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ABSTRACT

EFFICIENT MESSAGE PROPAGATION IN DENSE LINEAR AD-HOC
NETWORKS

by Shiva Moballegh

In this thesis, the dynamics of the cooperative broadcast in high density 1-dimensional
(1D) networks is studied using multiple levels of relays. The benefits of the coop-
erative broadcast in terms of transmission range and power efficiency are evaluated
by approximating the network as a continuum of nodes. Two transmission protocols
are studied, the single-shot transmission and the continuous source transmission. In
the single-shot transmission, the source node transmits a single message, whereas in
the continuous source transmission, it transmits independent messages periodically
adding signal interference into the picture. For each case, the analytical expressions
for successful broadcasting are presented as a function of source and relay powers,
decoding threshold and the noise power. This study shows that the broadcast behavior
highly depends on the path-loss exponent v and the type of transmission, being bidi-
rectional or unidirectional. It is shown that the message can propagate successfully to
the entire network for all ranges of v using the cooperative broadcast. Furthermore,
the cooperative broadcast is compared with the non-cooperative multi-hop broadcast in

terms of power efficiency.
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I. INTRODUCTION

A. Ad-Hoc Networks

Wireless networks can be divided into two major categories, infrastructure-based
networks and ad-hoc networks. Infrastructure-based networks have a fixed backbone
design in which devices communicate with a fixed access point. A well-known ex-
ample is the cellular network which uses base stations as the interface to the wireless
communications between users. In contrast, ad-hoc networks do not rely on an ex-
isting infrastructure. Instead, devices are equipped with networking capabilities and
autonomously participate in transmission based on the network connectivity [1].

The benefits of ad-hoc networks were first discovered in the 1970s. In 1972, a project
known as packet radio was initiated by DARPA, in which several communicating ter-
minals had to communicate on a battlefield in the absence of base stations [2]. This
application took advantage of the unique features of ad-hoc networks which are ease
of deployment, speed of deployment and decreased dependence on the infrastructure,
as compared to infrastructure-based networks.

Another motivation for using ad-hoc networks is mobility of communicating nodes.
An existing link between two nodes may break due to mobility and the chance of
sudden degradation of the channel quality. A self-organizing and adaptive network
allows spontaneous formation and deformation of mobile networks. Each mobile node
can act as a relay to support peer-to-peer communications, improving the performance
while reducing the administrative cost [3].

Designing ad-hoc mobile networks is quite challenging due to constant change of
network topology over time, limited power capacity, limited wireless bandwidth and
the presence of varying channel quality. To catch up with frequent link changes, the
event updates should be sent quite often, introducing considerable signal overhead.

Furthermore, the routing tables may not always converge in response to the sudden



changes of the network [3].

Packet collision is another issue in ad-hoc networks. Broadcasting different mes-
sages by the neighboring nodes causes interference, reducing the signal to interference
plus noise (SINR) ratio at the receiving nodes. The throughput capacity of a fixed ad-
hoc network decreases as the total number of nodes increases, making the interference
a limiting factor in high density ad-hoc networks. The amount of interference can be
reduced by setting a power constraint on the transmitting relays so that interference
from nodes far away becomes negligible [4].

However, the power allocation in ad-hoc networks is application-specific and de-
pends on the type of devices. Most networks include battery powered devices which
have limited power capacity for wireless transmission, reception and retransmission.
Although interference becomes limited by reducing the transmit power, the message
propagation to the destination may fail due to pathloss attenuation over the link. This
issue has motivated a great deal of research on power efficient protocols and better

power management techniques.

B. Cooperative Communication

The above-mentioned challenges in ad-hoc networks can be overcome by means of
cooperation. Rather than competing for spectral resources as in traditional point-to-
point communication, neighboring nodes can share their antennas in relaying the same
message to the desired destination. In fact, this technique exploits the collisions of the
same copy to increase the received power for a fixed transmit power, or alternatively to
reduce the transmit power for a fixed received power. Consequently, cooperative com-
munication enhances the system performance by achieving transmit spatial diversity
gains without using additional antennas [5].

The idea of cooperation in communication was first introduced in 1979 in [6] by

considering a relay channel including a source node, a relay node and a destination
2
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Fig. 1: Cooperative communication: relay channel model

node as shown in Figure 1. This model includes a broadcast channel where the source
transmits signal to the other two nodes, and a multi-access channel where the destina-
tion receives signal from both the relay and the source. This is the basic illustration
of cooperation which was proved to improve the capacity of AWGN relay channel
compared to source-destination channel [6].

However, the capabilities of cooperative communication are not limited to this model.
Adding relay transmission technology to the picture, cooperative communication pro-
vides a distributed virtual Multiple-Input Multiple-Output (MIMO) system. The first
simple but effective user cooperation protocol was proposed by [7] in 1998, which
ignited an extensive amount of research worldwide. Many have made outstanding
contributions to cooperative communication research by proposing a variety of low-
complexity protocols, e.g. in [8] and also coding strategies, e.g. in [9], to fully exploit
spatial diversity, to improve capacity or to optimize the power efficiency.

Research on cooperation targets different applications and network setups. An exam-
ple of cooperation is the periodic broadcast of routing updates and control messages
which should be delivered successfully to the entire network. The network operation
may be impacted by the failure to transmit these messages to the entire network. Co-
operation can enhance the broadcast operation by enabling a group of nodes to retrans-
mit the same message simultaneously upon decoding it successfully in the previous

time slot. As a result, the message is more likely to reach the entire network without



increasing the transmit power [10].

In high density networks, however, the advantages of cooperative communication
over direct transmission or classical multi-hopping are more difficult to determine.
In fact, obtaining analytical results for such networks is tedious especially when the
number of nodes exceeds four. An extensive analysis of cooperation protocols has
been done for 2-D (planar) high density networks in [11], [12]. In these works, authors
model the network with a continuum of nodes and observe a phase transition in the
propagation of the packets. Using the same technique, they analyze power efficiency of

cooperative protocols over classical multi-hopping in [13], [14].

C. Objectives

In this thesis, the analytical study of cooperative broadcast in 1-D high density net-
works is performed in terms of transmission range and power efficiency. The main
objective is to find the conditions for the successful propagation of the message to
the entire network when a source node initiates the transmission with a decentral-
ized structure. The dynamics of cooperative broadcast is formulated as a function of
the network parameters and the channel environment. The propagation is subject to
pathloss attenuation while assuming no fading. According to our findings, the broad-
cast behavior is highly dependent on the pathloss exponent, v, which can be divided
into three separate ranges: v < 1, v = 1 and v > 1. For all the ranges of ~, the
corresponding conditions for successful propagation are found and presented.

Different transmission protocols are considered in this thesis. First, single-shot trans-
mission is studied in which the source node transmits a single message. For each range
of v, the message propagates to the entire network as long as the network parameters
meet the corresponding condition found for that range of +. Two different transmis-
sion schemes are analyzed; unidirectional transmission and bidirectional transmission

protocols. In the former the message is relayed in one direction while in the latter it
4



is relayed in two directions along the 1-D network. Under both transmission protocols,
the power efficiency of cooperative broadcast is examined as compared to the non-
cooperative multihop broadcast.

In the next step, continuous source transmission is studied in which the source node
transmits independent messages continuously adding feed-forward interference to the
picture. A new parameter is defined, named as “transmission period” denoted by i
which is the number of time slots to transmit a single message by the source node.
Choosing a smaller value of ¢ results in a higher number of independent messages
transmitted at a time and hence a greater amount of interference at each node. The
worst case scenario in terms of interference is associated with ¢ = 1, i.e. the source
node along with the following relays transmit different messages every time slot. An-
alyzing this scenario provides an upper bound on the amount of interference in any
cases. The presented conditions for successful propagation will also guarantee the
successful propagation for any value of transmission period ¢. As with the single-shot
transmission, the continuous source transmission exhibits different dynamics depending
on the range of . Furthermore, the analysis includes both unidirectional transmission
and bidirectional transmission protocols, for each the power efficiency of cooperative

broadcast is also determined as compared with the non-cooperative multihop broadcast.

