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n 1979, the author was invited to the chair

of Radio Communications at Eindhoven

University of Technology in the Netherlands.

Severalfriends and professional associates

questioned the sense of accepting this offer.

“Radio is dead. Broadband optical fibre is
the future,” said the experts.

I wondered if I should trust their kind advice and
found five reasons not to. First, during a decade
spent in planning international satellite services, I
had noted an emerging trend towards more flexible
support of end-users by small maritime and land-
mobile terminals. The most conspicuous exam-
ple was probably the small dish immediately unfold-
ing in all the foreign locations visited by the
roving U.S. Secretary of State, Henry Kissinger. The
new individual access links were different from
the traditional multiplexed satellite trunk connec-
tions; indeed optical cables looked poised toreplace
inthe 1980s. Second, awireless access network could
connect a new subscriber in most urban and rural
areas to the public network at lower investment cost
than any local loop requiring digging. Third, would
the majority of subscribers really ask for the vast
individual link capacity offered by installing opti-
cal subscriber loops, noting that standard video
distribution could be supported by satellite (radio
again!), possibly in tandem with existing local cable
television (CATV) networks? Fourth, the Nordic
Mobile Telephone (NMT) cellular standard was at
that time being developed in close cooperation
between different PTTs and competing manufac-
turers in Denmark, Finland, Iceland, Norway, and
Sweden. NMT demonstrated a joint drive in Euro-
pean countries towards (inter-)national cellular net-
works. The divided and divesting United Stateslooked
less able to develop and follow a common strategy
for mobile networking, even though Bell Laborato-
ries had played a leading role in the initial develop-
ment of the novel cellular technology in the carly
1970s. And finally, the new mobile satellite and cel-
lular networks would offer an opportunity to teach
total communication systems engineering. Thiswould

seem a dire necessity in most European electrical
engineering departments, where the traditional aca-
demic separation of ‘switching systems’, ‘trans-
mission systems,” and ‘enabling technologies’ often
leads to more focus on (sub-)system capacity than
on system capabilities to meet users’ needs.

Back to the Future

hese — personally biased — observations were

made almost 15 years ago. Many things look
different now, including my own university affilia-
tion and responsibilities. Still, the general empha-
sisof radio communications designs has shifted away
from maximizing the capacity of single links limit-
ed by Gaussian noise and available bandwidth,
towards optimizing the capabilities (including, but
not limited to the capacity) of multi-user networks.
The decisive interference now seldom comes from
outside, but is produced by authorized users of the
very same wireless network. Users thus share an inter-
est in developing and adhering to the best possi-
ble protocols and standards for allocating the joint
network resources. Accordingly, wireless systems
engineering is developing into a more conscious
search for the best common culture for multiple users
in a real environment. The capacity, spectrum
efficiency, and cost-effectiveness of modern radio
networks can no longer be won from nature (or
anadversary)inaclassical pursuit of individual gain.

This development has been commercially rein-
forced by the recent business trend in the com-
puter and defence sectors away from “selling the
high-tech products that you can make” toward “mak-
ing high-tech products that you can sell.” It has
become more important to consider the different
requirements and “cultures” of new communities
using wireless networks, including their needs for
innovation of regulatory conditions and standards.
In this article, some of the related European devel-
opments of two different personal communication
services, digital cellular telephony and mobile data
networks, are compared with each other and with
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developments in the United States. The related
agendas for R & D of wireless technologies in the
past decade are also reviewed and compared.

In 1992, the new standard for Pan-European dig-
ital cellular telephony known as GSM [ 1] saw its first
operational successes. The name GSM originated
earlyin the 1980s as the French acronym for Groupe
Special Mobile. This international working group
was tasked by most European PTT administrations
to develop a standard for cellular networks allow-
ing international roaming across the many Euro-
pean borders. A truly Pan-European standard also
provides economies of scale in mass production of
hand-held and car terminals. In the early 1980s,
these two objectives were seen as the most critical
success factors for achieving a much larger penetra-
tion of mobile telephone services in Europe. Below,
we shall discuss a third factor, the introduction of
competition in the monopolistic European mar-
kets — a cultural import from the United States.

Although the GSM standard provides digital cir-
cuits to mobile terminals, alternative specialized
wireless data networks for mobile computer com-
munications were put into operation much earli-
er in several European countries. Some essential
technology differences between the circuit-switched
and packet-switched radio systems, and their rel-
ative merits in the increasingly competitive Euro-
pean environment, are also reviewed in this article.

