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Abstract—This paper presents CSMA/ECA, which combines to the channel characteristics, and can fairly coexist$ wit
the efficiency of reservation-based protocols and the simigity |egacy CSMA/CA stations. Finally, CSMA/ECA is easy to
of random access mechanisms. The maximum efficiency Ofimplement with no additional computational costs.

CSMA/CA with optimal parameter adjustment is easily ex- Th t of th . ized foll . Secti
ceeded by CSMA/ECA, even when fixed parameters are used ef rest o € paper Is Orga”'ze as_ 0 OWS_' ection
by the latter. CSMA/ECA stations fairly coexist with legacy Il defines the CSMA/ECA algorithm, then in Section III a
CSMA/CA and increase the portion of time that is devoted to Markov Chain model to predict the length of the transitory
successful transmissions while decreasing the number oflésions  phase is described. Implementation issues and the penficema
and empty slots. The proposed mechanism initially behaves o\ 4)yation results are discussed in Section IV while Sactio

as a CSMA/CA network, but it progressively converges to a t . f th lated K in th Finall
collision-free deterministic operation. The convergenceprocess presents an overview or the related work In the area. Finally

can be modelled as a Markov Chain to assess the duration of SOmMe conclusions are given.
the transitory phase.

Il. ENHANCED COLLISION AVOIDANCE
. INTRODUCTION In CSMA/CA the channel time is implicitly divided into

The key property of Carrier Sense Multiple Access (CSMAglots. Three different kinds of slots are differentiatedipty
networks, such as the one used in IEEE 802.11 [1], is that tiwen no station attempts transmissisoccessfulf one (and
stations listen before transmitting. A station with datasémd only one) station transmits; ancbllision if more than one
senses the channel for a given amount of time and, if tséation simultaneously transmit. The channel time spent in
channel is idle, the station transmits. If a collision osgithe empty slots or collision slots is wasted.
station defers the transmission for a random number of.slots Whenever a collision occurs, the station chooses a random
The efforts to reduce the number of collisions are motivatdshckoff valueB from a contention window of siz€'W, i.e.,
by the fact that collisions represent a significant wasteeef r
sources in wireless networks. Since stations can only tnéans B ~u[o,CW — 1, @
or receive at any point in time, it is not possible to immeeliat wherei/ is the uniform distribution.
detect a collision and interrupt the transmission. For the rest of the paper, we consider that the stations

Despite the possibility of collisions, CSMA/CA is still analways have a packet ready to transmit (the are in saturation
appealing protocol for WLANS. It is lightweight, it takes-ad mode). As a consequence, the stations are either tramsgitti
vantage of statistical multiplexing to accommodate buistfr  receiving or backing off; they are never idle. In CSMA/CA,
fic and it can be executed in a distributed fashion. CSMA/Ce stations have to backoff both after collisions and sssfce
is especially fitted for networks with a large number ofransmissions. For collisions, the backoff has to be necigs
stations that sporadically send packets. However, CSMA/GAndom to prevent a new collision in the retransmission
was not designed to benefit from the fact that some statiofigempt. However, for the second case, we will show that the
have multiple-packet messages [2], [B§. stations that store backoff value can be deterministically selected.
several packets in their transmission queues. o o

When stations send multiple consecutive packets, it is po%- Deterministic Backoff After Successful Transmissions
sible to use the feedback obtained from previous transamissi By choosing a deterministic backoff after a successfulsran
to adequately schedule future transmissions. For this reaission and a random backoff otherwise, the system conserge
son, we propose CSMA with Enhanced Collision Avoidand® a collision-free operation when the number of active et
(CSMA/ECA), a modification to the CSMA/CA protocol thatis not greater than the value of the deterministic backofthke
further reduces the number of collisions while maintairétly case of a successful transmission, the deterministic heinav
its versatility and power. stabilizes the system. Conversely, if there is a collisite,

In this paper we will show how CSMA/ECA can achieveandomness of the backoff provides a change that would
collision-free medium access after a transitory phase, afdesirably) avoid more collisions.
hence exceed the maximum theoretical performance ofCSMA/ECA exploits the information gathered from previ-
CSMA/CA. CSMA/ECA is totally distributed and it is robustous transmission attempts to further reduce the collisibgs
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Fig. 1. CSMA/CA is compared to CSMA/ECA in an example in whigbo saturated stations contend for the channel. When CSKIA/ES used, after
both stations have successfully transmitted, the behawbthe stations is deterministic and no more collisionsuncc

performing a random search to find free slots until collisiont b — U[0, CW,nip, — 1];