D. Motivation and Applications

Linear ad-hoc networks have many applications in monitoring and protecting sys-
tems, such as in above the ground as well as the underwater pipelines. The analysis of
different ranges of pathloss exponent v can be useful for such different environments.
Furthermore, monitoring AC powerlines, both overhead and underground is another
area of interest. In this application, the sensors acquire their power from the power
line, and as a result the power efficiency is not the main concern. Nonetheless, in all

applications, the propagation of the message to the entire network is of great interest
5



especially for control and emergency messages and updates.

E. Organization

The organization of the thesis is as follows. In Chapter II, the system is analyzed
under single-shot transmission and in Chapter III, the system is analyzed under contin-

uous source transmission. Finally, the conclusion is drawn in Chapter IV.



II. ANALYSIS OF COOPERATIVE COMMUNICATION IN ONE-DIMENSIONAL DENSE
AD-HOC NETWORKS

A. Introduction

Cooperative transmission schemes have been known to be advantageous over direct
transmission or classical multi-hopping in wireless adhoc networks [15, 16]. However,
obtaining analytical results for such networks is very tedious especially when the num-
ber of nodes exceeds four. An approach to this issue is to look at asymptotes such as
high SNR, high node density, etc. An extensive analysis of cooperation protocols has
been done for 2D high-node-density networks in [11, 12] for both broadcasting and
unicasting. In these works, authors model dense wireless networks using a continuum
limit and observe a phase transition in the propagation of the packets, which is depen-
dent on the node transmit powers and the decoding threshold. The authors extend their
2-D analysis further in [13] by designing and analyzing of power efficient cooperative
schemes. The energy efficiency of cooperative protocols over classical multi hopping
have been also analyzed in [14, 17].

In [18], the broadcast probability in cooperative 1-D and 2-D extended networks
is analyzed for different ranges of pathloss exponent. The authors assume finite node
density networks with infinite size. They show that the broadcast probability (the prob-
ability that the entire network gets the message correctly) is zero for pathloss expo-
nents v > 1 for any node density, while it is strictly greater than zero for v < 1. In
this work, the broadcast dynamics of cooperative transmission in 1-D networks such
as vehicular networks are analyzed based on the continuum approach [11, 12] in 1-D
networks with high-node density. We show that the broadcast probability for v > 1 is
always one for infinite density whereas the broadcast probability for v < 1 can be zero

under some condition.
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Fig. 2: Unidirectional and bidirectional multi-hop and cooperative broadcast schemes. In each figure, the
order of broadcast is shown by numbers.

B. System model

1) Transmission protocol: Vehicular network can be modeled as a 1-D linear net-
work comprised of a source node and multiple relay nodes which are distributed in
a random and uniform fashion. Fig. 2 illustrates the linear network under multihop
and cooperative broadcasts. In cooperative broadcast, shown in Fig. 2(b) and (d), the
source node broadcasts a single packet and upon successful reception by the relays,
the packet is retransmitted simultaneously by the first group of relays in the next time
slot. Each group of nodes transmitting together is referred to as one level of nodes.
Henceforth, the set of nodes which receive the message from level one (£;) form the
second level (L5) and transmit together. The packet propagates level by level until it
is heard by all of the existing nodes. On the other hand, in the multi hop broadcast
shown in Fig. 2(a) and (c), only the farthest hop that receives the packet transmits. The

same packet cannot be transmitted by more than one node at any given time slot to



avoid interference.

Cooperative and multi hop broadcasts are analyzed under unidirectional and bidi-
rectional schemes as shown in Fig. 2. According to this figure, under unidirectional
transmission, the message is to propagate to the right-hand side of the source node.
Under bidirectional transmission, the message propagates in both directions. Hence, in
bidirectional cooperative broadcast, £; is the union of £ in the right-hand side and

L] in the left-hand side of the source node:
L,=chl ey (1)

At each relay node, the received SNR (signal-to-noise ratio) is estimated using a
training preamble in the message. Each node determines locally whether to broadcast
the message to the following nodes. It compares the received SNR with a pre-assigned
SNR threshold and only if it finds it greater or equal, it retransmits the message. The
SNR threshold is denoted by parameter 7, hereafter.

We also assume that the power of simultaneously transmitted packets at the receiv-
ing node is equal to the sum of individual powers. This assumption is well suited
for orthogonal channels or relays which use orthogonal space-time codes. The path-
loss attenuation model adopted in this paper is the simplified pathless model [1]. The

received power at distance d from a node with transmit power P, is
d
PTK(EO)7 2)

where K and d are assumed to be unity, just for simplicity. Thus, the power received

by a single node j after the transmission of level £; 1 nodes is

P,
B= 2w ay 3)

1€LE 1

where d; and d; are the relative distance from the source to node j and node i, re-

9



spectively. Note that all the relay nodes transmit with equal power, denoted by F,.
The source node, however, has a distinct transmit power, referred to as P,. We will
denote the received noise power with Ny. The nodes which satisfy SNR condition
(Pj/Ny > 7) will form the next level, i.e. £;. This is based on the assumption that
the nodes with sufficient SNR will be able to decode the message correctly using an
appropriate channel code.

It should be noted that the path-loss exponent v depends on the channel environ-
ment, and its value is normally in the range of 2 - 4. Pathloss exponent v = 2 corre-
sponds to propagation in free space while ¥ = 4 corresponds to lossy environments
such as wireless networks. In vehicular communications, v has been reported to be
in the range of 2.75 - 4. [10]. In this study, we consider a wide range of 7 in three
general categories; v < 1, v = 1 and v > 1. Each range results in a unique network
behavior which is studied extensively, with respect to parameters P, Ps and 7. Our
analysis is based on the continuum model which is introduced in the following subsec-
tion.

2) Continuum model: Continuum model has been initially proposed in [1] to an-
alyze 2-D high-node-density networks. Let L. = {z : < L} represent the linear
network. Let p = N/L be the node density (node/unit length). The continuum model
assumes high density setup as /N and p go to infinity while the total power P.N is
fixed. Rather than working with P, which approaches zero as N — oo, we define relay

power per unit length,

= pP, 4)

which is a fixed parameter. As N — oo, every infinitesimal length dx contains pdx

relays with power P,, i.e. P,pdz = P,dx in total. As a result, Eqn. 3 is transformed to

10
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where y is any arbitrary location for a receiving node, and Lj;_; denotes the location
of the level £;_; nodes in the continuum limit. We refer the readers to works [11, 12]
for further details of continuum approximation for 2-D networks. In following section,
we analyze transmission behavior under single-shot transmission protocol with unidi-

rectional and bidirectional schemes and different ranges of v for 1-D networks.

C. Single-shot transmission

In this transmission mode, the source node goes to silence after transmitting a packet
until the message completes its propagation to the entire network. Thus, sending a
new packet will not cause any interference with previous packet anywhere along the
network. Transmission behavior is studied by finding the distanced for level boundaries
(d;’s) as the packet flows through the network (see Fig. 3) in the continuum limit. This

is done for L; using Eqn. 2 simply as

P, 1/~
dy = (N()T) (6)

where d; is the distance from the source node to the outer boundary of L, (Lfr and

L7 for bidirectional transmission). Since, the protocol results in symmetric transmis-

sion behavior on both directions for bidirectional transmission, we focus our analysis

11



only on one direction. We also define the length of level L; as
Ap = dy — dy— (N

Thus, d; = A; both used interchangeably throughout this paper. We now present
following subsections for different ranges of ~y. In the following, the proof of some
of the Lemmas are avoided for brevity.

1) Cooperative transmission under pathloss exponent v < 1: We analyze broadcast

behavior under unidirectional and bidirectional transmission schemes.

Theorem 1. Under unidirectional transmission with v < 1, the source node broad-

casts its message to the entire network, if and only if

P, TNo(1 — ) /1=y
Gz ((2(1—07) - )R) ®

Proof. See Appendix 1. [

Remark. If equality in Eqn. 8 is achieved, then for all k

o TNo(l - 7) Vi

which is referred to as the critical condition for continuous flow.

