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. SUMMARY

This presentation reviews some of the more recent results’

of interest to the author in the field of packet radio communications.

In particular, Section 2 presents a brief summary and analysis
of the results that have been obtained for various packet radio random
access schemes and concludes with a discussion of some considerations/

results for designing packet radio networks.

Section 3 surveys and compares the analog land mobile cellular
systems from the point of view of channel assignment schemes and traffié,,

handling capabilities.

Section 4 presents a sampling of some recent research results

‘and active investigation in the area of cellular packet radio networks

for voice and data applications. In.ﬁarticular, some unpublished
results are presented in the problems of Optimal packet size and
capacity degradation of packet radio channels due to fading. A
brief treatment of the interference to UHF television>froﬁ mobile

transmissions is also presented.

Section 5 concludes with a brief review of the recent changes
to the regulations in Canada that give Amateur Radio Operators privileges
to experiment with packet radio schemes for man/man, man/machine and

machine/machine resource sharing.




1. INTRODUCTION

‘The radio spectrum, while theoretically-a.non—depletable resource,
if impfoﬁerly'éhaféd; tends to take on'all the attributes of 'a finite
depietable resource at least as far as the life of humans is concerned.

In particular, once made, spectrum allocations are very difficult and

time consuming to change even though it can be clearly demonstrated that

some new radio service would be more economical and meet a greater need.

Over the last ten years in particular, there has been an increasing tendeﬁcy

to employ more scientific cdnsiderations to questions associated with the

optimum allocation and use of the radio spectrum.

In this regard, packet radio schemes based on cellular éoncepts

" are emerging as the ones that hold the greatest promisé»for éffectively

shafing the spectrum allocations for mobile voice and data communications.

On the technology side, 'advances in microprocessors and memory
fabrication are leading to the production of increasingly '"intelligent"

terminals and computer peripherals for mobile and portable communications

‘using packet radio techniques to optimize the spectrum requirements.

“The Eerm,'backet radid! was originally coined by Dr. Abramson at
the University of Hawaii who demonstrated its practicality by constructing

the "ALOHA" computer network.(l) Since 1970, many authors (see bibliography’

stérting»oh page " 71) have carried out extensive research in this field.

‘Packet radio concepts for transmitting voice over mobile communication

systems are not yet well developed or widely understood. There are, however,

"'many results applicable to packet voilce transmissions on land based computer




D
communication netﬁorks‘and digital véice over ﬁobile ra&io syétéms, The
~author is convinced thaf packet radio is.the technique thét will realiZe
highly'secﬁrc economic/integrated data/yoice comﬁupication networks.
Furthermore, packet voice, unlike classicalidigital voiéé,'does leéd.to

spectrum utilization that is more efficient than that achieved by analqg voice.

‘Moré e#otic and complex modulafion tecﬁniquesﬁcan,”ét éignifiéant
costs, offer some advéntages to users and atlthé same time‘imprové
overall spectrum uée. The spfead spectrum modﬁlatibn techniéue produces
a signal that has a transmission band&idth Severalrorders‘éf magnitude
greater than the information bandwidth of thevsignal being transmitted.
Spread spectrum techniques are not discussed further in fﬁis presentation,
For a readable discussion of spréad.spectrum concéﬁtsvin the packet radio

field, see Kahn (4).

This presentation is limited to considering random access

schemes and cellular and packet radio systems.

Céntral to the_analysis of packét radio cellularAsystéms
ié the concept of optimql packet size and we will discuss this‘problem.
The propagation behaviour of mobile radio signals'is‘well_known and
documented. However, the implications of fading énd shadowing in the
selection of the optimal packet size and channel éapacity.degradation
for packet radio communication, are quite critical and have been
largely ignored. Some new and, what we Beligve ére‘iﬁpdrtant, results

in this area are presented.
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};Of importance to designers of high capacity cellular systems

-as. well as spectrum managers in North America is the possible interference
‘that could be caused by UHF mobile terminals to UHF television receivers.

_ Some recently published results are incomplete and misleading. In order

to clarify these, a new probabilistic model df}the’poténtial interference

caused by cellular packet radio systems to UHF television transmissions is discussed.

Canadian Amateur. Radio operators, as a result of recent changes
to the regulations, have embarked on packet radio experimentation involving
man/man, man/machine and machine/machine communications. These developments

are also briefly reviewed.




e

2.  PACKET RADIO RANDOM ACCESS SOHEMES

In large measure, the singlé most important factor that detérmines how
well a radio channel is shared among its users is the scheme that'is_ﬁsed.to
gain access to it. The chafacteristichof variOus-randém acéess'scﬁgméé that‘havé
been prépdsed for packet radiorcommunicatién systems are espécialiy‘éttfactive

because all these schemes satisfy the first law of optimum resource

sharing¥.

The first packet radio.cémmunication system to be descfibedAiﬁ Ehé
1itefature was the ALOHA one implemente& at the University of Hawaii (i).'
This system provided' communication between a central computer and its
geographically scattered but fixed terminals. The GALOHA" concept was
almost immediately,Awith the support of the Advanced Research Projects
‘Agency (ARPA), extended té include investigétions involving mobile
termingls (2), (3), (45; We were also séon to 1eagn that packet:traﬁsmissions
over satellite channels offered many attractive options/fbr the efficient
collection and distribution éf data over large areas (5). As we shall
see, another éppealing feature is the gimplicity and elggance of packet
radio concepts, and their wide range of appligability in such diverse
areas as wire line networks (6), (7), (8), (9) and cable television systemé

(10);

‘The fundamental concepts behind resource sharing (allocation) and
why it is of such importance -in the field of‘bompﬁter communications .

are nicely summarized by Kleinrock (11), (13), as follows:

"... Resource allocation is at the root OﬂimOéi 0§ the tech-
nical problems we face today in and beyond the Lnﬁonmaiiow

#"',et whoever needs it use it whenever it is not being used by anot

her" - 1st Law
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, Lhduainy. ,fheée problems occurn in any muﬁi&-adcebé'éyéiem

" din which the anival of demands as well as the size of the

-'démandé made upon the hesources are unpredictable. -The
nesounce allocation problem in fact becomes that of
hesounce sharning and one muéi)ﬁind d.mganb IO'éﬂﬁeci’ihXA
ghaning among the usens in a fashion which pnoduceé‘an'.

acceptable Level: of paﬁomance. S

The interference/resourcgAsharing problem is not new, as some
70 years earlier, in 1901 (12), the New York times reported in

frustration:

"So far as is known, thene is no means of preventing
success qully the internference of mam vug_nzws and
| until they become automatically selective it would 4eem

that only one station on each side of New York Bay, wouZd
engage in the business. Even duting the nedent:yachi rhaces
the WULe,KeAzS ’/te,?,eg/zdph'ugna&' were in utten conﬁwsioh’

until peace was patched up enabling each party in nivalrny

to send messages §or a few minutes at a Zime'.

The problem expressed in the above quotation was that
engineers at the time simply did not know how-to share(allocate) a radio

channel on either a time, frequency or random access basis.,




THE PURE ALOHA RANDOM ACCESS SYSTEM

The pure ALOHA sqheme (l), (14), appears to-have'been the firét
random access scheme specificéllyldesigned:to dptimally share a radio
communicatién channel among a large number of data terminals;v'ln this
scheme terminals transmit at random data backeﬁs (qf fixedvlehgfh),ovef a
~ high speed radio channel, without considefétion of the transﬁissions that 
are being made by other terminals using thg same . channel. Invthose cases
where packet transmissions overlap (collide), no ackno&ledgeméﬁt is received
at the transmitting terminal and the tranémiSSion'is repeated after a period
of time of random dufation. This retransmission procéss is repeated until
a successful transmission and acknowledgement'occur‘or until the‘process is
terminated by the terminal,ﬂ'

In the pure ALOHA scheme, only packets received without'error ar%
acknowledged; To preveﬁt collisions be:wéen pgckets and their aéknqwledgements
‘the down link radio channél from the central station to the terminals, is not
the same radio channel that is used for up link communication.

Finally, the literature has concentrated on backet’overlaps.és the
only source 6f packet errors. However, in a land mobiie eﬁvirpnment errors
in packet transmissién are due to ignitién noise, ‘fading and shadqwing.’ We

will discuss some of these later.

Capacity of the Pure ALOHA Channel

In order to describe this result assume that the total traffic 6ffered
to a radio chamnel of bandwidth W that is being modulated at my bits/hertz
by a large population of terminals, consists of newly generated backets as

well as previously collided packets.




"Define the channel input rate S, as the average number of new
packets généfated pér ﬁacket'fransmission interval, T, and the channel
traffic rate G as the average number of'new'and retransmitted packets .
per packet transmission interval. Then under steady state conditioﬁs S,
becomes equal to the channel throughput rate. The expression for the’

maximum achievable value of S, was first shown by Abramson (5)

to be:

-2G

A plot of this equation is shown as Figure 1. VIn particular, as will be
seen in this figure, maximum "packet throughput is achieved at .G = 1/2 and
is equal to 1/2e =~ 0.184 of the total capacity of the channel. The ratio
S/G can also be interpreted as fhe probability of a'successful packet
transmiésion while (G/S -~ 1) is the average number of retransmissions

required before a packet is successfully received.

Deléy
If we define the expécted packet delay D as the average.time from
when a packet is generated until it is successfully received the following
expression is obtained for a pure ALOHA channel.
G

. where R is the average delay between two consecutive packet transmissions.




Assuming that acknowledgement packets are always correctly received,
and denoting by o the transmission time of the_acknowledgemeht packet

(measured in units of packet transmission times) we'obtain:
R= 1+4+2+68+a.

where B and § are respectively the one-way propagatibn delay, and the average

value of some specific retransmission time probability distribution. _Béth B. and

§ are expressed in units of packet transmission time.

’

It should be kept in mind that the above equation does not include the time.

required to error check packets or the time taken to generate acknowledgement
packets. Furthermore it is easy to see that the normalized pfopagation delay
B will typically be a very small fraction of the pécket transmission time.

To determine a typiéal value of B, consider é’channel rate of 10 kbits/sec and
a packetrlength of 1000 bits the value of B for a transmission path distance
of say 5 km is | |

) N 6
B = 5 / 1000 | =~ 16x%10
300000 \ 10000

and can therefore in practice be neglected.

Intuitively it should also be clear thaf, 6,‘should not be choéeh
too large since this will produce a delay tha£ is also 1arge._~If,A6n the':
other hand, § is too small, interferencg (collisioné) increase and so does
the channel traffic G, and the channel degrédes. ‘Foftunately, it
has been shown (15) that for any particular value of S, an optimal § éxists'
that will minimize the delay pér packet fofvany given retransmiésidﬁ delay 

probability distribution function.



"Concluding Remarks

Despite the relatively low channel utilization that 1t achieves
(of the order of 187 of capac1ty) the pure ALOHA random access scheme is

attractive ‘because of its inherent simplicity and low implementation cost.

However, the major limitation of pure ALOHA (as well as slotted ALOHA channels)

is their instability as traffic increases. In this regard, Lam (16) has

- shown that as a result of the stochastic fluctuation in channel input,
- channel saturation can occur causing the channel to become congested with

' collisions and retransmitted packets. Under these conditions, the real

traffic_actually passing through the system falls off dramatically. For
example in Figure 1, the channel throughput vanishes to zero whenever the

traffic offered to the channel exceeds the value of 0.5 of its capacity.

In order to deal with this instability condition various dynanic

control procedures have been proposed (17), (18), (19) . Essentially, these

" procedures minimize the occurrence of instability by requiring that each

terminal take appropriate action (such as, cease transmission) to prevent

- channel saturation as the unstable region.is being approached.

The above results for the pure_ALOHAVscheme applylonly in those
cases where each message is‘transmitted'as a fixed size packet(s). ln
cases where messages are made up of variable length packets, analysis
techniques based on message switching are used. For example, Ferguson (20),
(2l) has deyeloped-a model for analyzing the traffic'handling of radio
networks where messages are variable length packets. His analysis shows
that the throughput of a. packet radio network with fixed packet lengths is
greater than the throughput of a network employing variable length packets.‘

Similar results were later obtained by Yu (22).
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The conclusion is unmistakable, namely that messages in any given

radio access scheme should be broken down into fixed length packets.

