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Abstract—This article studies the efficiency of backoff al- the next slot. This operation repeats until the station [fnal
gorithms. The fraction of channel time devoted to successfu retransmits. In a more sophisticated backoff algorithng th
transmissions is maximized when the stations choose the op-gtations involved in a collision draw a random number from a
timal transmission probability. The binary exponential backoff tenti ind ber bet 0 and 31 d then
algorithm does not come close to optimal channel efficiencghus ~ COMNeNtION Win ow¢.g.a number between an ) andthe
a new backoff mechanism that attains near-optimal efficiengis ~Wait for that number of slots before re-attempting transiois.
proposed. This algorithm is called Dynamic-P-Persistent ackoff  If the random values are selected from a contention window
and is based on the observation that, under optimal efficienc that doubles after each failed attempt, the mechanism lisccal
conditions, the fraction of channel slots busy with collisins is Binary Exponential Backoff (BEB). A variant of this scheme

constant. The stations monitor the channel to estimate therdic- . . .
tion of collision slots and adjust their transmission probailities called Truncated BEB (T-BEB) is the contention algorithm of

consequently. As opposed to previous backoff proposals, P choice for IEEE 802.11 networks. . .
does not require any estimation of the number of concurrent IEEE 802.11 medium access comes in two different flavors.

active stations. Further, DPP. offers implicit prioritizat ion thait The most simple (Basic Access) consists on a two-way hand-
reduces the delay of real time and interactive traffic while gpaye in which the sender transmits a packet and waits for the
maintaining optimal throughput for background traffic. . - ..
receiver to explicitly acknowledge the correct receptidthva

short packet. When a collision occurs, a considerable amoun
of time is wasted since the senders cannot detect the oallisi

Wireless networks build upon the IEEE 802.11 [1] standaskghile they are transmitting. This implies that the senders
and its different flavors are growing and proliferating at-unwill not immediately interrupt transmission when a cothisi
versities, enterprises and homes. In each of these netwheks occurs. Conversely, the transmitters will send the whotkea
stations and access points share a common channel to ttangmdl will only realize that a collision has happened becatise o
data. Being the air a broadcast channel, the participantstiie lack of acknowledgement.
the network should avoid to transmit simultaneously. If two To prevent collisions, RTS/CTS can be used. It is a more
participants do transmit at the same time a collision occustaborated four-way handshaking mechanism in which the
and the data of both senders might be lost. It is the duty eénder requests permission to send (Request-To-Send) and
the Medium Access Control (MAC) layer to handle collisionghe receiver grants the permission (Clear-To-Send) eyt
and minimize their impact on performance. reserving the channel for the duration of the transmissiwh a

This is not a new problem; it already appeared in earbcknowledgement. This approach also solves the hidden ter-
Aloha [2] and Ethernet [3] networks. There are two generatinal problem. The hidden terminal problem occurs when two
techniques that effectively improve the efficiency of thisck terminals that can not hear to each other have a packet ready
of networks. The first one consists on sensing the channeltransmit. If this is the case, the carrier sense mechanism
before transmitting (Carrier Sense Multiple Access, CSMAill not work and both stations will transmit simultaneopusl
[4]). If the channel is sensed busy, it means that there is @he problem arises when the receiver is in the hearing range
ongoing transmission and the other participants will iefraof both transmitting stations and the collision occurs.
from transmitting to avoid a collision. Further, limitindgne Due to the additional control messages, RTS/CTS access
instants at which the participants can begin a new trangniss places an additional overhead on the channel that penalizes
also reduces the number of collisions. The time is dividggerformance. For this reason, the rest of the article facuse
in slots and transmissions are allowed only at the beginning the Basic Access two-way handshaking mechanism. To
of each slot. There is a collision if two or more stationsimplify the analysis, it is considered that all the papiting
choose the same slot to transmit. To reduce the probabilgiations share a common broadcast channel, and each station
of a collision, it is necessary to randomize the selectiothef can hear the transmissions of all the other stations.
time slot at which a given station transmits. After this first introductory section, the remaining of the

