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Abstract—Neighbor discovery is essential for the process of minimum weight (e.g. energy) spanning trees. Hence, infa sel
self-organization of a wireless network, where almost all rout- organized wireless network, before the execution of angroth
ing and medium access protocols need knowledge of One'hOpprotocol (such as topology control, medium access andmguti

neighbors. In this paper we study the problem of neighbor - TR
discovery in a static and synchronous network, where time is protocols) can begin, nodes must execute an initialization

divided into slots, each of duration equal to the time required Phase during which they discover their one-hop neighbors,
to transmit a hello message, and potentially, some sort of henceforth referred to awighbor discovery This phase must
feedback message. Our main contributions lie in detailing the proceed as qu|ck|y as possib|e to allow the network to begin
physical layer mechanism for how nodes in receive mode deteCtoperation.

the channel status, describing algorithms at higher layers that . . .
exploit such a knowledge, and characterizing the significant | The most commonly used neighbor discovery algorithm

gain obtained. In particular, we describe one possible physical 1S probabilistic, with nodes randomly exchanging neighbor
layer architecture that allows receivers to detect collisions, and discovery packets with their neighbors. The neighbor dis-
then introduce a feedback mechanism that makes the collision covery packet is often broadcasted using a CSMA (Carrier
information available to the transmitters. This allows nodes gange Multiple Access) protocol to reduce the probability o
to stop transmitting packets as soon as they learn about the . . .
successful reception of their discovery messages by the othermUItIpIe _nodes accessing the channels at the Sam_e time [9],
nodes in the network. Hence, the number of nodes that need [10]. If S.'mU“aneOUS channel accesses occur, collisiasio

to transmit packets decreases over time. These nodes transmitand colliding packets are assumed to be lost. These Aloha-
with a probability that is inversely proportional to the number of  |ike discovery algorithms are slow and suffer from the hidde
active nodes in their neighborhood, which is estimated using the {arminal problem, which decreases their reliability. Rele

collision information available at the nodes. We show through . . . .
analysis and simulations that our algorithm allows nodes to several slotted-time based neighbor discovery algorithave

discover their neighbors in a significantly smaller amount of Peen proposed [1]3], [5], [6], [8], [15], [17]. Time is sted
time compared to the case where reception status feedback isin order to enhance reliability and increase discovery dpee

not available to the transmitters. at each slot, each node decides (based on a deterministic or
random decision process) to transmit or to listen to other
transmissions. Note that the probability that two or morde®o
Wireless sensor and ad-hoc networks are increasingly betfgnsmit in a slot is greater than zero and thus collisiorls wi
developed and deployed in civilian and military scenariogccur in the network. In previous protocols [1]-[3], [5],][6
Wireless networks are very attractive as they can be de@loyg]-[10], [15], [17], nodes do not have knowledge of whether
without spending the time, money, and energy involved ifeir transmissions have been received by all neighbors, an

setting up a wired network [12], [13]. In such a networkihus nodes must continue to transmit to discover neighbors
nodes coordinate among themselves to establish routes @igh some desired reliability.

communicate with each other. However, route constructionin [16], we considered the scenario that nodes have a reli-
generally requires nodes to know their one-hop neighbades afable collision detection mechanism. We proposed an ahyurit
they are deployed. Knowledge of one-hop neighbors is algpwhich nodes stop transmitting packets as soon as they lear
essential to perform medium-access control and to coristra@out the reception of their packets by their neighbors.aFor

_ _ single clique ofn nodes and using a highly idealized PHY
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« Despite starting execution at different time instantsheaand packets can be lost due to transmission errors. We opos
node can discover all its neighbors. We also relaxed tha efficient retransmission scheme to enhance the refiabili
requirement that the number of nodes be known. of our discovery algorithm, where we use the collision in-

As stated above, in [16] we assumed that nodes are allfgymation to increase the probability that no collisionsarc
transmission range of each other and transmission errars @ing the retransmission of a packet. Finally, we consider
to fading are negligible. Here, we take a more detailed lodR@t nodes do not know the exact number of their neighbors.
a the PHY layer where we consider the general case 'dgNCe nodes need to estimate this number to adjust their
channels with fading. We consider the network setting, whelransmission probabilities. We show that collision infation
nodes are not all in transmission range of each other. Tifeuseful for this estimation procedure and can be used by

main contribution of the current paper can be summarized 3@des to adjust their transmission probabilities. We etalu
follows. the performance of our algorithm in the network setting, rghe

