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A SURVEY OF PACKET SW1TVHING TI~ HNIQUFS lOR
BROADCAST MEDIA

1.0 INTRODUCTION

Future Naval communications systems will use satelifi. chwnela ests~~~-~y Appro-
priate channel management techniques must be implemented to uulu.r these channels
effectively. Circuit switching . In which the channel Is dedicated to a ps ticuiai con~erss.
tion until that conversat ion is terminated. I a channel n~~.gement t.dtnlque under ~‘n
ous consideration by the Navy. One possible alternative to citcust ~w*tctdng I packet
switching, which has been developed over the past few years as an alternative technoloty
to circuit switching for computer communications applications. 11w purpose of th~ report
is to survey those packet switching techniques that are suitable for radio channels. A sub.
sequent report will analyze the attractiveness of these techniques for use in ~avaJ commu-
nication s systems.

In Section 2 we mention briefly the venous teduilque. that have bees proposed for
allocating channels in a multi-access communications system. We then concentrate on
packet switching techniques and review the maj ir considerations that led to their develop
ment. In Section 3 we distinguish between point-to-point channels and radio channels and
introduce a class of packet switching techniques whose development w stimulated by
the special capabilities of radio channels. Section 3 also includ es a brief summary of each
technique and introduces the terminology that will prevail throughout the reit of the re.
port. Sections 4-12 contain more detailed discussions of the tediniques. For each tech-
nique , we include a description of the channel management algorithm and a summ ary of
what is known about the technique’s performance the result of analysis or simulation.

- - Finally, in Section 13, we state some preliminary condusloni concern ing the possible
utility to the Navy of the various packet switch ing techniques. A more detailed analysis
of this question will be the subject of a subsequent report.

- - Readers not interested in the details of the various channel man~~ement algorithms
and their performance may find it helpful to skim or omit Sections 4-12.

2.0 CHANNEL MANAGEMENT FOR MULTI-ACCESS SYSTEMS

There have been many techniques proposed to handle the problem of how to allo-
cate a commun ications channel when there are competing demands for service among the
users. One alternative already mentioned is circuit switching. Another is to use a conven-
tion a) fix ed orthogonal multiplexing scheme such as Time-Division Mult iple-Access

8eveval of the techniques described are *lao discuesed by Kleinrock (Kleinrock. 19761.

Manuscript submitted July 7, 1976.
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~TDMA) or Fvequency t)ivision Mulupk-A&&ess (FDMAJ Under such s achem., v ertu u~ iin the network is rngn.d a fixed portion of the channel. When i ua.c t t’ idle. hnwr ’r,.
his portion of th. channel cannot be t~~d by other stations with traffic; ths r~ss~ta in
wasted channel capacity. Mon~~ier , hke ctrvuit4wstdied aystem~. auth technique’ we
especially inefficient when th. traffic from each user a sh~nrr and bunt ’.

To overcome this prob lem. t~clmiques have bean developed that sttrmpt to perform
‘statistical load avenging” of the user traffic onto the common ss~~s’ cb~ntwl The cmu

capt of statistical load averaging is that hs- sl üng th. channel dyswnic.Uy on the baste
of ~user needs, the channel capacity required may be much less than when the thsna.k
are dedicated and not shared. The fundamental procedure to swa rti 11* commumcs-
Lions channel from user A to user B when A I idle and B has something to transom
With th is type of procedure , each user is granted channel access only ~tu.n he has data
to transmit. One example of such . techniqu e Is a polling system Konhelm. 1974).
Another I. packet switching.

Historically, packet switching was developed as an ailernauve to circuit Itching in
computer communications systems. In computer communIcations, the traffic ~ typ ically
~‘bursty”; i .e.~ the ratio of the peak data rate to the aver~~ data rate :’ very large Given
the bursty nature of the traffic , ded icat ing a circuit-switched channel fo r an entire corn -
puter sess ion represents very w tefu l usage of a cummun rslwns resource An .1 tentative
I to estab lish a channel every t ime a message us exchange d between a computer and a
terminal. Hc.wever . the disadvant age of using circuit switd ~ng In thus manner Is that the
connection or setup times can be prohibitively long for short , interactiv e meai~~es In 5
packet switched system, messages are packaged Into one or more fixed-length units of
information called p.ckets.~ In addition to data bits, each packet has a header w
contains control information , i.e.. source address, destination address, sequence u umber,
etc t Moreover, each packet may also include a number of parity IMIs f u r  the purposes ‘if
error detection.

An important distinction between packets and me~ ages should be noted. While mes-
sages are units of information recognized by users of the network and hence ma~ be of
variable length, packets are meaningful only within the network. Because each packet
contains its own control information , there are no lengthy connection or setup tim es In
packet-switched systems. Thus, packet switching makes efficient use of the commun ies-
Lions channel when messages are short. Moreover, because the communications channel is
dedicated to packets, not conversat ions, the channel can be used to support other conver-
sations when a given conversation is inactive. Thus, packet swi tchi ng makes efficient use
of the communications channel when messages are bursty t Metcalfe. 1973J .

Early develcpment of packet switching concepts was based on the assumption of
point.to-point communication s media. In a network based on point-to-point media, as the
number of nodes increases, it becomes economically infeasible to provide a fully connected

‘While lbs report as concerned with iixed-length packet., packets of variable length have been InvesU
gated elsewhere. For example, see Ferguson, 1976 1.

tThe term “ packet ” a also used later in the report to refer to blocks whidu oontaln only data and no
control information. In thie sect ion, we have adopted a more restr ictive defInition of the term in order
to contrast packet switching with other allocation strategies.

2
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network topology. Thus, partially ccmn ct.d networks such as the Advanced lteseart’$i
j Projects Agency (ARPA) Network, whi ch uses store-and- forward techniques, ~.re d..

signed and implemented. In th. design of a itors .and- foeward network, how~eer. complex
• problems arise with respect to network topolog4e~ lin, capacities. and routing stralagtes.

3.0 PACKET SWITCHINC FOR BROADCAST NL7~ORK1

In contrast to point-to-point channels, radio channels (both sateftu. and ground
radio channels) have two Important vapst*ht*rx $ broadcast capability and $ miiItE.ssr ’cvi s
capability ( Lam, 19741. The application of packet switching concepts to radio channels.
with their special capabilities, has led to the development of several new ch.guwl rnanage-
ment schemes wh ich are the subject of th is r port..

The broadcast capability of a radio channel derives from the fact that a signal g m .
es’ated by a radio transmitter may be received over a wide area by any number of rig.

ceiven. The multi -acceu capability of a radio channel us that any number of users may
transmit over the same channel. Hence, in the ease of a ground radio chan nel, all ua.rre

within line-of-sight of one another form a network that si completely connected. sad..
pendent of the number of users. A similar situation exists with a satellite channel. A
satellite transponder in geosynchronous orbit with the earth is a raf to repeater. A signal
transmitted at one frequency by a user station is received by the transponder aid U~ns•
mitted back to earth at another frequency. AU of the user stations cüvvr rd by the trans
ponder beam make up a fully connected network .

k - A communications network in which all users shari’ a broad aM channel us referred
- ~- 

to as a broadcast network. Note that the fully connec-t~’d network provided by a radio
channel eliminates complex network topo logica l prob)ems~ moreover, there is no need for
complicated routing strategies, such those required in a etore and- forward network like
the ARPA Network.

The two types of broadcast media of interest In th is report , satellite and ground
radio channels, have a significant distincti on in terms of propagation delay. For a satellite
In geosynchronous orbit , the round-trip propagation delay of a transmitted signal I ap-
proximately 0.27 a, but the delay of a signal transmitted over a ground radio channel is
much shorter . on the order of microseconds.

3.1 The ALOHA System

In 1970, Abramson proposed a novel multiplexing technique ( Abramson , 19701
which has become known as ALOHA random access. It is this ALOHA protocol that is
the forerunner of the vari ous techn iques described in this report U nder the technique , a
user with a data packet simp ly transmits it into the channel, completely unsynchronized

t with the transmissions of other users. The University of Haw aii’s ALOHA System (Abram.
sun , 197’lb; Binder , 1975bj , developed by Abra mson and others, is a broadc ast networ k
that is based on the pure ALOHA multiplexing technique .

In the ALOHA System , all users are termin als transmitting oats to a central com puter
at the University of Hawaii ; the terminals share a common UHF radio channel. A second

3
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UHF channel As used by the central computer 10 tranamsl data and eckisowledgmasts back
to th. terminals. K~sch terminal h buffer .pase for 2arUy one p*-ket. Am si-sted abov .
under the random access protocol, a terminal w ith $ ready parbet tmply transmits into

j the common access channel. The terminal then initiates a time-out ~ waits fur an ac-
knowkdgment from the central computer tsnhc *tAn ,, correc t receipt of the pai~kmt If, et
th. expiration of the tim e-out , an acknowledgment has not been receiv id, thi. termInal
retransmits the packet. This process continues until the pack.1 is coirecily received by
the central comp uter and an acknowledgment is ~ecrt~. ~d by the terminal, or unti l the
process I. stopped by the termina l.

Given the unsynchro nized mode of channel access, U a puss-sbk (or Iwo ”: most-
packet transmissions to overlap in time and thu s collide, ‘k’s1~oyang one anothe r. This a
detected at the central dl. by means of a failty checksum In at leasi one of the p~ l~rtsIn this c , no acknowledgments are wnt, and th. terminals whose packets collided
entomatically retransmit th. packets.

An important parameter in the design of an ALO h A system is the n’uansm1~~on
mterv al. If all stations that suffer a transm ission conflict wait ai equal amoun t of t ,mr
before retransmitting, their transmissions will, w ith certainty, conflict again. Hence. it us
necessary to vary the length of the retransmission interval used by each of the trais-
mitting stations. In the University of lI,~~ass implementation, each tenrnnsl Is s*gned a
f ixed but unique retransmission ~nt. r~.sl $ Rsnd~~. 1975b1. If the numbe r of stations is
quite large, however, such a scheme may ‘ . impractical, since those stat ions with larg e
retransmission intervals will consistently ezpeflence lunger delays.

An alternative policy is to use randomized retransmission delays. Each time a packet
retransmission is required, the terminal involved chooses the retzansmsimon delay from
some probability distribution.

3.2 Performance of Packet-Switched Ikoadcast Networks

The goal of packet-switched syst ems such sa ALOHA is to provid e better channel
utilization than that possible under alternat ive mult iplexing schemes and, at the same
time, to minim ize transmission delay. Hence, performance evaluation of these systems is
based on two performance measures, channel capacity and packet delay.

3.2. 1 Channel Capacity

Given fixed-length packets, the packet transmission tim e i’ is determined by the
channel transmission rate. The channel input rate S is defined as the average number of
new pac kets generated per transm iss ion interval T. Under stead y state condiüons, S is
also equal to the channel throughput rate. If 5mss is the maximum achievable value of
8, then 8mss represents the channel capacity. If it were possible to perfectly schedule
packets for transmission on the channel so that no gaps or overlaps existed, a chainel
capacity of one packet per transmission interval would 1w achievable; thus ii $150
referred to as the channel utilization. Note that because of the interference problem in
the random access schemes , the channel capacity of such schemes is always less than one.

V-



NRL RUOR1’ 14035

Th. actual traffic on th. channel consists of both :w~iy generated packets a~ ~eIi as
retransmiuions of previously collided pscketa. Let G represent the average number t ’t
packets per transmission interval from both sources. Then, C is called the sveri~ channel
traffic. Note that the ratio S/C us the probability of a ~ucersst J packet tranbuiusuon.

3.2.2 Packet Delay

Another performance measure of interest in an ALOHA system is the a~~rage uday
incurred by a packet before succemfui transmiadon. The delay is a function of tw o l*r.n~-eters; one Is the average number of times a packet requires retranaini icwi. while the
second is the average retransm issi on delay.

.12.3 The Problem of Instability and &turat ion

Unfortunate ly, a~ ALOHA channel is vulnerable to unstable heha ior and channel
saturation. A channel operated in .\IOHA mode stays in a qu$si .stati onary ~taIe for a
finite time, unt il stochastic fluctuat ions produce an increase in the taftic rate . This in.
creased traffic rate causes an Increase in packet collisions wh ich in turn produces an even
higher traffic rate. This ~icious cycle cont inues until the chann el is (ti led with n-trans-
missions and packet collisions, and the channel throughput approaches acro. At th is stage,
the channel Ii said to be satura ted.

~ 3 Other ALOHA Random Access Schemes

L A number of vanatlons of pure ALOHA have been proposed. Several of these-
slotted ALOHA, slotted ~LOHA with dynamic channel control, and Carrier Sense— -- are
briefly described in this section with a more detailed discussion of 4 ach of these ted)
niques to fol low in Sections 4-7. All of theie schemes have been des~ned to handle
traffic consisting of one-packet messages.

3.3.1 Slotted A LOHA Random Access

Recall that in a pure ALOHA channel all packet transmissions are completely unsyn-
chronized. Given a packet transmission time of T seconds, a given ~sc ket ii vulnerable to
collisions for a period of 2T seconds. If channel time is divided into contIguous intervals
of length T, and if each packet transmission is required to coincide wi th an interval, the
vulnerable time for a packet can be reduced to T seconds. A protocol identical to pure
ALOHA , but with transmissions constrained in this manner, is called slott ed ALOH A
random access (Klein rock and Lam, 19731 . The channel capacity of a slott ed ALOHA
channel is twice that of pure ALOHA , but this increase in channel capacity is realized at
the cost of providing a global clock for synchronization .

3.3.2 Slotted A LOHA with Dynamic Control Pro cedures

Both the pure ALOHA and slotted ALOHA techniques are vulnerable to unsta ble
behavior and saturation. To deal with the instability problem under te m porary overload
condit ions , the use of dynamic control procedures [ Lam , 1974) has been proposed.

