percent of the stand-al one retai
price of a handset when it is included with a service contract
(various, 1998). Since a non-zero additional price of a
handset applies to an upgraded nodel, | conclude that a fair
correction would be based on the enbedded price of a basic

si ngl e band anal og handset, an amount | estimate by taking the
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| owest quoted price offered without a contract and subtracting
the | owest contract price cited. The handset price

corrections are estimted in the table bel ow
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Price, Price,
Model handset w o contract w contract enbedded price
Si ngl e node:
Noki a 918+ $149 - 309 $ 0 - 150 $149
St ar TAC 6500 349 - 799 199 - 550 150
Noki a 252 249 - 400 49 - 180 200 (big batt.)
St ar TAC 3000 251 - 499 99 - 280 152
Profile/300 e 167 - 300 0 - 130 167
M croTAC/ Pi per 215 - 245 24 - 160 191
Eri csson AH630 179 - 399 69 - 119 110
Dual node:
Sony CM B3200 $179 - 249 $119 - 409 $ 60
Qual comm QCP820 399 - 649 129 - 399 270
Audi ovx CDM3000 349 - 399 150 - 199 199
Noki a 2160i 249 - 500 49 - 250 200
Erics. DH368vi 300 - 400 49 - 129 251
Mean single nmode handset enbedded price: $160
Mean dual npde handset enmbedded price: $196

Embedded price on a per-m nute basis,
based on average nonthly usage of 80 m nutes
and an engi neering product lifetime of 3 years
(based on useful life of habitually overcharged
Ni Cd battery packs):

Si ngl e node handset s: $0. 056 per minute

Dual node handsets: 0. 068 per m nute
Mean per m nute: éb?béé
Table 3.9. Estimated price of handsets that have
been included in service bundles of existing
wirel ess providers. (Based on various, 1998.)

Model nanes |isted are trademarks of their

respective manufacturers.



Mont hly offer

City G oss!?
Bal ti nore/ D. C. $37. 04
Bost on 37.60
Chi cago 27.82
Cl evel and 35. 86
Dal |l as/ Ft Worth 37. 33
Detroit 32.34
Houst on 35. 14
Los Angel es 32.61
M am 36. 56
M nneapol i s 34. 42

New York City 42.

Phi | adel phi a 34.
Pittsburgh 33.
San Francisco 36.
St. Louis 29.

U.S. nmean:®> $34.

40
06
73
17
78

$32. 04
32. 60
22.82
30. 86

32. 33
27. 34

30. 14
27.61
31. 56
29.42
37.40
29. 06
28. 73
31.17
24.78

price Per
| ess roam ng?

$0. 427
. 435

. 304
. 411
. 431
. 364

. 402
. 368
. 421
. 392
. 499
. 388
. 383
. 416
. 330

CO OO OO0 OO O0O0OO0OO0O0OO0O

Usage assunmed to be 30 m nutes/nonth peak,
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Airtinme

m nute®  only?*

$0. 365
. 373
. 242
. 349
. 369
. 302

. 340
. 306
. 359
. 330
. 437
. 326
. 321

. 354
. 268

CO OO OO0 O0O0OO0OO0O0OO0 O

45 m nut es/ no.

of f - peak, plus 5 m nutes/no. roam ng. Handset included.

w N

| estimate per nminute charge for
Based on nmonthly | ess roam ng,
4 Net of estimated enbedded $0.062 per

roam ng to be one dollar.

di vided by 75 m nutes.

m nut e handset price.

> Based on the 15 netropolitan areas |isted here.

Tabl e 3.10.

Esti mated nean price of airtinme only,

on a per-city basis.

(Based on var

i ous, 1998.)

Additional estimtes of wireless airtinme. First, while

wal king in a | ocal

Decenmber of 1995,

shoppi ng mal

past a provi

der’s booth in

overheard a sal es person offer a per
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m nute rate of 14 cents to an enpl oyee of a nmjor Madi son,

W sconsin, area enployer for a group calling plan. The sales
person represented that this was the best per mnute rate
avai l able to any consunmer in the Madison area. Second, in
early 1999 in Madison, W, Einstein PCS was offering 300

m nute calling card packages at $0.399 per mnute, with or

wi t hout a bundl ed free handset (sanme price) (WSJ, 1999).

Hobi ca (1998) has conducted a limted informal survey of
consuner prices. They reported that Sprint PCS had offered
400 m nutes of talk tinme for $50 (12.5 cents per m nute,
customer - suppl i ed handset). They further observed that a
three-m nute call from San Franci sco to Boston using Cellul ar
One™ was $7.92. | speculate that they were roam ng outside
of their normal service territory, which should normally have
cost them about a dollar per mnute, plus a toll charge.?

Finally, consumers in Thailand have recently been
reported to be charged three cents per mnute for anal og
cellular airtime, exclusive of handset, using the sane
Motorola cell site technology as is in use in the U S. (Mbore,
J., 1996). In Thailand there was at the tine but one service

provi der, a well-connected individual whom | believe to

22

So the possibility of what traditionally would be called undue
price discrimnation exists here, with the cell sites that
provi de service to roamers in the airport hotel district

possi bly charging higher prices to those custoners.
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possess a vision of making affordable wireless service
avai lable to all, as an alternative to under-provided wireline
service. Wile it is unlikely that this individua
experiences effective regulation of the kind U.S. custoners
woul d associate with the provision of universal service, |
specul ate that they have partly for altruistic reasons chosen

to price their service at close to marginal cost.

Cost of service.

| next turn ny attention to estimating the marginal cost
of wireless service in the U S. market. Two approaches can be
used to estimte the econom c cost of providing cellular
t el ephone service. The first is based on interconnection
agreenments filed with the Wsconsin Public Service Comm ssion.
The second approach involves an accounting estinmate for a
prototypical firm based on equi pnent and | and use prices.

Cost of service, based on call term nation agreenents.
Starting in the first quarter of 1998 and |asting for nuch of
that year, there was a flurry of activity to put in place
bil ateral interconnection agreenents of the type envisioned by
t he Tel ecommuni cati ons Act of 1996 (1996 Act) and W sconsin
Act 496 (Act 496, 1993), according to adm nistrative rules
established in Wsconsin Public Service Comm ssion docket

number 05-TI-0140 (1997). A nunber of these interconnection
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agreenments dealt with setting a price for reinbursenent of the
costs associated with transporting and term nating calls made
or received on a wireless service provider with a wireline
| ocal exchange carrier serving a simlar geographic area.

Usual 'y, but not always, the agreenents are symmetric with
respect to the party termnating a call. 1In general
i nterconnecti on agreenents were arrived at voluntarily during
this period, a few notable exceptions being between wireline
carriers. (See especially CTC vs GIE North (05-TD- 100.)

Table 3.12 two pages hence lists nost of the agreenents
fromthat period that include a wireless service provider. In
figure 3.16 and table 3.11 below | show the results of a

sinple univariate analysis of those agreenents:

Wireless interconnection z
(cents / minute) I I | |

2.0 3.0 4.0 5.0
Key:
P-PrimeCo O-Other W - with Wisconsin Bell
A - Airadigm
interdot.cdr T - Ameritech Mobile transfer price

Figure 3.16. Bilateral interconnection agreenents
reached in 1997 or 1998 involving a Wsconsin

wi rel ess service provider: Statistics.
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| ndustry-w de behavior. Reinbursenment ranges from
$0. 0074 to $0.0424 per mnute for all carriers. The nean rate
is $0.0195, and the standard deviation is $0.01. The nean
Airadigmrate is $0.0339, but that is about 1.5 standard

devi ati ons above the nmean rate for all carriers.

Provi der Range, $/mn | Mean, $ Std. Dev., $
Al'l wireless 0.0074-.0424 | 0.0195 0. 010

Al less Airadigm|0.0074-.025 0. 0144 0. 005
PrimeCo / TDS 0.0074-.0235 | 0.0137 0. 004

Ai radi gm 0. 0250-.0424 | 0. 0339 0. 0075
Ameritech transfer pr. | 0.00634 n/ a

Table 3.11. A summary of bilateral interconnection
agreenents reached in 1997 or 1998 involving a

W sconsin wirel ess service provider.

By contrast the nean PrinmeCo rate is $0.0137 for all 15 of the
cities served by TDS Tel ecom and covered by docket 05-TI-0195,
a full two standard devi ati ons bel ow Airadigm Moreover by
visually exam ning the dot plot in the above figure of the
agreenents, one can see that the Airadigmrates appear to be
outliers. But I will be generous and include themin ny

estimate of the cost of cellular airtine.
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Airadigm At |east four possible reasons exist for the
departure of Airadigmfromthe group statistical behavior:
First, Airadigmmy be operating below efficient scale for its
Ei nstein Wsconsin subsidiary. Second, the agreenents m ght
be erroneously high and m ght perhaps best be revisited with a
view toward bringing theminto line with the industry average.
Third, the possibility of an agency problem exists. Fourth,
the rate nmay in sonme benevol ent way be seen by their board of

directors as being in the firms overall best interest.
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Rat e, W sc.
Cents Docket Wreless provider O her party
/mn.

0. 63 05-TI - 149 Ameritech Mobile W sc. Bell dba Aner.

N A 05-TI-173 Ai radi gm Century Service G p.
2.5 05-Tl-175 Ai radi gm Wttenberg Tel ephone
4.5 05-TI-176 Ai radi gm Headwat ers Tel ephone
3.68 05-TI-177 Ai radi gm Rhi nel ander Tel ephone
3.51 05-Tl-178 Ai radi gm Amher st Tel ephone Co.
4.24  05-TI-179 Ai radi gm M. Horeb Tel ephone
2.5 05-Tl-198 Ai radi gm Mosi nee
2.80 6770- MA- 100, Al radi gm Wbod County Tel ephone

7989- MA- 104 Conmpany
2.1 05- MA- 108 New- Cel |, Inc. Fronti er Communi cat.
1.75 05-TIl-193 American Cellular Northeast Tel ephone
2.5 05-TI-199 American Cel lular Mosi nee
0.93 05-Tl-204 NEXTEL West Corp. GIE North

(not symetric)
0.79 05-Tl -195 Pri meCo. Burlington, Bright.&Ahh
0. 80 ‘ ” Waunakee
0.74 y ” M. Vernon
(15 cities on this docket, all TDS)

1.68 “ ” UTELCO
1.76 ‘ ” Scandi navi a
2.35 “ ” Badger

6720-TI - 140, Ai radi gm W sconsi n Bell

8037-Tl-101

275-TIl - 100, W nStar Wrel ess W sconsi n Bel |
6720-TI - 147

6720-TI - 142 US West Conmuni ¢ W sconsi n Bel |

Table 3.12. Bilateral interconnection agreenents reached
In 1998 involving a Wsconsin wireless service provider:

A nearly conplete listing of the initial agreenents.
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Ameritech Mbile. Perhaps the npost interesting

i nterconnection agreenent is the docket (05-TI-0149, 1998)
concerning Wsconsin Bell and Aneritech Mbile Communi cati ons,
inthat it sets a (fully costed) transfer price between two
affiliated entities. (Because the conpanies are related, the
agreed rate is called a transfer price.) The agreed price for
call term nation between these two entities is not symetric.

Tabl e 3.13 bel ow shows Attachnent A of that agreenent:

“Reciprocal Compensation: Per minute of use:

For calls originated on Ameritech’s network
and terminated on Carrier's network: $0.004839

For calls originated on Carrier's network and
terminated to Ameritech’s end office via:

Type 2A Service, local call: $0.006341
Type 2B Service, local call: $0.004839"

Table 3.13. Wsconsin PSC 05-TI-149 (1998)
I nt erconnecti on agreenent involving Ameritech and

its cellular subsidiary.

What can be concl uded about the margi nal cost of wrel ess
tel ephone service fromthese interconnection agreenents? The

Tel ecommuni cati ons Act of 1996 is reasonably specific about
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t he nature of the charges to be included in interconnection
agreenents between providers of |ocal service, as New-Cell,
Inc. explains in Wsconsin docket 05-MA-108 (1998, 4):
“The FTA [1996 Act] prescribes that charges for cal
transport and term nation shall be cost-based (47 U S.C
8§252(d)(2)(A)(1)). The FTA specifically limts the
rel evant costs to ‘the additional costs of term nating
(CMRS / LEC) calls’ (47 U S.C. 8252(d)(2)(A)), and
specifies that a ‘reasonabl e approximation’ standard is
to be applied in the determ nation of such costs (l1d.).”
The clear inplication is that the per mnute rate of
rei mbursenment is intended to be in principle identical to the
i ncrenmental cost of a local call. Wile not equal to the
mar gi nal cost of a call in a strict sense, in aggregate the
I nterconnecti on agreenments provide an excellent surrogate for
the margi nal cost of providing |ocal service using the current
cl asses of wireless service. | think a best estimate is that

the marginal cost of wireless service is two cents per m nute,

based on Wsconsin wireless interconnection agreenents.

Cost of service, based on costs experienced by providers.
In their discussion paper on collusive conduct in the U S
nobi | e tel ephone industry, Parker & Roller (1994, 17) describe
their approach to making estimates of the cost structure of
cellular tel ephone providers. Also, MKenzie & Small (1997)

have performed an econonetric study of the cost structure of
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the U.S. cellular industry. Shortly I will discuss their work,
but first a nore casual approach to cost estimation, based on
si npl e business principles and the basic characteristics of
cel lul ar equi pment, m ght better serve to informour intuition
about the conduct of this industry.

As an el enentary approach to cost estimation, |let us
construct a business nodel of a cellular service provider in
equi librium The resulting accounting estimate will be based
upon sinple and conservative assunptions that do not require a
detailed insider know edge of their affairs (as no such
know edge has been forthcom ng). The nodel will take the form
of a pro forma incone statenment for some year in which it is
assuned that the business has been in operation for an
i ndefinite period. After making such a cost estimate, | wll
t hen use the theory of inperfect conpetition to predict the
optimal price, and conpare that to the actual prices
experienced by consuners.

It will be helpful to first acquaint ourselves with the

productive assets of cellular service providers. A provider

wll want to have a retail outlet for sales, handset program
m ng and custonmer service. |In addition to a storefront, a
provi der woul d operate one or nore cell sites, linked by a

| eased line to a swtch. Figures 3.17 - 3.21 below on the

next few pages depict the cell site assets to cost:
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CELSITES.BMP

Figure 3.17. (Above
left) An urban cell
site antenna support
structure (25 M high).
Figure 3.18. (Above
right) Antenna array,
wi th mast-nmounted | ow
noi se anplifier.

Figure 3.19. (Lower left) Equi pment cabi net housing for



transmtters,

Fi gure 3.21.

recei vers,

control
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and power supply.

Figure 3.20. (Left) A
rural cell site

ant enna support
structure (60 M high).
Note that conpetitive
provi ders have co-

| ocated at 25 and 50
meters, and that the
25 meter high antennas
are rotated to
optim ze coverage for

ur ban nmobil e users.

(Bel ow) Equi pment housi ng.
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| make the follow ng assunptions about the prototypical

firmwhose business activity | project (see table 3.14):

1. The provider is a stand-al one business. That is, |
I gnore econom es that arise fromthe managenent of
networks of cell sites and fromthe joint provision
of several kinds of telecommunications service.?

2. | use the cost of a standard anal og cell site
provi ded by an equi pment supplier (Prakash, 1997),
who assured ne that cell site equi pnent package cost
varies little by nmodul ati on schene or allocation at
0.8 or 1.9 GHz.

3. | use a circuit capacity of 24 channel pairs, an
occupancy of 50 percent averaged over 24 hours, and
a useful service life of ten years.

23

Interestingly, MKenzie & Small (1997) report decreasing
returns to scale for all the large U. S. cellular providers.
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4. | assune that the cost of the antenna, antenna
support structure, building, |and, and | egal costs
are together about equal to the cell site equipnent
cost. Only in the highest |and cost areas is this
assunption likely to fail. | have not heard of side
paynents for cell siting exceeding $100,000 in the
M dwest.?* Anot her reason why this assunption is
conservative is that increasingly several conpeting
providers are finding ways (or being required) to
share the sanme antenna support structure.

5. I include revenue and costs of providing |ocal
service only.

6. Spectrum costs are set to zero in this equilibrium
anal ysis. Why? 800 MHz. spectrum|icenses were
granted by lottery for a small application fee. 1.9
GHz. spectrumten year (infinitely renewable)
exclusive right to use licenses were sold at auction
for princely sunms. But either |license my be sold
on a secondary market for at |east what was paid for

it, and neither license is consuned in use. In fact
the 800 MHz. licenses constitute a wi ndfall.
7. Cost of call termnation is set to zero, since such

agreenments are usually symetric and average to zero
over tinme, except in unusual cases.

Table 3.14. Accounting nodel assunptions.

24

The npbst extrene side paynent | encountered in the literature
concerns a $500, 000 side paynent to a city golf course to site
two antenna support structures (Mss, 1998, 121). (Moss also
feels that subsidizing rural telecommunications is unfair to
people who live in cities (p. 122).)
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Crudely, the cell site equipnent capital cost could be
converted to a per mnute cost as follows:

$250, 000 equi prment bundl e di vi ded by

(525,960 m nutes per year X 24 channels X 0.5 occupancy X

10 years life) = $0.004 per m nute.

This will give the reader an i medi ate sense of how things
will turn out.

If on average a custoner uses their handset 80 m nutes
per nonth, then based on the assunptions above each site w ||
support about 6,500 custoners.? Each site would then require
about the full-time equivalent of one admi nistrative
assi stant, one service technician, and one half sal es person.
There woul d need to be a storefront (leased), and the usual
smal | busi ness expenses. Again, a sonewhat |arger
organi zation with nmany cell sites could operate nore
efficiently than the firmI| nodel here. (As | have nodeled a
provider, the firmwould expand by nmere replication of this
busi ness nodel.) Based on these considerations the inconme
statement resulting fromsuch a static analysis appears bel ow

and on the next page in table 3.15:

25

Parker & Roller (1994) use in their cost estimate a nonthly
average usage per custoner of 500 m nutes, which would result
in about 1,100 custoners per cell site. The two usage
estimates both represent the capacity of the site equi pnent.
| believe that 80 m nutes better accounts for non-business
custonmers and 500 m nutes for business users.



Pro Forma Income Statement for a Hypothetical Cellular Provider

Assumptions
Scenario:
1. A hypothetical stand-alone provider with a single cell site.

2. Costs are converted to a per-minute basis by dividing by
the following factor:
6311520 = factor for 24 ch. pairs x 50% 24 hr ave occupancy x 525960 min/yr
80 = minutes per month average usage per customer.
Therefore cell site services: 6574.5000 customers

3. Input coefficients are: Income (per-minute), COG (annual), expenses (annual).

0.336 = Airtime retail price per minute ($).
250000 = Site equipment cost ($), with 10 year life, straight line.
250000 = Facilities cost ($), with 20 year life, straight line depreciation.

160 = Handset retail price ($), and have a useful life of 3 years.
Annual  Per-minute basis Per-customer
($x1000) (dollars/min) basis (%)
Income
Airtime 2120.67 0.3360 322.56
Handset sales 350.64 0.0556 53.33
Sales 2471.31 0.3916 375.89
Cost of Goods Sold
Site equipment 25.00 0.0040 3.80
Site facilities 12.50 0.0020 1.90
Handsets 210.38 0.0333 32.00
COGs 247.88 0.0393 37.70
Labor
Salesperson (half time) 32.00 0.0051 4.87
Technician 40.00 0.0063 6.08
Administrative assistant 33.00 0.0052 5.02
Total wages 105.00 0.0166 15.97
Gross Profit 2118.43 0.3356 322.22
Expenses
Rent of storefront 19.20 0.0030 2.92
Advertising (5 % of sales) 123.57 0.0196 18.79
Telephone (office use) 3.60 0.0006 0.55
T1 line lease (site use) 12.00 0.0019 0.00
Software lease (office use) 6.00 0.0010 0.91
Janitorial 1.70 0.0003 0.26
Insurance 2.00 0.0003 0.30
Supplies and Maintenance 7.00 0.0011 1.06
Misc. business supplies 3.00 0.0005 0.46
Entertainment 1.00 0.0002 0.15

% of sales
86%

14%
100%

10%

4%

86%

148
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Total expenses 179.07 0.0284 25.41 7%
Net Profit Before Taxes 1939.36 78%
taxes of a standard corporation  969.68

profit after tax 969.68 39%

cellprol.wb2 A1:155 14 APR 99

Tabl e 3. 15. Pro forma i ncone statenent for a

hypot heti cal cellul ar provider.

What we now want to extract fromthis i ncone statenment is

an estimate of the accounting (i.e., increnental) cost of a
phone call. W have, exclusive of handset and adverti sing:
Site equi pnment and facilities $0.006 / mnute

WAges 0. 017
Busi ness expenses 0. 006
Accounting cost of a call $0.029 / mnute

Under the circunstances this conpares favorably with the nmean
val ue of the interconnection agreenents discussed earlier.
The elenments | have included are quite anal ogous to the
transport and term nation charges that formthe basis of the
i nterconnection agreenents. Handset cost is not included

here, because the cost is borne by the consunmer in nmy nodel.
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Advertising is excluded, in order to facilitate conparison
with interconnection agreenents. Moreover the cost of
swi tching, not included here, is known fromthe Hatfield cost
study exam ned earlier in chapter three to be quite small in
conparison to all other relevant costs.

Two possible points of interest conme imMmmediately to m nd
in relation to the accounting approach I have taken. The
first is the possible effect of econom es of scale on cost.
Surprisingly in their econonetric study of the U S. cellular
i ndustry, MKenzie & Small (1997) note that for all but one of
the firms they studied, there were decreasing returns to scale
present. A clear inplication of their work is that a snal
busi ness approach to providing cellular service may in fact be
preferred, at least if network econonm es can be achieved
t hrough cooperative agreenments that build conpeting virtual
net wor ks covering w de areas. Such agreenents are possible,
and suggest that the concentration of ownership that now
exi sts serves no social purpose.

A second point of discussion has to do with the handsone
profitability of the provider nodeled. O course this
profitability accounts for the initial keen interest in
cellular licenses and the ensuing secondary market in cellular
properties. Danner (1991) points to two underlying causes of

econom c rents: scarcity of the spectral resource and vari ous
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fornms of cooperative behavior that keep prices near nonopoly
| evel s (Danner, 1991, footnote 2). But Danner is quick to
poi nt out that accounting profits in thenselves cannot reveal
whet her the origin of rents is a true underlying scarcity or a
result of industry conduct.

Parker & Roller (1994, 15) are less diplomtic -- they
see evidence of “outright cartel pricing” practices anong the
i ndependent providers (but not anmong the firns owned by
wi reline providers). The arrival of PCS providers in urban
mar ket s appears to have had no discernable effect on price
| evel s, as gauged by the price offers discussed earlier in
this section. Myving fromtw to five players should have
dramatically lowered prices -- at least that was the intention
of the regulatory nodel of PCS. Such conclusions may not seem
so surprising, given the obvious |ack of decline in price
| evel s over the years, even though the nunber of custoners has
grown mar kedl y.