W liabl d tical collision detecti we relax the last assumption that nodes are all in transomssi
< Ve Eropose tﬁ ;e 'a ‘?da” plrl".’“? Ical (;0 'S'ot_n etect'holl?inge of each other. We show that our algorithm allows nodes
mechanism {hat provides collision information 10 g, giscover their neighbors in a significantly smaller amoun

tran_smltters. - e of time compared to Aloha-like discovery algorithms.
« We introduce an efficient retransmission scheme to deal : . .
The goal of this paper is to clearly demonstrate the utility

with losses due to fading, where the collision informatiogf hvsical laver feedback in facilitating neiahbor dise
is used to enhance the performance of the scheme. phy Y g heg o

o We show through simulations that our algorithms aIIov'Q'ence’ we take a clean Aloha-like approach as a baseline,

nodes to discover their neighbors much faster than Alohé;a-]th[%r] ﬂ[];n [ig? Flf;]h ?nrg%r;t?:r:nw:ﬁftg gigﬂlltg]r?;;;w}\_[s
like algorithms. that such an approach is order optimal in the single cligse ca
For the sake of simplicity, we consider that nodes are sy@ithout fading, and we believe that these results also hwmid f
chronous on slot boundaries and start the neighbor disgovehie network setting with fading channels as assumed in this
process at the same time instants. However, the algorithmsyaper. Hence, we relegate comparison of our algorithms with
[16] can be used in conjunction with what is proposed heffore advanced algorithms to the future.
in an analogous fashion to relax these assumptions. The rest of this paper is structured as follows. In the
In particular, we introduce a physical layer energy detecti fo|lowing section we describe the network setting and agsum
mechanism that gives nodes the ability to estimate theérec tions for our study. Section IIl describes Aloha-like neigh
tion status when they are in receive mode. Such a mechani@gbovery algorithms and their analysis. In Section IV, we
has been widely used by medium access and physical layffoduce our energy detection mechanism. We then propose
protocols. Examples include CSMA/CA in which the decisiogyr feedback mechanism and discuss its overhead cost in the
that a node is permitted to either transmit or has to defgist of Section IV. Section V introduces our algorithms. We
its transmission depends on whether it senses the chan®@luate the performance of our algorithms in the network

as idle or busy. In this paper we consider more complgtting in Section VI. Finally, Section VII concludes thisger
cases in which nodes are not Only able to dIStIﬂgUISh betwe@ﬁ‘u discusses possib'e future research.

busy and idle channels, but are also capable of discerning
between errors and collisions. We detail one possible physi I
layer configuration for such. Using this energy detection
mechanism, we propose a simple feedback mechanism thaConsider a network of. nodes where nodes are not mobile.
provides collision information to the transmitters. Withet Each node is equipped with a transceiver that enables the nod
feedback, we only need to carry one bit of informatioto transmit and receive a signal. Nodes are distinguishable
to the transmitters; whether collisions occurred duringirth by unique identifiers (ID) that can be MAC addresses or
transmissions or not. Hence, we do not need to schedgleographic positions provided by GPS. The goal is to propose
receivers; rather, they simultaneously transmit NACK gk an algorithm in which nodes in the network discover their
during a slot that is reserved for feedback if they detepeighbors, i.e. determine their identifiers, as quickly as-p
collision in the previous transmission slot. If a transmitt sible. Neighbor discovery algorithms function by exchaggi
detects energy during the feedback slot correspondingsto ritessages between nodes, where these messages contain the
transmission slot, it concludes that a collision has o@tlrridentifiers of transmitters. Hence, if a node receives a aggEss
during its transmission. it discovers the transmitter of the message. In this papetave
After introducing the feedback mechanism, we discuss thet consider gossip-based approaches, hence the hellagress
slotted version of the discovery algorithm proposed in [16¢ontains only the identifier of the transmitter. We assunag th
where we consider that nodes are all in transmission rang@ nodes are neighbors if they are in transmission range of
of each other, they know the number of their neighbors, ameéch other, i.e. the signal transmitted by one of the nodes ca
transmissions are over additive white Gaussian noise (AWGhHg heard by the other node. Stated more precisely, we assume
channels. We then address the case of channels with fadithgit when a node transmits, tlgerage (over time) received
where a collision is not the only source of loss in the networnergy at its neighbors is greater than a threshold.

. MODEL AND ASSUMPTIONS



We assume that time is divided into slots and nodes a | | |

perfectly synchronized. This synchronization can be ol@i | free = Hperror | H,y: success/collision

through a base station that broadcasts clock messages | | |

the nodes or by using GPS clock synchronization [4], [7

During any given time slot, a node can either be in transm
. . 0

or receive mode but not both; i.e. nodes are half-duplex. ..

