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Abstract

A batch is a group of nodes that have to transmit a single paaaeh to a common receiver in the short-
est time. Most of existing batch resolution algorithms assimmediate feedback and generally neglect
the feedback time, being considered much shorter than ttleep&ransmission time. This conjecture,
however, fails to apply in many practical high-rate wirslaystems, with the consequence that the clas-
sical performance analysis of batch resolution algoritimay result overoptimistic. In this report we
propose and analyze a batch resolution algorithm for CSMiless networks that waives the immediate
feedback approach in favor of a deferred feedback methoathvdhall reduce the overhead costs. The
scheme, nameddaptive Batch Resolution Algorithm with Deferred Feedb@BRADE™), is obtained

by merging a batch size estimate module with a framed ALOHgess scheme, whose frame length
is dynamically adapted to the residual batch size in ordenitomize the overall batch resolution time.
ABRADE's adaptation strategy is designed under the assompt known batch size. To remove this con-
straint, we propose a batch size estimation module thapledwith ABRADE, gives rise to ABRADE,

a complete batch resolution algorithm that works even witl priori information on the batch size. We
then extend ABRADE with a batch size estimation module, thitaining a complete batch resolution al-
gorithm, called ABRADE, that works even with na priori information on the batch size. ABRADE

is compared against the batch resolution algorithms basedeoimmediate feedback paradigm. Results
confirm that, in practical CSMA systems, ABRADButperforms the algorithms based on the immediate

feedback paradigm, both in case of partial ancpriori knowledge of the batch multiplicity.



Chapter 1

| ntroduction

The batch resolution problemalso known in literature as collision or conflict resolutiproblem,
consists in managing the channel access of a group of nodish form thebatchor conflict set in
such a way that each node successfully deligessngle messag® a common recipient in the shortest
time. This problem typically arises in wireless communmaiscenarios with densely populated clouds
of terminals, such as Internet of things, opportunisticuoeks, dust networks, where it is common for
a node to inquiry the surrounding nodes for different puegsosuch as discovering neighbors, collecting
data, updating connectivity information and so on. The professage sent by the inquirer may, in fact,
solicit reply from a potentially large set of nodes, the bathat compete to transmit their message over
the shared wireless channel Batch Resolution AlgorithfBRA) is a channel access scheme designed to
resolvethe batch, that is to say, let each node in the batch delsenéssage to the inquirer.

The batch resolution problem resembles, in some aspeetsméldium access control (MAC) problem
in that both consist in managing the channel access of a gronpdes. However, MAC protocols gener-
ally look at the channel contention as a steady-state phenom where the overall traffic offered to the
medium can be considered a stationary process. ConveBfeAs address scenarios where contention
has a bursty nature [1]: the medium is typically idle, untpaticular event solicits packet transmission
from a bunch of nodes simultaneously. Furthermore, nodsssticcessfully deliver their message to the
inquirer areresolvedand leave the batch, so that the size of the problem, i.endh&er of nodes that
still compete to access the channel, progressively dezsaagr time. Nonetheless, it is possible to apply
the BRAs as MAC protocols by adopting a simple gated policgpading to which nodes with pending
packets form a batch, which is resolved by letting each n@desinit asinglepacket to its intended desti-

nation. New messages arriving during the resolution of albate held in queue and form the new batch

The two terms will be used interchangeably throughout tpente



that will be resolved next. This access scheme is genetlyred to as thebviousMAC scheme [8]. In
this report, however, we are more concerned with the batbiuBon problem as its own, rather than to
its interpretation as obvious MAC.

BRAs can be divided in two broad categories, nangaytial, which aim at resolving only a fraction
of the nodes in the original batch, ansdmplete which are designed for resolving all the nodes in the
batch. We limit our attention to complete resolution altforis, which in general provide the ground for

the design of partial resolution algorithms.

1.1 Motivationsof thiswork

The design and analysis of efficient BRAs have been deeptliestun the literature, in particular
for pure (non-CSMA) slotted channels. Landmarks in thisaee thesplitting-treealgorithms devised
by Hayes [2] and Capetanakis [3], whose interest has beemtigaeawaken in relation with the RFID
tags [4]. In [5], Gallageet al. proposed the FCFS algorithm, also known as Clipped Modifieciy
Tree (CMBT) algorithm, which was successively improved bgddly and Humblet in [6]. The basic
idea behind all these algorithms consists in splitting thigal conflict set in smaller subsets and, then,
resolving one subset at a time in a recursive way. The vagohemes differ in the policy used to split
the conflict set in subsets. A comprehensive overview ofetlogdlision-resolution algorithms can be
found in [7]. In many practical cases, the numbesf nodes in the initial conflict set, namely thatch
size(or conflict multiplicity), is unknown. This lack of informien generally prevents the optimal setting
of the parameters that drive the splitting algorithms, itesyiin some performance loss. To counteract
this inefficiency, in [12] and7] authors define hybrid algorithms consisting of two patisg, first devoted
to the estimation of the batch size and the second to resolve the (residual) batch by usingickds
splitting-tree algorithms. More recently, Popovsitial. [13, 17] proposed an entire class of collision
resolution algorithms that closely integrates the estionand resolution phases. In particular, the Interval
Estimation Collision Resolution (IECR) algorithm is prove reach asymptotic efficiency comparable
to FCFS for Poisson arrivals. Note that, although initialsigned for pure slotted systems, these
algorithms can be easily adapted to carrier-sense mukigdess (CSMA) networks, as done in [8] for
FCFS.

In the classical performance analysis of BRAs, the feedb#&ra@hsmission time is generally neglected
or underestimated, being usually included in the slot domair approximated to the time length of an idle

slot [8]. In practical radio systems, however, each padketsimission (included feedbacks) takes a fixed

2



amount of time for basic operations, such as RX/TX switchgignal detection and synchronization, and
so on. This time may represent a significant part of the oMgaaket transmission time, in particular when
the transmission rate is large. For instance, with refexéathe IEEE 802.11g standard, the transmission
time of an acknowledgment frame (ACK) at the basic raté bfbit/s is approximatel\20% of the trans-
mission time of a 500 byte-long data frame, sent&t Mbit/s. Therefore, the time cost of feedbacks may
have non-negligible impact on the performance of BRAs. TDihiservation makes questionable whether
immediate feedback is actually the best strategy for theyded BRAs and motivates the investigation of

the frame-based solutions presented in this report.

