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temporarily inaccessible due to, for example, a broken cable

Abstract- In this paper, we analyze our previously proposed or a long period of noise.

protocol - CSMA/RI, and its closest related protocol
CSMA/CD. Our models inCque the Wldely U.SGd retransmission Molle [5] has deve'oped an approximate model to ana'yze
algorithm - The Truncated Binary Exponential Backoff (BEB)  BEp |n this paper, his results are incorporated into the
algorithm. The analysis is performed under two realistic traffic analysis of the CSMA/RI and CSMA/CD protocols. The

scenarios - the saturation and the disaster scenarios. The p f Molle's BEB approximate analvsis has been
performance comparison of CSMA/RI and CSMA/CD is also accuracy o PP Y

presented. The analytic results are verified by simulations and Verified in [5]. Here, we verify by simulations the accuracy of
are found to be accurate. our analysis of CSMA/CD and CSMA/RI which uses Molle’s

results.

l. INTRODUCTION The remainder of the paper is organized as follows. In

Since the appearance of the Ethernet protocol [1] in migection Il, the CSMA/RI protocol is revisited. In Section Il
70s, it has been extensively analyzed. The Ethernet proto¥t Present the analysis of CSMA/RI and CSMA/CDakfin
is based on 1-persistent Carrier Sense Multipteeas with in Section IV, we verify the analytic results by simulations.
Collision Detection (SMA/CD) [1] with the implementation
of the Truncated Binary Exponential Backoff (BEB) [1] Il. CSMA/RI

retransmission algorithm. Due to the complexity of theye consider a worst-case star topology network whereby
protocol, most analyses relied on model 5|mpI|f|cat|0n§he propagation delay between any pair of stations in the
Many of the analyses focus only either on the access part

(CSMA/CD) or the retransmission part (BEB) of thenetwork is equal ta. The channel is assumed to be slotted

protocol. Moreover, the Poisson arrival process is often uséy rt]ioZnTi:ei:lr:rgog:;eséo;[odge:g:ot% [:gt]ét-irohne tﬁg?(;g;t gb‘:?liet or
in these studies. Since an accurate model of the enti& P

Ethernet protocol was not developed and validated, and here for transmission.
use of the Poisson traffic for evaluating MAC protocols hasAccording to [3] (or Fig. 1), for both CSMA/RI and

been considered inadequate [2], the applications of SUGEMA/CD, stations sense an idle channehit of time after
analyses have been somewhat limited. the end of a packet transmission. A successful packet

Furthermore, the Ethernet protocol suffers from twdansmission is detectedunit of time after it_ is started. If a
drawbacks: (i) it is unstable under certain traffic conditiongollision is detected, all collided stations stop their
and (ii) it does not support multiple services with differenfr@ansmissions and schedule their retransmissions based on the

QoS requirements. In [3], we have introduced the CSMA/REEB  algorithm. The ~ 1-persistent CSMA  version s
(CSMA with Reserations by Interruptions) protocol. We considered here so that when the channel turns from busy to

have demonstrated there with extensive simulatidf!® it may be accessed immediately.

experiments that CSMA/RI performs better and is more|n CSMA/CD, when a successful transmission is detected,
stable than CSMA/CD. In this paper, we present the analygi§ ready stations must wait until the transmission is
of CSMA/RI and CSMA/CD, both using the BEB completed before they can access the channel. During the
retransmission algorithm. The performance of these tWcket transmission, more stations may become ready, and
protocols are analyzed under two realistic scenarios - \;% same rule applies. As soon as the packet transmission is
saturation and the disaster scenarios. completed and the channel is sensed idle, all ready stations

The saturation scenario represents a continuous overld&@Smit immediately into the next slot. Thus a collision will
condition. The results of this scenario indicate a fundamenfcur if the number of the ready stations is greater than one.