COHISIOn oceurs in such _a setting if two Or_ more nelghborl—% . 1. Receivers need to decide between three hypothesis; érror,

transmit at the same time, and the collided packets & success/collision. We propose an energy detection mischaat the

assumed to be lost. However, a collision is not the onRHY layer of nodes that compares the average received engrgyith two

Sourc o packet oss i fh network where, e 10 fackeo: 10 Wl 1 AthcoveEondats o eciton S

and interference from non-neighboring nodes, the receiv@d packet; if decoding is successful its reception stasusucess, else, it

signal-to-interference plus noise ratio (SINR) betweely amoncludes that a collision occured.

two nodes is time-varying; thus, there will be transmitted

packets that cannot be successfully decoded by all neighbthe energy detector is then compared to a second thresfold

even if no collision occurs in the network. We denote By Which is set above the power of the noise floor but betew

the expected packet loss rate due to fading. As we discubthe received signal power is abovg, the node estimates its

in Section 1V, a receiver can distinguish between successfiiatus as error, else it decides that its reception statfrees

reception, collision, transmission error, and the case ¢ha(see Figure 1). In this section, we first describe one passibl

channel is idle. However, this information is not automedtic physical layer architecture for the generation of such. kiémt

available at transmitters; hence, a transmitter can nevsute propose a feedback mechanism that provide this information

about the reception of its discovery message without fesdbdo transmitters.

from receivers. In this paper, we first briefly study randorR Energy Detection Mechanism

discovery algorithms without feedback. We then consider In ] ) i ]
detail the case that collision information is made avadaidl A Potential scheme is provided based on the assumption that

T, T average received energy

transmitting nodes. discovery messages are transmitted using (potentiallgd)od
binary phase-shift keying (BPSK); however, it will be clear
[1l. RANDOM PROTOCOL WITHOUT FEEDBACK that similar results are easily obtained in an analogousdas

Each slot is assumed to have duration equal to the tirff§ Other modulation schemes. .
required to transmit a packet, whefe (in bits) is the size ~ Consider packets of bits transmitted by a set dt’ active
of a discovery packet. Consider a random nedét every nodes, thaF are in transmission range'of thel receiver afdste
slot, 7 selects one of these modes; with probability the dur'mg a given t'lme slqt. Thg trapsmltteq S|gnal from tie
node transmits and with probabilityl — p;) it chooses to active node during a given time interval is given by:
receive (listen). When a node is in receive mode and if it L-1 "
successfully receives a transmission from a neighbor, e n s (t) = Z VE(-1)% pt —IT,) k=0,1,...,K—1
records the identity of the neighbor. We refer to this aldwni 1=0
as Algorithm 0. Letn; be the number of neighbors of node
p; = L is the value ofp; that maximizes the probability of
discovering a neighbor within a given time (see [15] and [
for more details).

where E; is the transmitted energy per symbbf,k) is the

th data bit of the “hello” message for the'® user, p(-)

|£ the unit-energy pulse shape, afig is the symbol time.
We will assume that the gain (inverse of the attenuation
IV. RECEPTIONSTATUS FEEDBACK caused by path-loss and shadowingpn each of the paths

An important assumption underlying the current work is thig identical, and define the average received energy from a
P P ying iven transmitter a¥v,, = SE,. Assuming independent slow

ab|l|ty'of receiving nodes .to .d|st|ngwsh between Sucuﬁss'?requency—nonselective Rayleigh fading between each ef th
reception, collision, transmission error, and a free ckarnrhe

: . . . : . active transmitters and the receiver of interest, the ipaiki
idea is that the amount of energy received during a given time,,. . : :
. . = .fading on a given packet from transmittér is a (scalar)

slot at a receiver can be used to determine the activity durin . .
. ; . : complex zero-mean Gaussian random varighlg14]. Then,

that time period. Our energy detection mechanism perfosns a_ . . T
: L working any phase offset (and time synchronization in the

follows. First, a receiving node checks whether the reckive

. . . . . . hnarrow-band case) between transmit and receive oscglator
signal power during a given listening period, averaged tver

period, is above a given threshald If the answer is “yes”, the into the complex variablé;, the (complex) received signal

receiving node attempts to decode the packet; if the degod|£rj1urlng a given time slot is:

is successful, the node recovers the ID of its neighbor and e _
considers the status a success, else, it decides the stasus w y(t) = D VBhisi(t) + o(t) +i(t) )
collision. If the average received power at a node is less tha k=0

71, the node needs to decide if something is on the chanmeierew(t) is an additive white Gaussian noise process with
to distinguish between the error and free states. The owofput(two-sided) power spectral densi%@ andi(t) is a Gaussian



process with power density that represents interferencewhere ho has probability density function of the random
from non-neighboring nodes. After pulse-matched filteringariable h, conditioned on the eveng|ho|? < N(J]VT,QEI)W}
and symbol-spaced sampling, the elements of the (compl&%je logical hypothesis test is then given by:

received vector for a given packet are given by:

" v<T1 : DecideH,
ylzz\/ﬁhk(_l)bz +u+4q, ,0=01,...,.L—1 70 <~vy<m7 : DecideH;