1.2 Nove contribution

In this report, we first propose a batch resolution schem€&WA-based wireless networks, named
Adaptive Batch Resolution Algorithm with Deferred Feedi@BRADE), which aims at minimizing the
batch resolution time by reducing the impact of feedbacksagss. To this end, ABRADE waives the im-
mediate feedback approach in favor of a framed-ALOHA caim@rscheme [9]. The resolution process
works in successivieesolution roundseach consisting in eontention framef a certain length. Feedback
is returned only at the end of each round, through a singladwast message callpdobe The core of
ABRADE consists in the dynamic adaptation of the frame larigtthe residual batch size, i.e., the num-
ber of still unresolved nodes after each round. The adaptatheme is designed to minimize the overall
time required to resolve the whole batch, inclusive of theetiaken by idle sensing, collisions, successful
transmissions and probe messages. The optimization pnobleesolved by applying a dynamic program-
ming argument, under the assumption of perfect knowleddbeofesidual batch size at each step of the
algorithm.

Successively, we relax this assumption and propose ABRAZEcomplete resolution scheme for
batches of unknown size that is obtained by combining ABRAMt a suitable Batch Size Estimation
(BSE) module. We compare ABRADEwith the best performing BRAs based on the immediate feddbac
paradigm proposed in the literature, namely FCFS, Sift,REDd Sift/IECR. Results confirm that, in
practical CSMA-based wireless networks, ABRADButperforms the existing solutions, both in the case
of partial and no prior information on the batch multipliciThe performance evaluation of the classical
BRAs in practical scenarios can also been considered a sidataution of this work.

Summing up, the novelties in this report are the following.

e ABRADE: a frame-based BRA that applies a novel frame lengtipsation strategy to minimize
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the resolution cost of batches of known size;

e ABRADE™: an extension of ABRADE, realized by combining ABRADE witlsaitable BSE tech-

nique, that works even with batches of unknown size;

e The performance evaluation of ABRADEaNd of the best performing BRAs based on the immediate

feedback paradigm, in two practical scenarios.

1.3 Paper organization

The rest of the report is organized as follows. Sec. 2 dettadissystem model and defines the main
notation and the performance measures considered in this Bec. 3 provides an overview of the main
BRAs with immediate feedback, here considered for compafpsirposes. Sec. 4 describes ABRADE and
derives the dynamic frame length optimization strategyithtne core of the algorithm. The mathematical
and asymptotic analysis of ABRADE performance, under treaimption of perfect knowledge of the
batch size, is developed in Sec. 5, whereas in Sec. 6 we uteotthe BSE module and the ABRADE
scheme for batches of unknown size. In Sec. 7 we propose dasimeucomparison of ABRADE with
the best performing BRAs with immediate feedback in two pcat scenarios, which are based on the
common IEEE 802.11g and IEEE 802.15.4 radio standard. IgimalSec. 8 we sum up the main results

and discuss possible extensions of the proposed schemes.



Chapter 2

System model and performance measures

Before going in more depth in the analysis of BRASs, it is congat to formally define the system
model and the performance measures considered in this. dfadyeader convenience, furthermore, we

collected in Tab. 2.1 the main notation used throughoutebpert.

2.1 System model

We consider a scenario where all nodes in the batch are wiihitransmission/reception range of the
inquirer and capable of carrier-sensing each other trassam [10]. Channel access is ruled by the CSMA
scheme: nodes are allowed to transmit only whether the ehduiais been idle for a certain time interval
(3, calledidle slot A basic CSMA scheme is used for managing channel accesesnedtain from
transmitting any time the energy level sensed on the medsuabove a certain threshold. Conversely,
nodes are allowed to transmit if the channel remains idleafoertain time interval, referred to aile
slot. If two or more nodes transmit simultaneously, their sigmill interfere at the receiver generating a
collisionand none of them will be successfully decoded. For the sakargdlicity, we make the classical
assumption of noiseless radio channel, so that packettias®ns are always successful, except in case of
collision. Successful and collided transmissions takestaon times, andj3,, respectively. As customary,
we normalize all the time intervals to the transmission tohe& data packet, so that we assuthe= 1. The
time axis is hence divided in slots of unequal duration, Wwizice referred to aslle, successfubr collided
according to whether they host zero, one or more than ondtsineous transmission, respectively.

In the deferred-feedback case, feedback is provided onthieaend of the frame through a probe
message of duratiofi,. In the immediate feedback case, instead, each slot isffetldby a feedback.

Let ;, vs, andp,. denote the feedback transmission time in the case of idteessful or collided slot,



respectively. In practical CSMA-based systems, idle faelbs implicitly provided by the carrier-sense
mechanism, so that we hayg = 0. Conversely, successful feedback is typically providedraans of a
short acknowledgement packet (ACK), so that it resuits ¢, < 1. Finally, collided slots are recognized
because the packet transmission is not followed by an ACKiw# certain time interval that can, hence,
be considered as the collision feedback timeA more accurate evaluation of these parameters for some

practical scenarios is given in Appendix.

2.2 Performance measures

The aim of BRAs is to minimize théatch resolution interva(BRI), defined as the average time
required to resolve all the nodes in the initial batch, hezeaded by7 (n) wheren is the number of
nodes in the batch, that is to say, tha&tch size Another common performance metric to evaluate the

effectiveness of BRAs is theatch throughpytdefined as the average nodes resolution rate, i.e.,
An) = ——. (2.1)

Clearly, A\(n) and 7 (n) are related, since for a certain batch sizemaximizing\(n) is equivalent to

minimizing 7 (n). By lettingn approach infinity, we obtain the asymptotic batch throughpu

A, = lim A(n). (2.2)

ma n—00

The asymptotic throughput is of interest since it corresisaio the maximal packet arrival rate that can
be sustained by the system when the BRA is used asba&ious MAC access schenthat is to say,
when packets arriving to the system are served accordingabeal policy, according to which all packets
generated during the resolution of a batch are held in quedipi@cessed as a new batch once the packets
in the previous batch have been all resolved [8].

When the batch size is unknown at the inquirer, it is modetedrainteger random variabl€, with
probability mass distributio®y (n) and statistical meamy = E [N]. In this case, a useful metric is the

mean batch throughpwivhich is defined as

M) — E[N] B my o mpy
M) = F T T S e T () g, M @9



Table 2.1: Main notation.