Present Status of European
Cellular Telephony

A s of April 1993, 32 operators in 22 countries are
committed to GSM. In Europe, this is formal-
ly expressed by a Memorandum of Understanding
(MoU). The Commission of the European Commu-
nities (CEC) ensured that common frequency allo-
cations were made in the 900-MHz band in the 12
member states and in many other European coun-
tries. The GSM standard is also rapidly being adopt-
ed outside Europe, notably in the Asia-Pacificregion
in Singapore, Malaysia, India, Hong Kong, and
Australia, where a Pan-Asian MoU is being con-
sidered, andin the Middle East and Africa. Moreover,
Taiwan, Thailand, and New Zealand are consider-
ing the GSM standard, or have already imposed
itforatleastone of their competing cellular networks.
Accordingly, the old acronym GSM isnowadays taken
to mean Global System for Mobile Communication.

The general advantages of international standards,

MoUs, and roaming agreements for publicmobile tele-

phonyare increasingly appreciated by different oper-

ators and markets. Where the inception and imple-
mentation of such conventions lag behind, subscribers
are denied some of the following mutual benefits:
* interoperability with the national public switched
telephone network(s), including ISDN.

e connectivity to all mobile users in a carrier’s

service area, stimulating cooperation between

adjacent carriers.

limiting inflexible cable infrastructure to the back-

bone network.

* lowcostof introducing service-area coverage, i.e.,
proportional to the initial peak network use
(erlang/unit area).

* simple upgrading of network capacity, when
and where economically justified, by reducing
cell size (‘cell splitting’).

by virtue of the third, fourth and fifth benefits
above, less economies of scale than in hard-wired
networks and, hence, less basis for ‘natural
monopoly’ arguments and for regulation against
competitionbetween local network operators [2].
ability to locate vehicles and roaming user ter-
minals, allowing automatic billing of users
away from their home location or own operator.
* international portability of a subscriber identity
module (SIM) smart card, authorizing customized
personal log-in from compatible foreign termi-
nals and competing networks by inserting the
SIM card [1}.

Such benefits have caused the growth of mobile
communications markets to exceed 60 percent p.a.
in many countries. No other telecommunications
sector can boast similar growthratesat present. The
infrastructure supply market is dominated by the few
international manufacturerswho combine expertise
in both radio transmission and national switching
systems. One of these manufacturers, L. M. Eric-
sson of Sweden, has some 40 percent of the cellu-
larworld market, including a major proportion of the
many networks using the American analog standard
AMPS. The terminal market, on the other hand,
is subject to the typical supply principles and eco-
nomies of consumer electronics: short product devel-
opment times and a “killing” competition, due to the
eroding profit margins on micro-electronics com-
modity products. However, the resulting dropin ter-
minal prices now assists in developing the service
market much faster than in the past.

At the end of 1992, commercial GSM tele-
phone service was offered in eight countries. The
coverage area rolled out in Europe at that time is
shown in Fig. t. The major transit routes in
Europe had been reasonably covered within one year
after the first GSM service went on air, despite
economic recession in most countries and delays
in type approval of the first telephone handsets
and their complicated software. So far, the ser-
vice is restricted to voice-type digital circuits, but
a simple service allowing transfer of short (i.e.,
paging-type ) alphanumeric messages is also planned.
A more complete set of data rates to be support-
edasbearerservicesin GSM at alater stage (beyond
19957?) has also been defined [3].

Strikingly, the fastest take-up of GSM has been
in Germany, where the national economy has
stagnated in the wake of the unification of East
and West. After only six months of operation in De-
cember 1992, Mannesmann Mobilfunk announced
the 100,000th subscriber to its GSM-network,
known as D2. In May 1993, 220,000 users sub-
scribed to D2. Mannesmann’s competitor in Ger-
many, Deutsche Bundespost Telekom, holds the
national monopoly on both public analog mobile
telephony and the fixed telephone network.
Some 90% of all telephone calls to or from mobile
users in Germany originate or terminate in the
latter, and Telekom’s analog cellular network, C1,
is already virtually saturated by its 800,000 sub-
scribers. Nevertheless, Telekom’s own GSM-network,
D1, is believed to have attracted fewer subscribers
than the competing D2 network. The successful
marketing of the D2 network services and the asso-
ciated offer of the ‘Handy’ portable GSM-termi-
nal at a price of less than $1400 (including 15 per-
cent tax, deductible for business users) is clearly
designed by D2’s American sharecholder, Pacific
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dl gz ta l ce llu lar B Figure 1. Service area for carphones of European GSM-operators by December 1992.
Telesis. Despite more advanced features consistent poised to dominate the supply of the advanced digi-

telephone with the all-digital technology, the lightweight tal termin:dlsfor GSM netw_o.rks—amajorcons:umer
‘Handy’ already costsless than a (heavier) handheld market with much competition, but only a peripher-
terminal for the analog C1 network did immediately alsystemimpact. Inthe core areaof total systems engi-

SyStemS- before Deutsche Bundespost Telekom experienced neering and standardization. US manufacturers and
competition. The explosion of the GSM market in operators appear highly divided about the opera-
Germany has caused considerable shortage of ter- tional merits of various technologically advanced
minals, especially portables, resulting in waiting options for radio channel access, digital modulation,
lists and loss of GSM-network revenues in other and networking, such as narrowband and broadband
European countries. CDMA, different TDMA formats, and Low Earth-