1 <+~ : DecideH,
where v; and i; are zero-mean complex Gaussian random

variables with varianceéz: and I, respectively. wherer, andr; are two thresholds to be selected.
Modern error control codes demonstrate a threshold effect;
The thresholdsy and 7; can be set to minimize the total

thatis, if there is no collision/ = 1)7<|’;}Ln0d the received signal- error probability. Whenl. is large, the decision statistic can
to-noise-interference ratio (SINR}: 15, is above a given | approxmated as a real Gaussian variable with means
thresholdW the packet decodes Wlth hlgh probability. Hencey g variance:? under the i-th hypothesis, where

(N() + 2-[)'7d _ (No+2D)vg

P.=1-P(lho|* > =1- NoFr . (2
(hol? > =) =17 Rom . () _ N
Ho 2 3
Likewise, if the received SNR is below that threshold, it is o= po+9E,
quite unlikely that the packet will be decoded. In the latter _ L KE
case, the receiver wishes to determine the status of thexehan H2 = Ho "
In the absence of a model for the number of colliding users (No-t2T)7g
and of their sequences, one could use an energy detector. ahd) = (1 — e~ NoBr )(% + 1) < 1. Hence, the
output of the energy detector, normalized byis: thresholdr, could be set tqu,+ ﬂgr andr, to MOJF%_ In
) practice, nodes can use an estimaté aj set their thresholds.
Y= I Z B Let P;_.; be the probability of selecting hypothegisvhen
hypothesis is correct. First, consider,_.;, 7 = 0, 1,2. Under
L-1 K-1 o Hy, v has a central chi-square distribution witli. degrees
b ) 12 o .
= - Z | Z hev E ot v il of freedom, and thus it is straightforward to show (see, for
1=0 k=0 example, [11, pg. 43]):
In particular, as detailed below, our feedback mechanism
requires the receiver to decide between the following three Py—o = P(y>mnl|Ho)
hypotheses, listed in increasing order of (expected) vedei L-1 k
energy (see Figure 1): — oW > 1(_In_
' = K\ No+2I)
ZO + free Py1 = P(ro <y <mi|Hp)
:error -
Hl . / ” H — 67N§1021 Lz:ll A *
5 : success / collision = 2 W \Ng 121
o _ i 1/ Ln
The statistics ofy under the three hypotheses can be easily — e Mot Z T\ 57 )
o " k' \ Nog+ 21
evaluated and a minimum error classifier for the 3-class k=0
problem derived. We concentrate on a threshold detectartwhi Pyo = 1-Fa— P

is close to optimal in the case of low SNR. Since “success”
can be determined by the packet decoding successfully, tiext, consider”; _,;, j = 0,1, 2. UnderH;, the distribution of
thresholding ony need only try to detect a collision, and,y is independent of the value of the data bits; he6f) , I =

hence, with a slight abuse of notation, under the three (,1,...,L — 1} can be assumed to ki It is then easy to
hypotheses can be written as: observe that, conditioned ohy, v is non-central chi-square
= with 2L degrees of freedom and (see, for example, [11, pg.
— s 45]):
=71 Z v + 4] )
Pi, = P(y>mn|H)
. (0) 2 -
Hy Z\ho ) b 4 vy + 4y = B, [P(y > milho, Hy))
L—1 K—1 712
1 (k) ) . ) 2|ho|?LE, 2Lm
Hy : ~v= I ‘ thET(_l)bI' +Ul+ll|2 o Eho @r No+2I "V Ny +2I



Py P(ro < v < 7i|Hy)
= Ej [P(10 <7 < Tilho, H1)]
2|ho|2LE, 2L
= E |Qu ol ’\/70
0 Ny +21 No + 21
2|EO|2LET‘ \/ﬁ
— E~
o |91 No+2I "\ Nog+21I ’
P1—>O = 1_P1—>2_P1—>17

where @y (-,-) is Marcum’s generalized Q function. Finally,
considerP;_,;,j = 0,1,2. Under H,, the most likely chance
of not detecting that collision occurs when there are on
two users; hence, assume = "Xl hoy/E (—1)H" +
hlx/Ef,(fl)bf1> +v;+1i;|%. Here, we require only the probabil-
ity of not detecting a collision (without regard to what typie
error), which we denoté,_. (¢ 11, which allows the following
bounding. The randomness of the data bits (dygrovide a
form of diversity, and hence performance is lower bounded

the bits are assumed constant; that is, if the data bits in {

sets{v\”,1=0,1,...,L—1} and{b{", 1 =0,1,...,L -1}

are assumed to be equal to zero. Then, employing this bod

and the distribution of non-central chi-square randomaldeis
again, we have

Pzﬁ{o,1} =Py < Tl‘H2)

< P VB Tho(—1)

=0

(©
by

) (1)
+hi(=1)% ]+
Ul +il|2 < LTl)

L—1
< P> |hoVE: + iVE, + v +il|* < L)