Bs, Be, B time duration of successful, collided and idle slots

ws,pc,pi  time duration of the feedback message for successful, col-

lided, idle slots in immediate feedback BRAs

Bp time duration of probe message in ABRADE

n current batch size

mpy mean batch size

T(n) mean batch resolution interval with batch size
A(n) throughput with batch size

Ampy) throughput with random batch size of meany

Amax asymptotic throughput

w frame length (in number of slots)

wk optimal contention frame length with batch size
Moo asymptotic mean number of transmissions per slot
S,C, I number of successful, collided and idle slots in a frame

Py,n(s,c)  joint probability mass distribution of andC'

Pw,n(s) probability mass distribution of'




Chapter 3

BRAswith immediate feedback

In this section we quickly overview the features of the Hastwn BRAs for CSMA network, based
on the immediate feedback model. The section serves a tidesbjective: first, it provides a survey of
the state of the art on the subject; second, it describeddbatams used in the performance comparison
with ABRADET; third, it bears out the motivation of this study by showihgtt keeping into account the
feedback costs, the asymptotic throughput of FCFS may befisintly lower than what reported in the

classical literature.

3.1 TheFCFS/CMBT algorithm

The first-come first-serve (FCFS) algorithm was proposed bifaGer in [5] as an obvious access
scheme for Poisson packet arrivals. As for the other bitr@s-algorithms [2, 3, 11], FCFS splits the
initial batch in subsets, which are resolved sequentidigtch splitting occurs according to the packets
arrival time: time axis is divided in intervals of duratiorand nodes are resolved sequentially, starting
from those that generated packets in the first interval, thehe second interval and so on. When the
interval I = t, + [0,0) is activatedall packets arrived in that interval are transmitted in therent slot.

In case of collision, the last activated time interval isitsjpl two subintervals, namely the left interval
I, =ty +10, f0) and the right interval = ¢, + (f0, §], andI, is activated in the next slot. The procedure
is repeated recursively, till one node is resolved. Thenyridht interval is activated and so on.

A simple improvement of the algorithm consists in avoidijugranteectollisions that occur whenever
an interval splitting following a collision leaves all thedtes in the right subinterval, whose activation will
hence result again in a collision. Therefore, anytime adedl slot is followed by an empty slot, which

indicates that the left subset was empty, the right intasiehmediately split in two new subintervals and



the left one is activated. The splitting procedure is repeédr any successive idle slot, thus progressively
reducing the length of the activated interval, till the fissiccessful or collided slot. At this point, the
original algorithm execution is resumed and the resolypi@tess proceeds as usual.

Another improvement is brought about by itigpping mechanism that aims at avoiding the activation
of intervals of suboptimal size. The rationale is that, forsBon arrivals, two (or more) collisions in a run
“erase” any prior information on the number of nodes in thdtrsubsets. Therefore, after a left subinterval
is resolved, the clipping mechanism consists in returniregright subintervals to time axis and activating
a time interval of optimal length, rather than a shorter interval. (Note, that this rationsiealid only
under the assumption of Poisson arrivals [8].) The versfdfGF-S that includes these improvements, also
known asclipped modified binary tre@CMBT), is the fastest conflict resolution algorithm in titedature

for Poisson arrivals [6].

3.1.1 Theimpact of feedback costs

in [8], Gallager characterizes FCFS for CSMA channels antvel@n approximate expression of the

achievable asymptotic throughpyt, , under the classical assumption

(,02‘:0, Qpc:@s:ﬁ<<1- (31)

Unfortunately, (3.1) may not hold in practical systems, mehieedback times are not negligible, so that
the performance analysis may yield turn out to be overogtimi We thus revised the derivation df
proposed in [8] under the assumption thatand . may be non-negligible. Doing so, we obtained the
following result

9+9°
A~ , 3.2
max 2/6+(1+()08)(g+92) ( )

_ |2
7= 14+ .+ B (3:3)

is the mean number of transmissions per slot. Furthermioespptimal value off turned out to be equal

where

to

_ B
1- ﬁ + Pe ‘
Note that, setting the parameters as in (3.1), the expmre$3id) returns the original expressions provided

f=-B+Va+a, with a= (3.4)

by Gallager in [8]. However, ifp, > (3, as in many practical systems, the maximal throughput given
by (3.2) becomes notably lower than the value found in literg in particular for systems with high

transmission rates, for which, — 5, = 1.



We remark that FCFS has been designed to resolve conflicisgamessages that arrive according to
a Poissonprocess wittknownarrival rate\. Therefore, the plain application of FCFS algorithm in case
of batch arrivals yields poor performance [12]. Howevee tptimality of the algorithm can be easily
re-established for batch arrivals, provided that the bsioh is Poisson distributed with known mean .
In fact, as explained in [13], it suffices that each node inlihtch generates a randorirtual arrival

instantin the time intervall0, my /A The FCFS algorithm can be then applied by considering the

max ] "

virtual arrival epochs in place of the actual message dtiivies.

3.2 ThelECR algorithm

FCFS optimality requires to know beforehand the mean baagnsy, an information that may not
be available in many practical situations. To overcome lihig, Popovskyet al. proposed in [13] the
Interval Estimation Collision Resolution (IECR) algomth The basic idea consists in estimating the
batch size while the batch resolution is in progress. IntmeclECR starts with all nodes setting their
virtual arrival epochs uniformly in the unitintervé), 1) and the FCFS algorithm is performed. In case of
collision, the last activated interval is split in two sutgirvals, the left one corresponding to a fractipn
of the original interval. The algorithm then proceeds byvating the left subinterval, as in FCFS. When

a collision is successfully solved, however, the algoritmtivates a new interval of length

, (3.5)

>l

drECR =

whereg is as in (3.3), whereak s the current estimate of the average arrival rate given by

k
flim ’

wherek andp;;,,, are the number of nodes already resolved and the length oéslodved interval, respec-

X:

tively. IECR is proved to reach the same asymptotic througbp FCFS, without requiring ang priori

knowledge of the batch size.

3.3 The Sift and Sift/IECR algorithms

Another interesting approach to collision resolution inNG&S channels is proposed in [14], where

authors introduce the Sift algorithm. Sift differs from tbther BRAs in two aspects: first, it aims at
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minimizing the time till thefirst successfulransmission, rather than the batch resolution intened: s
ond, channel access is managed according to a modified frAtn®@¢A scheme, still with immediate
feedback, rather than resorting to the splitting approach.