The German case illustrates the general trend Orbiting Satellite (LEOS) systems. A single con-
towardsincreased mobile network competitiononthe vincing first-generation digital alternative to GSM
European continent, often spurred by experienced on the world market, similar to the US AMPS
business partners from the less monopolistic standard, whichin the analogera captured about two-
Anglo-American shores of the Atlantic Ocean. thirds of all mobile subscribers worldwide, has yet
Clearly, the international GSM-standard and MoU, to emerge in the United States. As for the comple-
with strict technical interface specifications and inter- mentary Personal Communication Systems (PCS),
working requirements, have paved the way not the Digital European Cordless Telephone (DECT)
only to international cooperation and roaming, but standard in the 1800 MHz-band appears even
also tolocal rivalry between competing network oper- further ahead of US efforts [4]. The DECT- stan-
ators. Introduction of network competition was in dard includes most of the functionalities of the GSM
fact one of the GSM policy objectives of the CEC in architecture [1], but is intended to result in low-
Brussels. This regulatory change is the third key cost pocket phones suitable for both residential (cord-
factor in the dynamics of European mobile com- less) use and wireless access to local (PBX) and
munications, next to the more technological driving wide-area (cellular) networks.
forces perceived by the founding fathers of GSM a Arguably, the active presence of U.S. Bell Oper-
decade ago. It also raises new technical issues, such as ating Companies (BOCs) in the operating consortia
portability of numbers between competing operators. licensed by countries committed to the GSM stan-
The GSM switches can readily be interconnected dard can be taken as an American acknowledg-
with Intelligent-Network (IN) nodes. Thus, new com- ment of the dominance of European manufacturers
petitive service offerings can be extended into the fixed in the rapidly growing market for digital mobile
network, including storage of voice-mail messages to network technologies. Conversely, the awards of
or from mobile subscribers who have temporarily such licenses in several EC countries can also be
logged out of the network, and call forwarding. seen as a European acceptance of greater American
The European Cellular Radio Consortium (ECR- operator experience and marketing skills. The

900 —with Finnish Nokia, French Alcatel, and Ger- remarkable role of the BOCs abroad suggests that
man AEG Telefunken as partners) and Ericsson of innovative technologies imbedded incommonstan-
Sweden together have the lion’s share of deliver- dards are not enough to develop a modern mobile
ies of GSM base stations and digital switching service market. This is confirmed by consideration
equipment. With aclear lead in digital and RF micro- of the evolution of another digital service in Europe,
electronics, Japanese and U.S. manufacturers are mobile data communications.
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Mobile Data Networks in Europe

nmany European countries, the only possible way

to conduct data transmission over public mobile
networks is still to attach low-speed voice-band
modems to analog radio telephone circuits. Gen-
erally, this results in a poor bit error rate due to
the signal fading and shadowing, the extra-cellu-
lar interference and the handoffs between base
stations inherent in mobile systems. Improve-
ment by suitable error-correction codes or proto-
cols is possible, but reduces the throughput of the
narrowband radio channel further.

With the advent of the digital GSM, there is a
popular belief that mobile computer communica-
tionswill become easier, cheaper and better. The cir-
cuit quality and data rate do indeed improve, but a
circuit-switched voice channel is not really suited to
any bursty data source, even if using digital transmis-
sion. Dialing up (and paying for!) a real-time two-
way circuit between end users is quite inefficient for
the most frequent modes of mobile computer com-
munications: electronic mail, interactive access to
information services, EDI-type computer messag-
ing, dispatch and other types of fleet management,
and data “broadcasting.” For such applications, the
features of classical packet switching appear
more desirable: non-blocking access for terminals
and the ability to convert data rates and codes with-
in the store-and-forward network. Wide-area flexi-
bility and adaptability to serve computers and
terminalswith different functions and priorities point
toward packet radio networks which can bill by
traffic volume, rather than by connect time.

Such mobile data networks operate in several
European countries. It is significant to note here
that Deutsche Bundespost Telekom in the Spring
of 1993 announced that its present experimental pilot
mobile data network, Modacom, will be available
for full operation in 80 percent of Germany by
1995. Thiswireless extension of Telekom’s own pub-
lic X.25 packet service to mobile computers such
as Laptops, Notebooks, and Palmtops suggests that
(atleast) one of the major GSM operatorsin Europe
has doubts about the competitiveness of the planned
data transmission modes in the GSM network [3].
Itisexpected that the German government will license
a second mobile data network later in 1993.