In P-persistent protocols, the stations involved in a copaper is organized as follows. Sec. Il reviews previous izt a
lision retransmit in the following slot with probability. highlights the contribution of this paper. Sec. Il desesbrl-
With probability 1 — P the retransmission is postponed foBEB and proposes a general framework to assess the efficiency

I. INTRODUCTION



of backoff mechanisms in general. This framework is used The studies are performed under saturation conditibas,
to derive the optimum efficiency, which can be used asemch station has always a packet to transmit. This is the
benchmark to compare backoff schemes. It is observed that thaximum load that can be offered to the network and it is
maximum efficiency is a function of both the packet length aressumed that it is the maximum strain to which the network
the number of contending stations. Further, it can be caledlu may be exposed. The properties of interest include fairness
that T-BEB performs less-than optimal in most of the casehoth short-term and long-term), stability and efficienty.
The finding that the fraction of collision slots is constaftem this paper the focus is placed on efficiency (the fraction of
optimal transmission probability is used is crucial to dera channel time devoted to successful transmissions). Given a
near-optimal backoff algorithm. data rate, this metric can be translated to throughput wisich
Sec. IV introduces Dynamic-P-Persistent (DPP) backoffidely used in the literature.

protocol. It is a variant of P-Persistent backoff that canty The backoff protocols put the stations on hold thus dimin-
monitors the number of collision slots and adjusts the trass ishing the chances that a station attempts transmissionyin a
sion probability to attain optimal collision probabilitince given slot. The backoff effectively influences the frequenc

the collission probability is independent of the number afith which stations transmit. Another way to interpret the
active stations, this proposal delivers near-optimalgrenince effect of the backoff is to understand that it tunes the trans
for any number of competing stations. It is noticeable thatission probability.

the estimation of the number of backlogged stations is not;, [10], it was already stated that the optimal transmission

required. . . _probability is a function of the packet lengtt) (and the
Sec. V presents simulations results to support the analfsis,ymper of competing stationsi), A p-persistent backoff
the previous sections. A first simulation shows how the@tati ,achanism was also suggested to study the behaviour of T-
adjust their transmission probability as the number of@at g The maximum efficiency of T-BEB was estimated by
varies. This simulation offers an intuitive understandifighe  minimizing the average virtual transmission time. Sinijlao
behaviour of the mechanism in a dynamic environment. Th&g),r \york, an algorithm to tune the transmission probability
extensive simulations assess the efficiency of DPP and Shl@"ﬁmprove the efficiency was proposed. The main difference

how close it is to the upper bound obtained in Sec. Ill.  regjdes in that the estimation of the number of competing
~ The proposed backoff scheme comes with advantageQysions is not required in our algorithm.
implicit pnqutlzm_g features that are explpred n sec"w. Previous efforts focused on inferring the number of station
DPP. benefit stations that generate real-time and.'n.temCtPr/om the number of empty, busy and collision slots. Specif-
traffic and penah_zes those that are permanently actwara;gndica"y’ [11] shows that the ’number of active stations can be
ba;::wg;ﬁ)ungetéaf\f/lﬁ. summarizes the paper and oprovides SOrT(?>e<pressed as a function of the collision probability entered
conclud)i/r’lg rer.narks. pap P OR the channel._ Additionally, it proposes an ex_tended Ka!ma
filter coupled with a change detection mechanisms to estimat
Il. RELATED WORK the number of contending stations A notable advancement

The Truncated Binary Exponential Backoff is a protocol §as presented in [12] in which a bayesian approach was

control multiple-access broadcast channels. It is a Oigted adopted to estimate the number of competing terminals.
access mechanism in the sense that each station indepgndenOther works [13] assume that the number of contend-
executes the algorithm to decide whether to transmit or ig@ Stations is known (either using one of the estimation
in a given time slot. Each station selects a number fromt%chnlques _C|ted above or assuming that the mforma_tlon is
contention window and waits for that number of slots befo/@rectly available at the AP) and then compute the optimal —
attempting transmission. The contention window doublearaf fixed — contention window. A fixed (as opposed to T-BEB's
each failed transmission attempt and resets to its minimdfPonentially-growing) optimal contention window incsea
value after a successful transmission. It is called Trueat Performance both in terms of efficiency and faimess.
because when reaching a maximum backoff stagg the Another line of research consists on cross-layer techsique
contention window does not double any more. Additionallfhat combine BEB, Tree Algorithms [14] , and successive in-
a packet is dropped after reaching the maximum number tgfference cancellation [15]. However, these studies mapel
retransmission attemptsk]. The properties of BEB and T- the number of successful slots while neglecting the fact tha
BEB have been extensively studied in [5]-[7] to cite a few. empty slots are much shorter than collision slots. In Sec. II