More specifically, time is divided in frames, each consgptori w = 32 slots. At the beginning of
a frame, each unresolved node chooses at random one sla fnathe where to transmit. Slgt €
{1,2,...,w} is picked with probability

(1—a)a”

a™, (3.6)
1—av

psift(J) =

where0) < a < 1 is a parameter that depends on the maximum expected bathaireN,... The
algorithm ends at the first transmission, which always ceaithin the frame, fob=%_, psi:(j) = 1. The
probabilities (3.6) are designed in order to maximize thancle that the first transmission is successful,
regardless of the batch size.

Although designed for different purposes, Sift may be gaadapted to solve conflicts in CSMA
channels. In fact, each execution of Sift will end with eitheesolved node or a collision. In both cases,
it suffices to reapply the algorithm to the residual batdhalinodes are resolved.

Alternatively, Popovsky suggested to merge Sift with IEGRYs generating the hybrid Sift/IECR
algorithm. The idea is to use Sift to get a first estimate ofithteh size and, then, apply IECR. Suppose
that Sift ends at slat € [1, w] and let

Jiim =Y _Dsift(G) s fiow = frim — Psife(m).
=

If Sift ends with a successful transmission, then IECR iststhhaving the intervalo, f;,,) resolved,
andk = 1. Conversely, if Sift ends with a collision, then IECR is $takr as if a collision occurred in
the interval( fi,., fuim). The Sift/IECR algorithm is expected to yield better pemfance than IECR, in

particular for small values of the batch size.

IActually, Sift was engineered fa¥,,., = 512 nodes, for whichh = 512-1/3! that is the value considered in this report.

However, authors showed that performance degrades ghgaghen the batch size exceeds this limit.
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Chapter 4

ABRADE

In this section we describe ABRADE and the dynamic frametleagaptation strategy that is the core
of the algorithm. The theoretical analysis of ABRADE is deyped under the assumption of deterministic
and known value of the batch size The extension to the more realistic case of unknowwill be
discussed in Sec. 6.

As mentioned in the introduction, ABRADE works in success®solution rounds In each round,
every single unresolved node, independently of the otlpgrks a random slot in theontention framef
w slots, with uniform probability, and transmits its packethat slot, according to a CSMA-based framed
ALOHA scheme. At the end of the contention frame, the inquireadcasts probe messagthat carries
the aggregate feedback field (ACK), together with othermmformation, included the frame length
to be used in the next round. Acknowledged nodes are resalvédeave the batch, whereas the others

transmit in the next round. The batch resolution procesenspteted when all nodes have been resolved.

4.1 Dynamic optimization of the contention frame length

The core of ABRADE consists in adjusting the frame lengthfter each resolution round, according
to the residual batch multiplicity. The adaptation aims at maximizing the batch throughgu} given
by (2.1) that, in turn, corresponds to minimizi@@g»). In other words, we wish to find the frame length
wr, such that

w;, = argmin {T(n)} . (4.1)

The BRIT (n) is given by
T(n)=E|[r(n)], 4.2)
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wherer(n) is the actual time required to resolve a batch of sizéet S, C' and/ denote the number of

successful, collided and idle slots, respectively, in enfgafw slots, so that
S+C+I1=w. (4.3)

The conditional expectations 6f C' and/, givenw andn, can be easily determined as
E[S|w,n] = wnq(1 —q)"";
E[Clw,n] = w[l —ng(1— )" = (1—q)"]; (4.4)
E[lw,n] = w(l - q)";

where for ease of notation we set

P (4.5)
w

The round duration, denoted lpy, ,,, can then be written as
yw,n:S—i_Cﬂc_'_Iﬁ—i_ﬁ;M (46)
whereas (n) can be expressed in the following recursive form
T(n) = Yuwn + T(n - S) ’ (47)
with 7(0) = 0.

Now, let P, ,,(s,c) = P[S =s,C = c|lw,n] be the joint probability mass distribution ¢f and C
with a frame ofw slots and» transmitting nodes. The expressionef (s, ¢) can be obtained by basic
combinatorial analysis [15] or, more conveniently, thrbtige following recursive form [16]

Pyn(s,c)=0; for n<0ors<0orc<0orw<0o;
Pyn(s,c)=1; for n=0,s=0,c=00rn=1,s=1,¢c=0;
1 —c— 1
Pyn(s,¢) = Pyn-(s, c)E + Pyn-1(s,c— 1)i + Pyp-1(s —1, c)u ;o form>1.
w w w
(4.8)
Furthermore, lep,, .(s) = P [S = s|w, n] be the probability mass distribution 6f givenw andn, which

can be obtained from (4.8) through the marginal law:

Pwn(S) = Z Pyn(s,c). (4.9)
c=0
Replacing (4.7) in (4.2) and applying the total probabiliigorem with respect t8, we obtain

T(1) = B ] + 3B [r(n— S)IS = 8] punls)

s=0

B ] + 52 T(n — 5)punls)

s=1

1 - pw,n(())

13
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Then, using (4.6) into (4.10) and recalling (4.4) we can egpi(4.1) in the following recursive Bellman-

equation form

B+ whe +wng(l — )" (1 = ) + w(l — ¢)"(B = B) + X, pun(8)T*(n — S)}

wy = arg min
w { 1- pw,n<0)

(4.11)
where7*(k) denotes the optimal BRI for a batch of size This minimization problem can be solved
recursively, starting fromt = 1, with 7*(1) = 1 + 8, andw} = 1, and using (4.10) to obtaifi* (k) for
k> 1.

For ease of notation we extend the sum to infinity, thopigh (s) = 0 for s > min {w, n}.
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Chapter 5

Performance Analysis of ABRADE with known

batch size

In this section we analyze the performance of ABRADE underabsumption that the batch size is
known beforehand, so that the optimal frame length can be tiseughout the entire batch resolution
process.

To begin with, in Fig. 5.1 we plot the optimal frame lengt) as a function of the batch sizefor
different values of3, with 3. = 1, 5, = 1 (solid lines) and3, = 2 (dashed lines). We can observe
thatw; grows almost linearly with, though the optimal contention frame is proportionallyden for
small batches than for large ones. The reason is that, wiil fratches, the cost of probe messages is
determinant, so that it is advantageous to choose longaegdo reduce the collision probability and, in
turn, the number of resolution rounds required to resoleebifitch, though at the cost of a larger number
of idle slots.