Well ahead of the German Modacom network,
the Scandinavian PTT-administrations in Sweden,
Norway, and Finland introduced the Mobitex
Radio Data Standard in the last decade. At that time,
Mobitex was supporting only a low-speed packet
service at 1200 b/s plus an emergency voice ser-
vice, reflecting the initial use by police patrols,
fire brigades, and public utility services to exchange
briefcommand-and-control messages with their head-
quarters. A decade later, the widespread accep-
tance of portable computers and the advent of
more demanding commercial operators, including
RAM Mobile Data in the United States, have
pushed the Mobitex data ratc up — and the hybrid
voice channel out: the 19.2 kbit/s data rate defined
in [7] is twice that foreseen in GSM [3]. Mobitex-
based networks are also being introduced in the
United Kingdom and the Netherlands by RAM and
in France by France Telecom, assisted by Bell South.
Again, we note the involvement of U.S. expertise
in service provision, even where the network
technology and standards are purely European.
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;uFiguré?Ea screen dump of route hlap encoded by differential chain cod-

ing into 1200-byte message [6].

Nevertheless, European telecommunication
manufacturers have met more U.S. competition
in the supply of mobile data networks than in dig-
ital cellular telephone systems. Thus, Motorola’s
DataTAC technology, based on the RD LAP proto-
col for the logical radio link connection, was
adopted by Deutsche Bundespost Telekom for
Modacom in Germany, by Hutchison in the Unit-
ed Kingdom and Hong Kong, and by the ARDIS
companies in the United States and Canada.

To illustrate the possibilities with narrowband
mobile data throughputs, imagine the transfer of the
simple American route map shown in Fig. 2 to (or
from) a mobile terminal. It is possible to encode this
image and the associated text as a message string of
some 1200 bytes from a graphic tablet or a modern
pen computer, using Differential Chain Coding {6].
This message occupies a nominal time of only half
a second in a 19.2 kb/s packet data channel, consid-
erably less than when dialling up a circuit-switched
mobile telephone channel, especially if thiswere used
to interconnect twofacsimile terminals using slow run-
lengthcodes [6]. Evenfor the short 1200 byte message
string, the time and the signalling overhead tobuildup
the real-time circuit would likely result in a rather
unattractive tariff. While a packet-radio protocol
could also cause some extra delay, especially during
heavy traffic loads, the billing would still correspond
to an effective data transfer of only 1200 bytcs.

Obviously, the need to link computers in a wire-
less mode does not only exist outdoor for public
networks, but is often driven from the local-area
networks at customer premises. The European
DECT standard mentioned in the previous section
will make data link throughputs up to 1 Mb/s
available, but the limited access time (50 ms)
makes it more suited for wireless linkage of multi-
ple users with considerably lower individual
throughputs to a PBX. In the office domain, the
United States has more experience with wireless broad-
band networks than any other country. This gives
microceliular wideband systems as Motorola’s 18
GHz ALTAIR, mecting the IEEE 802.3 Ethernet
standard, and NCR/AT&T’s WaveLAN, using
CDMA at 2.4 GHz, a competitive edge against the
Europeans, when it comes to capacity. However,
NCR has performed much of its related research
in the Netherlands, where “Bell Labs Europe” is
being created. This could result in closer coordi-
nation of the wireless-LAN standardization work
in the European Telecommunications Standard-
isatin Institute (ETSI) and IEEE 802.11.

Finally, mention should be made of the present
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work by ETSI on two Trans European Trunked
Radio (TETRA) standards, one for pure packet data
services to single or multiple destinations, and
another also supporting additional circuit-switched
data and speech channels (similarly to the initial
Mobitex systems in Scandinavia mentioned above).
As we shall see below, a hybrid system cannot be
optimized in terms of capacity for both types of ser-
vices; hybrid systems may nevertheless be required
for certain applications, e.g., ones in the transport
sector. The European frequency allocations for
TETRA are likely to be in the UHF band (parts of
380-400 MHz, 410-430 MHz, 450-470 MHz and/or
870-890/915-933 MHz), and to adopt 25 kHz chan-
nels for co-existence with existing mobile services.
TETRA is thus a typical narrowband data stan-
dard. European harmonization is deemed essential
to achieve cross-border operation with this sec-
ond-generation standard, in the interest of inter-
national courier services, railroads, and road and river
transport companies.

Differences Between Packet
Data and Digital Voice Systems

he ongoing introduction of separate digital net-

works for mobile telephony and mobile data
applications in Europe described above will notcome
as a surprise to experienced network engineers. In
the past, optimum use of classical hard-wired trans-
mission resources motivated separatc communica-
tions networks and signaling protocols for telephone
and for computer traffic, adapted to the different
statistical characteristics of the corresponding infor-
mation sources. Real-time, blocking-type chan-
nelsfor telephone conversations pose other network
requirements than does the delayed, but non-block-
ing exchange of bursty data in computer sessions,
e.g., using the X.25 protocol. Where the physical
transmission media contribute additional random
fluctuations (as in mobile radio due to signal fad-
ing and mutual interference), or when the chan-
nel capacity is too precious to allow the overhead
of ISDN-type service integration (as in mobile radio
due tospectrum shortage), further distinctions arise
between voice and data networks.