limit of a protocol — its worst performance for a given on the other hand, in CSMA/RI, apart from all CSMA/CD
number of stations. Whereas, the disaster scenario [4] mOd@b‘érations, an Rl mechanism is introduced. When a
the response of a protocol to the recovery (power up) fromsgiccessful transmission is detected, instead of waiting for the
major failure. This situation is Ilkely to occur in the local aregansmission to end, all ready stations p|Ck an integer random
networks when the shared channel in the network jgmber,r, between number two and the number of slots of
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Fig. 1. A snapshot of the broadcast channel of CSMA/RI

the ongoing packet being transmitted, to attempt a reservatipsickets at the same time. In this scenario, each station
(by interruptions). Note that the first slot is used for thattempts only one packet transmission untinafpackets are
detection of the successful transmission, therefore it is nasuccessfully transmitted. Here, we derive the time required
interruptible. After choosing, a ready station then interruptsfor all m packets to be successfully transmitted. We also
therth slot of the ongoing packet by sending pseudo-noise fderive their average delay in slots.

a duration ofr. Since the pseudo-noise only lasts famit of To model CSMA/RI and CSMA/CD, as described above,

time, it vanishes within th? Same slot. The _sender th first assume that the channel is slotted, the duration of a
resumes the packet transmission from the point where the

: .slot is 2r. Time is expressed in slots. Moreover, the packet
packet was |n'terrupted. Because of the slotted assumptlglge,b, is fixed. Since the channel is slotted, we follow the
the receiver will be able to paste the fragmented packets [3]. . ) .

o . . - _—.-assumption made in [3] where the overhead of recovering an
Once the first interruption occurs in that packet transm'SS'O?i‘terru tion is assumed to be a timeslot
all other ready stations detect the interruption andf P '
immediately abort their interruption attempts to becomeBy following the classical analysis in [7], we observe that
backlogged stations The stations that performed thethe channel is repeating a cycle that consists of: (i) an idle
interruptions shall be callgdl stations period, (ii) a contention period and (iii) a packet transmission
Lo iod. All cycles are statistically identical. Liém) denote
When the packet transmission is completed and the chan gg[ idle periodC(m) denote the contention period, afign)

is sensed idle, the channel is reserved to RI stations in S .
way that only RI stations can transmit, all backlogged statior‘ijéamte the packet transmission period for the casen of
(

remain silent until the next successful packet transmission-\ ions, and they are expressed in slots. Furthermore, let

; . ; ; m) be the period in the packet transmission that the
?he;elé:lt(as?étligr;[glé?;’Z%r?h(;?’:lgrlloen will occur if the number %hannel carries useful information, antl{m) be the

overhead period within the packet transmission. These two
In CSMA/RI, stations which become ready during areriods are exhaustive, thatTgm) = T,(m) + T,(m).

ongoing packet transmission may interrupt the ongoingAS usual, define the channel throughpt, to be the

Eggkbeéet;a:;rwgssgt wgphé??[/aggisready if no Intem"pthpaction of time that useful information is carried on the

channel. By definition:
With the RI mechanism, ready stations are divided into two
groups: the RI stations and the backlogged stations. Thisg = BT, (m)]

division reduces the number of stations participating in the  E[I (m)] + E[C(m)] + E[T, (m)] + E[T,, (m)]

contention. Thus it is expected that CSMA/RI will perform

better than CSMA/CD. More details on CSMA/RI can b&'here E[I(m)], E[C(m)], E[T(m)], and E[T,(m)] are the
found in [3]. expectations of random variabléém), C(m), T,(m), and

T.(m) respectively.

1)

Ill. PERFORMANCEANALYSIS B. The Contention Period

A. Models, Scenarios and Basic Concepts The analysis of the BEB retransmission algorithm has been
We first consider that a network consists of a fixed numbgrerformed n [Sf] ,\;)ylll\/'lolle. L—|ere,dwe brleﬂyf des(;:rlbeStr;e

of stations,m. Under the saturation scenario, stations ar%r}nportant ﬁart of Molle’s work, readers are referred to [5] for

saturated in the sense that after a completion of each pac@?,re details.

the station immediately generate a new packet. In thisSTo calculate the mean number of slots required for a

scenario, we focus on the throughput performance of tlaccessful transmission iii stations collide at the particular

network and the average delay experienced by the stationstimeslot, Molle first determines the probability that a

. . . . _particular station accesses the channel at each timeslot after
Next, we consider the disaster scenario where at a particutar

time instance, alin stations become ready and transmit theif ©Big Bangof m stations. Under BEB, a station can make