“THE SLOTTED ALOHA RANDOM ACCESS SCHEME

This scheme is directed at‘reducihg the periéd‘of time (called
vulnerable period) during which packets can collide. To achieve this reduction,
Roberts (23) suggesfed'that terminals should be synchroniéed in sbme sense.
This synchronization is necessary to prodﬁce.what is called slotting of the
time.QXis. These slots Qr éegments 6f time axis aré equal to the transmission
time of a packef éf consfant length{ It is.théﬁ easy tq see that if slotting
can be achieved on an instantaneéus basis for éach packét then, the peribd
of time fof whiéh.a pécket would‘bé vulnerable wouid ohly Be 3 of that of

the pure ALOHA case. This is because all terminals would be'required to

_transmit their packets at the beginning of a slot, and therefore, only

“total packet overlaps can occur. Apart from this modification, the

operation of the slotted ALOHA is identical to that of the pure ALOHA

and is therefore not'repeated here.

Capacity of the Slotted ALOHA Channel

Since collisions.between packéts in thebchannel_can only occur
duripg a period of time eqﬁal to one slot time, the probability of
éollision.is reduced énd as_shown_by Roberts (23) the tﬁroughputj
equatién for the channel becomes:

s = Ge_G

Again, as shown in Figure 1, the maximum.chQnﬁel throughput
using the slotted ALOHA scheme is achieved at G = 1 and is equal to
1/e.= 0.368 of the channel capacity. This, aé expected, iz twice the

throughput that the pure ALOHA random access scheme would achieve on the

same channel.
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Delay

Defining the average delay D incurred per packet (measured in

¥

units of packet transmission time) as a function of the packet transmission

time, the average retransmission delay and the propagation delay B8, we have .

that:
D=fg -1]JR+1+8
_ S
or * ’ ’
k+ 1
D={G-1 JIs + ; +1+8
S \

wheré k represents the mdximum retraﬁsmission delay expressed as én
integer number of k slots or packet.transmission timgs.

‘Lam (15) proved that for each value of S, an optimum value of_k
could be selected which would minimize the packet dealy. Again, neglecﬁing
the propagation deiay B, the equation can be Qrittéﬁ as: o

D=fg-1 k+l)+1
S T |

2

Concluding Remarks .

The throughput of slotted ALOHA is twice that of pure ALOHA._“
However, when the'traffic being offered to the chénnél is close to the
theoretical maximum thrbughput, the channel saturates rapidly and the throughput
of actual message packets falls off dramatically. One seriSuS‘limitation
of the slotted ALOHA scheme ié the requirement that all‘users_be synchronized,
and‘thaf the slotting of packets takes place "instantaneously". This is a

non trivial implementation problem.

*Note § (random retransmission delay) = k 4+ 1 for the case of ﬁhe uniform

distribution for random retransmission-timg.
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©ARRIER SENSE MULTIPLE ACCESS SCHEMES (CSMA)

In the previously‘described schemes, Ehe major factor affecting

Vthroughput was the collision of packets that were being'transmitted by

- various terminals unaware of the presence of each other.

"To reduce the impact of this limitation, a‘number of authors (24),

- (25), (26) suggested that terminals should first "sense the carrier"

(iisten'to the channel) prior to traﬁsmitting. This schéme,'Whi;h is
called the CSMA scheme, assumes that the propagation delay between two -

terminals is a small fraction of the total time taken to transmit a

.~ packet. When this is not the case, the information'updh which the

terminal bases its decision whether or not to transmit could lead to

incorrect decisions.

A terminal "sensing tﬁe:Channel" can employ any of ‘three variations
6f the CSMA SChemek"Thése7are 1—persistent‘CSMA5 pfpefsistent'CSMA;'and'
the:ﬁonQPersiSteﬁt CSMA. Each of these CSMA schemes differ in the
action that a terminal that wishes to transmit takes after sensing the
channel. ~However, in all three cases, the retranshissioﬁ delay‘that
follows aﬁ unsuccessful packet transmission is selected from_sdﬁe re- |
transmission delay distribution. .Finally, it ié pdésible £6 coﬁ;truct

slotted as well as unslotted versions of these three CSMA schemes.

The 1—Persistent'CSMA'Scheme

This scheme operateé as follows:

Whenever a terminal has a packet ready for transmission, the channel is
"sensed" and if it is idle (no other packet ih’it);vthen the terminal
traﬁsmits its packet. If the channel is.sénsed'Busy, then the tefminal_

keeps sensing the channel until it determines that it is idle and then

transmits its packet.
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The p—Persistént CSMA Scheme

This scheme opefates as follows:

Whenever a tefmipal hés a ﬁacket ready fqr transﬁiésion the_éhanhél is “sensed"
and if it‘is idle, the ferminal fransmits'its packet wiph,prbbabiiity ps OT ;
delays by an amount equal té the probagation time with pfobability.(l~p)ﬁ

If a delay has occurred, the terminal again senses the channel and repeéts

the above procedure. If the channel is sensed buSy,'ﬁhe terminél reséhedules
its "sensing for transmission" sequence iﬁ accordance with the retransmiséiqn:

delay distribution, and operates as described above.

The Non-Persistent CSMA Scheme

This scheme operates as follows:

When a terminal has a packet rea&y for transmission it senses the channel
'and‘if the channel is sensed idle, the packet is transmitted. If the':'
channel is sensed busy the terminal does not persist in séndinglthe packet
and simply schedules the transmission of the packet in accordance with the.
retransmission delay distribution. At thié new point in time, the channel

is sensed and the same procedure is repeéted.

Channel Capacity

A complete discussion of the throughput - traffic characteristics of the

three versions of CSMA described in- this presentation‘is given in (25).

One impoftant point to keep in mind is that while theAthtoughput achieved by bqth

the pure ALOHA and slotted ALOHA access is independent of the propagation.
delay, that this is not so for the CSMA schemes. For example, in the case

of non-persistent CSMA Tobagi (24) showed that the throughput S was:
: : -BG C o
Ge . o :

5= &G

G(L+2B) +e




|
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The graph of this equation is shown in rigure 2. For a value of  close to
oné, that 1s when the propagation delay is cqmparable to the packet
trahsmission.time, it is readily seen that both pure ALOHA and_slotted
ALOHA are superio; to CSMA. If we neglect B, the propagation.delay, then théA

equation can be written as:

In this case, throughput achieved by maximizing S with respect to G
as shown in Figure 2 is practically equal to one (100%) and would -

répresent perfect channel utilization,

’ Dglaz

qu.any of the‘three CSMA schemes, the average packet delay, D, is again
ésfuncfién of both the channel‘throughput S and the average retransmission delay‘
§. For each value of S a minimum delay can be achieved_byvchqosing an optimal
value of ‘§. TFor the non-persistent protocol the average delay neglectiﬁg

the propagation delay as givén in (24) is:

D= (c-1|ft+a+ s 1
- .

Concluding Remarks

The various CSMA schemes do theoretically yield improved channel utilization

 when compared with the pure and slotted ALOHA ones. However, it must be

remembered unless the propagation delay B is néglected the throughpuﬁ vanishes
for a large véiue of the channel traffic (i.e. as G » 1). Also for finite
values of B, the channel will drift into saturation and instabilify and

dynamic control procedures must be invoked. In addition, the appealing
simplicity of implementation of pure ALOHA is lost. Of these CSMA schemes

only the non-persistent, non slotted CSMA appears simple to implement.
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"RESERVATIOﬁ"'RANDOM ACCESS SCHEMES

| .A.ﬁumber of random éécésé schemes have been proposed by_ﬁafious aUthofs:
to satisfy'in‘some optiﬁal ﬁanner the particular énvirdnmeﬁt in ﬁhich:they
weré désigned to‘operate. ﬁos£ of'theseyscﬁeﬁeé fall undér a generai
class of so calléd "reservation" écﬁemes. In essence théy“work on tﬁe
basis thét a signifiéant portioﬁ 6f‘thevtfaffic is composéd of multi-packet
messages. ﬁénce, fatﬁer tﬁan making an access requesﬁ fof e#ch paéket,'oné
request is made per message. The central station maiﬁtains a.quéue'of
'fequests and informs the terminals of their positioﬁ in the éueue.' The
six distinct types of reservétion schemes - that are.known to the autﬁér'

are as follows:

Rgservaéion I

A description of one of the'earliest reservation random access schemes is
duetx)Roberts (27). In this scheme, the channel is time divided into two sub-
channels of which one is used, under the s1otted'ALOHA mode, for reservation
packets while the other is operated in a dedicated mode -for daté péckeﬁs.
Hence, collisions can only 0ccﬁr on the fequest éhannel. Eurthe:mbre, no
control by a céntral'station is required, since it is assumed that all

terminals can "hear" the successful requests. for data slots.

Reservatioﬁ I1

In 1976-T0baéi (28) proposed a similar techﬁique'tﬁaﬁ requifed that tﬁé
_chaﬁnel_be frequeﬁcy divided into two subchénﬁéls - one for control iﬁformation
and one for déﬁa. This technique known under thé name Split Channel
ReservétiohAMultiple Access (SCRMA) suggests that the control of the

data channel instead of being distributed should be centralized} Tobagi
further éuggested that the pontrol channel could beéaccessed using pure

ALOHA, slotted ALOHA or CSMA,
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Reservation 111

Somewhat éarlier, Crowthér (29) suggestéd a #gsérvation teéhnidde
based on a slqttéd ALOHA channel, in which a number of slotsféré éréuped .
to form a frame. A términal is allowed to tfansﬁit a packet‘during_any one. of
the unoccupiéd frame slots. A terminal "owﬁ rights" to the siptcfor a |
period of time until its message is suééeséfully transmitted}. Howevér,
no terminal is permanently assigned any of the frame slots, and ﬁust |

compete with other terminals for them.

Reservation IV

A variation of the above random access scheme, suggestéd by
Binder (30), is based on a permanently assigned TDMA sfructure, i.e. each
terminai is permanenfiy assigned a slot in each frame. Howavef; any other
terminal ﬁsing the chanﬁel can use the slot of a partiéular terminal if this

terminal is_idle.

Reservation V

This scheme takeé-advantage éf fhe fact that in slotted ALOHA channels
the throughput can exceedvlle if the terminals have different packetvéransmission
rates., Bésed-on this Sastry_(Bl) proposed a reservation techﬁidue that auto-
métiéally allocates a number of transﬁission slotst say n, to a large user;
whenever such user hés‘managed to capture an available slot. Then, because of
the broadcast nature of the chanpel, all tefminals,know that the large'usér has
just transmitted a successful packet and thus refrain froﬁ transmitﬁing in the

next n slots.
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Reservation VI

Aﬁother;reServation’technique known as Multi-Level Multi-Access (MILMA)
has récentiy been proposed by Rothauser (32). Terminals which are ready .to send,
enter their reéuests'into a request slot which is jﬁst long enqugh to
allow the identificatioq of those- currently active requestors; By using a .
"one-out-of N'" code where N is -the number of terminals, simultaneoﬁs requests

for transmission space can be properly recognized.

Other  Random Access Sdhemes

We will now briefly discuss some representative random access

schemes that do not belong to the class of 'reservation" techniques.

Pure ALOHA Variation

A modificafion of the pufe ALOHA acééss schéme propbsed by
Tasaké (33)‘is claimed to achieve a higﬁer‘fhrbughpﬁt thap pﬁre AT.OHA.
Such'iﬁprovémeﬁtiis obtained by .using signal processing techniques
whenever two or more packets overlap, to recover tﬁe "1eas£'destroyed"‘
packet. The author believes that these results are of theoretical .

interest only at this time.