5
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These require each user to take action to prevent channel saturation. The broadcast
nature of the commun~catioris channel permits all users to monitor the state of the chan-
nel. When the number of users with backlogged packets (i.e., packets that have suffered
a collision) exceed s a given threshold, each user is required to take action to reduce the
channe l traffic rate and thereby prevent saturation.

3.3.3 Carrier Sense Multiple Access

The Carrier Sense technique (Tobagi, 1974 j takes advantage of the broadcast nature
of a radio channe l to reduce the probability of a packet collision. A user with a packet
to transmit first listens or “senses” the channel to determ ine whether another user ’s ear-
ner is present. If such a carrier is present , the channel is assumed to be busy, and the
user with the ready packet delays transmission until the channel is idle (i.e., no carrier is
sensed). Using one of the Carrier Sense protocols, channe l utilization of approximately
80% is poss ible. Unlike the other techniques discussed in the report , which apply ~o both
satellite and ground radio channels, the use of Carrier Sense is most aporop riate w:~.h
ground radio systems.

3.4 Reservation Techniques

While the ALOHA techniques described above are most applicab le to traffic corr.-
posed of one-packet messages, a number of techniques called reservation schemes have
been developed for traffic that conta ins a significan t portion of multi-packet messages.
Rather than make an access request for each packet, one request is made per message ,
where a message consists of one or rrore packets . Several reservation schemes are noted
in this section. A more deta iled discussion of each of these techniques can be found in
Sections 8-12.

3.4.1 Roberts ’ R eservation

Under this protocol (Roberts, 1973J, the channel is divided in to two sub channels ;
one, operated in slotted A LOHA mod e, is for reservation requests wh ile the other ,
operated in a dedicated mode, a for data packets. The reservation requests are for th ”
data packet slots. Because of the broadcast nature of the channel , all users can hear the
successful requests for data slots . (Since the request s are made in slotted ALOHA mode,
there will be some collisions, and hence not all requests will be transmitted successfully.)
Based on the reservations made by other users and it,s own successful requests, a given
user can schedule the t ransm ission of its packets on the data channel.

3.4.2 Split Cha’nel Reservation Multiple Access

This technique (Tobagi, 19741 is simi lar to the previous one in that the channel is
split into two subchannels, one for contro l information and one for data. The cont rol
channel ii accessed In random access mode: pure ALOHA , slotted ALOHA , and C-amer
Sense are all alternative schemes for handli ng this channel. This technique differs from
Roberts ’ Reservation in that there exists a centr al station which controls allocation of
the data channel; in Roberts ’ scheme , contro l is distributed among all users. Under Split

6
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Channel Reservation , a user with data sends a tranwnanon request via the cont rol chan .
nel to the central stat ion. The central station then reserves the data channel for the re-
questing user and tells the user when to begin transmission of Use data.

3.4.3 Reservation-ALOHA

This technique (Crowthe r, 1973J is based on a slotted ALOHA channel. In addition.
a fixed number of slots are grouped toge ther to form a frame; this imposes a n idit -i!~on the slots similar to that in TDMA. However, unlike TDMA. in Resen ’ation .ALufl ,~• no slot is permanently ass igned to a user. This protocol is dependent on the broadcast
nature of the channel , which permits all users to moni tor channel activ ity . A user with
traffic transmits a packet into a slot Which was emtpy in the previous frame. If the trana~mission is success ful (i.e., does not collide wi th another user ’s attempted transm issi on) ,
the user “owns” that slot for as long as it has packets to transmit. Thui. once a uses

- , I gains access to a particu lar slot in a frame, no other user may transmit in the conespond.
ing slot in subsequent frames until the ow ner relinquishes the slot by ceasing to transmit.

3.4.4 Round Robin Reservation

This access technique [ Binder , 1976aj . like the previous one, uses a slotted channel
~~th a frame structure. In addition, each user is permanently assigned a particular slot
in each frame. Thus, the basis of the protocol is a f ixed TDMA structure. Moreovi ,. a
second feature is included permitting other users to transmit in slots Which belong to
a user who currently has no traffic to send. This is accomplished by using a distnbuted
queue, whose contents are known to all users due to the broadcast nature of the channel.
Neither a central contro l station nor a separate control channel is needed; the ne arj
contro l information is carried as part of each packet ’s overhead. This mult iplexing tech-
nique combines the basic fairness and stability of fixed TDM A with the dynamic caps.
bility of the ALOHA schemes.

3.4.5 Conflict Free Multiple Access

This multiplexing technique (Hwa, 1975J , very similar to the Round Robin scheme ,
uses a fixed TDMA structure wit h a control mechanism somewhat diffe rent from Round
Robin to dynamically allocate cu rrently availabl e slots. As the name implies , under this
protocol , no conflicts are ever generated,

— 3.5 General Remarks

Starting with pure A LOHA and moving on to the subsequent schemes , the reader
should note that the latter schemes have been designed to overc ome the two serious dis-
advantages (for some applications) of pure ALOHA; i.e., the low channel capacity and the
vu lnerability to unstable behavior. The newer techniques attemp t to mirnmize collisions
and control stability at the expense of chann el management algorithms that are more
complicated than those of pure ALOHA and, therefore , more expensive to imp lement.

-
. - Each of the foregoing techniqu es is reviewe d in more detail in the following sections.

The presentation for each technique consis ts of a desc ription of how the technique

7
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works , a summary of the av anabte mathem atical analysis, a description of simulation re-
suits, and a concluding discwsson. We hay’ attempted to keep each presentation n~~on~ably self.contained. This leads to some redundancy.

The material presented in the nex t secUons does not cover every packet switching
technique that has been proposed for Pwoadcut media, nor ha ’ we included all analytic
and simulation results for those techniques included in the report . Our goal instead bas
been to present material that is rei rtaentatlv e of this des. of techniqu es so as to ptuvld.
insight into what can and what cannot be done with such procedur -i. I’urther deta ils on
each technique can be found in the references cited .

4.0 PURE ALOHA RANDOM ACCESS

4.1 Desaipti on

The application of packet switch ing concepts to broadcast communication s media
led in 1970 to the development of the technique known as pure ALOHA random access.
First described lAbramson , 1970 ) by Dr. Norm an Abramso n of the University of h awaii ,
this scheme ts designed to permit a Large number of stations to commun icate via a single
ground radio channel. However , as Abramson Abramson . I 973a) and others have Indi-
cated, this technique and variations of it are also attrac t ive for multiplexing a satellite
channe l.

Under pure A LOHA, info rmation ii transmitted in the form of packets; typi -aHy,
each pac ket has a fixed length. The ALO h A tec hnique allows several stations to share a
single commun ications channel. However , there is no central control over the channel , nor
is there any synchron ization ai~iong the stations which share it. Channel access is gained
on a conten tion basis. 11 a station has traffic , the station transm it ; Immediately, wi thout
any coordination with the other stations; moreover, rather than use ~‘ni> a part of the
channel capacity, the station utilizes all of the available bandwidth. If , during the packet
transmission time , no other stations transmit , the transmission is successful. If , however.
two or more stations attempt transmiss ion at the same time , none of the transm issions
succeeds, and each station must retransmit at so me future time. See Figure 4.1 for an j
example of how pure ALOHA works.

There are two ways to detec t the succ ess or failure of a transmitted packet . One way
is to design each station so that it can hear its own transmission; if the transmitti ng sta-
tion receives its own packet correctly, it assumes that no conflict with other packets
occurred , and hence , that the packe t tran smission was succe ssful. An alternative scheme ,
based on the use of pos itive acknowledgments , is used in the implementation of random
access A LOHA at the University of Hawai i. A station , upo n transmi ss ion of a packet ,
initiates a time-out ; if , at the expiration of the time-out , no acknowledgment is received
from the station to which the packet was sent, the originating station retransmits the
packet. (In the Hawai i Implemen tation , acknowledgments are sent over a second broad-
cast channel.)

‘We are ignoring random noise ,no,a.

8 
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Fig. 4.1 —Pure ALOHA Random Ace...: an example
lAbraisson, ~973b . p. 5101.

Th~ notation Is used to indicate the source for a given
r~~re.

An important parameter in the design of a pure ALO h A syste m is the retransmission
interval. In the University of Hawaii implementation, each station is assigned a fixed but
unique retransmission interval. If the number of stat ions is quite large, such a scheme
may be impractical, since those stations with large retransmission intervals will consistently
experience longer delays. An alternative is for each station to randomize the length of the
retransmission interval each time a packet transmis si on is requir ed.

4.2 Analysis

The model of station traffic assumed in the analysis of the pure ALOHA technique
is called the infinite population model , which consists of a large number of “ small” users.
A small user is defined as one wh ose average data rate is small relative to the channel
transm ission rate. The combined input of all users constitutes the input source to the
communications channel. In our review of the analysis , it is usefu l to distinguish between
two kinds of packets : a) “ new ” packets, and b) “repetitions” or retransmissions of pac k-
ets which suffered a collision.

Consider S, the average rate at which the input source generates new packet s, and
G, the average rate at which both new pac kets and repet itions are transmitted over the
channel. G is called the average channel traffic. The foll owing assumptions are made about
the channel input process and the channel traffic pro cess:

(a) Each is an independent process .
(b) Each is Poisson-d istributed .
(c) Each has a stationary probabili ty distributio n.

9
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We define the channel throughput rate the rate at which succe ssful packet transmissions
are received and the channel capacity as the maximum throughput rate . To find the rela-
tionship between the channel throughput and the channel traffic, equilibrium conditions
are assumed (assumption (c) above). Equilibrium solutions are defined as those values of
S and G suc h that the channel through put rate is equal to the channel input rate.

Based on the above assumptions, it can be shown (Abramson, 1973 a & bj that

S - Ge 2
~~.

Figure 4.2 illustrates this relationship between the channel traffic rate and the channel
throughput rate By differentiating the above equation with respect to 0, we can show
that the channe l capacity is

Smas ~ 0.184.

Thus, under pure A LOHA , channel ut ilization is restricted to about 18%.

The analytic results presented above are based on the assumption of equilibrium
conditions. However , as pointed out by Lam (Lam, 19741 in his study of slotted ALOHA
(a variation of pure ALOHA ), this assumption may not be valid. Becau se of stochastic
fluctuations in the channel input, channel saturation may occur; i.e., an increase in new
arrivals may decrease the channel throughput, which, in turn, produces an increase in the
channel traffic. Rapidly, the channel is fill ed with collisions and retran smitted packets ,
and the channel throughput vanishes to zero . This instability problem is further explored
in Section 5.

Unlike slotted ALOHA whose performance has been studied extensively (see Lam
[Lam , 1974), for examp le), the performance analysis of pure ALOHA completed to date
is still quite limited. The analysis of the delay performance of this technique as well as
its time-dep endent behavior have not been explored.*

- - 4.3 Simulation

Simulat ion has produced exce llent agreement , with the analysis for S, the average
• input rate, less than 0.15 (Bortels, 19701. For larger values of 5, the system becomes

unstable.

4 4  Discussion

In contrast to more conventional mul tiplexing techniques , the pure ALOHA scheme
is attractive because of its inherent simplic ity. Moreover , the cost of implementing this

•Recently, a report Kobaysahi , 19761 has become ~vaila ble which pre sents major new results for the per-
formance of pure ALOHA. Unfortunatel y, time considerations preclude the inclusion of these results here.

10
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Fig. 4.2—Chan nel traffic vs channel thro ughput for a pure ALOHA channel

sche~ne is low relative to the impleme ntation cost s of alternative techniques. An ad-
ditional advantage of the ALOHA protocol is that , in contrast to sync hronous time-
divis ion and frequency-division multip lex ing systems , an ALOHA station uses no part of
the channel capacity when it is idle; when the station has traffic, however, its transmission
may utilize the entire bandwidth of the channel.

A discouraging aspect of the ALOHA techniq ue is its low channel capacity; the
maximum channel utilization is less than one-f ifth. An even more serious problem in
some applications is the inherent instability of such a system . Unfortunately, there is no
mechanism in the pure ALOHA protocol to determine when the system is operating near
saturation . Hence, it is not possible to take action to prevent the system from saturating.

• One variant of the pure ALOHA scheme , called ALOHA with cap ture, has been pro-
posed by Roberts (Roberts , 19721. A characte ristic of radio receivers is that they can
receive severa l simultan eous trans nissi ons and capture only one of them if the power of
that transmission is sufficientl y stronger than the power of the others. This capture effect
can be used in a pure ALOHA system so that a packet collision need not prov e fata l to
all of the packets involved. Thus , under a system wit h capt ure, one of the packe ts in-
vo lved in a collision may be received correctly. The result is a higher theore tical channel

- - capacity for an A LOHA system w ith the captur e feature than one without it. For further
detail s see Roberts [Roberts , 1972] -

11 
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5.0 SLOTrED ALOHA RANDOM ACCESS

51 Description

For the slotted ALOHA technique, time is divided into “slots” such that the
• duration of a slot is exactly equal to the transmission time of a single packet. If a stat ion

has a packet to send , the start of packet transmission must be synchronized with the
beginning of a slot. Thus, the slotted scheme is dependent upon the existe nce of a global
clock. Figu re 5.1 shows how the slotted ALOHA scheme works. Note that under this
technique, those pac ket collision s that occur overl ap cwn pletely.

U$LR t~~~ 
- 0 

—

USLR 3 — ~~ ‘ ~~~~~ 

-, _••

~~~ ;. 
..