16 transmission attempts of the same packet. A station maygoing packet, hence the number of RI stations has the
attempt its transmission at tireh slot for any of its 16 following distribution:
attempts, where the first slat=1, is the slot the Big Bang

. . @_2 . -X
occurs. LePn(c) be the probability that a statlopcesses the 0 1 B(H_ i H lsxsr-1
nth slot for its €+1)th attempt, then the probability,, that a / 100 b-10
station accesses theh slots after the Big Bang is: Pri(x,1) = D"ll o (6)
15 B( ,X=T
PH:ZPH(C), n=12,... @) -10
] ; r! . . -
According to BEB, a station must access the first slot (i.@ith %(%m , the binomial coefficienty, the number

n=1) for its first attempt (i.e.c=0). If the attempt is _ _
unsuccessful, it will randomly choose a slot from the nexaf RI stations, and, the total number of ready stations
2mn@10 glots to retransmit the same packet. A station maftempting reservations. Hence the contention period after a
access thaith slot for its ¢+1)th attempt if itscth attempt Packet transmission ob slots with m ready stations
occurs at one of the slots1, n-2, ...2""¢19 Hence the attempting reservations can be computed by conditioning and
probability that a station make its+1)th attempt atth slot unconditioning on the number of RI stations:

is:

m
P(0)=1LP(c)=0 c>0 E[Cr (M)] = ;[(Li ~DPr (i,m)]_ )
PO=P_@1H n>1
b9~ -t w n>1c<10 3) C. The Saturation Scenario
Komen=2) P (c-1) Under the saturation scenario, after a successful packet
P(c)= kzm n>1,c=10 . transmission by each station, a new packet is immediately

k=maxa,n*210)

generated. Thusl(m)=0. We consider that the sender is

Assuming all stations that participate in the Big Bang a hable to interrupt i'gs own packet transmission, S0 thanfor

independent, a successful transmission will occurttatsiot .|xed ”“”?ber of statlon§ in the network, onil. stations are .

only if exactly one out ofn stations accesses the channel e{pvolved in the reservation process. Thus under the saturation

nth slot, and no successful transmission is obtained in all tREENario, for CSMA/RI, we ¢ain:

previousn-1 slots. Thus the mean number of slots required g[| (m)] =0

for obtaining a successful transmission (including the first 1

successful slot) after the Big Bang of stations can be E[C(m)] = Z(L‘ ~1)Pg, (i, m-1)
=1

accurately approximated by the following formula:

(8)
0 a ~ n-1 . D E[Tu (m)] = b
L, =3 nimP1-P,) )[U (-mPa-P)™)g Q4% m>1
= O - 5w Emml=g, " T
w [Tk-1 0 AR
=3 -mPa-P))g _ _
= [- 0 where T,(m) includes the overhead for recovering the

] ) ) interrupted slot (one slot) and the overhead for the detection
By (4), the average contention period (excluding thefthe end of the transmission (half slot). Notice that if there
successful slot) of CSMA/CD is thus: is only one station in the network, no interruption will appear,
EIC (M) = L. —1. 5 i. e E[Tw(m)]:l/z: The throughput for_ CSMA/RI_ in saturation
[Ceo (M] =L ©) throughput Ssg, is obtained by substituting (8) into (1).

Due to the reservations by interruptions mechanism inco. ~gma/cD E[I(m)] and E[T(m)] are the same as for

. . . ) u
CSMA/RI, not allm ready stations participate during thecgya/ri, butE[C(m)] follows (5), andE[T.(m)]=% because
contention period, instead, only RI stations are contending f e recovery of the interruption during packet transmission

the channel. R_ecall that the ”“mbef Of.RI stati.ons is.t%es not apply here. Hence under the saturation scenario, for
number of stations which make the first interruption duringgy1a/cD. we get:

the packet transmission. In slotted channel, for a packet size

of b slots, we recognize that the first slot in the packet is notE[I (m)] =0

interruptible as it is used for the detection of a successfulgic(m)) = L, -1

transmission [3]. Thus, the interruption can only appear (9)
between the second slot and the last slot (inclusive) of '[heE[Tu (m)]=b
E[Ty (m)] =%%.