=0

L—-1
= Eho,hl [P(Z |h0 \% E’r + hl \% E’r +
=0
(] +il‘2 < LTl)lho,hl}

2|ho + h1|?LE,

B

2|ho + M |*LE,
No + 21

2071
"V No +21

2L’7'1
"V iNo+21 ]|

and

Po_o0 > Eng oy

QL

B. Feedback Mechanism

Now we show how receivers provide collision informatio®}, and {Ps_,o1 ~ 0, P>_

to transmitters. We assume that time is divided into slashe
of duration equal to the time required to transmit a packet

al

-1 time

Fig. 2. Each transmission slot is divided into two sub-sltits;first sub-slot
with a duration equal to the time that one requires to senda@waisy packet
of size L bits and the second sub-slot with duration equalfobits, which is
the length of a NACK packet. Transmitting nodes transmit infits¢ sub-slot,
and the second sub-slot is assigned to receiving nodesrsniiaNACKSs.

the first sub-slot, and receivers that did not detect a doflis

listen to the channel during the second sub-slot and simply
erform energy detection; if they detect their recepticiust

&s either success, collision, or error, they conclude tHeEi

packets were transmitted in the second sub-slot and that a

collision occurred in the first time slot.

In theory, we only need one bit of feedback; hence, the
corresponding overhead is negligible, i®.< 1. However,
iq practice we need to consider constraints such as swgchin
%eelay, synchronization complexity, and other physicaletay
constraints to make a transmission feasible. In particidaa
sltatted communication protocol it is typical for the slotskte
or} equal length as this simplifies synchronization. In the ap
proach described here where only one bit of information must
be returned to complete the communication, then there would
be an inefficiency arising from the rest of the acknowledgmen
slot being unused. We could increase efficiency by making the
slot size smaller and using multiple short slots for thegrait
period and a single short slot for the acknowledge message;
however, a dramatic reduction in slot size to the “few bits”
level could possibly result in synchronization issues aradken
it difficult to detect an acknowledgment from a distant node
in such a short slot. For the sake of simplicity we consider
a = 0.5, which is a reasonable value farwhen L is on the
order of a few hundred bits.

C. Parametric example

Let vy = 6 dB and E,./Ny = 16 dB; for I = 0 this
results toP, = 0.1 which is a reasonable value for packet
loss rate in wireless networks [14]. Also, [Bt= 200 bits and
a = 0.5. At the first sub-slot of each slot, we hay#y_. =
0, P0_>1 = O, P0_>0 = 1}, {P1_>2 ~ O7 P1_>1 ~ 1, P1—>O ~
1}. At the second sub-slot
we haVG{POHQ ~ 0, Py_1 0, Poo ~ 1}, {Plﬁz
Of P11 =1—P_, PLo=8xX 10_7}, and {PQHOJ ~

~
~

~

~
~ ~

size(1+«)L bits, where0 < a < 1. We divide each such slot0, P»_.» = 1}, where transmitted NACK packets have a size
into two sub-slots as depicted in Figure 2. The first subdislotof o« x L = 100 bits. We can see from this example that our
assigned to nodes to broadcast their discovery packetz®f snergy detection mechanism performs almost perfectly when
L bits. The second sub-slot is used to send NACK packets bf= 0 (e.g., inside a single clique where nodes are all in
size aL bits. Receiving nodes transmit NACKs in the seconttansmission range of each other as we assume in Section V).
sub-slot if they detect a collision during the first sub-sloHowever, this mechanism is less reliable when the intenfeze
Note that these NACKs may collide when two or more noddsom non-neighboring nodes is not negligible (we will detai
transmit in the second sub-slot. Nodes that transmittethgur this in Section VI).



V. RANDOM DISCOVERY ALGORITHMS WITH RECEPTION o ‘ ‘ = Agoritm 1

STATUS INFORMATION AT TRANSMITTERS I N,
In this section we show how nodes in the network can use %

collision information to efficiently discover their neighis. \

We explain the idea behind our algorithms for a single clique

of n nodes, where neighbor discovery consists of determining

the IDs of all nodes in the network. We start with the simplest

case where the exact number of nodes in the network,

is known by all nodes, and additive white Gaussian noise

(AWGN) is assumed. We then extend our algorithm to chan-

nels with multipath fading. Finally, we consider the casereh 5

n is not knowna priori and hence nodes must estimateo w ‘ ‘ ‘ ‘ ‘

determine their transmission probability. ’ time f(r)mmber o;osulots; eac}foofdurati;(r)fequal tozsLObits) 300

non-discovery probability

A. AWGN Channels Fig. 3. The probability that a random nodeloes not discover its neighbor

; ; within ¢ slots (the non-discovery probability) is depicted using@ithm 1
We first consider the case of an AWGN channel Whe%%d the results are compared with the case that we apply #igo®. The