Lemma 1. If Eqn. 8 is satisfied with strict greater sign, Ay in the unidirectional scheme

grows exponentially with respect to A_1 within the bounds

1

pr g 1 pT 1/
(TNOAH(l _ 5)) <A< (A (10)

Compared to unidirectional scheme, the received power in bidirectional protocol

"Under this condition, A increases with a faster rate than exponentially with respect to A; as Ap Ai/ 7"
since alog( (1 — 7)) + blog(A1) < log(Ar) < alog(2x) + blog(A1) where a = >-FZ1(£)" and b = (1)*.

1
TNo 7No R v

12



becomes greater as each relay node receives packet from levels of both directions.
Unlike unidirectional, A is not always monotonic and A, > A; does not always
lead to A3 > A,. However, we can prove that Az > A, results in A, > Ay for all

following levels.

Theorem 2. Under bidirectional transmission with v < 1, if A3 > Ay > 0 then

Ay > Ay_1 for k > 3 which implies the packet propagation to the entire network.
Proof. A brief proof is provided Appendix 2. [

Lemma 2. Assuming the continuous flow is achieved, in other words, Theorem 2 con-

dition is satisfied, then d; grows exponentially with respect to A,_1 as

2P Y di—1 .5 dy_s
= "A,_ 3 3 11
do= (Zpam) ro((Gp 2y ar

2) Cooperative transmission under pathloss exponent v = 1: Transmission under
~v = 1 shows similar behavior as transmission with v < 1 in the sense that A; grows
to infinity under some condition. The growth rate of A, however, is not exponential

anymore. Next, we define a new parameter, which will be used in the following. Let

= e™No/ P
Theorem 3. Under unidirectional transmission with v =1, for k > 1,

1
Ay = (_> A
w—1

In addition, as k — oo,

Ap — o0 Iif p<2,
Ak’ — A1 lf,u:2,

Ay — 0 if u>2.
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Proof. See Appendix 3.2 O

Theorem 4. Under the bidirectional transmission with v = 1, the ratio ay, == Ay /A1

converges as

A 1 1 —(u—1)
ag = LI U0 = + (e )
AV} p—1 p—1
Proof. The proof is avoided for brevity. 0

Remark. If we compare the bidirectional transmission and unidirectional transmission

in the limit, that is as k — 0o, as expected the bidirectional transmission moves faster

since for bidirectional transmission a., > ﬁ
3) Cooperative Transmission under pathloss exponent v > 1:

Theorem 5. Under both bidirectional and unidirectional transmissions with v > 1,

P(1 =2t

lim Ap = Ay = Q , (12)
k—o0 TNO (’}/ — 1)

and consequently the message always flows to the entire network.

Proof. The proof is avoided for brevity. 0

Remark. Note that A, is the same expression as Ay in the critical condition with
v < 1in Egn. 9. According to Eqn. 81 the length of A is dependent on P,, T, N,

and ~y parameters.

D. Power efficiency comparison of different broadcast schemes

In this section we compare unidirectional and bidirectional cooperative broadcasts
with multihop noncooperative broadcast in terms of power efficiency. Since in mul-

tihop broadcast, the same packet is transmitted only by a single node, under bidirec-

k-1
2According to Theorem 3, A} increases (decreases) exponentially with respect to A; since Ay = ( ﬁ) Ay
if o is smaller (greater) than 2.
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tional transmission, multihop broadcast takes double the time to propagate over the
same length of network than cooperative broadcast.
Assuming that each hop (covering a fixed length of r) has the same power con-

sumption in a linear network, the power consumption over each hop
Pnoncoop = 7_]\'[0707- (13)

In the following subsections, we compare the power consumption of cooperative and
noncooperative multihop schemes under both unidirectional and bidirectional transmis-
sions. In order to make a fair comparison, we fix the propagation speed and the length
of the network for cooperative and multihop broadcast schemes.

1) Power consumption under unidirectional transmission: For the unidirectional
transmission, we set the transmission radius r of noncooperative scheme equal to the
limiting step size A, of the cooperative scheme. Hence the power consumption over

the length of r for the noncooperative scheme can be expressed as

P = TNor” = TNy AL. (14)

noncoop

For cooperative broadcast with v < 1 and v > 1, the expression for total power

consumption over one time-slot can be found as

. NoAY(y = 1)207!
pini — pa,, = A0 =) (15)

coop -1 _1

The power gain of cooperative broadcast is

uni _ puni
P P

. ; noncoo coo
G ai num _ P /4

Puni

noNCcoop

-y
_ T 77 (16)

1
=y 771
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which is negative for all values of v suggesting that noncooperative broadcast is more
efficient than cooperative broadcast for all pathless exponents under the unicast trans-
mission. This result is very intuitive; Since the message flows in one direction, placing
all the available power at each hop to the node whose furthest (i.e. multi hopping) will
perform much better than distributing that power to the nodes which are more distant
to the next group (i.e. cooperative).

2) Power consumption under bidirectional transmission: Considering the fact that
cooperative broadcast flows double times faster than noncooperative broadcast under
bidirectional scheme, we assign the transmission radius of the noncooperative scheme
twice the step size of cooperative scheme, i.e. r = 2A .. Hence, the power consump-

tion of noncooperative scheme can be expressed as

pb = TNor" = TNy (2A4)". (17)

noncoop

For the bidirectional transmission, the power gain of cooperative broadcast is

‘ Pbi o Pbi
Gaian _ nonco;)ip coop
noncoop
(y=127~!
L - 21&(2) v=1

For v < 1, we can use the fact that A% > A" for all k, which lead to a lower bound

on the Gain®:
-y

Gain® >1 - ——L
ain” > @ 12

for v < 1. (19)

Equations 18 and 19 suggest that cooperative broadcast is more efficient than noncoop-

erative broadcast under bidirectional transmission.

unt uni

In Fig. 4, the expressions for Gain"™ and Gain"™ is plotted for the three ranges

of v. It can be observed that the gain is positive in favor of cooperative broadcast in

bidirectional transmission while it is negative under unidirectional transmission.
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Fig. 4: The gain of cooperative broadcast compared to noncooperative multihop broadcast under
unidirectional and bidirectional transmission

E. Simulation results

In this section we check the accuracy of analytical expressions for finite-density,
finite-length networks. The networks consist of 20000 nodes over the length of 100,
i.e. with the node density of p = 200. Fig. 5 - 8 show the normalized histogram (:=
P) of the maximum distance from the source, x, that successfully gets the message. In
Fig. 5 and 6, three cases are simulated with v = %, while keeping P, and NN, fixed at
unity and choosing 7 from the set; 0.5, 1 and 2. Fig. 5 corresponds to unidirectional
transmission while Fig. 6 corresponds to bidirectional transmission.

In Fig. 5, the middle column corresponds to P, obtained to create critical condition
for continuous flow according to Theorem 1. However, we find P # 1 for x = 100 in
this column, mainly due to testing of asymptotic behavior for a finite-density network.
The right and left columns correspond to slightly lower and higher P, values than the
middle column, respectively. We can find P = 1 for the right column in all cases for
x = 100. Comparing the left and the right columns, the change in broadcast behavior
can be observed over the small range around the critical P,.

Fig. 5 corresponds to bidirectional transmission. The same cases are simulated and
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P, is found according to Theorem 2 which results in Az > A,. As with Fig. 5, the
middle column corresponds to the critical P, while the right and the left columns show
the behavior with slightly smaller and greater P, values. Although P # 1 for the
middle column for z = 100, P = 1 for the right column in all cases for z = 100.

