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Abstrat

This paper addresses the problem of maximizing the apaity of multihannel

Slotted ALOHA networks subjet to a deadline and a permissible probability of

exeeding it. A previous paper proposed to transmit a non-dereasing number of

opies of a message in suessive rounds until suess or deadline. This yielded a

low probability of failure due to the large maximum number of opies per message,

with only minimal \pollution" due to the small mean number of opies. In this

paper, we examine another way of implementing variable resoure expenditure in

di�erent rounds: the hannels are partitioned into groups, one for eah round

(until the deadline), and the hannels used by later rounds are operated with lower

o�ered loads. These Multiple Working Point (MWP) poliies are shown to attain

a lower apaity than the optimal Multiopy (MC) sheme. Combining the two

to form an MC-MWP sheme slightly improves apaity over MC-SWP. The SC-

MWP approah an be more attrative when using a single transmitter per station

beause, unlike MC, transmission time is not prolonged. Therefore, as the trend

from high orbit satellites to networks with lower propagation delays ontinues,

Multiple Working Point poliies should beome of more interest.

Keywords: Multihannel ALOHA, satellite networks, deadline, multiple working points.

1 Introdution

ALOHA [1℄ is the simplest aess sheme beause it does not require hannel sensing

or ollision detetion, but performs worse than more elaborate shemes when those are

pratial. An important use of ALOHA at present is by satellite ground stations, beause

the long propagation delay preludes timely hannel sensing. ALOHA is used as the

primary aess sheme for short messages, and in order to reserve hannels for long ones

[2℄.

Fig. 1 depits a typial satellite-based ALOHA network. The stations transmit data in

globally synhronized time slots over ontention uplink hannels (dashed lines). Suess-

ful reeption by the hub is aknowledged by it immediately over ontention-free downlinks

�
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Figure 1: A typial hub-based satellite network.

(solid lines). The hub an be terrestrial or part of the satellite. If several simultaneous

transmissions our, none of them sueed. Stations an only learn about a ollision

through the absene of an aknowledgment. The time from the beginning of a transmis-

sion until the time by whih an ACK for it must be reeived (or else it is onsidered to

have ollided) is referred to as a round. Unlike slots, whih must be synhronized among

the stations, a round is \private" and requires no oordination. A station retransmits

pakets until they sueed or until a deadline is exeeded. The typial duration of a

round is up to several tens of slots.

In a single-hannel ALOHA network, the retransmission delay (upon not reeiving an

ACK) must be randomized to prevent de�nite repeated ollisions. To improve stability, a

station must moreover inrease the mean bak-o� time in later rounds. Current satellite

networks employ as many as hundreds of hannels. When operated with ALOHA, e.g.,

for small transations, a station piks a hannel at random for eah transmission. The

hub an reeive onurrently over all hannels. The randomized retransmission delay is

replaed with immediate retransmission over a randomly hosen hannel.

Over the years, the bulk of the researh on ALOHA and related reservation shemes,

e.g. [3℄, onerned maximizing apaity. Some attention was given to delay-throughput

trade-o�s and other performane measures. The advent of multihannel ALOHA net-

works has given rise to the use of redundant transmissions for performane improvement.

For example, [4℄ studies Multiopy ALOHA (MC), whereby a station transmits several

opies of a paket in eah round, as a way of improving delay{throughput performane.

(We refer to this as \redundany" beause, unlike retransmission upon failure, some of

the transmissions may not be required.)

