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CHAPTER 1 

1 • INTRODUCTION 

For almost a century circuit switching has dominated communic ation 
/ networks. It was not until the beginning of the 70's as switching cost dropped 

below communication (bandwith) costs making packet switching networks f~as/able. 
For modern computer communications, circuit switching 1s very 
wasteful,especially over long distances. This is due to the fact that the 
datastr eam from computers and terminals is very bursty , with peak to average 

/vt ratios up to 2000 to 1 [5]. If, in a c ircui t switching environmem't a high 
tJl bandw~h channel is used to ensure low delay, this c/§lhnnel will be idle most of 
~the time . If we instead use a channel with a bandw~h corresponding to the 
~average transmission rate , we willget intolerable delays . The above dilemma 

arises because the users access the channels randomly. We have no way to tell 
lJl when the ~nnel will be used, so we assign one channel capable of handling peak 

rates all the time. This is of course wasteful . 

The p~cket-switching solution to the situation above is based on the law of 
large numbers, stating that the sum of all demands from a large number of users 
will fluctua te very little. around its average. This is ussually called 
statistical load averaging. The implication is clear -we should use a single 
wideband channel, dynamically shared among the users. This has been utilized in 
packet-switched computer networks. The datastream is divided into packets . 
When a p~cket is ready for transmission, it is allocated some time-slot 
(possibly after some queuing delay) on the shared channel. The allocation of 
suitable time-slots is here done by the network facilities. 

In recent years the use of packet switching in radio channels has been 
proposed and implemented. 8oth gr ound radio and satellite channel s have been 
utilized for packet switching. The radio medium offers several actvantages for 
these applications: 

* Reduction of co~plexity in message routing. 
Many network nodes are in range of each other 
and here the broadeast property of the channel 
ellimates routing. 



* Mobility of users. 

* 

* 

* 

* 

l 

Users can move around freely. 

Large number of active and inactive users . 
Tnere is no incresing overhead dua to a high 
number of mostly inactive users,i.e. no wires 
are occupied by them . 

Flexibi{(y of design. 
A packet radio system can be operational with 
only two users. The number can be increased 
towards the channel capacity without abrupt 
performance degradation. 

Eliminat i on of geaographical and terrain 
effects. Radio systems are suited for a 
widely scattered population of users in 
rough terrain . This situation is almost 
impossible in standard wire networks . 

Broadeast capab i~ies 
Since radio is a broadeast medium, 
multipoint- to-mult i Jpoint conneotians are 
easily i mplemented/. 
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n.~ The radio channel is a multi-access broadeast channel Every user 
~; transmits his message over the same channel and the other users can all receive 

, rf this message and dec/ide ~ether to use it or not. Since ther e is no centralized 
-~ / Control possible fcSr the allocation of ~me-slets , each u ser has to decide 

~ on his own when to send his packets. This decision is made by means of an 
algorithm , present in all network terminals, the multi access protocol . If two 

j or more usars simu1taneJously decide to transmit a packet, we assume that both 
these packets are c6rrupted and not received correctly by any other user. We 
have what we call a "channel collision" . This is one of the key issues when 
studying packet switched radio systems . In the following we will give a more 
precise description of the channel and of the arriving data stream we are to 
encounter. Tnese model s will later enable us to analyze different multi-access 
schemes. 
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Channel and traffic models 

~ 
The network of interest consists of users_,..,. 1terminals, transmitting 

messages , packets, to each other via the multi-access broadeast channel, using 
the same multi-access algorf.!Jilhm or protocol. In our calculations, we wi 11 
assume that we have a fully connected network , i.e all users can communicate with 
all other users . This assumption eliminates the need for considering routing 
problems in the network. This seems to be a fair assumption for the satellite 
channel; every ground station is able to communicate with every other station. 
The satellite acts only as a repeater. In ground radio applications the 
assumption hold s for "local" networks . The problem with inter f erence with 
stations "out-of-range" , which is typical for ground rad i o , the "hidden 
terminal " problem is considered at the end of chapter 2 . We al so usfually 
assume that propagation delays are essentially the same for al l paths in the 
network. Again this is highly reasonable for satellite networks. In ground 
radio systems propagation delays will be small and as a worst case aproximation 
we can consicter them being all equal to the longest delay. This delay, 
including Transmit/Receive (T/R) switching times will be denoted . by T . 

'l If two packets are transmitted simultaneaously over the channel , we assume 
~ · that no other terminal is able to recieve any of the two packets, theiye content 

is lost . However every terminal including the transmitting ones , are assumed to 
be able to detect that a collision has occured. further, the prohability of 

1/ error given that no collision has occured is assumed to be negli~ble . This 
'{ gives a rough description of the broade ast channel. We focus now on the 

tr affic. 