Fig. 7 and 8, show the normalized histograms for v = 1 under unidirectional and
bidirectional transmission, respectively. This time, we fix P, at unity and change P,
from 0.1 to 1 and 5. The threshold 7 is found according to Theorem 3 for Fig. 7 and
Theorem 4 for Fig. 8. For both cases, it results in 7..iticqr = In(2) = 0.6913 as shown
in the middle column. It should be noted that 7.,;..; 1S independent from P;. The left
and the right columns correspond to 7 = 0.59 and 7 = (.79, respectively. We can
observe that for values smaller and equal to 7,..;;.q; (the left and the middle columns),
the message propagates to the entire network with P = 1 for = = 100.

We test the third category of v with v = 2, 3 and 4. We simulate three cases for
each v, keeping P, and P, constant at unity and 7 = 0.1, 1 and 10. In all case, A, ap-
proaches to a non-zero value as expected according to our analysis, i.e. Ay — A, as
k — oo. To obtain a reliable value of A, each scenario is simulated for 10 different
random distributions of nodes and ultimately the resulted A, is averaged. Table I and
II list the averaged A, for unidirectional and bidirectional transmissions, together with
difference percentage with respect to the corresponding value given by Theorem 5.

TABLE I: Simulation cases with v = 2, 3 and 4, under unidirectional single-shot transmission. The dif-
ference with respect to calculated values are indicated in parenthesis

Tlo1 1 10

4.9786 (-0.43%)

0.5007 (0.14%)

0.0999 (-0.1%)

1.9341 (-0.12%)

0.6112 (-0.2%)

0.2724 (-0.54%)

2wl ||

1.4251 (-0.26%)

0.6612 (-0.3%)

0.3861 (-0.44%)

18




TABLE II: Simulation cases with v = 2, 3 and 4, under bidirectional single-shot transmission. The dif-
ference with respect to calculated values are indicated in parenthesis

Tlo 1 10
v
2 5.0307 (0.6%) | 0.5018 (0.36%) | 0.099 (-0.03%)
3 1.9372 (0.04%) | 0.6102 (-0.36%) | 0.2729 (-0.36%)
4 1.4301 (0.09%) | 0.6614 (-0.27%) | 0.3860 (0.46%)
P bar = 0.26 P bar = 0.31 P bar = 0.36
r 1 r 1 r
% 0.5 05 0.5
00 50 100 00 50 100 150 200 00 50 100 150 200
P bar=1.11 P bar=1.21 P bar = 1.31
1 ! 04 ' 1 '
? 0.5 02 E 0.5
00 50 100 00 50 100 i 00 50 100 150 200
P bar = 4.63 P bar= 4.83 P bar=5.03
1 r 1 r 1 r
% 0.5 05 E 0.5
00 50 100 00 50 100 B 00 50 100 150 200
Distance Distance Distance

Fig. 5: Unidirectional cooperative broadcast with v = 0.5 with P; =1, p =200 and 7 = 0.5, 1 and 2

Prbar =0.16 Prbar= 0.17 Prbar =0.18
1 0.4 1
=]
S 05 0.2 05
&
00 50 100 00 50 100 00 50 100 150 200
Prbar =06 Prbar =07 Prbar =08
1 0.4 1
Q
~ 05 02 05
o
00 50 100 00 50 100 00 50 100 150 200
Prbar =27 Prbar =285 Prbar =3
1 1 1
o
T' 05 05 05
o
00 50 100 00 50 100 00 50 100 150 200
Distace Distace

Fig. 6: Bidirectional cooperative broadcast with v = 0.5 with P; =1, p =200 and 7 = 0.5, 1 and 2

F. Conclusion

We analyzed a cooperative broadcasting scheme over multiple hops of relays in

a linear network. The dynamic of single-shot transmission is analyzed for different
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Fig. 7: Cooperative broadcast with v =1 with P, =1, P, =0.1, 1 and 5
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1 i 0.2
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Fig. 8: Cooperative broadcast with v = 1 with P.=1,P,=0.1,1and 5

ranges of pathloss exponent .

Similar to 2-D network analysis in [12], we found phase transitions in the network
behavior for different ranges of . The decoding threshold has the same critical value
for v = 1 as with v = 2 in 2-D networks. We also found a phase transition with a
decoding threshold for v < 1 while there exists no phase transition for v > 1. The
summary of behavior of the range of cooperating nodes at each hop (A for kth hop)

is listed in Table III.
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We also compared the power efficiency of this cooperative scheme with the classical
multihop broadcast. It was found that multihop broadcast demonstrates more efficient
behavior under unidirectional transmission, whereas cooperative broadcast proves to be
more efficient for all ranges of ~y if bidirectional transmission is employed.

TABLE III: Broadcast behavior of cooperative linear network

| | Unidirectional | Bidirectional |

AL >Ap_1or A —0 AL >Ap_1or A, —0

v < 1| Ay can grow exponentially | A, can grow exponentially
with respect to Ay with respect to Ay
AL >Ap_;or A —0 AL >Ap_1or Ay, —0

v =1 | Ay can grow linearly Ay can grow linearly
with respect to Ay with respect to Ay

v > 1| Ax — c under no condition | Ap — ¢ under no condition

Another interesting problem is the dynamics of linear transmission when the source
nodes sends new packets carrying different messages periodically. This causes interfer-
ence between the source packets carrying different messages, and the analysis in this
case is considerably complicated than that of the single shot transmission provided in
this paper. Furthermore, we believe that the multihop diversity, that is accumulating
power from m > 1 preceding levels, will improve the performance of cooperative

broadcasting in linear networks.

APPENDICES
G. Proof of Theorem 1

Proof. Using Eqn. 35, the recursive equation to find dy, i.e. the distance between the

source and the outer boundary of level L is

P, . .
T (e~ dp—2) "™ — (di — dp—1)" ) = TN (20)
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Above equation can be expressed in terms of Ays as

P, B _
— 7((Ak + A ) — ATy — £ Q1)

Assuming that A;_; is known having found in the previous step, Ay is found as the

root of the following function.

P _ -
flz) =1 _7((x+Ak,1)1 Y-z — 1N, (22)

The f(z) is a monotonically decreasing function which results in a unique solution for
Ay for a given value of A ;. Furthermore, as A, _; decreases (increases), the root

of f(z), i.e. Ay, decreases (increases). This implies that as k increases from the be-
ginning to the end of the network, A either increases or decreases or simply remains
constant for all levels. Since dj, = Z?:l A;, and all A;’s are positive, using Cauchy-

ratio test , we can claim that

A
if lim |[——| > 1 then A, — o0
k—o0 k—1
AT
if lim | | < 1then Ay — 0
k—ro0 Ak,1

1/1—v
It can be proved that if d; > <%> then A, > A; and hence A, >

Ag_q. ]

H. Proof of Theorem 2

Under bidirectional scheme,

No(1 —
%”) = (dy + dp1) "7 = (dy — dy_1)' (23)

— ((di 4 di—2)' ™7 = (dy — dg—2)"7)
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According to monotonic decreasing behavior of above expression Ay > Aj_; or dj >

2dj,_1 — dj_o leads to

(3dk—1 + dk—2)1_7 - (2dk—1)1_7 (24)

No(1 —
+ (2 = 1) (dyy — dk —2) > y

r

Assuming that above condition is satisfied, we can guarantee Ag,; > A, since

(3dy + dpp_1)' 7 — (2di)* (25)

+ (27 = 1)(d, — dk — 1) > TNo(1 =)

T

holds if dk > Qdk_l — dk_g.

1. Proof of Theorem 3

Equating the received SNR from level L;_; to 7 leads to the general equation under

unidirectional scheme

Pr(ln(dk - dk,Q) - hl(dk - dkfl) = TNO (26)

which can also be written in terms of Ay

Ak + Akz—l TNO

1 = —. 27
By defining s := e™™/Pr| we get the ratio
Ay 1
o= - (28)
AVEY p—1

Eqn. 27 suggests that A, grows linearly as opposed to growing exponentially in case

of v < 1.