CSMA.Variétion

In this scheme proposed by Hansen (34) aﬁd iater refined (35)~by.
the same éuthor, each terminal is assigned a specific'éensiﬁg élot on é
- frame of L siots that is periodically repeéted. If ény terminal‘with a‘
paékét to tfaﬁsmit finds the channel idle, it tranémits its packet} other—
lwiée transmiésion is délayed according to some fetfaﬁsmiésion deléy
probability distribution function. In the case where there is only

one user assigned to each slot the system becomes conflict free.
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Schemes for Low Number of Users

When the number of terminale (p0551b1y buffered), that.compete for a
given radio channel, is very low (520), Scholl: (36) showed that a number
of collision free schemes wereactually more effective than CSMA'
in terms of their delay—throughput characteristics particularly in the L
case of heavy traffic. For channels with about 50 buffered user terminals
a technique known as Mini—Slotted Alternating Priorities (MSAP) was shown
to provide an almost perfeet scheduling. The MSAP technique presents. the

additional advantage of not requiring the control from a central stationm.

An Optimal Adaptive Scheme

This scheme proposed by Yemini (37) is the first attempt to solve °
the problem of distributed control oan slotted channel that is shared
by a number of terminals. The scheme gives better throughput'performance.
than either the optimally controlled slotted ALOHA (for light loads),_or the
TDMA for heavy loade. It would be difficult and'coétlyrto implenent end'

remains of theoretical interest only at this time.

Group Random Access

It may sometimes be desirable to dedicate in time certain portions
of the channel to a specified group of network terminals selected on;the
basis of priorities or traffic characteristics.A The Group Random Accees‘(GRA)
technique studied by Rubin (38) provides a specific group of terminals with
a periodic sequence of channel access periods during which- the group

uses a random access scheme. Other groups of terminals share the remaining

time available on the channel using similar or different»randompacéess schemes.
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PACKET RADIO NETWORKS

~taken into account. Some of these are discussed below:

In.the previous secﬁion,‘a number-of random access schemes and
associated dela§ - throughput characteristics were discusséd. .In the
design of packet radio networks consisting of a large nuﬁber of terminals,
several repeaters and one or more central étations as shown conceptuallyA
in Figure 3, the random access scheme is only one of the system design
considerations. Other considerations of équal imporﬁance affect the
overall sysfem's capacity, the tolerable end to end delay, as well as the
system's cost and complexity.v The choice of routing, network tépélogy,
channél bandwidths and modulatidnvschemes are but some of these impdftanf
design consiéerations. Thus, the design of a packeﬁ radio network involves
a number of mutually dependent considerations. Statements of optimality
must therefore 5e carefully specified in terms of these aspects. In most

instances, only a small number of considerations can_simultaﬁeously be

The Routing Problem

Three approaches for routing messages in multi—hop packet radio
networks have been proposed by Gitﬁan et ai (39). These are called:_
'_ Broadcast routing |
- Hierarchical routing
- Directed Broadcast rduting
" In pécket radio networks, as distinct fpom point-to-point networks

(where the routing algorithm must determine the outgoing link for packets) B

the packet repeaters must decide whether or not to accept an incoming packet.
Such a decision is based on an algorithm whose purpose is to regulate the |
traffic by preventing looping and cycling of packets. This decision process

leads to the concept of a broadcast routing scheme. However, this scheme
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" FIGURE 3
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‘broadcasts packets and this can have severe consequences as a large number of

duplicate packets can be generatedtherebywmstenetwquresourcésiﬁihandle them.

>To ovefcomé this proﬁlem,\ hierarcbicai ;oﬁting stfategy‘infdfmaﬁiOn
in the form of a label must bé assigned to each fepéatér so that the l"aA:oAutg of a
messagé" forms a ﬁierarchical tfee structure. A sﬁoftest path roqte>bétweén
any paif of termiﬁals can then be specified-thereby eliminéting'the géneration

of duplicate copies of packets.

A scheme called "the directed broadcast routing scheme" takes advantage
of the best properties of the two previous schemes, in that it uses shortest
path routing while at the same time providés for the generation of extra

copies of packets along the path as required.

The Acknowledgement Problem

In packet switched networks at least two types of acknowledgement

~ schemes are required to ensure that packets are not "lost" within the

network. Thésejacknowiedgement schemes are the Hop-by-Hop acknowledgement
that is sent whenever a packet is successfully received by the next node

on the path; and the End-to-End acknowledgement that is transmitted whenever
the packe;.finally reaches its destination.b A comparison of the traffic
handling performance of these two schemes was carried out by‘Citman (40)-
%hb shoﬁéd that the total average source-destination packét delay with a
HOp—by—HOPFSCheﬁe is always>smaller th;n thé corrésponding delay,with an
End-to-End scheme. In particular, the performance of the Hop-by-Hop
scheme‘is'significantly better for multihop networks in ﬁhicﬁ the

probability of successful transmission on a per hop basis beconies small.
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The - Reliabllity Problem

An evaluation of the reliability (probabillty that message sent will
be recelved) of dlfferent,routing schemes and t0pological.designs,'in the N
presence of repeater fallures was undertaken by Ball et al (41) Their‘ :7
'study, wh1ch is based on three rellability meaSures, showed that the
reliability of a multihop packet radio network_employing.repeaters is
extremely sensitiwe to thefrouting'schemeaused‘and.thefnetwork.topology ’

configuration.

The Channel Configuration Problem

There are two distinct aspects“to the channel-configuration‘prohleo; o

The first'involves the.determining of whether or notlthere-should be two
'distinct channels,vonelfor each'direction of transmission or whether a._f'
common channel should be dwnamically shared between the two direCtions‘of R
’transmiSSion. The inwestigation of this problem‘wasaundertaken hy
Gitman et-al'(42).who Showed_that for one hop networks, théacénmon channel'
performancelis consistantly_hetter than the:performancelof'the Spliti_
'channel, when‘the ratio of traffic to and from-the:station is not'known or
varies.'_' | | |

':4 The other aspect of the other channel confiéuration problem was
" studied by the same author (43), when he cons1dered the poSsiblllty of ‘using
directional antennas by repeaters and statlons-for a’single station two-hop
network. The results obtainedvassumevthat,separate channels-from Station’to
terminals and from terminals to stations'are used and‘that‘the slotted ALOHA
random access scheme is employed.A The main results can bensummarized as folloWSt

namely that directlonal antennas can 51gn1ficantly increase the system capacity

under some circumstances. This paperialso gives some speciflc design guidelines
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that will maximize the system's capacity as a function of the repeater inter-

ference level. Howevér, the models did not take into aooount the packet delay

~in passing through the network.

The throughput—delay performance of'two~hon star’oonnectod.configurations
was:?nvestigated‘by Tobagi (44). This analysis was however»limited to thé'
inbonnd traffic, i.e. traffic originated at the terminals and destined to the
station. Later the same author (45) refined his anaiysis fo considgr two~hop
fuliy connected configurations and enaluated its throughpnt—delay performance
in terms of the network topology (number of repeaters and network connectivioy)

as well as the repeater's transmission protocol.

Experimental Packet Radio Networks

The ALOHA system (1), at the University of Hawaii, as was mentioned .
previously, isvthe first éxample of.an enperimental>paoket»radio network. Built
to illustrate the feasibility of the‘packet.radio COnoepf, it was'é one hon
system whore all terminals were in line-of-sight and'within range of the
central station. Packet repeéters were later added to provide coverage

beyond the range of the central station.

Another experimental packetradionetwork(B)designedtoserveaszaresearch
facility, was snbsequently built in the San Francisco Bay area with the support
of the Advanced_Reseafch‘Pfojects Agency (ARPA) of the United States Department
of Defence. Its planned experimental program and features are described by
Kahn (2) and include a number of investigations involving spread spectrum

modulation and anti-jam protection.
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This network is still under development and experiments are being carried out

(4).

A number of packet radio experimental networks exist in Canada on a
largely localized basis, in universities and research laboratories. Recently
the Canadian Amateur Radlo Federatlon in collaboration with Montreal Amateur

Radio Club announced the formation of AMPAC (Amateur Packet Network)
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3. ANALOG LAND-MOBILE CELLULAR SYSTEMS

Current Status

Mobile telephone service was-introduced into Canada and the U.S.A,

~in 1947, Existing systems operate in the VHF and UHF bands-dn thejsingle

base station with many mobiles concept;- Bepause of the cioSe relationship
that has been'maintéined between both countries, similar frequency allocations
andv¢0mmon’system standards prevail that allow mdbile'teléthne users to
operate in all North-American cities and on many of the principal routes.

In Canada, the Department of Communications‘continubusly reviews
the adequacy of existing spectrum allocations. 1In the late 1960's,
sgvéral stu&ies,'indicatéd that -in the ear1y11980's that there would
be severe cqngestion of the VHF land mobile bands in ‘some of Canada‘s“largest
cinies.

Partly as a result.of this forecasted congestion and also because it .

" wished to ekpand opportunities in mobile communication, Canada announced

new spectrum allocations for mobile communications in the 406-960 MHz band (46).
In particular,the806-89OMszandwasreailocétedfromlﬂﬁ;telévision to mobile
communications without initially épecifyiﬁg the sub—allocations.- Forecasts
are that the first Canadian cellular systems for anaiog'communications will
undergo field tests commencing in 1983.

.In the U;S;A.'the.FederaI Communications Commissioﬁi(FCC)ihad earlie?

(in 1974) reallocated on a natiowide, primary basis, TV channels 70 to 83

" (806 to 890 MHz) to the land mobile service, with 825 to 845 MHz being ear-

marked for mobile terminals, and 870 to 890 MHz earmarked for base stétions,

associated with cellular networks.
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In Méréh 1977;-the FCC authorizedllllinois‘Bell Tglepﬁonevto copétruét’
and operafe é devéibpmental‘cellular Sysfem in the Chicago area and fiéidf
tests and evaluation of performance ére currently undérway.

Another cellular mobilé telephphe'system, cailed DYnatécvis schédu1ed.
for installation in the Washington—Baltimbre area. fhis sysfem designedvby
Motorola will accommodate both portable and mobile'términals (47).

In Japan, the first bubliéhed studies of high'éapacity'1and'mobiie
radio telephone service had‘appeared‘as early as 1967. 1In 1976, tthJapah
Radio Technigal Council approved use of the 850 MHz band for cellu1ér.systéms _
and allocated 50 MHz of spectrum for this use. A céllulaf network préviding
‘ commercial-mobile telephone service is now in operation in Tokyd‘and plans |
have been made to progressiveiy gxpan& it'uﬁtil countrywide coverage is
achieved.

The auth&r has also heard of plans:for céllular systems in Austrié,..
Denmérk; Finland, Norway, Sweden, etc. Let us noﬁ 1ook’at éome of the under—u

lying concepts of these systems.

THE CELLULAR SYSTEM CONCEPT "

Conventional land mobile:systems use fixed transmitter staﬁions
(called base stations) usually located well,above'ground level. 'fhé
regulgtions on effective radiated power 1imit'the coverage area of a gi&en.
base station operating in the VHF band to about 3600 kmz;with a radius of
op‘eratioﬁ of about 30 km.

In practice the coverage éreaAis determined from'the distance at’
which the signal to noise ratié would drop below a cerfain specified level.
For example, in the case of two mobile systems using fhé same frequency it is
easy to show that }he required sepération between thg two base stations must be
of'theborderlbf 100 km. This spacing is of-céursé power deéendeﬁt and could .

be reduced if the transmitting power were to be reduced.
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Very simplyhput the cellular system conceptlls based on this-fact,namely
that the same frequency (channel) can be reused within'a given area.by :
decreas1ng the radlated power of the correspondlng base statlons. It is,
however 1mportant to reallze that the traffic carrylng capac1ty of a channel,
defined at some acceptable blocklng probablllty would remain the same
within the corerage area. The payoff in inproved overall network traffic
handling improvement.cones from this multiple reuse_of the same channel.
This leads to a measure of spectrum efficiency in terms of traffic handled
per unit of bandwidth per unit of area. |

Another/technique that improves the traffic-handling caoability_of
cellular systems is called_trunkingf Trunhing involvesvthe grouoingfof

channels and the connection of terminals requiring service to unused or idle

. channels. Trunklng is therefore a. resource sharlng procedure that reduces

the probabllity of a call belng blocked" and thereby 1ncreases the system s

traffic carrying capacity.