We assume that our traffic source consists of M (lar ge ,in the limit 
~ infinite) users, which form an independent Poisslon source with a mean packet 

)-. generation rate of )\ packets/second. This is an ap!oximation of a large number 
of terminals which infrequently and independently generate packets. If all 
packets have the same length, and each requires T seeonds of channel time for 
transmission, we can normalize the average packet generation rate to be 

S = AT 

S is the average number of arr1v1ng packets per transmission time. If we have a 
system in equilibrium conditions, the same number of packets will have to leave 
the system. In this case S can be referred to as the channel troughput rate . 
When we are dealing with a system not at equilibrium, we usually denote the 
output rate Sout . The maximum acheivable througput rate f or som access scheme 
is here called the capacity of the channel under this mode . This capacity is 
not to be confused with the capacity of the radio channel in the information 
theory sense. If we were able to perfectly schedule all incoming packets with 
no co l lisions and gaps between packets, we could acheive the throughput rate 1 . 
Because of this, Sis also referred to as the channel utilization . . 

\~en a collision occurs, the collided packets have to be rescheduled for 
transmission at some later instant . The set of packets waiting for transmission 
consists thus not only of new incoming packets, but also of old previously 

Lfl collided packets. Tnis increases the average rate of pac~s offered to the 
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channel to G ~ = S packets /transmission time. W~thout loss of generality we can 
use these normalized variables , i.e. let T=l. 

After a collision has occured, packets will usually not be retransmitted 
immediately. This would cause another collision ~h prohability one. Instead, 
packets are resehed uled by me ans of som e rand om time del a y X. If we assume that 
the random variable X is large compared to T, the total offered traffic input 
rate ,i. e new and col lided packets, can be approximated with a Poisson process 
with rate G. In the case of the ALOHA-schemes this can be shown to hold true 
when E[X] -> oo [2]. This last result is a very useful one. 

A summary of all the variables so far mentioned follows below . In the 
sequel we use them to calculate the performance of the access schemes we are 
going to describe. 

T = Packet transmission time (Usually T:\ ) 

A= average aggregate packet generation rate 

S = normalized packet generation ra te 
also throughput at equilibrium = A T 

G =total offered channel traffic, new packets and 
col lided packets. 

T = propagation and T/ R switching delay 

a = normalized propagation and T/R switching delay a= e/T 

X = normalized rescheduling delay. Handom variable. 



CHAPTER 2 

2. SIMPLE HANDOM ACCESS SCHEMES 

We are now to consicter some different random access schemes proposed in 
recent years. In a random access scheme, terminals locally decide when to 
transmit a packet without centralized control. Terminals can use various types 
of informat ion to make that decision. The simplest kind of i nformation to use 
is to know if any other terminal is transmitting . This could be accomplished by 
for instance sensing the carrier levelon the channel. Useful i nformation of 
this kind is, however, possible to obtain only if the propagation and T/R delays 
are short, i.e . T «T. This is the case in ground radio applications. In 
satellite communication systems, however, t is i n the range of several packet 
transmissions times. We can ~ identify two classes of systems, one which use 
carrier sense infor mation and one which does not . The first we call 
Carrier-Sense-multiple-access (CSMA) schemes, thesel algoritms use only carrier 
information. The seeond class, which uses no channel information, exept of 
course collision detection, we call ALOHA-type systems. t 

c 

2.1 ALOHA-type systems 

"'( The most straight-forward type of rjom access algoritm, the "pure-ALOHA." 
scheme, was introduced by Abramson et al. in 1970, and was implemented at the 
University of Hawaii in the ALOHA.-net . In this scheme every "ready" termi nal, 
i.e. ~~very terminal with packet ready for transmi ssion , new or collided, 

4 immedi atlly transmitk~ its packet. If a collision is detected, the terminal waits 
a random time span X, and becomes ready again and tr ansmits its packet. This 
continues until the successful transmission of a packet. Let us now consicler 
the transmission of a packet in this system as i n fig l . The packet 
transmission time is T, so in order to have a successful 
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Fig l . Pure ALOHA packet transmission (2] 
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transmission, no terminal can start to transmit during the transmission period 
of length T or T seeonds before that. The "vulnerable period is thus 2T 
seconds, during which no other terminal can send a packet . Let S denote the 
normalized arrival rate of the packets, and at equilibrium , the rate of 

packets. If G denotes the total traffic rate we have successf~ transmitted 

~l~ 
s = ( 1) 

wher e P0 = Pr( no other packet transmission in the vulnerable period ] When 1ve 
have an infinite number of users (with eonstant aggregate rate S) and if we let 
the delay X have a distribution such that E(X] - > oo , it can be shown [2] that 
the total traffic is a Poisson process with rate G. In this case, of course the 
expected t r ansmission delay wil l also approach infinity . However, the Poisson 
aproximation is a good one already if E[X] i s reasonably large. From this P0 
can be easily evaluated and we get the troughput S as 

S = Ge- ZG (2) 