23



III. INTERFERENCE ANALYSIS OF COOPERATIVE COMMUNICATIONS IN
ONE-DIMENSIONAL DENSE AD-HOC NETWORKS

A. Introduction

1) Motivation: In most ad-hoc networks, transmitting a message to all the existing
nodes may result in significant energy consumption or a high number of transmissions.
Rather than using conventional noncooperative multihop broadcast in ad-hoc networks,
many authors have proposed cooperative broadcast with a variety of low-complexity
protocols, e.g. in [20] and also coding strategies, e.g. in [9] to fully exploit spatial
diversity, to improve capacity or to optimize the power efficiency. This technique is
based on the transmission of the same message by several nodes to increase the re-
ceived power and as a result to increase the transmission range. Rather than avoiding
the collision between different transmitting nodes, the cooperative broadcast exploits it
to provide transmit diversity [12]. Furthermore, cooperative broadcast results in faster
message propagation with a fewer number of steps [12].

The performance of cooperative broadcast and the advantages in high density 2-D
ad-hoc networks have been fully analyzed in [12] - [16]. Motivated by these studies,
we are interested to determine if these advantages are still valid in 1-D high density
wireless ad-hoc networks. We would like to analyze the broadcast behavior under
continuous source transmission with two different transmission schemes, the unidi-
rectional scheme and the bidirectional scheme. We would like to study the effects of
network parameters as well as the wireless environment on the broadcast behavior in
the presence of interference.

2) Contribution: Our primary goal is to determine if cooperative broadcast is ‘“suc-
cessful” in 1-D high density ad-hoc networks subject to pathloss signal power at-
tenuation. Fig. 9 illustrates a linear network under cooperative broadcast where the
source node, depicted as a white square, initiates the transmission by broadcasting a

message with power P;. The message is then forwarded simultaneously by a group of
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nodes which receive the message, such that it can be received successfully by another
group of nodes along the network. Each group of nodes receiving or transmitting the
message simultaneously is depicted with the same color. If the message is heard by the
entire network, the broadcast is then regarded as “successful”. We have analyzed the
message propagation in [21] under the single-shot transmission, in which the source
node broadcasts a single message.

In this paper, we are interested in the scenario where the source transmits inde-
pendent messages periodically imposing the presence of interference in the picture.
Using the continuum approximation as introduced in [11], we characterize the system
behavior under two different transmission protocols, the unidirectional transmission
and the bidirectional transmission protocols. We find the condition for “successful”
propagation under each transmission protocol, which highly depends on the pathloss
exponent . Unlike noncooperative multihop broadcast which dies off under the con-
tinuous source transmission with v < 1, we show that the cooperative broadcast can
be successful for any value of v under the presented conditions. We also show that the
broadcast is more likely to succeed under the bidirectional transmission compared to
the unidirectional transmission. Furthermore, the cooperative broadcast is more power
efficient than noncooperative multihop broadcast under the bidirectional transmission.

3) Related works: The analysis of cooperation protocols has been mostly focused
on single- or two-hop communications, e.g. [23, 24]. The extensions of such designs
are usually done using relays in parallel, i.e. multiple relays transmit simultaneously
in groups as in [20], or in series where relays transmit sequentially as in [13], or a
combination of these two as in [13]. In [11], the continuum analysis of cooperative
communication was introduced for the first time to characterize the broadcast behavior,
the total area reached by broadcast, and the critical threshold. Based on this approx-
imation, an extensive analysis of cooperation protocols is done for 2-D high density

networks in [12] and [13]. In these works, authors model dense wireless networks
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using a continuum limit and observe a phase transition in the propagation of the pack-
ets, which is dependent on the node transmit powers and the decoding threshold. The
authors extend their 2-D analysis further in [16] by designing and analyzing power
efficient cooperative schemes. They show that cooperative broadcast is significantly
more power efficient than noncooperative multihop broadcast in 2-D networks. Further-
more, they determine the upper and lower bounds on the broadcast capacity in both
high density and extended networks.

Many have shown that the broadcast performance depends on the power pathloss
exponent of the wireless environment v, e.g. [26, 27]. The pathloss exponent v de-
termines the rate of signal power attenuation with distance in an environment. In 2-

D networks, there is a transition in network behavior at v = 2 which also is ob-
served at v = 1 in 1-D networks. In [18], the broadcast probability in cooperative
1-D extended networks is analyzed for different ranges of . They showed that the
broadcast probability, i.e. the probability that the entire network receives the message
correctly, 1s zero for v > 1 and for any node density, while it is strictly greater than
zero for v < 1. In [21], we analyze 1-D high density networks using the deterministic
continuum model and unlike [18] show that the message propagation always continues
for v > 1 considering infinite node density while it can stop for v < 1 depending
on the network parameters. All these analyses have been based on the single-shot
transmission in which the source transmits only a single message.

Considering the continuous source transmission, in which the source transmits inde-
pendent messages continuously, introduces interference as a limiting factor in coopera-
tive networks. Multiple access interference (MAI) created by the signals of other nodes
is introduced in [22] although it is not included in the scope of their study. In [16],
the continuous source transmission is analyzed and the achievable rate of multistage
cooperative broadcasting is determined for 2-D high density extended networks. In

[28], a hierarchical beamforming architecture is proposed for 1-D networks which is
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claimed to achieve optimal capacity scaling in low SNR regime for which the effect of
interference is neglected. To further avoid collisions between the neighboring clusters,
half of the clusters are scheduled to remain silent at a time, resulting in a reduction in
the throughput by a factor of two.

Broadcast scheduling in order to avoid interference is actually a well-established
approach, e.g. in [29]-[31]. However, there is a common assumption in all these stud-
ies; that the transmission range is limited and hence interference beyond that range
is negligible. Usually only the interference caused by the neighboring nodes or the
neighboring cluster of nodes is considered. On the other hand, we should note that the
aggregate interference of a large number of far transmitting nodes, especially in high
density networks, may reduce SINR significantly to less than the decoding threshold.

This fact is taken into account in [32] and accordingly a cross-layer design is pro-
posed which includes two phases; a simple scheduling algorithm to eliminate strong
levels of interference from the neighboring nodes and a distributed power control al-
gorithm to find the optimal power vector for successful transmission. However, their
approach also limits the signal power as they limit the received signal at each node
from only one transmitting neighbor. We also calculate the aggregate interference, yet
with no scheduling limitations. Each node can receive and transmit at the same time.
However, the effect of self-interference which is caused by a node simultaneously
transmitting and receiving is not considered.

The organization of the paper is as follows. In Section II, the system model with
the deterministic continuum model is presented. In Section III, the network behavior
is characterized under the continuous source transmission. In Section V, simulation

results are presented. We conclude the paper in Section VI.
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B. System model

1) Transmission Protocols: Consider a system with a single source and multiple
destination nodes over a linear network. Our focus is on the high density fixed-area
network where the node density increases proportionally with the number of nodes.
The location of the nodes is uniformly and independently distributed. The nodes com-
municate over a wireless channel subject to the pathloss attenuation. It is assumed that
each relay node is able to estimate the received SINR which is the only parameter
locally available. The node compares the received SINR with a pre-assigned threshold
and only if it finds it greater than or equal to the threshold, it retransmits the message.
The SINR threshold is denoted by parameter 7, hereafter.

It is assumed that the message is channel coded, hence every node is able to decode
the message correctly as long as SINR > 7. Fig. 9 illustrates cooperative broadcast in
1-D linear network. The number associated to each transmitting node shows the order
of transmission for that node. In the unidirectional transmission as in 1(a), the message
is relayed in one direction whereas in the bidirectional transmission as in 1(b), it is
relayed in both directions along the network. The first group of nodes which receive
the message successfully, form the first level of nodes referred to as (£;). Unlike mul-
tihop broadcast, all nodes in (£;) transmit the message in the next time slot. Similarly,
the nodes which receive the message successfully from (L) form (Ly.1). We assume
that the nodes in each level only decode the message from the very preceding level.

In both cooperative and noncooperative broadcasts, the propagation is regarded to be
successful when the packet is heard by all of the existing nodes.