Cellular Structure.

The boundaries of each cell’are dependent upon many‘factors_such as
terrain, antenna heights and the distance to adjacent cell sltes. Howeyer,»
for analysis‘and modelling purposes, cells are assumed to he hexagonal ln
shape, since the hexagon along uith the triangle and‘theisquare.are.the only
regular pol&gon that completely covers a nlane area,_ The hexagon
however is the best approximation to‘the circular coverage shape of omni-
directional antennae over a.given area. |

In comparing cellular network arrangements, two parameters are used.

These are:

L
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(1) thé.co~channel reuse ratio D/k which is ﬁﬁevratip of tﬁé
distanée betﬁeén co—chanhei base étafibﬁé.tfansﬁiftéf;
to ghe cell radius, and

(2) C thé}ﬁumber of distinctly ﬁniqﬁe sets of fféduenciéé.}

For hexagonal cells, it can be shown that these are related as follows;

= /3C

. wilo

where C can take oﬁly the selected values:
C=3,4,7,9, 12, 13 ....

Figure 4_showsthefour cellular strugtures'that are qbtainedvby
'1e£ting C = 3,‘7, 9 and 12. Each cell héé g.set of diStinctvfreéuenéies
that Wiil not interfere with frequencies assigned to adjacent éeils;l fhé‘
frequencies (channels) within each'cellvare used for'édmmuﬁicétions~betwéen
the base station (which is connected to the'felephone network)'and thé |
mobile terminals. Also shown in dark lines in Figure -4 are arréngements of
the different'sefg of frequencies among the cells; By fepgating this pattern;
the same set C o{}fréduenciés‘can be reuééd,té cover a giﬁen afea. |

The actual values of D énd R aré functioné,of biocking'probability,
'the number. of availabie frequencies and tréffic phafacte:istics. However,
it tufns out from analysisAthat D/R, the mipiﬁum co—channel réqse:ratio; is
a'function.of the signal to noiée andhcarrier to inte?ference ratios,

The traffic handling capability of a given cellular network cam be

greatly. increased by a technique called splitting. ‘This involves the addition

of new cells midway between existing cells reducing the transmitter power and,
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hence, the coverage areas, while retaining the same co-channel reuse ratio.
This is the rationale behind the "remote control of transmitter power"
feature that is being built into the Motorola system.

In order to manage a cellular network a number of control channels
must also be provided. These control channels

- assign the specific pair of frequencies (duplex channel)

whenever a mobile terminal originates a call
- locate the given mobile terminal that is being called
(called Paging)

- reassign frequencies as required to maintain communications as

mobile terminals move from cell to cell (called Hand-off).

Control channels are therefore known as either paging or access
channels, and both types operate in a digital mode. The operation is as
follows.

When a particular mobile terminal wishes to place a call, it sends
a request to do so on the uplink access channel. This request is decoded by
the base station which then makes available a duplex channel, and the mobile
terminal is so notified via the downlink access channel. 1In the case of a land
originated call, the exact cell location of the desired mobile station is
unknown. A paging (locating) signal, must therefore be broadcast by base
stations in all cells over the downlink paging channel*. All mobile terminals
have a distinct address and automatically "tune in" (listen) on the paging

channel when not in use. Thus, the mobile terminal being sought is readily

* In actual practice, in order to avoid interference between transmitters located in
each of the cells, a set of different and distinct paging channels is required. The
mobile terminals must then scan all of these paging channels when not in use. To
reduce the total number of required paging channels, the assignment of these channels is
made on the basis of paging areas comprising groups of cells.




‘active mobile unit crosses a cell b0undary a new radio channel must be

" the closest base station can ensure that a channel is always assigned.
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located'and'responds over the uplink paging channel. This digital response )
signal is detected by the closest base station in the cell in1Whichfthe
'mohile is located and the channelrassignment procedure'mentioned above is'

repeated.

Since adjacent cells do not use the same radio channels, as an
quickly assigned. Several Schemes have been proposed to overcome the
hand—off problem. One scheme requires that all active mobile terminals

continually transmit their identity over the paging channel SO that

Another scheme, which reduces the uplink paging chanmel traffic, requires-

that mobile terminals transmit their identity only when there is a change

in identity of the base station that they are communicating with.

CHANNEL ASSIGNMENT SCHEMES

Central ‘to the design of a cellular network is the choice of the

channel assignment scheme. This choice involves Specifying the set of

_channels and how they should be assigned at each given point~in time so as to

minimize the probability of a call being blocked or in Other words'to maximize the

traffic carrying capacity of a system for a given acceptable grade of service
and channel reuse ratio. Channel assignment schemes have been actively
investigated (48, 49, 50) and fall into three classes:

- gtatic assignment schemes

= dynamic assignment schemes

~ hybrid assignment schemes
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Static Assignment Schemes

As the name implies, these involve a time invariant allocation nf
specified sets of frequencies to éells.. As discussed abone,,the required
number of sets of ffequencies is a function of the co-channel reuse ratio.
It is easy to see that the main drawback of static schemes is that'e call
originated by a mobile terminal wili'be blocked 1f.all'channels Witnin its
cell are currently in use even though neighbouring cells might neve idie
channels.

The probability that a call is blocked* in a cell having ¢ ‘channels
can immediately be calculated using the‘Erlang"B formule:

c
p /e!

ion/n!'

n=o

B(c,p) =

whe?e "p".is the traffic offered to this group of c channels. The total
treffic eerried by a given cell is therefore ' |

01 = pl1 - B(e,p) ]

-The eotal traffic carried by a cellular systen with L cellsv

employing a static allocation scheme and M channel sets is readily

obtained from the above equations.

Dynamic Assignment Schemes

Static assignment schemes are efficient as long as the traffic being
' generated'by the terminals is uniformly distributed across the system..
In actual practice, this will not be true, since the traffic being generated

in any cell will be a function of the density of mobiles in that cell and this

varies with the geographical location of the cell.

* assuming that the traffic being generated is Poisson
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In order to overcome the problems arising from the location dependent traffic

. patferns, dynamic channel assignment schemes have been proposed to maﬁage and re-
‘allocate the frequencies in cells on the basis of the stochastic fluctuations

océurring in the traffic.

All of these dynamic management schemes work on the basis that currently unused

‘ frequencies can be assigned to any of the cells provided that the actual

total number of channels, etc. is mnot violafed..'Withiﬁ this framework,
a variety of strategies (51), (52), (53), (54), (55) have been studied, =

and each includes criteria for determining which channels of the available

‘'should be assigned.

Closed form analytical models of dynamic assignment schemes ﬁave
proven elusive and difficult. Simulation is still our only tool for

studying the perfofmancé of these schemes. In this regarq,-one

interesting result obtained by simulation is that ''random channel.

selection for re-assignment" stratégy will always lead to traffic handling
results’ comparable to those of any of the more exotic dynamic assignment
schemes that have been studied so far.

Computational Considerations

Conceptually, the problem of coﬁputing the blocking pfoﬁability
in a given cell under dynamic assignment involves determining all system
stateé that satisfy the co-channel reuse distance constant., From a computational
point of view, this becomes an intractable problém as the mumber 6f systém states
increases approximately as a facforial funqtién qf the number{of'cglls in the

network,

e n N o
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As has happened so many timeé in the past, when combinatorial'préblems have

presented computational difficulties, Graph Theory can be applied. In particular,

'Seﬁgoku (56) gives a graﬁh theofetical method  for finding the éystem blocking
probability.. . | | |

This ﬁethod.firét involves‘determining the probability P(i);’thét
a given channel is used in nyn cells simultaneously, as a function of

the system offered load p from the following result:

(p/L)i vi

.P(i) =

Z(p/L)j v,
j=0 J

where each vi is the number of i-cliques of the:graph'obtained from the given
cellular system by connectiﬁg those pairs of nodes (cells) which are not .~
adjacent to each other, and k is the largest number of cells in'which.a

given channel can be simultaneously uséd without dausing'interference.,

Once P(i) has been determined, the average amount of traffic ac

that can be carried by the network can be computed as:

k

= § 4iP(i
a, if (1)

and the average systém blocking probability would therefore be:

The paper'(56) also proposed a dynamic channei assignment algorithm
based on the method of cliques. The principle behind this algorithm is
that it attempts to minimize the system blocking probability'by selecting

for assignment a channel which minimizes the decrease of cliques. This,

however, involves extensive computation and it appears that the algorithm

)
!




-37-
could not be implementable in a practicsl_cellular.systen.A Theresis,nhowever,'
little doubt that it generates good channel‘assignmentischemes and,.as such, could

be used as a basis against which other<heuristic schemes are evaluated.

Concludlng,Remarks

The research to dace indicates that for low blocklng nrcbabilltles,
dynamic schemes would g1veAbetter trafflc handlingvperformance than
static schemes. However, for very high blocking probabllltles, the 0pposite
is true. The best compromise seems to be a comblnatlon of these schemes,

and this brings us to what are known as hybrid assignment>schenes.

Hybrid Assignment Schemes

These assignment schemes attempt to take advantage of the best features
of static and dynamic schemes. They all operate by assigning some channels
to every cell on a static basis while reserving a pool of channels for

dynamic assignmént to cope with the statistical fluctuations of traffic.

The problem then involves determining the.spiif of svaiisble channels.

A number of specific cases have been studied. Cox (SS)Afof enampie,.studied the
case of 10 channels available for assignment and found the ontimum Hivision
to be 8 static channels and 2 dynamic channels.

In a recenc paner Kahwa et al (57) simulsted several hybrid assignment
schemes and nrovided some guidelines as to how cnanneis shonld‘be split.
Briefly, his results indicate that hybrid schemes are always superior to
static ones if traffic load peaks up exceeding average 1osd by as much as

SOZIa:e present in any of the cells.
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COMPARISON OF CELLULAR SYSTEMS

" As hgs béen diséuséed, several cellular exﬁerimental systems are.
currentiy at different stages -of design and develbpment. The ultimate,v
objectivé»of these undertakings is to develop a sysStem that can'gfow and
achieve the“perf6rmanée comparable to that-of the large séélé,ieiéphOne

"network. The common design features of these experimental networksrare
that théy wili servicé a vapiety of mobile users broadly claésified-as
(L dlspatch users,vand‘
(2) - users requlrlng felephone service to hand—held
and portable telephones.

Stfucture—wise; these systems are-quite similar sincewtheyAallv
employ,cgllular and trunking concepts.  There are, however, some
&iséimiiarities and Table 1. identifies some of these.

In their earlier stages of development, it can be expected that
systems will be designed with'"large" cell radius* and as traffic grows,
célls will be split and reduced in size, thereby increasing traffic

handling capability and spectrum efficiency.

Onergenefal'rule of thumb (illustrated by the hypothetical example

of Table II) that has emerged from the experience to date, is that the

traffic handling capacity of a cellular syétem is'épproximately proportional

to the inverse of the square of the cell radius. There are, of course,

practical physical and economical limits to the cell size.