~~~~ — -~

~~~5 4 $ .
T IME—--

• SUCCESSFLL PACKET TRANSMISSION
• CONFLICT 

asMoow RE TRANSMISSION DEI.AY

Fig. 5.1— Slotted ALOHA Random Ac-
cess: an example L Lam , 1974 , p. 11 1

5.2 Analysis

Three different user models have been assumed for the analys is of the slotted
ALOHA technique : the infinite population model , the large user model , arid the finite
population model. Each model , along with its analytic results, is described below.

5.2. 7 Infinite Population Model: Equ ilibrium Solution

• An initial result of Roberts’ analysis I Roberts, 1972] of slotted ALOHA concerns
channe l capaci ty . The analys is is based on the infinite population model described in

- • Section 4 and uses the same three assumptions about the channel inpu t process and the
channel traffi c process , i.e., Poissonness, independence , and stationarity . it S is the average

• input rate and G is the average traffic rate , it has been shown [Robert s, 1972] that

S = G e ~~

with the maximum throughput on the channel equal to

8max = 0.368 . (5.1)

12
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Note that the theoretical capacity of slotted ALOHA, lie, is tw ice that of pure
ALOHA , 1/ 2e (Figure 5.2). An intuitive explanation for this factor-of-two increase follows :
In pure ALOHA , a given packet wiU coll ide with another packet if there is a packet trans-
mission beginning within T seconds before or after the st-art t ime of the given packet .
where T is one packet transmission time. In slotted ALOHA , if two packets collide, they
will overlap completely. Hence, the vulnerable period for a packet in pure ALOH A is 2T
and for slotted ALOHA is T.

ALOHA CHANNELS

a -

In
O I-.

~ 6 -

~~~~4 .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~

-: CHANNEL TRAFFIC G

Fig. 5.2—Channel traffic vs channel throughput for pure ALOHA and slotte d
ALOHA IToba g i, 1974 , p . 25 1

The model used in Roberts’ analysis fails to distinguish between new packets and
previous ly collided packets. A more accurate model , suggested by Lam [Lam, 1974], de-
fines a small user as one with buffer space sufficient for storing up to or .e packet. Then,
if the buffer is empty, the user generates a new packet with probability a; if the buffer
is not empty, the user is blocked until the buffer ’s contents have been successful ly trans-
mitted . The analysis by Roberts also neglects an important system parameter, retrans-
missio n delay , which is defined as the time from a packet ’s co llision in the chann el to its
subsequent retransmission. By extending the analysis to include retransmission delay and
by distingu ishing between new and previously collided packets , it is possible to gain in-
sight into the throughput-delay tradeoffs associated with the slotted ALOHA technique.

Assume that the ~etransm ission delay is distributed random ly and uniformly over K
slots. Then, define q

~ 
as the probability of a succc3sful packet transmission, given trans-

mission of a new packet , and q1 as the probability of a successful packet transmission,
given the transmiss ion of a previously collided pac !!et. Lam has shown [ Lam , 1974) that

- 

-

~ - q
~ 

= { e~~
11’ + ~~e~G}K e~S
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The relationship between the channel throughput and the channel traffic is given by

S = G

Note that

l i m S = G e ~~

and thus the limiting thro ughput on the channel given in (5.1) corresponds to the case of
infinite average delay.

The average delay D incurred by a packe t is defined as the sum of the channel prop-
agation delay, the packet transmission time , and the average retransmission delay,. Let R
represen t the channel propagation time.~ Then D can be expressed in slots as

/ K + 1D = R + 1 + E R #

where E is the average number of retransmissions per packet and (R + (K + 1)12) repre-
sents the average retransmission delay .

Let q represent the probability that a packet is transmitted successfully. It has been
shown [ Lam, 1974J that

• s q~q — 

G 
— 

q, + 1- q ~ 
-

In Figure 5.3, q is plotted as a function of K, the number of retransmission slots , for
• • 

several different channel traffic rates. Note that if we fix the traffic rate G, then q
• 

• 
rapidly approaches its theoretical limit of e~~ . Note further that for a fixed K, q increases
as G decreases.

While Figure 5.1 shows the channel th roug hput/channel traffic relationship for the
limiting case of slotted ALOHA (i.e., for K = 00), Figure 5.4 ill ustrates this same relation- - 

-

ship for several finite values of K. Recall that under the assumption of equilibrium cond i-
tions , the channel throughput rate is equal to the channel input rate. If we fix C, then
the throughput rate and K increase together, with the maximum throug hput equal to

5For a satellite channel , R typically will have a duration of several slots , whereas for a ground radio channel ,
R will be restricted to a fraction of a slot. For the results given , the channel is assumed to be a satellite
channel , and R has been assigned a value of 12 slots.
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Fig. 5.3—Slotted ALOHA: probability of a successful transmission us  function of K I La m,
l974 ,p.  481

(~~ G at K = 0o~ Note that the maximum throughput occurs at G 1 for each K, and
channe l capacity approaches e 1 as K approaches infinity.

In Figure 5.5, the tradeoff between throughput and delay is shown. Throughput-• delay equilibrium contours are drawn for fixed values of K; the minimum envel ope of
these contours shows the optimum channe l performance for this technique . Note that
near the maximum throug hput for a particular K, a small increase in throug hput is ac-
companied by a very large increase in delay .

- 
- 5.2.2 Infinite Population Model: Time-Dependent Analysis

In [Lam, 1974] , an exact mathematical model of a time- dependent slotted ALOHA
channel is given . Using only the independence assumption for the input process, Lam has
derived a comp licated transform equation to characterize the time -dependent behavior of
the channel. Unfortunatel y, no simple solu tion to that equation has been found.

To obtain an approximate solution , Lam makes the further assump tion that the
- 

- channel traffic is independent within any K slots. He is then able to derive a difference
• equat ion which provides an approxim ation of the dynamic behavior of the channel sub-

ject to time-varying inputs. Lam uses this approximation to study the effec t of time
vary ing inputs on channel stabili ty, and conc ludes that the approxim ation results agree
very well with the general trend of the simulations done on the performance of slotted
ALOHA. That is, the assumption of equilibrium is valid for only a fin ite time period be-
yond which the channel saturates. Further details of the simulation results are presented
in Section 53.
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Fig. 5.4—Slotted ALOHA: channel traffic vs channel thro ughput for different
values of K Lam , 1974 , p. 50J

I. .

5.2.3 Large User Model: Analysis

A second model studied in connection with the slotted ALOHA technique is the
“la rge-user ” model , in which there exist two differen t sources of traffic; one is called the
background source and the oth er is referred to as the large-user source. The background
source operates exactly like the infinite population model described earlier; in that mod el,
the user population is composed of a large number of small users , each of whom has
storage for only one packet. The second source of packets in the large-user model is a
single, large user who is assumed to have infinite storage for packets as well as scheduling

• capabi lity. Unlike the background source , the larger user does not attemp t simultaneous
L transmission of packets with itself. Instead , this user can queue packets and then schedule

their transmi ss ion according to some pnority rule.

For a slotted ALOHA system with a fix ed average in put rate , one can compare the
maximum throug hput achievable w ith the large population model w ith that possible with
the inf inite population model. The channel capacity can be significantly greater for the
large user mode), since the large user can queue simul taneous demands from its input
sources and thus reduce the number of collisions in the channel.

• For the analysis of this model , let S1 and C1 represent the average input rate and
the average traffic rate , respectively , for the background sou rce , and let S2 and C2 rep-
resent the corresponding parameters for the large user. Assume that the two channel
input processes—one for the col lection of small users and one for the larger user—are
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Fig. 5.5—Throughput-delay tradeoff for slotted ALOHA (Lam ,
l974,p . 51]

independent, each with a stationary Poisson distribution. Make the same assumption about
the two traffic processes. Let S represent the channel input rate where

8 = 8 1 + 8 2

and let C represent the channel traffic rate with

G = G 1 + G 2 .

The equilibrium solutions for this model [Lam, 1974] , are similar to those obtained
fo r the infinite population model:

1
litS1 — G 1 q11 + l — q 1~

and

S2 G2 q21 + 1-q2 ~
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where q1,~ and q~ (I 1. 2) represent the prob abilIty of success of a new pscket or * pie.
viously collided packet, respectively.

The average packet delay s for the two classes of users art’ gwen by

• r K + 1 1
D1 — R + I + Ei[R + —j—— j 

(sm*lluwr

I K + 1 1  L + l
— R + 1 + £2 [R + 

2 j + (E,, + E2E,) —j -— (large user I

where E1 and E2 are the average number of retransmission. per packet for the small
users and the Large user , respectively; E~ and L~ are the numbe r of reschedules per packet
transmission at the large user condit ioned on a new pac ket and a previously collided
packet, respectively; and (L + 1)12 is the average rescheduling delay .

• The limiting channel throughput rate is

S — ( G - G 1G2 )e~~~1 .

From this equation, it can be further shown that, given either S1 or 
~2’ S is maximized if

C = G1 + C2 * 1~.

Figure 5.6 provide s a diagram of the three-dimens ional surface for S as a fu i ct ion uf
G1 and G2 for the limitin g case. In Figure 5.7, the maximum throughput conto’ r at
C1 + G2 = 1 is shown. In addition , several throughput contours for constant values of
G1 are given . Figure 5.8 illustrates the throughput -delay perform ance at S1 — 0.1, where

• D, the average delay on the channel , is defined as (S1D1 + S2D2)/S. Note that, if one is
willing to drive the input rate of the small users down to 0.1, the channel throughput
increases to a maxim u m  of approximately S — 0.52. However , this gain in maximum
through put is accompanied by increased deLays , especially for small users.

Figure 5.9 shows the optimum throughput-delay performance contours for various
values of S~. With values of S1 less than 0.1, signif icant gains in maximum throughp ut are
made . The absolut e optimum channel performance is obtained when the channe( is mod-
eled as a single-server queue , i.e., when S~ = 0 and only the large user is generating traffic.
In this case, a channel throughput rate arbitrarily close to unity is achievable. Note that a

• cont inuum of throug hput-delay tradeoff performances exist between two extremes—the
single-server queuing model at one end and the inf inite popuLation mode l on the other .

5.2.4 Finite Population Model: Analysis

The “finite population” model is a third model for which the slotted ALOHA tech-
nique has been analyzed. Here, all users are large; hence , each user has the buffe ring and
schedu ling capabilities associated with a large user.

18 
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Fig. 5.8—Slotted ALOHA: throughput-delay tradeoff at S1 0.1
for the large user model I Lam, 1974 , p. 65)
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Suppose that the finite populstáon consists of M large users. Li~t S1, 
~~~~~~ 

., SM
represent their channel input rates and let C1, C2, ..., G~~ represent their channel
~affic rates. Then, the equilibrium values of S, and U are given ( Lam, 1974) by

M
S~ — U1 fi ( 1 — G,) (I • 1, 2, ... ,M)

j—1,j# .

Lt has been shown ( Lam, 1974) that the boundary of the M-dimensional region of allow-
able input rates is defined by

~~~Gi • 1.

200 -

OSIWULATION LA RGI USLRMOOfl

1 0 2  01 005 00)

~ I I0 I i I
INFIP4~TE ~ I I
POPULATIOPd1 ’ I I
MOOE 1

~~~~~, J

I
15 

. 2 4 6 5 1 0

THROUGHOUT (PACKET/S&OTI

Fig. 5.9—Slotted ALOHA: optimum through put -delay trade-
off .. for the large user model (Lam, 1974 , p. 671

Consider the following special case of this model. Suppose there ex ist two groups of
users with M1 users in group 1 and M2 users in group 2. Suppose further that S1/M1 and
G1/M1 represent the input rate and traffic rat~ b r  each user in group 1 and that S2fM2

H 20 
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and G2/M2 are the corresponding parameters for each user in group 2. The N equations
given above become

( G 1\ .~I 1 — 1  ( 02\M 2S~ _ G
1 k

l _
~~~

.
~)

/ G~ \M~~-1 fS2~~~
G2~
l
~~V)

and the boundary of allowable input rater ii

C 1 + 
~‘2 1

Then , maximum throughput contours for vari ous values of M1 and M2 can be compu ted .
Figure 5.10 gives several examples of these contours. Note that the special cases (00, oo)
and (00, 1) correspond to the infinite population mode) and the larger user model, respec.
tively .

1.0

9 -

S U1 USSRS IN GROUP )
U2 USSRS IN GROUP 2
(M ,. M,I

7

~2 ~ 
(—.5)