It should be noted that in the bidirectional scheme £, is the union of L] in the

right-hand side and £; in the left-hand side of the source node:

Lo=ci|JLe (29)
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(a) bidirectional cooperative broadcast:
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(b) unidirectional cooperative broadcast:
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Fig. 9: The unidirectional and the bidirectional cooperative broadcast schemes

2) Transmission Criterion: We assume that the power of simultaneously transmitted
packets at the receiving node is equal to the sum of individual powers. This assump-
tion is well-suited to orthogonal channels or relays which use distributed space-time
codes. Note that all the relay nodes transmit with equal power, denoted by F,, and the
source node has a distinct transmit power, referred to as P;. The pathloss attenuation
is based on the simplified pathless model [1], while neglecting the effect of small-scale

fading. Thus, the power received at node j after the transmission of level Ly, is
b,

; P, {(d; — d;) = EZ @y (30)
where ((.) is the pathloss attenuation function, d; and d; are distances from the source
to node ;7 and node ¢, respectively. Similarly, the received interference power at node j
can be expressed as

|k—2/1]

= > ) Pld;—d)+ Pl(d)) (31)

n=1 deﬁk nxi—1

where ¢ denotes the number of time slots which is required for transmitting a single
message. The smaller ¢, the more independent messages transmitted at a given time by

29



preceding levels and therefore the greater amount of interference at node j. Clearly, if
the source transmits different messages every time slot, i.e. © = 1, all the preceding
levels from £, to £ 5 including the source contribute to the interference power while

L1 transmits the message. For this scenario, the interference can be simplified as

k—2
P
=YY" Pri(d;—d;)+ —= (32)
J

n=1d;eLy
We will denote the received noise power with Ny. Consequently, all the nodes which
satisfy the SINR condition

p;
(No+ 1) = (33)

form the next level, L. It should be noted that the pathloss exponent v depends on
the channel environment. In this study, we consider v in three general categories; 7 <
1, v =1 and v > 1. Each category results in a unique network behavior which is stud-
ied with respect to parameters P,, P, and 7. Our analysis is based on the continuum
model introduced in the following subsection.

3) Continuum model: Let L. & {x : x < L} represent the linear network. Let
p = N/L be the node density (node/unit length). The continuum model assumes high
density setup as N and p go to infinity while the total power P,V is fixed. Rather
than working with P, which approaches zero as N — oo, we define relay power per

unit length,

= pP, (34)

which is a fixed parameter. As N — oo, every infinitesimal length dx contains pdx
relays with power P,, i.e. P,pdz = P.dx in total. As a result, Eqn. 30 is transformed

to an integral over level Ly

P.dx
P, = / ot (35)
’ €L _1 (dJ - dl‘)’y
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where j is any arbitrary location for a receiving node, and Lj_; denotes the location
of the level £;_; nodes in the continuum limit. We refer the readers to works [11, 12]
for further details of continuum approximation for 2-D networks. In the following
section, we analyze the transmission behavior under the continuous source transmission
protocol with the unidirectional and the bidirectional schemes and with different ranges

of ~.

C. Continuous Source Transmission under v < 1

In this transmission mode, the source node transmits an independent message after a
pause of silence. We introduce transmission period i as the number of time slots over
which the source transmits a message and then remains silent before sending the next
message. This measure also reflects the severity of interference power. The most severe
case of interference corresponds to ¢ = 1 in which interference first appears at Lo
originating from the source. However, in our analysis, the interference from the source
is neglected since its effect becomes more negligible as the message propagates farther
away from the source. Hence £, and L, are interference free, and the interference first
appears at L3 from £; sending a different message.

The transmission behavior is studied by finding the deterministic distance of level

boundaries (dj’s) in the continuum limit (See Fig. 10). This is done for L; using Eqn.

P 1/~
dy = u 36
() %

30 and 33 simply as

where d; is the distance from the source node to the outer boundary of L, (L;r and
L7 for the bidirectional transmission). Since, the protocol results in a symmetric trans-
mission behavior on both directions for the bidirectional transmission, we focus our

analysis only on one direction. We also define the length of level Lj as

Ap =dp — di— 37
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Thus d; = A; and they both are used interchangeably throughout this paper. Now, we
present the following subsections for different ranges of ~.

1) Unidirectional scheme: The recursive equation to find Ay is expressed as

P, _ -
T [t A ) = A = (N 4 1y (38)

where Ay, and A, are the lengths of levels L, ; and L,, respectively. [ is the inter-
ference at the boundary of L, and N is the received noise power. Following the simi-

lar analysis as described in [4] for the single-shot transmission, we can find bounds on

Ay

P, P,
Aji(1 - %) <Al <

T(No + ) TN + 1) &

given that A, > A, _; is satisfied for every k£ under the continuous source transmis-
sion. According to these bounds, A can increase exponentially with respect to Ay
provided that [, is bounded. However, [, initially increases with k since the number
of interfering levels increases as the message flows along the network. Under ¢ = 1,
1.e. the most severe case of interference, /, under the unidirectional transmission is

expressed as

, d-2 P dx P, 1
I = . = —" [d,77 — (dy, — dp_2)*™" 40
) G T T e o

In the following theorem, we show that for a certain condition, [ surprisingly starts to

decrease with k after an initial increase as mentioned above.
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Theorem 6. Under the unidirectional transmission with v < 1,

if
dko  s.t. [k’o-‘rl < Iko
then
Ik:—‘rl < I for Vk > k‘o
and
Jim 1 =0

Proof. We first find the condition for i, < Ij,. We can write

dk+1 Prdl, di_1 Prdl'
s o 4
/0 (dg1 — ) /0 (dr1 — )7

/dk P.dx N /dkﬂ P.dx
oy (o1 — )7 g (depr — )7

which according to Eqn. 38 and 40 yields to,

P P
:diﬂ = Ipp1 +7(No + Ipy1) + EA}HY

Hence,

P, _ _
1— V(dliz—i} - AIIH-D = (1 + T)Ik+1 + 7Ny

using the above equation, the condition for /;; < [, can be found as

1—v 1—vy 1—v 1—v
dk+1 - Ak-s—l < dk - Ak

Now we show that if [, 11 < I, then Iy 1o < Ip,41.

Let

Iy(@) = 7 ]jry [(dyr +2)'77 = (Apy +2)' 7]

(41)

(42)

(43)

(44)

(45)

In other words, I;(0) is the interference at the closest node to the boundary of L ;
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belonging to Ly, and I;(Ay) is the interference at the boundary of L, which is also
denoted by I, for brevity. We show Iy, 2(0) is smaller than Iy 1(0) if Iy, 1 < Ig,.
The expressions for I, (0) and Iy,1(0) are as follows,

P.
1=y

Iy (0) = = [di, " = A (46)

Iy 42(0) = % [dilfojl - A}JJ 47
Since Ixy+1 < Iy,, according to Eqn. 44 we find that I, 2(0) < Ij,+1(0). This implies
that as the message starts to flow in Ly o, there is a smaller or an equal amount of
interference compared to the interference at the starting point of Ly, 1. Furthermore,
since Ag 41 > Ay,, the nodes in Ly, o receive more signal power from Ly, ,; com-
pared to the power received by nodes in Ly, from Lj,. Obviously, this provides
a better condition for the message to flow in Ly, o as compared to Ly, and the

message gets farther resulting in Iy, < Ij,+1. This behavior continues and [, steadily

decreases. Since ]kl—’“l <1,

Z I, = ¢ (48)
k=0

and therefore limy_,, I, = 0. OJ

Remark. According to Eqn. 39, the condition for I, 11 < Iy, and hence limy_,, I}, =

0, has another implication, which is
1
Aoy o A

since the term in denominator 7(No + I};) is upper-bounded by T(Ny + Inaz).

2) Bidirectional scheme: Under the bidirectional transmission with pathloss expo-

nent v < 1, the most severe interference is produced by all the preceding levels in both
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directions,

P, _ _
I = T [(dk + dp—2)' 7 = (di — dj—2)’ 7] (49)

Although this expression results in a greater amount of interference as compared to the
interference under the unidirectional transmission, in the following theorem we show a
successful broadcast under the unidirectional transmission also results in a successful

broadcast under the bidirectional transmission.