Obviously, the throughput of such a system can be increased b~ reducing the 
duration of the vulnerable period, and t hereby reducing the number of 
collisions. This can be acheived by synchronizing all transmissions to start at 
certain instants. Time could be divided into slots of length T. This 
synchronization or slotting, was introduced by Robertson [1 8]. Tne sletting 
reduces the vulnerable period to be just one transmission time T, since the 
number of packets attemting trans~ission in a slot are those which have 
accumulated under the previous slot( of duration T) . We are immediatly able to 
calculate the throughput rate of this system, the "slotted ALOHA" system, as 
earlier: 

-G S = Ge (3) 

Equations (2) and (3) are plotted in fig 2. 
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We se in fig 2. that the maximum a~-e throughput for "pure" ALOHA is 
1 /2e, and is a~ for G:1 /2. This figur e shows t he sig ni ficant gai n i n 
efficiency obtained by means of slotting . The maximum troughput is here 
doubled, 1 /e, acheived for G:1. Nate that G>1 is possible since more t han on e 

~ packet mi~ attempt transmission in each slot. However, the pr ohability of a 
collision increases, thus lowcring performance agai n . The equations (2 ) and ( 3 ) 
are valid for an infinite population of users. For a fi nite population of M 
users each with equal offered traffic rate G/M, the correspond ing equation is 
(slotted ALOHA) [2] 

G M- 1 
S = G(1 - -) 

M 
( 4) 

As we let M -> "" we get ( 3). If we let the random delay variable X have a 
~ retangular d is tribut~ i.e. wi th pr ohability 1/K the nex t r et ransmission wi ll 

occu~in an y one of t he following K sle ts, we are abl e to calculate t he average 
packet delay D as [2 ] 

D = R + 1 + 1-q r + -l R 
q t 

K- 1 
where qt = K 

-G e 

K-1 J -2-
( 5) 

We here let R denote the roundtrip propagat i on delay . Observe t hat t he 
ex pressions (2)-(4) are based on the assumption that E[X) -> oo , which would 
result in infinite packet del9ys. However, simulations show that the Poisson 
aproximation holds verynicelyas soon as K> 10. 

We are now able to see at what costs, in terms o f packet delay, hi gh 
troughput is acheived. In fig 3. we show the tr ade off between t hr oughput and 
average packet delay for various eonstant values of K. 



e; 

l\ 

" 

vwt....w---

Page 2-1.1 

~ 

200 ö 
3 
> 
"' o; 

"O 

ä; 
.>< 

" 100 "' c. ., 1 see a 44.4 slou ;n 

~ ., 
> .. 
..... 

50 
G= 1.0 

\ 
Envelope of optirr:um perle<mance 

10 
0.1 0.2 0.3 l .'e 0.4 

S. throughput (packets per S:ot) 

Fig 3. Thr ughput / Del a y trade-off. 
50kt§is satellite channel, R: 12 s lots [ 3) 

Here a 50 kbps sa~lite channel with a propagation delay of 12 slots is used as 
an example. We see that the envelope of optimum performance (K-> oo ) acheives 
the maximum throughput, but, of course , at the east of infinite average packe t 
delay. We can see that the maximum throughput is almost acheived at a K- value 
as low as 15 . The last few percent of performance come at very high price. The 
effect of K upon the stabilbty of the system ~iscussed in ch. 3. 

Ii\ ,·s 

2.2 Carrier-Sense- Multiple - Access (CSMA ) 

In ground radio syste:ns propagation delays are small campared to 
propagation delays in satellite systems. · This enables us to acheive some real 
time information about the channel to guide our decision wether to transmit a 
packet or not. If we sense the carrier level on the channel we know if any 
other terminal is transmitting. If this is the case, we postpone our 
transmission, since. an attempt to transmit would almost certainly destroy both 
packets. This class of access methods were introduced 1971.1 by Kleinrock. There 
are var i ous variants proposed, their main differences beeing in the way they 
reduce conflicts. First we consider the non-persistent CSMA scheme. Here t he 
idea is to reschedule all packets which find the channel busy by the random 
delay X. If the terminal finds the channel busy the next time too, the packet 

~J -
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is again rescheduled by X. This is repeated until the channel is found to be 
idle, in which case a transmission follows. If a collision then occurs we 
reschedule by X again, until we have successful transmission. The terminal does 
not persist on transmitting when it finds the channel busy. As in the ALOHA 
case both a slotted and a non-slotted version are feasfable depend i ng on if we 
have synchronism in the system or not. Here the concept of sletting is samewhat 
different. Terminals here use slots of length t, the maximum propagation delay, 
to acheive sletting properties similar to those described for the ALOHA 
algorithm . 

Next we consider the p-persistent CSMA mode. Here the terminal, on finding 
the channel busy, persist on transmitting, i.e . transmits as soon as the 
channel is sensed idle, with probability p. In the other case it reschedules 
the packet by X (with probability 1-p). If a collision is de~~ted the terminal 
always reschedules the collided packet. A special case of inurest is the case 
p: l , we have l-persistent CSMA. Here all terminals wi 11 persist on transmit ting 
if they find the channel busy. 