disappear. Then the a station keeps using a deterministiovhile there is a packet to transmio
backoff after each successful transmission, until a dollis 3 a<—0;

occurs and the station moves back to the random behaviour. while a < A do

Note that this collision have to necessarily be caused bysa while b > 0 do
station using random backoffs, since collisions amongostat 6 wait 1 slot ;
that behave deterministically are not possible. 7 b—b—1;
Consider the case depicted in Fig. 1, whe8TA Oand s Attempt transmission ;
STA ) contend for the channel. For simplicity, all the slots are if succesghen
represented with equal sizes. Also the transmission ateemp [+ Determnistic backoff. */
are represented as shaded boxes. The backoff value chosemn by b1V,
each station is shown in brackkt¥he upper channel time line11 break ;
corresponds to legacy CSMA/CA operation, while the lowez else
one shows our proposed CSMA/ECA operation. 13 a—a+1;
In this example, the CSMA/CA stations collide, succesgfull /= fall to random backoff. */
transmit and eventually collide again. When CSMA/ECA i b — U0, min(CWiin * 2%, CWinaz) — 1];
used, collisions disappear after all stations have sufidbss Algorithm 1: CSMA/ECA

transmitted, because the backoff is selected deternualbsti
It is useful to imagine a virtual fran3ef V' slots (represented
with a dotted line in the figure) and observe that after g, ghtained from CSMA/ECA in steady-state collision-free
successful transmission, the stations transmit in fixed Stﬁlperation is:
positions within the virtual frame in a TDMA fashion.

Algorithm 1 shows the protocol that is distributedly exe- ¢ T,
cuted in each of the contending stations, whieigthe backoff ¢ = cT.r(V—9 T
counterCW,,,;,, andCW,,,. are the minimum and maximum s €
contention windows respectively, is the number of trans-

- . . I Fig. 2 shows the efficiency obtained with CSMA/ECA
:;Lz?:g:sat;rgftiife zleeter?z?(r;rir;ltji::nbr;lir::; ;glfutéansmlssmncompared to CSMA/CA. The CSMA/ECA values include both

transitory and stationary operation with 95% confidencerint
B. Efficiency of CSMA/ECA during Steady-State Operationval. The IEEE 802.11b standard has been assumed, together

Let us define the channel efficiency)(as the fraction of With a data rate of 2 Mbps and a packet size equal to 1500
channel time that is devoted to successful transmissions, bytes. The efficiency is represented for an increasing numbe
of contendingstations (with data to send). The efficiency of

6= PTs (2) CSMA/ECA s computed as presented in (3) using= 16, the
P.T. + P.,T, + P.T.’ upper bound for CSMA/CA with dynamic parameter adjust-

where P., P, and P. are the empty, success and CO||isi0,ﬁnent is. obtainec_zl from [4], an.d the performance of CSMA/QA
probabilities, respectively. And,, T, and . are the duration iS obtained as in [5]. The simulation were performed using
of an empty, successful and collision slot, respectively. ~ MAC layer custom simulator implemented in Octave.

Then, for a number of contending statiorg fiot greater  Before achieving steady-state, a CSMA/ECA system goes
than the size of the virtual frame, the efficiency that cathrough a transitory operation with and efficiency betwéet t

of CSMA/CA and the efficiency in (3). During this transitory

1The deterministic backoff after successes is a value thaerdis on the phase only a fraction of the collisions is avoided, and the
802.11 flavor (see Section IV-A). In the example, a valud ®fis used. . . !

2Some works refer to data-link layer PDUs as frames. In thiglay a NUMBber of stations that successfully transmit (and thusause

frame is a group of slots. Data-link layer PDUs are calleckptsc deterministic backoff) is a random variable characterizext.
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Fig. 3. A tree is used to evaluate the different outcomesahafpossible in
a system withc = 3 andV = 4.

08 | 4

csmaleca, upper bound using fixed parameters
csma/ca, upper bound using dynamic parameter adjustment ———-—
csmalca using fixed parameters - - - - -