In Fig. 5.2 we report the throughput curves as a functiop,dior different values of.. All curves
have been obtained by setting = 3. = 1. First, we note that the throughput increases wittwhich
confirms that the overhead due to the control traffic becomagressively less relevant as the size of the
batch grows. Second, we note that the throughput curvedlyagonverge toward the superior limif

1ax !

represented by the dashed curve in the figure. To determinaalyptical expression of ___, we consider

max !

that, for sufficiently larges, it holds
n

max

T*(n) (5.1)
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Figure 5.1: Optimal frame lengtla; as a function of the batch size for different values of3, with

B. =1, B, = 1 (solid) andg, = 2 (dashed).

16



II o n= 2
1 A n=5
0.91| o n=10

Figure 5.2: Throughpuk(n) vs 3, for different values of the batch size with 3,
curve represents

max "

= (. = 1. Dashed

17



From (4.10) we hence obtain

L B ] + Y p (s
5. = Bl % Amep[S’i ) (5.2)
=B o] £ 55
from which
A = % : (5.3)

Recalling (4.4) and (4.6), (5.3) can be written as

* * xyn—1

A ™ , (5.4)
ﬂp + wﬁ(l - qﬁ)”(ﬁ - 60) + wﬁﬁc + wan;;(l - CIZ)"_l(l - 60)
whereg: = 1/w}. Now, letyu, denote the mean number of transmissions per slot, equal to
fin = NGy, , (5.5)
andy_ be its asymptotic value
froo = 1D fir, . (5.6)
Letting n approach infinity, we thus have
lim (1 —¢:)" = lim (1 — @) =e Moo,
n—00 n—00 n
so that, from (5.4) we obtain
“Hoo
Ho® (5.7)

)\ = )

e bp+/60+€_‘uoo (/8_/6€> +Mm€_“w<1 _/60)
whereb, accounts for the fact that, the longer the frame, the lortgeaggregate ACK field and, in turn,
the size of the probe messaldt thus remains to determine the expressiom.of which is the average

number of transmissions per slot that maximizes the asytoptoroughput Setting to zero the

max "

derivative of the right-hand side of (5.7) with respectitg, after some algebra we find the following

transcendent equation

fr, =1— 5;5 exp(—fi.) , (5.8)

which can be easily solved using numerical methods, sucksastion. Note that,, strictly depends on

5, spanning fron? to 1 as/ varies fromg, to 0, as shown in Fig. 5.3. This behavior reflects the principle
according to which the channel access strategy shall betggessive when idle slots are much shorter

than busy slots.

1As we will see in Appendixb, is generally negligible in practical scenarios.
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durationg, with 8. = 1, b, = 0.
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Replacing (5.8) into (5.7) we finally obtain

A ¢
max bp —|—ﬁc—|—6_”oo(1 _ﬁc) )

(5.9)

which is the superior limit of ABRADE throughput, represethby the dashed curve in Fig. 5.2.
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Chapter 6

ABRADE™: extending ABRADE to batches of

unknown size

In many practical cases, the exact number of nodes in theictosdk may not be known beforehand.
In this case, ABRADE needs to be coupled with a BSE modulefiatides an estimate of the number
of nodes in the batch. This estimation problem is intergstin its own and has received considerable
attention in the literature [12,13,17]. Most of these esation schemes assume immediate feedback, so
that they are not directly applicable to ABRADE. BSE schefoesramed ALOHA systems have been
investigated, for instance, in [18] and [19]. In both cagke,goal was to minimize the number of slots
(of fixed length) required to attain high estimation accyradn our study, instead, we are interested in an
estimate algorithm that is capable of driving the ABRADEiopzation procedure, rather than providing
extremely accurate estimate.

We hence propose a novel estimate procedure that, intdgrétte ABRADE adaptation scheme, pro-
vides a complete solution for the batch resolution probleat will be referred to as ABRADE

ABRADET™ inherits the contention scheme and the frame length adaptstategy of ABRADE, with
two important add ons: thigatch size estimate functigBSEF) and theontention probability.

The BSEF is invoked after each resolution round to get antepldestimate of the residual batch size,
which is then used in place of the exact valuenao select the frame length for the next round, as in
ABRADE. As a matter of fact, when the batch size estimate emges to the exact value, ABRADE
works exactly as ABRADE.

The contention probability, which is broadcasted in the probe message together withatime length
w, determines the probability that a node in the batch tratssimithe upcoming round. As we will see

later, this parameter is particularly useful at the veryilweigng of the resolution process, when the estimate
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of the batch size is totally unreliable.
In Fig. 6.1 we provide the pseudo-code of ABRADEor both inquirer and nodes, whereas in the

following, we first detail the BSEF and, then, discuss thareste start up problem.

6.1 Thebatch size estimate function

The BSEF, denoted bit,, ,(s, ¢), is a deterministic function that takes as inputs the fraemgthw,
the contention probability, and the numbes andc¢ of successful and collided slots at the end of the

frame, and returns an estimat®f the batch size given by

A

n = Huy,p(s,c) = % (6.1)

wheren, is the estimate of the number of nodes that have actuallginited in the framé. This estimate,
in turn, is equal to

g =s+cne, (6.2)

wheren,. > 2 denotes the mean number of nodes involved in each colliSioetermine:., we assume
that the number of transmissions per slot can be approxdriatex Poisson-distributed random variable

with parametey:, as done in [18]. In this case, can be expressed as

f— prexp(—p)
Ne = , 6.3
1 —exp(—p) — pexp(—p) (©:3)
that, replaced in (6.2), gives
fy = s4c v — prexp(—p) 6.4)

1 — exp(—p) — pexp(—p)
The value ofu is finally obtained by equalling (6.4) tow, which is the expected number of transmissions

in the frame, so that we obtain

s+

ft — prexp(—p) B
T exp(—p) — pexp(—p) " (6:5)

Although transcendent, (6.5) is well behaved and admitsglesipositive solution; that can be quickly

determined by using standard methods, as bisection sddecite, from (6.4) and (6.5), it follows
ﬁt = /:LU) 9 (66)

that applied to (6.1) yieds

i = Hy (s, ¢) = = | (6.7)

1For compactness, we omit to indicate the dependenéyasfds, ons, ¢, w, andp.
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II* Inquirer side *//
Input: my
Setwg andp as in (6.10) and (6.14), respectively.
ACK « null /I[* Clear feedback field/
w < wo
unresolved « true
while unresolved do
send_pr obe_pck(w, p, ACK)
{s,c,i} <recei ve_from channel (w)
7 — Huw,p(s,c) asin (6.7)
nest < |1 — s| /[* estimate residual batch si?#
if nest = 0then
if p < 1then
II* See Sec. 6.273/
p — 1,w « w} with ng as in (6.15)
else
unresolved « false/l* The batch is resolvet!/
end if
else
/I* Dynamically adjust the frame length according to (4.1/1)
P 1w e w)
end if
ACK «— s /I* Update ACK field//

end while

/I* Node side *//
Input: {w,p,ACK} =recei ve_probe_pck
unresolved « true
while unresolved do
k0
compete «— (rand < p) //* Compete with probability *//
if compete then
k = [rand x w] //* Choose a random slat/
recei ve_from channel (k— 1) //* Wait for k — 1 slots*//
send_dat a_pck() //* Send packet on the selecteth slot*//
end if
{w,p,ACK} =recei ve_probe_pck
if slot k ACKedthen
resolved < true
end if

end while

Figure 6.1: ABRADE pseudocode at the inquirer and node side.
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wherej is the solution of (6.5).