There is but one ray of hope in cellular pricing: the
AT&T surprise announcenment of ten cents a minute pricing
(Sandberg, 1999). AT&T' s nove heralds a return to the
sinmplicity of the MIS pricing of the 1950s (Sands & Tellet,
1968). Ten cents a mnute -- now they’'re doing it again!
Maybe AT&T will start sonmething, like Sprint did with dine a

m nute | ong distance pricing. Such a nove begs the question:
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Is there a best price to offer, given what is known about

costs and industry structure?

I mpl i ed gane theoretic pricing for the U S. cellular
ol igopoly. The U S. cellular telephone industry has a uni que
structure that originated in explicit institutional choice, 2
and that unfortunately seens to have predestined a pattern of
I ndustry conduct that under provides the social benefits of
wirel ess tel ephony, particularly to fixed custoners.

If the cellular markets for anal og and PCS were untainted
by distinct mechani sm designs (which they certainly are not),
it would be possible to use contenporary industri al
organi zation theory to predict the profit maxim zing price /
out put vectors for each conpeting player in a given service
area. Another fatal inpedinment to application of the standard
t heory of inmperfect conpetition is that the service offering
bundl es that the various technical standards create differ
enough to make strict application of conpetitive nodels
probl emati c, though sone decline over time in the price of
sinpl e voice service is likely to have occurred (Sanuel son
1999). Nevertheless, | will nmention that | recall hearing

that for a Cournot-like oligopoly with five entrants, with

26

See Cal houn (1988) for a discussion of the history surroundi ng
AMPS cel I ul ar tel ephony regul atory design.
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“inmperfect information,” and with identical technol ogies, each
firms equilibriumprice should be 15 % above their costs,
when the sum of firm outputs equals market demand.

Because pricing in the U S. cellular industry differs so
prof oundly from what theory predicts, | conclude that price
setting in this industry is not rational.? M critique is
sinmply theoretical, and yet is reinforced by the cellular
i ndustry econonetric studies | discussed previously.

Coul d the departure fromrationality be the result of a
| ack of strategic vision on the part of the key players in the
cellular industry? Could this serious distortion in price
| evel s be caused by the market design nmechanisns for anal og
cellular and PCS enployed by the FCC? |If it is the latter, it
is in need of redress. |If it is the former, it is perhaps
under st andabl e, given that the industry tends to view itself

as the provider of a luxury to urban dwell ers.

27

By rational, | sinply nean that sellers engage in profit
maxi m zi ng behavi or, according to the ways of econom sts.
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CHAPTER 4. CHARACTERI STI CS OF THE PROPOSED EDCT SERVI CE

I nt roducti on.

The notivation for the devel opnent of EDCT is twofold:
First, there is the need to continue to provide affordable
t el ephone service in areas where decreasing subscriber density
results in a nmounting cost of service, once the historical
cross subsidy of local service proves unsustai nable. Second
there is increasingly a need to provide Internet connectivity
at speeds conparable to those prom sed in the i mediate future
to urban residential custoners, in order that rura
comrmunities retain their economc vitality.! Both objectives
need to be net with technol ogy choi ces that produce |ow cost
net wor ks and i nherent distributive fairness, as EDCT is
I ntended to provide a new kind of universal service in a
der egul ated environnment.

The difficulty of continuing to use wireline technol ogy
in rural areas is clear fromthe Hatfield prediction of rising
nont hly cost of service as subscriber line density declines,

as figure 3.13 (reproduced bel ow) revealed. That figure shows

1

| discuss the service characteristics of residential
alternatives for high speed Internet access in the second half
of this chapter. The bottomline is that urban consuners wl|
shortly have negabit per second access rates available to
them Small towns would then | ook increasingly stranded,

unl ess a new alternative can be devel oped.
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that the cost of serving the |ower density areas is severa
times what people are accustoned to paying for basic | oca
service. The Hatfield Mddel also showed that for Wsconsin
there were 75 firms with I ess than 10,000 |ines each, serving
340, 000 custoners, or about ten percent of all of Wsconsin.
As Figure 3.12 showed, nearly all service providers experience
subscriber line densities of under 100 |lines per square mle.
The inplication is that nearly every one of the small | ocal
service providers in Wsconsin could benefit froma | ow cost

alternative to wireline technol ogy.
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The multivariate analysis of chapter three reveal ed how
firms mght differentiate thenselves fromtheir potenti al
conpetitors by providing advanced service features to their
customers and by investing in digital switching and
transm ssion to provide those highly desirable features. But
It now becones clear that the traditional technol ogies of
tel ephony will not provide the desired features in a
conpetitive environnent, because of the technol ogy cost curve
for outside plant that the incunbent providers now exploit.

Sol ving the chall enge of providing |ow cost service that
has advanced service features, including high speed Internet
access, requires a strategic shift fromthe traditional
technol ogies of wireline tel ephony to what telecomindustry
CEO Jim Crowe of Level 3 Communications (Brown, 1999) calls
“silicon economcs.” Industry CEO WIIliam Schrader feels that
conmpetitive pressures are now so intense, that the established
tel ephone carriers as we know themw || be out of business in
five years, unless they reinvent their business nodels “in
real time” (Brown). The reality is sinply that the trajectory
of silicon has made unsustai nable the existing order that for
decades had provided affordable universal service under
i ntensively regul ated nonopolies. Reality can be held at bay
for just a bit longer for the smaller |ocal service providers.

Under st andi ng how to deliver rural local service in a
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future conpetitive environnent is a two-fold challenge: W
must first turn our attention to the silicon era, to acquire a
deep intuitive understanding of the inplications of the
unprecedented trajectory of mcroelectronics. Qur thinking
must extend beyond the oft-repeated inplications of More's
| aw for conputing power and cost (which indeed inpact
switching mghtily). What is new about the trajectory of
siliconis howit will inpact the provisioning of outside
plant. Wres in rural areas cannot provide the connectivity
data rates custonmers are about to demand. Energing wreless
technol ogy promi ses to revolutionize the “last mle” in rural
areas, but only if coupled with a new radi o spectral resource
approach that keeps airtine costs low. Thus, the second half
of the challenge is to understand the shape and potential of
the new wireless era for residential service.

This chapter begins with insights into the force of
change silicon brings to tel ecommuni cations -- insights
gl eaned fromdirect contact with the technol ogy of the
senmi conductor industry. Next, the unfolding of the radio
spectrumis explained in terns of the march of decreasing
sem conductor linew dth. The energence of extrenely high
frequency technol ogy for consunmer applications is explained.
In the second half of this chapter, the architecture of a new

cl ass of tel ephone service, EDCT, is explored. The service
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characteristics of EDCT are devel oped, and an allocation of
radi o spectrumto EDCT is proposed. In chapter five the
di scussion of EDCT will continue with an exploration of costs,
conpetitive positioning with respect to existing wireless

choi ces, and business strategy for a new EDCT i ndustry.
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1. Inplications of the trajectory of silicon for spectral

resource utilization.

The purpose of this section is to explain the strategic
relati on between the U. S. sem conductor industry, the
technol ogy of radio communications in the digital era, and the
continuously expanding radio spectrum In this way the
possibilities for new uses of the radio spectrumresource can

be understood by policy anal ysts and deci si on makers.

1.1. Trajectory of silicon.

The behavi or of the sem conductor industry is summri zed
in Moore’ s |aw (Service, 1996), in which Gordon Moore in 1965
asserted that digital circuit conplexity would double
approximately every 18 nonths. For that portion of the
Moore’s law curve in which circuitry is inplemented in silicon
integrated circuits, the driving force behind inproving cost
and performance is the continual adoption by the industry of
manuf acturi ng process technol ogi es that are capabl e of
replicating designs at finer pattern |inew dths.

As a sinple exanple, Kane (1998) describes the plans of
Di gi tal Equi pment Corporation (DEC) to manufacture the Al pha™
64-bit m croprocessor at ever decreasing |inew dths over the
product design’s life cycle. The DEC Al pha is projected to

have |inew dths and cl ock speeds as shown in table 4. 1.
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Dat e Li newidth (m crons) | Cl ock speed (IVHz)
July, 1998]0.35 600

- - 0. 25 - -

2000 0.18 1000

Table 4.1. The trajectory of silicon in the digital

real m DEC Al pha 21264 CPU performance (Kane, 1998).

Al ready one can appreciate the relation that exists between
the design linew dth of the manufacturing technol ogy enpl oyed
and the speed of circuitry so inplenented. (For the anal og
circuitry enployed in wireless transmtters and receivers, the
details of the relation are slightly different, however, and
w ||l be discussed shortly.)

The availability of inprovenents in process technology is
far fromaccidental. |In fact the sem conductor industry
wor | dwi de has, during the intervening decades since the
i nvention of the transistor, perfected the art of taking
public investnent and using that investment for private profit
-- a kind of reverse “taking,” if you will. |Instead | suggest
t hat by understanding the connection between public R & D
i nvest nent and the ensuing industry trajectory, the public
benefit can be maxi m zed.

Moore’s law inplies a continually unfolding trajectory of
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i ncreasingly conplex digital circuitry with sophistication
limted only by fundamental physical constraints of transistor
design with features consisting of nere clusters of atons.
(Such theoretical limts appear to be about 20 years distant,
with |inew dths of perhaps 100 Angstrons (0.01 m crons) and
gate oxide thicknesses of about 30 Angstrons.) Figure 4.1
shows how the trajectory has unfolded. The slight difference
in growh factors for nenmory and central processors is
bel i eved by Taylor (1998) to be due to nore order in the

circuit topology for nmenory.

I I I I I I
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time (year)
Figure 4.1. Backward-| ooking depiction of More’'s

law. (VLSI Research, Inc., as cited in Service,

1996.)
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Figure 4.2. A forward-|ooking view of Muore’ s |aw,
based on sem conductor industry technol ogy roadmap
for MPU transistor gates (based on Gargini, d aze,

and WIllianms, 1998, 74).

To understand how t he sem conductor industry desires to
continue this march, consider figure 4.2 (see Gargini, et.
al ., 1998). What is fundanentally different in their | ook
forward fromthe history presently enbodied in More’'s law is
that Gargini, et. al., is reporting on industry plans to
depl oy in sequence specific photolithographic technol ogies

t hat have al ready been shown in the |aboratory to produce
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circuits with these projected |inew dths.

What is revealed here is not at all a physical property
of silicon, but instead the continually unfolding outcome of a
series of (nmostly public) investnments in photolithography. In
ot her words, Moore’'s law is a collective behavior that shapes
and i s shaped by sem conductor industry strategy, structure,
and conduct (Chandler, 1962). Public R&D investnents in
phot ol i t hography, device design nodeling, and materials
research nmove the industry along a trajectory sumarized in

Moore’s | aw.

Figure 4.3. X-ray lithographic mask bl ank of a type
suitable for fabrication of 0.18 micron |inew dth

devices (More, et. al., 1997).
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Moore’s | aw has beconme a nmechanism for the extraction of
econom c rents for those firms which understand that managi ng
a firms product technol ogy for greatest profit nmeans noving
each newly feasible linewidth to product realization as soon
as the manufacturing tools can be put in place, and then
abandoni ng the existing |inew dth manufacturing technology in
synchroni zation with rivals. Note that while technol ogy
change is rapid, the rate of change is constant. Any firm
that falls out of step with Mbore’s law is punished with
extinction. Therefore it becones crucial to enploy More’s
| aw as a kind of signaling behavior to achieve strategic
coordination within the industry to protect incunbents and to
raise barriers to entry based on the increasing capital
intensity of the photolithographic process technol ogy
enpl oyed. (See Porter (1985) for a discussion of the role of
conpetitive signaling in facilitating coordination.)

Is Moore’s law really that intentional? The
intentionality enbodied in More's law falls short of
perfection, because the scale and difficulty of the applied
research efforts that cause novenent al ong the curve take
considerable tinme, effort and capital, making the trajectory a
noi sy process. Success is far from assured at each stage.

But what is inportant is sunmarized in three main points:

(1) The industry understands the opportunities for
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rents that the high rate of change of circuit density
enabl es.

(2) Technol ogy managenent is sinplified for industry
participants if the rate of change is held nearly
constant, which facilitates strategi c coordination anong
the various segnents of the sem conductor industry
(process equi pment manufacturers, silicon wafer vendors,
chip foundries, product distributors, OCEMs), and
mtigates risk

(3) The industry whenever possible pushes the R&D
costs of moving along the trajectory of Moore’s |law onto
t he public, enabling private rents and ri sk reduction
based on public inputs to the science and technol ogy
base.

The recurring justifications for point three are national
security and national conpetitiveness. For exanple note the
change of wording in the U S. Departnment of Defense Advanced
Li t hography Program when control of Congress recently passed
fromthe Denocrats to the Republicans (PL 103-337, 1994 (S
2182) and PL 104-106, 1996 (S 1124)):

“SEC. 216. ADVANCED LI THOGRAPHY PROGRAM (1994).

(a) PURPOSE. The purpose of the Advanced Lithography

Program ... (“ALP”) is to fund goal-oriented research and

devel opnent to be conducted in both the public and

private sectors to help achieve a conpetitive position
for lithography tool manufacturers in the international

mar ket pl ace.
(b) CONDUCT OF PROGRAM --(1) The program shall be
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conducted in accordance with ... plans devel oped by the

Sem conduct or Technol ogy Council. ..

(2) The interimplan ... shall be the Sem conduct or

I ndustry Associ ation 1994 devel opnent plan for

l'ithography.

(C) PROGRAM MANAGEMENT. --The Advanced Research Projects

Agency (ARPA) shall be the executive agent for the ALP

and shall ensure seam ess, fully integrated incorporation

of the program planning of the ALP into the full range of

ARPA core el ectronics devel opnent prograns.

(D) Funding. -- (1) ... $60,000,000 ... for ALP ... (2)
for the Sem conductor Manufacturing Technol ogy

Consortium ..

And now the 1996 rewite:

“SEC. 271. ADVANCED LI THOGRAPHY PROGRAM (1996).
Section 216 of the National Defense Authorization Act for
Fi scal Year 1995 (Public Law 103-337; 108 Stat. 2693) is
amended - -

(1) in subsection (a), by striking out “to help achieve”
and all that follows through the end of the subsection
and inserting in lieu thereof “to ensure that

l'i t hographic processes being devel oped by United States-
owned conpani es or United States- incorporated conpanies

operating in the United States will |ead to superior
performance el ectronics systens for the Departnent of
Def ense.”

(2) ... add “... and shall consider funding

recommendati ons made by the Sem conductor | ndustry

Associ ation as being advisory in nature.”

(3) ... by inserting “Defense” before “Advanced”;

(4) ... “(C that affords adequate and effective
protection for the intellectual property rights of United
St at es- owned conpani es.”

At the sanme time that the purpose of the U S. Advanced
Li t hogr aphy Program changed from nati onal conpetitiveness to
nati onal defense, the new | anguage apparently endorsed

i ndustry rents fromthe work products of this publicly funded

R & D activity.
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But is defense funding of sem conductor industry R&D
central to the needs of the industry? Consider points (1) and
(2) above that relate to industry structure and coordi nation
in regard to Moore’s law. Ferguson (1985) of the MT
political science departnment anal yzes the performance of the
U.S. sem conductor industry in the early decades, fromits
i nception through about 1980.

Ferguson (1985) has an altogether different take on the
guestion of the intentionality of Mdore's |aw. Ferguson
observes on page 17 and on:

... “In several respects, the sem conductor industry
establ i shed patterns of industrial conduct which had
never been seen before, but which have since spread to
ot her sectors, and particularly high technol ogy sectors
of the Anerican econony. ... -- the industry also began
to show, and then institutionalized, several unusual
structural patterns which resulted in a novel structural
and strategic equilibrium ... The unique dynam c

equi | i brium of American sem conductor production had its
origins in the 1950s, but was not fully devel oped and
explicitly understood within the industry until the
mddle to | ate 1960s2 ... The structure was one of

[ sunmari zi ng pp. 19-29]

1. Continuous formation of new firms. [The key
i nbreeding is detailed on page 19.]
2. Transitory market power.
3. Hi gh enpl oyee turnover, individualistic corporate

cul ture, and unique incentive structures.

4. Extensive |icensing and rapid intraindustry

2

Whi ch was then nost nenorably articul ated by More (Service,
1996) .
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di f fusi on of technol ogy.

5. Generational crises and self-limting firmlevel
success.
6. Extreme vertical and functional disaggregation.

... however it is far fromclear that the effect of the
i ndustry’s structural / strategic equilibriumon its
performance has been positive. Indeed I wll argue that
precisely the reverse is the case.”

Ferguson goes on to explain later in his thesis what he sees

as a behavioral origin to these structural characteristics --

residing in the essence of the industry founders thensel ves.

Ferguson observes that the principal cause of structural harm

to the donestic industry is sinply due to the inability of the

key players of the industry to get along with each other: a

constant series of business divorces anong conpany founders

resulting in the inability of firnms to nanage technol ogy
beyond a single product generation, retain key enpl oyees, or
organi zational learning. He relates that this key structural
flaw contrasts sharply with the business strategy of overseas
conpetitors to grow sem conductor divisions within |arge
diversified firnms that offered buffering fromthe external
envi ronnent and access to patient, |ow cost capital. The
behavi oral shortcom ngs of Anerican sem conductor industry
executives is traced back to the formation of Fairchild, Inc.
in his report. Interestingly, a fresh biographical sketch of

Shockl ey by Ri ordan & Hoddeson (1997) reaches back to the root
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of these behavioral shortcom ngs, pointing out the behavioral
tendencies of this founding father of the industry and their
prof ound i npact on Shockl ey’s business relations. |In fact
Shockl ey devel oped a theory of conpensation of researchers
whi ch he used to notivate people to join him and which he
| at er published (Shockl ey, 1957) -- and which to this day
appears to weigh heavily in the selection of talent. One has
to wonder if the American industry could ever be conpetitive,
with a | eadership so driven by individual nonetary reward, yet
possessi ng not enough business acunmen or noral restraint, were
it not for an ongoi ng dependence on public investnent to
coordi nate and steer the industry along the trajectory of
Moore’ s | aw.

In summary the U. S. sem conductor industry has had an

unfol di ng strategi c sel f-understandi ng, consisting of three

st ages:

1. An early entrepreneurial phase, centered around
Shockl ey. This early phase appears to have
predesti ned subsequent strategic conduct.

2. A second phase in which the industry |earned the

val ue of achieving coordination using More' s | aw.
In this early period the industry had yet to
t horoughly master the strategic di nensions of public

I nvestnent and risk-shifting to the public using the
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def ense budget.
3. A fully mature period in which the industry is able
to intimately connect with the civil religious
tradition of the American culture. The industry’s

spot on the National Technol ogy Roadmap (Gargini,

et. al., 1998) is a sign of that sense of a shared
desti ny.
To further illustrate nmy point that Moore's | aw exists as

a neans to achieve industry coordination (and here especially
ri sk reduction) using public resources, see Goldsmth, et. al.
(1998). Figure 4.4 shows that Goldsmth' s group at Sandi a
Nat i onal Laboratory has denonstrated (1997) the |ithographic

t echnol ogy needed to produce the commrercial device |inew dths
projected for 2009, a full twelve years hence. What the

i ndustry has to do is to insert Goldsmth' s technol ogy at the
proper noment. Working transistors have already been
fabricated using this equipnent (see references 3 and 4 in
Goldsmith et. al., 1998). The business relationships of the
nati onal | aboratories, industry, and fundi ng sources needed to
produce the results shown is interesting in itself and is

partly described in Goldsmth' s (1998) introductory section.
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Figure 4.4. Early results of the extrenme
ultraviolet |ithography (EUV) 10x m cro-stepper at
Sandi a, showing 0.07 mcron wide lines (Goldsmth,

et. al., 1998).

My purpose in surveying the extent of public investnent
in the sem conductor industry is to suggest that the public
shoul d be entitled to a majority of the surplus generated by
the trajectory of Moore’'s |aw. Whenever our nation’s defense
is not conmprom sed, the public should receive the full soci al
benefit of the expansion of the spectral resource the

trajectory of silicon makes possible. Those benefits can only
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be fully realized by nmerging technology with the design of
institutions that inherently engender vigorous conpetition.
New choices for wireless tel ecommunicati ons services need to
replace the flawed nmechani sm designs for wirel ess service in

which we are mred.

1.2. Connection with the technol ogy of sem conductor device
design for radi o comrmunicati on.
Il will now explain the relation between More s | aw and
t he opening of new portions of the radio spectrumfor private
use. At any given nonment in time the |inewidth that can be
attained in the manufacture of sem conductor devices
determ nes the upper Iimt of the frequency at which the
devices may be utilized in practical radio circuit designs.
In turn the high frequency |Iimt of a device design based on a
particul ar |inew dth manufacturing process technol ogy
determ nes the upper bound of the radio frequency spectrum
that may be placed into public use at any given point in tine.
For a wireless digital tel ephone systemthe relation
bet ween technol ogy enpl oyed and hi ghest useabl e frequency
al l ocation actually centers on key bits of the anal og
subsystens of transmtter and receiver. For the receiver

section of a handset (or cell site for that matter) the key



173
quality characteristic is the noise figure (NF), which
together with an incomng signal of a certain field strength,
establishes the signal-to-noise ratio (SNR) of the received
signal. Finally, for a given digital nodul ati on schene, the
SNR determ nes the bit-error rate (BER). The SNR - BER
relation fornms the basis for the spectral pricing nodel |

descri be el sewhere in this work.?3

Noi se.

Al'l physical systens have noise associated with them
caused by one or nore underlying processes. In an
experimental setting the structure of the observed noi se hel ps
us devel op nodels to explain their underlying behavior. At a
t heoretical |evel however, nodels of underlying physical
processes that cause noise in systens are not altogether
satisfying. Noise has a cosnological significance that has
fasci nated many a researcher over the |ast few decades. The
study of noise in sem conductor devices has in particular

brought one expert in that field to ponder the nature of God

3

Once agai n my undergraduate advisor’s adnonition (O son, 1976)
that all digital representations are at their deepest |evel
mere approxi mati ons of an analog reality rings true.
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(vVan der Ziel, 1979).4
That having been said its tine to get practical. The
I deas of noise figure and signal-to-noise ratio in wreless
communi cati ons systenms can be nost easily explained by using

t he approach of Schetgen (1994, p. 12-2) in what foll ows.

Recei ver noise figure and signal -to-noise.

Consi der a radio receiver connected for the noment not to
an antenna, but to a perfect resistor which sinulates the
characteristics of the antenna. The bl ock di agram bel ow
(figure 4.5) shows the various stages of a receiver together

wi th various input signal options.

4

It is inportant to keep in mnd that chaos theory, no matter
how taken with it academ cians and the busi ness community nmay
be, is but the current attenpt to attain a deep understanding
of nature through noise. But | dare say that chaos theory
paints a view of nature without a divine presence, assum ng

the role of a creation nyth of the enlightenment. Chaos
theory may al so be applied outside its donmain to detrinent as
have earlier physical theories, |like the Heisenburg

uncertainty principle and special relativity.
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antenna
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, gn = gain of nth stage
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revrl.cdr (RF -LO=IF freq.)