.k

A complete description of the Chicago and Tokyo cellular systems can

be found in a special issue of the Bell System Technical Journal '
(vol. 58, No. 1, January 1979) and the Review of the Electrical ,
Communlcatlon Laboratorles of Japan (vol. 25, Nos. 11-12, Nov.-Dec. 1977)
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CHARACTERISTICS

UN!TED STATES

JAPAN

FREQUENCY BAND (MHz)
RF CHANNEL SPACING

NUMBER OF CHANNELS
CELL RADIUS

LOCATION OF MOBILE
CONTROL CHANNELS
ERROR CONTROL

[825-845 AND 870890

- 30 kHz
667
2 - 15km
RANGING
10 kbps -

FORWARD ERROR
CORREC FION AND
SPACE DIVERSITY

860 -885 AND 9I:> ~94O
' 25kHz

‘ IOOO
- b~ IOkrn

SIGN/-\' TO- NOISE RATIO |

300 bp°
FREQUENCY DIVERSITY

' SOME CHAR_ACTERISTICS OF CELLULAR SYSTEMS B

(TABLE 1)
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CHARACTERISTICS 7 CELLS | 19 CELLS
SERVICE AREA (km?) 450 450
CELL RADIUS (km) ~ 5 ~3
CHANNEL WIDTH (kHz) 2x30 2x30
CHANNEL SET SIZE (CHANNELS) 100 100
NUMBER OF CHANNEL SETS 3 3
TOTAL SPECTRUM (MHz) 20 20
BLOCKING PROBABILITY 0.02 0.02
ERLANGS/MOBILE 0.03 0.03
MOBILES / MHz | 1143 3103
MOBILES / CHANNEL 68 186
ERLANGS / MHz 34 93
ERLANGS /CHANNEL 2 558
MOBILES/ MHz / km? 2.54 69

APPROXIMATE SPECTRUM EFFICIENGIES OF CELLULAR SYSTEMS
(HYPOTHETICAL EXAMPLE)
| TABLE IT
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PACKET RADIO IN CELLULAR.ENViRONMENTS
In the previous sections we discussed both cellulér'aﬁchitectures
and packet radio schemes.as distinct concepts. Let us know turn to the
potential of thése two concepts .in possiﬁle joint.schemes resulting ffom
the mefger of "theé channel reuse" potential of.ceiiuiar systems andfthe.
traffic handling capacities Qf_packét radio schemes.‘:
- The first study was carried out by Scﬁiff (58) who analyzed the

throughput of a packet radio cellular system under three different.channél

assignment schemés. The analysis was based on the pure  ALOHA random access

techniques for those cases in which each cell base station was within range
of its own mobile terminals, as well as the mobile terminals ofAneigthuring
cells only.

We summarize below some of the principal results obtained by Schiff.

CHANNEL - ASSTIGNMENT ARRANGEMENTS

lst Arrangement

Let .us assume that to operat¢ anywhere in the cellular network

each -mobile terminal must operate (transmit/receive) on all available channels.

Then further if we assume that all of these mobile terminals are
uniformly distributed throughout the network, then every cell base station

will handle an equal amount of traffic.

Arranging the network so that the traffic in one cell is not interferred

with-by the traffic in any adjacent cells we can immediately apply the pure

ALOHA result and write the: carried traffic Si in terms of the offered traffic

G, in cell 1 as:

i
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The total system'throughput per channel will then be given by: -

n
"
2
g

where M is‘the number of channels and L the total rumber of cells in the
system. The felationship between the total system throughbut per cﬁaﬁnel, S,

and the total system offered traffic per channel, G, is then:

Measures of system performance is '"the probability of successful -

packet transmission' and "the average number of packet - transmissions required
to successfully transmit a packet."

The probability of successful packet transmission will be given by:

-2M6

The average number of attempts required to successfully transmit-a

packet on this environment is éL-ori
’ s

2Mc

If instead of a pure ALOHA technique we use the Non Persistent Carrier

Sense Multiple Access scheme, the relationship-between Si>and Gi will be given by:

G, (1+28) + e PGy

where B is the ratio of propagation delay to packet transmission time. If, in this

equation, we take the limit of B when it goes to zero,'we find:

‘
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by direct substitution the expressions for PS and 1 are

2nd Arrangement

As an alternative to the fixed frequency plan described above one
can envisage a cellular system arrangement in Which.the saﬁe channel is
assigned to all cell base stationms. This means that a given cell base station
can receive packets transmitted from the mobile units 1ocated‘inAitsAown cel1_:
as well as packets transmitted by the mobiles_théf are in adjacent cells.
The stipulation being that a base station in.ahy given cell only acknowlédges
pa@kets transmitted by mobilg units within its own cell, whichAcah.be»accomplished
by using an apﬁropriate packet header.
For fhe pure ALOHA ‘scheme Schiff obtained the;foliowing relationship:

between S, and G,:
i i

where I is the number of cells in the. interferring cell group'formed‘by,a
given cell and its neighbours within range.

For this arrangement Pé and n are:

-216




e

and

Concluding Remarks

The standard assumptions that terminals are always within rangelof
”each opher is not always realistic ‘and should be-relaxed. 

No published investigation as far aé the author is,aware has,been:made
of the throughput of cellular packet radio nétwork operating under the variéty :
of random access scheﬁes such as CSMA and employing hybrid or.dynamic'channei
assignment methods. It would brobably'be’easier to simulate the performance

 of such systems than to obtain "closed form" analytical results.

THE TRANSMISSION OF.VOICE BY PACKET RADIO TECHNIQUES IN CELLULAR NETWORKS

As we mentioned m;ch pf the currentAcéllular technology .emphasizes
analog FM. This empﬁasis, we'feel; ié'oﬁérdone and has many shortcomings
that have not been fully weighed. In this regard‘there are many other modulation
techniques, such as spread spectrum and narrowband digitized.?oice that can

increase the traffic carrying capacity of mobile voice communications systems.
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Several companies (59) currently build hand-held poftabieé, utilizing_
digital voice»techniqués and offering higﬁ~reliébility and. security, for law

enforcement and military applicatiqns. 'Tp\dafe, one of_thehmajor problems

in digitizing voice in mobile applications involves the_seledtibﬁvqf.an encoding -

and modulation technique that will result in-ap iﬁtelligible transmission
over a conventional 25 KHz or 30 KHz_radio channel.
As far as encoding is concerned theréngré twolmaiq>type§“of épeeghn
encoding methods. These‘are: |
}; (D) wavgform reconstruction methods wﬁich result in_wavefo;ms-"
that look like the original ones‘(PgM; Delta Mbdulaﬁibn,
‘Adaptive DM, Continuous'variablé sldpe delta modulétiop ,:,), and
(2) analysis-synthesis methods which resu}t‘in.waveforms‘thatVéound"
like the q;iginal ones‘(Linear Prédictive Coding)f
Using either of_thgse,'ih_the cése of digital_voite,.the:resulting
bit'stfeam.is then transmitted after quulation usiqg'either,direct mbdulapi@h

of the carrier or a sub-carrier modulatibn.technique. Recently a number of

- modulation techniques have been proposed, that appear to result in narrow

emission spectra compatible with the allowable channel spacing. One such

technique named "Tamed Frequency_Modulatioﬂ'(60)-is:claimed.to achieve a

-very narrow radiated spectrum, in that fora modulatioﬁ rate of 30 __kbpé the width

of thé éorresponding radiated spectrum main lobe is of the‘order Qf 30 KHg,
(1 bit/hz). | |

| As’hasAbeén known for a long time, to simply digitize voice will not
lead to any spectrum savings unless the voice digitization fate is low,

Furthermore, we have known for some time how to take
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advantégé of-statistiCal properties of_#oice (see for exampie (61)) fb‘avoid
vdediéétingvall of,thé transmission facilities to usérs during their'"pauééé”;
Oﬁe Suchvfechnique based on fﬁese statistical pfopertiesfié_kﬁown as TASI
(Time Assignment'Spéeph Interpolation) (62)whichtuu;been“iﬁﬁleﬁenfed 6n'a"
submarine céﬁie'over the Atlantic ocean. Digital vafiafions’of the 6rigina1'
TAST conceﬁt, such as Digital Speech Interpblatibn‘(DSI)_(63) aﬁd‘Sﬁeéch7’
Pfedictive Encoding (SPEC) (64) have also been imﬁlementéd}"All of these
are called'"interpolation or compression techniques", and provide a 2 to 1
bandwidth compression ordoublingofthéeffectiVenumberof analdg channels on
the facility. - |

vAnothef techniqug'fhat can také advantage of the bursty behéviour of
speech is known as packet speeéh; This technique operates by using é speech
detector that detects the bursts of speech and én encoder that digitizes
these and fomats them in péqkets'(see’Figure 5)Aand'a buffer to stofe tﬁe

paékets that have been generated. This approach eiiminates‘all of thé'silent

intervals (see Figure 5) within and between calls and, therefore, gives better’

sharing of the communications channel. However, some reduction in efficiency always

occurs since added ovérhead per packet is always required. Depending on the

type of network and its traffic control prdcedureé, this overhead can consist

of an abbreviated Header,(65) of about 16 bits or a more elabofate header of
say 128 bits containing details of the codiﬁg glgorithm, a time réferénce,'v
the address of both the source and destination speaker, error -control bits, 
etc.

The overall packet length shodld; howevér, be optiﬁizéd’to miﬁimize
the efféct of transmission errors, delay, etc. Othéf design.considerétibns
that are important include the routing schemes flow control procedures, and

the error detection and control.
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The‘resulps that haﬁe been obtained‘to'daté on the transmiésioﬁ‘of‘
speech by‘paéket‘come f?om experimenté on thé ARPANET (66) and,'in summary,
are'thaﬁ in ordgr to maintain high quality speeéh it is neceésary to ensure
thati |

- a pearly synchronous voice output is generaféd_by the

receiver;
- end-to-end ﬁetwork delayé do not exceed 250 msec.
It turns out that in practiCé quite surprisiﬁgly that:
| —.packets_of lengths varying from 10 to 50 msec éf speech
intelligibiiity can be lost without seriously affegﬁing
the voice quality, aﬁd thaﬁ

- serioué degradation begins to be obSeryéd only after the

gmount of packets being lost exceeds 57 of theﬂtotal‘number

of packets being generated.

A Model for Packet Speech

Measurements have been'carried out on tﬁe cﬁaractéristicé of'speech
during'teléphone conversatibﬁs that have shown that huﬁan speech. is bﬁrsty'in
nature. Brady (67) has confirmed thét the actual channel utilization during
.a_telephone'conversation ié_dnly about 407, and that é typical céll consists
of several;talkspﬁrts’begween pauses (see Figure 55;

Examination of a typical VQicelfecord.have confirmed that the duration
of talképurts and pauses are exponentially distributed. Wang (68) and Kekre
et al (69), (70) have uéed the eprnential distribution to investigate fhe'
possibility of integrating voice and data on the same channelﬂ Recently;

Weinstein (7l)yanalyzed the performance of a packet speech link and showed




: _ A
- munications channel is independent of the probability density fgnctién

; 1
where k = 0
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- that the fraction of lost packets due to the unavailability of, the com—

of the talkspurf duration.
Oﬁ'thg basis of these and our own studies, we Suggeét that a model
of packet speech for land mobile communications can be constrﬁcted as
follows .-
i The probability density function of the durétion:of pauses ig}“

-at

P(t) = ae with ?l;

PR

The probability denmsity function for. the duration of the talkspurts. is:

T(t) = be PF with Tz

A=

and the probability density function for the distribution_of.the silént periods

between calls on the éhannels is:

ct

o=

S(t) = ce with . s

_Assuming that the number of pauses per call is geometrically distributed

then, the probabllity F(k) that there are exéctly k pauses 1in an average‘call,

is

F(k) = 6(l-6)%1 K= 1,2,....

is the average number of pauses per call.

" S
See also the graphical representation (Figure 6).
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© MEASUREMENT. DATA
- (TELEPHONE GHANNELS)

- Al ;f o o lg!b/ o :

| |
| : LU
oo SR I I
P T ‘Ja'

(:AL‘KSPURT. | CPAUSE .

 AVERAGE PAUSE DURATION -'5 = 1.802sec
_ AVERAGE TALKSPURT DURATION = -‘b—= 1366sec -
' MEAN NUMBER OF PAUSES PERCALL = & =565

 MEAN ‘CALL.DURA‘NON = §=18036 Sed_ o

" Figure 6
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The probability den§ity functionY(t);of the random variable Y
(duration of a call) can therefore be obtained as the convolution of k

negative exponentials. with parameter a, and k-1 negative exponentials with

" parameter b.