[t is the instantaneous blocking probability, as
determined by any unacceptable co-channel inter-
ference between cells, that determines the optimum
design and real-time capacity of optimum cellular
telephone networks. Although digital modulation
schemes can be made more robust to interference
than analog modulation, they still require consid-
erable spacing between cells using the same radio fre-
quencies, inorder to avoid unacceptable degradation
of voice circuits from time to time. A notable excep-
tionis spread-spectrum modulationasused in COMA
cellular systems, which trade carrier bandwidth for
processing gain to tolerate a higher co-channel inter-
ference. The consequence is a stricter requirement
for power control in mobile spread-spectrum tele-
phone systems, in order to reap the theoretical net-
work capacity and spectrum efficiency in the face of the
fluctuating interference in the mobile channel [7].

Cellular structures and/or power control algo-
rithms optimized for voice circuits are not opti-
mum for amobile network of virtual circuits between
userswho are prepared to accept delays of some data
packets. Users of packet protocols are quite will-
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B Figure 3. Flow chart for network access by mobile
data terminal using non-slotted ALOHA [11].
ing to accept a significant risk of harmful colli-
sions between coinciding packets, in return for
not having to schedule their bursty accesses very
strictly or to defer transmission for a long time. Pack-
etprotocolsare designed to repair any harmfulinter-
ference experienced between packets simply by
retransmission. This contrasts with classical fixed
and mobile telephone circuit requirements, which
contain substantial a priori guarantees against
occasional circuit outages. including thosc due to

mutual harmful interference of radio signals.
When computer users are prepared to gamble
against the risk of mutual conflicts in order to reap
the benefit of lower average delay [7], they can also
adoptamore tolerant attitude to the additional ran-
dom vagaries of the mobile radio channel. More-
over, users prepared to accept occasional mutual
conflicts between their accesses may find it counter-
productive to invoke the strict power control assumed
in mobile telephone systems. For if access powers
arevery unequal, there isa higher chance that atleast
oncof the competitors wins the contest for the receiv-
er than in the event of perfectly balanced signals,
which will alf annihiiate each other in a collision.

Simple Multiple-Access Methods
for Mobile Data Networks

obile transmitters sending bursty traffic in

the form of data packets to a common base-
station receiver can, in general, best use some kind
of random access. The classical ALOHA proto-
col, according to which cach mobile terminal is
frce to offer bursty packets to the channel in
accordance with the simple flow diagram in Fig. 3,
belongs in this category. It is well known that the
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(ideal) channel throughput can be doubled if
active terminals are prepared to synchronize
their packet transmissions into common time |
slots, such that the risk of partial packet overlap 0.8
isavoided [7]. With high traffic loads, however, both
unslotted and slotted ALOHA protocols become . 0.64
inefficient, since the free competition between all 1
transmitters exposes most of the offered data
traffic to collisions and, hence, multiple retrans-
missions and increasing delays. ‘
To reduce this risk, a transmitter can follow a 0.2
more cautious strategy. By first listening either to
the common radio channel or to the “acknowledge- ok .
ment” return channel from the base station, a trans- i 0 2 4 6 8
mitter with a data packet can attempt to determine G
whether the shared radio facilities are already
busy. The terminal approach based on the former
listening method is known as carrier-sense multi-
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work, assuming uncorrelated Rayleigh fading of all packets and a base-station

ple access (CSMA) [7]. In a realistic mobile chan-
nel, the various CSMA protocols may fail to detect
ongoing radio transmissions of packets subject to
deep fadingon the listening path. Therefore, CSMA
proves less efficient than in classical hard-wired
and satellite networks, where contending termi-
nals are not “hidden” from each other by individ-
ually different radio propagation effects. In such
circumstances, mobile data terminals can better
listen to the common base station, which broadcasts
a “busy” signal to acknowledge an incoming
transmission and inhibit prospective competitors
and/or an “idle” signal to invite transmissions.

In principle, the simplest random-access pro-
tocols are inherently unstable, given the standard
assumptions of infinitely many users and Poisson-
distributed offered traffic. In practice, however, real-
istict ALOHA models based on finite populations
of competiting mobile terminals and proper
propagation characteristics of the shared mobile
channel have good stability properties {8]. Above
all, this applies when the common base station receiv-
er can be captured by a stronger packet in the
presence of weaker competitors, and provides an
incentive not to use too sophisticated random-access
protocols in practical low-cost mobile networks.

Receiver Capture Effects in
Mobile Data Networks

I namobile telephone network, every effort should
be made to avoid propagation-induced outages of
circuits, once these have been set up for real-time
connections. [tis anormal goalin both cellular engi-
neering and adaptive power-control schemes tokeep
the capacity-limiting carrier-to-interference (C/T)
ratios equally high atall receivers throughout a mobile
telephone network, inorder tosecure the prescribed
grade of service and voice circuit quality.