Figure 4.5. Radio receiver block diagram
(super heterodyne receiver for data, configured for

noi se figure neasurenment).

Each stage of the receiver as well as the antenna
si mul at or has an associ ated noi se, and each stage of the
receiver has a gain, or anplification factor. The challenge
to the wireless engineer is to maxim ze the sensitivity of the

recei ver consistent with cost and packagi ng objectives.
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Recei ver sensitivity is understood as how many m crovol ts of
incom ng signal intensity are required to produce a m ni num
acceptabl e signal-to-noise ratio in the baseband information
stream at the receiver output. For a specified SNR, the

requi red signal level can be found from

SNR (dB) = 10 |l ogio signal level + noise |evel
noi se | evel

(S + N/ N convention)

Note that the incom ng signal level is determ ned upstream
fromthe receiver by transmtter power, transmtting and
recei ving antenna siting, and propagation |losses. The noise
| evel is the sum of noise external to the comrunications
circuit (atnospheric noise, which dom nates only at
frequencies far bel ow those of interest here) and internal

noi se generated within the receiver itself. So now the

recei ver design task beconmes one of mnimzing internal noise
contributions for a desired receiver overall gain.

A useful engineering convention for evaluating the
relative merits of various design alternatives is to refer
back to the antenna input term nal the various internal noise
contributions of the individual stages, rolling themup into a
single overall number. If f; is a noise factor representing

noi se added by an individual stage |, and g; is the gain of
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t hat stage, then

fi = SNR i nput |
SNthmn|

and F, the receiver noise factor is

F:f1+ f_2-1+f_3-1+...+_fn-l .

g1 0192 On- - - 09201

The usually quoted noise figure NF is
NF (dB) = 10 logqg F (dB i s decibel).

How does one neasure the noise factor of a receiver? The
antenna sinmul ator we had connected to the receiver in the
figure above is a resistor, which generates a thermal noise
(i.e., white or Johnson noise) power per unit bandw dth of

p = kT , where k = 1.38 x 10?2 joul e per
Kelvin, and T is tenperature.
When that resistor is connected to the input of a receiver
under test, the noise power N which woul d appear at the out put

of a noi sel ess receiver is

N nput = KTGB , Wwhere G = receiver gain, and
B = receiver bandw dth.

One observes in reality Noa , SO that

NF (dB) = 10 logio _N otal

N i nput
(After Van der Ziel, 1957).°%

5

An alternative nethod better suited to the bench exists which
utilizes a calibrated noi se generator (Schetgen, 1994).
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| mpl i cations.

The equati on above for F, the receiver noise factor in
terns of individual stage contributions, has a strategic
i nplication. Receiver m xer stages (generally the second
stage) inevitably have noise factors that are many tines worse

t han would an RF preanplifier stage. That neans that the gain

g, of the first stage nust be sufficient, so that its noise

factor will predom nate the receiver noise performance in
order to avoid serious noise degradation by the m xer.
Cenerally g; = 10 dB is the practical mninmum useful first
stage gain used in comercial designs at nodest frequencies.
The tabl e bel ow shows receiver noise figure as a function of
first stage gain for the case where f; =1 dB, f, = 12 dB, fj
= 0.5 dB, g, = -6 dB:

Gain g; (dB) 0 3 6 10 20
Noi se figure (dB)|12.2 [9.5 |7 4.5 1.5

Table 4.2. Receiver noise performance as a function

of first stage gain.

The receiver noise figure is practically determ ned by

the noise figure of the first stage preanplifier transistor,
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whi ch operates at the signal frequency. So not only should
this transistor have an architecture which has a favorable
noi se figure at the frequency of interest, but the transistor
must exhibit a sufficiently high gain, so that the first stage
noi se figure dom nates over the internal noise figures of al
subsequent stages of the receiver design as intended. (By a
different line of thinking a transmtter power anplifier
shoul d have a power gain of at |east 3 dB.)

An interesting practical consideration is that the
receiver noise figure is degraded by the signal |oss of the
antenna | ead-in cable. For exanple an 800 MHz anal og cell ul ar
base station m ght have a receiver with NF = 1 dB connected to
an antenna | ocated at 200 feet through 7/8 inch dianmeter cable
(loss = 2 dB per 30 neters @850 MHz (Schetgen, 1994)), for a
system noi se figure of 5 dB. There is, therefore, a |arge
advantage to placing at |east part of the receiver right at
the antenna, whenever it is economcal to do so. |If the
antenna and receiver can be co-located, then the extrenely
hi gh frequency application contenplated here will have system
noi se figures that conpare very favorably with traditional
anal og cellular inplenmentations, even with a |lower first stage
gai n.

The inplication is that the very highest frequency radio

spectrum that can be enployed in a wireless comuni cation
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systemis limted by the need to operate at or below a
frequency where the transistors are able to exhibit a gain of
at least 6 dB (voltage gain). Transistors have a gain that is
constant over a wi de frequency range, but which begins to
deteriorate at higher frequencies due to internal stray

I npedances resulting fromthe finite physical structure of the
device. Eventually the gain goes to unity (0 dB) at sone
frequency f;, . Just below f, the gain declines at a rate of 6

dB per octave. Figure 4.6 shows the behavi or.

40 T T
type 2N918
o= 30 —
=)
o 6 dB/octave
e 20 slope  —
8
(]
>
210 | —
o
[}
2]
50| ~
= trans_ft.cdr
-10 I I I I
01 1 10 100 1000

frequency (MHz)

Figure 4.6. High frequency behavior of transistors

(sinplified, based on Cleary, 1964, p. 75)
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Choi ce of device technol ogy.

At extremely high frequencies the transistor architecture
with the best inherent noise performance is the high nobility
field effect transistor (HWET), which is fabricated on a
gal lium arsenide (GaAs) substrate. f; performance as a
function of transistor gate length for HWETS fabricated with
gate widths of 200 mcrons is shown in figure 4.7. Note that
by extrapolation to the anticipated theoretical Iimt of gate
l ength of 0.01 mcron the maxi mum attai nable f; would be about

280 GHz (G gahertz).

EEEDO
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o
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@ 100
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= L _
o
gate_vs_freq.cdr
0 I | I I
0.1 0.2 0.3
gate length (microns)
Figure 4.7. High frequency performance of mllinmeter

wave HMFETs fabricated using X-ray |lithography on GaAs

substrates (Heaton, as cited by Taylor, 1998).
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Rol e of circuit topology on optinal design.

There is but one final ingredient of receiver /
transmtter design to consider, and that is the fit between
the transistor device design and the design of the circuit in
which it is enployed. Operation of the proposed new class of
wirel ess service at the efficient frontier requires that the
best possible use be nade of the devices that the
sem conduct or industry makes feasible. Wen used at the
theoretical |limts of their performance, the inperfections of
real devices come to donmnate the integration of transistors
into circuitry. Performance can be maxi m zed by cleverly
using the “stray” inpedances that devices have that woul d
ordinarily limt their performance to advantage -- a kind of
“jiatsu” of circuit design. The situation is precisely like
that faced by designers of very high frequency vacuum tube
anplifiers decades ago. The sane circuit topol ogies my be
adopted now.

| propose nerging the two circuit topol ogi es descri bed
bel ow, which woul d nake for an extrenely manufacturable
anplifier design using contenporary m croel ectronic methods.
It appears that using these ancient approaches a good
performance EHF front end can be designed with a device
transconductance of only 1.5 dB, inplying operation virtually

at f,.
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The first ancient wisdomto enploy is the push-pull radio
frequency anplifier. At all frequencies push-pull anplifiers
cancel out even harnonic distortion. But at high frequencies
this architecture also halves the device interel ectrode
capaci tance and series inductance (NAVSHI PS 92676, 1958, 2.4).
The effect is to push out the f; of the device when it is
enpl oyed in such an anplifier stage. Figure 4.8 bel ow
illustrates the design approach as it is used in a Korean war -
era aircraft communications receiver. (The tube used is Ilike
a 12AT7. The frequency of operation is 400 VHz.)

The second wi sdomis the distributed amplifier. Normally
used in untuned anplifiers, the technique involves getting the
best useabl e high frequency performance froman anplifier
stage with a gain - bandw dth product limted by the avail able
technology. The idea is in part to enploy a |arge nunber of
stages chai ned together, with each stage having a gain of just
over unity. The overall gain is then the product of the gains
of each individual stage. Perhaps the best exanple is of the
vertical anplifier in a Tektronix 585, shown in figure 4.9,
which interestingly makes use of its own uni que approach to
stray i npedance cancellation. This anplifier has a stage gain
of 1.5 (about 2 dB), for an overall gain of ~1000 in 16
stages. The 3 dB bandwidth is 90 MHz. (The tube used is a

6DJ8. The adjustable grid and plate capacitances are about 1
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pF.)

urr35rf.cdr

Lo

Input First stage i Second stage i Balanced mixer

Figure 4.8. Receiver RF anplifier design of the
URR-35. (Sinplified, based on NAVPERS 92676 (1958,

fig. 7-26).

Out

tek585v.cdr (16 stages total in three sections)

Figure 4.9. Distributed anplifier used in the

Tektronix 585. (Sinplified, based on TEK 82 (1963,

3.5).
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Estimating the total avail able spectral resource.

i mpl i

Now all the details are in place to understand the

cations of Moore’'s |aw for the spectral resource:

Transi stor performance for a given |inew dth.

The year a particular linewidth will becone
commercial ly feasible.

The needs of wireless circuit designers for

transi stor performance.

The art of integrating a transistor device design

into a circuit environment.

Fromthis information set we can project the total allocatable

radi o spectrum over ti ne:

Y ear Linewidth, - | f; (GH2) Maximum frequency dlocatable...
for gan=15dB. for gain=6 dB.
1999 |0. 14 150 120 (80% f,) 37
2003 | 0.10 190 150 47
2006 |0.07 220 175 55
2009 | 0.05 240 190 60
- 0.01 280 224 70

Table 4.3. The trajectory of silicon for the anal og
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reality underlying the digital era of wreless
conmuni cations: Total allocatable radio spectrum?®

(Linewi dth shown is that achi evable for MPU gates.)

1.3. The extent of the spectral resource.

If the trajectory of linewidth is understood it becones
possi bl e to design public policy concerning new uses for the
spectral resource, so that spectrum can be allocated in a
coherent and tinmely way coincident with the depl oynment of new
products. Specifically, wireless digital tel ephony could be
all ocated spectrum that best facilitates a busi ness nodel
tailored to the need for universal connectivity. | propose
such a new class of service in the remai nder of this chapter.

I n existing circunmstances such is precisely the process
enpl oyed in planning for new mlitary applications of
spectrum wusually by the National Tel econmunications and
I nformati on Agency (NTIA) in collaboration with the mlitary

establishment (Bush, 1985, 2.4-2.5). The NTIA is charged with

6

The cutoff frequencies shown are for high mobility field
effect transistors fabricated on gallium arseni de substrates,
using X-ray |ithography (Heaton). An energing |ow cost
alternate technol ogy, especially suited for consuner
applications, is that of silicon-germni um heterojunction
transistors. The high frequency gain and noise
characteristics for Si-Ge devices are likely to be sonmewhat
di fferent.
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managi ng U. S. governmental uses of the radio spectrum whereas
t he FCC manages civilian uses of the spectrum The result is
that at present the defense industry is the first to realize
new uses for the high frequency Iimt of the spectrum to
acquire the spectral resources it wants, and to extract rents
fromthe deploynent of new tel ecommunications technol ogies in
mlitary systenms. |If one believes that resources should be
enpl oyed to the highest and best use, and that the highest use
of material things is to better the ot of humankind in tines
of peace, then the existing dynam c of allocating newy
accessi bl e spectrum nust be turned on end. Besides, if
pseudonoi se digital modulation is enployed in private market
applications, the mlitary could still, if needed in tinme of
war, overlay its systenms on the sanme spectrum The whol e idea
of giving the nost advanced spectral resources over to
mlitary uses then becones superfl uous.

The spectrumcurrently available for civilian use is
managed by the FCC. The spectral allocation processes as
utilized by the FCC are a little nore conplex and consist of a

series of largely inconpatible policy approaches:

- There is nore that one FCC group | ooking at new
t echnol ogi es.

- Pi oneer preference awards.

- Lotteries for the awardi ng of broadcast spectrum and
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800 MHz cel |l ul ar

- Spectral auctions for PCS.

- As needed for |and nobile. There are even FCC
proposals to auction slices of the VHF public
servi ce band, those auction bl ocks being interl eaved
with traditionally all ocated spectrum?

- Per f ormance bonds of billions of dollars for rights
to satellite spectrum assignments.

| suggest that ending the bottleneck (Econom cs and
Technol ogy, Inc. & Hatfield Associates, Inc., 1994) to
econom cally feasible conpetition in the market for | ocal
access to the tel ecommuni cati ons market, and keeping rural
t el ephone service affordable are of such strategic inportance
that it is worthy of the application of the npst advanced
devi ce technol ogy and the acconpanyi ng hi ghest frequency
spectrum -- particularly in a peacetinme nmarked by the absence
of any sophisticated mlitary threat. The difficulties with
restricted conpetition in the existing choices for wireless
t el ephony were discussed in chapter three. But unless the
spectrum allocation is paired with a wise institutional choice
for a market-based approach to deliver the benefits such
technol ogy prom ses, we will be doing little nmore than

mrroring the nonopolistic or oligopolistic abuses of existing

7

Visit the FCC Wb site Auction pages for information and
proposed spectrum maps.
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wi rel ess nechani sm designs, or replicating the information
costs and attendant inefficiencies of traditional regulatory

approaches.

A fundanmental policy inplication of the trajectory of silicon
for radio frequency spectral resource managenent: A fi nal
scarcity.

Over the | ast few decades especially, the radio spectrum
has been viewed as an ever-expandi ng resource, where the total
avai | abl e spectrumis taken to be largely a function of the
econom cs of telecomunications equi pnment engi neering. The
devel opnent of integrated circuit techniques for mcrowave
frequencies and the transition to digital nodul ati on schenes
have over the | ast two decades lent that view of a limtless
resource a seem ngly unshakeabl e realism

But my explanation of the trajectory of the technol ogy of
m croelectronics and its inplications for radio frequency
desi gn denonstrate that the upper bound of the spectrumthat
will be econom c for consuner products will be about 225 GHz,
and that this Ilimt will be attained just a single generation
hence. At the sane tinme digital encoding schenes that
increase circuit capacity cannot do so w thout fundanentally
trading off the human qualities of speech or visual inmages,

setting limts to what the digital era can bring to the
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spectrum managenent table.® It is well understood that the
demand for tel ecommuni cations grows exponentially.

The clear inplication is that the scarcity doctrine that
has enpowered the FCC until now, and which many woul d prefer
to cast off in the transition to the new era of digital
wi rel ess communi cati ons, appears only to those whose vision is
cl ouded to be no | onger operative. |In just shy of a
generation, as the digital age is fully upon us and we have
finally travel ed down the path of silicon, the scarcity of the
spectral resource will once again be as apparent to us as it
was prior to the 1970s. We will once again confront the need
to design just institutions for the allocation of the spectrum
resource to human needs.

There is a wi ndow of opportunity to design wreless
t el ephony systens that serve the human need for genuine
relation and beneficial markets and that make fair and w se
use of the spectral resource that is of God and under the

st ewardshi p of peopl e.

8

Footnote: That |limt appears to be about an eight-fold
i nprovenent in channel capacity at nost (see Cox, 1996, 229
and Kucar, 1996, 252-3).
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Section 2. Technol ogy for EDCT.

2.1. Service features desired.

The objective of EDCT is to provide universal voice and
data connectivity at extrenely |low cost, so that conpetitive
provi si on of tel ecommuni cati ons becones practical, even in
areas of |ow population density. | wish next to define the
| evel of performance and service features for EDCT voice and
data services. To create a “drop in” replacenent for existing
wireline rural |ocal service, we can rely heavily on the
measures of infrastructure deploynent fromthe survey
conducted of W sconsin tel econmuni cations service providers®
for gui dance concerning the kinds of service features desired.

For digital wirel ess provision of voice grade circuits,
sonme consi deration then needs to be given to the technical
I ssues of data rate, acceptable signal-to-noise ratio, and
encodi ng nmet hods. For data service to provide, say, |nternet
access, there is considerable flexibility in defining data
rates. A convenient starting point is to survey the
performance of existing high speed alternatives for
residential access. The data service bandw dth offered to

subscribers is going to inpact the fixed cost of the

9

Chapter three contained a nultivariate analysis of that
survey. The advanced service features listed there are those
whi ch society has previously decided are key to attaining

uni versal service goals.
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subscri ber equi pnment, as well as the spectral congestion
charge for airtime. Finally there will need to be sone
di scussi on of other service characteristics that are unique to

t he new cl ass of service envisaged.

Voi ce service characteristics.

As was discussed in the nultivariate analysis, wreline
service providers have as a strategic choice the extent to
whi ch they depl oy advanced service features in their service
territories. The nultivariate analysis used the neasures of
infrastructure deploynment listed in appendix B. The vari abl es
|isted there can be condensed into the follow ng nmeasures of
advanced service features for the existing wreline network,
as shown in table 4.4 below. A digital wireless |local |oop
either inherently provides for many of these service features
or the features reside in the central office swtch. As a
result all of the advanced features of traditional wreline
t el ephony are readily provided. Wth rural wireline service
under rate-of-return regulation, substantial nonies are being
al located to attain these universal service goals. EDCT would
enabl e these societal goals to be realized privately and at a

much | ower cost.
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Extent provided for in network:

Service feature Wireline Cellular EDCT

Lines served by a digital switch most 100% 100%

ISDN narrowband lines little N/a 100% (1)

SS7 compatible switches most 100% 100% (2)

Enhanced 911 capability most little (3) 100% (4)

Digital transmission 100% 100% 100%

Notes:

1. EDCT can provide for ISDN data rates through an appropriate choice of voice
channel bit rate, thus providing brl service levels for voice or data.

2. For the most part, EDCT cell sites would act as tandem switches.

3. Cellular providers are under FCC mandate to provide radiolocation for 911 calls
placed over their network, but little deployment has occurred to date.

4, EDCT is inherently a fixed wireless service, so subscriber location is known.

Table 4.4. Advanced service features for universa

service.

Speech codi ng consi derati ons.

The choice of the digital circuit data rate, acceptable
signal -to-noise ratio, and encodi ng nmethod not only establish
the perceived quality of voice conversations, but for EDCT
woul d determ ne the extent to which a voice-only custoner
woul d be able to press the link into service as a basic
I nternet connection. The existing wireless tel ephony
standards trade voice quality for other factors, reflecting
del i berate choices nmade to effect tradeoffs between signal
processi ng requirenents, network capacity, battery life,

handset cost and the like. Cox (1996, 228-9) explains that if
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speech quality considerations are set aside, |owering the
encoding bit rate to as little as 8 Kbps (as in |IS-95) can
result in a cell site capacity inprovenent of as many as 30
times over a lowtier PCS inplenentation. However, signal
processing requirenments are greatly increased, and speech
quality is significantly degraded (See al so Cox, 1992, as
cited in Cox, 1996).

We are targeting customers with the follow ng
characteristics affecting the choice of speech coding rate:
- Low to noderate popul ation density.
- Circuit congestion expected to occur only at
peak tines.

- Subscri ber hardware cost is a mmjor concern.

- Nearly all customers will want basic Internet access,
while some will want high bandw dth connecti ons.
- Custoners will expect voice quality equal to wreline.

G ven these needs | propose a bit rate equal to | SDN br1,
which is 64 Kbps. All custonmers will then have the sane entry
| evel voice / data options as do wireline |ISDN custoners: that
is, two excellent voice |lines, voice plus fax, voice plus data
at anal og nodem speeds, or FM broadcast grade audio. As a

bonus, extending lifeline-like service to the |owest incone
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residents would require only m ni mal hardware cost.?
Finally, if the subscriber link operates w thout speech
codi ng, then coding algorithms my be enpl oyed on the network
backbone, sharing the costs of the additional signal
processi ng that would be required anong end users and

I nprovi ng network efficiency.

Dat a service characteristics.

Hi gh speed Internet access to the hone neans different
things to the purveyors of technology alternatives to anal og
nodens. The principal alternatives at present are |Integrated
Services Digital Network (ISDN), Asymretric Digital Subscriber
Loop (ADSL), the cable industry @one nodeminitiative,
DirecPC, and Multipoint Distribution Service (MDS). | wll

| ook briefly at each of these in turn.

10

Broadcast grade audio provides a way to originate feeds for
school sporting events, religious services, town neetings and
the |like that help create community. |[|f voice-only service
can be provided at a | ow enough cost, then subsidizing
lifeline service becones unnecessary. Both inply a higher
speech coding rate.

11

Later | explain that the subscriber frequency “slices” are
generally chosen where there is high atnospheric absorption,
so that efficiency in end user links is of |esser inportance.
On the other hand, backbone frequency bl ocks will have a nuch
| arger frequency reuse range and aggregated traffic. (In an
ur ban i npl enentati on speech coding in subscriber hardware may
produce the | owest overall cost.)
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| SDN and ADSL.

| SDN basic rate service at 64 Kbps has on average about
twi ce the throughput of 56 Kbps anal og nodens. ADSL is not a
single standard, but a series of largely inconpatible
standards falling under International Tel ecomrunications Union
(I'TU) Goup G 991. The various existing protocols have
downstream (to the subscriber) data rates ranging from 768
Kbps to 8 Mops (Raynovich, 1999), with 1.5 Mops “G lite”
(G 992.2) possibly energing as the nost common. Regrettably,
actual throughput data rates are not assured, as the network
aggregation points (known as DSLAMs) do not have bandw dth
managenent features. To date ADSL nodem depl oynment has been
consi derably | agging that of cable nodens, with but one tenth
the install ed base (Raynovich, 1999, 39), partly because a
coherent standard won’'t be available until the end of 1999,
and partly because |ILEC “foot draggi ng” on unbundl ed access to

copper seens to be interfering with the formation of a market.

Cabl e industry @ome™ initiative.

Activity in cable nodens is centered on a single
technical standard, DOCSIS v1.1 (Weinschenk, 1999), wth
fifteen nodem manufacturers scheduled to undergo certification
testing in 1999. Data rate specifications are a little scarce

at the nonment, but a not certified product, the Mtorola
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Cyber SURFR™ (Mot o, 1999), has a downstream peak rate of 10
Mops over a shared 30 Mops channel and an upstreamrate of 768

Kbps.

DirecPC™ satellite provision of Internet access.

Hughes Data services (HDS, 1999) has an offering that
provi des instantaneous downl oad rates of 400 Kbps, and a
conti nuous caching of nost popul ar pages on the hard drive of
the end user conputer. The satellite termnal is simlar to
the Dish TV-like services, neaning that it is receive only.
Thus data from end users nust travel over a wireline link

t hrough a | ocal Internet service provider.

Mul ti point Distribution Service.