The throughput for CSMA/CD in the saturation scenaridGimilarly, under the disaster scenario, for CSMA/CD, we
Sscp is computed by (1) and (9). obtain:

To compute the mean delay experienced by all stations, wem
first notice that at any time, there arestations waiting for Z E[1()]=
transmission. Furthermore, since each arrival and departuré™
occur at the same time, the arrival rate is equal to thec E[C(i)] = il (L- _1)
departure rate. Therefore the mean delay can be obtaineg1 Z '
using Little’s formula [8]: " (13)
- > E[T, ()] =mb
1=1

L=A0W (10)
m
where S E[T, ()] == {m-1)
L=m =1 2 :
by 1 The duration of the disaster scenario mof stations in

CSMA/RI, Tr, and CSMA/CD, Trcp, can be obtained by
substituting (12) into (11), and (13) into (11) respectively.

Thus the mean delay of CSMA/RDsg, and CSMA/CD, e shall now turn our focus on the average delay ofithe
Dsco are readily obtainable by (8), (9) and (10). stations in the disaster scenario. The average delaycan
be expressed as follows:

_dytdy +dg .- +dp,
In the disaster scenario, all stations starts to transmit at tho = m
same time and each station transmits only one packet in the
entire process. Here we focus on the total time required for wihere d, is the mean delay experienced by Kiie station
m packets to be transmitted successfully. We recognize tiétgparting from the network. For CSMA/RI, based on (8) and
this entire process consists wf cycles of which the first (9), thed, values are computed by the following recursive
cycle can be seen as the saturation scenarostétions, the equations:
second is that ofn-1 stations, and so on. Therefore, the =(L, ~D)+(b+1)
duration of the entire process can be expressed by: k+1

dy = (dy_y +%) +DZ L =2)Pg, (i,m- k+1)[|+(b+1)

™ ELI (m)] + ELC(m)] + ET, (m)] + E[T, ()] -

D. The Disaster Scenario
(14)

T =3 (E10O)+ ECO)+ ET,O1+ET,0) A1) "

1=1
fork=23...,m-1

For CSMA/RI, when the disaster scenario begins, nall = (d,, +¥5)+b.
stations transmit together so that the first contention period |s 1
the m-station Big Bang duration given by (5). However, duéotice that the delay of the first departing station is the sum
to the reservations in SMA/RI, the duration the following of the Big Bang duration ofn stations (.-1), the time
m-1 contention periods is given by (7). In addition, since thequired for transmitting the packeb (slots), and the
interruption does not occur in the last packet transmissiagverhead for recovering the reservation (one slot). The delay
and the process ends as soon as the last packet departestherienced by the second departing station is the delay of
network, the overhead period within the last packehe first station (i. ed;) plus the duration of detecting the end
transmission is zero. Thus under the disaster scenario, fdrthe first transmission (half slot), the duration of the second

CSMA/RI, we yield: contention period (the sum df;{1)Pg, (i,m-k+1) fori=1 to
m mk+1), packet transmission periodh (slots), and the
Z E[1()] =0 overhead of the reservation during the packet transmission
& (one slot). Also notice that the last contention period in this

e process is zero, and the last packet transmission does not
E[C()] = Z %Z (Lj _1)PRI (J.1) H+ (|_m —1) contain any Interruption.
=1y= H (12) For CSMA/CD, thed values are obtained in a similar way
to be given by:
d; =(Lm -1 +(b)

dy = (dy_y +%2) + (Lygesg =D + (0 16
e, o=2am-y k (fo:;ﬂ;( 1 =D+ ) (16)

IIM

E[T ] =

||M 3 ||M 3



Having obtained (14), (15), and (16), the average delay affers shorter mean delay and the duration of the disaster
CSMA/RI, Dpg;, and CSMA/CDDpcp, can be computed. scenario compared to CSMA/CD.