Theorem 7. if

dky .t Iko-‘rl < ]ko

Under the unidirectional transmission with v < 1, then also under the bidirectional

transmission with the same network parameters
dko  s.t. Iko-‘rl < ]ko

and

k—o00

Proof. Let’s assume the same network parameters for the unidirectional and the bidi-
rectional networks. We denote A, and I, for the unidirectional transmission and A}
and [;, for the bidirectional transmission. The similar network parameters result in
Ay = A. Considering I, = I} = 0, i.e. neglecting the interference from the source,
according to Eq. 39,

Ay oxx AV (50)

Ay oc (2A7)17 (51)

Hence A} oc 2'/7A,. Using this fact, we proceed to the next level and prove that 5 <
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I3. We start by using the definition in Eqn. 45, and write I3(0) as

1(0) = (A1 827 = (82)'7] (52)

which is actually equal to 7/Vy based on Eqn. 38. Similarly, 7}(0) can be written as

P,
I3(0) = T [(2A1 + Ay — (4)"7] (53)

which is again equal to 7Ny. Thus, /3(0) = [5(0) and the two levels start with the
same amount of interference. On the other hand, the amount of the received power by
L3 and LY is not the same. We should note that P;(0), i.e. the received power at dis-
tance zero from the previous level, cannot be defined under continuum approximation.

Instead, we write the expressions for Ps(e) and Pj(e), where € << 1,

Py(e) = 1]}7 [(Ag+ )7 = (e)'7] =

P,
-7

(Ag)' (54)

In the bidirectional scheme, Pj is produced by two sections of Af. Neglecting the

power from the farther one, we can write

P,

(ALY o 277 Py(e) (55)

Pi(e) > -

The above expressions clearly show that Pj(e) > Ps(e), which also is intuitively
acceptable as A, > A,. Hence, L} can be viewed as a unidirectional level like Ls,
receiving the same interference as L3, yet receiving more power. Hence, not only is
AL > Az but I} < Is.

By induction, we can prove that I} | < Iy, if I}, < I, and A} > Ay. I ,(0) and

It+1(0) can be expressed as

Lo0)=P + 1, =7(No+ 1)+ I, =7No+ (1 + 7)1}, (56)
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and

[k+1(0):Pk+[kIT<N0+[k)+IkITNO—l—(l—l—T)[k (57)

Hence I;, < I, results in [ ,(0) < I;41(0). However, we have P} (€) > Pyi1(€)
since A, > Ay. Therefore, L; ,, starts with less amount of interference than Lj,
yet with a greater amount of power. This leads to Aj,; > Aj;; and consequently

I, < Ip41 as explained for the case of I3 and I3.

D. Cooperative Transmission under pathloss exponent v = 1

1) Unidirectional scheme: According to [4], the single-shot transmission under v =
1 is similar to the one under v < 1 in the sense that A, grows to infinity under a

particular condition. First, we define a new parameter,

W= e™No/Pr

and for the unidirectional transmission we show that if ;4 > 2 then Ay — o0, if

i = 2 then A, — Ay, otherwise (u < 2) Ay — 0. The same condition is valid for
the bidirectional scheme, yet the bidirectional transmission moves faster as expected.
Under the presence of interference, the equation for the unidirectional transmission
with v = 1 is modified as

Ap + ANy T

In( A, )= Iz

(No + Ir) (58)

Thus,
Ak

Ak - ,uNoJrIk -1

(59)

Assuming the most severe interference case, i.e. ¢ = 1, and neglecting the interference

from the source, the interference [; at the boundary of L, can be written in the form
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of

_ _ d
Iy = P, (In(dy) — In(dy, — di—s)) = P, 1n(dk_—’fdk_2) (60)

In the following theorem, we prove that under a particular condition /;, saturates to a
non-zero value as k — oo. Before proceeding to the theorem, we define a; as the ratio

of dj, over dj_;.
di—1

ar -
Theorem 8. For v = 1, under the unidirectional transmission

lim I, =c (61)

k—o0

where c is a nonzero value if and only if T < 7., and T, is the solution to

Mo (27 + 1)? N 1
(2. +1)2—1 27, + 1

Proof. According to Eqn. 60, I is a function of d; and dj_». Substituting d;_o with

its equivalent expression in terms of dy, a; and a;_;, we have

— d
I, = P In( b —) (62)
T apar—1
Now if
lim a = a (63)
k—o0
then we have
lim 7, = P In(—% )—151(“2 ) (64)
pooo T T dy — 7 7 AT

We would like to find the condition under which both a; and I, saturate to a nonzero

value. In addition to aj, we define another ratio aj, which is the ratio of Ay to Aj_;.

/. Ay
ay

N
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It can be easily proven that If

. . dy
lim a; = lim =a
k—o00 k—o0 dk,1
then
o, . Ay
lim a, = lim =a
k—o00 k—o0 Ak—l

The expression for aj can be written in terms of aj as,

djy — dj— dy, — &
e R A T (65)
if limy_,o, ax = a, then we have
_ e
Jim o} = 5—5 =« (66)
According to Eq. 59,
= 3 = (67)

Apy photle —1

Since aj, ar — a, we can combine Eq. 64 and 67, and write

1
4= — (68)
1% O(anl) -1
This nonlinear equation is solved by finding the roots of following function
Y L 69
fla) =p @1 ¢ (69)

This function has a global minimum which depends on P, and 7. The minimum value

should not be greater than zero in order for Eq. 69 to have a real solution, i.e. min(f(a)) <
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0. We can therefore construct an equation system consisting of

(D f'(am) =0 (70)
) flam) =0

to find the minimum a, i.e. a,,. Solving the first equation we get,

2T

f(am) = @r + Do (71)

— 2N 1=0
a/ —

(a2, — 1 a2 —
27 2
Ny Ay - Ay, — 1
% =
SOV
Now to govern the inequality,
1
fla)=an—m——an—-1=0—=a,=27+1 (72)
agfl
therefore,
1
Gy = =27+1 (73)

27+1)2 T
MNO(#) —1

and hence the condition for the successful flow is found as 7 < 7., where 7, is the

solution to
(27, +1)? 1

No Te _ 1 =
(<2TC+1>2—1) 2. +1

(74)

]

2) Bidirectional scheme: Cooperative broadcast exhibits similar behavior under the
bidirectional continuous transmission. The expression for interference [ is, however, a
bit different,

dy + dj_o

I = P.In(——7— 75
k (dk—qu) (75)
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Thus, its ultimate value is equal to

2
. 1
lim 1% = P, In(2 "
k—o0 a*—1

) (76)

and we have,

j_ e 14 /T- P

ak = dk_l Mfk+N0 1 (77)

The same approach can be taken to find the condition for successful propagation. How-
ever, solving the resulting equation system would be tedious. Instead, we prove that
the successful propagation under the unidirectional transmission leads to the successful

propagation under the bidirectional transmission.

Theorem 9. If under the unidirectional transmission

lim I, = ¢ (78)

k—o00

where ¢y is a nonzero value then also under the bidirectional transmission with same

network parameters

lim I, = ¢y (79)

k—o0
where co is a nonzero value.

Proof. As with v < 1, in the bidirectional transmission, we neglect the contribution of
the farther section of level L, and onward in the signal power but consider its contri-
bution in the interference power. Nonetheless, we show that the interference I;, under
the bidirectional transmission is smaller than [, under the unidirectional scheme. The
proof is very similar to the proof of Theorem 2.

Considering the fact that 2A; contributes to the signal power in the bidirectional

scheme rather than A; in the unidirectional scheme, the relationship between A, and
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A, can be expressed as

A+ Ay

20 + Al T
) = n(#

) = =No (80)

|
n( 2

which leads to A}, = 2A,. Hence, P3(¢) < P4(e) although I3(0) = I%(0). As a result,
Az < A} and I3 > I}. As done similarly in the proof of Theorem 2, It can be proved

by induction that [, > I; for the following levels, as I;(0) > I;(0) and Py(€) < Py(e).