Equal C/I-ratioswould not necessarily be a prop-
er goal in multi-user packet communications. In 1976,
Metzner showed that utilization of an ALOHA chan-
nelcanbe improved by deliberately introducing dif-
ferences between the access powcers of multiple users
competing forajointreceiver [7]. In 1982, the author
and one of his graduate students [9] demonstrat-
ed this effect in a particular case of a mobile
packet radio system, where different propagation
losses due to spatially distributed terminals and
Rayleigh-distributed signal fluctuations due to mul-
tipath fading effectsinvariably introduce differences

receiver with capture ratio Z. [21].

in C/I-ratios on the different links. To illustrate
the effect of such differences, Fig. 4 shows the
normalized throughput, S, of a slotted mobile
ALOHA channel with offered normalized traftic,
G.and uncorrelated multipath fading of the different
packets. The formula for the multi-user through-
putin this interference-limited network follows [10]:

S=Gexp{ -G/I(1+1/Z)} (1

The capture ratio of the base station, Z, indicates
its ability to discriminate against a received signal
inthe presence of aco-channelsignal whichis Z times
stronger. A thorough discussion of the validity of
this simple receiver-capturc model is found in the
Ph.D. thesis of Linnartz [11]. For narrowband digi-
tal modulation, typical values for Z may be between
4 dB and 10 dB; an increase of S results, relative
to the case without capture, i.e., when Z is infi-
nite. In the latter case, the standard result

S =Gexp (-G) (2)

for slotted ALOHA in “ideal” (i.e., non-fading
AWGN) channels [7] is recovered.

Note that the maximum throughput of (1)

S = (1 +1/Z) exp(-1) 3)
occurs at increasingly higher offered packet traffic

G = (1+1/Z), 4

as the receiver capture ratio Z is decreased. Thus,
both greater capacity and better stability result. With
perfect receiver capture (Z = 1), equations 2 to 4
would suggest a doubled channel capacity due to
Rayleigh fading and receiver capture capabilities.
If Z would be allowed to tend to zero as in a spread-
spectrum receiver, S would even remain close to the
offered traffic G up to a level determined by the
“processing gain” 1/Z. Within the limitations [11]
of this simple model, it does suggest that a combi-
nation of ALOHA and modulation with process-
ing gain might support a very efficient random-
access mobile data network. The absence of fast
power control reaps the full contribution of random
multipath fading to the random-access game played
by the terminals!
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Impact of the ‘Poor’ Mobile
Radio Channel

The foundations of packet radio were laid by
U.S. researchers, mostly sponsored by mili-
tary agencies. More emphasis was put on hostile
interference and strategies for network surviv-
ability, than on optimum self-interfering systems and
the random fluctuations of mobile radio chan-
nels. For this reason, historical terms like “packet
radio” or “packet broadcasting” seldom refer to the
typical propagation features of realistic wireless
media, but reflect the purely architectural or infor-
mation-theoretical notion of maximum connectiv-
ity among all terminals in a multi-user network.
The experimental use of satellite links with their
nearly perfect AWGN channels did not stimulate
much consideration of real channel impairments,
except hard-limiting satellite amplifiers and jam-
ming by an adversary, where appropriate. When
terrestrial networks were considered, these were
often appropriate to a tactical battlefield sce-
nario, with geographically distributed store-and-for-
ward repeater nodes linked by random paths with
fixed, but unknown losses. The desired packet
communication modes were generally of the
multi-hop type, designed to maximize the progress
of packets in particular directions.

Asaconsequence of thisstrong research tradition,
many researchers still intuitively expect the signif-
icant propagation impairments of typical terrestrial
UHEF/VHF mobile channels to reduce the moderate
theoretical throughput of contention protocols
(S"=0.38atG " = 1forslotted ALOHA). However,
as discussed above in the previous section, collid-
ing packets with very different ground-wave losses
or instantaneous fading levels do not necessarily
all annihilate each other, given receiver capture
capabilities. Indeed, throughput expressions such
as equation 1 for “poor” mobile channels indicate
ahigher capacity than suggested by the classical stud-
ies of contention protocols in ‘ideal” noiseless or
AWGN channels.

The typical electromagnetic shadowing effects of
large obstacles cause slow radio signal fluctuations
in the mobile channel; the resulting slow-fading
statisticsis characterized by alog-normal distribution,
with a r.m.s. spread ¢ between 6 dB and 12 dB. If
individual data packets can be assumed to undergo
uncorrelated shadowing, this gives rise to more sig-
nificant capacity increases than does the Rayleigh
fading due to multipath propagation. Figure 5 illus-
trates this for a receiver with moderate capture capa-
bility (Z = 6 dB). However, it should be noted that
mutual correlation between the signal strengths
of individual packets becomes much more likely
in the presence of shadowing. Recent progress in
the study of this very complicated phenomenon is
reported in [12].