For space constraints we cannot present the performanégsisnaf (6.6) and (6.7). However, we
observed that the statistical mean and power of the estiarade are lower for (6.6) than for the other
estimate methods proposed in [18], which consider sepgrtite number of idle and collided slots in
the frame. Furthermore, the estimate provided by (6.6 Msyd bounded, even when all the slots in the
contention frame are collided, thus avoiding the diverggoroblem that affects other estimate techniques
[18].

Here, we will be satisfied by discussing a single paramesggristof particular interest for our analysis,

namely theoperating range:s(w). Formally, we defineds(w) as
ns(w) = argmax {e, <0, Vn <n*},

wherez,, is the absolute mean relative estimate error, given by

mﬁ—n‘

- ‘ (6.8)

n

with

w w—s

m; =E 7] =) > Hu(s,¢)Pun(s,c).

s=0 c=0
In practice, for sufficiently smald, the operating range gives the maximum value.dbr which the

estimate isgood in the sense that, < § and the estimate can be reasonably assumed unbiased. In
Fig. 6.2 we report the operating ranggw) when varying the frame length, for different values of the
relative error threshold. The lowest curve in Fig. 6.2 gives the operating range fackh, is practically
negligible. We can first note that this curve grows quasdity withw, thus the longer the contention
frame, the wider the range afwithin which the estimate is good. Second, we observeftéuﬁ% ~ 1.5,

which means that the estimate is practically unbiased wregrtbe average number of transmissions per
slot is belowl.5, a condition that is rapidly satisfied when ABRADE's adajotascheme approaches its

regime behavior, as guaranteed by (5.8).

6.2 Theestimatestartup problem

At the very beginning of the resolution process, when theigg has no or only partial information
about the batch multiplicity, the frame length has to be getrt arbitrary valuev,. In this condition of
uncertainty, it is convenient to choose a small valuegfin order to have a first estimate of the batch size

in the shortest time possible. However, if the batch is latige frame may experience a lot of collisions
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25



that will inflate the BRI. To reduce the risk of collisions, RRDE" statistically reduces the number of
transmitting nodes through the contention probabilityThe choice ofp andw, shall strike a balance
between the performance loss incurred in the first resalutband, due to suboptimal parameters setting,
and the accuracy of the estimateaiven by (6.7) at the end of the round. In the following we digsca

possible strategy to setandwy in order to cut this tradeoff.

6.2.1 Minimizing performancelossduring the estimate start up period

from the performance analysis developed in Sec. 5, we knatthle maximum throughput with batch
sizen is achieved when the mean number of transmissions per stojuial toy,,, given by (5.5). Now,
let us assume that the initial batch multiplicity is a randeamiable N with probability mass distribution
Py(n) and meammy = E [N]. Then, the contention probabilitymay be reasonably set in such a way
that the expectation of number of transmissions per sldterfitst frame is equal to the statistical mean of
L, 1.€.,

E [Z_ﬂ =E [1n] (6.9)

from which it follows
p= on [:un] = wy ZTL:O PN(”)/”LTL ~ woluoo 7 (610)

mpn mpn mpn

where the right-most expression holds fax; > 1. Clearly, if wy E [1,] > my, the value ofp must be

limited to 1.

6.2.2 First-round estimate accuracy

it remains to choosey, in order for (6.7) to provide a sufficiently accurate estievatof the actual
batch size after the first resolution round. To this end, i®duce the mean square estimation error that,

for a batch size, is defined as

e2(n) = > Pu(m|n) > > Pyu(s,c)(i—n)? (6.11)
m=0 s=0 c=0
wheren is as in (6.7), whereas
Py(mln) = > (Z)pm(l —p)" ™, m=0,1,...,n. (6.12)
m=0

is the probability mass distribution of the number of noded tlo transmit in the first slot. We then set

such thag [¢%(n)] /my? < A, which is to say

wp = min {w ; Lz Pr(n)e(n) < A} : (6.13)

mN2
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where the parametéx, dubbechormalized mean square estimate error threshid@ designed parameter.
Clearly, (6.13) has to be evaluated by settirig as in (6.10). We observed that, settings in (6.10), the
estimate provided by (6.7) turns out to be unbiased with pigibability. In this case, (6.13) simplifies in

wp = min {w : i Py(n)M; < (14 A)mN2} . (6.14)
n=0

This minimization problem can be solved numerically, stgrtfrom ww = 0 and adding one till the
inequality is satisfied. As an example, in Fig. 6.3 we repoetriesult obtained when varyiny andm y
for a uniform distribution ofV from 0 to NV,,., — 1, with 5 = 0.0225 (black markers) and = 0.0654
(white markers) taken from the case study scenarios thabwitlescribed in Sec. 7. It is interesting to
note thatw, grows very quickly forA < 0.5, which means that any further improvement of the estimate
accuracy beyond this threshold would require a much larggement of the frame length.

Furthermore, as long ascan be optimized in function ab,, which is to say, (6.10) is less thanthe

value ofwy turns out to be basically independentof;. The reason is that (6.13) considensamalized

error measure, so that the tolerable estimate error scalesy .