Reently, Birk and Keren [5℄ proposed an optimization problem that reets both

intuitive user requirements and the desires of network designers: maximization of apa-

ity subjet to a deadline and a permissible probability of exeeding it. They proposed a

non-stationary Multiopy (MC) transmission poliy, whereby a station transmits a mono-

tonially non-dereasing number of opies in suessive rounds until suessful reeption

or deadline. Dynami programming was used to optimize the transmission sequene,

resulting in a substantial inrease in apaity relative to that attainable with lassial

ALOHA or even with (�xed) MC ALOHA [4℄. The advantage is more pronouned for

striter onstraints. They moreover adapted the optimized sheme to the pratial situ-

ation wherein a station only has a single transmitter. This was done by transmitting a

burst of opies in suessive slots over randomly hosen hannels, and then waiting for

ACKs for all of them before proeeding to the next round. This tehnique, dubbed Round



Strething, was shown to ahieve similar apaities to the multi-transmitter sheme in

most situations. Fig. 2 illustrates the idea. Note that, for any given deadline, Round

Strething may redue the permissible number of rounds.

Figure 2: Round Strething.

One an use pure MC poliies, whereby the number of opies transmitted in any

given round is deterministi (albeit not the same for all rounds), or impure poliies

whereby it is randomized. This idea is studied in [6℄ in the ontext of optimizing the

throughput{delay trade-o� with MC ALOHA. Preliminary researh results [8℄ suggest

that an impure variant of the repliation-based sheme of [5℄ produes an insigni�ant

inrease in apaity.

Multislot messages were �rst onsidered in [5℄ for single-round transmissions. A multi-

round approah is developed in [8℄. For aK-slot message, redundant single-slot fragments

are omputed using blok erasure-orreting odes, suh that any K fragments suÆe for

message reeption. With the Multiround Coding sheme, an optimized number of frag-

ments are transmitted in eah round until K are reeived or the deadline is reahed.

Even with very strit onstraints, apaities that approah the 1=e limit are attained.

The Coding{Reservation sheme, also proposed in [8℄, raises apaity above 1=e by us-

ing the foregoing fragment transmissions to also request ontention-free hannels, whih

are granted one some fragment(s) are reeived prior to the deadline and used for the

remaining required fragments.

The key idea in the repliation-based sheme of [5℄, whih is employed in this paper

as well, is to permit a large maximum hannel-resoure expenditure per message while

keeping the mean expenditure low. This is done by being more \wasteful" in the later

rounds, whih are less likely to even take plae. By so doing, the probability of failure an

be made very low (beause a message fails only after the maximum has been spent on it)

without giving up muh apaity. In [5℄, the expenditure manifested itself as speulative

transmission of multiple opies in late rounds.

In this paper we propose and study an alternative way of ontrolling the resoure

expenditure: the hannels are partitioned into groups, one per round, with lower o�ered

loads in the hannels used for later rounds. (The number of hannel groups equals the

number of permissible transmission rounds until deadline.) This approah is dubbed

Multiple Working Points (MWP). We begin by omparing the SC-MWP sheme (single

opy per round) with the MC-SWP sheme of [5℄. Then, the methods are ombined into

MC-MWP. Only single-slot messages are onsidered.

The remainder of the paper is organized as follows. In Setion 2, we present the

network model that is subsequently used for performane analysis, derive some prelimi-



nary mathematial relations for use in later setions, and de�ne the design spae of our

problem. Setion 3 proves that eah round should best a single working point and a de-

terministi number of opies. Setion 4 provides a general mathematial analysis of MC

MWP poliies, Setion 5 presents performane results, and Setion 6 o�ers onluding

remarks.

2 Network model and preliminaries

2.1 Model and de�nitions

The network omprises ground stations that transmit single-slot messages over randomly

hosen hannels. A hub monitors all hannels and ACKs all suessful reeptions. The

lak of an ACK when it is expeted indiates a ollision. A station transmits in rounds,

waiting for the results of one round before ontinuing to the next, until the deadline; then,

an as-yet unreeived message is delared lost. (We will onsider very small permissible

loss probabilities. Therefore, \lost" messages may be reissued with negligible e�et on

performane.)

We assume an in�nite number of stations and a large number of hannels. The number

of transmissions over any given ontention hannel in any given time slot is a Poisson

random variable, independent from slot to slot and from hannel to hannel. Thus, the

probability of ollision of paket is only a funtion of the o�ered load on the hannel.