CSMA and T-BEB are widely used in WLAN since theyit is explained that the different duration of the slots is of
are at the core of the Distributed Coordinated Function (JDCParamount importance in computing channel efficiency.
defined in IEEE 802.11. Any improvement in the backoff Finally, there is a game-theoretical approach presented
mechanisms would traduce in increased performance of the[16]. It is extended in [17] to include Virtual-CSMA,
ubiquitous WiFi networks. Moreover, CSMA and T-BEB als@ technique that helps to estimate the conditional cofiisio
appear as an ingredient of many MAC layer proposals suppgstobability. This estimation is used to compute the numlfer o
ing upcoming networks such as (Mobile) Ad-Hoc Networksontending stationsn which, in turn, is used to obtain the
[8], Sensor Networks and Personal Area Networks [9]. minimum contention window as



The backoff consists on a random draw from a Contention
CWinin = [n- RAND(7,8)]. (1) Window (CW) and waiting for that number of slots before
. ) ) transmitting. For the first transmission attempt the minimu
The contributions of this paper are as follows. First, Eongestion window is used’(V,.;,,). If there is a collision,
provides a general framework to study the efficiency of the, congestion window double€’(V = 2 - CW,y.;,,) and the
ba_‘Ck_()ff protoco_ls_. Erom t_h|s framework, the optlmgl tran_ss'tation randomly chooses a new number and waits for that
mission probability is derived and the optimal efficiency IS ;mper of slots before re-attempting transmission. THE

compared to the efficiency obtained when using T-BEB. Thg, pjes after each collision until it reaches a maximumealu
comparison shows that there is room for improvement and t by After a successful transmission the valuei is
max -

itis possible to design a backoff algorithm that performtidse reset to its minimum. Vanilla IEEE 802.11 takes the values 32

than T-BEB. It is observed that the fraction of slots coritajn_ and 1024 for its minimum and maximum contention windows,

a collision is independent of the number of contending et respectively
when optimal transmissio_n .probab.ili.ty is .used. Conversely With the IEEE 802.11e [18] standard amendment for Qual-
the ftr)actlc])cn of_slots (;]onte};nérnggoll|3|ogs increases wittle ity of Service support, the values 6fiV,.i, andCW, .. can
number o StatIO!’lS when 1-t IS used. . vary. However, the essence of the T-BEB remains the same.
Inspired by.th|s Qbservanon, a va_rlant of the P-Per.S|stentF0ur our analysis we will consider traffic sources that are
backpff algorithm is proposed. lt_'s caII(_ad Dynam_|c F)'saturatedi.e. each active station has always a packet ready to
Persistent backoff (DPP) and dynamically adjusts the s .onsmit Intuitively, if there is only one active statiom the
sion probability to reach the optimal (constant) targe¢icn oryork, it is expected to transmit one slot in every 16 slots
of collision slots. Thus the problem of estimating the numbe ; ;¢ apparent that an efficiency problem exists, since only

of contending stations is suppressed and substituted by ap, o every 16 slots is used while the rest remain empty.
easier one which is estimating the fraction of collisiontslo \jayertheless the problem is not as acute as it may seem at a
This estimation is performed using an exponential movings giance, because an empty slot is much shorter than a busy
average estimator based on direct channel observations. ¢4 Actually, the duration of an empty slot is 20in IEEE

In addition to being simpler than the other optimizatiogn, 11p while the duration of a successful slot is in the orde

proposals mentioned in this section, DPP also presents gfl;,, . The exact value of the latter depends on the length of
vantageous implicit prioritization properties. The bebav the data contained in the packet.

of DPP reduces the delay suffered by real-time traffic and zg the number of stations increases, the number of empty
interactive traffic in the presence of background trafficewh g5 decreases. Additionally, there are chances that wo o

compared to the other backoff solutions. While previoys, e stations transmit on the same slot and that the transmis
research focused on either optimization or prioritizatibPP  gjqns are lost due to collision. A slot containing a collisie

presents simultaneous improvements in both fields. even longer than a successful slot. Therefore it is critioal
ll. BINARY EXPONENTIAL BACKOFF AND PERFORMANCE duce the number of collisions.