S S S e o Proof: By contradiction, let us assume that there is only
umber of actve stations one station that randomly selects the transmission slot in
Fig. 2. The performance of CSMA/ECA with fixed parametersampared virtual framen. HO_W_ever’ this is not p.OSSIble, Sln(_:e_a collision
to CSMA/CA with fixed and dynamic parameters. Simulationsulis are 0ccurs when a minimum of two stations transmit in the same
provided for CSMA/ECA. slot, there must be at least two stations that will randomly

select the transmission slot in virtual frame [ |

I1l. A DISSECTION OF THECONVERGENCEPROCESs  A. Computing the Transition Probability Matriy; ;

frame size ofV slots,2 < ¢ < V. We will assume that the transmit in different slots, while the rest of the stations
transition process occurs in a frame-by-frame Badist X,, (s — 7) randomly transmit in any of thé” slots. Note that

be the random variable that represents the number of ssatié®f the special case¢ = 0, the problem is reduced to the
that successfully transmitted in the frame Then we can COmMputation of the number of successes that are obtaineal whe

model the transition process as a time-homogeneous Markogtations transmit inl” slots and can be solved using the

Chain whose state space is model suggested in [6]. For any other valueio(i # 0),
the approach in [6] is no longer applicable, since it assumes
S = {5;|0 <i <<}, (4) that there are slots reserved for the stations that suctlyssf

with initial state S, and a stable stat§.. transmitted in the previous frame.

We are interested in computing the transition probabilit For large values oF” ands, the brute force approach is com-

; o . L . putationally impractical. However, as we are only intezdsh
matrix P which is the matrix of one step transition probabil: ; o . :
. : the number of stations, the specific slots at which they iréins
ities p; ; defined by*

are equivalent, and the same holds for the specific stations.
pij = Pr(Xps1 =jlX,=1); 0<4,j <. (5) With this in mind, we propose the following method to
) . computeP. Assume that the previous stateSs and we want
In order to compute; ; we will need the following results. 4 compute the probabilitigs, ; for all valuesd < j < . Now
~ Claim 1: The system is stable wheki,, = ¢, i.e. stateS;  consider a transmission in the current frame. This trarsions
is absorbing. can be in any of thé& (for now, empty) slots. Since all these
slots are empty, thé& possible outcomes are equivalent for
PriXnt =cXn =) =1. © our analysis.pE{;\ch of fhlzf outcomes consists o?a slot with
Proof: X,, = ¢ implies that all the stations successfullyone transmission and — 1 empty slots.
transmitted in virtual frame:. Therefore, they all will deter-  Following the same reasoning, for a second transmission in
ministically choose the same transmission slot in virtuaife the same virtual frame, there are only two outcon®sthe
n+1 as they did in virtual frame. As there were no collisions transmission slot is the same as the one for the first trarsmis
in framen, there will be no collisions in frame + 1. m sion (with probabilityl /V') or b) the two transmissions are in
Claim 2: It is not possible that there is one and only ondifferent slots (with probabilitfV — 1)/V). These steps can
station that randomly selects the transmission slot in argivbe repeated to build a tree (of-1 levels) with all the possible
virtual frame. outcomes of interest and their associated probabilities.
Fig. 3 depicts the procedure far= 3 andV = 4. The
root represents th& = 4 empty slots, and in every level, a
3This is an approximation, as the CSMA/ECA algorithm allowattthe new transmission (circle) is included. The levels are k.me.l
same station re-attempts transmission (and eventualigesds) in the same from {0} to {3}. The edges of the tree are labeled with its
virtual frame. Also, for ease of analysis, we don't use exgial growing probability. At the first level, there is only one node, since
backoffs for the stations after subsequent collisionfoaigh the analysis can na only possible state is one success and three empty slots.
be easily extended to include it. .
Therefore, the edge from the root to the node at the first level

4Note that we index the rows of the matrix from O to This is for X > o
consistency with the numbering of the states of the MarkoaiCh is labeled with probabilityl. In the transition from leve{1} to

Pr(X,=¢—-1)=0; n>0. (7)



level {2} there are two possible outcome3the two transmis-
sions occur in the same slot (with probability4) andb) the
transmissions occur in different slots (with probability4).

o6 i (5

probability of collision-free operation

po,o = Pr(Xn41 = 01X, = 0)

This process is iterated until all the transmissions arkided.
The probability of each leaf is computed by following thetpat
from the root to that leaf.