(——I
-
~~~ 4

I,.

3 - (—.11
(5.1)

(2,))2 
(1 .))

0 _.___ _1_ I I I I
0 1 2 3 1/, 4 .5 8 7 9 9 1.0

SI

Fig. 5.10—Slotted ALOHA: Allowable throug h pu t rate, for the
finite population model ( Lam, 1974, p. 72)
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5.3 Simulation

- 

- 

Simulation results for the slotted tech nique hav e been obtained for all three user
mode ls ( Lam , 19741. In each case, the analytic and simulation results ~~ree very well ,
with one important exception. For all three models , simu lation has shown that the equi-

• librium assumption is valid for only a finite time period beyond which the channel goes
into saturation. Each simulation run behaves tn the follow ing manner. Starting from an
empty system , the system stays in equilibrium for a finite time period until stochastic
fluctuations give rise to an increased traffic rate. This produces an increase in packet col-
lisions which in turn causes a further increase in the traffic rate. As this vicious cycle
continues, the channel is tilled with collisions and retransmissions, and the channel

• throughput rap idly vanishes to zero. The length of time the system stays in equilibrium
depends upon both S and K. As one would expect, this time period increases with a
decrease in S or an increase in K. As an example, for the simulation run with S • 0.35
and K = 15, the channel stayed in equilibrium for only 3000 time slots and then rapidly
saturated.

In Figure 5.11, several simulation points which show the relationship between packet
delay, S, and K are given for the infinite population mo le). The simulation and analytic

!
10 . MINIMUM POINT SIMULATuOf ~ DATA

o S~~0 15 025

• S 0 7 0 0 3 0

a 1 . 1 . 1  • I L . .

1 2 4 8 5 1 0  70 3 0 4 0  60 ‘00
K

Fig. 5.11—Slotted ALOHA: average packet delay vs K (La m,
1974, p. 52 1
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results agree very well; however , the highest S shown is only 0.3, since it S exceeds that
figure, the channel saturates very quickly.

Figure 5.12 shows the throughpu t-delay performance predicted by simulat ion for the
finite population model and populations of 2, 3, 5, and 10 users. Note that when the
user popu lation is 10, the results are very close to those of the infinite population mode),
and the large-user effect is minimal.

5.4 Discussion

As discussed above , using a slotted technique wi th the small users of the inf inite
population model permits a maximum throughput rate twice that associated with pure
ALOHA; recall that for a large population of small users the slotted techn ique can theo-
retically support a channel utilization of up to 36%. In the large-user model , the maxi-
mum channel throughpu t can be increased even further.

4
However, the increase in channel capacity associated w xU. ~ .~lotted ALOHA is accom-

- I panied by some sacrifice with respect to the simplicity of the technique. Unlike pure
ALOHA , the slotted scheme requir es a global clock for synchronization of user packets
into slots. Providing this synchronizati on is not a trivial problem.

As with the pure ALOHA scheme , slotted ALOHA has a serious problem wi th insta-
bility. If channel utilization is close to its theoretical capacity, the chann el saturates within
a short period of time. As with the pure ALOHA scheme, a user has no positive way

5 0 -

40 - INFINITE POPULATION MODEL I

30 - 
-

~~

1 0-

0 SIMULATION DATA FOR FINITE
POPU LATION MODEL

0 • • • I • I • I
0 0.1 0.2 0.3 0.4

THROUGHOUT (PACKETS/SLOT )

Fig. 5.12— Slott ~vi ALOHA: Throug hput-delay tradeoffs for
the finite population model [La m , 1974 , p. 73j
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of recognizing when the channel is operati ng in a dangerous zone; hence, the users cannot
take act ion to control transmission ~n the channel and thereby prevent saturation.

A varian t of pure ALOHA, called pure ALOHA with capture , was mentioned in
Section 44.  A slotted ALOHA system with the capture feature has also been described

-: and analyzed. See [ Roberts , 19721 for details.

6.0 SLOTTED ALOHA WITH DYNAMIC CHANNEL CONTROL

6.1 Description

Like other contention schemes , the slotted ALOHA techni que (see Section 5) is
- 

- vulnerable to unstab le behavior and chan nel saturation. In applications where a minimum
— • level of channel performance is required, such behavior is unacceptable. To deal with the

pro blem of instability under temporary overload conditions , the use of dynamic control
procedures has been prop osed [ Lain , 1974J (see also [Kleinrock and Lam , 1975a; Lam &
Kleinrock , 19751). These procedures are designed to convert an unstable channel into a

• stab le one by requir ing each user to take action to prevent channe l saturation. The action
taken may assume a variety of forms .

Three of the control procedures that have been suggested [Lam , 1974j require all
users to monitor the channel’ s behavior; i.e., each user must keep track of recent channel
transmissions (both successful and unsu ccessful) as well as empty slots . When the number

• of backlogged users (i.e., users with packets which have suffere d one or more collisions)
exceeds a certain threshold value, each user is required to take action to seduce the rate
of transmission attempts. The Input Control Procedure (ICP) is one type of control pro-
cedure whic h has been proposed. ICP requires all users to reject new pac ket transmission
requests once the threshold value is exceeded . When the channel return s to a “ safe ” leve l,

• users may again accept new packets for transmission. A second procedure is the Retrans-
- mission Control Procedure (RCP), under which the num ber of retransmission slots K is

increased as soon as the number of backlogged packets becomes excessive. When the chan-
nel activi ty is reduced sufficiently, K is decreased to the value whic h it held prior to the
traffic surge. A third procedure , called the Input -Retransmission Control Procedure

- (IRCP), calls for the application of both ICP and RCP.

- 
- Since it is impossible for all users to have perfect knowledge of the recent history of
• the channel , Lam has proposed a heuristic procedure [Lam , 19741 that allows each user

to estimate the number of bac klogged packets based upon obse rv ations of channel
activity for W consecutive slots. Using this estimate, users may decide when to take the

- 
action specified by a given contro l procedure. Algorithms which implement a control pro-
cedure using this estimate of the channel status are referred to as control -estimation or
CONTEST algorithms.

• In addition to the procedures described above , a fourth control procedure called
heuristic RCP has been proposed [Lam, 19741 . Under heuristi c RCP, a user with a back-
logged packet uses a retransmission interval K = Km, where in is the number of times
the given packet has been retransmitted and Km is a monotone nondecreasing function in

- 
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m. Thus, under heuristic RCP, as channel traffic increases, the retransmission delay s of
backlogged packets also increase, and the risk of channel saturation is reduced. Since it
requires neither moni toring of the channel history nor estimation of the channel state ,
this procedure is implemented more easily than the procedures described above.

6.2 Analysis

To evaluate the effect of dynamic control procedures on an unstable channel, Lam
has formulated the following model of slotted ALOHA [Lam, 1974] (see also [Klemrock
and Lam, 1975bJ ). A similar model has been reported by Carleial and Heilman [Carleisl
& Hellman, 19751 . In Lam’s model , each of M users is in one of two states: thinking or
blocke d. In the thinking state, a user generates a new packet in a given time slot with
probability a. A user in the blocked state is one who has a backlogged packet; this user

- 
- 

remains blocked unt il the backlogged packet is transmitted succe ssfully.

Let Nt be a random variable that represen ts the number of backlogged users at tim e
t. Let S~ represent the channel input rate (i.e., the average rate at which new packets are
transmitted over the chann el) at time t. Then St can be expressed as S~ = (M - Nt)o. If M
and a are assumed to be time-invariant, then Nt is a Markov chain with stationary tran-
sition probabilities. see [Lam, 1974] for the one-step state transition proba bilities.

Consider (Nt, St ) in the two- dimension al (n , S) plan e. Since M and a are constant,
the po ints (Nt , St ) must lie on the line S~ = (M - Nt )o, which is called the “ channel load
line. ” Fot a f ixed K, there exists in the (‘a, S) plane an “ equi librium contour ,” def ined
as the locus of points such that the channel input rate is equal to the expected channel
throughput rate. Equilibrium contours for several values of K are shown in Figure 6.1.

Given the above Markovian model, it is possib le to describe stable and unstable chan-
nels [Lam, 19741. The channel load line and the equilibrium contour for a given channel
may intersect at one or t ’ore “ equi librium points .” A slotted ALOHA channel is defined
to be stable if the intersection of its channel load line and equilibrium cont our consists
of exact ly one (equilibrium) point. Otherwise , the channel is said to be unstable.

In Figure 6.2, a stable channel and an unstable chan nel are illustrated . The arrows
on the channel load lines indicate the directions of flow predicted by the approxi mation
derived in the time-dependent analysis of slotted ALOHA [Lam , 19741. In the figure , the
arrows point toward a decreasing backlog when the throug hput rate is greater than the

- 
- input rate , and an increasing backlog when the throug hput rate is less than the input rate.

Several equilibrium points are shown ; each point that serves as a sink for the drift of Nt
is referred to as a stable equil ibrium point , while a point that acts as a source is called an
unstable equilibrium point.

Shown in Figure 6.2(a) is the channel load line for a stable channel , The sole equilib-
rium point (n 0, ~o) is stable and is called the channel operating point; N~ will tend to
drift toward that point. Note that if the number of users M is finite, it is always possible
to construct a stable channel by making the number of retransmission slots K suffi ciently
large (Figure 6.1.).
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Fig. 6.1—Slotted ALOHA: equilibrium con-
tours on the (n , S) plane [Lam, 1974 , p.
103j

Figure 6.2(b) shows the channel load line for an unstable channel. In addition to the
desired operating point, there is an additional stable equilibrium point , the channel
saturation point, with a very large backlog and virtually zero throughput. A third point
at ‘a = n~ is an unstab le equilibrium point since the flow is away fro m it. An unstable
channel behaves as fo llow .-~. Starting with an empty system , the channel performance
initially is in the neighborh~od of the channel operating point (n 0, S0). After a finite

(a) A STABLE CHANNEL (b) AN UNSTABLE CHANNEL

Fig. 6.2—A stable and an unstable slotted ALOHA channel
[Lam, 1974 , p. 108 J
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time per iod , the channel backlog Nt crosses the unstable equilibrium point at n =

Once this occurs , Nt moves toward the saturation point, where the backlog increases sig-
nificant ly and the throughput vanishes. When N t reaches the saturation point , the channel
has failed.

Given an unstable channel, there are various way s to convert it into a stable channel;
one is to decrease M, the number of users , while ano ther is to increase K, the number of
retransmission slots . However , each of these alternatives has serious disadvantages; while
the former restricts channel util ization sign ificantly, the latter may increase packet delay
to an unacceptable level. A third solution is the use of dynamic control procedur es such
as those described above.

A brief description of how the ICP, RCP, and LRCP would be app lied to the
Markovian model of the channel presented above fol lows. These examples use a “ control
limit” pol icy that works in this manner: Assume a number of states 0, 1, 2, - .. , M and
two actions a1 and a2. Let ~ represent the contro l limit. Then , if a is the current state ,

for O ~~ a ~ ~~, take a1

for ~ + 1 ‘~~ a ~ M, take a2

For these examples, the state is equivalent to Nt , the number of backlogged users at time
t.

In Figure 6.3(a), the application of the contro l limit policy is illustrated for ICP. If
Nt 

~ Ii, then St = (M - Nt ) a; if N t > 11, then St = 0. Figure 6.3(b) shows the application of 
- 

-

this policy for RCP. If  N~ ~ Pa, then K K0, and if Nt > Pa, then K = K~. For IRCP, two con -
Ixol limits h~ and ñ2 exist with Pa1 <Pa2. IRCP works as follows. For 0 ~~ Nt 

~ Pa1, all new
packet transmission requests are accepted and a retransmission interval K K0 is used. For

~L < Nt 
~ ñ2, all new packet transmissio n requests are accepted, but K K~. For

N~ > Pa2, all new packet transm ission requests are rejected and K is set equal to K~.

Lam has formulated a second model that allows the cost of contro i procedures such
as ICP and RCP to be determined [ Lam, 19741 . He shows that an optim al control polic y

n n

:~ ._ s ~ , 

~~~~~~~~~~~~~~

Fig. 6.3—Con tro l limit policy examp les [La m 1974 , p. 149 J ;
(a) ICP and (b) RCP

27



-~ ~~~~~~~~~~~~~~~~~~~~~~~~ - ————.-
~~-~~~

--- ,  .
~~~——-,--~~~~.‘ 

-‘—~~~.~~~ —~ .—- 
~~~~~~~~~~ ~~i._ ’~~~ 

—

~

--.- -

~~

---—

~~ 

-

~

--—-—-.—- —..—- — - - -

HE IThI EYER , KULLBACK AND SHORE

exists which maximizes the channel throughput and minimizes the average delay simul-
taneously. Lam also presents an efficient algorithm called POLITE that , given a channel
load line and a dynamic control procedure , finds the opti mal control policy and com-
putes the optimum channel performance measures.

The through put -delay performance of a slotted ALOHA channel operated under the
ICP and RCP control limit policies has been analyz ed by Lam [ Lam , 19741. This analysis
assumes a satellite channel with a propagation delay of 12 slots and that users have p..r-
feet knowledge of the number of backlogged users. The operating value of K is 10 slots,
since this value gives a channel operating poin t close to the optimum. Each channel load
line used in the compu tations is specified by M, the number of users, and an operat ing

I 

point (n0, 8o)• The operating points used in Figures 6.4.6.8 are (4 , 0.32) and (7, 0.36).

In Figures 6.4 and 6.5, the channel performance of the ICP and RCP control limit
policies for M = 200, S0 = 0.32 and 0.36 is shown. For bot h ICP and RCP, a sing le con-
trol limit maximizes throughput and minimizes delay. Note the flatness of the curves,
especially for S

~ 
= 0.32, near the opt imum performance point. This flatness implies that

0. 5 -  500 —

/— s out I
0.4 - 400 — / I

- I JOoooQ.—o...o.,. I
0.3 - 300 -

S0 = 0.36 S0 = 0.32

0.2 . 200 —

D
0
..1

0
0.1 -~~~~100 - 0

0 SIMULATION MINIMUM
M A X I M U M

0.01 - 10 I I I
0 10 20 30 40 50 60

INPUT CONTROL LIMIT

Fig. 6.4—Slotted ALOHA: channel performance vs ICP control limit for M
200 [Lam, 1974 , p. 1881
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0. 5 -  500~~~
/~~

50Ut
0.4 - 400 -

I—

0.3 - 300 ~~~~~~~~~~~~

— 0.2 - 200 -

S0 = 036
0

0.1 - 100 ~~ S0~~O.32

/j  ~~ 70 -

1 3 0 -  ~~~~~~~~ 0 0

20 -

M - 200
K0 10

0 SIMULATION KcOPTIMUM Kc = 200

0.01 - 10 I I I I I
0 10 20 30 40 50 60

RETRANSMISSION CONTROL LIMIT

Fi g. 6.5—Slotted ALOHA: Channe l performance vs RCP control li mit for
M = 200 [Lam, 1974 , p. 189 1

some margin for error exists; i.e., if , as in pract ical systems , the users ’ knowledge of the
number of backlogg ed users is imperfect , it is still possible to achieve near opt imum
throug hput -del ay performanc e.

In a practical system using RCP, the values of M and a will vary in time. Thus the
value of K~, the number of retransmission slots used when the control limit is exceeded,
must handle a range of user input rates and/or population sizes. Figure 6.6 shows how
the value of K~ affects delay performanc e. Note the disastrous effec t on delay that occurs
when K~ is too small. Making K~ overly large , however , may cause a significant increase
in average packet delay. Figure 6.5 shows the degrad ation in channel performance that
takes place when K~ 200 as opposed to K~ 

= 60.