Zita (1999) is of the opinion that MDS is an especially
prom sing architecture to provide Internet access, but that
nost deploynents will be in countries with i nadequate w red
infrastructures. MDS operates at 10, 28, and 38 GHz. For the
W nSt ar Conmmuni cati ons product data rates are available from8

Mops up to T3 (in beta testing) (Zita, 1999).

W rel ess nodens.

Finally, with respect to wireless nmodem products offered

for computer networking, Kucar (1996, 218) points out the
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consi derabl e problens with product churn, |ack of clear
standards, and | ack of appreciation by the conputer industry
of “the vagaries and needs of a reliable radio system” Kucar
observes data rates for wireless | ocal area network (WLAN)
products ranging from perhaps 768 Kbps to 15 Mops (for the

Mot orola ALTAIR 18 GHz product), with the mean bei ng about 1-2
Mops. \While never intended as a neans of providing
residential service, WLAN nodem technol ogy is nevert hel ess

i ndi cative of what can be presently attained using digital

spread spectrum techni ques.

Sunmary of data service offerings.
The data services that will be of interest to either
consuners or small independent service providers are

summri zed here in table 4.5:

Type of Data rates (Mbps) Target

Service Max. Typical (D/U) customer

ISDN 0.12 0.064 consumers

ADSL 8 1.5/05 consumers, small business
Cable modems 10 ??10.768 consumers

Satellite IP 48 2to 8 ISPs, overseas or extreme rural
DirecPC cache 0.4/0.05 consumers

MDS 48 8 business, CLECs for trunking
WLAN modems 15 3 business (campus environments)

Table 4.5. Data service offerings for non-1large

cust onmers.
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Proposed data rates for EDCT.

Presently the objective is to extend “Internet |I" (what
is presently known as the Internet) to rural areas, but
eventually “Internet 11”7 connectivity will be expected. Thus
we wi Il need a system architecture that can handle a mgration
fromT1l rates to T3-like rates for high tier custoners.
propose three product generations of data rates: 768 Kbps, 6

Mops, and 48 Mops.

Ot her service features of EDCT.

| believe that only spectral congestion pricing affords
sufficient flexibility in pricing high speed access to enable
orderly growth, across generations of product realizations, of
a seanl ess and enduring new rural network for voice and data.
Below in table 4.6 is a summary of the key specifications for
t he proposed EDCT. Some of the specifications have been
di scussed already, others are discussed below, and the rest in

the final sections of this chapter.

Busi ness nodel .
As | discussed in chapter two, the radio spectrumis to
have a resource cost assigned, based on spectral congestion.

Cell sites are to conduct spot radionmetric neasurenments of
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excess noise in their service area and set airtime usage
pri ces based on the present |evel of congestion and the
bandwi dt h required by the pending subscriber connection.

The role of the FCCis to be that of conducting area
noi se surveys to prevent overuse and resulting deterioration
of the spectral resource. Digital nodulation inherently
provi des for full deploynment of the advanced service features
that have traditionally been seen as universal service goals
in the wireline era. The other goal of regulation --
attaining marginal cost pricing in the presence of a natural
nonopoly -- is now best attained by exploiting the cost
trajectory of silicon to bring the fixed cost of entry into
the reach of the working class, while preventing governnment

fromestablishing any criteria that restrict entry.



Voice service:

Voice channel encoding rate:
Number of voice grade lines provided:
basic data rate:

Universal service advanced features:
Modulation:

Speech encoding:

Minimum acceptable signal-to-noise:

Data service:

Data rate:
first generation:
second generation:
third generation:

Modulation:

Data caching:

Physical specifications:

frequency of service (subscriber):
first generation (year 2000):
second generation (2006):
third generation (2012):

Network backbone frequencies:

Size of transmitter / receiver modules:

Power requirements:

Business model:

Spectrum assignment method:
Subscriber unit target cost / life:
Cell equipment target cost / life:
Ownership model:

Competitive access:

Service outages:

Table 4.6. EDCT:
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64 Kbps.

2 (if only one circuit is in use, it takes all 64 Kbps).
32 - 64 Kbps (over 1-2 voice channels).

E911, SS7, digital switch, ISDN br1.

Pseudonoise BPSK, little to no FEC (r ~ 1).
32 - 64 Kbps ADPCM (CCITT standard)
25 dB end-to-end (voice).

0.768 Mbps.
6 Mbps.

48 Mbps.
Pseudonoise Golay, r ~ 0.5.

Service provider to cache data in local demand.

55 to 65 GHz (slices therein).
110 to 120 GHz.

165 to 194 GHz.

134 to 151 GHz, plus near subscriber frequencies.
About 4 cm (1.5 inch) in diameter.

12 volt, with local battery standby power.

Uncoordinated; spectral congestion pricing.
$200 / 5 years (without data service capability).

$10,000 / 10 years.

(See text.)
(See text.)

(See text.)

Proposed key service

characteristics and specifications.
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2.2. System architecture.

Traditionally the nore specialized governnental services
have been allocated to the highest frequency spectrum because
such services have been better able to justify the higher
costs of utilizing radio spectrum frequencies at the upper
limt of the spectral resource. Wiile it has been true that
it is nore costly to design services for the upper bound of
the spectrum the trajectory of the technol ogy of silicon
ultimately undoes this assunption (bel ow about 225 GHz),
especially for mass markets. |In addition to the increasing
el ectrical circuit densities and perfornmance that were
chronicled earlier in this chapter, mechanical structures
(i.e., antennas, disk drives, analytical instrunmentation)
fabricated using the technology of mcrolithography have their
key quality characteristics of speed of operation, cost and
reliability scale as the inverse fourth power of size (Guckel,

1990) .

Ant enna structures suited to EHF.

Mor eover the m cromechani cal devices so manufactured can
be nmade with extrene di nensional accuracy and fully integrated
with their associated electronics. Thus the cost of box-1evel
consuner tel ecomruni cations products for EHF can in principle

be nmuch |l ower than for current design approaches that conbine
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chips onto boards with discrete antennas. Two photos of a
m cromechani cal antenna appear in the electron m crographs
bel ow, along with an exanple of a bandpass filter elenment (the
key conponent of a diplexer).* All three exanples are of
el ectropl ated gold and are suitable for use at 90 GHz. The
requi red lithographic technique is |ess sophisticated than
that illustrated in figure 4.3, the key requirenent being

di rensi onal accuracy over the total size of the structures.

50 1888n KDI9

T3AZ3MP

12

These three non-copyrighted i mages were obtained in a private
communi cation on 04 MAR 98 from Prof. Steven S. Gearhart,

El ectrical and Conputer Engi neering, University of Wsconsin:
Bpf _a.tif; tsa3.tif; tsaseml.tif.
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Fi gures 4.10. through 4.12.
A 90 GHz (15 dB gain) tapered
slotline antenna (above two
i mges) and a bandpass filter

element (left) for 90 GHz

EPT_A_OMFE

15KU %13 BB1Z 1880.8U TUKNS (Gearhart, 1998).

It is interesting to conpare the tapered slotline antenna
shown above to the 2 GHz horn antennas nounted on top of the
m crowave relay tower shown in the next figure. The 2 GHz
ant enna has an aperture of about 5 neters and a gain of about
30 dB. The 90 GHz antenna isn’t directly conparable, but one
can easily envision the scaling of cost and reliability as
frequency increases. Mre wll be said about the cost
structure of tel ephone service based on devel opnents in the

trajectory of silicon in chapter five.
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Figure 4.13. AT&T Longlines

Di vi sion m crowave relay tower.

EDCT system desi gn exanpl e.

Next let’s design a tel ephone system architecture for EHF
that takes full advantage of recent devel opnents in
m croel ectronics and m cronechanics. | discuss the
propagation characteristics of EHF radi o waves in chapter

four, section 2.3 a few pages hence. | need to carry forward
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to the present discussion just two ideas: First, the working
range of a subscriber communications link will vary fromtwo
to ten kilometers, depending on the precise frequency chosen.
Second, there must be a clear line of sight to each
subscriber. The task is to design a network that provides for
the desired service features and takes into account these
techni cal constraints.

Let us define four basic types of integrated antenna and
transmtter / receiver (T/R) nodules. The types are |isted
below in figure 4.14. Each nodul e need be no |arger than a
pi ng- pong ball, given that noderate gain antenna structures at
EHF frequencies are but a centineter in size. It is best to
| ocate the T/R electronics right at the antenna, in order to
avoi d degrading the system noise figure. The connection to
the T/R nodule is a twisted pair wire or short-haul fiber
optic cable that carries a digital information stream at
baseband frequencies. (By baseband | nmean directly encoded
information prior to its attachment to a radio wave.) The
st andar di zed nodul es can be conpletely seal ed and mass

produced.
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S Type S is a basic end user T/R unit
for use with terminal equipment.

Type R is a repeater unit to extend range
R to end users not in sight of a cell site.

Types Ct & Cr are cell site units used to
Ct. Cr connectto clusters of end users. High
’ bandwidth end users may also use these
as terminal equipment T/R units.

Bt, Br  Types Bt & Br are backbone links to a
remote terminal or central office switch

- Represents a transmitter / receiver with
baseband digital connection to processor.

VANVANVANVANVAN

ehfnetl.cdr

Figure 4.14. Type definitions of transmtter /

recei ver nmodul es used in EDCT network topol ogy.

The type S nodule would be the kind to be attached to
subscri ber dwellings. Cell sites would use type C nodules to
communi cate with clusters of subscribers. 1In addition end
users desiring the wi dest possible bandw dth connection nay
use a type C nodule on-prem ses to nake a dedi cated high speed
link. Type B nodul es are used for network backbone I|inks
bet ween cell sites or between a cell site and a central office
swi tch.

The type R repeater nodule is unique to this proposed
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system architecture. In rural areas, particularly in hilly
terrain or in the | owest popul ati on density areas, sone
subscribers will not be in direct view of a cell site.

However the density of customers will nmake it not economc to
depl oy an additional cell site. By linking those custoners
instead to the nearest subscriber with a good view of a cel
site, the range can thereby be extended. Because the repeater

is adigital link, there is no degradation in circuit quality.
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Figure 4.15. The future of fixed wreless: EDCT

subscri ber installation.

The type R nodules are to be interconnected with type S

nodules in a way that is separate from a subscriber’s baseband

signal processor. Figure 4.15 above shows a typical

subscri ber install ation.

In a subscriber installation it is anticipated that the
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baseband link will be copper twisted pair to mnimze cost and
reduce demands on installer skill. The baseband signa
processor would [ ook outwardly nmuch |ike a contenporary
wireline Network Interface Device (NID), except that here
t here woul d be an optional Ethernet port for data and sone
intelligence to manage account information, nuch |ike the
Smart Card on GSM handsets. The various conponents would
sinply plug together, rmuch like “Dish TV" subscri ber
termnals, but with even sinpler antenna aimng requirenments.
The subscriber information card could, at |least in areas of
| ow fraud, be renptely managed. The voice port is intended to
provi de a powered anal og | ocal |oop, so that the existing type
of tel ephones, that all custoners are famliar with, my be
used.

In order to provide independence fromelectric utility
service interruptions, an external 12 volt backup battery
woul d be provided. The capacity of the battery could be
tailored to the expected reliability of electric service in a
given area. Additionally, if the subscriber package is
designed to operate off of 12 volts, a cigarette lighter
adapter could be issued for use during extended outages, as
occurs during the occasional severe ice stormor tornado, thus
gi ving people sonmething useful to do with their cars when

under siege by Mt her nature.
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Next let us look at a typical cell site, pictured bel ow

in figure 4.16:

_/ Br Backbone
Links to c >rlic ink to LEC
end user é C >. Bt switch
clusters
CLirKlc
power / Private switch
distribution with DSP cards
=
]
=[N
supply
3
in]
=h]
Earth ——
gtound \ Customer
ehfnet3.cdr management
Figure 4.16. Joe’'s Cell Site and Data Sprayer Servi ce.

The principle underlying the proposed cell site architecture
is to mnimze the fixed cost of entry for service providers,
conput er - based si gnal

by taking full advantage of personal
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processi ng cards now avail able for conputer tel ephony
applications, and the extrenely |Iow cost of the T/R nodul es.
(See Jainschigg (1999, 8) for a 60 channel PCI card using |ITU
G. 723.1 speech encoding.) Then many people will find it
within their means to provide service to their neighbors. A
busi ness of this type would be conparable to the other kinds
of service businesses that operate in a rural econony. The
ant enna support structure could be a wooden tel ephone pole, or
for that matter, a pretend tree. (See Locicero (1996, 21) for
phot os of commercially avail abl e antenna support structures
t hat have the appearance of white pines.) The baseband data
i nk would nost likely be fiber optic, to provide inmmunity
fromlightning.

As envisaged a cell site would be simlar in conplexity

to a cross between a business PBX, which requires sone

adm ni stration of individual custoners, and an amateur radio
packet bulletin board service (BBS), which involves the
installation of off-the-shelf radi o equi pment, personal
conputers, and BBS software. For both the PBX and radi o BBS,
the |l evel of provider skill required is a high school degree,
a technical inclination, and sone training or experience. An
i ndustry association could provide standard software packages
and support to service providers. | propose the cooperative

ownershi p of any such associations. University extension
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school s could provide operator certification, as has
traditionally been done at the University of Wsconsin and
el sewnhere for anal og cellul ar operators.

The next two figures, 4.17 and 4.18, illustrate the
relati on between the public switched tel ephone network and
EDCT service providers. Sone of the local traffic could be

handl ed sol ely over EHF |inks between provider cell sites.

IXC/
- Tandem / OS CLEC
. ) network
] _
S ,atink Bﬂ L7
s prrrinr — ;- Dedicated
. NSRS «  transport
Common transport P . !
O - Direct ©
e - /transport £
o o
2 [ 0=
L 4 L
Copper\ B i
feeder eders To provider
| |3 s cell site
e Wireless feeder
% ‘GL_,} o ————— o ———————— i —— — o —
g Independent provider cell site
Wireline &E) B
distribution [ cD>rlic
N c
Private switch ch
. C
with DSP cards
—E—3
Traditional In)
customers —
=
—]

N

Figure 4.17. EDCT: Unbundl ed network di agram

ehfnet4.cdr
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Access to the built-up areas of |ocal communities and
i nterexchange carriers (I XCs) would nost |ikely be by
I nterconnection with an existing wireline provider central
office (CO switch. Signaling System 7 (SS7) functionality
can be extended fromthe COto the EDCT cell sites by a | ower

data rate secondary channel.

ehfnet5.cdr

Traditional wireline customers

I
i
i
= ReS|dent|aI
i
i
i

Ov SAI
B 1
Central Remote
office | 2 | terminal Small
business

Centrally managed
fixed wireless

customers

ra\
e B ¢
(O—= B <
s
C > R
Distributed web of B kl:' @

S
independent providers 4

Figure 4.18. An overall view of a rural tel ephone
network that uses a m x of technol ogy, including

EDCT, and owner shi p.
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Figure 4.18 above gives a global view of a rural network with
various interconnected service providers. Note that there are
four ways to interconnect to the incunbent firms CO swtch:
1. Traditional copper trunks to wireline custoners in
the build-up core of the community.
2. Fi ber optic trunking to renmpte termnals in ex-urban
devel opnent s.
3. W rel ess EDCT provider owned backbone |inks that
term nate at the swtch.
4. I ncunbent owned fiber optic or thin channel
m crowave trunks to i ncumbent or independent EDCT

service provider cell sites.

The bottomline for EDCT is that a | owcost, feature rich
network can be built that creates opportunities for small
i ndependent operators to provide advanced tel ecomuni cati ons

service to the members of their |l ocal conmmunities.
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2.3. Allocation of the spectral resource to EDCT.

The unfolding of the extent of the radio frequency
spectral resource in terns of the enabling trajectory of
m crolithography was explained in the first section of this
chapter. Here we want to understand enough of the unique
qualities of extrenely high frequency (EHF) radio wave
propagation, so that w se choices can be made about how to
best use the resource for providing |ocal telephony and the
many ot her cl asses of telecommunications service that benefit
from EHF frequencies. Then specific recommendati ons can be
made about which portions of the spectrum m ght be all ocated

to this new class of service.?®

Overvi ew of EHF spectrum usage.

Adm ni strative aspects of the allocation of radio spect-
rum were discussed in chapter two, but the basic principles in
domestic affairs are “first-cone-first-serve” and on an

I nternational basis collegial relations between nations.

13

| must introduce a constraint at the outset. There are snal
slices of the EHF spectrum that have been set aside for

amat eur use, often on a non-exclusive basis. | feel these
need to be left alone for the future benefit of society. The
reason is sinple: It is nmy |ove of the technology of radio
communi cations, nmerged with a desire to create sonething
better for others, that notivates ny work. | amnot the only
one who wi Il experience such a sparkle of inspiration.

(See Pocock (1999, 85) for a list of the amateur bands above
10 GHz.)
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Tel ecommuni cati ons services that have already been all ocated

slices of the spectrumare summari zed below in table 4.7:



Freq. Attenuation
(GHz) (dB/Km)
54.25-58.2 6-20
58.2-59 20-100
59-64 100
64-65 100
65-66 50
66-71 20
71-72.91 10
72.91-75.5 9
75.5-81 6
81-84 4
84-86 3
86-92 3
92-95 2.5
95-100 2
100-102 2.5
102-105 3
105-116 3-20
116-126 20-100
126-134 4-15
134-142 15
142-149 1.8
149-150 1.8
Notes:

Use
(See key.)

EES, F, IS, M, SR
EES, RA, SR

F, IS, M, RL

EES, SR, RA

M, F, SR, EES

M, RN, MS, RNS

M, F, RA, MS, FS, RNS
M, F, MS, FS
AMAS, AMA, RN
MS, FS, M, F

BCST sat., BCST, M, F
EES, SR, RA

FS, RL, M, F

RL, RN, RNS, M, F
SR, EES

FS, M, F

EES, SR, RA

EES, SR, IS, B, M, F
IS, RL, M, F

RL, RNS, RN, MS, M
AMA, AMAS, RN

FS, M, F

Freq.

Attenuation

(GHz) (dB/Km)

150-151
151-164

164-168
168-170

170-174.5

174.5-176.5
176.5-182

182-185
185-190
190-200
200-202
202-217

217-231
231-235

235-238

238-241
241-250

250-252
252-265

265-275
275-300

1.8
3
3-10
10
30

50
100

30

(0]

O© o o1 oo o1 0101 OO
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Use
(See key.)

SR, EES, M, FS, F
FS, M, F

SR, RA, EES
M, F

IS, M, F
EES, IS, SR, M, F
IS, M, F

EES, SR, RA

IS, M, F
RNS, RN, MS, M
EES, SR, M, F
FS, M, F

EES, SR, RA

RL, FS, M, F
EES, SR, FS, M, F
RL, FS, M, F
AMA, AMAS
EES, SR
RNS, RN, MS, M
RA, FS, M, F
M, F

1. All uses above 32 GHz are considered as primary, except radionavigation.
2. All allocations are shared on a government / non-government basis, except

75.5-76, 142-144, and 248-250 GHz, which are non-government exclusive.
3. ISM bands appear at 122.5 +/- 0.5 GHz, and at 245 +/- 1 GHz.

4. Attenuation shown is total for all sources exclusive of rainfall, for a path normal

to the surface (see Bulletin No. 70, 1997, figure 5), and a humid atmosphere.

5. Absorption peaks are at 60, 120, 180, 315 GHz, and are due to oxygen and water vapor.

Usage key:
F Fixed EES  Earth exploration satellite (passive)
M Mobile SR  Space research (passive)
MS Mobile satellite IS Intersatellite links
FS Fixed satellite RNS  Radio navigation satellite
RN Radionavigat. ISM Industrial, scientific, or medical
RL Radiolocation RA  Radio astronomy
Table 4.7. U S
table, 54 - 300 GHz.
NTI A (1996), FCC (1996),

and FCC (1997,

AMA Amateur

AMAS Amateur
satellite

BCST Broadcasting

Alloc96.wpd

radi o frequency spectrum all ocation

Slightly abbreviated and based on

8).
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Whil e the spectrum may appear to be already “divvied up”
anong many different kinds of services, closer exam nation of
the Spectrum I nventory Table (FCC, 1996) reveals that there is
at present little congestion above 42 GHz. Besides, as we saw
earlier in table 4.3, sem conductor |inew dths just now nake
it economc to consider fielding products for the mass nmarket
at frequencies to 37 Giz. At the other extreme, spectrum
above 225 GHz is likely to never be anmenable to consumner
products, according to the technol ogy assunptions of this
thesis. Note however that there are already passive imging
activities, including radio astronony, underway throughout the

spectrum 4

Techni cal features of EHF radi o propagation.

EHF frequencies, also known as the mllinmeter waves,
exhibit certain interesting characteristics when traveling
t hrough the Earth’ s atnosphere. Such propagation
characteristics can either be foolishly ignored or constitute

uni que advantages for tel ecomruni cations service stakehol ders.

14

A good exanple of current radio astronony research activity is
the MSAM2 mi | lineter wave tel escope experinent of Cordone,
Tinmbie, et.al. (Unpublished) This 1.3 neter dia. tel escope
operates at five frequencies from65 to 170 GHz. The first
bal | oon flight occurred in June, 1997. The objective is to
observe the large scale structure of the universe to test
various theories of the origin of the universe.
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FCC Bul l etin Nunber 70 (FCC, 1997) provides a good overvi ew of
t he decades of enpirical work concerning the various factors

that affect EHF communicati ons system design. There are three

key attributes of mlIlinmeter wave propagati on:
1. Li ne- of - si ght conmuni cati on.
2. At nospheric absorption resonances at intervals

t hroughout the spectrum caused by both water and
oxygen nol ecul es.
3. Signi ficant additional absorption caused by pl ant

foliage and precipitation.

All of this may sound rather bleak, but nmuch of it may be

turned to advantage. The absorption peaks at 60, 120, and 180

GHz provide excellent opportunities for short range

communi cation links that are relatively secure from

eavesdropping and efficiently use the spectral resource.

I | Figure 4.21. Practi cal

range60.cdr
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55 60 65 (based on FCC, 1997, 12).
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For exanple, consider the inpact of the absorption peak
at 60 GHz on the design of a hypothetical eight Mps digital
fixed link (FCC, 1997, 12), portrayed in figure 4.21 above.
The working range is the maxi mum practical distance over which
t he communi cations |ink can be maintained with an acceptable
bit error rate and systemavailability. The key factors
det erm ni ng working range are the three key attributes of EHF
propagation nentioned just above. For a systemwth antennas
about ten nmeters above ground, antenna hei ght caps the working
range at a little under ten km As one approaches the
absorpti on peak, atnospheric absorption begins to dom nate and
further constrains the working range. The frequency reuse
range i s the separation distance between two (fixed frequency)
users that assures that nutual interference will be below an
accept abl e | evel

Intersatellite links are present for use in space at
t hose frequencies where the total atnospheric absorption is
hi gh, effectively shielding those comruni cati ons from ground-
based interference or nonitoring. Interestingly those sane
at nospheri c absorption peaks centered at 60, 120 and 180 GHz
woul d in a conplenmentary way prevent space-based interception
of private terrestrial tel ephone conversations. Thus private

and governnmental users may share the same bands w t hout nutual
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i nterference.