This is an approximation, but the large number of hannels along with the randomization

make it lose, and auses the degradation when used in �nite networks to be graeful.

Finally, the inauraies are unlikely to distort the omparison among shemes.

ALOHA an be bistable in ertain regions. However, espeially in hub-based multi-

hannel networks, it is possible to employ algorithms that detet suh situations and

\push" the network into the \good" stable point. The analysis in this paper applies to

stable operation.

A user-spei�ed deadline is expressed in time units. For faility of exposition, we

de�ne this to be the time from the �rst transmission until the time of the latest trans-

mission that would still arrive by the deadline. With �xed-size slots, we use D

s

to express

the deadline in slots. For rounds of �xed duration, we use D

r

to denote the maximum

permissible number of rounds. P

e

denotes the permissible probability of missing the

deadline.

When Round Strething [5℄ is used, let T

A

denote the number of slots from single-slot

transmission until ACK (assuming suess) or until the next transmission may take plae

(assuming ollision). Then,

D

s

= (D

r

� 1)T

A

+N

max

; (1)

where N

max

is the maximum total number of transmissions of a message until its deadline.

When T

A

� 1, D

r

is not a�eted muh by N

max

, and Round Strething hardly hanges

performane. For small T

A

, the e�et varies.

Channel Capaity. Beause messages may be dropped, albeit with a low probabil-

ity, a distintion was made in [5℄ between the generation rate of messages, S

g

, and the

throughput S. Spei�ally, S = (1 � P

e

)S

g

. Derivation of hannel apaity is ompli-

ated in MWP networks by the fat that several groups of hannels are used. If the mean

traÆ on a set of ontention hannels with an o�ered load G is n transmissions per slot,

then the required number of hannel slots is

n

G

. (\Channel slots" is a measure of hannel



resoures, not delay.) We therefore derive both the apaity S and the generation rate

S

g

by examining the mean number of hannel slots onsumed by a message (suessful or

generated for S and S

g

respetively). Consequently, we an again write S = (1� P

e

)S

g

.

2.2 Useful relations

For pure MC-SWP poliies [5℄,

S

g

=

G

E[N ℄

; (2)

where E[N ℄ denotes the expeted number of transmitted opies per message until suess

or deadline. Channel apaity is thus

S = S

g

(1� P

e

) =

G(1� P

e

)

E[N ℄

: (3)

The total number of opies transmitted per message is N =

P

i

n

i

�

P

D

r

i=1

n

i

� N

max

,

where n

i

denotes the number of opies transmitted in round i. The probability of ollision

is P



= 1�e

�G

. Sine P [reah round i℄ = (P



)

P

i�1

j=1

n

j

, the expeted total number of opies

per message is

E[N ℄ = n

1

+

D

r

X

i=2

n

i

(P



)

P

i�1

j=1

n

j

: (4)

2.3 Design Spae

The design spae for single-slot messages has several dimensions: single/multiple opies

per round; single/multiple working points; stationary/non-stationary; and pure/impure.

Stationary poliies do the same thing in every round, whereas non-stationary ones are

round-dependent. Pure poliies are deterministi, whereas impure ones are probabilisti,

e.g. hoose among several working points or among several numbers of opies in a given

round. (Seletion of a hannel among those in the same group does not onstitute

impurity.)

The remainder of the paper is organized as follows. In Setion 3, we prove that

with MWP poliies, eah round should best use a pure SWP poliy. This, ombined

with simulation results whereby ***, allows us to fous on pure poliies. Setion 4

provides performane analysis for MC-MWP ase, of whih SC-MWP is a speial ase.

Setion se:mwpresults*** and Setion se:mwponlusions o�ers onluding remarks.

3 Optimality of a single working point per round

Impurity of an MC-MWP poliy an entail a probabilisti hoie of the nubmer of opies

in any given round (with a possibly di�erent mean for eah round), as well as a prob-

abilisti hoie among several working points. Numerial results have shown that, with

multi-round MC-SWP poliies, a probabilisti number of opies an inrease apaity,

but the inrease is minute; also, pure ones appear to be optimal for a single round [?℄.