the average and instantaneous received SINRs between @Byits are shown for networks b nodes whereP, = 0. a represents the
two nodes are the same. Thus any loss between neighbortedgback overhead where each slot of the proposed algoiitithis section
caused by collisions. In this case, the probability thatairer N€eds! + o time units. We set = 0.5.
fails to detect a collision is essentially zero (see Seckign
Hence, if a node transmits a discovery message and recaive§hsize L bits. We account for this difference in our evalu-
NACKs from receivers, it concludes that its transmissiors wation. Figure 3 depicts the probability of non-discovetye t
successful. During the execution of neighbor discovergeso Probability that a random nodedoes not discover neighbgr
divide into active nodes and passive nodes. Here an active within time ¢ time slots, for both of the protocols. We plot the
node is one that does not believe that it has been discovef@gdults versus time in units df bits slots with the overhead
and continues to actively participate in neighbor discgverof aL accounted for in the proposed algorithm (ikeslots of
A passive node, on the other hand, is one that was orff€ proposed algorithm requirés + o)k time units).
active but believes that it has been discovered by its neighb The results clearly indicate that the probability of not
and stops participating actively in neighbor discovery.r O@liscovering a neighbor decays much faster for the case that
algorithm functions as follows: once a node learns that itgansmitters have side information about the receptiormeir t
packet has been received by its neighbors, it stops tratisgnit Messages. We see that the expected time to reach to a decay
discovery messages but continues to listen to the channel Bgobability equal t010~° is up to 3 times less for the case
transmissions from its neighbors. Therefore, the number @t we use Algorithm 1, thus confirming our analytical resul
nodes attempting to transmit their hello messages, i.e. the[16]. We did simulations under Matlab where we applied
number of active nodes, decreases over time. As statedehefégorithm 0 and Algorithm 1. We consider a perfect energy
we showed in [16] that this algorithm is in the order of optimadetection mechanism at the physical layer and, per above, we
in the single clique case without fading. suppose that transmission over links is errorless. To tku
Let \V;, be the set of nodes that successfully transmit théfte non-discovery probability at, we count, at each node,
messages in the firgt time slots; and/\/'hc be the Comp|e_ the number of HEigthFS that have not been discoveredafter
mentary set of\},. N;, =| N}, | is the number of successfulslots, sum the obtained numbers at all nodes, and divided the
transmissions, success events, that occur by tin@bviously, Sum by10x9 = 90 wherel0 is the number of nodes artdis
N, is non-decreasing ih, Ny = 0, and0 < N, < h, as only the number of neighbors per each node. Every point obtained
a single successful transmission can occur in each time skbfough simulation in Figure 3 corresponds to an average ove
N, denotes the set of nodes discovered by noitethe first 10® simulations. The confidence intervals are very small so we
h time slots whereV; , =| NV; ;, |. Attime h+1, i executes the do not report them here.
following algorithm; if i € N it transmits with probabili : ,
pin and listens with probabilitst — p: », otherwisg, it Iister?; B. Channels with fading
to the channelp; , = ﬁ is the optimal value op; ;, that We consider the more general case of channels with fading.
maximizes the probability of discovering a neighbor witlin In this case, if a transmitter broadcasts a discovery packet
given time (see [16]). Note that, assuming that all nodet stand does not detect energy in the second sub-slot, it cannot
with knowledge ofn, the feedback protocol of the previousonclude that its packet has been received by all neighbors,
section guarantees thaf, is known by all nodes at timk+1, since with probabilityP,, the expected packet loss probability
i.e., N;» =N, for any h and:. between two neighbors, a neighbor may fail to decode the
We compare Algorithm 1 with Algorithm 0 through simu-packet. In this section, we propose an extension of Algorith
lations whereP, = 0. Using Algorithm 1, each time slot is to address this problem.
of length (1 + «)L bits, while without feedback a slot is only In Algorithm 2, nodes switch to the passive mode only



after they have transmitted their packets at lelagimes,
without detecting a collision during these transmissiong.
propose an efficient retransmission scheme, where we use % E\ AN
the collision information at transmitters and the abilitf o )
receivers to estimate their reception status to increase th
probability that no collisions occur during the retranssios

of a packet. Algorithm 2 operates as follows: isuccessfully
transmits a packet at timg (i.e. no collision occurs during
the transmission of the packet), it retransmits the pachaina

at time h + ¢ with a probabilityp,. if b; < b, whereb; is the 10 \ 1
number of times that nodehas transmitted the packet without b

collision, b and ¢ are positive integers, andl < p, < 1 (in . ‘ ‘ ‘ ‘ ‘ ‘

this section, we Sqir = 1) Nodes that are in receiving mode " tim:aoinumbewrsgf slots;zoe?ach orfjsgration sgual to I_asboits) 400
at timeh and detect their reception status as either success or

error will assign to receiving mode at tinte+ c. Hence, the Fig. 4. The non-discovery probability of Algorithm 2 is comed with
probability that a collision occurs during the retransriissof ~A190thm 0 wheren =10 and Fe = 0.1.

the packet is smaller than the case that all active nodes can ‘ ‘ ‘
transmit at timeh + c. Once+ transmits its packeb times
without a collision, i.e.b; = b, it switches to passive mode.
Also, similar to Algorithm 1, ifi is in receiving mode at timg

and it receives a packet, it saves the identifier of the tréttesm

and if it is a new neighbor thewV; 41 = N; 5 + 1. We
assume enough temporal diversity that the multipath fading
can be assumed to be independent from slot to slot, and thus
setc=1.