6.2.3 Empirical fallbacks

the estimate startup phase requires some empirical adgustrto avoid pitfalls. As a matter of fact,
without anya priori information about the batch size, the choiceaf(-) andmy in (6.10) and (6.13) is
arbitrary. Commonly, in this situationy is considered a uniform random variable that take valuelsen t
integer interval0, Np,.x — 1], with meanmy = (Nyax — 1)/2. If my is much larger than the actual batch
multiplicity », then (6.10) will return a small value pfthat, in turn, may yield to an “empty” round, that
it to say, a round where no nodes transmit. In this case, (@ll7give n = 0 even ifn > 0. Hence, when
a round withp < 1 ends with no transmissions, ABRADEshall perform another resolution round with
p = 1 to verify whether the batch is actually empty or not. The eatibn frame in this round is set to
w = wy, , Whereng is the maximum value of the batch that may yield an empty rowitld probability

larger than a prefixed valug,,,., calledempty-batch thresholdathematically, we thus have
ng=min{n:P[N <n|S=0,C=0]> Py,}. (6.15)

Using the Bayes’ rule and the total probability theoreml % can be expressed as

S ko P (K)(1 — p)* }

ng = min{n'

Xk Py (k) (1 —p)
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wherep is the contention probability used in the empty round. Nb#&d,tthe smalleP,,,., the closemn, to
zero, hence’,,,. can be somehow interpreted as a measure of our belief thiaatble is actually populated,
even though the first round turned out empty. Finally, no#& wWhen using the uniform distribution fav,
(6.16) gets the much simpler expression

log(1 — Py (1 — (1 — p)Nmex))

Nog =
’ log(1 — p)

(6.17)

The second critical case occurs when the estimate of thé Isate given by (6.7) is out of the estimate
operating range, an event that is likely to occur when < n. In this case, the start up phase is repeated
by settingm, = n, wheren is the estimate obtained after the previous round. The proeds repeated
until the estimate lies within the operating range. At thosnp, the resolution process proceeds as usual,

that is to say, witlp = 1 andw = wj}.
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Chapter 7

Case study

In this section, we compare ABRADEagainst the best-performing BRAs algorithm in the literatu
In order for the comparison to have practical significance set the system parameters according to the
specifications of two popular off-the-shelf radio techryés, namely IEEE 802.11 and IEEE 802.15.4,
that for ease of notation will be henceforth referred to as WW~i) and ZB (ZigBee), respectively.
The values of the system parameters for these two referemreusos, whose derivation is detailed in

Appendix, are collected Tab. 7.1. For ABRADEwe fixedA = 0.6 and P, = 0.25.

7.1 Poisson-distributed batch size with known mean

We first compare ABRADE against the FCFS algorithm that, as explained in Sec. 3,eish#st
known collision resolution algorithm when batches havesBam-distributed multiplicity of known mean.
For fair comparison, we hence assume that the batch sizessdPedistributed with meam known at
the inquirer. This information is used to initialized thgalithms, which are then simulated by considering
the system parameters in Tab. 7.1. The mean batchisizeas been varied fromto 1500. For each value
of my, we run20000 independent instances of both the algorithms, generatiegch simulation a new
batch, with multiplicity drawn at random from the Poissostdbution of meann . The99% confidence
intervals are tight-fitting the curves and, for clarity, awot been reported in the graph.

Fig. 7.1 shows theneanthroughput (2.3) in WF (white marks) and ZB (black marks)receos.
Throughput curves grows rapidly wiilhy, to bend toward the asymptotic values wheg > 150. For
very small batches, FCFS is slightly better than ABRADRhich suffers the longer duration of the probe
message with respect to the immediate feedback messagesvelpwhenny is larger than a few units,

ABRADE™ outperforms FCFS in both scenarios, though the performgapds less marked in the ZB
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Table 7.1: System parameters setting in WF and ZB scenatjos (o + b,w).
Tdata /8 Pi Ps Pec hO bp

[s] [1077]

WF | 399 | 225 0 131.9 1319 143.2 0.05

ZB | 4896 | 654 O 111.1 458 2484 0.82
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Figure 7.1: Mean throughput(my) of ABRADE™ and FCFS as a function of the mean batch sizg

in WF (white marks) and ZB (black marks) scenarios.
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scenario, whose feedback costs are smaller than for WF.

Tab. 7.2 collects the asymptotic throughput of ABRAD&Nd FCFS obtained by simulation and the-
oretical analysis. The right-most column reports __ for FCFS obtained under the classical assumption
(3.1), as derived in [8]. We can see that the matching betvsg®nlation and theoretical values for
ABRADE™ is very good, thus confirming the validity of the mathemdtinadel and the marginal impact
of the simplifying assumptions considered in the analy6iSex. 5. Similarly, the simulation results for
FCFS, obtained with realistic parameters values, areypecdse to the values obtained with the model
(3.2) that keeps into account feedback costs. Converseythieoretical model provided in [8], which
neglects feedback, overestimates the asymptotic thraughp 0% and5% in the WF and ZB scenario,

respectively.

7.2 Unknown batch size

Here we consider the case where the inquirer has no knowkdalyét the batch multiplicity distribu-
tion. Hence, the parametesg andp in ABRADE™ are set as described in Sec. 6.2, under the (arbitrary)
assumption thatV is uniformly distributed in the (integer) interv@), N,,..]. All the results presented
in this section have been obtained by settivig,, = 100. We remark that this choice is arbitrary and
independent of the actual sizeof the batch, which is now deterministic, but unknown to thguiirer.

We compare ABRADE with the other BRAs that perform a dynamic batch size estmaamely
IECR, Sift and Sift/IECR. In Fig. 7.2 and Fig. 7.3 we repor tidgorithms throughput(n) for different
values ofn, in the WF and ZB scenarios, respectivél@nce again, thé9% confidence intervals are not
reported being tight-fitting the curves. The results oladim the two scenarios are qualitatively the same,
though the throughput gaps in the ZB case are less markeddh#dre WF scenario, as already observed
in Sec. 7.1.

At first sight, we see that ABRADE outperforms all the other algorithms for batches greatan th
few units. ABRADE" throughput grows almost monotonically with the batch sezeept in a interval of
values aften = 100, where the throughput undergoes a contraction. This sraglbpnance flexion orig-

inates from the setting/,,., = 100: when the actual batch sizeis larger thanV,,.,, the first resolution

1The theoretical asymptotic throughput of ABRADES still given by (5.9), since the effect of the initial batsize uncer-

tainty becomes negligible as— oo.
Note that, from these results it is possible to obtain theayethroughput for an arbitrary distributiéty (-) of N by using

(2.3).
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rounds will likely experience more collisions than expeégtéetermining a performance loss. However,
whenn > N..., ABRADE™ has enough time to reach the optimal regime behavior, thagressively
compensating the initial performance loss. Hence, theevafuV,,., determines the batch size interval
that experiences the performance loss.