In view of this, we assume a deterministi number of opies in eah round, denoted n

i

.



In the remainder of this setion, we prove that it is best to use a single working point for

eah round.

Realling the assumptions that were made, and that the fate of a transmitted opy

is only inuened by the o�ered load (working point) of the hannel that it is using, let

us onsider a single round. We initially assume that it is alloated two sets of hannels,

operated at di�erent working points, and show that it would have been better to use a

single (di�erent) working point.

Theorem 1 SWP poliies are optimal among single-round poliies that transmit a de-

terministi number of opies at eah of the WPs they use.

Proof: We will prove that replaing two opies transmitted at two di�erent WPs with two

opies transmitted at a single WP, suh that the probability that both fail is unhanged,

redues required hannel resoures. Sine only SWP poliies don't have mergable opies,

this implies that only SWP poliies an be optimal.

Consider two opies transmitted at two WPs with hannel error probabilities P



1

and

P



2

. The probability both opies olliding is P



1

� P



2

.

Suppose WP

m

(m = 1; 2) operates at an o�ered load of G

m

opies per hannel per

slot. If the ombined mean traÆ over all hannels operating at WP

m

is n

m

opies per

slot, the requred number of hannels is

W

m

=

n

m

G

m

: (5)

Therefore, the total number of hannels required for the two working points in \support"

of the transmission of a single opy at eah of them is

W =

1

G

1

+

1

G

2

: (6)

The same probability of error an be obtained by transmitting two opies at a single WP

with ollision probability

~

P



=

p

P



1

P



2

: (7)

Aording to (5),

~

W =

2

~

G

(8)

hannels are required. It suÆes to show that

~

W � W . For the detailed proof, see [7℄. t

4 Capaity of pure MC-MWP shemes

P

e

=

D

r

Y

i=1

(P



i

)

n

i

: (9)

The generation rate at WP i is

S

g

i

=

G

i

E[N

i

℄

=

G

i

n

i

: (10)



The number of hannels neessary for later rounds is a�eted by the amount of mes-

sages entering those rounds, whih is lower if \leaner" WPs are used in earlier rounds.

In order to derive the network apaity (mean suessful messages per hannel slot), we

must alulate the number of hannels neessary for eah WP, followed by the throughput

obtained in eah hannel. Summing the throughputs and dividing by the total number

of hannels yields the normalized (per hannel) apaity.

Consider W

1

hannels used for WP 1 in the �rst round. The generation rate of

messages in the network is S

g

1

W

1

. The rate of messages entering round 2 is S

g

1

W

1

(P



1

)

n

1

.

However, it is also equal to S

g

2

W

2

, so

W

2

=W

1

S

g

1

S

g

2

(P



1

)

n

1

: (11)

Similarly, S

g

1

W

1

Q

i�1

k=1

(P



k

)

n

k

messages enter round i, and

W

i

= W

1

S

g

1

S

g

i

i�1

Y

k=1

(P



k

)

n

k

; i � 2: (12)

The network generation rate is

S

g

=

W

1

S

g

1

W

1

+

P

D

r

i=2

W

1

S

g

1

S

g

i

Q

i�1

k=1

(P



k

)

n

k

; (13)

and, aording to (??),(10), and purity in round i,

1

S

g

=

1

S

g

1

+

D

r

X

i=2

1

S

g

i

i�1

Y

k=1

(P



k

)

n

k

=

n

1

G

1

+

D

r

X

i=2

n

i

G

i

i�1

Y

k=1

(1� e

�G

k

)

n

k

; (14)

and the apaity is S = S

g

(1� P

e

).

5 Numerial results

In order to ompare the performane of MWP poliies with SWP poliies, a omputer

program that, given (n

i

) and P

e

, optimizes fG

i

g aording to (14), was written. If

neessary, an external loop on (n

i

) is performed, and the best result is piked.