ANALYSIS T-BEB reacts to collisions by doubling the contention
window, thus diminishing the transmission rate of the etagi
his reaction reduces the load on the network and should
Becrease the collision probability. Note, however, thatsit

. K led b h . : . ) ¥1ecessary that there is one collision for the algorithm &tize
previous knowledge about other stations intentions testral ¢ 1he network is highly loaded. Since the valueCdfi is

1hBeEsBecon3 fpa(;t OL th'i sectlpnlasf?esses the perLorme:jn?t;eg t toCW,,;, after a successful transmission, the station

ﬂ;. ,tanf Im iht e theoretical efficiency upper bound 1q{,s ¢4 jear about the network congestion conditions foryeve
IS sort of aigorithms. packet, and every time there has to be a collision for thestat

A. Binary Exponential Backoff to adjust itsCW value. This is a relatively high price to pay

The MAC mechanism used in IEEE 802.11 networks ifs(,)r a(_jjustlng tthW to its optimal value. . .
It is shown in [13] that small contention windows are

called Distributed Coordination Function (DCF). Althougie desirable when the number of contending stations is low, to

standard considers also a centralized alternative - that Poj
I ! : ) reduce the number of empty unused slots. Conversely, for
Coordination Function - it has been sparsely implemented.

. . a large number of stations, larger contention windows offer
In T-BEB, when a station that has its MAC queue emptg g 9 - .
. o : etter performance because reduce the collision probabili
receives a packet from the upper layer, it is allowed to trahs

the packet after sensing the channel entp@therwise, when The fr:?lmework provided by IEEE 892.11e can be used to
. . ynamically tune the values of CWmin and CWmax to adapt
the MAC queue is not empty or a packet arrives to the He
e
T

This section introduces T-BEB which is part of the popul
suite of protocols IEEE 802.11. This protocol is an example

Of-Line (HOL) of the MAC queue after the previous pack o;hi;\;gwubse;:;(i:g:tmglZ?rstt:tmr::. I:i?;\;ev?gv?osuexplgmned
is successfully transmitted, the station has to backoff. P : gy req P

of the number of active stations [19].
IThe channel has to be sensed for a DIFS (Distributed-coatidim This qualitative analysis of T-BEB can help to understand
function Inter Frame Space). the trade-off in choosing the right CW. A quantitative arséy



of the algorithm can be obtained using Markov Chains and the *[ ' ' ' ' ' " beb, Ts=6.64ms

upper bound, Ts=6.64ms -------

upper bound, Ts=1ms

assumption that, regardless of the number of retransmis,sio beb, Ts=1ms -

packet collides with constant probability [7]. Using thabdel,
it is possible to compute the probability that a given statio
attempts transmission in a given slot)( This probability
can then be used to obtain the probability of an empty, oo
successful and collision slot. With these values, the dvera
performance of T-BEB can be evaluated and compared to other
mechanisms. =1
The backoff process pursues the random distribution of the :
transmission attempts among the slots. An important goal is os |
to maximize the number of successful transmissions while '
minimizing the collision probability. It is also importarib
keep the number of empty slots relatively low. However, an °™ —; p P s T T VS T —

0.95

empty slot is much more desirable than a collision since the umber of actve statons
duration of the empty slots is orders of magnitude lower thafly 1 This figure compares the performance of BEB to the rétizal
the duration of a collision. maximum for different values of successful slot duratibn