In Figure 6.7(a), the optimal control limit for ICP and RCP is shown for different
values of M. Increas ing the number of users M has minimal effect on the control limit for
JCP. Figure 6.7(b) shows the effect of a change in M on packet delay . RCP prov ides
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Fig. 6.6—RC P channel performance vs IC~ [Lam, 1974 , p. 186)

slightly better delay performance than ICP, except when M becomes very large. Optimum
throughput-delay tradeoffs for fixed M are shown in Figures 6.8 and 6.9 for ICP and
RCP, respectively . - -

The optimum control limit for ICP is 22. For both 1CP and RCP, the optimum
channel performance is very close to that of the infinite population model. In fact , the

- 

- opt imum throug hput-delay performance for the case M = 50 is superior to that of the
inf inite population model. This is because a user population of 50 gives rise to a stable
channel and hence performance at the operating point is achieved.

Since IRCP enforces control policies for both ICP and R.CP, its performance should
be as good as or better than that given by ICP and RCP. In fact , in the cases that have 4 -

been analyzed , IRCP consistently gives the best performance. See Table 6.1 for a corn-
parison of the performance of the three procedures.

6.3 Simulation

Lam [Lam , 19741 has reported simulation results (a) for ICP and RCP using optimal
contro l policies and assuming perfect channel state inform ation , (b) for the CONTEST
algorith m using optimal 1CP and RCP policies , and (c) for heuristic RCP.
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Fig. 6.7—Slotted ALOHA: ICP and RCP channel per-
formance vs M [Lam , 1974 , p. 193)

The agreement between the simulation results and the analytic results described tn
the fo regoing section is goo d. See Figure s 6.4 and 6.5 for a comparison of the analytic 

- -
.

and simulation results for ICP and RCP. The simulation results show further that applica-
tion of either the CONTEST algorithms or heuristic RCI’ does not lead to seriou s deterio-
ration in channe l performance. Althoug h both sets of control algorithms give results close
to that pred icted by POLITE, the CONTEST algorithms tend to produce slig htly better
performance than heuristic RCP.

Lam has shown th rough simulation [Lam, 19741 that an input rate of 0.8 packet /
slot sustained for 100 time slots is sufficient to saturate an uncontrolled slotted ALOHA

31
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Fi g. 6.8—Slotted ALOHA: ICP optimum throughput-delay trade-
offs at fixed M [Lam , 1974 , p. 1961

channel. Shown in Table 6.2 are the results of a simulation run in which heuristic RCP
was applie d to a heavily ove rloaded channel. For 200 time slots (th e time period 1001-
1200 in the table), an input rate of one packet per slot was applied to the channel. The
algorith m was able to handle the serious traffic overload that resulted. Whereas, in an
uncontrolled channel , the throughput rate would vanish under such heavy traffic; under
this control procedure , a throug hpu t rate of around 30% was maintained in spite of the
over load . Moreover , wit hin 3000 time slots , channel operation had returned to nearly
normal . Simulation stu dies have shown simil ar behavior for IRCP.

6.4 Discussion

To be abla to guarantee an acceptable level of system performance in a random
access system, some form of dynamic channel contro l is requir ed. The above discussion
shows that in addition to preventing channel saturation , the app lication of these policies
allows channel performance very close to the theo retical optimum . It should be empha - (

~ isized , however , that these proced ures are desig ned to handle temporary rather than long-
term increases in the chann el input. Since , in practical systems , tht~ hannel input may
vary considerably over long time periods, the use of additional control mechan isms may
be necessary .
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Fig. 6.9—Slotted ALOHA: RCP optimum throughput-de lay tradeoff, at

fixed M [Lam , 1974 , p. 197 )

• Of concern in the choice of control schemes is the difficulty of implementation.
Heuristic RCP is clearly more easily implemented than the ICP and RCP policies, which
require estimation of the channel state.

Recall that for the infinite population model , the theoretical maximum throughput
rate which can be achieved on a slotted ALOHA channel is still only 36%. It must be
emphasized that dynamic control procedures do not increase the throughput rate achiev-
able on the channel from its theoretical maximum. These procedures reduce significantly
the risk of channel saturation.

The slotted ALOHA scheme is not the only scheme with which dynamic control
procedures may be used. These procedures are equally effective wi th other contention
schemes such as pure ALOHA and Carrier Sense Multiple-Access which, like slotted
ALOHA, are vulnerable to unstable behavior.
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Table 6.1 Comparison of ICP, RCP, and 1RCP ( Lam, 1974 , p. 201J

- 200 M - 200 M - 400 ‘~l - 400
Parameter S0 = 0.32 

~o 0.36 S0 0.32 S,, - 036
(K ~ 60) (K~ 60) 

- 
(K ~ 150) (1

~ 
— 150)

n ICP 22 18 22 18

h RCP 
- 

18 17 23 22

(h1, ñ2) IRCP (18 , 56) (17 . 43) (23, 116) (23, 91)

ICP 0.31778 0.34925 0.31807 0.34846

S0~1~ RCP 0.31817 0.35217 0.31844 0.34715

IRCP 0.31817 0.35219 0.31844 0.34847

—__
ICP 29.857 49.552 

— 

33.096 69.237 
—

D RCP 29.085 44.802 31.608 73.588

IRCP 29.085 44.772 31.608 69.215

7.0 CARR IEIL SENSE MULTIPL E ACCESS (CSMA)

7.1 Description

In ALOHA systems , the major factor limiLing channel capacity is the collision of
packets from different users. By decreasing the probability of a packet collision, a higher
channel capacity may be obtained. When the propagation delay between any source-
destination pair is small , such as in ground radio situations, the Carrier-Sense Multiple-

- 
- 

Access (CSMA) technique can be used to help avoid collisions. This approach was
proposed and described by Tobagi and Kleinro c k [Tobagi , 1974; Klein rock & Tobagi,
1975a, bi. In CSMA , a user attempts to avoid co llisions by listening for the presence of
the carrier due to another user ’s transmission, and then takes action based on the sensed
state of the channel.

Three different protocols, 1-persistent, non-persistent, and p-persistent CSMA have
been considered. They differ in the action that a user takes after sensing the channel. In 

-
~ -

all cases, when a user discovers that a transmission has been unsuccessful , it reschedules
the transmission accord ing to a delay selected from a retransmission delay dist ribution.
At this randomly selected time , the user rein~titutes the specific protocol being used.
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Table 6.2—Simulation Run for Heuristic RCP Subject to Channel Input Pulse l
(Lam & Kleinrock , 1975, p. 903J

-: Time Period Throughput Traff ic Average Average
Rate Rate Delay Backlog

1 - 200 0.285 0.395 19.8 2.1
201 - 400 0.320 0.390 16.3 1.2
401 - 600 0.255 0.425 22.8 2.8
601 - 800 0.290 0.47 5 26.1 4.0

— 801 - 1000 0.325 0 570 28.5 5.7
1001 - 1200 0.230 2.395 34.1 68.8
1201 - 1400 0.285 1.695 141.3 112.6
1401 - 1600 0.310 1.500 273.1 91.8

— 

- 

1601-1800 0.375 1.415 288 6 68.5
1801 - 2000 0.280 1.110 224 .6 53.1
2001 - 2200 0.360 1.240 257.3 48.8
2201 - 2400 0.355 0.925 193.9 31.3
2401 - 2600 0.385 0.655 122.8 15.2
2601 - 2800 0.320 0.565 68.0 8.8
2801 - 3000 0.280 0.420 39.3 5.6

¶ 3001 - 3200 0.295 0.495 31.6 6.3
3201 - 3400 0.265 0.680 45.0 11.7
3401 - 3600 0.350 0.750 37.0 13.3
3601 - 3800 0.310 0.465 65.2 8.2
3801 - 4000 0.275 0.520 33.6 7.7
4001 - 4200 0.330 0.480 34.6 5.2
4201 - 4400 0.325 0.615 29.5 7 5
4401 - 4600 0.370 0.525 38.6 7.6
4601 - 4800 0.260 0.705 44.2 15.9
4801 - 5000 0.375 0.720 63.5 11.1
5001 - 5200 0.350 0.635 41.7 9.0
5201 - 5400 0.285 0.47 5 29.3 6.6
5401 - 5600 0.3 15 0.510 30.4 4.9
5601 . 5800 0.290 0.425 24.1 4.1

- - 5801 - 6000 0.305 0.490 28.7 4.7

* Average values in 200 time slot periods.
t lnput para meters: - -

Nu mber of terminal , M 400 , pro pagatio n delay R — 12
For the time period 1 - IOCO , input ra te Ma 0.3232
For the Lime period 1001 - 1200, input ra te Mo 1.0
For the time period 1201 - 8000, input rate Ma = 0.3232
K1 — 1 0  K~ 150 (m~~ 2)
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7.1.1 1-Persistent CSMA

This protocol is designed to achieve greater throug hput by never letting the channel
go idle if there is a user terminal with a packet ready to transmit (a ready terminal). In
this technique:

• If the channel is sensed idle , the terminal transmits the packet .

• If the channel is sensed busy , the term inal cont inues sensing the channel until the
channel goes idle and then immediately transmits the packet.

A slotted version of this protocol can be considered in whi ch time is slotted with slot
size T = prop agation delay . All termin als are synchronized and transmissions are con-
strained to begin only at the beginning of a slot. If a terminal becomes ready during some
slot , it senses the channel at the beginning of the next slot and then operates under the
above pro toc ol.

7.1.2 Non-Persistent CSMA

The previous protocol tends to minimize channel idle time. However, if two or more
terminals find the chan nel busy , they all wait until the chan nel is idle , transmit, and suf-
fer a co llision with pro babi lity 1.0. Non-persistent CSMA limits th is interference but may
introduce idle periods. In this protocol

• If the channel is sensed idle, the ready terminal transmits the packet.

• If the channel is sensed busy, the ready terminal schedules the transmission after a
random retransm ission delay. At this new time , the terminal ser ses the channel and
repeats the protocol.

A slotted version of this protocol is also possible.

7.1.3 p-Per sistent CSMA

The two previous protocols differ according to whether or not attempted trans mis-
sions are rescheduled when the channel is sensed busy. The first protocol does not re-
schedu le, with probability one; the second does not reschedul e, with probab ility zero .
The former reduces idle time wit h an increase in the chance of collision; the latter

— decreases the chr.nce of collision but can incre ase the channel’ s idle time. The third proto-
~~l, p-persistent CSMA, has been proposed in order to take advantage of the good prop - )
erties of each of the cither protocols. This protoco l uses a randomization parameter p,
where 0 

~ 
p ~ 1. Time is slotted , with the widt h of a slot being r, the max imum propa-

gation time. In this tec hnique

• If the channel is sensed idle, then

(a) wit h probability p, the ready terminal transm its .
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• (b) with probability i-p . the ready term inal delay s the transmission for one
slot. If at this new point in time the channe l is sensed idle , the same pro .
cess is repeated . If the channel is busy at this point , the terminal resched-
ules transmission in accordance with the retransmiss ion delay distribution.

• If the channel is initially sensed busy, then the terminal waits until the channel is
sensed idle and at that point operates as above.

For p = 1, this protocol is the same as 1-persistent CSMA.

7.2 Analysis

The results presented here can be foun d in [Tobagi , 1974; Kleinrock and Tobagi,
1975a, b] . In the analysis , it is assumed that unsuccessful packet receipt by a station is
caused by a packet col lision and not by noise on the channel. In addition , all term inals are
assumed to be w ithin line-of-sig ht range of one another . The situation where terminals are
hidden fro m the central s tation , neces sitating repeaters and network considerations , has
not been cons idered. It is also assumed that a terminal may be receiving or transmitting ,
but not both simultaneously; turnaround time , however , is consid ered to be neglig ible.

The traffic source is considered to consist of a very large number of users who col-
lectively form an independent Poisson source with a mean packet generation rate of X

- 
I packets/second. Each user delays retransmission of a previously collided packet by some

random time whose mean X is assumed to be large compared to T, the packet transmis-
sion time (packets are assumed to be the same length). Furthermore , it is assumed that
the process defined by the start times of new packets as well as previously collided
packets is a stationary independent Poisson process. In addition, each user is assumed to
have at most one packet requiring transmission at any given time .

The analysis, as with pure and slotted ALOHA, considers the relationship between S,
the average channel throughput , and G, the average channel traffic (new packets plus col-
lisions). Basic equations for S are derived in terms of G and a = n T , where r is the maxi-
mum source-dest ination propagation time and T is the packe t transmission time. The
equations can be found in the references cited. The maximum throughput for an access

- - - mode is defined to be the capacity of the channel under the specified mode. Table 7.1
summarizes the channel cap acity for the various protocols considered (a = 0.01 is used).
Pure and slotted ALOHA are included for comparison.

In Figure 7.1, S vs. G is plotted for all the above protocols .

While the capacity of a pure ALOHA or slotted ALOHA channel is independent of
the propagation delay, the CSMA channel capacity is dependent on a = r / T.  In Figure
7.2, channel capacity for the various protocols is plotted as a function of a. For a value
of a close to 1.0, slotted and even pure ALOHA are superior to CSMA, because decisions
based on part ially obsolete data are deleterious.

Figure 7.3 is a comparison of the various access modes in terms of the average num-

L 

her of transmissions required per packet , wh ich is proportional to the average delay.
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Table 7.1—Channel Capacity for Various Protocols
[Kleinrock and Tobagi , 1975b , p. 14331

Protocol Capacity C

Pure ALOHA 0.184
Slotted ALOHA 0.368
1-Persistent CSMA 0.529
Slotted 1-Persistent CSMA 0.531
0.1-Persistent CSMA 0.791
Non-Persistent CSMA 0.815
0.03-Persistent CSMA 0.827
Slotted Non-Persistent CSMA 0.857
Perfect Scheduling 1.000

SLOTTED NON — PERSISTENT CSMA

NON — PERSISTENT CSMA

.8 — a 0 .0I

.03 — PERSISTENT CSMA
p — .1 — PERSISTENT CSMA —~~

I
0- 4
0

I
~1

SLOTTED
- I ALOHA 1—PERSISTENT CSMA

2 —

PURE ALOHA

0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

001 0. 1 1 10 100

-; G (OPFEREDC HANNELT RAFF IC)

Fig. 7.1—Channel traff i c vs channe l throughput for the various ALOHA modes (a 0.01)
[Tobagi , 1974 , p. 75J

Again , a is take n to be 0.01. Note that the CSMA modes provi de a lower average num -
ber of transm issions per packet than the two ALOHA modes. Also , for each value of S,
there is an optimum value of p such that p-persistent is best. For small values of S, p = 1 j
is optimum (i.e., 1-pers istent CSMA). As S increases, the optimal value for p decreases.