This setion is organized as follows. First, performane of SC MWP poliies will be

examined, and a omparison between SC MWP and MC SWP mehanisms will explain

performane di�erenes. Then, we elaborate to MC MWP poliies, and their apaity

will be shown to be slightly better than optimal MC SWP poliies [5℄. Finally, Round

Strething in MWP poliies will be studied.

5.1 SC poliies

Table 1 shows the performane of SC MWP and SC SWP poliies for several delay

onstraints. The use of multiple WPs provides a major performane boost.



Table 1: The apaity of MWP and SWP poliies.

D

r

P

e

SWP MWP

SC Optimal MC SC Optimal MC

S (n

i

) S S (n

i

) S

3 10

�2

0.190 1,2,4 0.279 0.233 1,2,4 0.281

10

�3

0.095 2,3,7 0.247 0.158 1,2,6 0.248

10

�4

0.045 2,3,10 0.233 0.110 2,3,9 0.234

5 10

�2

0.306 1,1,1,2,3 0.340 0.335 1,1,1,2,2 0.342

10

�3

0.217 1,1,1,2,5 0.321 0.296 1,1,1,2,5 0.324

10

�4

0.145 1,1,2,3,8 0.313 0.264 1,1,2,3,7 0.314

5.2 Comparing mehanisms

The added dimensions of freedom of multiple WPs are ertainly Bene�ial. Therefore,

SC MWP is better than SC SWP. However, optimal MC SWP poliies [5℄ are even better.

Examining the di�erenes between the MC SWP and SC MWP mehanisms an provide

insight.

In optimal MC SWP poliies [5℄, the probability that the message is suessfully

transmitted in later rounds is inreased by inreasing the number of opies used in those

rounds. The probability of failing to meet the deadline, P

e

, deays exponentially in N

max

,

the maximal total number of opies transmitted.

P

e

= (P



)

N

max

: (15)

Therefore, given some WP, N

max

is logarithmi in P

e

, so

N

max

=

lnP

e

lnP



: (16)

However, the message does not always utilize all the rounds, so the expeted total number

of opies transmitted per message, E[N ℄, grows less than logarithmially in P

e

. The ost,

in terms of hannels, needed to maintain a low error probability, is not very high.

In SC MWP poliies, the probability that the message is suessfully reeived is

inreased for late rounds by maintaining \lean" WPs for those rounds. The o�ered load

on those hannels is (??)

G � 1� e

�G

= P



; G� 1: (17)

Therefore, aording to (5) the number of hannels required for eah \late" round is

roughly inversely proportional to the probability for hannel ollision in that round. The

ost, in terms of hannels, needed to maintain a low error probability, is quite signi�ant.

5.3 Optimal poliies

When deadlines are added, MC SWP poliies provide major apaity improvements over

lassial ALOHA [5℄. When multiple WPs are added, there is a small performane

improvement for the same sequene (n

i

). Using another sequene (n

i

) is sometimes even

better. Therefore, an external loop on (n

i

) is needed in order to �nd the optimal MC

MWP poliy.



Table 1 shows the performane of optimal MC MWP and optimal MC SWP poliies,

for several delay onstraints. The improvements in apaity are below 1%. The onlusion

is that if apaity is the main design goal, using MWP poliies might not be worth the

added implementation omplexity.

5.4 MWP Round Strething

In Table 1, even when SC poliies were used, the performane of MWP poliies was

reasonable. When Round Strething is onsidered for (possibly MC) MWP poliies, a

major onern is the trade-o� between adding an additional round, or inreasing N

max

.

Numerial results suggest that for MWP poliies, it is usually better to use as many

rounds as possible, although this keeps N

max

small.

Table 2: MWP slot savings vs. optimal MC SWP poliies [5℄.