On the other hand 134-151 GHz has very little absorption
and woul d be especially good for network backbone links. 1In
fact the discussion here about restricting the working range
shoul d not be taken as inplying that EHF frequencies are only
useful for short range communications. Recently a group of
amat eur radi o operators in the Chicago, IL area used 24 GHz,
60 mlliwatt T/R nodul es designed by station DB6NT and 1/3
meter dish antennas to span a 113 km path across Lake M chi gan
(Pocock, 1999a, 92). Wiile not a |long distance record, no
nount ai ns were used in this effort. They report typical

results of 80 km over | and paths.

Spectrum managenent recommendati ons.
Frequency choices for EDCT.

The frequency reuse range for subscriber comrunication
i nks may be consi derably reduced or elimnated by using
di rectional antennas and uni que digital pseudonoi se spreading
codes. | propose using both approaches to maxim ze resource
utilization. Then the frequency offset fromthe absorption
peaks at 60, 120 or 180 GHz can be chosen to set the working
range for a particular group of subscribers. |If there are a
few (two to four) narrow “slices” of spectrum allocated in the

vicinity of an absorption peak, then the exact |link center
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frequenci es can be matched to the geographic distribution and
density of customers in a particular region.

For exanple for a first generation EDCT product design, a
region of very |l ow popul ation density may use a single slice
at about 52 GHz to cover widely separated users. A region
surrounding a rural Mdwestern community nmay use both 52 GHz
and 57 GHz. A low incone urban area may use 57 and 60 GHz for
subscri bers and reassign 52 GHz for a network backbone. Rural
areas will need a backbone frequency allocation with a working
range conparable to m crowave frequencies, for which anything
in the frequency range of 134-151 GHz will do. Successive
product generations may use progressively higher absorption

peaks.

| nprovi ng EHF spectral resource all ocation.

The upcom ng Worl d Radi o Conference 2000, to be held in
May of that year, will consider new allocations for fixed
wirel ess tel ephony in several new bands between 27 MHz and 66
GHz, ® making it inportant that changes in the acconpanying
conpetitive nodel to be enployed be considered in a tinely

manner (Staff, 1999, 89). It is no doubt too late to revisit

15

This activity is being studied in Joint Rapporteurs G oup JRG
8A/ 9B.
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institutional choices made for services at mcrowave
frequencies, but | would very nmuch like to see fresh thinking
applied to new service offerings at EHF frequencies.

Summarizing nmy work to this point, | propose refinenents
in spectrumusage that | list belowin table 4.8. The
techni cal foundations for these recomendations are table 4.3
of this thesis, which sunmarizes the inplications of
senm conductor device linewi dths for total avail able spectrum
together with the unique frequency dependence of atnospheric
absorption at EHF frequencies, as explained in FCC Bulletin

No. 70 (1997).

16

Having a bit of the blood of the Vikings in ne, when visiting
new | ands, | prefer to nake canmp where no one else is
presently living (which contrasts with the approach of the
Sout hern Eur opeans when the Anericas were discovered). |
suppose ny ancestry accounts for nmy fondness for the upper
reaches of the spectrum and ny hope that distributive
fairness will this tinme not be negl ected.
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Frequency range

42.2 to 225 GHz

Above 225 GHz

50 to 65 GHz

110 to 119.98 GHz

134 to 151 GHz

165 to 194 GHz

Institutional design consideration

National governments should consider spectral congestion

pricing for designing markets for new telecommunications
service offerings.

Private fixed and mobile, both satellite and terrestrial, uses
should be ruled out, in favor of governmental (i.e., military

and research) uses.

Allocate narrow slices of spectrum for first generation
pseudonoise spectral congestion pricing based
wireless local telephony.

2nd generation spectral congestion pricing based
wireless telephony.

Rural fixed wireless networking backbone terrestrial links.

3rd generation spectral congestion pricing based
wireless telephony.

Consid3.wpd

Tabl e 4. 8.

New consi derations for allocation of

radi o frequency spectral resource.

t he
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An exanpl e EDCT |ink anal ysis.
| provide an elenentary analysis of the conmunications
link froman EDCT cell site to a subscriber, for purposes of
illustration. The analysis is based largely on FCC Bulletin
No. 70 and on Ricci (1997, 161-8). | make some prelimnary
assunpti ons about EDCT transmtter and receiver

characteristics, included in table 4.9 bel ow

Transmtter:

Transmt power (0.1 watt) + 20 dBm

Ant enna gain + 6 dB

Feedl i ne | oss 0 dB
Recei ver:

Ant enna gain + 15 dB

Feedl i ne | oss O dB

Noi se figure 6 dB

Noi se floor (60 KHz instantaneous BW -117 dBm

Path | oss (52 GHz, one kmlink, one-way):

Free space | o0ss: 92.4 + 34 + 0 = 127 dB
Total attenuation through atnosphere,
(High humdity) (dB / km 3

(Specific attenuation @75 % hum dity:
O,: 0.3 dB/ km
H,O 0.1 dB / km

Resul ti ng signal -to-noise margin: + 22 dB

Ef fect of rainfall:
99.9 % link availability inplies an outage time
of 8 hours per year.
Precipitation rates of greater than 10 mm/ hour
occur less than 0.1 % of the year in Wsconsin.

At 52 GHz, precipitation attenuation at 10 nm/ hr
is 4 dB/ km

Table 4.9. EHF link analysis exanple.



227

Sunmmary.

In chapter three we saw the need for a new cl ass of
uni versal service for rural custoners, in the high Hatfield
predi cted cost of service for those custoners |living away from
built-up cores. W saw in the nultivariate analysis of the
W sconsin tel ephone industry how service providers m ght use
advanced service features nade possible by investnents in
digital switching and transm ssion to differentiate thensel ves
in the inmpending conpetitive environnment of |ocal service.
Frankly we saw how sone firns were better positioned to
conpet e than ot hers.

In this chapter we have conme to deeply appreciate the
force of the trajectory of silicon. The power of the silicon
era is both a destructive force, as the age of the digital
approxi mati on di spl aces the nore direct experience of the
analog realm and a creative force, making affordable the
t echni que of pseudonoi se nodul ati on and a new way of
approachi ng the problem of radio spectrumresource allocation.

| have built on the prom se of silicon, designing a new
class of rural fixed wireless telephony. EDCT is intended to
pl ace rural telephone voice and data service firmy in the
canp of the econom cs of silicon, using the declining costs of

EHF hardware, signal processing and packet switching to
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mnimze the fixed cost of entry for EDCT service providers.
In the next chapter we will explore the strategic inplications

of EDCT.
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CHAPTER 5. ECONOM C AND SCOCI AL ASPECTS OF EDCT

I nt roducti on.

The i nadequacy and unsustainability of the tradition of
rural wireline tel ephone service has been explored. The
engi neeri ng foundation of a new class of telephone service has
been laid. Now it is tine to explore the strategic
i mplications of EDCT. There are several aspects to consider
when exam ni ng the external environnment of EDCT service

providers, which |I explore in turn:

1. I ndustry formation and structure. | enploy the
st akehol der strategic analysis of Freeman (1984).

2. EDCT cost of service estimation. | utilize the sane
approach as was enployed in chapter three to
estimate the cost of service for the existing
cellular providers, so that direct interconparisons
can be made.

3. Esti mati on of the EDCT spectral congestion toll.
Here | continue the devel opnent of the spectral
congesti on nodel developed in chapter two. | turn
fromthe engineering foundation to the soci al
consi derations and econom c inpact of the resulting

revenue stream
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4. A cost and feature conparison of EDCT and the other
ki nds of tel ephone service avail able to consuners.

5. An exploration of the uniqueness of EDCT, conpared

to wireless services targeted at nobil e urban users.

The role and form of conpetition in rural markets for
EDCT nerits some discussion. Technol ogy choices and the new
pay- as-you-go approach to accessing the spectral resource
fully actualize contestability of rural markets for rural
voi ce and data service.! We will see that the fixed cost of
entry for an EDCT service provider is a fraction of the price
of an air conditioned tractor or a mlk truck. EDCT pron ses
to be a great second incone for farmfamlies. Local banks
shoul d come to see business |lending to EDCT as very simlar to
agricultural |lending. A used equipnent nmarket for EDCT cel
site hardware should flourish, with an industry associ ation
enforcing open standards. |If Susan doesn’'t |ike Joe' s prices
or quality or offering bundle, entry can occur. Subscribers
can play Susan and Joe off against each other in real tine by
plugging in extra type S nodules ainmed at their favorite
servi ce providers.

At the Federal |evel, the revenue stream from EDCT

1

See Baunol (1982) for an excellent intuitive introduction to
contestability theory; and Baunol, Panzer, and WIlig (1982)
for the details.
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spectral congestion tolls will be seen to have a net present
val ue of several billion dollars, making this new approach to
spectrum managenment quite attractive in relation to auctions.
But EDCT conplinents, rather than supplants the other wreless
choi ces. The urban nobile user and rural fixed wreless
subscriber will be seen to constitute wholly distinct

technical reginmes, calling for distinct institutions.

1. A stakehol der anal ysis of EDCT industry relationships.

The next task is partly to understand the rel ationships
that will envel ope EDCT upon the formation of that industry,
and partly to tailor those relationships to best advantage.
Note that | did not say to the best advantage of EDCT service
providers. EDCT is fromits inception an effort to privately
provi de an essential public good, making technol ogy choices
that inherently discourage sustainable rents or concentration
of ownership, while engendering |ow cost entry and exit, in
order to dramatically reduce the need for regul atory
oversight. It is inportant to cultivate and nurture over tine
a strategic vision of the EDCT industry that will bal ance the

interests of the service providers, subscribers, suppliers,
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t he public, and others.?

I ntroduction to stakehol der anal ysis.

| propose using the stakehol der anal ysis met hod of
Freeman (1984) to illum nate the strategic environment of
EDCT. The first step in applying stakehol der analysis is to
identify all the various parties that are affected by or that
affect the activities of the organi zation under investigation.
The affected parties are ternmed stakeholders. Next the
i ndi vidual interests and perspectives are identified for each
stakehol der. Finally couplings (or interactions) anmong the
st akehol ders and the organi zati on are expl ored.

The main objective of strategic managenent using the
st akehol der anal ysis approach is to best provide for |ong-run
out cones for the organization by balancing the interests of
t he stakehol ders. Stakehol der analysis is also a way to
identify social concerns and inpacts, and devel op

institutional arrangenments to address them

Identification of EDCT stakehol ders and their couplings.

In the present analysis the focus will be not only on an

2

The bal ancing of interests that is the objective of
st akehol der anal ysis may surprise sone. | believe it to be a
better fit to the provision of essential goods.
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i ndi vidual firm supplying service, but also on the EDCT
i ndustry association. The process of identifying the
st akehol ders and their key interactions revealed that the two
centers of activity were each significant. The EDCT industry
itself is a subset of the tel ecommunications industry,
represented here by various individual stakehol ders.
Figure 5.1 illustrates the result of conducting a stakehol der
anal ysis for the proposed EDCT industry.

The process is as follows: First, | |list as many of the
st akehol ders as can be identified. The nost inportant
rel ati onshi ps are then shown next to each stakehol der.
(Because so many stakeholders interact with the EDCT service
providers, that coupling is omtted.) The result of the

st akehol der identification process is shown in table 5.1:



Stakeholder

Absentee owners

Equipment suppliers

Local banks

Venture capitalists

Minority shareholders of
EDCT service prov.

Employees

Unions

U.S. Congress

FCC

State government

State PSCs

Local government
Community interest groups
Consumers
Consumer cooperatives
Consumer advocates
EDCT industry assoc.
EDCT service prov.
Competing EDCT prov.
U.S. Telephone Ind.
Association (TIA)
Incumbent firms
Internet committees
Political parties

Table 5.1.
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Dominant couplings

Equipment suppliers

Owners

FCC, EDCT industry association
EDCT industry association

State public service commissions (PSC)
Individual providers, EDCT industry association,
incumbent firms

EDCT industry association

(Several)
(Several)

EDCT industry association

EDCT industry association
State PSCs
EDCT industry association

EDCT industry association

| dentification of EDCT stakehol ders and

t he predom nant interactions (other than wth EDCT

service providers).
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Figure 5.1. Stakehol der map of the proposed EDCT
i ndustry.

Rel ati ons di scussed here are shown in
solid lines. (Line intersections are not connected
A and B are line connectors.)
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Looki ng at the resulting stakehol der map, one can see
that with the exception of the equi pnent suppliers,
st akehol ders interact primarily with just one of the two
entities at the core of the nodel. State and | ocal
interactions tend to be with the service providers, whereas
I ndustry-w de and federal interactions tend to be with the
EDCT i ndustry association. All of these various interactions
must work relatively harnoniously in order for service
provi ders and subscribers to be served well by this new kind

of tel ecommuni cati ons servi ce.

Di scussi on of stakehol der interests, strengths, and
per spectives.

Several of the stakeholders will have readily
under st andabl e rel ati onships with the EDCT industry. There
are however several service and consumer protection issues
that nmerit further treatnment. The stakehol ders nost cl osely
connected to these issues are:

- The Federal Communi cati ons Comm ssi on.

- State public service comm ssions.

- Other tel ecommuni cations service providers, and

their industry associ ati ons.

- Consuner cooperatives.

- The industry structure of equi pnment suppliers.
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- The role of an EDCT industry associ ati on.
I will discuss each of these stakeholders briefly in turn. M
assessnment i s based on ny inpressions about the organizati onal
culture of each and its present “fit” to the needs of the

ot her stakehol ders surroundi ng the proposed EDCT service.

Federal Comruni cations Conm ssi on.

The organi zational culture. The FCC has certain
essential roles to play in EDCT, but they are possessed by a
structural shortcom ng. The current m ssion statenment of the
FCC is:

“to encourage conpetition in all conmunications

mar kets and to protect the public interest. In response

to direction fromthe Congress, the FCC devel ops and

i npl ements policy concerning interstate and international

communi cations by radio, television, wire, satellite, and

cable.”

- The honme page of the FCC Web site, 1999.

Tal k about conpetition and the public interest is |audable,
but meani ngl ess without a distinction between the various
forms of industry conpetition and the resulting soci al
outconmes. Only in the case of perfect conpetition are the
benefits of |ow prices and conplete delivery of technical

i nnovation attained. In a nonopoly (intensively regul ated or

not) and in inperfect conpetition (oligopoly), economc rents
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are present, delivery of innovation is inherently constrained,
and some custoners are unavoi dably excluded. Unfortunately
the FCC uses as guidance as to whether sufficient conpetition
is present in a market the | owest possible test: the idea of
mar ket power as used in antitrust |aw.

The FCC appears not even to visit the thinking of
econom sts as it regards the public interest, possibly because
a deep understanding of the theory of conpetition seens to lie
outside the expertise of that agency’s managers, but certainly
because the FCC is an agency rooted in the trappings of
adm ni strative law. Through the present time another
foundation of the FCC s limted view of the public interest
has been inescapable: The scarcity doctrine and the necessity
of exclusive frequency assignnent attendant an anal og worl d

has made linmted conpetition necessary.

A changed regul atory role for the FCC. Wth EDCT s
pseudonoi se nodul ation and spectral congestion pricing, there
is conparatively little scarcity, and the proposed market for
spectrumis self-regulating. The FCC is not needed to design
a market -- that would be the role of Congress. Wth EDCT the
FCC does indeed have a role to play in pronoting technol ogy,
efficiency, and fairness. For the first tine the role of the

FCC can be fundanentally recast to fully enbrace the digital
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Certain technical standards relating to spectrum
usage, underlying the service, will need to be
establ i shed by adm nistrative proceedi ngs conduct ed
by the FCC.

A technical neans (radionetric survey) to assess

| ong run congestion levels will need to be fielded.
A method to coll ect congestion fee paynents from
service providers will need to be maintained.

A sinmple rule regarding EDCT subscri ber repeaters
wi |l be needed: Subscribers will need to allow
installation of repeaters, as reasonably needed by
t heir nei ghbors (when certain neighbors do not have
a clear view of a cell site).

As in other classes of service, the FCC may wish to
consi der whether it wishes to |icense individual
provider firms, for non-spectral related reasons,
and whether there is an adm nistrative need to limt

t he number of sites owned by a single firm

Federal regulatory matters addressed el sewhere. The

rel evant Tel ecommuni cati ons Act of 1996 provisions can be

relied upon to address the follow ng concerns:

| nt erconnecti on standards and arbitration.
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2. Access to right-of-way.

3. Antenna siting rights.
There is certainly potential for abuse of EDCT providers,
given their small size, as in the Wsconsin docket discussed
in an earlier chapter. As elsewhere in the teleconmunications
I ndustry, a watchful eye needs to be kept on events related to
a transition to conpetition. Wth respect to price setting,
EDCT markets are expected to be highly contestable. Thus

there is no anticipated role for the FCC in pricing.

State public service conm ssions.

EDCT is expressly intended to provide intrastate
t el ecomuni cati ons services to | ocal residents and busi nesses.
Thus State governments will naturally have an interest in
seeing that these services are well provided in accordance
wth the needs of their locales. But the principal difficulty
with the State public service conm ssions is regul atory
capture by the existing teleconmmunications providers. A good
exampl e of capture by the firns being regulated is in
W sconsi n, where that agency “hasn’t issued a single pro-
consunmer decision in the past several years” (Merritt, as
cited by Fantle, 1999). Wbrse yet according to Fantle, the
State conmm ssion chair is reportedly unwilling to publicly

di scuss the matter. | think we need to be very careful about
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what authority States are given to regulate an industry where
there inherently isn’t a problemw th nonopoly power.

Short of intensive regulation, a nunber of enabling roles
exist for State PSCs. The first and nost inportant would be
to achi eve coordination with PSCs from other States and the
EDCT i ndustry association, in order to establish and manage
quality of service standards across generations of product
realizations, and as consuner needs evolve. A second role
woul d be to adm ni ster interconnection agreenents, in the
manner envi sioned by the 1996 Act. A third role would be to
recei ve and address concerns rai sed by consuners, though I
t hink the nmechani cs of handling consuner disputes would need

to be made real to individual consuners.

Ot her tel econmuni cations service providers, and their industry
associ ations.

At present the 1996 Act protects small TELCOs fromthe
effects of conpetitive entry into their |ocal service
territories. But that protection nust ultinmately give way to
conpetition, as discussed earlier in this thesis. It is hoped
that EDCT wi |l becone a nucleating event in the opening up of
rural markets for |local service to the benefits of
conpetition.

For incunmbent | ocal exchange carriers there are two key
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conponents to their continued success in their service
territories: The issue of stranded investnent, and finding
ways to becone players in their own right. The key assets
that | LECs possess already, are a core wireline set of
custonmers in the built-up areas of towns and cities;
traditional switches (nodern or not); and existing
I nt erconnecti on agreenents covering | XCs and SS7, suitable for
all of the aggregated traffic needs of their area of the
State. |ILECs and their investors may need help with stranded
outside plant as their | owest density custonmers mgrate to
Wi reless service. On the other hand, ILECs will be able to
continue to serve many of their nost profitable business
custoners, and resell blocks of |long distance access to EDCT
providers. |LECs m ght become the Internet service providers
(1 SPs) of choice for rural customers, contingent on their
ability to arrange higher bandwidth Iinks to the Internet
backbone than m ght individual EDCT providers. State
t el ephone associ ati ons could be very hel pful in teaching ILECs
how to make it all happen, including getting ILECs into
busi ness as EDCT service providers.

Frankly the initial responses of the ILECs to the
prospect of conpetition in |ocal voice and data services has
been di sappointing, as was seen in Wsconsin Docket 05-TD 0100

(1998) and in Raynovich (1999), both discussed earlier.
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Specifically in the Wsconsin docket, GIE is alleged to have
taken the position that no interconnecti on was possible
anywhere in its system because there was no spare roomin its
ducts or central offices.® Simlarly in the hearing record of
W sconsi n Docket 05-TI-0138 (1995), Aneritech was able to
persuade the conmm ssioners that there is no space avail abl e
for interconnection at internediate points in the outside
pl ant.4 The self-defeating nature of these obstructionist
approaches shoul d be obvious to anyone who is not an | LEC and
who understands the trajectory of silicon. Wth demand for
t el ecommuni cati ons growi ng exponentially (at about eight
percent per year in the late 1990s), why waste years fighting?

Pricing practices of incunbents and ease of entry. |LECs
could, if they so choose, make it very difficult for EDCT
service providers to make conpetitive entry. Assunme that an
i ncunbent realizes that they are stuck holding an obsol ete
infrastructure, that they no longer wish to maintain. The
assets of the ILEC consist alnost entirely of the fixed cost

associated with prior outside plant investnment. That

3

Maybe if GIE were to get rid of those clunker anal og and
crossbar switches it would free up sone floor space, which it
could then rent out.

4

That position m ght seem reasonable to | awers, but cable
splicers would know that the problem could be handl ed by
sinmply upgrading the enclosure or locating a CLEC encl osure
nearby on the utility easenent.
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i nvestnent is a sunk cost. Viewed in this way, an |ILEC could
be justified in setting the marginal cost of any given cal
over its portion of the network at approximately zero. Rural
custonmers m ght therefore be faced with the prospect of a
col l apsing infrastructure, unless certain uniform standards
for price setting by incunmbent providers in a deregul ated
regime can be agreed upon. That is so, unless enough rural
consuners decide to sinply up and | eave, in order to enjoy
greatly inproved Internet access at what they are now paying
for voice only service. |LECs would also be well advised to
refine their business nodels to enphasize delivering high

quality services to their customers in built up areas.

Consumer cooperatives.

Ter med buyer cooperatives by econom sts, their role is to
i ncrease the bargaining power of individual consuners,
relative to producers, in order to |lower the closing price (or
ef fect sharing of the surplus value created by a productive
activity). EDCT consunmer cooperatives may sinply be groups of
subscri bers who can organize, if the information costs of
achi eving coordination are favorable. 1In addition |ocal
enpl oyers may sponsor cooperatives for their enployees, to
bargain with service providers for group discounts.

Nei ghbor hood associ ati ons m ght contract to provide service
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for their residents.

My concern is that exclusive dealing arrangenments woul d
tend to defeat the redundancy of providers that hel ps ensure
reliability in the case of individual provider service
out ages. Thus side paynents should be prohibited, along with

excl usi ve contracts.

Equi pnent supplier industry structure.

Even though the manufacturing techni gues needed to make
the EHF antenna structures and transmtter / receiver
circuitry have a certain capital intensity, there is no
nat ural rnonopoly. Moreover, several nations (it is thought)
have or will have the know how to make the required devices.
Neverthel ess, the finite nunber of qualified firns make an
ol i gopol y unavoi dabl e.

X-ray lithography is a natural choice for the manufacture
of EHF integrated circuits in noderate quantities. A
synchrotron would not be required, with the anticipated

comercial availability of a suitable X-ray point source.