Concerning the other algorithms, we observe that Sift thhpuit progressively increases asap-
proaches the design valg,.. = 512, to smoothly decrease for larger batches. In any case, Sithns
generally worse than the other algorithms, being desigoed different purpose. When the batch system-
atically contains a single node, IECR algorithm outperfoati the others, being able to solve the batch in
just one slot when the other algorithms generally take inesaie slots. However, as soon as the number
of nodes in the batch is greater than one, IECR will expegerallisions in the very first slots, which
determine the sharp throughput loss that can be observid rangel < n < 5. For larger values of the
batch size, the throughput of IECR progressively improbesause the algorithm is capable of dynami-
cally adjusting its parameters to the residual batch siferéehe batch resolution process is completed,
thus partially recovering from the initial inefficiency dteesuboptimal parameters configuration. Finally,
as expected, Sift/IECR performs better than IECR for smaliles of the batch size, whereas for large
batches the throughput achieved by the two algorithms itipedly the same.
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Table 7.2: Asymptotic throughput of ABRADEand FCFS in WF and ZB scenarios: simulation (at

N = 1500) vs theory.
ABRADE™ FCFS

Sim. Theory (5.9)] Sim.  Theory (3.2) [8]

WE | 0.81775 0.8202 0.7409 0.7494 0.8249

ZB | 0.71924 0.7229 0.6901 0.7021 0.7345
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Figure 7.2: Throughpuk(n) of ABRADE™, Sift/IECR, Sift and IECR as a function of the batch size

in WF scenario.
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Chapter 8
Discussion

In this report we presented ABRADE a batch resolution algorithm resulting from the combiorati
of a batch size estimation module and a dynamic framed ALOElesie. Conversely to most conflict
resolution algorithms presented in the literature, ABRADEaives the immediate feedback paradigm in
favor of an aggregate feedback, in order to reduce the oadrheurthermore, ABRADE dynamically
adjusts the length of the contention frame to the estimateltipticity of the residual batch, in order to
minimize the overall batch resolution interval.

ABRADE™ performance has been analyzed, both mathematically aniariweagions, and compared
against the best performing algorithms in the literaturgebleon the immediate feedback paradigm. The
analysis revealed that, by setting the system parameteaxcordance with the specifications of common
radio standards, such as IEEE 802.11 (WF) and IEEE 802.ZBY the throughput achieved by classical
BRASs’ is actually lower than predicted by the theoreticahlgsis, which generally neglects or underes-
timates the cost of immediate feedback. The deferred feddéyaproach adopted by ABRADE: thus,
appears more suitable in these scenarios, yielding higlheughput, especially with large batches. The
performance gain is more relevant when the feedback costsanparable to the packet transmission
time, as occurs in WF and, in general, in high speed wirelégd, whereas the advantage of the deferred
feedback approach is more contained in slow speed systenisas ZB.

ABRADE™ may seem to be more complex than other solutions, such as 6EER. As a matter of
fact, the frame-length optimization scheme, which is bytli@ more complex operation in the algorithm,
may potentially prevent the on-line applicability of ABRAD. However, we observe that the complexity
is all concentrated into the inquirer, whereas the otheead@ve only to perform the same basic operations
as for the classical algorithms. Furthermore, knowing fec8ication of the wireless technology, the

optimal parameters can be computed offline and stored iaitathe inquirer. Alternatively, itis possible
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to drastically simplify the dynamic frame length adaptatiy approximatingu to the asymptotic value
[1n]. Inthis way, the frame length adaptation can be performed &iynple rounded multiplication, at
the cost of a marginal performance penalty for small batches

We finally observe that ABRADE may be further ameliorated and extended in different ways. F
instance, the contention frame may be slid forward in casers of idle slots, in order to avoid almost-
certain collisions in the last part of the frame. In quadiistscenarios, it is possible to design the estimate
module in order to consider the past events, for instancesimgua Bayesian approach, thus speeding up
the convergence of the estimate to the actual batch sizeedsing the complexity of the algorithm at
the nodes side, furthermore, it is also possible to cona@tensions of the approach to more complex
scenarios, involving hidden nodes, multi-hop communasaj or priority-based service differentiation.

Such extensions are left for future investigation.
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Characterization of system parametersin the

reference scenarios

The data structures and carrier-sense mechanism of WF arade&Z8milar and will be described in

a unified manner. Let

BCK

denote the reference idle (backoff) slot time. Furthermta€Tl, ... be the

PCK
transmission time of a data packet, including PHY and MACdees and payload. In case of unacknowl-
edged transmissions, successive data frames have to lrateelday (at least) a certain Inter Frame Space
(IFS), here denoted by,... In case of acknowledged transmission, instead, an ACKdrafrduration

T,.. shall be returned within a time interva],,, <t

ACK

,rs after the packet reception. Moreover, an IFS
shall follow any ACK frame transmission. If a valid ACK is nceived within a certain timeouf , the
transmission is assumed to be collided and a new data framigeciansmitted immediately after.

With reference to the system model defined in Sec. 2, thersyséeameters can thus be set as follows

t
Lhpro = Thok +lipss B = % )
data (A_l)
0;i=0; @,= Thox T tack = tro —tips
' 7 ’ Tdata 7 ‘ Tdata

The probe message can be realized by using a standard daia, frdnose payload is structured in
order to carry the required system parameters. We suppasa fixed number of bits, that we set2d
bits, are used to encode ABRADBparameters, including the contention frame sizand the contention
probability p to be used in the upcoming resolution round. Note, thigtalways equal to one, except at
the estimate startup phase during which, thougis generally small. Therefore, at regime, most of these
bits can be used to encode the valuewfThe encoding of the aggregate feedback field may consist of
a bit-mask in one-to-one correspondence with the slotsarctimtention frame, in such a way that hits
denote successful slots, whereas biiadicate collided and idle slots. Therefore, the numberits in
this field is equal to the length of the previous contenti@mfe. However, more efficient codings of the
aggregate ACK field are possible. For instance, exploitiriggensing capability of nodes, the aggregate

ACK field may be compacted by using a bit-map for busy sloty,omhere bitsl denote success arid
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collision.

In our simulations, we conservatively set the length of tieop message to
6;,, = ho + bpw y

where hy accounts for the fixed duration of the probe message (PHY aA@ |dacket headers, fixed

payload subfields, IFS), wheregs= RTl is the normalized bit transmission time, beiRghe trans-
mission rate of the payload field. For large frame lengthes)eéhgth of the probe message may exceed the
maximum frame length supported by the transmission standiathis case it will be needed to send two

or more consecutive probe messages.
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