This is a straightforward exercise in the Lapgﬁce transform domain,

'p(&mt)} = Y(s)

' o “k+l k
Y(s) = T 0(1-0) T —B B
k=l (st+a) (s+b)

and denoting

~ which can be rewritten after a few manipulations as:

a’be
(s+a) (s—al) (s—az)

Y(S) =

~ where

The probability density function Y(t) is given by the inverse

trgnsform of Y(s):

—at

- a2 e 4 +0t1t +0‘2t
Y(t) = a“b® b (6-1) A1 e“ +<A2 e 2

where A, and A2 are given by:
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1 (a%a) (o) a,)
and

- 1 ,
2'—'(a2+a) (dz—al)

A

The average call Y duration is

Y= 17 ¢ v(e)de
and substituting we find
= 1 1+6
= = 4 =
ag - bo

Using the values obtained by Brady (67) we obtain the results as shown in
Figure 6.
Assuming that the voice waveform is being digitized at a rate R

(bits/sec), then the average number of packets generated during a talkspurt,

where the average talkspurt duration T = %3 is
- RT
T3

where B is the length of the data block or packet that is being generated

A *
at the source encoding point ,

* L ' . .
NOTE: b is the overhead that must be added to each source data packet of

length B before it is ‘transmitted. So what is transmitted over the

channel is a packet of length B+b.
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The average number of packets generate& per call will be:

The factor (k+l) arises because k is the mean number of pauses per
call and there will always be one more talkspurt than there are pauses.

Subétituting :for Nt- gives

f\]- = RT (k+1)
c B

\

The ‘average number of packets generated pernmbbile station during. -
the busy hour is simply ﬁ;k where A is the a?erage number of cglls-being
generafed by'eéch mébile voice terminal duripg its buéiest period,
| - To avoid overfiow,’the rate at whiqh péckétsfare being transmitﬁed
must be.gfeatér than.or equal to the rate at‘which they are being-generated

(otherwise extensive buffering would be required). THiS‘bound can be written

as follows, assuming that C is the transmission‘rate;of the channel, then

R(B+b)
C >~

‘Delay Considerations

Thé total end to .end (that is humén to human)vdelay using

. packet speech transmission should not exceed 250 msec, or the speech is

" found to be uncomfortable to humans. In a typical radio system .

using packet speech, the various sources of delay are: -
- packetization delay
. - transmission delay

- propagation_delay-
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- Vprocessing delays
'f quéuing delays
The paéketization'delay, i.e. the time it takes to form a packet of

size B, when encoding speech at a rate R is given by:

D = B
PR

The transmission delay Dt_or the time required to transmit a packet

of size B + b on a channel operating at a rate C is:

D_=B+b
c

' : * ' : .
and the total end-to-end delay D (neglecting propagation delay) is
D = 2Dp+ Dt

ihe propagation'delay is a function of the distance travelled:by
a packet and becomes significant on transcontinental paths éﬁSOmsec)
of satellite pafhs (®250msec) . However, for the distancés invoived in
land mébile communicatioﬁs, the pfopagéfion delay is qnly'54 uséc,
for a 10 mi path, and can be neglected. |

The processing delays account for aAnegiigible amount of delay since
they'include the speech detection delays, headeriinsértion and removal and
logic operations. | |

The queuing delays which éan coﬁstitute a significant elementof
the total end-to-end delay,‘are a function of the éhaﬁnei utilization; the

network topology, the'rOuting procedures, etc¢. For land mobile networks with

* The factor 2 D_ arises because of the packet requiring a time D _to be
assembled and a time D to be disassembled at the receiver.
P .
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at most two h0ps (mobile to base and base to mobile) such queuing delays

should not give a significant contribution to overall delay.

Example. ‘ . _
Assuming a digitization rate R of 2.4 kbps (LPC) or 16 kbps (CVSD), a
transmission rate C of 30 kbps and 50 msec of speech intelligibility per

packet (also called packet duratiOn), we obtain the following

data:

=
]

{120 bits (LPC)
800 -bits (CVSD) -

16 bits (abbreviated header)

o
i

: (136 bits (LPC)
B+b {

816 bits (CVSD) = ttanSmittedeaeket length

-time taken to assemble
data and source

(=
i

{4.5 msec (LPC) R |
27.2-msec (CVSD) ‘time taken to transmit

104.5 msec (LPC) } packet length B + b

- doron
127.2 msec (CVSD) average -total end-to-end

time neglecting propagation
. delay, processing and
queueing delays

o
il

2D + D {
P t

- LPC

* Linear predictive coding

CVSD = continuous variable slope delta modulation

Note: LPC is more costly than CVSD but its bits/Az capabilities are Substantially better.

. - e - D 50 msec . ..
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-Conélﬁding Remarké
| | _ Spéech wavéférms can be ecoﬁoﬁicall& digitiéed‘using CVSD codecé,'f
etc., and ffanslatéd into packetsl(called volce paékefs). «Even.though there
has been indication. of the potentialtfor integrating, both ﬁécket s?ééch ‘
and packet déta on the same'network, no studies have so.far been éa;fied out
in the published iiteraturevon integrated voice/data packet radio'nétwofks.<
' We hope that the resul;s répbrted hérgin wiil sfimuléte further | |

studies in the area.

In this regard we are conVincea that éurfher study of‘packet radio.
mobile systemwill confirm that sméllér number of radio channels than are
currently required for trunked cellular systems would.be practical and easier
to iﬁplement} As has beeh mentioned previous1y‘thevperformance parameter of
conventiongl iand'mobile systems 18 the_blockinglprobabili;y'however in a'pécket
speech radio system we suggest that a more appropriate performance'megsure ’

would be "the fraction of lost speech, due to channel unavailability."

THE'OPTIMAL'PACKET SIZE FOR PACKET RADIO CHANNELS
4 In pagket‘radib systemé transmission errors xgsult from ignition

noise,'fading and packet overlaps. :The contribution of fading which causes

burst érrbré is far more significant in packet radio channels as a éoﬁrce of

error than any other type of error. ' Yét there ‘are no pubiished investigation of

fading errors in pagket,radio networks. |
Various erfor confrol procedures designed to operate over fading channels

have beeﬁ proposéd; It has been suggested b& Caﬁers (72) that the recelver

could monitof the channel an& request the transmitter to stbp sending when

the signal drops below a certain threshold level. Several other studies

attempt to describe and quantify errors on mobile radio channels (73), (74), (75).
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However the available results assume that the Sending station transmits a

‘continuous bit stream to the mobile terminal. No results have so far been

publishedfon the error characteristics of packet speech on mobile .
radio channels. We will now discuss some of our recently obtained reanlts'

on this problem.

Channel Model.

Two types of errors namely random errors and burst errors can be.
considered when dealing with mobile radio channels. The probahilit& PB
ST . B
that one or more errors occur in a given packet is

=1 — (1-p \B
Py = 1- Q@ Pz)

'where P -is the average bit error rate and B the packet size. This equation

is valid for a random error channel in which bit errors occur independently

of each other. In,the case of burst errors arising as a result of fading, this

- equation - is not valid. Eventhough fading contributes more toierror rate

on a packet radio channel than thermal noise, etc., lts effects have been un-

treated in the literature and we now give some of our recently obtained

resﬁlts'onpthis problem.(BO).

In order to derive'an.equiValent expression to P for the fading case,

consider Figure 7 which shows that whenever the received signal level falls‘

below a certain threshold a burst of errors of variable duratlon occurs. |
M Wlth‘reference to-Figure 7, con31der the transmissicn of_a‘packet

of data of duration TB sec¢ over the fading channel, and it is immediateiy’

obvious that we can write the following expression for the fraction of

time n that a packet or part of a packet will overlap a fade period, as

(1 - Pz) is the probabllity that a packet of size B contains no errors.
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M 4
1 % M
n= o= Z . +T %
T o 1B

In the equation for N, Mis the number of fade periode within a time interval of
.length TO and Ii 15 the duration of the ith fade period. Assuminé that‘ény'
degtee of.overlepping'between a packet .and a fade.perib& will result in at
least one detected error, then ever& sueh_affected packet will have to be
retfansmitted | | | |

If we take the 1imit .when T goes to infinity, the probability P
‘that a given packet will have at least one detected error will be

proportional to n. Hence,
, ‘M Lim 1 '
= . —— + - —
Py Y‘{ Ty Lim T =~ T +w. T ,Z Ty }
Al TO > o o o o - o

where Yy is a constant of proportionality.

The firstllimit-expréssion in thevabdveeq@atiqnforPBxepresentsthethreshold'

level crossing'rete, Nt’ while the second limit expression represents the
probability that: the received signal level is less than or equal to an
-arbitrarily specified threshold 1eVel'xt. The équétion can therefore be

rewritten as
.PB=y{mgt+Po<ixQ}

where foilowing Jakes (76), Nt_is defined as the expected rate at which the
envelope crosses the threshold level X, in the positive direction. 1In general ..

Nt and P(x f_xt) are given by
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and
: r *e |
P(x <x ) =1~ exp [—- ;{—]
: o
where:
fo, —:Acérrier frequency
v - vehicle speed
e - speed of light
X "~ received mean power 4

If we consider medium term mean value variations, the local mean

" signal level will be lognormally distributed (77) and for x> X,

we find for P(x j_xt)

' ) = ot
P(x f_xt) =

o
o
o
»
g
ol
< la
w
—_

where

X

o mean value of the mean of the received power

o] standard deviation of ;; (in dB)

The . corresponding expressidh for Nt’ denoted by'ﬁt, is given by:

, P . o2
ST ki TG W b S -0
t- £ C *P 18 4.3

Substituting equations we find PB for the fading case is

A A ' !' 1. 2 A 2
B B~ C %, P 18 " |%.3 X 4.3
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B

In order to express P in terms of the packet length it is only necessary |

to replace TB,'the packef duratibp, By

where B, b and R are as defined previously.

Substituting this result gives

B "R € - ® *P1s  [a.3] | X * 153l

The constant of proportionality, Yy, can be obtained by noting that the
packet error réte should be équal to the bit error rate Pz, when in the limit,

T, goes to zero.

B
An approximate expression for Pz, obtainéd when ;; >> xé, is given
by
P =P | va * e L
P Ctmax X R O]
where leax’ the error réte below the threshold le#él X, is usually taken

to be equal to 3.

From the above.expression for PB; we.find_ ,

o
1]

»2ij
or oy = %

The final expression for the packet error rate will then be:



4.3.2

' . o ~62- . .
| v L (B+b) Vfo ZTTXt ' 3 - 2
P TR R T TC ' AR B )

Using the expression for the packet error rate Pﬁ_in a fading

environment it is possible to derive an expression for optimal packet size as

~a function of a bit rate, the vehicle speed, the relative-signa1>1eve1,'the

frequency, etc,

IOne othér:important result is now within our reaqhvin addition to
being aBle to determine the optimal packet size and this is an expreésion
for the throughput degradation of packet radio channels that takes into
account packet collisions AND fading (80). In the case of a puré ALOHA channel
the thrdughpﬁt ~ traffic equation previously giveﬁ ﬁould bécoﬁe.in the

presence of fading-
s;c;e'2G (1-Pp)

B is as given above. For other random access techniques similar

whére P

expressions can be obtained.

Concluding Remarks

It is ‘a relatively straightforward.exe?cise; foilpwing‘for
examplg Chu (78) to determine the optimal packet size that minimizes the
expected packet throgghput time in.a fading_environment.