7.3 Simulation

The average delay D is a function of both the channel throug hput S and the mean
retransmission delay X. For each value of 5, a min imum delay can be achieved by
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SLOTTED NON — PERSISTENT CSMA

~~~~~~~~ OPTIMUM p — PERSISTENT CSMA

— 
NON — PERSISTENT CSMA

u~ 
.6 - 

SLOTTED 1 — PERSISTENT CSMA

1 1 — PERSISTENT CSMA
-~~ 

- 
SLOTTED ALOHA

.2 - PURE ALOHA

I I I I

001 002 .003 .005 .01 .02 .03 .05 .1 .2 3 5

Fig. 7.2—CSMA vs slotted and pure ALOHA: effect of propagation delay on channel capacity
[Tobagi , 1974 , p. 77J

v~1O

NON-~ERSJSTE NT CSMA

003 PERSISTENT CSMA
‘—Izl

I
PURE SLOT IED
ALOHA ALOHA

2
4 -

01 PERSIST ENT
- CSMA

z 
~ 1PERS IS1ENT CSMAI - - ~~~~~~~~

0 2 4 1 6 .8 1
S (THROUGHPUT) 

- -~ 
-

Fig. 7.3—C~~4A vs pure and slotted ALOHA: 0/S

t 
vs through put (a 0.01) [Tobagi , 1974 , p. 811

I
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choosing an optimal value of A. This optimization is difficult analytically; therefore ,
simulation techniques were utilized . The simulation model used included the various as-
sumptions described previously, but the assumptions concerning retransmission delay and
the independence of arrivals for offered traffi c were relaxed. In the simulations , only new
packets were generated from a Poisson distribution; collisions and randomized retransrnis-
sions were handled without further assumptions. Figure 7.4 shows the throughput /delay
performance derived fro m the simulations; the results are presented for the optimal values
of X. Note that the optimal p-Persistent CSMA protocol provides the best performance.

7.4 Discussion

The CSMA protocols described do provide for improved channel utilization over that
achievable by the pure and slotted ALOHA random access schemes. However , as with
most contention schemes, the multi-access broadcast channels of the CSMA-ALOHA type
are characterized by the fact that throughput goes to zero for large value of channel
traffic; i.e., the channel saturates.

The analysis shows that these techniques are useful when the rati o of propagation
delay to packet transmission time is small. For realistic traffic models, this tends to limit
CSMA techniques to use with ground radio channels . The prop agation delay over a satel-
lite channel (the satellite in geosynchronous orbit) is approximate ly r = 0.25 s. To
achieve a small value of a nIT leads to consider ing long packe t transmission times and
long vulnerable periods for collision. Thus , this set of protocols is most likely to be appli-
cable in the ground radio environment for which it was orig inally proposed.

PURE SLOTTED

40 - A AL OHA 1-PERSI STENT

SLOTTED SLOTTED
ALOHA 

0 NON-PERSISTENT

20 - 

J J JOPflMUM10 - 

o p-P ERSISTENT

1 I I I 1 i
0 .1 -2 . 3 . 4 .5 6 .7 8 .9 1

S ITHROUGHPUTI

Fig. 7.4—CSMAva pure and slotted ALOHA:
throughput-delay tradeoff s from simulation
(a 0.01) (Toba gi, 1974 , p. 831
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The analysis of CSMA depends upon the assumption that all term inals are in radio
line-of-sight of each other . Tobagi and Kleinrock have also examined the “hidden termi-
nai” case, where terminals are in range of a central station but are not necessarily in line-
of-sight of each other [Tobagi, 1974; Tobagi & Kleinrock , 1975) - Their analysis shows

- 
- that the presence of hidden terminals in the CSMA sche me can significantly degrade the

achievable channel capacity.

As a solution to this problem , Tobagi and Kleinrock have proposed a protocol called
Busy Tone Multiple-Access (BTMA), which is based on the assumption that all terminals
are within line-of-sight of the central station, if not of each other. A small communi-
cations channel is designed as the “busy tone” channel. The central station transmits a

- - busy tone signal on the small channel when it senses the presence of the carrier on
another (large) channel used by all terminals to transmit packets. The terminals monitor
the busy tone channel and, based on the presence or absence of a signal on that channel ,

— 

- operate as in CSMA. The performance of BTMA is very similar to that of the CSMA pro-
tocols. For details of the analysis, see Tobagi [Tobagi, 1974; Tobagi & Kleinro ck , 1975].

8A) ROBERTS’ RESERVATIO N

8.1 Description

In order to accommodate data traffic composed of multi-packet as well as single-
packet messages, Roberts [Roberts, 1973] has proposed a technique in which the chan- —

nel is operated in slotted ALOHA mode part of the time , when stations make reservations,
and in dedicated mode for the rest of the time, when stations send messages composed
of one or more packets . As in slotted ALOHA, the channel is divided into time slots of
fixed-length T, where T is equal to the duration of a packet transmission. The channel is j
operated in two states, the “reservation state” and the “ALOHA state.” When the

L channel is in the reservation state, a frame consisting of M + 1 slots is used. While the last
M slots of the frame are used for the transmission of message packets, the first slot in the
frame is subd~ sided into V “small slots.” These small slots are accessed by all stations on
a contention basis, where the form of conten tion used is slotted ALOHA random access.
Each station uses these small slots to reserve the number of slots needed to transmit a
given message and to receive acknowledgments of correct message transmission. Whenever
a reserv ation is made , all stations add the num ber of slots requested to a count of the
number of slots currently reserved. In this way, each station always knows when the
first unreserved slot will occur so that, when it reserves slots for its own use, it knows
when to begin transmitting without having to keep track of every previous reservation.
Thus , for this protocol, there exists a single , distributed queue which contains requests
for use of the non-ALOHA (dedicated) slots. Each station can get its message packets
into the queue by broadcasting a reservation. Note that the queue length can exceed M, a
value that determines only the interval between the times at which stations can add
reservations to the queue.

Whenever the queue length becomes zero , the channel switches from reserva tion
state to ALOHA state. In the ALOHA state, every slot (instead of every (M + 1)st slot)
is subdivided into V small slots that are availabl e for making reservations using slotted
ALOHA. When the next valid reservation is made , the channel reverts to the reservation

41 
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- - state and operates as described in the previous paragraph. For an ex ample of how
Roberts’ reservation scheme wor ks , see Figure 8.1.

8.2 Analysis

Roberts’ analysis of this scheme is based on the following traffic model. Messages
are composed of either a single packet or eight packets , where a packet is of fixed length
Each station generates messages with a Poisson arrival rate. A fraction F of these messages
is assumed to consist of a single packet, while the remaining messages are assumed to con-
tam eight packets each. For the analysis , a value F = 0.5 is used.

- 

- 
Roberts has compared the throughput-delay performance of this reserv ation scheme

to that of alternative schemes. For the reservation scheme, the average delay associated
with an average size message is computed , and this delay is compared with the analogous
delays for slotted ALOHA and TDMA (note that the performance measure used is mes-
~zge delay rather than packet delay). For chan nel utilizations below 0.15, the average
delay for slo tted ALOHA is less than that of the reservation scheme; for channel
utiliz ations above 0.15, the reservation technique has less average delay than slotted
ALOHA. Moreover, Roberts concludes that for any channel utilization , the average mes-
sage delay of the reserv ation scheme is lower than that associated with TDMA. He has
also investigated the relation of cost to delay, the effect of station traffic on cost , and
the effect of the number of stations on cost for the reservat ion scheme , slotted ALOHA ,
TDMA, FDM, and FDM with “store-and-forward star.” In each case , the reserv at ion
scheme is shown as least expensive. However , since the foregoing results are accompanied
by few details, the conclusions give n are somewhat difficult to evaluate.

8.3 Simulation

None.

8.4 Discussion

When the user population consists of many small stations whose messages are pre-
dominate ly single -packet messages , both pure ALOH A and slotted ALOHA can provide
good performance. However, when the traffic contains a sig nificant portion of multi-
packet messages, a reserva tion scheme such as Roberts’ is more approp riate . As indicated

RESERVATnH STATE - j .  ALOHA STATE —

I— -—I ~ ~ I ~ TRANSMISSION
OF LAST
RESERVED PACKET

Fig. 8.1—Roberts’ Reservation technique: channel structure —
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above, for a channel utilization above 0.15, the delay performance of the reservation
scheme is superior to that of slotted ALOHA. Moreover , while the maximum channel
utilization for the slott ed ALOHA scheme is only 36%, a much higher channel throughput
rate can be sustained by the reservatio n technique.

Regarding stability , the same phenomena that cause a pure or slotted ALOHA chan-
nel to be unstable also have this effect on a reservation ALOHA channel . In the case of
reservation ALOHA , however , it is a high message rate (rather than a high total channel
traffic rate ) that will cause unstable behavior. Here again, reservation ALOHA should be
advantageous, provided that the average message is long compared to its reservation time,
and that traffic fluctuatio ns are reflected more as changes in message lengths than as
changes in the rate at whi ch messages are generated.

9.0 SPLIT-CHANNEL RESERVATION MULTIPLE ACCESS (SRMA)

9.1 Description

The Split-Channel Reservation Multiple Access (SRMA) technique has been proposed
by F. A. Tobagi [Tobagi, 19741. Under SRMA, the channel is split into two smaller chan-
nels; one of these, the “ control” channel, is used for the transm ission of control informa-
tion , while the other , the “ message” channel , is used for the transmission of the messages

- - themselves. The sp lit into two channel- may be achieved using either a time-division or
frequency-division scheme.

Two versions of SRMA have been suggested: the Request-Answer to Request-Message
technique (R.A.M.) and the Request-Message technique (R.M.). Both version s assume the
existence of a scheduling station which receives on the control channe l “ requests-to-
transmit” fro m other stat ions and then schedules messages for transmission on the
message channel.

9.1.1 Request-Answer to Request-Message (R.A.M.) Technique

Under the R.A.M. scheme , the contro l channel is further div ided into two channels:
the “ request” channel and the “ answer-to -request” channel. A station with a message to
transmit accesses the request channel in a random access mode; pure ALOHA , slotted
ALOHA, and Carrier-Sense Multiple-Access (CSMA) are three alternativ e ways of operat -
ing the request channel. The request is made via a request packet which includes the
identification of the requesting station and, in the case of variable- length or multi-packet
messages, the message length . Upon receiving a request packet , the scheduling station uses
the answer-to-request channel to transmit an “ answer” packet , i.e ., a packet which
contains the requesting stat ion ’s ID along with the time at whic h that station can initiate
transmission of its message. At the assigned time, the requesting station sends its message
via the message channel.

Since the request channel is operated in a contention mod e, the transmission of a
$ request packet may not be successful. To handle this situation , a requesting station , upon

transmiss ion of a request to transmit , executes a time-out. If no answer packet is received
by the end of the time-out , it may be assumed that a collision occurred in the requ

F 
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channel. In accordance with the ALOHA or CSMA protocol , the station , after a random-
ized retransmission interval, retransmits its request.

9.1.2 Request-Message (R.M.) Techn ique

Under the R.M. scheme , only two channels , the contro l channel and the message
channel, are required. The contro l channel is operated exactly like the request channel in
R.A.M. The scheduling station , upon receiving the request , queues it When the message
channel is available , the scheduling station uses the message channel to transmit an
answer packet containing the requesting station ’s ID. Upon hearing its ID, the request ing
station init iates transmission of its message on the message channel.

9.2 Analysis

- - The throughput and delay performance of the R.A.M. version of SRMA has been
analyzed by Tobagi. He has also comple ted an approximate analysis of R.M. which m di-
cates that its performance is very similar to that of R.A.M. To determine the performance
of R.A.M., the delay D incurred by a message is broken into two componen ts (Figure 9.1):

(a) D1, the time needed for the receipt of the reques t packe t by the scheduling
station, and

(b) D2, the time between the recei pt of the request packet and the end of message
transmission.

Since the request channel is operated in random access mode , (i.e., pure ALOHA, slotted
ALOHA, or CSMA), D1 can be compute d using the results of previo us analysis. See Sec-
tions 4 and 7 and ITobagi, 1974J for these results .

I u-I ’~i~i ‘
~~~-~~~ ~~

VIØ~~~~~~~~ I f~~J 01

~~w ,~~~w :~ uro ur , REQUEST
f~~J CHANNEL

ANSWER
PACKET ANSWER

CHANNEL

l—QUEUEING-—-—.-l 
MESSAGE 

MESSAGEDELAY I CHANNEL

D 1 -f-
Fig. 9.1—Split-channel reservation Multi ple Access (Tobagi , 1974, P. 2151
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To estimate D2, it is assumed that the arrival of successfu l reques ts to the sched-
h uling station is Poisson. Then, the message channel can be modeled as a single-server

queueing system , in which the arrival process is the Poisson output of the request channel ,
shifted in time by the transmission time of the answer packet plus prop agat ion delays.
Note from Figure 9.1, the answer packet incurs no queueing delays. This is because the
scheduling station is the only transmitter on this channel and because it is possibl e to
assign the answer channel enough bandwidth so that an answer packet experiences no
queueing delay. In [Tobagi, 19741, D2 is computed for messages of fixed length and for
exponentia lly distributed message length.