We applied Algorithm 2 in Matlab where we use the physi-
cal model proposed in Section IV with= 0. The simulation
results show thap, ;, = # is the value ofp; ) that o ‘ ‘ ‘ ‘ ‘ ‘
maximizes the probability of discovering a neighbor witlin ’ timfaun(numbe4|‘l]00fslots;&gach of ;oaration :S(Lal to I:zoboits) 1400
given time. Hence, using Algorithm 2 we sgt;, = TN
Figure 4 depicts the non-discovery probability for the szen Fig. 5. The non-discovery probability of Algorithm 3 is comed with
described in the previous section with= 10, o = 0.5, and _ ASCrm 0, eren = 10, 1 0.1 anan C o andion i e e
P, = 0.1. Every point on a simulation curve corresponds

7 of i 0,
0 the average ovel0 S|mulat|oqs, and shows the _95 /Qto estimate this value to adjust their transmission prditabi
confidence intervals. For each point on a curve we find t

L . . evious studies show that overestimation or underestmat
b* that minimizes the non-discovery probability. The result

i . i "'3f this value degrades the performance of random discovery
indicate the performance of Algorithm 2 as it reaches a dds'ralgorithms [61, [&], [15].

non-discovery probability much faster tg?g ;A)Igorlthm 0. In this section, we extend Algorithm 2 to use collision

The parameteb™ can be estimated bE/ (P, J +1, where information provided by our feedback mechanism to adjust
P,q is the desired non-discovery probability and] is the the estimation of the number of neighbors of a rodeet
nearest integer less than or equaltoA rough explanation for 7, , be the node estimate of the number of its neighbors at
this estimation is the following: if a node transmit a packet time h. We assume that there is a known upper bound for the
times without a collision, then the probability that at lease number of neighbors of nodes in the netwofk,and this is
of its neighbors fails to discover the node is equal or greatgsed by the nodes @t = 0; i.e. ;o = n for anyi. Suppose
than (Pe)b*; hence, b* need to be greater thag;lég;f)) h > 1 is a slot that is not assigned for retransmission and
to guarantee a non-discovery probability less tiap. The assume is an active node at this slot. Using Algorithm 2, the

simulation results show that this is a good estimation henBgobability thati transmits inf is p;n = - —x-; Where

—a— Algorithm 2
o Algorithm 0

non-discovery probability

—e— Algorithm 3; Q=50
—e&— Algorithm 3; n=100
+— Algorithm 0; n=50

+- Algorithm 0; n=100

non-discovery probability

we use it in our simulation experiments. (fin — N; 1) isi's estimate of the number of active nodes in
its neighborhood. Recall thaV; ; is the number of passive
C. Estimating the number of neighbors neighbors ofi at time h. We described in Algorithm 2 how

Until nQW’ we have ass_umed that each node knows hoWWe showed in [16] that not knowing results in no more than a factor of
many neighbors it has (in the case that all nodes are tito slowdown in the performance of discovery algorithms. W@ giroposed
transmission range of each other; this assumption is elquilva discovery algorithms that achieve this performance. Howealgorithms in

. . . 16] rely on the assumptions that transmissions are over AWGhhrsls
to saying that: is known to all the nOdeS)' However, in man and nodes are all in transmission range of each other; hemeg cannot be
scenarios this number is not knowmpriori; hence, nodes needdirectly applied here and need to be modified.



800
“o— Algorithm 3 -~

oor =— Algorithm 0 > !

600

500+

400

300

200

Fig. 7. A collision that occurs due to simultaneous transmissiof nodest

s 1 15 2 25 a3 as 4 45 5 55 and5 cannot be detected as none of the receiving nodes is in thentiasion
n/n range of both the transmitters.
Fig. 6. tmin is the minimum time to reach a non-discovery probability less
than10—2. The results are shown for = 10 and P, = 0.1. VI. EVALUATION OF ALGORITHM 3 IN THE NETWORK
SETTING

estimatesV; ;.. In Algorithm 3, we add a supplementary step In this section we consider scenarios in which nodes are not
2,h ’ . . . . .