As in the case of the ALOHA-modes, we 
these systems. We do this b~ solving 
section. Again we have a large population 
delays X are large compared to the packet 
the vulnerable period in these modes is of 

wish to evaluate the performance of 
for the throughput as in the previous 
and we assume that the rescheduli ng 
length T. In fig 4 . we can see that 

l F?@'/@/$$~1 
'--v--' 

1 Vulnero.6/e ?er;od 

Fig. 4 Vulnerable period i CSMA modes 

the length a, the propagation and T/R switch delay normali zed with respect to 
V\ o t" the packet length T. This is because we are ncl. ab le to detect the start of a 

transmission unt i l T seeonds after the decision for transmission was made. For 
the non - persistent CSMA mode we may now calculate the troughput rate in a 
similar way as in (2). Followng [4] in a rather straigh- forward manner we get 

~~ ~ ~ 
G e-aG 

s= - -----::-;c: 
G(1+2a)+e -aG 

s 
-aG a G e 

-aG ( 1 +a) -e 

unslotted 

slotted 

For the p-persistent case calculations are samewhat compiex. 
and the final expressions for the throughput is given in [4]. 

(6a) 

( 6b ) 

The derivations 
In fig 5 
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Fig 5 Throuhput for CSMA and ALOHA modes [4) 

the throughput curves for all cases are given and compared with the ALOHA 
throughputs for some a:s. For small values of a, we can acheive very high 
throughputs. If we let a -> O in (6a) we get 

l im S = 
a-+0 

G 
1+G 

(7) 

For increasing values of the offered traffic rate we approach 
scheduling throughput. A~in the ALOHA case, the price we 
acheiving hi gh throughput rates, is a high average packet delay 
calculate the average packet del ay as [21 

S: l , perfeet 
must pay when 
D. We may 

D= (Q - 1)(2a+1+S+E[x]) + 1 +a s (8) 

where S is the normalized acknowledgement delay. This is . the time required to 
detect a collision. In fig . 6, the delay D is plotted versus the troughput 
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S for some values of E( X) . These curves are to be campared with the ones in fig 
3. We observe that all CSMA-modes outpe r for~ the ALOHA modes at these low 
values of a. At high values of a , say a> 0.1 the situation is differ ent. 
The carrier sensing mechanism here consequently produce s "ol d" information , 
which has a destruct i ve influence upon the perfor mce of any CSt4A system . This 
is demonstrated in fig 7. 
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Fig . 7. Maximum acheivable thr oughput as function of delay a . [2) 

All the throughput results in this chapter are based on the assumption of 
eonstant packet length . It can , however, be demonstrated , [14 , theorem 3) that 
systems with variable (random) packet length al ways will have lower throughput 
rates than systems ~ith eonstant packet lengths . 

In ground radio systems the situation often arises that two or more 
stations in the net~ork are unable to communica te , and thus unable to detect the 
t r ansmissions of the other. Th i s is r e ferred to as the Hidden terminal problem 

The imp~irment on the performance of CSMA systems is analyzed in [7). The 
analysis of these systems tends to be very complex, and in [7) only some bounds 
on the performance in some ideal ized situations ~given. However , these 
results seem to indicate that with a r el atively low number of hidden te r minals, 
CSMA system~ still outperform ALOHA systems which are uneffected by hidden 
terminals. :::.. 
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CHAPTER 3 

3. STABILITY AND STABILIZATION SCHEMES 

~oen studying the simple access schemes in chapter 2, we were never 
cancerned with the stability of the multi-access system. Fig 2 gives some 
reason of doubt in this topic. For each input rate (throughput at equilibrium) 
we have two possible offered channel rates G, one high traffic value ( G>1 ) and 
one low c-G <1 for slotted ALOHA ). What kind of transient behaviour do these 
systems have ? To get some grasp of the situation we study the finite 
population ALOHA-channel and its dynamic behaviour. 

3.1 The stability of the slotted ALOHA channel. 

Let us assume that we have a finite population of Musers in our system. 
Each of these users is capable of handling one packet at the time. Let N(t ) be 
the number of busy terminals, i.e. terminals with a packet ready for 
transmission, at the beginning of slot t. Toe sequence of the system states 
N(t) forms a discrete state Markov-chain with the transition probabilities Pmn = 
Pr( N(t+1 )=m l N(t):n ) . On l y when there is a single transmission in a slot we 
have a successful packet deliver y and N( t) is reduced by one. Hetransmission 
for a collided packet occurs with probability p. Earlier we have used a 
rectangular distribution for - the retransmission delay X, here we use a 
geometrical distribution. Simulations indicate that the choice of distribution 
for X is rather uncritical [2]. To a free terminal packets arrive during ~ ~ 
slot with probability cr C= 1- T, the arrival rate). Now the transition 
probabilties can be evaluated [12]. 