In Figure 9.2, the maximum channel throughput of SRMA and other selected channel
management schemes is plotted relative to ‘i, the ratio of the length of a request packet to
the length of a message packet. In this figure, as well as in Figure 9.3, a ground radio
channel is assumed; moreover, a represents the ratio of propagation delay to average mes-
sage transmission time, while the expression TW/b m represents the number of messages
per time slot , where the length of a time s lot is equivalent to the propagation delay. Note
that for very small values of 1~, the theoretical channel capacity of SRMA is close to
unity. Operating the request channel in Carrier-Sense (CS) mode rather than in ALOHA
mode for 1> 0.01 results in a sig nificant improvement in channe l capacity. In comparing
the capacity of SRMA to the capacity of the random access modes, SRMA is superior
only for relatively small values of i~.

In Figure 9.3, the minimum delay for ALOHA-SRMA and Slotted Carrier-Sense
SRMA is shown as a function of S, the in put rate, for several values of i~. Note again the

fr superior preformance that results when the CS mode rather than the ALOHA mode is
used to access the request channel; CS does especially well for large values of ri. Also
shown in Figure 9.3 is the delay performance for CSMA and BTMA. Here, a value of S

1 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ CARR IER SENSE SRMA

~~~~~~~~~~~~~~~~~~~~~~~~

2 - PURE A LOHA N
0 I I 

0 001 0002 0 005 001 002 005 0.1 0.2 05  1

Fig. 9.2—SRMA : Channe l capacity vs i~ LTobagl, 1974, p. 228 1 r
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exists below which CSMA or Busy Tone Multiple-Access (BTMA) performs better than
SRMA , and above which the reverse is true.

- 
- The performance of SRMA has also been compared to that of polling techniques.

Under a pol ling protocol , a master stat ion asks the user stations one by one whether they
have any messages to tran smit. If a user station has information, it responds to the poll
by sending all of the messages in its buffer. If a station has no information , it transmits a
negat ive reply or no reply. For populations of more than 100 user stations, the delay per-
formance of SRMA is shown in [Tobagi, 1974] to be superior to that of polling.

9.3 Simulation

The delay D1 was computed using simulation results. Moreover , simulation studies
were performed to ver ify the assumption that the arrival of successful requests to the
scheduling station is Poisson [To bagi, 1974].

9.4 Discussion

One advantage of the SRMA scheme is that in, contrast to some of the other packet
techniques such as pure ALOHA and slotted ALOHA , SRMA can readily accommodate
variable length or multi-packet messages in addition to fixed -length packets. Moreover , as
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long as the ratio t~ of control information bits to message information bits is low , the
maximum throughput achievable under SRMA is very high. However, as the number of- - user stations increases, so does n~, since the amount of addressing information directl y im-
pacts the length of a request packet.

A serious limitation of SRMA for some applications lies in the instability of the re-
quest channel. Since it is operated in a random access mode , the request channel is vul-
nerab le to saturation. Thus, for app lications in which a minimum level of throug hput must
be guaranteed, SRMA may be unsuitable.

Both SRMA schemes were initially designed to operate over ground radio rather
than a satel lite channel. While the propagation delays associated with SRMA are minimal
for a ground radio channel, these delays are substantial for a satellite channe l. Recall that
under SRMA, sending a message requires three separate transmissions. For a satellite
operated under the SRMA pro toco l, this results in a propagation delay of approximately
0.75 s per message.

10.0 RESERVATION-ALOHA

10.1 Description

Reservation-ALOHA (or R-ALO1-IA) [Crowther, 1973J may be described as a TDMA
system in which contention is used to initialize ownership of each time slot. Unlike fixed
TDMA, however, R-ALO HA prohibits a station with no traffic from using channel
capacity; a time slot “owned” by a station that no longer has traffic is automaticall y re-
leased and made ava ilable to other stations with traffic.

Under R-ALOHA, channel time is slotted and, as in other slotted schemes, a station
must synchronize the start of a packet transmission with the beginning of a slot. Moreover,
a frame structure is used. A requirement of the protocol is that each station receives not

- - only its own , but all packet transm ission over the channel.

The procotol works as follows. A station with a packet to transmit uses knowledge
of channel activity in the previous frame to determine whether it may transmit in a par-
ticular slot in the current frame. Each of the M slots in the current frame is classifi ed as

— “owned ” or “empty” . The Ith slot is owned by a given station if , during the previous
frame , that station successfully transmitted a packet in the Ith slot. The Ith slot is classi-
fled as empty if, during the previous frame, either no pac kets were transmitted in that
slot or two or more packets collided in that slot. A statio n may alway s transm it in a slot
that it owns but is prohibited from transmitting in a slot owned by another station.
Empty slots, however, are available to all stations on a contention basis. To prevent
excessive col lisions in the empty slots , a station may transmit in a given time slot with
probabi lity p, where p is less than one. Such a policy serves to control the transmis sion
rate of new packets in the empty slots; moreover , it provides randomization of the re-
transmission delay for a previously collided packet.

If the communications channel is assumed to be a satellite channel, with the number
of slots in a frame defined as the number of slots in one satellite round-trip delay, then
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a user station takc~ action in the current time slot based on the transmission in the pre-
vious time slot w hich it has just received. See Figure 10.1 for an example of how
ft-ALOHA operates with a satellite channel .

10.2 Analysis

None .

10.3 Simulation

Preliminary simulation results for channel performance under R-ALOHA have been
reported by Rettberg [Rettberg, 1973]. For the simulations, Rettberg assumes a 50
kilobit/second satellite channel and a Poisson input source which produces, with equal
probability, two classes of traffic: single-packet and eight-packet messages.

For the simu lations , the R-AF.OHA protocol was specified in somewhat more detail
than the above description and slightly modified. For example, in the simulations, the
probability p that a station transmits in an empty slot is allowed to vary with the chan-
nel traffic; in light traffic, p is large, while p is reduced under heavy traffic. Note that
this is a form of dynamic channel control. See IRettherg, 1973] for details of additional
modifications.

En Figure 10.2, the throughput-delay tradeoffs for single-packet messages are shown
for a varying number of stations. Figure 10.3 displays the tradeoffs for eigh t-packet mes-
sages (th e average delay shown in Figure 10.3 is for each packet of an eight-packet mes-
sage; it is not the average delay for the total message). Note that in each figure, an
increase in channel throughput is achieved at the expense of increased packet delay; in
addition, the channel capacity of ft-ALOHA approaches unity.
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Fig. 10.1—Reservation—ALOHA: an example
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10.4 Discussion

A major advant age of ft-ALOHA is that it easily accommodates the entry of newly
active stations to the communications system. Unlike a similar scheme , Binder ’s Round
Robin (see Section 11), no slot is permanently assigned to a particular station; the owner-
ship of slots changes along with the composition of the user population.

Although ft-ALOHA was designed to operate with a satellite channel , the protocol
could also be implemented with a ground radio channel. In the latte r case, each user
station would be required to store one frame ’s worth of the most recent channel activity,
while in the case of the satellite channel, the only information necessary is the contents
of the most recently received time slot.

- 
IDENTICAL NODES

- 
EQUAL POISSON I.RRIVAL RATES
OF ONE AND EIGHT PACKET

7 — MESSAGES 
NODES

— 12 SLOTS PER R01J90 TRIP
6 —

- - 
AVERAGE DELAY FOR
SINGLE PACKET MESSAGES

5 —

1O_ O a2 O~4 O~6 O~B 1 .0
TH ROUGHPUT

Fig . 10. 2—Reservation -AL OHA: throughpu t-delay
tradeoffs for single packet messages [Rettbe rg ,
19731
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Fig. 10.3—Reservation-ALOHA: through put-delay
tradeoffs for eight-pac ket messages [Rettberg , 1973 J

Since R-ALOHA uses contention to determine owne rship of the time slots in a
frame, the tech nique is vulnerable to unstable behavior.

11.0 ROUND ROBIN RESERVATION

11.1 Description

The round robin (RR) reservation technique , propose d and analyzed by Binder
[B inder , 19751 , is based on the use of a fixed TDMA structure coupled with a dynamic
ass ignment system.
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For this technique , channel time is divided into slots of fixed-length T seconds,
where T includes the packet transmission time plus a synchronization and guard time.
The slots are embedded in a frame structure , where each frame contains a fixed number
of slots. Let TRMAX represent the satellite round-t rip prop agation delay in seconds , and

- - let N represent the num ber of user stations sharing the channel. Then TF, the frame time,
is fixed and must satisfy the condition

TF ~ M aX (NT, TRMAX + T } .

Thus, a frame is large enough to include one slot for each user . Moreover , since TF is at
least as large as TRMAX + T, a slot will always be comple tely received by all users before
it is time to transmit into that slot in the follow ing frame.

- 
- 

Let K represent the number of slots in a fram e (K ~ N).  Then, the fix ed TDMA
component of th is protocol consists of assigning slot 1 to user 1, slot 2 to user 2,
slot N to user N. Fixed assignments are not made for slots N + 1, N + 2, . . - , K. This
leads to the first rule of the protocol:

Ri : A user may send in its fixed assignment slot at any time.

At any given time, a user station is either active (it has traffic to send) or inacti ve
(it has no traffic to send). Those slots in a frame which belong to inactive users as well
as the unowned slots in each frame form a pool of slots which are available for dynamic
assignment to each currently active user . These are available in addition to an active user ’s
owned slot in the frame. However , an active user must always use its “ owned” slot in a
frame before it can acquire the dynamically controlled slots.

The problem of making short-term allocations of the dynamically controlled slots
with the long satellite propagation delay (~ 0.25 s) is solved by the use of a distributed
queue similar to that propo sed by Roberts in his reservatio n scheme [Ro berts , 19731
(see Sectio n 8). The distributed queue is managed as follows . Once every fram e, each
act ive station sends reservation inform ation which reflects the state of its local queue of
packets . This information is sent as part of the overh ead of the data packet in the active
user ’s owned slot . All users (both active and inactive) receive and store the inform ation in
a Channel Queue Table (CQT) which contains one entry for each user in the sys tem ;
there is a zero entry in the CQT for each currently inactive user. A poin ter is kept by all
users and is used to keep track of the active user who received the last dynamic ally
assignable slot. At each new dynamic assignment , this pointer is moved . In this way , the
dynamically assignable slots are allocated one at a time among the active users , and no
active user receives a second dynamically assignable slot until each other active user has
received one.

When a previously inactive station wishes to send a packet , it uses R i and transmits
in its ~wn slot, deliberately generating a conflict. One round tri p l2ter , the conflict is
detected by all of the oth er users. To allow the newly active user to use its slot , the fo l-
lowing rule is needed :

R2: A user may send in a dynamically assignable slot unless a conflict was received
during that slot’s last occurrence.

I
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This guarantees channel access after one frame time to a previously inactive user , even
though another user may be currently using his slot.

11.2 Analysis

None .

11.3 Simulation

- 

- 
The performance of this technique under v arying traffic conditions was investigated

by means of a sim ulation program [Bin der , 19741 . Two classes of t raffic were generated
- - for each user : short messages consisting of single packets and long mess ages with eight

packets per message. Poisson arrivals were assumed , with a different mean fo r each mes-
sage class. Moreover , at each station , a priority queue ing system was used; i.e., packe ts
were alway s sent from a short message queue first and fro m a long message queue only
after the short message queue was empty. When a packet transmission sustained a con—
flict, the packet involved was placed at the head of its queue.

For the simulati ons , a frame size of 12 slots was chosen; moreover, since the popu-
lation size was 12 users , all of the slots were owned. Thus , dynam ically assignable slots
were available only when one or more nodes were inactive. The results of the simulations
are shown in Figures 11.1-11.5 [Binder , 1974].

Figures 11.1 and 11.2 illustrate the throughput-delay perform ance of the RR tech-
nique for short message packets and long message packets, respectively. Packet delay,
which is expressed in terms of satellite round trips (RT’s), includes all queuing, transmis-
sion, and prop agation times. The throughp ut rate shown in the fig ures is based on an in-
put source containing both short and long messages. For comparison with RR, the
performance of three other reservation schemes—TDMA, Reservation-ALOHA (Section
10), and Roberts’ Reservation scheme (Section 8)—is also shown. The TDMA scheme is
based on the use of a fixed assignment of one slot per user; it was obtained by inhibiting
the dynamic assignment of the RR algorithm.

As shown in Figure 11.1, the RR scheme gives good delay performance for packets
associated with short messages as the throughput rate increases above 0.4. The worst delay
occurs for throughput of around 0.8 when the greatest number of conflicts occur due to
intermittent activity at the user stations. As the throughput rate increases above 0.8, the
long message queue at each station is rarely empty, no conflicts occur, and hence, packet
delay approaches that of fixed TDMA.

Packet delay associated with long messages is shown in Figure 11.2. Again , the RR
scheme performs very well when the throughput rate is high. However, the results for
Roberts’ Reservation scheme are not directly comparable, since they are based on average
message delay , not packet delay. The Reservation-ALOHA scheme does better than RR
under light loading condi tions , i.e., when the through put rate is less than 0.4.

Figure 11.3 shows the sensitivIty to varying traf fic mix es of average packet delay for ~ -4both message classes. The mix is given by (X: Y), the rat io of short message arriv als to
long message arriva ls. For example , (8: 1) is an equal packet mix , (0:1) is long messages
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Fig. 11.1—Packet delay vs throughput for short
3 messages [Binder , 1974 , P. 14]

-
- 

- only, and (1:0) is short messages only. The total traffic is assumed to be equally dis-
tributed among all users. Long message packet delay for RR is relatively insensitive to
variations in the traffic mix. However, the packet delay associated with short messages
approaches that of fixed TDMA as the proportion of short messages increases. In partic-
ular, when the traffic consists of only short messages, the performance of RR is very
similar to that of TDMA, indicating that gains due to reservations are being balanced out
by conflicts in owned slots. On the other hand, when the traffic is composed of only
long messages, RR performs better than TDMA, with much shorter delays for a given
throughput.

The effect of an uneven traffic mix among users has also been considered, and the
results are shown in Figures 11.4 and 11.5. In these figures, one user is considered a large
user, while the others are small users. The input rate of each of the small users is the
same, and each generates on ly short messages. The input from the large user consists only
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a

—

of long messages, and the rate at which this user generates input is varied. Let S1 rep-
resent the total input rate for the small users.

Figure 11.4 illustrates the through put- delay performance of RR for various valu es of
S~. The throughput rate and packet delay shown are for the large -user mess~~es only . For
comparison, the performance for a single user under fixed TDMA is also shown; assuming
that the total number of users is N, a single user is assigned a fix ed portion of the ehan. - -

nel bandwidth , one-Nth, regard less of the input rates of the other users. At the other
extreme is the curve labeled S1 = 0, which shows the RR performance when there is no
input from the small users; in this case, the total channel is available to the large user, and
thus the packet delay is the sum of the average waiting time for a single-server queue plus
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Fig. 11.3—Rou nd Robin and TDMA: sensitivity to
traffic mix IBinder , 1974 , p. 17)

users increases, less capacity is available for the large user , and the throughput-delay per-
• ~~ a constant reservation delay of about one round trip. As the total input from the small

formance of RR approaches that of fixed TDMA.

Another result of interest is the effect of the large user traffic on the packet delay

I~~~~~~~~~~~~~~~~ 

for small users. Figure 11.5 shows the packet delay for small users as a function of the
large-user throughput. Note that for each value of S1, the packet delay for small users
increases as the throughput rate of the large user increases. However, the total increase
in packet delay is only about the one round trip required to gain access to the user’s
owned slot.
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Fig. 11.4—Round Robin: larger user throughput-delay tradeoffs for different
values of S1 [Binder , 1974, p. 23]

11.4 Discussion

The RR technique represents a compromise between fixed channel management
schemes such as TDMA and pure contention systems like random access ALOHA. The RR -

approach retains the channel stability of TDMA while permitting improved channel utili- j
zation under light load conditions or under nonuniform user inputs.

To make use of the reservation concept , all users must have identical copies of the
CQT. A user who owns a channel slot but has not monitored the channel activity must I - 

- 

-

not only achieve slot and frame synchronization but also must obtain a copy of the CQT. 
— - -

One means of handling this problem [Binder, 1975) is to designate a master station and
require that station to send a copy of its CQT at the beginning of every frame, just be-
fore the data slots. Using this data, a user may resynchronize with the other channel
users. However, there must be a preestablished protocol which allows a backup master
station to take over if there is a failure of the current master station.

Errors in received reservation information may also force a user to resynchronize.
To re&’ce these types of errors, the technique suggested by Roberts [Roberta, 1973) of
sending three separate parity-checked copies of the reservation information may be used.
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Fig. 11.5—Round Robin: small user packet delay for one large user (Binder ,
l974,p. 24]

This results in additional over head for the reservations , but may be insignificant given a
high bandwidth channel and/or a limited number of users.

The analysis described above was based on the assumption that there is sufficient
channel bandwidth so that the limiting factor on frame time is the round trip propagation
delay. For large numbers of nodes (~ 100), this implies a wide bandwid th channel , Re-
ducing the packet size for narrow bandwidth channels increases total packet overhead per
frame and thus decreases channel utilization. —

The round robin protocol described above is based on the assumption of an un-
changing user population. For military applications in which the composition of the user
population in a given area may be quite dynamic, this protocol provides no explicit means

I of modifying slot ownership to reflect changes in the user population (fixed TDMA, how-
ever, also has this problem).
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12.0 CONFLICT-FREE MULT IPLE ACCESS (CFMA)

12.1 Description

This protocol , proposed by Hwa [Hwa, 1975; Hwa, 1976] , is a dynam ic assignment
system used in combination with a fixed TDMA structure, and is thus similar to the
round robin reservation scheme described in Section 10. However , unlike the round robin
scheme, with CFMA there are no conflicts generated in the channel (if we assume an error-
less channel). The absence of the conflict is accomplished by separating the reservation
information from the data packets .

For this protocol, channel time is divided into fixed-size frames, where each frame
contains a reservation vector (R-vector), an acknowledgment vector (A-vector), and an
information vector (I-vector). Figure 12.1 shows the frame structure, the structure of each
of the vectors, and the format of a data packet. In the figure, n represents the number of
users in the system, and m n is the number of data packets which can be sent in each
frame. There is one element in the R-vector for each user in the system, and each element
is dedicated to a particular user. The A-vector contains as many elements as the I-vector
and carries acknowledgment information as to previous transmissions. The I-vector con -

- 
- tains at least one element for each user in the system and is used for data packet trans-

mission.

I R 1 A I  I

(o ’ A F~AME STRUCTURE

I R 1 I R 2 I~ IR~l1Rn l
(bi R -VECTOR WITH n COMPONENTS

jA i j A 2 J  lA m.I~~
A m I

Cc ) A-VECTOR WITH m COMPONENTS

L~ 
j I~ I j ’m _ i j  ~m

Cd) £ -VECTOR WITH m COMPONENTS

I ID oc ~5CKETI DATARECEIVER ~s*eFRJ
f—HEADER 4 . TEXT —I

C•) DATA PACKET ~ _ 
- -

Fig. 12.1—Conflict-Free Multiple Access : fram e
structure and its component s (Hwa , 1976 , p. 4 J
(Copyrigh t 1976. Computer Science Department ,
University of Sydney, Austr alia , used by permi.-
iCon of the author.)

58

— .— ——~ — —-— -——-—— -— —— ‘—.. —&——— — -. _ . ————- ———— -— — _______ a,_ p 
~~~~~~~~~~~~~~~~~ - ‘- - — — — - ---—— - ——~~~~~~ -- -. — -——--—— — -— - -—~.~