to Algorithm 2 to use the collision information availableiap 2l In transmission range of each other. Figure 7 is an exampl

adjust its estimate of; ,. Algorithm 3 functions as follows; Of such a setting, where the lines show one-hop connectivity

at time 1, if this time slot is not assigned for retransmissiorl! tN€ separation between nodes 4 and 5 is large enough, then a

then: transmission from node 4 (5) will degrade the received SNR at

the local clustersVs = {6, 7,8} (N4 = {1, 2, 3}) only slightly
o N pt1 =Ny + 1 if ¢ detects a collision at timé. so that successfully decoding is possible and no collisgon i
e N pt1 =Ny p — 1if ¢ detects a free channel at tinlke  detected.
. . Recall thatp, is the probability that a transmitter retransmits
The rest of Algorithm 2 remains unchanged. its packet in its assigned retransmission slot as defined in
Using Algorithm 3,i increases its estimate of the number o§ection 5.2. Now suppose the case that nodes 4 and 5 transmit
its neighbors by one if it detects a collision, as undereatiom 4t the same time and consider that all the other nodes in the
of the number of neighbor nodes increases the collisigtwork are in the receiving mode. Collisions occur due to
probability. It decrease®; ;, by one if it detects a free channel.simultaneous transmission of 4 and 5, but none of the nodes
where overestimation ofi;, increases the probability thatin the network can detect the collision. Hence 4 and 5 conside
nobody transmits in a time slot. This algorithm is analogmus their transmissions as success, i.e. they conclude that tvees
TCP in that TCP adjusts the transmission rate of transrsittg{y collision during their transmissions. The other nodethén
(end users) to the level of congestion observed in the n&wopetwork either receive the packet transmitted by their Infeig
where here the probability that an active node transmits ing@ detect their reception status as error (the probabitigt t
given time slot is adjusted to the level of collision seen byome of the nodes detect their reception status as free is so
the node in previous slots. Algorithm 3 uses a simple adglitigma|| that we ignore it to make the example easier to follow.)
increase additive decrease mechanism. This may not be thgng Algorithm 3 withp, = 1, nodes 4 and 5 both retransmit
best algorithm, but simulation results show that it perfermnejr packets at the next slot. Obviously, they will not déte
well compared to discovery algorithms without feedbackteNog collision during their retransmissions so they contirve t
that applying Algorithm O, nodes always transmit with thetransmission procedure until they decide to switch to the
same probability, i.ep; = ; for any . passive mode, i.e. nodes 4 and 5 will keep retransmitting in
Figure 5 depicts the decay error probability of Algorithm 3successive slots and will never discover each other. Simula
obtained through simulations, with the 95% confidence inteions over different topologies confirm our observatiorerir
vals. We also compare it to Algorithm 0. The results are shovthis example: using Algorithm 3 with, = 1, there is a small,
for n =10, « = 0.5, P. = 10~°, and fori = 50, 100. From but non-negligible, probability that a node will not diseov
Figures 5 and 4, we can observe that not knowingesults all of its neighbors.
in at most a factor of two slowdown compared to the caseHere, we propose a backoff mechanism to solve this prob-
thatn is knowna priori in which we apply Algorithm 2. The lem. Settingp,. < 1 achieves this. A very small value pf will
results also indicate that using Algorithm 3, nodes discovdegrade the algorithm since it increases the time to disgove
their neighbors much faster than Algorithm 0. In Figure Gence, there is g that minimizes the decay probability for a
we depict ¢,,;,, the minimum time required to guarantegyivent (see Sec. 5.2 for definition @j. However, findingp;:
a non-discovery error probability less than=2, versus%. analytically is very difficult;hence, we relegate this tdufe
We see that increasiné, tmin inCreases much faster usingwork, and here show the performance of our algorithm for
Algorithm 0. pr = 0.5.
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Fig. 8. The non-discovery probability using Algorithm 3 caened with
the case that Algorithm 0 is used. The results are proposethéonetwork
setting scenarios described in this section.

discovering neighbors. The simulation and analytical ltssu
indicated that the expected time to discover all the neighbo
using the discovery algorithm with feedback is smaller than
that of algorithms that do not have access to collision infor
mation.

According to the retransmission scheme in Section V, a
transmitter is discovered by its neighbors after sendind- mu
tiple discovery packets. While real neighbors are identified
more reliably with such a scheme, nodes far away from the
transmitter in a network setting could be wrongly identified
as legitimate neighbors because they would receive onecof th
discovery packets with a non-negligible probability. Nthat
the average number of discovery packets received from a node
by the neighbors of the node is rougliiyl — P.), whereb is
the retransmission threshold aRdis the average transmission
error probability. Hence, one can propose a thresholdebase
decision mechanism such that a node decides that another nod
in the network is its neighbor if the number of packets it has

We consider scenarios where the position of nodes teived from that node is greater than a threshold. Weatdeg

distributed according to a Poisson point process of cohst
spatial intensity\ € R2, in a square of sizé x 1. Nodes are
neighbors if the distance between the nodes is lessithtre
transmission range. Hence,iifis a neighbor ofj, j is also
a neighbor ofi. However, ifi discoversyj, it does not mean

that; has discovered, as;j needs to receive discovery packets

from i to discover it. To calculate the decay probability ave

e analysis of such a mechanism to the future.
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