B. Efficiency of CSMA Algorithms

In CSMA algorithms, the stations autonomously decidguccessful and collision slots are similar, thus the donatif
whether to transmit or not. The probability that a statiof collision can be approximated to the duration of a sucaoessf
transmits ¢) is the key parameter to compute the probabilitglot 7. ~ T%. Using the approximation and substituting Egs.
of empty (P.), successful ;) or collision? (P.) slot. For a 2 - 4 into Eq. 6 we obtain:
given number of contending stations

nr(l — 7)1
p= 17 %
- =7=(1—-7)"
Po=Q1-1)", 2 _ ’ » _
P, = nr(1 — 7-)”*1, 3) From Eg. 7 it can be observed that the efficiency increases

when using large frames. Given a number of contending
Pe=1-F. - P (4)  stationsn and a successful slot duratiofi;, the optimal

The probability that a station transmits can be derived transmission probability that maximizes efficiency satisfies:
from [7] and is:

do

T = - =
dr

2(1 — 2pec) ) Q-7+ (n—-1D7(1—7)"2
(1 - 2pcc>(Cszn - 1) +pccCWm1n(1 - (2pcc)m) 1 T,—T. (1 _ T)n -
_ n—1 T,
Pce = 1- (1 — 7') . (5) Ts;Te m’(l _ T)Q(n_l)
where p.. is the conditional collision probabilityi,e. the : =0 (8)

_ I.-Tc — n\2
probability that a collision occurs given that one tagged (1 T (1=7)")

station is attempting transmissiot:W,,;, is the minimum In Fig. 1, the efficiency using optimal values of is

congestion window ane: the maximum backoff stage. plotted. Fig. 2 shows that when using an optimal transmissio
We define the efficiency as the fraction of time that thprobability, the collision probability is (almost) indepgent

channel is used for successful transmissions. It is unoledst of the number of active stations. This interesting propeswy

that the time that the channel remains empty or busy wible used to derive a near-optimal contention algorithm based

collisions is wasted. on a variant of the P-Persistent mechanism explained in the

introduction.
T, Ps

0= T.P. + TP, +T.P. 6) IV. DP-PERSISITENTCSMA

In Eg. 6 we can observe that the duration of empty, suc-The observation that the collision probability is almost
cessful and collision slots also affect the observed effigie constant when the transmission probabilityis optimal can
While T is constant and defined in the standdfg,and7,. be exploited to increase the efficiency to values closer ¢o th
are a function of the length of the frames. The duration dfieoretical optimum.

The proposal consists on observing the channel to estimate

2The notationP. is used in this paper to denote the probability that a slghe collision probability. Then the stations adapt the $rais-
is busy with collision. This is different to the conditionedllision probability

(p or p. in many papers) which is the probability that a collision wsc sion prOba.-bi”tyT to_ ?-deSt the .(?OHiSion prObabi”ty to the
conditioned to the event that a tagged station attemptsrission. target (optimal) collision probability.




01 w w Algorithm 1 Transmission probability adaptation

beb
optimum Ts=1ms -------

optimum Ts=6.64ms -~ { 7 is the transmission probability
{ P. is the estimated collision probability
{ PT is the target collision probability

006 |- : { 7 and P. are initialized}
T < T0
Pc — pcO
while There are packets ready to transihit
Sense the channel
002 | i {Moving exponential average is used to updﬂ@
. if Collision then
' P —e+(1—¢)-P.

Pc

0.04 |- ~

ST s s 10 1 1 1 13w else )
number of active stations PC — (1 _ E) . PC
Fig. 2. This figure compares the collision probability ob&d when using 9”0_' if ]
BEB with one that would be obtained when using optimal trassion {r is updated using AIMD
probability. if P. < PT then
7 — MIN [T +a(PT = P.), Tonaa
Algorithm 1 explains how the transmission probability is eIse(_ -
distributedly adjusted to attain the optimal collision ppadil- T T u(P—PT)
ity. P. is the estimated collision probability and is computed ~ €"d if
end while

as an Exponential Moving Average (EMA) based on the
observation of the channel. Then, the estimated collision

probability (P.) is compared to the target collision probability

(PT). 32 (the stations would transmit every 16 slots on average if

If . > PT, the transmission probabilityrf is decre- there were no collisions), a value of 1/16 have been chosen as
mented. OtherW|se the transmission probability is ingega initial transmission probabilityy. The initial estimated colli-
We adopt an Additive Increase Multiplicative Decreassion probability P., is set to the target collision probability
(AIMD) approach for the tuning of-. The reason for this PZ. As the station senses the channel, it will obtain a finer
choice is that it provides long-term fairness among competivalue of P, that can be used to adaptand take it closer to
flows, even when they begin with different valuesrof the optimal value.