_ _
~~~ ——— -- -— ---—- -— — -— — ‘— ———. — -



- ,~~~~~ 4 . f *1 * - -•.--, - -- -

____ -- — - - -; 
- - - •1

.1

— 

NRL REPORT 8035

The elements in the I-vector in each frame are allocated to users on the basis of (a)
the reservation information in the R-vecto r for that frame and (b) a fixed priority struc-
tore for each element of the I-vector 

~~ ‘2 I,~). The priority struct ure for element
h i s

U~, U~..1,. .. , U1, U2, . . . ,  ~~~~ ~~~

i.e., user U
1 has the highest priority for element I~, user LI1..1 has the second highest

priority, etc. -

The allocation algorithm works in the following manner. In frame F t , each user
sends, in its Rt

~.vector element , the number of data packets it wishes to send in the next
frame, Ft

~
1. Any user with packets to transmit automatically uses the element (s) in

~~ ~ , for which it has the highest priority relative to the other users with traffic. Note
that each user is always guaranteed at least one I-vector element.

As an example , consider a fou r-user system , where • e I-vector has four elements.
If the R-vecto r for frame F t is

(1, 2, 0, 2)

then the 1~ + 1 vector elements in frame Ft~~ are allocated to the users as follows :

(U 1, U2, U2, U4) .

U1 uses its highest priority I-vector element, ‘~
; U2 uses its highest priority I-vector element,

‘2’ and U2 also uses 13. i~ is available to U2, because this user has the second highest pri-
3rity for 13, and the user wi th the highest priority for that I-vector element , U3, has no
traffic to send. Finally, U4 uses its highest priority element , 14.

Each user mainta ins information as to which I-vecto r elements it used in a given
frame. This information, in conjunction wit h the acknowl edgment information in the —

A-vector , is used to determine successful receipt of a data packet . Note that in CFMA,
an unsuccessfu l packet transmission is due to noise on the channel or receiver problems ,
not to conflicts or collisions with oth er data packets in the I-vector.

- - 
- 12.2 Analysis

None.

c
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12.3 Simulation

A simulation model was used to investigate the performance of this protocol and the
results are reported by Hwa [Hwa , 19761. The performance measures used are not com-
patible with those previous ly described and thus are not summarized here. However , the
channel was shown to be highly stable and to provide channel utilization superior to fix ed
TDMA under light load conditions. When each user has a heavy traffic load , performance
is somewhat worse than fixed TDMA due to the overhead of reservatio n information. Un-
fortunately, a comparison of the performance of this technique to that of the round - -

robin reservation scheme (Section 11) is not available.
r

12.4 Discussion

As indicated above , CFMA is similar to the round robin (RR) pro tocol. (See Section
11 for details.) In the RR protocol , an inactive user whose owned slot is in use regains
control of that slot by generating a con flict. Since, in CFMA , an inactive user may =
become active at any time by transmitting a nonzero value in its k-vector element, the
need to generate a conflict disappears . The separation of reservation and data information
in the conflict-free scheme eliminates a problem associated w ith RR, that of providing
a user with a copy of the current Channel Queue Table (CQT), since the statu s of the
channel and the allocation of data for frame F t+l is fully contained in the R-vector for
1$

One possible disadvantage of CFMA is that the fixed priority structure can result
in one user having a blocking effect on another. For example, consider a four-user system
sim ilar to the one described above. Suppose that the R-vector fo r F t is (1, 2~ 0, 2). Then,
the allocation for I-vector in F t~~ is (U 1, U2, U2, U4) .  Suppose that at F t 

~ the k-vector
is (1, 2, 0, 3). Then , the allocation for Ft+S is also (U 1, U2, U2, U4).  In each fram e,
there is one empty I-vector element that belongs to an inactive user , U3. Even though
both U2 and U4 have excess traffic , U2 always receives the empty vector element. The -

~ 
-

behavior of round ro bin in the example is different; that pro to co l would provide an allo-
cation first to U2, then to U4, etc., and is thus fairly insensitiv e to the distribution of
traffic among the users. In the conflict-free system , overal l performance may be improved
by adjusting priorities as a function of the expected traffic in neigh boring slots.

13.0 SUMMARY AND CONCLUSIONS

We reviewed a variety of packet switching techniques designed to allocate
dynamically a broadcast channel among multi ple users. Under time-varying loads , each of
these techn iques does in fact make more efficient use of the channel than do fixed allo-
cation schemes such as TDMA or FDMA. The packet techniques exploit the broadcas t
nature of the communications channel; they are applicabl e both to ground radio channels
and to sate llite channels , with the exception of CSMA, which is primarily suited to a
ground radio channel.

At this stage of our study, it is poss ible to state several general conclusions about
the techniques reviewed in this report:

(a) The ALOHA random access techniques , i.e ., classical ALOH A, slotted ALOHA , I
and CSMA, have characteristics which could prove advantageous for Naval applications.
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- 
1~ The relative insensitivity of these techniques to additions or losses in the user population

is one advantage, while another is the degree of flexibility that the ALOHA schemes
provide with respect to changing user communications requirements. Unfortunately, the
ALOHA schemes have a serious shortcoming for military applications: they are danger-
ously vulnerable to unstable behavior and channel saturation. A sudden surge in the input
load or stochastic variations in the channel traffic can cause the throughput of an ALOHA
channel to deteriorate to zero with virtually no chance for recovery . This is unacceptable
in most military applications where, in a crisis situation, the load on the communications
system tends to increase and, at the same time, a minimum level of communications
capability must be guaranteed. Also, the ALOHA schemes have been designed to handle
traffic composed primarily of single.packet messages. Thus, these schemes have only
limited relevance to many Navy applications, where message length tends to be variable.
Note that, whereas the ALOHA schemes by themselves may be unacceptable for most
military applications, these schemes may prove attractive as part of other multiplexing

— techniques; e.g., an ALOHA scheme might be used to transmit reservation requests, as in
Roberts’ reservation or in SRMA.

(b) Although dynamic control procedures were described in the context of the
slotted ALOHA technique, these procedures may be used with other ALOHA schemes
(pure ALOHA, CSMA) to reduce the risk of channel saturation. These procedures were
however, designed to handle short- term fluctuations in the traffic; long-term increases in
the input load will require additional control measures.

(c) All of the techniques, except SRMA, have been designed to operate with a dis-
tributed control mechanism. Thus, the systems are not vulnerable to the loss of a master
control station, a clear advantage for military applications.

(d) In many of the traffic models used for the analysis of broadcast packet switch-
ing, it is assumed that stations do not generate new traffic whenever a packet from that
station is blocked (stations cannot queue locally generated traffic). This assumption is
unlikely to be valid for Naval applications.

• - (e) The reservation techniques described in the report were designed to handle
multi-packet messages. If , as we suspect, a significant fraction of Navy traffic consists of

- 
- multi-packet messages rather than single-packet messages, the reservation schemes rather

than the ALOHA schemes would appear to be most relevant to the Naval application.
Moreover, two of the reservation schemes, the Round Robin scheme and Conflict-Free

- - ALOHA , are stab le and thus guarantee a minimum level of communications capability
under heavy traff ic conditions. Hence, these two schemes as well as the other reservation
schemes are the most promising candidates.

In general, the performance analyses of the various broadcast packet switching tech-
niques assumed interactive computer communications applications. Both the user and the
traffic characteristics of the analytic models reflect these applications, which differ sub-
stantially from likely Naval applications. Hence, it is necessary to estimate the perform-

- 

- 
aiice of broadcast packet-switching techniques ‘or an appropriate subset of these
techniques) with analytic models and perfo rmance constraints that more accurately re-
flect Naval applications. An example of a more appropriate traffic model assumption is
the ability of all Naval users to queue locally generated traffic; a more appropriate per-
formance constraint is that delay requirements for certain Naval systems are not nearly
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as stringent as those for interactive computer systems. Broadcast packet switching tech-
niques must also be evaluated with respect to such Naval requirements as encryption and
privacy, countermeasures, survivability, etc. The suitability of these techniques for use in
Naval applications will be the subject of a subsequent report .
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