D

r

P

e

SWP MWP Savings

(n

i

) N

max

S (n

i

) N

max

S

3 10

�2

1,2,4 7 0.279 1,2,3 6 0.280 1

10

�3

2,3,7 12 0.247 1,2,5 8 0.247 4

10

�4

2,3,10 15 0.233 2,3,7 12 0.233 3

5 10

�2

1,1,1,2,3 8 0.340 1,1,1,1,2 6 0.341 2

10

�3

1,1,1,2,5 10 0.321 1,1,1,2,3 8 0.323 2

10

�4

1,1,2,3,8 15 0.313 1,1,2,2,5 11 0.313 4

Sine MC MWP poliies have slightly higher apaity than MC SWP poliies, we de-

ided to hek how many slots of delay an be saved using MWP poliies, while attaining

at least the same apaity as the optimal MC SWP poliy [5℄. We held D

r

onstant,

and heked how muh N

max

an be dereased. Table 2 shows that MWP poliies an

provide a signi�ant savings in N

max

. When striter delay onstraints are used, N

max

rises, as does the savings in slots.

Fig. 3 depits hannel apaity with Round Strething for MWP poliies using the

(P

e

; D

s

) onstraint. Results for Classial ALOHA and SWP poliies [5℄ are shown for ref-

erene. The �gure also depits a MWP poliy with an unlimited number of transmitters

per station. The onlusions are as follows:

� For large D

s

, hannel apaity approahes 1=e, the upper bound on apaity with

Slotted ALOHA.

� For any given sheme, apaity inreases with an inrease in D

r

. With Round

Strething, however, espeially for values of D

s

that barely permit another round,

one must deide whether to inrease D

r

at the ost of signi�antly reduing N

max

or

stay with one fewer round and slightly inrease N

max

. The result of optimization is

that, as D

s

is inreased and permits an additional round, the hannel apaity with

multiple transmitters rises immediately, whereas that with Round Strething stays

at until suh value of D

s

for whih an inrease in D

r

is warranted. Then, apaity

rises sharply and eventually omes lose to that with multiple transmitters per

station. The MWP poliies, due to their ability to use \lean" last rounds, ope

well with onstraints on N

max

. Therefore, when optimized, they elet to use an
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Figure 3: Channel apaity of MWP and SWP poliies with Round Strething. P

e

=

10

�3

; T

A

= 5.

additional round earlier (already at smaller values of D

s

) than SWP poliies do.

For this reason, MWP poliies an save several slots of delay in Round Strething.

� In Fig. 3, MWP and SWP poliies have idential performane up toD

s

= 7, beause

a single round is used and the same (single) WP is thus hosen.

6 Conlusions

This paper foused on the maximization of apaity for single-slot messages in multi-

hannel Slotted ALOHA networks. It explored the use of di�erent working points in

di�erent rounds as a means of implementing non-stationary expenditure of network re-

soures in order to ahieve low probabilities of failure while holding down the mean

per-message resoure expenditure. Through numerial results as well as some analytial

insight, this this Multiple-Working-Point approah was shown to be generally inferior to

ontrolling the number of opies per round. (Nonetheless, it is signi�antly advantagous

over the onventional SC-SWP approah.) An MC-MWP hybrid o�ers only a slight

advantage when a station is equipped with multiple transmitters, but this advantage

inreases in the ase of a single transmitter and round strething, espeially when the

permissible delay is small and the permissible probability of failure is small. As the trend

from high orbit satellites to networks with lower propagation delays (and thus fewer slots

per round) ontinues, MWP poliies, should beome of greater interest.

One diretion for future researh is the use of MWP poliies for multislot messages.

The ombination of Coding{Reservation shemes [8℄ that provide impressive apaity

gains, with MWP poliies that do well for Round Strething, is ertainly of interest.

Another diretion for future researh involves multiple servie ategories. Several lasses

of messages requiring di�erent qualities of servie (di�erent onstraints) an be alloated

several sets of poliies, eah using some set of WPs. However, joint optimization of the

problem might be better.



Finally, we note that the results of this paper serve as yet another example of the

bene�ts gained from the judiious use of redundany for performane enhanement.
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