It can be observed that Algorithm 1 includes a number of pa- The EMA estimator uses the parametelt must take values
rameters Pg,m,ﬁco,e,a,u,mm). Each of this parametersbetween 0 and 1. A high value ef gives more weight to
conditions the overall performance of the backoff mechaniswhat has happened in recent slots and makes the estimation
and the selection of these parameters also involve some kindreact faster to new conditionsd addition or suppression
of trade-off. In the following, we summarize and discuss thef a contending station or changes in transmission proipabil
values of these parameters. 7). However, since collisions happen seldom, a high value of

PT is the target collision probabilityj.e. the collision ¢ can easily lead to excessive oscillations that wouldrsktr
probability that delivers optimal performance. Unforttelg, from its optimal value. Thus a value of 0.001was chosen for
PT is a function of the duration of a successful transmission
(Ts). Assuming a data rate of 11Mbgs, takes values from  The parameters andp represent the Additive Increase and
0.6 ms (when the frame carries no data) to 9.9 ms (whefultiplicative Decrease ofr respectively. As happens with
the payload is maximum, 2304 bytes). The actual packet sizea higher value offers prompt reactions but also increases
distribution in WLAN [20] is trimodal, being most of the the risk of larger oscillations that penalize performanideeir
packets smaller than 100 bytes or larger than 1470 bytelk, wialuesa: = 0.01 andyu = 0.05 were choosen empirically, after
a lower fraction around 600 bytes. Since the duration of abserving their impact in simulation results.
collision is approximately equal to the duration of the lesy  Finally, there is a need to limit the maximum transmit
packet involved in the transmission, the conservativesi@ti probability ... The purpose of,,.. is to prevent to grow
of assuming a payload size of 1500 bytes is adopted. to 1 in the special case in which there is only one activestati

If the payload size is 1500 bytes, the duration of a sl@ transmission probability of 1 would boost the efficiency to
containing a successful transmission is 6.64ms and thmapti 100% but would hamper the entry of a new contender. A value
collision probability (as described in Sec. lll ) is 0.00277,,,, = 1/8 is a good compromise to guarantee high efficiency
Therefore, the target collision probabilify! is set to 0.0027. when there is only one station while leaving 7 out of 8 slots

Since the minimum contention window in IEEE 802.11b ifree for the new contender to successfully transmit.




TABLE |
PARAMETER VALUES

T
optimal
PcP simulation -------

PCT T0 pcO € « 12 Tmax
0.0027 1/16 0.0027 0.001 0.01 0.05 1/8

0.016 T T T T T

T
Target Pc
Pc simulation -------

0.014

transmission probability

0.012

0.01

Pc

0.008

0 5000 10000 15000 20000 25000 30000 35000 40(;00
slots

0.006

Fig. 4. The actual transmission probabilityis compared to the optimal

transmission probability-°Pt. The number of active stations is increased from

2 to 11. A station is added every 4000 slots

0.004 |-

0.002 L L L L L L L
0 5000 10000 15000 20000 25000 30000 35000 40000

slots

j upper bour‘1d
e PcP simulation -------

0.945 —

Fig. 3. The actualP. is compared to the targe®?. The number of active

stations is increased from 2 to 11. A station is added evefp &lots 094

0.935 -

o

©

@
T

Table | summarize the parameters and its values.

efficiency

0.925 -

V. SIMULATION RESULTS

92

Using the algorithm and parameters described in previous *
section, simulatiorfscan be used to observe the results ob- oss
tained using the proposed alternative backoff algorithirstF vol
we present a toy scenario in which the number of stations is
increased from two to eleven. The increments happen everyos