1 l't-
There have been at least two approaches to the proble how to proceed from 

this point. One has been presented by Carleial and Hellman [12] using the 
expected drift properties, and one by KLeinrock and Lam [3],[1 1] using a fluid 
~mation technique. The methods are shown to be essentially equivalent 
[1 3]. To begin with, we examine the first approach . We will here study the 
expected drift of the markov chain. The expected drift is defined as 



J M 
a = I (m-n) Pmn -> vn=O 
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( 9) 

The expected drift can be interpreted as the expected number of states the 
system vill move past in the next transition. This q~antity gives a good idea 
how the system "moves" in its random walk. Clearly ä0 ~s positive and ä~1 is 
negative, so there is at least one point where the drift a; is zero and the drift 
has a negativ slope. This constitues an equilibrum poin t . Since we have a 
negative slope, the system will linger in this neighborhood. We have a stable 
equilibrium point. This i s illustrated by fig 8 . In this diagr am also the 
state occupancy probability defined as 

nn = li m Pr(N(t)=n ) 
t--

( 1 o) 

is plotted. Here the expected drift has a single zero for n: 31 and the state 
occupancy probability has a maximum at this poi nt . Clearly n0 has its maximum at 
this stable equilibrium point . 
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The system will alway.s return to this point, even 
fluctuations in the input rate. In fig 9 we show 
consid ered to be stable. Fig 9a is a stable system, 
point is very close to the saturation state n:50. 
observations from the throughput characteristics. 
system 

if disturbed by random 
three systems that are not 
although the equilibrium 

Fig 9b reflect s our earlier 
Here we have a bistable 
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with two stable equilibrium points. The system will move to and fro between 
these points due to fluctuations in input load. It can in fact be shown that 
these systems depending on the parameter values p, o , ~ave either one stable 
equili~rium or three equilibriu~ points of which the first and third are stable 
and the seeond unstable [ 1 3). There are degenerate cases as ·in fig 9c, when two 
of the equilibrium point coincide . We have here a stable equilibrium point at 
n=2 and two unstable equilibrium· points which coincide at n=38 . 

The other approach used by Kleinrock and Lam is to use a fl uid 
approximation analogy. First we calcul ate Sout, which can be interpreted as the 
probability for a successful transmission. Given n busy t erminals we have 

S · = ( 1- p)n(M- n) a (1 - cr )M-n- 1 + np(1 - p) n- 1(1 - o )M- n ( 11) 
out 

For large M, fixi ng S:Mo we have 

( 12) 

If we plot the contours fo r the solution S: Sout ( equilibrium ) and let 
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R+(K+1) / 2 
( 13) p=-----

to acheive the same expected retransmission delay as in our previous examples, 
we arri ve at fig 10. Observing that the rnamentanous input rate 

S(t) = (M-N(t))o ( 14) 

we can use a fluid approximation [2) for the trajectory of the vector 
N(t) ,S(t ) ) . 

50 KBPS channel 
R ; 12 slets 

• S. channel input !packets per slo t) 

Fig 10 Equi l ibrium contours S:Sout [ 2 ) 
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The fluid aproximation claims that this trajectory lies on the line n=M-(S/a ). 
These lines are plotted i n fig llb tog~ter with the equilibrium contour 
S: Sout. The aproximation further claims that the motion along this line will be 
"up" if S>Sout and "down" if S<Sout as indicated by the small arrows in fig 11 b. 
If we as an e xample present the system in fig 1 l b with the input variation as 
indicated in fig 1 la, we get the approximative state trajectory ABCDEFGA, i.e 
the systemreturnsto its initial state. If we, however, in fig lla put H3=!1 1 
we would get the state trajectory ABCD and the system would move along towards 
the point (S:O,n =M1) and saturate Now we can describe stabilty in t he 
following way [3]: /; 

A slotted ALOHA channel is stable if its load line n:(M-(S/o)) intersects 
Ln the equilibrium contour in e~tly one point. This is called the stable channel 

l oper/ating point . Otherwise the channel is said to be unstable. 
l --

In fig 12 therearea few examples to illustrate stable and unstable 
channels. We notice the difference between the operating points in fig 12 and 
the zeroes of the expected drift in fig 8 and 9. 
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Fig 12 Equilibrium contours and load lines. [3) 
12a Stable channel 

12b Unstable channel 
12c Infinite population (unstable) 

12d Overloaded 'channel 
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When designing a multi-access system we can always acheive stabi~ by 
making the delay parameter p small or eqivalently K large. This results in a 
high average packet delay. It is, however, possible to use unstable channels, 
since (if initially at n=O) they will perform rath/Y well for "a while" 
lingering at the first channel operating point. A "stabiyty" measure (for these 
unstable channels) is the expected time the system will stay in the safe region 
n< nc (fig. 12). This quantity Kleinrock and Lam cal l the First Exit Time 
(FET) . . This bring us another trade-off situation, the trade-off between 
"stabil~y", FET, and the expected packet delay and throughput rate. Fig 13 
shows these relationships in our earl i er s~xample. We observe that at 
relatively low throughput rates a FET of 1 day or more can be acheived with 
fairly low values of K. If we increse the throughput rate ~near the capacity, 
the delay parameter K has to be inc~eased tremendously to acheive an acceptable 
FET level. 
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Fig 1 3 FET-delay tradeoff [2] 