IV. SIMULATIONS V. CONCLUSIONS

In this section, we present the simulation results of the twoWNe have analyzed the performance of CSMA/RI and
scenarios and compare them with the above analytic resul@SMA/CD. Our models include not only the access part of
As assumed before, the channel is slotted with the durationtioé protocols (CSMA/CD or CSMA/RI), but also the
each timeslot equals twice of the propagation delay. A fixegtransmission algorithm (BEB) that is used in the Ethernet
packet size is considered. Furthermore, the followingrotocol. The analysis has been performed under two realistic

parameters are used in the simulation experiments: traffic scenarios (saturation and disaster). We verified that
our models are robust, and we again demonstrated that
TABLE 1 CSMA/RI performs better than CSMA/CD in all cases
Parameters for simulations studied.
Channel Bit Rate 10Mbit/s (0.Jusec bit time)
Propagation Delayg 25usec (256 bit time) REFERENCES
Slot Time 21
Cost of a collision one slot [1] R. M. Metcalfe and D. R. Boggs, “Ethernet: Distributed
Cost of an interruption _ one slot Packet Switching for Local Computer Networks,”
The time required for detectingr Communications of the AGMol. 19, no. 7, July 1976.
a transmission end
Station Numbenn 1,2,3,...,500 [2] W. E. Leland, M. S. Taqqu, W. Willinger, and D. V.
Packet Sizeh (i) 5 slots (320 bytes) Wilson, “On the self-similar nature of Ethernet traffic
(if) 25 slots (1,600 bytes) (extended version) [EEE/ACM Trans. Networkingvol.

As shown from Fig. 2 to Fig. 9, the analytic (plotted in  2» N0 1, pp. 1-15, Feb. 1994.

lines) and simulation results (drawn with symbols) arg) c. H. Foh and M. Zukerman, “Improving the Efficiency
indistinguishable. Notice that the only approximation used in" of CSMA using Reseations by Interruptions,Proc.
the analysis is the Molle’s equation (4). This approximation is |EEE |CC '0Q June 2000.

known to be very accurate. This paper further confirms the o . .
accuracy of this approximation. The saturation throughput &l C. Bisdikianm, “A review of randomcaess algorithm,”
presented in Fig. 2 and Fig. 3 with different packet sizes. We |EEE802.14 Working Group Document No. 802.14-
see that although there is not much benefit gained for using 96/019 Jan. 1996.

CSMA/RI for short packets when all stations are saturate;j; M. Molle, “A New Binary Logarithmic Arbitration
the benefit becomes very significant for longer packets. AS" \ethod for Ethernet,” Technical Report CSRI-298,

demonstrated in Fig.'3, the saturati_on throughput of Computer Systems Research Institute, University of
CSMAJRI for b=25 remains above 75% with as many as 200  Tgronto, Canada1994.

saturated stations in the network while CSMA/CD achieves

only 28% throughput level. Furthermore, CSMA/RI managd$] S. S. Lam, “A Carrier Sense Multiplecéess Protocol for
to sustain above 65% throughput level for 500 saturated Local Networks,” Computer Networkst, pp. 21-32,
stations. In contrast, only around 15% achieved by 1980.

CSMA/CD under the same condition. [7] F. A. Tobagi, V. Bruce Hunt, “Performance Analysis of

The Comparison of normalized mean de|ay for CSMA/RI Carrier Sense Multlple Access with Collision Detection,"
and CSMA/CD in the saturation scenario is presented in Fig. Computer Networkd, pp. 245-259, 1980.
4 and Fig. 5 with two different packet §izes. The mean delay 5 Little, “A Proof of the Queueing Formula AW,”,
in seco'nds shown (in bra}cket)' in the figures is based on Operation Res., vol. 9, pp. 383-387, March-April 1961.
simulation parameters given in Table 1. As can be seen,
stations using CSMA/CD suffer longer packet delay than
those using CSMA/RI in both cases: average of 3.5 seconds
experienced by 500 saturated stations in CSMA/CD with
packet size of 320 bytes, while only 1.3 seconds in
CSMA/RI; 4.0 seconds and only around 0.9 seconds of delay
experienced by the same number of saturated stations with
longer packets (1.6k bytes) in CSMA/CD and CDMA/RI
respectively.

Similar results are found in the disaster scenario given in
Fig. 6 to Fig. 9. In both cases of packet sizes, CSMA/RI
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