The role of an EDCT industry association.
There is a danger that a vertical relationship my
devel op i nvolving a hardware or software vendor and a service

provi der network, as in the old AT&T nmonopoly. | propose that
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rather than trying to regul ate agai nst such an event, that one
to several nonprofit, cooperatively owned industry
associ ations of EDCT service providers be sanctioned to
devel op product specifications for and procure equi pnment.
Cooperative ownership is also intended to dissipate rents that
such associ ati ons may generate, by returning profits to
service providers (and ultimtely to subscribers). Having
just one such association m ght violate the Sherman Act of
1890. Also, having just one association to adm ni ster
spreadi ng code assignnments m ght |lead to controversy of the
sort that engulfs the InterNIC (the assigner of I|nternet

domai n names).®

Striking a strategi c bal ance anong st akehol ders.

Bal anci ng the interests of stakeholders needs to be the
subj ect of nuch dial ogue. | am convinced that with EDCT
everyone comes out ahead, even the ILECs over the |ong run.
Here is a starting point:

The bottomline is that decisions about entry, exit, and
net wor k depl oyment are to be uncoordi nated. Spreading code
assi gnnment and technical standards are to be jointly, but

privately, adm nistered. What |evels of voice and data

5

See Wal sh (1999) for a recent spat.
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service to offer and their terns of sale is to be a joint
public - private decision, respecting the essential nature of
| ocal telecomunications service.

Smal | TELCOs will need help fromtheir industry in
recogni zing the opportunities that nmovenent al ong the
trajectory of silicon will afford them

What is gained by trading a bit of spectral utilization
efficiency for uncoordi nated assi gnnent of pseudonoi se
transmtters is the ability to replace intensive regul ation of
| ocal service with conpetitive provision, the opportunity to
end the tens of billions of dollars of cross subsidy of I|ocal
t el ephone service in high cost areas, while at the sanme tine
delivering the benefits of universal Internet connectivity.

Last but not least, the U S. Congress can realize a
per petual revenue stream from spectral congestion fees,

i nstead of one-tinme auction paynents. Service providers need
not be driven into bankruptcy by trying to make auction
paynments whil e deploying their networks. Pay-as-you-go is
better than cash up front, when it comes to providi ng nodern

alternatives to traditional wireline service.
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Possi bl e undesirabl e social effects of EDCT.

Depl oynment of EDCT in rural areas prom ses to
dramatically imrove the delivery of services that are
I nt er net - based or that can uniquely benefit from a packet
swi tched network architecture. There are certain possible
social ill effects that m ght be intensified by EDCT. The
difficulties lie not with the technology itself, but with the
i ntroduction of technol ogical change into an existing soci al
mat ri x.

In addition to many antici pated consuner benefits, EDCT
woul d al so further the diffusion into rural areas of
cont enporary organi zational structures, |like flattened
managenent structures or virtual organizations. For exanple,
i ncreasing the bandwidth to farms would facilitate the renote
managenent and even the far-flung ownership of dairy
operations. Farmers m ght take on the appearance of factory
wor kers. Contract growi ng of genetically nodified plants and
livestock has already initiated such a trend. Concentration
of ownership in agricultural production m ght be hastened. On
the other hand it seems just as |likely that groups of small
farmers and their marketing organi zati ons m ght take good
advant age of reduced information costs and access to pool ed
manageri al tal ent.

Rural downtowns m ght be adversely inpacted by Internet
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comrerce, as occurred with the introduction of suburban
shopping malls. For urban dwellers, Internet commerce m ght
next displace the mall experience. Rural consuners may find
t hensel ves able to bypass the mall and directly enter the next
consumer culture. The effect on rural downtowns is far from
clear. Local producers of handmade or specialty goods may
make further use of inproved connectivity to make a nati onw de

mar ket for their goods, as is now beginning to occur.
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2. Cost of service estimates for EDCT service.

Several approaches to cost estimation for EDCT are
possi ble, just as for traditional wireline service. | want to
di scuss two approaches here, because they will give views of
the cost structure of EDCT that can be readily conpared to the
cost of service estimates presented in chapter three. The
first approach is to nake a sinple cost of service estimte,
based on the cost of operating a prototypical service provider
cell site. The result is directly conparable to my earlier
estimate of the cost of cellular tel ephony. Moreover, taking
a firmlevel perspective will help explain the business of
EDCT.

A second approach to cost estimation is to construct an
optimal network fromthe ground up for a given rural area.
The result is simlar to the Hatfield Mddel presented earlier.
The view of EDCT afforded by this second estimate will be
especially of value in the fornulation of policy.

Before conpleting these estimtes, we will first need
some summary statistics for the existing U. S. tel ephone

I ndustry. Then we will return to the task at hand.

Key statistical facts about the U S. wireline tel ephone
i ndustry.

The FCC has nmde avail abl e aggregated data for the
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wireline tel ephone industry that will be of value in
estimati ng potential EDCT nmarket size and ot her
characteristics. The report Statistics of Conmunications
Common Carriers (SOCC) for 1997 (FCC, 1999) reports that there
were 517,249, 240,000 (5.17 x 10%) local calls placed in the
United States (6.8 x 10° for Wsconsin) (SOCC table 2.6).
Local call dial equipnent mnutes (DEMs) (SOCC table 8.7) for
the nation for 1997 were 2,807 billion (2.8 x 10'?) (based on
the sane 8 % growh factor as for the year before).® There
are about 162 mllion sw tched access |lines (SOCC table 2.5).
There are about 100 mllion residences, about 94 percent of
whi ch are equi pped with a tel ephone (as of 1997).°

In a simlar way other derivative statistics can be

esti mat ed. Tabl e 5.2 bel ow summari zes the data of interest:

6

As SOCC expl ains, “DEMs are neasured as calls enter and | eave
t el ephone switches. Therefore, two DEMs are counted for every

conversation mnute.” But that is the nunber we want -- a
congestion toll would occur for airtinme involved with both the
origination and the conpletion of a call, as is customary

practice in the U S. cellular and PCS industries.
7

Just for fun, the average duration of a local call in 1997
was:
2.8 x 10'? DEMs x 1 call-minute = 2.71 m nutes.
5.17 x 10! calls 2 DEMs

In a simlar way one can conpute other val ues shown.
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Statistic Value

Dial Equipment Minutes (DEMs) 2.8 x 102

Growth factor (G) (%) 8

Number of residences 100 million (approx.)
Number of local calls per year 5.17 x 10%*

Number of switched access lines 162 million

Access lines, all types 192.6 million
Universal Service Fund loops 165 million

Total residential lines 107.2 million

Number of local calls

(per subscriber per month) 266 *
Average duration of a call (Minutes) 2.71
Average usage per customer

(Minutes per month) 7211
Number of lines per residence 1.07

Notes:
1. Both business and residential calling.

Table 5.2. Sone key U S. wireline tel ephone

I ndustry statistics. (The first group is from SOCC

1997 (FCC, 1999), the balance are cal cul ated.)

EDCT cost of service, based on an exanple firm

The system architecture of EDCT was explained in the
second half of chapter four. The cost structure of an EDCT
service provider is intentionally designed to be |ower than
that of a cellular provider with nobile subscribers. The key
di stinctions are the use of off-the-shelf PCS and DSP cards,

i nstead of custom signal processing hardware; the choice of
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EHF frequencies, which lie further along the trajectory of
Moore’s | aw, and other choices of scale matched to a rural
fixed wireless environnent. Based on several additional
assunptions | list belowin table 5.3, | have constructed a
pro forma i ncome statenent for a hypothetical EDCT service

provider.® The incone statenment follows in table 5.4.

1. The EDCT service provider is a stand-al one business.
There are clearly econom es of scale that would
derive fromoperating clusters of geographically
close cell sites, but no attenpt has been nmade to
capture those efficiencies.

2. The cost of the cell site hardware is based on the
prices of conparable conmputer tel ephony (CT)
hardware used in call centers. CT hardware has such
a simlar architecture that CT equi pnent
manuf acturers could easily enter the EDCT business
as suppliers of baseband hardware and application
software. The cost of T / R nodul es and support
structure are included here.

3. | use a circuit capacity of 24 channel pairs, an
occupancy of 50 percent averaged over 24 hours, and
a useful service life of 10 years.

4. | price the and and a roomto house the cell site
equi pmrent at the approximte price of a smal
residential |lot with inprovenents. A separate
busi ness | ocation for an office and customer service
operation is | eased and appears as an expense.

5. I include revenue and costs of providing |ocal
service only.

Tabl e 5.3 (Conti nues).

8

The nodel assunptions and inconme statenment closely parall el
the cel lul ar provider nodel shown on about pp. 132 - 137.
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Spectral congestion costs are set to zero in this
equi l i brium analysis. The reason is that they
sinply pass through the service provider in the sanme
way as woul d a sal es tax.

Cost of call termnnation is set to zero, since such
agreenents are expected to be approxi mately
symmetric and average to zero over tinme. |If an

i ncunbent engages in a practice of charging above
cost to termnate a call on its network, that per

m nute charge can be passed on to individua
subscribers calling into that network. Tinme and the
thirst for justice will need to be allowed to work
their magic.

EDCT provides the additional feature of a high speed
data service. | nodel the data service pricing on a
fractional dollar charge per nmegabyte noved (up or
down). There is further discussion bel ow.

Tabl e 5.3. EDCT provider nodel assunptions.

Pro Forma Income Statement for a Hypothetical Cellular Provider

Assumptions

1. A hypothetical stand-alone provider with a single cell site.
2. Costs are converted to a per-minute basis by dividing by
the following factor:

= factor for 24 ch. pairs x 50% 24 hr ave occupancy x 525960 min/yr

= minutes per month average usage per customer.
Therefore cell site services: 729 customers

. Input coefficients are: Income (per-minute), COG (annual), expenses (annual).
= Airtime retail price per minute ($).
Site equipment cost ($), with 10 year life, straight line.

Facilities cost ($), with 20 year life, straight line depreciation.
= Subscriber equipment price ($), and have a useful life of 10 years.

Tabl e 5.4 (Continues).



Annual Per-minute basis
($x1000) (dollars/min)

Income
Airtime (64 Kbps channel) 157.79 0.0250
Data service (768 Kbps ch.) 1751 (~$0.35/MB moved)
Subscriber equipment sales 43.77 0.0069

Sales 219.06 0.0319
Cost of Goods Sold
Site equipment 2.50 0.0004
Site facilities 2.50 0.0004
Subscriber Equipment 26.26 0.0042

COGs 31.26 0.0050
Labor
Salesperson (1/4 time) 6.40 0.0010
Technician 40.00 0.0063
Administrative asst (half time)  16.50 0.0026

Total wages 62.90 0.0100
Gross Profit 124.90 0.0170
Expenses
Rent of storefront 12.00 0.0019
Advertising (5 % of sales) 10.95 0.0017
Telephone (office use) 3.60 0.0006
T1 line lease (site use) 12.00 0.0019
Software lease (office use) 6.00 0.0010
Janitorial 1.70 0.0003
Insurance 2.00 0.0003
Supplies and Maintenance 7.00 0.0011
Misc. business supplies 3.00 0.0005
Entertainment 1.00 0.0002

Total expenses 59.25 0.0094
Net Profit Before Taxes 65.65
taxes of a standard corporation 32.83

Profit after tax 32.83
EDCTprol.wb2 A1:155 14 APR 99

Table 5.4. Pro fornmm

hypot het i cal

Per-customer
basis (%)

216.30
24.00

60.00
300.30

3.43

3.43
36.00

42.85

8.77

54.83
22.62

86.22

171.22

16.45
15.02

4.93
0.00

8.22

2.33
2.74

9.60
411

1.37
64.78

EDCT service provider.
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% of sales
72%
8%

20%
100%

14%

29%

57%

27%
30%

15%

i ncone statenent for a
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EDCT provides the additional feature of a high speed data
service. Charging rural subscribers on a connect tine basis
for such a service, or simlarly, a high fixed nonthly charge,
as for cable or xDSL nodens, would |likely forestall market
penetration. Instead, | nodel the data service pricing on a
fractional dollar charge per negabyte noved (up or down). For
the EDCT data service | estimate that initially 20 % of the
subscri bers would be willing to buy $10 per nonth of high
speed packets. Initially at |east, then, nobst provider
revenue is fromvoice service. But as Internet comrerce noves
to center stage, there is considerable growth potential for
the data side of EDCT.?®

At the voice per mnute pricing and equi pment cost
assunptions of the above nodel, the EDCT service provider can
be expected to show a profit that, while not as handsone as
for an urban cellular provider, is appropriate for a craft-
i ke business of this size. The subscribers enjoy |ocal
service at approximately the sane nonthly charge as they do
now, but the universal service subsidy is no |onger needed.
I n addition, customers who so desire can have xDSL data rates

on a pay-as-you-go basis. In the next section the proto-

9

Wal mart (and shortly IBM offers everything in its store over
the Internet. | suspect Internet shopping will becone the new
Sears catalog for rural Anmerica. | think the transition wl|
take just five years, if the connectivity can be provided.
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typi cal EDCT provider business will be replicated over three

W sconsin counties to nodel the cost of universal service.

EDCT cost of service, based on optimal network.

As a specific exanple, let us design a system for
Trenpeal eau County, Wsconsin and two adjacent counties. The
county seat is Whitehall, with a popul ation of about 1,000
persons. An interstate highway cuts diagonally across Jackson
County, so that sone residents will have anal og cell ul ar

service avail able as an alternative to | ocal service.
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region of the state. Trenpeal eau county has a nostly rura
econony, consisting of dairy farms, |ogging, agriculture-
rel ated busi nesses, and manufacturing. The county just to the
east, Jackson county, has sone reservation | ands, nore
poverty, and a nore seasonal workforce. The county to the
west and bordering the M ssissippi river is Buffalo County,
whi ch has a conpletely rural character. During the recession
of 1982, unenploynent in this area reached about ten percent,
and remai ned at that |evel throughout the 1980s, |ong after
nost of the nation had recovered.

In Black River Falls, W, the largest community in
Jackson County, the public schools did not have any conputers
for educational purposes until about 1995. 1In Eleva, W, in
northern Trenpeal eau county, elenmentary school conputers
currently in use are nostly Apple Ils. Each m ddle school
cl assroom has one Power Macintosh™ By contrast in Mdison,
W sconsin public schools, children in the elenmentary schools
have Pentium™ based conputers for their typing | essons.
Obviously in these counties of Wsconsin, the Internet is not
as well integrated into the | earning experience. The
statistical data of table 5.5 below further illum nates the
di sparities. Conputer penetration rates in the honmes of these

three counties is also likely to be |ower than in Dane County.

10
Afriendly troll told ne sonme of these things.
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Statistic \ County | Dane | Buffalo | Trenpeal eau | Jackson
Popul ation (persons) 425K | 14, 298 26, 469 17, 735
Chi I dhood poverty (% |9.1 14.5 14. 2 17.0
(under 18 years ol d)

Househol d i ncone 44.4 | 30.1 29.4 28. 2
(dol I ars x1000)

Manuf act uri ng 64 22 142 30

(j obs/ 1000 popul ati on)

Retail (jobs/1000 pop)| 100 40 49 74
Service (jobs/1000 “ )| 85 33 22 25
Number of househol ds 143K | 5,123 9,495 6, 253
Married households (%] 51 63 62 61

Tabl e 5.5.
counties. (Source:
1995, and 1998.)

U.S. Census Bureau,

1990,

Denogr aphi cs of sel ected Wsconsin

1992,

(Househol d data is from 1990.)

Househol ds by |Buffalo | Trenpeal eau |Jackson
BNA xxyy | (96yy) (99yy) (96yy)

01 881 1,122 868
02 [1,074 1, 137 1,014
03 912 823 1, 355
04 |1,044 1, 351 1, 308
05 |1, 209 1, 087 1,758
06 1, 265
07 1, 367
08 1, 340

Tabl e 5.6. Househol ds by Census tract BNA No.

(Source: U.S. Census Bureau, 1990.)
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The U. S. Census Bureau divides these rural counties into
census tracts, each containing an average of about 1,200
househol ds (in 1990). Each tract has a four digit identifier,
shown in table 5.6 above.

At a level of finer detail, figure 5.3 bel ow shows the
I ndi vi dual roads surrounding Whitehall, W. The roads attest
to the hilly terrain and rural character of this part of the
state. By contrast, eastern Jackson County (not shown) is

nostly forest and marsh.

-
. \ 3 %\ A —
whitehl.cdr F N —_ " 1.0 miles

Figure 5.3. Imediate vicinity of Whitehall, W.
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An approach to planning an actual network buildout in an
al ready popul ated area, using a geographic information system
(GS), is as follows: Overlaying the basic map with census
data woul d yield the locations of individual dwelling units
and busi nesses, which can then optionally be aggregated.
Overlaying a second tinme with U S. CGeol ogi cal Survey relief
map data woul d suggest the best locations (i.e., hilltops) for
cell sites to serve those potential custonmers. Looking for
good cell sites is analogous to the Hatfield Mdel use of
terrain data to estimate costs for |aying outside plant
cabl i ng.

A perfectly conpetitive market ought to closely
approxi mate such an opti mal network, except that there would
be redundant cell sites (and excess capacity). |In EDCT the
redundancy brings the benefits of conpetition, service
reliability, and paths around | ocalized congestion (using
subscri ber equi pnment that searches for and connects at the
| owest per minute rate).

We can use an approach simlar to the G S nethod to size
and cost infrastructure for the proposed EDCT service. For
these rural counties, the way in which the census data is
traditionally presented, aggregated by BNA nunmber, is quite
conveni ent for constructing a forward-I| ooking cost proxy nodel

for EDCT. Because each EDCT cell site can support about 700
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custonmers (assumng a 24 circuit capacity), and each census

tract contains one to three small built-up areas, it is about

right to deploy one EDCT cell site per BNA nunmber. The result

of identifying each census tract area and optinmally |ocating a
cell site according to the terrain of each is shown in figure
5.4 below. A spreadsheet is used to tabulate total costs for

the network in each census tract and estimate the per-

subscri ber nonthly cost of service. These cost estinates are

sunmari zed in table 5.4 bel ow

—_————— County boundary
-~ Census tract boundary
@ XXXX Cell site and Tract No.
US 10 9601 -
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M g
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Figure 5.4. EDCT service design exanple for three

rural

W sconsin counti es.
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EDCT forward-looking cost of service estimate for three Wisconsin counties.
Estimated Cost of Service per Month:

Buffalo County

No. of Subscriber Cell Local User Congestion
BNA  H.hold Equipment cost! air? taxes toll
9601 881 4.41 16.04 1588 159 6.35
9602 1074 5.37 16.04 19.36 1.94 7.74
9603 912 4.56 16.04 1644 1.64 6.58
9604 1044 5.22 16.04 18.82 1.88 7.53
9605 1209 6.05 16.04 21.79 2.18 8.72
subtl: 5120 25.60 80.19 9229 9.23 36.92
Buffalo Co. cost of service (dollars per subscriber-month): 29.67

Jackson County

9601 868 4.34 16.04 1565 156 6.26

9602 1014 5.07 16.04 1828 183 7.31

9603 1355 6.78 16.04 2442 244 9.77

9604 1308 6.54 16.04 2358 236 9.43

9605 1758 8.79 16.04 3169 3.17 12.68

subtl: 6303 31.52 80.19 113.61 11.36 45.44
Jackson Co. cost of service (dollars per subscriber-month): 26.73

Trempealeau County

9901 1122 561 16.04 20.22 2.02 8.09
9902 1137 5.69 16.04 2049 205 8.20
9903 823 412 16.04 1483 148 5.93
9904 1351 6.76 16.04 2435 244 9.74
9905 1087 5.44 16.04 1959 196 7.84
9906 1265 6.33 16.04 2280 228 9.12
9907 1367 6.84 16.04 2464 246 9.86
9908 1340 6.70 16.04 24.15 242 9.66
subtl: 9492  47.46 128.30 115.54 11.55 46.22

Trempealeau Co. cost of service (dollars per subscriber-month):  24.60

Worksheet.

Cell site cost estimate: ( Annualized basis)
2.5 equipment cost

2.5 facilities cost

62.6 labor

590.25 expenses °

32.8 income taxes

32.8 profit, accounting

192.45 Total cell site cost ($x1000)

Table 5.4 (Continues).
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Assumptions:
721 Average local usage (minutes per month).
192.45 Cell site annualized cost ($x1000)

10 Cell site service life (years)
60 Subscriber equipment annualized cost ($)
10 Subscriber equipment service life (years)

0.025 EDCT retail per minute charge for local calling ($)
0.0025 taxes (local, state, federal sales and excise) ($/minute) (~10%)

0.01  EDCT congestion toll, per minute ($)

Notes:
1. EDCT cell site capacity can be expanded in small increments to serve all in county,
at a negligible incremental cost (a T / R module and DSP card as needed).

2. Local EDCT air time pricing for 721 minutes of use is shown for reference only.
3. Trunk and Port charges are included in service provider expenses.

EDCTcosl.wb2 A1:H70 14 APR 99

Table 5.4. EDCT cost of service estimte summary.

Di scussi on of EDCT cost of service nodels.

One can conpare the county-w de average cost of service
predi ctions of the second EDCT cost nodel to the |ILEC wei ghted
average cost of service (WACS) predictions of the Hatfield
Model discussed in chapter three. In table 5.5 below, | |ist
the EDCT cost nodel results for the three rural Wsconsin
counties, together with the incunmbent |ocal service providers
for those areas.* In addition |I show what |ocal voice
service would cost those residents using the existing cellular
technology (airtinme only) at the national average per m nute

rate and at ten cents per mnute. | list the nationw de

' GTE and Tri-County service nmuch of these three counties.
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average billing for local service, as reported in the SOCC for
1997 (FCC, 1999).

The technol ogy underlying EDCT is able to provide high
quality |local voice and data service to rural areas at a cost
slightly above the nationw de average for |ocal service, and
wel | below the Hatfield Model prediction for rural Wsconsin.
EDCT cost of service would in fact be about equal to the
Hatfi el d Model prediction for the urban Wsconsin custonmers of
Aneritech.

In terms of the cost sensitivity of the EDCT nodel s, one
can see that the traditional problemof the capital intensity
of the public utilities has been overcone by the trajectory of
costs associated with silicon and EHF wavel engths. The EDCT
nodel is now nostly contingent on the |abor costs of operating
this new class of service. Organizing clusters of EDCT cel
sites for efficiency in the utilization of technical support
and office staff can significantly inprove costs over the
conservative estimtions nmade here.

The cost breakdown for a prototypical EDCT service
provi der contained in the first nodel shows the relation
bet ween fi xed and vari able costs. | have based the costs
shown on ny expert know edge of the costs of the nearest
equi val ent hardware, their time evolution (in ternms of cost

and service features over generations of EDCT product
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of ferings), and my experience with the operations of small

technol ogy based craft-1ike organizational structures.
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Buf fal o County $ 29.7

Jackson County 26.7

Trenpeal eau County 24.6

Hatfi el d Model predictions. WACS No. of |ines

Cochrane Cooperative Tel. Co.$ 87 1,178
Frontier Comm O Mondovi 60 2,423
Tri-County Tel. Coop. (Strum 71 3,684
GTE W sconsin 35 456, 000
Al'l W sconsi n. 31.1 3,426, 000
Al'l non- RBOC conpani es 40 1,028, 000
Firms with <10,000 lines only 45 340, 000
W sconsin Bell (urban) 26. 8 2,397,000

U.S. Wreline average local billing $19.92

Existing cellular.?