3.2 Stabilization schemes 

When we study fig 9; we can get a hint of what eauses the channel 
saturation. When the total input rate G increases, we get more and more 
collisions. Retransmitted packets tend to collide, and finally, the channel 
goes into saturation. Tne saturation point is nothing else than a stable 
equilibrium point at which almost every terminal is trying to pass a message. 
If by some means we could estimate the total offered traffic rate G, and use 
this information to reduce the input from each terminal, we mi~ be able to 
stabilize the slotted ALOHA channel . In fact, this is the case. A simple 
control policy of this kind was proposed by Lam [19]. We here assume that the 
present state, N(t), the number of busy terminals, is known to all terminals. 
We use the normal slotted ALOHA protocol, with one exeption. The retransmission 
delay parameter p is selected as follO\•s: ~ 

P
0 

N(t) <n* 

p = ( 15 ) 

N(t) ~ n* 

Lam shows [19] that there ~s a stationary optimal control policy of this kind 
that maximizes Sout and minimizes the expected delay D simultaneously. Lam [19] 
considered only strategies where Po and Pl are depending only on the current 
state N(t). In all cases studied by Lam, The above control-limit type strategy 
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seeros to be the optimal one. 
strategy is shown in fig 
simulation r~sults are shown. 

The performance of the channel under this control 
14. Here both the analytic prediction and some 
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Fig 14 Throughput and delay as function of the control-limit n* [2) 

We observe the insensitivity (for reasonable load s) of the channel performance 
with respect to variations in the control limit n*. Simulation results show 
that, probably, thanks to the flatness of the performance curves, systems 
operate well even if'the current channel state N(t) has to be estimated by means 
of present traffic load. 

An alternative strategy, proposed by Yemini and Kl einrock is the 
URN - protocol. Here, t~ ob jective is to acheive a total offered traffic rate 
G=1 which maximizes the throughput fo r the slotted ALOHA channel (eq . 3). 
Again we assume that the present channel state N(t) is known to all terminals. 
Every ready terminal now uses the URN-algo~hm to determine wheter to transmit 
or not in the next slot. The prohab i lity of transmission is then always O or 1 
depending on the outcome. This means that some terminals which decide to 
transmit have full access rights to the channel. The others have no access 
right s at all. We have what is called a pure strategy . Yemini has shown that 
these strategies are optimal with respect to delay and throughput performance 
[17). The URN-algorithm is derived from the following model. Consider each 
user as a colored ball in an urn: black for a ready, or busy terminal, white 
for an idle terminal. The access protocol is essentially a rule to sample balls 
from the urn. Let k be the number of balls drawn from the urn. The prohabilit y 
of getting exactlY. one black ball in the sample is equal to the probability of a 
successful transmission. This prohability is ( assuming n ready terminals) 
[6),[17] 
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Pr[ throughput] ( 16) 

This probability is maximized by k=[ M/n 1, where [x] denotes the integer part 
of x. This k makes the average number of black balls selected to be one, i.e. 
G:l . For instance as n=l we have k = t~, all users have access rights, however, 
only one will use it. As n>M/2 we have k=l, only one user will have access 
ri~~s. This corresponds almost to a TDMA system. The maximum throughput of 
the~URN-protocol is thus unity ! • 

An i~plementation of the URN algo~hm must ensure two things: An accurate 
estimate of the state N(t) and what is important, all users have to agree upon 
the value of k, and upon the identity of the k terminals. If these conditions 
are fulfilled, not only the original goal of stabilizing the channel is 
acheived, but we also get substancial improvement in performance. This is also 
~simulation results [ 1 7] . ~ s, t. 

In this last section we have shown that it is possible to use randoro access 
channels that are not stable. Channels of this kind can be use directly, by 
making use of the fact that bistable channels must linger in stable region for 
considerable amounts of time. Stable channels can be acheived by increasing the 
retransmission delay, whi9h is impractical, or by the useJ of adaptive schemes o f 
stabilization. ( 'L 
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CHAPTER 4 

4. CONFLICT FREE ACCESS SCHEMES 

As we have noticed in the earlier chapters, the randoro access schemes are 
performing rather bad at heavy channel load conditions. This is due to the 
increasing number of conflicts in the channel . A first step of t o cure this was 
to introduce stabilizing measures. Such measures reduced the number of 
collisions and gave rise to improvement in performance. By avoiding collisions , 
we ensure high. channel utilization during heavy load conditions. This can be 
acheived by different kinds of reservation methods. Again, the propagation 
delay will play an important role in the context. Methods for use both i n 
systems with long delays, as satellites, and short delay ground radio systems 
have evolved. We will here briefly describe some of these schemes without 
making any rigorous performance evaluation . 