In such a model as previously mehtioned oh:tﬁe basevto mobile channels
we can assume thét transmissions errors are only caused by fading, i.e., errors

due to ignition noise need not be considered. Errors due to packet collisions

can also be neglected on the base to mobile packet radio chanmel. This would however .

not be the case on the mobile to base channel. We can further assume that the

acknowledgement traffic carried by a separate channel arrives at the fixed
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station réliably; and we can aisoAignote.propagation.delaysﬁ
Since transmission errors due to channel fadigg:wili;;ncréase\theA
probability of unsuccessful . transmission in a packéturadio chahnel,xgi_iu

study of the throughput degradation for a representa;ive:sgt Qf random - -

access schemes has been undertaken. It turns out that models for the

throughput degradation a pure ALOHA, slotted‘ALOHA'énd\CSMA‘ﬁééketlgadio

' channels‘dué to fading and collisions are fairlyhéééyifa'défiﬁe.“
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~INTERFERENCE TO UHF TELEVISION RECEIVERS FROM MOBILE TERMINALS

, ‘The allocation of the top 14 UHF (namely channels 69 - 83 UHF~TV)

channels to mobile communications,has led to a potential image.interference'

problem»tO.UHF-TV:channels 58 to 6lf(that operate betweeng734jMH2 and

'758‘MHal-fSee Figure 8). -

This problem arises becauseithe band allocated to cellular transmit
frequencies (see also figure 8) 825 MHz - 845 MHz will "beat" with the"‘
local oscillator of the television set to produce interference signal
products in the band occupied by channels 58 - 61 UHF-TV. Similarri
statements can be made'for the:other portions of the mobile UHF band

between 806MHz - 810 Miz.

t

Fisher (79) suggested that it would not be prudent to assign UHF—TV ‘

channels 58 thrOugh 61 for use in areas served by cellular systems.

‘His results are that there is interference tO'TV receivers operating in

channels 58 - 61 from such cellular ‘system mobile transmitters, especially

. if these TV receivers are at the grade B contour of their reception area.

This'analysis, however, did not’assign'any probabilities/to the likelihood.

" that. such'interference would occur. We 1nvestigated this problem and -

have found that the probability of no interference even under very dense

concentration of mobiles (>10 pertsquare mile) is 997 or better. Assign—-

ments of UHF’television in this band should therefore proceed on‘schEdule.

Let us now discuss our‘analysis methodology underlying this result.

The Probability of Interference Model

Let us now derive an expression for the probability that a randomly
selected TV receiver will suffer from 1nterference caused by mobile
transceivers in an area served by a high capacity cellular system. This

model comes from the recent work of da Silva (81).




INTERFERENCE. - - - CELLULAR © CELLULAR
BAND | TRANSMIT | RECEIVER
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' The model is based on the assumption that several mobile'trans—'
celvers are geographically scattered over a given interference area.
The radius of this circular area, denoted by Ri,vcorresponds to the -area
in which a mobile transmitter can cause interference to a UHF v receiver
located in the center of the area. Denoting the geographical.density of
mobile stations by D, then the average number n of mobiles in a circular

will be given by:

area, A, of radius Ri

A = HRizD = AD
A good assumption is that the number of mobile stations within this area is

Poisson distributed with mean fi. That is the probabilit& of finding n

mobiles in this area will be given by:.

P(n) =
Denoting by p the average traffic load per mobile station, the

probabilityPNI of no interference when there are n stations in the

interference area is given by:

' W n
- P -
PNI(n) = P(n) (1-p)
‘Summing over all possible values of n we obtain:

- 4

' n
po= 2y P (1-p)
n= 0 C
- 0P
Py = €

Several authors have indicated that a typical interference area is about
2 ' » ‘ ,

0.1 mi” and that an average mobile density of 10 mobiles per mi2 would be

characteristic of a mature cellular system. Using these figures in the

above equations we can find that'n; the average number of mobiles

within an interference area, is of the order of 1.
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It is interesting_to note that for typiéal»vaiues of b between 0.01
" and 0.02 erlangs/mobile the probability of no iﬁtefference varies beﬁween
997 and 98%."

A plot of n vs p for various values of PﬁI is given in Figure 9.

Concluding Remarks

The model described here is verf'simpie and can be ektendgdvusiﬁg 
Ma&kov éhains to allow the deterﬁinatidn of the mean life and the meaﬁ'*'
recurrence time of the "'system states'. Where a s&stem state is défiggd
as the number of.mobiles in an intefference areaiat_timg;t.' ‘ '  ;53f o ,}5

Equivalent_measqrés:of_interférencé can be detérminéd féf»qthérvtypé;‘"

of digital systems operating in the upper UHF band.
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5.  AMATEUR PACKET RADIO IN CANADA

in September of 1978; Canada amendéd‘its radio‘regulations
to introduce a new fybe.of am;teur radio operatOr'éérﬁificate (82) (83);
This'cérﬁificate is-called_the_Amateur Digital'Radio Oferatorfé Cértificate -
and ‘holders of this certificate (there are currently more than SOidiéital

operators and ‘the number is growing), can conduct packet and digifal”radio

experiments on man/man, man/machine and machine/machine communications

in the amateur VHF bands and higher. The allocations -and tYPeSfof_eﬁissionsﬁ.'

‘ :opeh'to this new class of amateur experiments are summarized iﬁ Tél'ble“IIIu

It is expected that these new allocations will promote closer’
collaboration among radio and computer hobbyists and foster a better
understanding of resource sharing concepts among Canada's experimental

hobbyists.



TABLE 1III

FREQUENCY BAND o |
{(MHz) ' EMISSION TYPES - RESTRICTIONS
1455 -145.8 | AQ,Al,A2,A3,A4 . PULSE EMISSIONS 15 kHz
. FI,F2,F3,F4 | ‘ 'PEAK POWER 100 WATTS
PO,PI. - | AVERAGE POWER 10 WATTS
220.1 -2205 - ~ OPEN - PACKET EMISSIONS I0kHz, SHARED
220.5-2210 . OPEN T  PACKET EMISSIONS I0OkHz SHARED =
221.0 -2230 - . OPEN | | PACKET EMISSIONS 25 kHz , EXCLUSIVE
223.0 -2235 OPEN - ~ PACKET EMISSIONS I0OkHz, SHARED -
433.0-434.0 ~ OPEN . . PACKET EMISSIONS 100kHz, EXCLUSIVE | T
434.0- 434.5 AO,Al;A2,A3,A4,A4 | PULSE EMISSIONS 30 kHz
FI, F2,F3,F4, ~ PEAK POWER ~ ICOWATTS
PO,PI,P2,P3 AVERAGE POWER - 10 WATTS -
i2150- 13000 20, Al, A2 ,A3,A4,A5 PEAK POWER 2.5 KWATTS
23000- 24500 FI, F2,F3,F4,F5 - - |  AVERAGE POWER 25 WATTS
33000-35000 PO, Pi, P2,P3,P4,P5,P9
56500 ~5925.0 |
I0000.0~10500.0
240000 - 240100 OPEN . ' PACKET SHARED
24010.0 —24250.0 AQ,Al, A2 ,A3,A4,A5 -~ PEAK POWER 2.5 k WATTS
S FI,F2,F3,F4,F5 AVERAGE POWER 25 WATTS
PO, Pi, P2, P3,P4,P5,P9 o 2

o s ow om B o me me mw ees e TSR MRS me we se e



C e,

'[1]

[2)
3]
4]
rsj

[el

'[73

[8].

[9]

0]

[11]

[12]
[13]

- [14]

[15]

Z71-

BIBLIOGRAPHY -

N. Abramson. "The ALOHA System - Another Alternative for Computer”

Communications' ALOHA System Technlcal Report B70—1 U. of Hawaii
April 1970.

R.E. Kahn. "The Organization of Computer Resources into a Packet
Radio Network". National Computer Conference, 44 177- 186 June 1975.

R.C. Kunzelman. "Status Report on the ARPA Packet Radlo Experimental

Network' COMPCON 78, February 78.

R.E. Kahn, S.A. Cronmeyer, J. Burchfield and R C. Kunzelman. "Advances
in-Packet Radio Technology" Proceedings of the IEEE,_vol 66 No. 11

pp 1468~ 1498 November 1978.

N. Abramson. "Packet Switching with Satellites” National Computer
Conference, 42:695-702, June. 4 8, 1973. ' " : '

R.M. Metcalfe and D.R. Boggs. "Ethernet: Distributed Packet Switching

for local Computer Networks' Communications of .the ACM, vol. 19 No. 7,
pp 395-404, July 1976 :

A.K. Agrawala, R.M. Bryant and J. Agre. "Analysis of an Ethernet-like
Protocol" Computer Network Symposium, pp 104-111, December 1977

N.B. Meisner, D.G. Willard. "Time Division Bus Techniques implemented
on Coaxial Cable". Computer Network Symposium, pp 112-117, December 1977.

M.D.'McLareﬁ»"Arbitrating‘a'Multi—drop line: Uniform P-persistence"
COMPCON 78, pp 110~114, February 1978. ‘ .

I.T. Frisch "Experlments on Random Access Packet Data Transmissions
on Coaxial Cable Video Transmission Systems'". = IEEE Trans. Communica-

tions, vol. COM~25, No. lO,‘pp 1199 1203, October 1977

L. Kleinrock. "Resource Allocation in Computer Systems~and Computer-
Communication Networks" IFIP Conference Proceedings, pp 11-18, 1974.

N.Y. Times; December 15, 1901, pp 1-2.

L. Kleinrock. "Queuing Systems" vol. 1 Theory, vol. 2 Computer Applica-

- tions, New York, Wiley Interscience, 1975.

F.F. Kuo, N. Abramson. "Some Advances in Radio Communlcation for Computers"
COMPCON 73, pp 57 60, February 1973.

S.S, Lam. '"Packet-Switching in a Multi-Access Broadcast Channel with
Application to Satellite Communications in a Computer Network".
U. of California, Los Angeles, Department of Computer Science,

Ph.D. Dissertation, March 1974.



[16]
7]
[183

9l
[20]

L21]
[22]

[23)

24

[25]
261

Y[Qi]

,,_72_'.

L. Kleinrock and S.S. Lam. "Packet SWitching in .a Multi-Access ,
Broadcast Channel: Performance Evaluation" IEEE Trans. on Communica- .
tions vol. COM-23, No. 4, pp 410—422 April 1975

S.S. Lam and L. Klelnrock. "Packet Switching in;apMultiéAccess
Broadcast Channel: Dynamic Control Procedures” IEEE Trans.’

on Communications, vol COM~-23, No. 9, pp.891~- 904 September 1975.

L. Kleinrock and S.S. Lam. "Dynamic Control Schemes for a Packet Switched

Multi-Access Broadcast Channel"”. National Computer Conference, pp  143-153, -

May 1975.

A.B,‘Carleial and M.E. Hellman. "BistaBle BehaV1our of ALOHA-Type Systenis' '
IEEE Trans. on Communications, vol COM—23 No. 4, pp 401-409, April 1975.

M.J. Ferguson/ A Study of Unslotted ALOHA with Arbitrary Message Lengths .

Fourth Data Communications Symposium, October 1975,

M.J. Ferguson. "An Approx1mate Analysis of Delay for Fixed and Varlable
Length Packets in an Unslotted ALOHA channel".’ University of Hawail
Report TR B76 6, 1976 '

‘P. S Yu. "Performance Analysis of Computer Communication Networks via

Random Access Channels Stanford University, SEL- 77- 021 Tech Rep.- 137
April 1977. : » :

L.G. Roberts. "ALOHA Packet System with and without Slots and Capture'f
Stanford Research Institute, ASS Note 8, NIC DOC 11290, June 1972.

F.,Tobagi. "Random Access Techniques for Data Transmlssion over Packet
Switched Radio Networks" U. of California, Los Angeles, Department of

Computer Science, Ph D. Dissertation, 1975.

L. Kleinrock and,F. Tobagi. "Packet'SWitching in Radio Channels'Part I:

‘Carrier Sense Multiple-Access Modes and Their Throughput-Delay Charac-.

teristics'" IEEE Trans. on Communications, vol. COM—23 No. 12,
pp 1400- 1416 December 1975,

F. Tobagi and L.,Kleinrock.'"Packet Switching in Radio Channels Part II:
The Hidden Terminal Problem in Carrier-Sense Multiple . Access and the
Busy Tone Solution" IEEE Trans. on Communications, vol. COM-23, No. 12,
pp 1417-1433, December 1975. - o o

L.G. Roberts. "Dynamic'Allocation of SatellitefCapacity'Through'Backet'
Reservation'.. National Computer Conference, vol. 42, pp 711-716,
June 1973. :




[283

N[29J'

30

[31]

0321

{331

[34]
[35]
fssj

371

- [38)

:E39]

=13~

F. Tobagi and L. Kleinrock. "Packet Switching in Radio Channels:

Part III - Polling and (Dynamic) Split-Channel Reservation Multiple.