A related concern in radio propagation is that of
the time constants of the fading fluctuations on
links to or from mobile terminals. These time con-
stants have a decisive influence on the throughput
of packets. Generally, modelling is much easier if
the channel state can be considered “frozen” dur-
ing any one packet transmission, but completely
decorrelated between any two packets [11]. The
conditions for this obviously depend on carrier fre-
quency, terminal velocities, packet lengths and the
intensity of competing traffic. In general, short

c=12dB

6dB
Rayleigh
Bading

0 2 4 6

M Figure 5. Normalized throughput of single-cell
mobile slotted ALOHA network, assuming log-
normal shadow fading of all packets with spread
o, and a base station with capture ratio Z=6dB.

packets profit most from the receiver capture effect
described in the previous section, but on the other
hand also suffer more from overheadlosses in pream-
bles, synchronization, or buffering. Optimal pro-
tocol design cannot ignore this trade-off between
propagation-induced and higher OSI-level require-
ments posed by the particular data application.

Note that some of the statistical advantages reaped
by packet networking to or from mobile terminals
are due to the ergodic properties of the propagation:
time and ensemble averages can be interchanged in
many calculations. due to the movements of most
terminals and the resulting fading fluctuations. Note
also that this interchange does not apply to the near-
far effect caused by the classical ground-wave path
loss at UHF and VHF. This particular propagation
effect creates a deterministic spatial discrimination
around each base station [10] which, in effect, decides
the effective frequency-reuse distance in a cellular
system. The spatial bias canbe studied very elegantly
using a Laplace transform technique originating from
the presence of Rayleigh-fading interferers{11],and
can be repaired by a strategy restoring spatial fair-
ness inside the cell by allocating higher retransmission
rates for distant contenders.

Cellular Engineering Aspects

here is an inherent tolerance against interfer-
Ters built into all contention-oriented multiple-
access schemes, since any packet failures will
ultimately be repaired by protocol measures (retrans-
missions). This can be expected to lead to consid-
erably smaller optimal cell re-use distances than
in narrowband cellular telephone systems. Whether
analog or digital, the latter require a considerable
spacing between any two cells using the same fre-
quency to ensure sufficient circuit quality. On the
other hand, using contiguous “cells” with all base
stations accepting the entire available bandwidth
may prove better in many cases of packet networking,
even in the absence of spread-spectrum process-
ing gainsin the base station receivers (Z > 1). Acon-
siderable chance of capturing a base station from
outside its proper cell exists, especially if compe-
titionis not too heavy [11]. While this “site diversity”
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can be exploited in mobile data communications
toreduce retransmissions of packets and so enhance
throughput, it would be indicative of an unaccept-
able probability of harmful interference between
cells in a mobile telephone system! It can thus be
postulated that frequency re-use distances should
be made much smaller in packet-switched mobile
networks than in cellular circuit-switched systems.

Hence, hybrid or integrated cellular voice/data
systems may be sub-optimal from a viewpoint of spec-
trum efficiency and capacity. If voice must be inte-
grated in a computer-oriented cellular network for
more than occasional use, it would seem necessary
to develop more robust and delay-tolerant ways of
packetizing it. Asynchronous transfer mode (ATM)
experience may become relevant in this context. Con-
versely, if data packets are supported in a circuit-
switched cellular network, inefficiencies in the use
of transmission and signalling resources would appear
toresult. Where cost-based tariff regulations or plain
competition apply, specialized mobile data networks
therefore look more attractive to allusers who attach
only little value to the availability of voice trans-
mission in the same network.

Economic and Regulatory issues
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ne of the most interesting promises of modern
wireless communications is a lower initial
cost of connecting each subscriber to the public
network, largely independent of distance. The access

W Figure 6. The economy of various access techniques to public telephone network [2].
Above: Subscriber distribution in typical service area, as a function of traffic
density. Below: Corresponding costs of different subscriber access techniques. Cross-
over points indicate the transition where cellular access techniques are cheaper

technologies employed in digital cellular radio
such as GSM, Personal Communication Systems
(PCS) such as first-generation Telepoint systems,
the next-generation Cordless Telephone (DECT)
and more full-fledged wireless office systems (WOS)
using broadband radio LANSs, all offer intercon-
nectionwith public networks atan investment which
is mainly determined by the capacity required.
This contrasts with the high initial investment of
ahard-wired localloop (whether optical or not), the
cost of which increases dramatically in rural areas,
roughly ininverse proportion to the population den-
sity and required traffic capacity! Fig. 6 illustrates
these differences schematically [2].