. 4. 1 Satellite reservation schemes 

One simple method suggested by Roberts (10] is called reserva t ion ALOHA and 
is especially sui ted for multi packet traffic. This schem;.' makes use of 
separate time-slots for reservation and data-transfer. The channel is divided 
into frames of M+1 time-slots . Every M+l th slot is subdivided into V small 
s lots as shown in fig 15. The V small slots are used by act ive 

111111111 1 
~~------------~--------------~ 

\ \ 
11 Oolo ..5/oi.J 

V #;/7/ .5/o/.5 
Fig 15 Reservation ALOHA frame 
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terminals to send reservations for future time-slots. These V slots are 
accessed using the normal slotted ALOHA technique. Every time a terminal is 
ready it randomly selects one of the V mini-slots in the reservation slot, and 
transmits there a reservation packet containg the number of slots it will need 
for data-transfer. If this reservation is successful, this is heard by all 
terminals, and they can all immeediatly determine which data slots are reserved 
by the successful terminal. The system operates like a single server queue. 
All terminals keep record of the present queue length, and can thus determine 
which slots are reserved. Assume that the queue length at one moment is l 3, 
i.e. there are l 3 slots reserved from now on. At this momemt a station 
successfully reserves, say 5 slots. This station will then wait 13 data-slots 
and then it is able to use the 5 following data-slots without conflicts. 

This kind of scheme will perform well, when the average number of 
consecutive packets from a terminal is much greater then unity. When the 
terminals on the average transmit one packet at the time, the system will 
perform worse than the normal ALOHA system due to the reservation overhead. 
Another drawback is the overhead in low traffic situations, when the data-slots 
are ~fpty most of the time. This can, however be solved by letting all slots 

-~e~beco~reservation slots when the queue length is zero. As soon as a re~vation 
7f then is made we switch back to normal operation. Conflicts are strongly reduced 

and confined to the reservation slots, but not totally eliminated. A scheme 
that totally eliminates all conflicts on the satellite channel is the Conflict 
Free Multi Access (CFMA) scheme [10]. This system also utilizes a frame 
structure which is shown in fig 16. 

t{ 

A l 

Fig 16 CFMA Frame structure 

Each frame is divided into an R-Vector, an A-vector and an I-vector. The 
R-vector is used to request future reservations and is divided into a number of 
mini-slots. The number of R-vector mini-slots is equal to the number of earth 
stations. Each earth station is assign one of these slots. This eliminates 
contention for the reservation slots. The A-vector merely carries ackowledment 
packets. The I-vector carries the actual data-slots. By receiving the pattern 
of reservation claims in the R-vector, every station is now able to, by means of 
some common, predermined priority function calculate which packets are to be 
sent in which I-vector slots. If this priority function has some special 
properties, conflict is compleJ'~y avoided. 

This system is well suited for a low to moderate number of earth stations, 
and will perform well under high traffic loads, having virtually all TDMA 
properties. For low loads, the traffic overhead ~fll of course have great 
impact. Al so when the number of access i ng st~io11s is increased, the fix ed 
allocation of reservation slots and the priority function will cause a lot of 
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trouble. 

There are several other schemes for conflict free multi -access by means of 
reservation suited for satellite channels. All these schemes provide means for 
increasing the channel utilization compared· to non-reservation schemes. 
However, they all are of substancially higher complexity, which one has to trade 
off against suitable performance. In the following we now study some 
conflict-reducing applications for ground radio. 

4.2 Conflict reduction in ground radio system. 

A similar method as the one described above, was introduced by Kleinrock 
and Scholl [15). This method also guarantees conflict-free operation in the 
ground-radio case provided there are no hidden terminals. In the ground-radio 

n case propagation delays are short, permitting a decrease in reservation over head 
~ compared to the sateiite. The conflict free CSMA methods, as we mi~ call 
~ them, all utilize a frame structure as in fig 17. 

l ' 
CARRIER l 

• OSLY o 

: l 

CARRIER MODULATED 
SY DATA 

1•1 ! .. ·Il INFORMATIONPACKET 1·1 · 

Fig 17 Frame structure of conflict-free CSMA [15) 

In this scheme every information packet slot is proceeded by N-1 mini-slots of 
length t seconds. N is equal to the number of terminals in the system and t is 
the propagation and T/R switch delay. In the mini-slots only a carrier is 
transmitted. By a common priority function each user can calcul ate which slot 
is "his" mini-slot. This is done uniquely for all users, and results in ~ 
user getting one mini slot without conflicts. When transmission starts the user 
with the highest priority (the first mini-slot) transmits a carrier in slot 1 , 
if he has a ready packet, waits for N-1 minislots and transmits his data packet, 
otherwise heremains silent. In the same manner, user i waits for mini-slot i 
and, if no reservation of any higher priority terminal is detected he transmits 
a carrier. ~he waits for N-i mini-slots and transmits his data-packet. As 
soon as a h1gher priority terminal places a carrier in his slot, all terminals 
of lower priority have to wait and remain silent during tnat transmission cycle. 