T

T

"‘v‘ i L, ‘

4000 slots. The case with only one station is omitted in the  © 5000 10000 15000 20000 25000 30000 35000 40000

slots

figures because it presents results so different from theroth
cases that obfuscate the resultant plots. When there is ofity 5. The actual efficiency is compared to the optimal efficienay?*.
one station the collision probability is equa| to zero. ahd t The number of active stations is increased from 2 to 11. Acstas added
L - ! every 4000 slots
transmission probability tends 9,4 -
The following plots show the actual collision probability

compa_req to the tt)arbgﬁt collision p(rjobat;]lhty (F'g' |3)’ tml (a) the estimator fails to capture the instant collisionbatuil-
transm|_§3|on proba llity compare to.t.e optimal transrors ity (b) The 7 parameter tuning is a slow iterative process.
probability (Fig. 4) and the actual efficiency compared te ﬂNevertheIess,P is close enough toP? to offer excellent
achievable maximum (Fig. 5). efficiency ¢ ¢

In Fig. 3 it can be observed that that the backoff algorithm Fig. 4 shows the transmission probability observed in the

tries to keep the collision probability close to the (contfa simulations compared to the optimum transmission prolgbil

:z;git (Iir?g';ogf psrfa?-i?:gtynfgr;gggsn?;bsgf ;g?gogz'o%vhefgain, it can be observed that the stations require some time
u : ! ' ' )’adapt to a scenario change. However, in the long term,

a spike appears in the actual collision probability. It Eak%%? actual transmission probability approximately foliothe

some time for the stations to detect the increased number of. . .
optimal transmission probability.

collisions and reduce the transmission probability andsthu Finally, in Fig. 5, we can observe the benefits of the

adjust the collision probability to a value closer to to ther osed backoff scheme. The obtained efficiency closel
desired one. A careful observer would notice that the actLP lO P ) Y y

collision probability (,) is larger than the target coIIisionS%CkS to the optimal efficiency for any number of stations.

probability (PT). There are two causes for this misadjustment; In the pre_vious example and f_igures, the dyn_amic pehavipur
of the algorithm has been explained by observing a simulatio

3The simulations and the numerical computations were pesdr using in which thet number of ?‘Ct've stations Is v_arlable and the
octave. All the scripts are available upon request to theesponding author. control loop implemented in the backoff algorithm actuates



reach the destination in tens of milliseconds. Interadiiatfic

098 | . comes second in the priority row, since there is a user vgaitin
sl G | for an answer and that waiting time should be minimized.
- . When neither real-time nor interactive traffic is transeutt
094 - e el b 1 the network can be used to transmit background traffic.
_ 092 L ] e, A From the previous argumentation it can be concluded that
& oof 1 the priority of a data transfer maintains an inverse refetiip
E os | . . | with its duration. In the following, it will be explained ththis
. is exactly the treatment that stations deserve under the DPP
o8 r . 1 backoff mechanism.
084 & T Teee ] It has to be noticed that every station enters the playground
082 | * i with a initial transmission probabilityry, = 1/16. In its
o ‘ ‘ x ‘ commitment to lower the number of collisions to achieve the
0 5 10 15 2 maximum efficiency, DPP lowers the transmission probabilit

number of stations

The result is a large fraction of empty slots (about 90%)
Fig. 6. Theoretical maximum (dashed line) compared to sitians results and transmission probabilities lower thag for a number of
of DP-Persistent CSMA and T-BEB. The 95% confidence interaad plotted. gtations equal or larger than 3. With this scenario, a statio
becoming active after an inactivity period enjoys prioffity
a limited initial period of time.
adjust the probability of a collision slot to a fixed (optial .
J P v (optim Due to the slow nature of the EMA average and-theadjust-

value. : : : . .
. ment mechanism explained in Sec. 1V, it takes some time for
In order to asses with greater accuracy the performar}%e

delivered by DPP, simulations for a fixed number of statioq & newcomer to lower its own transmission probability from

have been performed. Each simulation comprises 80,000 sloﬁe initial valuero _to t_he (_)ptlmal .Va!uer"”t' This time can

; . . be used to transmit with higher priority than the other stai

and has been repeated 10 times with different random seegs . : . -
t have been active for a long time. A station transmitting

Fig. 6 shows the results and compares them to the theoreuca‘gurst of data will observe that the first packets of the burst

. . . . . a
maximum computed in Sec. Il and depicted in Fig. 1. It can ll)ﬁ?moy priority, but that priority vanishes as times passits
own transmission probability is slowly decreased. The ltesu

observed that DPP performs close to the theoretical maxim
is that shorter burst will be transmitted with higher prigpri

in steady-state operation.
VI. IMPLICIT PRIORITIZATION that longer bursts.