It is the perverse cost structure of the tradition-
alhard-wired access to public networks which caused
‘market failure’ to occur in many low-traffic rural
regions until now and so justified a local operating
monopoly for public telephony in most European coun-
tries and the United States. However, the novel
wireless technologies may help avoiding any need
to cross-subsidize the local access from monopoly prof-
its made elsewhere, because costs directly propor-
tional to area capacity remove the classical
market-failure problem. In Fig. 6, wireless access
to the public infrastructure would appear prefer-
able to (installing new) twisted-pair loops left of
the point 1, and to (installing) optical fibre to the
home left of the point 2. In such circumstances, the
economiesof scale of the access network mightbecome
so marginal that local competition could be allowed
under regulatory conditions to ensure fair spectrum
allocation, consistent number planning and inter-
connectivity among the competitors. This is the
case for the pan-European GSM-system, thanks to
the policy directives from the CEC. Arguably, the
recent acquisition of McCaw Cellular Communi-
cations by AT&T can be seen as the re-entry of
the divested long-distance carrier into local tele-

than: 1) wisted-pair subscriber loop; 2) optical fiber to the home.

phone operations — and hence, as a US example
of introduction of competition in a classical monopoly
field, using wireless technology.

It is not yet evident on which basis equitable
access by competitors to scarce frequency and num-
ber resources can best be granted. In the United
States, the FCC has replaced cumbersome admin-
istrative hearings by simple lotteries of frequency
assignments. This resulted in rapid taking of “wind-
fall profits” by fortunate winners, who simply sold
their successful lots immediately after award. This
proves that frequencies have a substantial “mar-
ket” value. Where the Public Purse wishes to enjoy
the profit of this, the government must design an
auction system and the associated property rights
very carefully to avoid being outsmarted by collu-
sions of bidders.

Despite such practical difficulties with auc-
tions of frequencies, it would at least seem desir-
able to assign some fee for spectrum occupancy.
Fairer and more efficient use of scarce resources
implies avoidance of extended “free parking” by
inactive holders of frequency assignments. Even
in the absence of competition, an incumbent
holder of frequencies should be given sufficient incen-
tive to vacate or share them for alternative use
when not exploiting them fully. Broadcasters out-
side active operation hours occupy spectrum with
considerable value for public and private mobile com-
munications. In the successful European teletext
standard, inactive video lines of a TV signal can
be used to broadcast or download a substantial
amount of data to arbitrary locations inside the
coverage area of each TV transmitter network.
Thisis commercially used in several European coun-
tries and by Luxembourg’s broadcasting satel-
lites ASTRA. Narrowband public datacasting of

IEEE Communications Magazine * September 1993

81



The
development
of novel
wireless
technologies
in the past
15 years has
spurred a
fascinating
drive
towards new
multi-user
systems and
applications
on either side
of the
Atlantic

ocean.

traffic information to automobile radios is offered
in several European countries, using residual trans-
mit capacity on standard FM-radio carriers in the
broadcast band 88 MHz to 108 MHz and the
European Radio Data System (RDS) standard [13].

Conclusion: Different Cultural
Paradigms.

he development of novel wireless technologies

in the past 15 years has spurred a fascinating
drive towards new multi-user systems and applica-
tions on either side of the Atlantic ocean. Butwhile
the enabling technologies are largely the same,
some clear differences in the approach and involve-
ment of European and American regulatory stan-
dardization bodies can be noted. The stronger
European tradition of involvement of public author-
ities in telecommunications leads to firmer and
more widely accepted standards for new public
wireless systems, such as GSM, DECT, teletext and
RDS. These commonsstandards are proving of great
commercial value notonly to European manufacturers
and system integrators of mobile infrastructure,
but also to terminal equipment manufacturers,
service operators and users world-wide.

In the United States, the government’s role in
steering communications system and technology
R & D has traditionally been limited to the defense
and aerospace sectors. The increasing competi-
tion between telecommunication operators now
seems to result in an overwhelming ‘smorgasbord’
of alternative wireless technologies [4]. Frequent-
ly, these are based on military spin-offs such as COMA
and packet radio, with as yet no clear market win-
nerintermsofsuccessful publicstandards. Onthe other
hand, the more competitive U.S. attitude to the
use of computer and information technology, and
the considerable financial resources of the BOCs,
prove very powerfulin the marketing of the newwire-
less services in the crumbling European telecom-
munication monopolies.

Most foundations of packet radio and CDMA
were certainly laid in the United States, as evidenced
by [7]. However, the shift from military to public
multi-user networks required paradigm shifts in
research focus which may perhaps have come easier
in Europe. Thus, an earlier engineering attention
appearsin European system studies to the —often
counter-intuitive — influence of physical channel
impairments on random-access methods, cellular
engineering and power control, as reviewed and fur-
ther developedin[11]and [14]. Implications of other
major paradigm shifts of information theory in
the event of multiple self-interfering users[15], such
as logarithmically unbounded traffic throughput
with increased channel load, similar to the “cock-

tail-party’ shouting effect, and non-applicability
of the classical source/channel separation theorem
in radio networks, have yet to be fully realized.

Inmore than one sense, all these changes and dif -
ferences in economic, regulatory and technologi-
cal research paradigms illustrate the fact that
communication systems engineering is not merely
adiscipline related to the sciences of nature, but also
to the protocols of culture.
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