There are, of course, many ways to choose the function determining the 
different priorities prior to each transmission cycle. Some of these are listed 
below: 



HOL Head-of-line, use a fixed arbitrary priority 
between terminals 

AP Alternating priorities, narned after a special class 
of priority queing schemes. Highest priority is 
assigned to the user with the last packet 
transmission. The other users are assign priorities 
cycl i c all y. 

RR Round Robin, prior to each transmission cycle 
priorities are shifted cyclically, the seeond 
highest priority user become highes t priority etc. 

RO Random Order, each terminal calculates t he 
priorities by using the same Pseudo ra~dom 
number generator. VL 

In fig 18, the performance in terms of channel capacity is shown f vr 
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Fig 18 Capacity of Conflict-free CSMA [1 5] 
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various numbers of users (a ) and various propagation delays ( b). It can be 
seen, that as the number of users increase the capacity of the conflict free 
CSMA scheme drops below the capacity of the normal non-pe r sistent CSMA scheme . 
Here the gain from collision elimination is counter ed by i ncreas i ng over head f or 
the mini-slots . This becomes even more obvious when we have large propagat ion 
delays. In this case the mini-slots have to be enlarged which increases the 
overhead even more. These systems carry the same disadvantages as the ones f or 
satellite systems, the low flexibility when changing t he number of t ermi nals. 
At a moderate number of users and heavy loads, however, per for mance is exellent 
campared to the simple random access techniques. 
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CHAPTER 5 

5. SUMMAR Y 

In this report we have briefly studied some methods used in packet switched 
radio systems. In these systems information is handled in blocks or packets, 
which are transported on a shared wideband radio channel. The channel-sharing 
is accomplished in a distributed manner, without centralized control as.Jn wire 
networks. The various users access the channel by means of an access • algorithm 
. When presented with relevant information, such an algojlithm enables the user 
to decide when to transmit a packet. When using a simple algorithm, there is 
the possibilty that two or more terminals simultaneausly decide to transmit a 
packet. The content of all these collided packets is lost, and all the involved 
users will have to try again at some later instant. Various kinds of 
information can be used by these algorithms. The simplest algorithms use none 
at all, while the most sophisticated algorithms use lots of side-information. 
This can be carrier-levels on the channel, the local traffic load, priority 
assignments and other things. This side-information is normally used to reduce 
or possibly elt\minate collisions, and thereby increase · the ·capacity of the 
channel. { 

\J1lf1 

The sophisticated conflict eliminating algorithms are performing very well 
in high traffic load situations. When the channel is ligthly loaded, however, 
the complexity and o~~~head lowers the performance of these systems. For these 
situations with a li~~ly loaded channel the simple randoro access algo~hms are 
ideall y suited. 

The randoro access methods for dynamical channel sharing perform very well 
compared to the fixed assignment systems, at least at lower loads. The 
flexibility regarding the number of users is very large in most randoro access 
systems. Here we have a kind of "soft degradation", in performance when we 

ol increase the number of users, wheras in fixed assignment systems we can reach O J the state when all band~h is ass/ igned and no more users are allowed . In fig 
/ / 19. we have a compari7'on between a fixed assignment Frequency Division 

Multiple Access (FDMA) system and a slotted ALOHA system. We see that the 
slotted ALOHA system can accomodate substancially more users at low input rates, 
yielding the same average packet delay. 
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Fig 19 Number of users in FDMA and s1otted ALOHA systems. 
R=1 00 kpbs [21 

}./ In fig 20 we also see that the Bandwi:t requirements for a fixed number of 
terminals are in the order of 1000 times 1ower for the s1otted ALOHA system than 
the bandwith required for the FDMA system. In both figures curves for eonstant 
average packet de1ay ar e plotted. It seems that on1y in the high 1oad regions, 
near and above the capaci ty of the ALOHA channe1, FDMA is ab1e to Tom . But 
even here in this region the more sophisticated reservation systems 11 perfo rm 
almost as good as the fixed assigment FDMA system . 

z 
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Fig 20 Bandwidth demand in FDMA and slotted ALOHA. R=lOO kbps. (2] 

·l~) From th1· s 1· t%.all to ev1' dent , that the random access system are superi or to 
FDMA systems when these are to accomodate a large number of bursty users. 
Thanks to this, packet switching will make, and has already made great impact on 
the computer-communication networks. Al so in the field of mobile 
communications , the trend has been towards bursty datacommunication instead of 
the traditional voi ce concept . In this area a lot can be gained by using the 
multiaccess broadeast channel , shared by the random access methods described 
here. 
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