Current data networks carry heterogeneous traffic. Interne 1N€ Pehaviour of DPP can be summarized as assigning
traffic can be classified in background, interactive and-redriority to stations that become active after an inactipityiod.

time traffic. Background traffic transfer large amounts aiada ' NiS Priority fades away as the station continues active for

with no stringent delay constraints. This traffic is carrted a longer period. Fig. 7 shows a single station generating

long-lived TCP flows that are permanently active. A goo}ﬂoiCe traffic competing against five peer-to-peer satugatin

example of background traffic is peer-to-peer file sharingt.at'ons' The voice station has a new packet to send one in

This data is transferred without the active participatibmoy cVe"Y 100 slots, it competes for the channel until it has sent
human being. that packet and then leaves the contention. When the voice
Interactive traffic is originated and consumed by users. ﬁ[?.t'on rejoins the content|qr_1 to send a new packet, it lh.ES t

consists in small data burst such as a request for a webp ial transmission probabilityro. The peer-to-peer stations

and the consequent response from the server. This are shdt- constantly contending for the channel and do not have the

lived TCP interactions in which a relatively small amount of,hance to reset their transmission probabilityrgo

data needs to be transmitted in a reasonable amount of timeEven though DPP exhibits convenient prioritizing proper-
Reasonable is a lax definition and depends on the expectatiBiS, it does not completely solve priority issues. Thegetao
from the users, and is probably in the order of one secorfgpects in which DPP falls short of solving the problem. The

Users would prefer a shorter reaction time; therefore, i t first one involves uplink/downlink unfairness in infrastture
kind of traffic, delay does matter. scenarios. All the stations transmit to the access pointlaad

The last kind of traffic is real-time traffic. Very small@CCeSS point transmits to all stations. The latter easitpimes
quantities of data are sent periodically to maintain a voidB€ Pottleneck of the network and requires higher priority.
or video flow. For real-time flows delay is critical, and those DPP does not solve the issue of stations transmitting het-
packets that suffer excessive delay are useless at reaeptib erogeneous traffic. A station that sends both real-time and
are discarded. background traffic would be continuously active and would

It is a desired property of a network that allows the harmdot benefit from the early priority commented in this section
nious coexistence of different kinds of traffic. Ideallyar¢ime Nevertheless, DPP offers advantageous implicit prionigjz
traffic would traverse the networks with the highest priotd  properties when compared with IEEE 802.11.
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Fig. 7. A single station generating voice traffic competeasirasg five peer-
to-peer stations for the channel. The voice station perélyi enters the
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VIl. CONCLUSION ol

This paper studies the performance of backoff mechanisimsg
in terms of efficiencyj.e. the fraction of time that is devoted
to successful transmissions compared to the time wasted in
empty slots and collisions. Optimal efficiency can be ol#din [12]
by adjusting the transmission probabilityof the stations. It is
shown that the optimal transmission probability; depends
on the packet length and the number of active stations. It[ig)
also observed that the fraction of slots containing a dohis
P, is almost constant when optimal transmission probability
is used. [14]

The efficiency of T-BEB is compared to the optimum to
show that there is room for improvement. Then an algorithhl15]
called DPP is proposed. This algorithm dynamically adjusts
the transmission probability to achieve optimal collision [16]
probabiliy P. which is known and constant. As opposed to
backoff mechanisms proposed in previous art, DPP does ngj
need to estimate the number of contending stations. Addi-
tionally, DPP outperforms BEB and achieves near-optimﬁb]
efficiency.

DPP is a completely distributed backoff scheme in whic
the stations monitor the channel to estimate the collisi
probability and dynamically adjust their transmission h@e
bility in the quest for optimal efficiency. Both the estintati
and the parameter adjustment takes some time. This res
in stations awaking from an inactivity period having higher
priority than those that have been active for a longer pesifod
time. This proves beneficial since reduces the delay of real-
time and interactive applications while maintains nedirogl
throughput for background traffic.
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