From the tree it can be observed that the transition proba-
bility of having zero successes in framet 1 given the fact
that there were zero successes in the frames

1 R g ctvete = |

Similarly, it is easy to computepo: =2 + & = 2, 0 200 wo = 1000
po,2 =0 andpg s = 1% which completes the first row of the
transition matrixP. In order to obtain the values for the secondlig. 4. The transition curves obtained using the model antlisition are
row, we assume that there was a successful transmissioa ingjnPared for a value of" = 16 and various values of.
previous virtual frame. Therefore, we consider only thetisaéd
fou of the i we.use 45 a 106t the Joner node o levdal e Sysiem has reached the siabie colision free e
{2}. The last row is computed using only one node, which %ar'ucularlty of_our evaluation of thg transition curve et
the lowest leaf. The transition matrix which is obtaihddr V€ h.ave consldered that the .tra}nsmon step .con_tanasV
this example is: slotsi.e. two virtual frames. Th|§ is an approximation of _the

expected backoff of those stations that suffered a coflisio

1—16 % 0 % We are implicitly assuming that the probability that the sam
Ponuy — % 15 0 16 ) station suffers multiple successive collisions is low, ethis
=B v=t 0 % 0 % true for low values of;. Note, however, that as the value ©f
0 0 0 1 approaches the value &f, the assumption is no longer valid.

Fig. 4 plots the probability that the system has reached the
collision-free operation in a given slot. The results otdai
from the model are compared to those obtained from simula-
tion. It can be observed that the transition process is slowe
Poj=p1;; 0<j<g (10) for higher values of.

It is not a coincidence that the first two rowsBfare equal.
Claim 3: The first two rows of the transition probability
matrix P are equal.

Proof: Consider a tree as the one in Fig. 3. Itis easy {8, pisruption of the Stationary Operation by New Entrants
see that the subtree with the node of leyé&} as a root is

identical to the one of leve{0} multiplied by 1. - A new sgation can disrupt the stationary operation of
CSMA/ECA® Note that we can assess the recovery curves
B. Convergence Time associated with the event by using an initial stateSof 1,

We are interested in evaluating how long does it take feepresenting the event that all stations but one are usiregy a d
the system to leave the transitory phase and converge to @@ninistic backoff. The initial vector isr{’ = [0, ...,0,1,0].
collision-free operation. Let us consider an initial statg And the marginal probabilities of subsequent steps:
in which all the stations randomly choose their transmissio D

Dpn
" =my P". 13
slot and then we use the transition matkxto evaluate the n = Mo (13)
marginal distributions in subsequent frames. Let Given the current state i§;, the maximum number of
7n = {Pr(X, =1i),0 <i<c} (11) collisions in the previous step is:
be the vector of the marginal probabilities at stageand K R~ Lg ; ZJ, (14)

mo = [1,0,...,0] the initial vector. This means that the initial
state is S, with probability 1. Then the vectorr,, can be where|-| is the floor operator. Then, using the approximation

obtained by: T. ~ T, the efficiency of the system in the step- 1 is:
> 24T
Ty =T P". 12 L~ S Dy-
’ (12) s ;(2-2’—1—@)-TS+(2-V—2-i—f<ai)-T€)7T”(Z)’
The last component of vector,, is precisely the value of h (15)

interest for our studyPr(X,, = <), which is the probability

6Channel errors can also disrupt the stationarity of CSMAXEBowever
5A script in Octave to compute the transition matrix for anyueaof V' their impact is less of those of new stations, and the arslgssimilar to the
andc¢ is available upon request. one for new stations.
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Fig. 5. Recovery curves after a channel error or new entrant. Fig. 6. Half of the stations run CSMA/ECA, while the other thalin

CSMA/CA. The figure shows the channel utilization achievgdehch group.

where the expectation of the backoff of those stations that
suffer collisions is considered to be twice as much/as

Fig. 5 shows the recovery curves obtained from (13)-(13)btained a Jain’s fair index [7] higher than 0.98 when com-
The transitory phase associated with new incorporatiotisdo paring the channel utilization of CSMA/ECA and CSMA/CA
contention can be avoided using Smart Entry, as we will séea mixed scenario.

in Subsection [V-B. The benefits of using CSMA/ECA are greatly diminished
IV. | MPLEMENTATION ASPECTS in the presence of legacy stations since the collision-free
operation is never reached. Nevertheless, a network rgnnin
a mixture of CSMA/CA and CSMA/ECA stations will offer
Any new version of the medium access control algorithmaqual or better performance that a pure CSMA/CA network,
should be backward compatible with the already existirgince some of the collisions will be avoided.
equipment. Furthermore, to guarantee the smooth coegsten

. . . To assess the benefits of using CSMA/ECA we simulate
of new and legacy stations, those stations running CSMA/Eqﬁree different scenarios, namely agpure CSMA/ECA. a mixed
should consume a fair amount of the available bandwith. ’ ! !