At average $0.336 per mnute $242. 26
At a possible $0.10 per mn. 72.10

Exi sting cellular cost of service.

Airtime only.? $ 21.63

Not es:

1. The prices shown are for airtine only. The nonthly
estimate is based on the nationwide wireline nonthly
| ocal usage of 721 mnutes (sure to display elasticity of
demand at these prices). Figures cited are prices, not
costs.

2. This figure cones frommy earlier accounting estimte of

the cost of service of cellular telephony,

whi ch excl uded

certain business expenses. Thus this figure approxi mtes
t he shut down price of a cellular provider.

Table 5.5. Monthly residential cost

of service

conparisons for rural Wsconsin custoners, using

EDCT, wireline (Hatfield Mddel) and existing

cel lul ar technol ogi es.
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Wth the EDCT business, instead of sending out a site

acqui sition specialist to incentivize people into permtting
use of their hilltops in the rent-seeking schene of another,
t he people thensel ves can be sold the equi pnent and services
t hey need to become their own service providers.'? The
property owners will optimally estimte the value of their own
capital asset (real estate for antennas) in their individual

service pricing plans.

3. The EDCT spectral congestion toll: Optimal toll and an

estimate of the resulting federal revenue stream

We woul d not imagine (or a free people tolerate) a
governnment grant of a few licenses to hunt deer, given their
abundance. On the other hand, when elk are scarce, advance
applications are gladly made for a limted nunber of permts
to hunt them Scarcity was understandable in the anal og
realm Pseudonoi se spreadi ng codes are as abundant as deer.
Thus everyone should be enabled to enter into the business of
EDCT.

Just as for a living resource, some nmanagenent of the

12

| envision a sales approach simlar to that used to introduce
analog television into rural areas: A station wagon with a TV
set init, towed a crank-up folding Rohn™ tower (about 30
feet high). The salesman would drive fromone farmto the
next giving denonstrations. | amtold the nethod was highly
effective.
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overall wutilization of the spectral resource is needed. A
spectral congestion toll primarily serves the purpose of
bri ngi ng about the best |evel of utilization (i.e.,
efficiency) of the resource. A secondary objective is to
recover fees that may be used for some public purpose, be it
operating the agency that manages the resource or increasing
the treasury.

Qddly, the advent of the digital era of

tel ecomuni cations is bringing an inposition of scarcity, as
exclusiveness is cultivated to a perfection w thout
foundation. Exactly two wi nning bids were accepted for all of
di gital audi o broadcasting (FCC, 1999a). There were two
digital direct broadcast television providers, but they have
since nerged. When flags were rai sed about the nmerger of two
baby Bells (Ameritech and SBC Communi cations), FCC Chair
Kennard called for “discussions,” so that the nerger m ght
ultimately proceed (FCC, 1999b). As was seen in the study of
the U.S. cellular industry by McKenzie & Small (1997), all but
one of the providers appear to experience di seconon es of
scale. Wy should a regulator of industry intentionally

sanction the operation of service providers at a scale far
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above the m ninum efficient scal e?®®

Il will comment briefly on certain practical inplications
of the operation of spectral auctions and the services they
enpower, so that the distributive inplications of auctions may
be conpared with the distributive inmplications of a spectral
congestion toll. (I risk being nore than a little blunt, but
pl ease bear with ne.) 1In a spectral auction the wealthy buy
rights to operate markets with highly restricted

conmpetition.

13

Mnimum efficient scale is known to m croeconom sts as Qgs,
t he point on a producer unit cost vs output curve where the
curve flattens out and then remains flat, until diseconon es
of scale set in at large output quantities. Diseconom es of
scal e are usually due to increasing costs of attaining
strategic coordination in a large firm Sometimes we need

| arge firms, sonmetimes we do not.

14

Apparently the FCC has not been cured of its m ndset that
because two firms provide conpetition, that duopolies
adequately serve the public interest. | have heard such a
vi ew expressed by an FCC official in the Common Carrier

Bur eau.
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In turn the players accunul ate rents.'® The rents have over
time corrupted not only the regul atory agency, but the
enabl ing government. The end result is a culture of
dom nati on. ®

A spectral congestion toll instead arises from an ongoi ng
productive activity, not contrived scarcity. Thus the |ogical
end result is a culture that enriches many. A toll is
conpensation for the use of a natural resource, a resource
whi ch no individual should inmagi ne they own, ¥ but which al
hold in common as stewards. Both spectral auctions and a
spectral congestion toll are ways of bringing about efficiency
in the utilization of a resource. Both approaches rai se noney
for the treasury. But the distributive and noral outcones are
very different.

A congestion toll is needed with pseudonoi se nodul ati on
and uncoordi nated assignnent, to ensure efficient use of the

spectral resource. It is envisioned that a spectral

15

“The weal t hi est peopl e demand hi gher than normal profits!”
(Here the context was the clients of an attorney practicing
conmmuni cations law. ) (Smth, 1995).

16

See Wnk (1993) for a discussion of the essence of
organi zati onal cul tures.

17

Even in a spectral auction no actual property right is
conveyed (Smth, 1995), except perhaps in the expectations of
the purchasers. Thus |I propose no change in policy concerning
ownership of the radio spectrum
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congestion toll will create a possible alternative to auction
fees for that portion of the spectrum allocated to EDCT. The
task at hand is first to discuss the various considerations at
work in setting an EDCT toll price, then to estinate the
present value (PV) of the toll, so that policy makers can
conpare the worth of the proposed EDCT toll revenue streamto

PCS auction |license fees.

The optimal choice of a toll: Considerations.

The principal purpose of the congestion toll is to bring
about market efficiency. A second purpose is to substitute
for the revenue generating function that spectral auctions
performin the PCS mechani smdesign. |In addition there is a
social inplication of the presence of a congestion toll: Some
who can’t afford the toll may get tolled-off the information
hi ghway. From a purely econom c perspective the optiml toll
is equal to the margi nal cost of spectrum usage. However,
setting the toll rate is clearly a matter of nore than
econom cs or communi cati ons system engi neering, though the
process nust account for both streams of thought. The optimal
toll is ultimtely a political and noral decision.

In the previous section, we |earned that the marginal
cost of an EDCT voice call was about two cents a m nute,

exclusive of the effects of spectral congestion. The cost
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structure of the EDCT business is one source of guidance in
setting a corresponding toll, sufficient if efficiency were
the only goal. The inplication is that the toll should not be
| arger than a major fraction of the other costs of EDCT calls.
This first approach is useful in setting a toll rate that

makes busi ness sense to the proposed EDCT industry.
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Figure 2.3 (reproduced). Marginal cost curves for
spectrum use in an uncoordi nated pseudonoi se radi o

network (priced on a conpetitive basis).



275

To the extent that conpetitiveness with the pricing
practices of the existing wireless choices is a consideration,
then the congestion toll can be set in a way that matches the
price of an analog cellular call, when EDCT circuit quality
has been degraded to the point that it offers the same |evel
of service. That approach was taken in the construction of
figure 2.3, reproduced above. As spectral congestion declines
to a negligible amount, the toll would decline to about one
cent per mnute.® This second approach is useful in setting
an absol ute upper bound on the range of toll charges to
consi der.

Finally, let us say the objective is to set a toll that
is sufficient to influence behavior, but not inpose such a
burden that it conflicts with the EDCT social objective of
provi di ng uni versal service in rural areas. Then a practical
m nimumtoll would be perhaps ten percent of the marginal cost
of EDCT service, or about 0.2 cents per mnute. An upper
bound woul d be no nore than about the margi nal cost of EDCT.

In any case long run spectral noise density surveys of
service areas, conducted by the FCC, would then be used to
ascertain that the toll set is sufficient to ensure

ef ficiency.

18

Not e that because prices, and not costs, are the basis of this
toll price level, that the approach is not properly one of
econom cs, but of conpetitive analysis.
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An estimate of the revenue streamresulting froma spectral
congestion toll.

The key statistics for the U S. wireline tel ephone
I ndustry, developed in the previous section, provide the
i nformati on needed to estimate EDCT congestion toll revenue to
the treasury. The estimate will be in terns of annual revenue
per one percent of U S. market share of existing wireline
t el ephony, for a hypothetical toll price of one cent per
m nut e.

Local call dial equipnent mnutes (DEMs) for the nation
for 1997 are estimated to be 2,807 billion (2.8 x 10%*?). For
one percent of that total market, and at $0.01 per mnute, the
annual toll revenue is:

2.8 x 102 mnute X $0.01 X1 %= $280 mllion
M nut e

Present value of the revenue stream Assum ng that DEMs
continue to grow at a rate greater than inflation, as they
have in the |ate 1990s, the present value of the congestion
toll under these assunptions would be an unbounded function --
a delight to any tax collector. The reason can be seen by
exam ni ng the equation for PV:

PV = N + N+ N+ NI
(1+1-9! (1+41-G2 (1+1-0Q°3
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Whenever the inflation factor (1) is less than the growth
factor (G, the denom nator of the termfor each successive
year is less than one. Under such conditions, a direct
conparison with a spectral auction |unp sum paynment is clearly
not fair: The auction would | ose every time. Just for
pur poses of illustration, though, let us estimte PV for a

finite term for various years and conbinations of | and G

Then the PV of the $280 mIlion stream of paynents woul d be:
Term (years): 10 20 25
| = 4% G=0% |$2.4 billion |$4.0 billion |$4.5 billion
4 3 2.7 5.1 6.2
4 4 2.8 5.6 7.0
4 8 3.4 8.5 12.0
6 4 2.6 4.7 5.6
6 8 3.1 6.8 9.0

Table 5.6. Present value of EDCT congestion tolls,
based on one percent market share of U S. wireline

DEMs and a one cent per mnute toll.

Mar ket potential for EDCT. Between two and three percent

of the U.S. population is presently enployed in agriculture.
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However, direct agricultural enployment represents but a
fraction of the total rural econony, generally about 25
percent of total rural enployment (NERA, 1990). In addition
there are others living in the rural environnment, but working
in urban or ex-urban settings. | estinmate that the market for
whi ch EDCT woul d be an appropriate choice is somewhere between
two and ten percent, with five percent being a reasonabl e nmean

esti mat e.
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4. A cost and feature conparison of the different
institutional choices.
| summarize the key features of EDCT and the existing

anal og and digital classes of telephony in table 5.7 bel ow

Class of Service:!

Specification: Wireline DCS-1800/

(POTS) EDCT AMPS 1S54 [S-95 GSM DECT CT-2
Technology:
Frequency (GHz) (Baseband) 60 0.8 0.8 0.8 1,18 1.9 0.86
Handoff? No no yes yes yes yes indoor no
Target market All Several U.S. US. US. Eur. Eur. Britain
Multiple access circuit sw. PN FDMA TDMA CDMA TDMA TDMA FDMA
speech rate (Kbps) 4 KHz 64/32 4KHz 795 8 8 32 32
Modulation - BPSK FM (3) BPSK GMSK GFSK GFSK

Internet Connectivity:

Bit rate (Kbps) 53 64/768 9.6 9.6
Throughput (Kbps) 115 32& up 9.6 14.4
Cost per megabyte

transferred ($/ MB)*  0.14 035 17 13.50
Cost of local service:?
Per minute of use (¢) 2.8 (in UK) 2.5 10-34 30-39
Average monthly bill ($) 20.00 (U.S.) - 29.84 30-50

Weighted average cost
of service (est) ($) 31.10 (Wisc) 25-30 - -

Resource allocation choice:

Intensive  Congestion Lottery Spectral
regulation toll auction

Notes:

1. AMPS is traditional analog cellular; 1S-54 and IS-95 are competing upgrades to AMPS. AMPS,
IS-54, and 1S-95 have indistinguishable pricing. GSM is a European Union mobile standard,
adopted by some U.S. PCS system operators. DECT is a cordless phone standard intended
as an add-on to PBXs. CT-2 is a European and Asian microcell system.

2. Average monthly billing and per minute charge for cellular are based on an average of
80 minutes per month usage of airtime, less handset, and with no roaming.

3. 1S-54 uses B/4 DQPSK.

4. Data transfer costs are estimated, based on $0.34/ minute airtime and listed throughput. POTS
transfer cost is based on 115 Kbps throughput and $0.028 estimated variable cost of local calling.

Table 5.7. Key characteristics of the avail able

choices in conparison with EDCT. (See Cox, 1996.)
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As Cox (1996) explains, anmong the PCS services, there is
a split between higher performance choices, |ike GSM or DCS-
1800, and low-tier choices |like the digital European cordless
t el ecommuni cati ons standard (DECT)?®* or cordl ess tel ephone 2
(CT-2). The tradeoff in PCS standards centers around digital
signal processing conplexity and transmtter power, and the
i nplications for handset weight, cost, and battery life. The
hi gh-tier systens are tailored to the demands of urban nobile
users.? The lowtier PCS solutions nmake for the npbst conpact
handsets, while offering little to no call handoff capability.

DECT has been proposed as an urban fixed wireless
architecture (Asghar, 1996, 479). EDCT is chosen to offer
very simlar subscriber equipnent signal processing
requi rements and cost. But EDCT is intended to offer higher
Internet data rates, a feature-rich cell site architecture,
the likelihood of nultiple uncoordi nated service providers,
and the capacity advantages of EHF spectrum use.

The 1S-54 and 1S-95 (and soon to be IS-136) standards are
second generation retrofits to the existing AMPS frequency

all ocation. The goal is to increase channel capacity.

19
See Asghar (1996) for an overview of the DECT system
20

| explain nore of what the urban environnment inplies about
demands on speech coding rates and spectral efficiency in the
next section.
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I will be nmaking conparisons in greater depth in the next

section on technol ogy choices for urban and rural custoners.
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5. Crossover between technol ogy choices for urban and rural
service.

The EDCT system architecture contains aspects of the
ot her existing classes of service, to | everage existing
engi neering paradi gnms and techni cal standards, while best
neeting the needs of rural fixed wireless custonmers. For
exanpl e, 32 Kbps ADPCM speech codi ng and BPSK nodul ation with
no FEC have intentionally been chosen to | ower signa
processing requirenents in the subscriber equi pnment, thus
m nim zing costs. Pseudonoise (PN) direct sequence
transm ssi on has been chosen over channelized TDVA, to avoid
the cochannel interference and network synchronization
chal | enges that would effectively preclude the conpetitive
provi sion of wireless service in rural areas.

Al'l of these engineering choices are a good fit to the
requi rements of fixed custoners renoved fromthe urban core.
These sane engi neering choices facilitate the adoption of
spectral congestion pricing, because they provide for a
communi cation |link that gradually degrades in the presence of
i ncreasi ng congestion fromother PN transmtters.

On the other hand, urban nobile customers experience a
very different set of engineering considerations. The result
is that while spectral congestion pricing is a natural

institutional choice for providing rural universal service,
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t he existing channelized architectures are a better fit for
nost urban custoners. Specifically, there are several factors
affecting the desirability of the proposed new cl ass of

service, conpared to other existing w reless choices:

1. Spectral wutilization efficiency.

2. Di fferences between radi o propagation in a dense
ur ban nobile environment and open terrain for fixed
W rel ess subscribers, particularly in regard to
del ay spreadi ng.

3. I ncreasing i nmportance of Internet connectivity to
rural users.

4. Costs of the various alternatives for |ocal

t el ephony.

| discuss each of these aspects bel ow.

Finally I have a bit of good news for those EDCT
custonmers who want to nove between worlds: Energi ng software-
defi ned-radi o technol ogy can serve the role of a technol ogy
converter. Though inperfect, custoners would gain the ability

to use a single handset at honme, in the car, or at work.

Spectral wutilization efficiency. The first factor is the

spectral utilization efficiency of the pseudonoi se nodul ati on
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scheme and decentralized system architecture to be enpl oyed,
conpared to a channelized nodul ati on schenme and centrally
adm ni stered architecture, such as analog (FM cellular
t el ephony or its second generation digital successors enpl oy.
The engineering literature quantifies the small but neani ngful
efficiency di sadvantage of the pseudonoi se approach (Rowe
(1982) and Viterbi (1982), as cited in Yue, 1983). The
inplication is that in the npst popul ati on dense areas a
channel i zed architecture is to be preferred, for reasons of
the traditional doctrine of spectral resource scarcity al one.

Conpared to a reference system using narrowband FM
nodul ation and fully occupi ed channels, Yue cal cul ates a
spectral utilization efficiency of 72 percent. But just how
significant is this tradeoff? Wth the conbination of digital
speech coding and digital nodul ation standards, it is possible
to design links with a wi de range of bandw dth requirenents,
in factor of two increnments. As the bandwi dth of a digital
link is reduced, two effects occur: First, the recovered
speech progressively loses its human qualities. Second, the
i ncreasing costs of signal processing trade against the costs
of spectrum usage. The bandwi dth to assign a digital |ink
takes on a |l evel of subjectivity, but with coarser increnments
than the partial |oss Yue has cal cul at ed.

| conclude that Yue's efficiency tradeoff is |less
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significant than the tradeoffs that occur all the tine in the
di gital channelized design approaches. Therefore, the
conpetitive and distributive inplications, as well as the
various costs of spectrum and tel ephony regul ati on ought to be
nost on our m nds when conparing spectral congestion pricing
to spectral auctions or lotteries. 1In other words the soci al

costs dom nate over the engineering considerations.

I mplications of radi o propagation environment. The issue
of greatly increased delay spreading in the urban core, that |
di scussed earlier, has profound inplications for practical
l'i nk bandwi dth. A system architecture that is intended to
serve nobile urban subscribers will have to tolerate del ay
spreading of three to as nuch as 25 m croseconds, along with
rapi d deep fading (“picket fencing”). The result is that
nodul ation bit rates are highly constrained, to a maxi num of
perhaps 32 Kbps. A link intended for a fixed rural custoner
has al nost two orders of magnitude | ess delay spreading and a
greatly inproved fading scenario, making several Mops readily
attai nable. Therefore a nobile solution for urban custoners
cannot provide useful Internet connectivity for fixed

subscri bers, for engineering reasons al one.

Need for Internet connectivity. Wiile the existing
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cel lul ar choices provide data rates not exceedi ng 19.2 Kbps, #
urban wireline custoners are over the next year going to be
routinely offered Internet connectivity at 768 Kbps and above.
In a very short while Internet content will reshape itself to

utilize a fatter “last mle,” leaving rural custoners cut-off
| i ke never before. A rural universal service alternative nust
of fer data rates conparable to the urban setting to be a total
solution for the rural economy. The alternative could be a

reversing of decades of effort to develop and diversify rura

ar eas.

Cost characteristics of the alternatives. The third

maj or consideration is the conparative costs of the various
alternative classes of service that m ght present thensel ves
as consuner options. Here we are aided by the cost studies
that were perfornmed in chapter three and the EDCT system
desi gn exanple of chapter four. W are nowin a position to
conpare and contrast costs and make reconmendati ons.

It is imed ately apparent that the EDCT system
architecture yields a cost of voice service that is nearly
identical to urban wireline service, and without the use of a

uni versal service cross-subsidy. The pleasant surprise is

21

The 19.2 Kbps data rate cited is for Cellular CDPD service, a
dedi cat ed packet data service that overlays AMPS networks.
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that for data connectivity, an EDCT voice channel offers a far
| ower cost per negabyte transferred than does anal og cel |l ul ar
or a high-tier PCS solution. The reason for the nmuch higher
data service costs of the existing cellular choices is that
their data rates are so constrained by the engineering
realities of urban nmobile service.

EDCT data service, while much faster than an EDCT voice
channel pressed into data service, will cost nore on a per
megabyte basis. First, the greater bandwi dth required w l
cause a correspondi ngly higher spectral congestion toll.
Second, the use of FEC will halve the spectral efficiency in
favor of a lower BER. Third, it is after all an optional
service.

British wireline custoners are presently billed by the
m nute for local calling, with a weekday / weekend price
differential, that is in itself a crude congestion toll. The
nmont hly service charge is effectively divided about equally
between a fixed charge and a variable charge. For an average
750 m nutes of |local usage, the effective per mnute rate is
about on a par with the projected EDCT per m nute rate.
British Tel ecom has already put into effect a |ocal service
pricing approach quite simlar to what | advocate here for

EDCT.
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EDCT and nobile service.

Call handoff capability is not intended to be a feature
of EDCT, and as one can see, the limted nobility sol utions of
DECT and CT-2 have greatly restricted handoff capability.
Various authors (Cox, 1996 and Ricci, 1997) have stated that a
key reason for the rapid growh of nobile tel ephony is that
users cherish their nmobility, as well as the ability to use a
singl e handset for all calls. For a rural residential
customer, handoff in itself is of no value, but many users may
wi sh to possess a handset that would function both at home and
when nobi | e.

Over the past two years considerable effort has been
expended by the cellular industry to develop architectural
approaches and technical standards for a software-defined-
radi o (SDR) handset (Wonack & Braun, 1999).2 The approach is
to have a hardware T / R section that can operate on a range
of service frequency allocations, connected to a digital
signal processor (DSP) section that can handl e one or nore
nmodul ati on and speech coding schenmes. A DSP is software
programmbl e. Changing from AMPS, to |1 S-95, to GSM or
anything else, would be sinply a matter of preselection, or of

detecting the protocol in use by the cellular service

22

The intention is apparently to devel op a consuner equival ent
of the Speakeasy nultiprotocol radio used by the mlitary.
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provider. There would be only a small increnental cost
associated with the T/ R electronics.

There is no reason why an SDR handset could not be built
t hat woul d operate on AMPS or GSM and an advanced cordl ess
phone standard, |ike CT-2.2 Then rural custoners could have
a cordl ess base unit at home (with range sufficient to reach
out buildings), drive the freeway usi ng AMPS, and enj oy
wi rel ess PBX connectivity at work. Could handoff of ongoing
calls be achieved in a conpetitive environnent of disparate
technol ogies? That is not likely. But cell site swtches
could easily be programmed to | ocate a custoner, by calling a

list of nunmbers provided by that custoner.

23

See Hanzo (1996) for a very conplete description of the
service characteristics and technol ogy of the CT-2 system
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CHAPTER 6. CONCLUSI ON AND AREAS FOR ONGOI NG RESEARCH.

First | sunmarize what has been acconplished to date in
this work. Frankly, there is nmuch nore that needs to be done,
i n order that what has begun as a sinple investigation of the
possibilities for the future of rural |ocal teleconmunications
m ght in the end be of actual benefit to people. The work
needed to make EDCT a reality needs to occur in a nunber of
settings: There is much applied research to be done on the
i nfratechnol ogy of EDCT, nost of it well suited to university
engi neeri ng departnents. There is work remining on the
devel opnent of policy relating to the proposed EDCT industry,
some of it suited to the academ c environnent. | discuss sone
of the opportunities in a second part of this chapter.