Access'" IEEE Trans. on Communications, vol. COM-24, No.'8, pp 832-845,

~ August 1976.

W. Crowther, R. Rettberg, D. Walden, S. Ornstein and F. Héart "A System
for Broadcast Communication: Reservation ALOHA". Sixth Hawaii.
International Conference on Systems Sciences, January 1973.

R. Binder "A Dynamic Packet Switching System for Satellite Broadcast
Channels". International Conference on Communications,  June: 1975+

A.R.K. Sastry. "A Simple Reservation Scheme to Improve- Excess Capacity - "
of Slotted ALOHA Channels" International Conference on" .Communications,
June 1977.

E.H. Rothauser and D. Wild. ’"MLMA - A Collison—Free Multi-Access Method"
IFIP Conference Proceedlngs, pp. 431-436, 1977.

S. Tasaka and Y. Yasuda. "A Packet Radio Communication System with a
Random Access Scheme'" Electronics and Communications in Japan,

vvol 59-A, No. 8, pp 26-34, 1976.

L.W. Hansen and M. Schwartz. "An Assigned-Slot Listen-Before Transmis31on
Protocol for a Multi-Access Data Channel" International Conference on
Communications, vol 2, pp 22.2-112 to 22.2-116, 1977. '

L.:W. Hansen and M. Schwartz. "An Assigned -Slot Listen-Before Transmission
Protoeol. Dynamic Channel Control Procedures and Random Slot Assignment'.

vInternational Conference on Communications, pp 7 l l to 7 1.6, 1978

M. Scholl and L. Kleinrock. "Packet Switching in Radio Channels‘ New
Conflict-Free Multiple Access Schemes for a small number of data users'.
International Conference on Communications, pp 22.1-105 to 22.1-111, 1977.

Y. Yemini and L. Kleinrock. "An Optimal Adaptive -Scheme for Multiple
Access Broadcast Communications" International Conference on Communica-
tioms, pp 7.2.1 to 7. 2.5, 1978

I. Rubin. "Group Random-Access Disciplines for Multi-Access Broadcast :
Channels" IEEE Trans. on Information Theory, vol. IT—24 No. 5,'
pp 578- 592 September 1978.

I.rGitman; R.M. VanSlike and H. Frank. "Routing ianacketASwitching
Broadcast Radio Networks' IEEE Trans. on Communications, vol. COM-24,
pp 926-930, August 1976. R ) : :



fl»ofl

[41)
[42]

£43)

A

{45)
[46]
t47]
[48)
[z9]
[50}
[513
[52]

[53]

7

I‘ Gitman. “Comparison of Hop~by-Hop and End to~End Acknowledgement
Schemes in Computer Communication Networks' IEEE Trans. on Communica—
tions, pp 1258-1262, November 1976.

M. Ball, R.M. VanSlike, I. Gitman and H. Frank. "Reliability of Pécket~
Switching Broadcast Radio Networks'. IEEE Trans. on Circuits and
Systems, pp 806~813, December 1976. : ‘

I. Gitman, R.M. VanSlike and H. Frank. "On Splitting Random Access
Broadcast Communication Channels" Seventh Hawaii International ‘

Conference on System Sciences, January 1974.

I. Gitman, '"On the Capacity of Slotted ALOHA Networks and some Design
Problems" IEEE Trans. on Communications,: pp 305-317, March 1975.

F. Tobagi. "Performance Analysis of Packet Radio Communication Systems".
Proc. of the IEEE National Telecommunlcations Conference, pp 12: 6—1 to
12:6-7, December 1977.

F. Tobagi, "Analysis of Slotted ALOHA in a Centralized Two Hop Packet
Radio Network". COMPCON 78, pp 19-26, February 1978.

D.0.C. "Spectrum Allocation Policy in the 406 to 960 MHz Frequency
Band". Information Services, Department of Communications, February 1979.

Motorola, Inc. "Technical and Marketing Data on System Design and User
Needs at 900 MHz" Formal submission to FCC Docket 18262, Motorola Inc. s
December 1971.

L. Schiff. "Traffic Capacity of Three Types of Common-User Mobile Radio
Communication Systems' IEEE Trans. on Communications Technology, vol. COM-18,
No. 1, pp 12-21, February 1970.

D. Araki. "Fundamental Problems of Nationwide Mobile Radio-~Telephone

‘System". Rev. Electrical Communication Laboratories (Japan), vol. 16;

pp 357-373, May/June 1968.

R.H. Frenkiel. "A High~Capacity Mobile Radiofelephone'System Model Using

~a Co-ordinated Small-Zone Approach'". IEEE Trans. on Vehicular Technology,

vol. VI-19, pp 173-177, May 1970.

D.C. Cox and D.0. Reudink. "Dynamic Channel Assignment in High Capacity
Mobile Communication Systems" Bell System Technlcal Journal, vol. 50,
pp 1833-1857, July-August 1971,

D.C. Cox and D.O. Reudink.'”Dynamio Channel Assignment in Two-Dimensional .
Large Scale Mobile Radio Systems' Bell System Technical Journal, vol. 51,
pp 1611~-1629, September 1972.

J.5., Engel and M;M. Peritsky. "Statiscally-Optimum Dynamic Server'AsSigh—
ment in Systems with Interfering Servers" IEEE Trans. on Vehicular
Technology, vol. VI-22, pp 203-209, November 1973.




[54)

‘ :'[55‘] ~

[56)

{571

[s8)
[e]

N [e0]

[62]

fas‘]

Los]

651

=75

L C. Anderson. "A Simulation Study of Some. Dynamic Channel Assign—
ment Algorithms in: a High Capacity Mobile Telecommunications System o

- IEEE Trans. on Vehicular Technology, vol. VT-22, PP 210= 217

November 1973.

D C Cox and D.0. Reudink "Increasing Channel Occupancy in Large

‘Scale Mobile Radio Systems: Dynamic Channel Reassignment" IEEE _
‘Trans. on Vehicular Technology, vol. VI-22, PP 218 222, November 1973

‘M, Sengoku, K. Itoh. and T. Matsumoto. "A Dynamic Frequency Ass1gn—

ment Algorithm in Mobile Radio Communication Systems" The Trans. of’

" the IECE of Japan, vol. E-61, No. 7, pp 527.533 ~July 1978

‘T.J. Kahwa and N.D. Georganas. "A Hybrid Channel Assignment Scheme

in Large Scale Cellular-Structured Mobile. Communication Systems
IEEE Trans. on Communications, vol. COM-26, No° 4, PP 432 438,
April 1978 . .

L. Schiff "Random—Access Digital Communication for Mobile Radio in
a Cellular Environment" IEEE Trans.Aon Communications, vol COM—22
No. 5, PP 688- 692 May 1974, . -

Sachs/Freeman. "A Study of Digital Uses and Standards for Land Mobile

‘Channels" A report to the Federal Communications Commission,

December 1976

F. de Jager and C.B. Dekkers "Tamed Frequency Modwl'ation, A‘Novelplh

Method. to Achieve Spectrum Economy in Digital Transmission IEEE
Trans. on- Communications, vol. COM—26 No. 5, May 78.

Bell System Technical Journal vol 44 No. 1, pp 1- 22 January 1965

K Bullington and J.M Fraser. "Engineering Aspects of TASI" Bell.
System Technical Journal vol. 38, pp 353 364, March 1959..

J.A. Sciu111 and S.J. Campanella. "A Speech Predictive Encoding
Communication System for Multichannel Telephony".  IEEE Trans. on
Communications, vol. COMer No. 7, pp 827- 835 July 1973

$.J. Campanella and H. Suyderhoud. "Performance of D1gital Speech
Interpolation Systems for Commercial Telecommunications" National

’Telecommunications Conference, 1975

D .W. Davis-and D. L. Barber.-"Communication Networks - for Computers

New York, John Wiley and Sons, 1973




[671
e8]

[69]

| [fo‘.\

[71]

[72]

[73]

(741

<« [75)

[76']-

[7_7]

fe0l

-76-

J.W. Forgie. "Speech Transmission in Packet Switched Store and Forward'
Networks". National Computer Conference, PP 137 142 -1975. :

P.T. Brady "A Model for Generating On-Off Speech Patterns in Two-Way
Conservations Bell System Technical Journal vol. 48 No. 7,
PP 2445~ 2472 September 1969. :

J. Wang and M. Liu. "Analysis and Simulation of the mixed Voice/Data

. Transmission System (MVD) for Computer Communications" National .

Telecommunication Conference, pp 42 .3~ l to 42.3-5, 1976

H.B. Kekre and C.L. Saxena. "Three State Markov Model of Speech on’
Telephone Lines and Optimal Utilization of Communication: Systems by.
TASI Technique' Computer and Electronics Engineering, vol. 4

" PP 235 250 1977.

H.B. Kekre and C.L. Saxena. "Finite Buffer- BehaV1our with Poisson o
Arrivals and Random Server Interruptions' IEEE Trans. on Communica—

'tions, vol COM—26 No. 4, PP 470 474 April l978

C Weinstein. "Fractional Speech Loss and Talker Activity Model for o

TASI and Packet Switched Speech" IEEE Trans. on Communications,
vol. COM—26 No. 8, pp 1253-1257, August 1978, L

J.K,_Cavers. "Buffer Control for Transmission of Blocked Data over'
Fading Channels'. IEEE Trans. on Communications, vol COM—25
No. 5, pp 496-502, May 1977:

R. 'French' "Error rate predictions and measurements in the mobile
radio data channel" IEEE Trans. on Vehicular Technology, vol. VT-27

No. 3, August 1978.

G. Arredondo, J. Smith "Woice and data transmission 1n a mobile radio
channel at 850 MHz" IEEE Trans. on. Vehlcular Technology, vol.. VT—26

-No. 1, February 1977

P.. Mabey, "Mobile radio data transmission. —'coding for errorlcontrolﬂ
IEEE Trans. on Vehicular Technology, vol. VT—27 No. 3, August 1978.
§

W.C. Jakes, "Microwave Mobile Communications » John Wiley, 1974

F. Hansen and F I. Meno, "Mobile Fading - Rayleigh and Lognormal,
Superimposed". IEEE Trans. on Vehicular Tech., vol. VI-26, No. 4,
November 1977. : : 4 : '

t
|
|
{
i
. B . :
v T




=77~ - -

W. W. Chu. "Optlmal Message Block Slze for Computer Communications
with Error Detection and Retransmission Strategies". IEEE Trans.’
on Communications,- vol COM-22, No. lO,»pp(1516_1525 October 1974.

R. E. Fisher, "Interference'between UHF television syStem and 850 MHz

Cellular Mobile Telephone Systems" National Telecommunications Conference,
pp 25:3-1 to 25:3-4, 1977..

J.S. daSilva. "Capacity Degradation of ‘Packet Radio Fading Channels
Department of Communications Report, April 1979.
(available from DOC/DGTR - 300 Slater Street, Ottawa, Ontario, Canada )

G.J. van der Maas and J.S. daSilva. '"A Model of Mobile to Television
Interference". Department of Communications Report, February 1979.
(available from DOC/DGTR -~ 300 Slater Street, Ottawa, Ontario, Canada.)_‘

Department of Communications, Telecommunication Regulation Circular TRC 24,
October 1978. B
(available from DOC/DGTR - 300 Slater Street ‘Ottawa, Ontario Canada )

Department of Communications, Telecommunication Regulation Circular TRC 25 '
Issue 3, September 1978.
(available from DOC/DGTR - 300 Slater Street Ottawa Ontario, Canada.)



. e —

DE MERCADO, JOHN
An overview of packet radio
communications

DATE DUE
DATE DE RETOUR

LOWE-MARTIN No. 1137