The only difference between CSMA/CA and CSMA/ECACSMA/ECA and CSMA/CA and a pure CSMA/CA. The

can be found in line 11 of Algorithm 1 . CSMA/CA randomlyreSUItS are compared in Fig. 7. It can be observed that,

. “thanks to the enhanced collision avoidance mechanism, a
chooses the backoff value from the minimum contenthn

window (b — U[0, CWiin — 1), while CSMA/ECA deter- arger fragtlon of the channel time |s.dev0ted to successful
o : . transmissions when only CSMA/ECA is used. For a number
ministically (¢ < V). In order to fairly compete with legacy

stations, it is desired that of active stations up to the size of the virtual frame size

the efficiency is almost 1.
V =[E[U[0, CWin — 1]]], (16)

A. Coexistence with legacy CSMA/CA stations

where E'[/] represents the expectation operator gnpl is
the ceiling operator. This selection of the virtual frameesi 108

guarantees that the expected number of slots that a station A
waits after a successful transmissions is approximatety th e”we%e%w%
same for both CSMA/CA and CSMA/ECA. o rE o
To validate this, we performed simulations for a scenario in =~ o} 5@@ “”%%
which half of of the stations run CSMA/CA while the other ¢ fom ®ooy,
half use CSMA/ECA, and the obtained efficiencies are shown & °* %of e i oo ®oey,
in Fig. 6 . The values chosen for the MAC parameters are S os ° %i@ . oo
CWin = 32 andV = 16. The rest of the parameters are s | @%@2@2 5 L
taken from the IEEE 802.11b specification. Each simulation %@@@26262 |
runs for 10000 slots and each scenario is repeated ten times.  °'[ comaiecn o e
The number of competing stations range from two to forty. o5 LSRR O ‘ ‘ ‘ ‘ ‘
It can be observed that CSMA/ECA flows obtain higher ’ * " numberof st st ” ® *

channel utilization than CSMA/CA flows thanks to the reduced . .

llisi bability. This small advantage can be seenras Fig. 7. The cha}nnel eff|C|er_1c_y obta_uned for pure _CSMA/E_CA_ e
FO ISIC?n pro Y. . ) g @SMA/CA scenarios. The efficiency in a hybrid (mixed) scémas also
incentive for legacy stations to switch to CSMA/ECA. Wencluded.



B. Smart Entry is shown to perform equal or better than CSMA/CA in all the
We have seen in Section IlI-C that when a station joirfEonsidered scenarios. Specifically, the two protocolsveli
the channel, it selects the first transmission slot randomf{{)€ Same throughput in those scenarios in which the network
posing the collision-free mode of operation of the system &t aple to absorb all the offered traffic. However, when the
risk. To avoid this situation, the stations that are notvatyi traffic load overwhelms the network, CSMA/ECA performs
contending for the channel should keep track of the emptg sietter than CSMA/CA. Traffic prioritization in CSMA/ECA is
in each virtual frame. When one of those stations receivestddressed in [9]. An analytical model to capture the behavio
packet from the upper layer, it already knows which slots afé CSMA/ECA in stationary operation for both rigid and
expected to be empty, and can schedule the first transmissi@stic flows is presented in [10].

accordingly. VI. CONCLUSIONS

In this article we address the problem of collisions in CSMA

for i — 0toV —1do A ) .

! N v ) networks. Our finding is that, instead of using a random

2 slotNumberf] « unknown ; I Lo

s i 0 backoff after all transmission attempts, it is better to use

4 while 'i'rue do a random one after collisions and a deterministic one after

5 if there is a packet ready to transniften successes. It_ reduces the chances of _coII|S|ons as sooroas tw
: . or more stations successfully transmit. As the system runs,

6 if slotNumber]] is free then . . . :

. transmit - it progressively converges to a collision-free operatibatt

. break - ' considerably improves the channel efficiency.

o else ' The proposed protocol outperforms CSMA/CA and, in

. ) the most typical scenarios, it even surpasses the thealretic

10 wait 1 slot ; : ;

1 slotNumberf] < free ; upper bound associated with CSMA/CA networks that allow

- else ' for dynamic parameter adjustment. Additionally, CSMA/ECA

1s wait 1 slot - does not add any additional complexity to the implementatio

if channel sensed busien and it can fairly coexist with already deployed networks.

slotNumberf] < busy ;
else
slotNumberf] « free ;
t+—(i+1) (mod V) ;
Algorithm 2: Smart Entry
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If Smart Entry is used, the first line of Algorithm 1

is substituted by Algorithm 2. It includes an array called
sl ot Nurmber [] to keep track of the status of each slot ofyy
the frame. The size of this array is the size of the virtuaiiea
V. With the modification presented in Algorithm 2, a stationl?
joining the contention transmits in the first empty slot.

Note that while the station is delaying the first transmissio [3]
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