Finally, my anal yses have pointed to sone areas of
potential interest to those who regul ate and shape policy
concerning the existing kinds of tel ecommunications service.
| mention a few of those issues in a final section of this

chapter.

1. Concl usions.
| have described and anal yzed a new institutional choice
for rural voice tel ephony and data service. The new class of

service, EDCT, has distinct cost of service and service
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feat ure advant ages, conpared to existing technol ogies. EDCT
has a uni que network architecture tailored to the varied
t opography frequently encountered when planni ng network
bui | douts for rural customers.

A new approach to radio frequency spectral resource
all ocati on has been devel oped, which when conbi ned with the
use of EHF frequencies, offers several structural advantages.
Anmong these advantages are an ending of the need for a
uni versal service cross-subsidy for rural |ocal service, the
opening up of |ow population density regions to conpetitive
| ocal access, and Internet connectivity rates rivaling those
prom sed for urban households. Making full use of the
trajectory of cost and performance of sem conductor technol ogy
alters the traditionally high fixed cost-to-revenue business
ratio of wireline tel ephony, potentially transfornm ng the
busi ness of providing connectivity in rural areas.

Finally, the studies of the existing tel ecomunications
infrastructure, carried out in chapter three, contribute
uni que views of the cost / service feature vectors of the
I ncunbent service providers in Wsconsin. The PCA anal ysis of
W sconsin LECs is alnost certainly the first of its kind nmade
for the benefit of the public. | discuss one inplication

shortly.
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2. Areas for ongoing research.

The policy for a new industry to provide EDCT has been
explored. Inplications and the many benefits for the existing
t el ecomruni cati ons i ndustry have been di scussed. \What renmmins
is to carry out the applied research and to create an enabling
soci al environnent that will bring about EDCT industry
formation and the prom sed benefits for rural residents. |

next touch on several areas of needed research and acti on.

Under st anding the role of concentration of ownership in
EDCT. Big isn't necessarily bad, and econon sts are eager to
point this out. Still, the EDCT narket itself is only several
percent of the U S. market for universal telephone service.
Are technol ogy choices that make Qgs quite small sufficient
in thenselves to prevent the emergence of a defacto nonopol y?
| have suggested that |ocal ownership and a stakehol der
managenent nodel would be a best fit to the needs of EDCT
custonmers. Ot her researchers may have additional perspectives
on industry structures and adm nistrative |law that would be
beneficial. There is an opportunity to perfect an envel opi ng
institution for EDCT in parallel with the effort to nove from
i nfratechnol ogy to product realizations. That is a rare

opportunity that should involve many.
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Creating an enabling legal environnent. |In order for the
private sector to be willing to make investnents in the
devel opnent of products for EDCT, they nust be assured of an
all ocation of radio spectrumfor their proposed activity.
Al location is a step distinct fromand prior to the specific
assi gnment of spectrumto individual license holders, but is
sufficient for industry formation. As touched upon earlier,
the Worl d Radi o Conference 2000 will be occurring in one year,
to consider allocation for fixed wireless through 67 GHz. |
woul d i ke the U.S. governnent to propose that EDCT be
al |l ocated spectrum for first generation product designs,
i ncluding an allocation for a network backbone.

Apart frominternational coordination, the donestic
regul atory environnent needs to be shaped. This year Congress
w |l be reauthorizing the FCC. There is an opportunity to
aut horize the FCC to use spectral congestion pricing for a new
class of service. At a latter time, as the EDCT industry gets
underway, the FCC can then go ahead and create the
adm nistrative rules needed. All that is needed now are the

“hooks. "

Perfecting the fit between spectral congestion price

| evel s, the air interface, and the public good. The air

interface is the connection between the processed baseband
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signal and the inperfection of radi o wave propagation. The
engi neering choices of the degree of forward error correction,
t he speech coding algorithm and the m ni num accept abl e
signhal -to-noise ratio affect the econom cs of congestion: They
det erm ne the uncongested speech quality and the rapidity of
deterioration of circuit quality with nmounting congestion.

W th pseudonoi se nmodul ation the air interface chosen further
interacts with the excess noi se generated by ot her

sinmul taneous users to determne the circuit quality and
econom cs of usage. EDCT and the proposed third generation
cellular (3G CDMA) under devel opment (see CDMA Devel opnent
Group, 1999) treat the degrading effects of excess noise very
differently. |Is the stage set for a “technol ogy shootout”
bet ween spectral congestion pricing and the | egacy channelized
assi gnnent approach of CDMA? Are the two approaches really
best suited to distinct reginmes of custoner classes? Tine
will tell, if EDCT will be allowed to operate in a market.

Let us conpare the EDCT approach to treating the effects
of excess noi se as congestion, to the system approach of third
generation cellular, which foregoes the potential of the
concept of congestion in favor of a brute force nmethod. In
t he 3G CDMA standards currently under devel opment for urban
nmobi | e subscribers, excess noise fromother transmtters is

handl ed differently. North American 3G CDMA uses 1.25 IVHz
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excl usively assigned “channels,” with dozens of pseudonoise
conversations occurring sinmultaneously in each channel. CDVA
transmtters are to have their output power under the control
of the cell site: Close to the cell site, transmtter power is
to be reduced to maintain the m ninmum acceptabl e signal-to-
noise ratio of 3 to 9 dB. As a nmobile user noves away from
the cell site, its transmtter power is increased under
central control. The maxi mum wor ki ng di stance of a cell site
is reached as the transmtter power tries to becone infinite.
The consequence for 3G CDMA is that voice quality is nearly
al ways going to be brought down to the m ninmum| evel
acceptabl e, as the channel will nearly always be fully

congest ed.

Congestion toll and the public good. As | discussed
earlier, the |level at which the EDCT congestion toll is set
(inthe limt of no congestion) is not sinply a matter of
engi neering, but also of public policy. The EDCT congestion
price level in the presence of substitute goods determ nes the
conpetitive outconme, as the margi nal cost of EDCT |ess tol
appears to be bel ow the shutdown price of existing cellular
providers. A non-zero congestion toll forces efficient use of
the spectral resource. But the congestion toll also takes on

the formof a tax, with all the attendant social inplications
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of taxes.

Researching the market for EDCT products and services
froma consuner perspective. EDCT is to enploy a packet
switched, rather than a circuit sw tched, network. Services
not presently avail able even to urban wireline custonmers could
be offered. For exanple, opportunities exist for virtual
private networks involving growers and seller cooperatives.
What ki nds of services rural custonmers m ght want, and their
of fering bundles, mght be a fertile area of research for

master prograns in telecommunications-rel ated areas.

Exploring the relation between the existing players and

an energent EDCT industry. The stakehol der analysis for the
proposed EDCT industry was devel oped to the extent of a first
cut in chapter five. These industry relationships need to be
nore devel oped, with a view toward making EDCT a reality. A
key aspect of maki ng EDCT happen is to nake everyone a w nner
to the extent possible, especially the tel ephone conpanies

currently providing rural service.

Prot otypi ng the equi pnent required for EDCT using UHF.

Just above 2 GHz is a band set aside for experinental

services. A special licensing procedure exists, with a
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renewabl e |icense term of about one year. It should be within
the ability of an electrical engineering graduate student to
assenble a prototype of a cell and a set of subscriber T/ R
units. One could then conduct field trials to determ ne the
suitability of the EDCT concept.

Prior to building hardware, a software sinulation of an
EDCT cell m ght be undertaken. Such a simulation could have
an econom c¢ nodul e sinmulating spectral congestion pricing
runni ng on top of an engi neering nodel of the radi o channel.
In addition the sinmulation would have nodul es that generate
simul ated voice and data traffic. One could then experinent
with various coding algorithms, degrees of FEC, sinmnulated
fadi ng nodel s, congestion toll price levels, and the |iKke.
One ought to be able to fairly thoroughly conpare the EDCT
system concept to existing and proposed 3G cel lul ar radio.

Field trials would serve to validate the sinmulations.

3. Areas of potential further interest to regulators and

policy types.

EDCT and urban tel ephony. To what extent m ght a
spectral congestion toll and uncoordi nated assi gnnment of
cellular providers be a suitable paradigmfor the delivery of
conpetitive | ocal access to residences? |Is there a potenti al

to design a | ow cost, cooperatively owned fixed wrel ess
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service for |low incone urban residents?

EDCT and bandw dth markets. The enmergence of financi al
mar kets for telecommunicati ons bandwi dth, limted though they
are at present, prom se to supplant the need for the
inefficient and sonetimes abusive bilateral interconnection
agreenents that are a hallmark of the 1996 Act (see Bl au,
1999). Open trading in access to network bandw dth portends a
bright future for the independent |ocal service provider, as

|l ong as the markets are run better than the cheese market.

Paying for spectrumby instituting a user fee. It has

been suggested that wireless service providers m ght pay a
“user fee” for access to the spectral resource. A user fee
paid, say, on a nonthly basis, mght serve as an

adm ni strative conveni ence for the agency overseeing
collection. There are, however, at |east three considerations
that conme into play in assessing the fit of such a proposal to
the needs of spectrum users and nmanagers.

First, in the nationwi de trend to nove the public
switched tel ephone network froma circuit swtched
architecture to a packet sw tched network of a type nore
suited to the convergence of voice, video and data, it becones

nore natural to nmeter packets than usage time. 1In the
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energi ng commodity markets for bandwidth, it seens |ikely that
packets will be nostly on the table (Blau, 1999). A
congestion toll is traffic-based, |ike packets, whereas a user
fee seens a better fit to a circuit switched network
envi ronnent .

Second, the political and adm nistrative |law realities of
setting user fees m ght bring about a fee schedul e that
artificially restricts conpetition or keeps EDCT providers out
of sone service territories. Wth a traffic-based approach to
spectral resource pricing, the opportunities for regul atory
capture are greatly reduced. The rate maki ng process, which
ot herwi se might carry forward sonme of the adnmi nistrative
structure of the public utility rate design process, IS
reduced to setting a price level that brings about efficient
use of the spectrum EDCT system architecture choi ces becone
the principal neans of attaining universal service goals.

Third, a congestion toll is a better fit to a distinctive
reality of the radio spectrum-- it cannot be owned by the
nations. Wth the exception of but one m nor nation (a nation
where one percent of the popul ati on owns 90 percent of
everything), property rights are never conveyed with
licensure. In the first several pages of chapter two |
di scussed the highly devel oped nature of the international |aw

of radi o communi cations, in conparison to the bilateralism
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dom nant in the | aw of physical communications. This
advancenent mrrors the expansiveness of a propagating
el ectromagneti c wave.

Payi ng a user free, which is essentially renting the
right to use a good, inplies that the property used has an
owner. Property rights and respect for the rule of law are
key foundations to our prosperity and the advancenent of other
ki nds of rights and liberties. Yet the radio spectrum conpels

us to think beyond property, so that we m ght best enable

mar ket s.

S [ [ I
% 77 Figure 3.5 (Reproduced
'E s o . — at left.)
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| ocal exchange carriers.
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-3 | | | Ameritech is (77).
-12 -8 -4 0 4

principal component #1
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Revisiting Ameritech and Airadigm Mght it be that
Anmeritech has been cross-subsidizing the construction of a
private digital wi de area network for its cellular subsidiary
with investments made for the public switched tel ephone

network? (If so, perhaps it is an accident.)

P P P e)
T PP O P PP FPP PP P o] )
| I I I I I I
0 0.4 0.8 1.2 1.6 2.0 2.2
o
A
Wireless interconnection 2 PA A A A A A
(cents / minute) | | | I
2.0 3.0 4.0 5.0
Key:
P-PrimeCo O-Other W - with Wisconsin Bell
A - Airadigm
interdot.cdr T - Ameritech Mobile transfer price

Figure 3.16. (Reproduced.) Bilateral
I nterconnecti on agreenments reached in 1997 or 1998

I nvol ving a Wsconsin wireless service provider.

The tool of principal conponents analysis, applied to
W sconsin’s intensively regul ated tel ephone industry, affords

a view of the effectiveness of regul ation that goes beyond the



302
rate-of -return equation. Consider simnultaneously the plot of
the first two principal conponents of the LEC survey (figure
3.5) and the univariate analysis of Wsconsin w reless
i nterconnecti on agreenents (figure 3.16).

The first principal conponent | oaded heavily on access
i nes (business and residential) served by a digital swtch,
fraction of ISDN |lines available to businesses, fraction of
switches that are digital, and average subscri ber distance to
a switch. The second principal conponent | oaded heavily on
five year average switching and transm ssion investnments. How
can an LEC score so extraordinarily high on investnent, and
yet unusually | ow for delivering the benefits of digital
swi tching and outside plant to custoners? (Conponent three is
al so large and positive, a four conponent nodel describes the
sane behavior, and the four conponent outlier plot |ooks ok.)
Anmeritech’s transfer price for wireless call termnation is
unusually low. Who is paying for transporting calls over
Anmeritech’s statewi de cellular |ocal calling area?

Ai radi gm whose negotiated wireless call term nation
rates are nearly two standard devi ati ons above the nmean, has a
very different situation. |Is the bilateralismof the 1996 Act
failing, by freezing in a structural disadvantage for smaller

service providers?
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APPENDI CES.

APPENDI X A. Vari able definitions for the

mul ti vari ate PCA nodel .

SURVEY VARI ABLE DESCRI PTI ONS. (File WSTAVAR4)

NAME

Reply

Fi rm nane

PSCW irm

- Question

Rt ot al

Rcr ossba

RanaSPC

Rdi gSPC

Rnar | SDN

Rwi dI SDN

RegAcc

DESCRI PTI ON

Sequenti al case nunber, 1-75, small TELCO
sunmary, plus 2 big TELCOs (GIE, W Bell),
sunmary. (numeric)

(I abel)

PSCW four digit firmidentifier code
used by PSCW
1: Residential subscriber access |ines.

1.1- total number of line pairs providing
residential service.

1.2- fraction served by an
el ectro-nmechani cal sw tch.

1.3- ... by an analog stored program
control (SPC) switch.

=
D
1

by a digital SPC switch

1.5- lines that are narrow band (TO) | SDN
rat her than anal og.

1.6- lines that are wi de band | SDN
(T1 or better).

1.7- lines that all ow custoner choice of
| ong di stance co.
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-Question 2: Business access subscriber |ines.

Bt ot al 2.1- total nunber of line pairs providing
residential service.

Bcrossba 2.2- fraction served by an el ectro-
mechani cal switch

BanaSPC 2.3- ... by an anal og stored program control
swi t ch.

BdigSPC 2.4- ... by a digital stored program control
swi t ch.

Bnarl SDN 2.5- lines that are narrow band (TO) | SDN
rat her than anal og.

Bwi dl SDN 2.6- lines that are wide band | SDN (T1 or
better).

BegAcc 2.7- lines that all ow customer choice of
| ong di stance co.
-Question 3: Advanced service features.

FrRelay 3.1- frane relay protocol for high speed
digital transm ssion.

SMDS 3.2- another protcol for high speed
digital transm ssion.

BroadTV 3. 3- broadcast (NTSC or equiv.) quality
real -ti me video.

otherVid 3.4- video, but not in real-tine.

-Question 4: Nunmber of sw tches.

Switches 4.1- total nunber of firmowned sw tches,
of all types.

-Question 5: Switch features.

SanaSPC 5. 1- nunber of switches that are anal og SPC.
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27 Sdi gSPC 5. 2- number of switches that are digital SPC.

28 STP 5.3- ATT Signal System 7 (SS7) installed,
iIs an STP (host).

29 SP_SSP 5.4- ATT Signal System 7 (SS7) installed,
SS7 only (tandem).

30 EqAccess 5.5- switches allow ng custonmer choice of
| ong di stance co.

31 DTMF 5.6- switches providing Touch Tone (tm
di al i ng.
32 NE911 5.7- swi tches having non-enhanced 911

calling installed.

33 E911 5.8- switches having enhanced 911
calling installed.

34 ATM 5.9- asynchronous transfer node (ATM
prot ocol capabl e.
-Question 6: Mles of local |oop (phone |ines).

35 LoopM 6.1- mles of subscriber wring,
in cable sheath m | es.

-Question 7: Mles of fiber optic cable
(general ly not subscriber).

36 Fi ber M 7.1- route mles of fiber optic cable presently
i nstall ed.

-Question 8: Other digital transm ssion (m crowave or
coaxi al ).
37 DigitM 8.1- route mles of other digital
transm ssion |ine.
-Question 9: Fiber installation planned over next three

years, total.

38 FOpl anM 9.1- route mles of fiber optic cable the
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conpany plans to install in total,
over the next three years.



39

40

41

42

O her

307
- Fi nanci al neasures:

tot Trans PSCW total 1992 investnment in
transmi ssion facilities.

totSwtch PSCW total 1992 investnent in
swi t chi ng equi pnment.

aveTrans PSCW five year average (88-92) annua
transm ssion investnent,

aveSwtch PSCW five year average (88-92) annual
swi tching investnent,

Not es:
Cases:
Case 76 is GIE North (W operations only).
Case 77 is W Bell (i.e., Aneritech- W operations only).
Case 78 (last case) is total for all W firnms, |arge and
smal | .
Dat a points:
40 of GTE North switches are crossbar, and are not
broken out in data.
GTE- owmned anal og switches are not SPC.
Century tel ephone has a significant nunber of crossbar
swi tches in use.
Vari abl es:
SS7 reduces call set-up tine.
NE911 does not have caller 1D or keep open features.

E911 does have caller ID and keep open features.
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12.

13.

14.
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O her digital serves sane function as fiber, but has
roughly 1/10 the capacity (bandw dth).
totTrans is the sum of PSCW accounts 2231, 2232, 2411,
2421- 2425, 2431, 2441; summed over the five year period
1988-1992. Source: reports to PSCW
totSwtch is the sumof PSCW accounts 2211, 2212, 2215,
2220; sumed over the five year period 1988-1992.
Source: reports to PSCW
aveTrans is in dollars per subscriber line. It is the sum
of PSCW accounts 2231, 2232, 2411, 2421-2425, 2431, 2441;
averaged over the five year period 1988-1992. Source:
reports to PSCW
aveSwtch is in dollars per subscriber line. It is the
sum of PSCW accounts 2211, 2212, 2215, 2220; averaged
over the five year period 1988-1992. Source: reports to

PSCW
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Vari abl e

FBus

Fr di gSPC

Fbdi gSPC

Fsdi gSPC

Fbnl SDN

Fsyst em/

FE911

aveLm

aveDt r an

avTrans

avsSwt ch

309

APPENDI X B. Vari abl es used in the

Mul tivari ate PCA nodel .

How cal cul at ed

from survey var.

14 | 7+14

10/ 7

17 | 14

27 | 25

18 / 14

28+29 | 25

33/ 25

35/ 7+14

Meani ng
Fraction of |ines business.
Fraction of residential |ines.

served by a digital switch

Fraction of business |ines
served by a digital switch

Fraction of sw tches that
are digital.

Fracti on of business |ines
whi ch are narrow band | SDN.

Fracti on of swi tches which
are AT&T Signalling System 7
conpati bl e (host or tandem.

Fracti on of swi tches having
enhanced 911 di al i ng.

Aver age subscriber distance to
switch in mles.

[36+38+0. 1(37)] / 7+14 Average digital trans-

41 | 7+14

42 | 7+14

m ssion (m) owned by firm
on a per-subscriber basis.

Fi ve-year average investnent
in transm ssion facilities
on a per-subscriber basis.

Fi ve-year average investnment
in switching facilities
on a per-subscriber basis.
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Not es:

1.

aveLm is the average local loop length. It is a
surrogate measure of custoner density and indicates the
degree to which econom es of density are present in the
firms service territory.

aveDtran is a per-subscriber neasure of nmles of digital
transm ssion line owned by the firmto interconnect
switches or to link switches to inter-exchange carriers
(I XCs) .

aveTrans and aveSwtch are measures of firminvestment in
pl ant and equi pnment on a per-subscriber basis. Together
they represent total firminvestnent per line. Each is a
sum over the five-year period from 1988-1992, to provide
for some snoot hi ng.

aveDtran is the sum of existing fiber-optic cable, fiber-
optic cable planned for installation over the next three
years, and one-tenth the non-fiber digital transm ssion
(to approximtely correct for differences in information
bandwi dt h), divided by the total nunmber of firm

subscri bers.

Rtotal and Btotal are used to correct for firmsize (see
text), and are not used directly as variables in the PCA

nodel .

Definitions:
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A switch is used to conplete a call to the desired party
and is generally located at the firm s central office.
Narrow band ISDN is a new type of subscriber l[ine which
is digital and permts the comngling of voice and data.
Signalling System 7 is at independent, supervisory
network |ink between switches that greatly reduces the
time to conplete a call
Enhanced 911 permits identification of the caller's
nunber and address, which non-enhanced 911 dialing does

not .
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APPENDI X C. Cases used in the

Mul tivari ate PCA nodel .

Case No. Fi rm Nane Case No. Fi rm Name
1 Anmery Tel com 41 M dway Tel
2 Amherst Tel 42 M1 Itown Mitual
3 Badger Telcom 43 Monroe Co Tel
4 Baldw n Tel com 44 Mount Horeb Tel
5 Bayl and Tel 45 M Vernon Tel
6 Black Earth Tel 46 NMozanie
7 Bl ooner Tel 47 Nel son Tel
8 Bel npont 48 Ni agra
9 Bondwel |l Tel 49 Northeast Tel
10 Bruce 50 Price Co Tel
11 B.B.&W Tel 51 PTI Communi c
12 Central State 52 Pecoco (Peo&FBA)
13 Chequanegon Tel 53 Rib Lake Tel
14 Chi bardun Tel 54 Riverside Telcom
15 Citizens Coop 55 Rhi nel ander
16 Clear |ake Tel 56 Richland-G ant Tel
17 Crandon Tel 57 St Croix Tel
18 Cochaave Tel 58 State Long Di st
19 Century reg |11 59 Scandi navi a Tel

20 Coon Vall ey 60 Siren Tel



Case No.
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39

40

Fi rm Nane

Cuba City

Di ckeyville Tel
East Coast Tel
Farnmers | nd
Farnmers Tel
Grantl and Tel com
Hager Tel com

Hi || sboro Tel

| ndi anhead Tel
Kendal |

Lakefield Tel
Lakeshore
Laval l e Tel Coop
Lenonwei r Vall ey
Luck Tel
Mapl e Tel Coop
M d- Pl ai ns Tel

Mondovi Tel

Manawa Tel

Mar g- Adanms Tel

Case No.
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75

76

77

78

313
Fi rm Nanme
Somer set Tel
Sout heast Tel
Spring Valley Te
St ockbri dge&Sher
Tenney Tel
Tri-County Te
Uni on Tel
Ur ban Tel
UTELCO
Vi roqua Tel
Ver non
Waunakee Tel
Wttenberg Tel.
West W Tel com

Wod Co Tel

GTE North
W Bel |
(Ameritech)

Total (all firms)
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