[
E. Cooperative Transmission under pathloss exponent v > 1
1) Unidirectional and bidirectional schemes: According to [4] for the single-shot
transmission, /
pP(1 -2
lim Ay =Ay = |————= , 81
koo " {TNO(V— 1) ] 1)

under both the bidirectional and the unidirectional transmission with v > 1. Hence,
the message always flows to the entire network as long as the the node density is
sufficiently high. Similarly, under the continuous source transmission A, — A, as

k — oo. However, A, can be zero or negative in the presence of interference causing
the transmission to break. Whether, the transmission stops or continues depends on the

value of 7, transmission period ¢ and pathloss exponent ~. Since v > 1, we have

Pr 1 1
) 1 (dk — dk—1)7_1 - (dk _ dk—2)7_1 = T(NO + ]k) (82)

In the following theorem, we find the condition for successful propagation under the
continuous source transmission considering the both unidirectional and bidirectional

transmission schemes.

Theorem 10. Under the unidirectional and the bidirectional transmission schemes with

v > 1, the continuous source transmission is successful
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T < T,

where,

Te=2"7-1

Proof. Assuming ¢ = 1, the expression for I as kK — oo is

i 1 B 1 |
! dk —dgn 1)t (dy = dpp2)7?

Now, assuming that A, — A, we can write

- P, 1 1

g DHAL! (n +1)t (n+ 2)7—1]
P,

(v = D(2Ax)"

Thus using Eqn. 82

P. _
W |:1 — (]. +T)21 »\/} = TN()

which results in

r<2t

(83)

(84)

(85)

(86)

]

the above condition guarantees the successful flow under the both unidirectional and

bidirectional transmission with any value of transmission period .

This condition specifies a maximum value for 7 which is obtained based on ~ and 1.

The value of P, does not impose any restriction on the flow but determines the value

of A.. In case of continuum model, with node density p = oo, the cooperation should

continue for any nonzero value of A,,. However, in practical networks with finite node

density, transmission breaks for small enough values of A
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F. Power Efficiency Comparison of Cooperative and Non-cooperative Broadcasts

1) continuous source transmission with v < 1: It is impossible for noncooperative
broadcast to continue under any level of interference under v < 1. If A, is assumed to
be constant for multihop broadcast, i.e. A, = A, then [ (interference at level k) can

be expressed as

a1
Ii=352 () (87)

apparently for v < 1

Z(%)W = 00 (88)

which implies that interference blows up and causes the transmission to break. This
also can be shown from another aspect, assuming flexible A, for each level. Let’s look

at the equation for Ay at level £,

N

" =7(Ny + I) (89)
k

g

By Neglecting the interference from the source for cooperative broadcast, I, = 0.
Since I3 # 0, therefore I3 > [, which according to above equation, results in Az < A,.
This in turn results in 7, > I3 and consequently A, < Ajz. We can therefore conclude
that A, < Ajp_;, meaning that A, approaches zero.

2) continuous source transmission with v = 1: The same argument can be made for
multihop broadcast with v = 1 to show that the interference diverges as £ increases.
Clearly
) = o0 (90)

On the other hand, we have shown the possibility of successful propagation for coop-

erative broadcast under both unidirectional and bidirectional schemes.
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3) continuous source transmission with v > 1: For noncooperative broadcast, [}

saturates to,

. P,
Igll—>r£1<> Ik - E‘Snoncoop (91)
where
) 1 o
Snoncoo = T aN 4 92
P ;[n(z—l—l)%—l} ©2)

which is equivalent to p-series and always converges for v > 1. Therefore,

AYT N
Pnoncoop = $ (93)

1— 7—Snoncoop

As shown in our analysis for cooperative transmission with v > 1, A, converges to a

constant value as
(1-— 1= — TScoop) Pr

A - (’7 — ]_)TNO (94)
where,
- 1
Secoop = ;[nxz—kl”/— C(nxi+ 2! ©3)
Thus,
Py = P& = 02U 96)

The gain of using noncooperative broadcast over using cooperative broadcast is defined

as

Pnoncoo - Pcoo
P P (97)

gain =
Pnoncoop

For the bidirectional transmission, cooperative broadcast flows double times faster than
noncooperative broadcast. To have a fair comparison, we assign the transmission radius
of the noncooperative scheme to be twice the step size of cooperative scheme, i.e. r =

2A . As a result,
. TN(](QA)’Y
11— TSnoncoop
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Fig. 11: The gain of using cooperative broadcast instead of non-cooperative broadcast

The condition for the continuous flow in noncooperative is given as

TC < 1/Snoncoop

Fig. 11 shows the gain for the both unidirectional and bidirectional schemes for the
range of v between (1 5]. We can observe that the gain is negative for the unidirec-
tional scheme while it is positive for the bidirectional scheme. Under both schemes,
the gain increases in favor cooperative broadcast as ¢ decreases, i.e. the interference

becomes more severe.

G. Simulation Results

1) Transmission under v < 1: In this section we check the accuracy of the an-
alytical expressions for the finite-density, finite-length networks. First, we perform a
numerical analysis of the continuous source transmission with v = 0.25, 0.5 and 0.75.
In all the three cases, the network parameters are fixed at Py, = 0.1, P.=1,Ny=1
and 7 = 0. The critical threshold 7. for each case is found by setting the condition
Api1 > Ay on k starting from k£ = 1. If the resultant 7 leads to a decrease in I
at some k then we know the propagation will be successful and we stop looking for

a smaller 7, otherwise we continue on imposing similar condition for the next level
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Fig. 12: The analytical propagation under continuous source transmission with ¢ = 0, v < 1, Py = 0.1,
P.=1, Ng=1.

k + 1 and find a new 7 accordingly. By means of this trial and error method, we found
7 = 0.16, 0.24 and 0.34 for v = 0.25, 0.5 and 0.75, respectively, which lead to the
successful broadcast.

Fig. 12 shows interference [ versus dj (in dB scale) for these three cases. The
markers on each curve represent the levels. According to Theorem 1, I starts to de-
crease from some level converging to zero. For v = (.25, the interference starts to
drop at level 4, i.e. I, < I3. It can be observed that as «y increases, it takes more levels
to observe the drop in [j.

A finite network consisting 30000 nodes over the length of 100, i.e. node density
of p = 300, is simulated by considering exactly the same network parameters as in
the analytical study. The probability of propagation is obtained by realizing the system
for 100 times. Fig. 13 shows the results for v = 0.25, 0.5 and 0.75 each with three

different values of 7; one taken equal to, one slightly below and the other slightly
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Fig. 13: Simulated propagation under continuous source transmission with ¢ = 0,y = 0.25 and 0.5,
P;,=0.1, P.=1and Ny = 1.

greater than the corresponding critical value. We can see that the probability of the
successful propagation changes dramatically over the narrow range of 7. This shows
that for each v and fixed network parameters, there is a critical threshold which results
in a successful propagation.

As stated by Theorem 2, the bidirectional scheme is more likely to be successful
than the unidirectional scheme. We show this fact by simulating the bidirectional trans-
mission with the same network parameters as previous example only for the highest
T associated to each v; 7 = 0.18, 0.26, 0.36 for v = 0.25, 0.5 and 0.75, respec-
tively. Unlike the probability of the successful propagation under the unidirectional
scheme being almost zero, Fig. 14 shows that the bidirectional scheme results in the
completely successful propagation for all the three cases.

2) Transmission under v = 1: Following the similar process as for v < 1, first
we perform a numerical analysis of successful propagation under v = 1. Solving the

equations for P, = 1 leads to 7,4, = 0.352. This threshold is independent of F;.
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Fig. 14: Simulated propagation under the bidirectional continuous source transmission with 7 =0, v <1,
P, =01, P.=1and Ny = 1.

Considering this threshold value and the network parameters; P.=1,P = 0.1,

Ny and 7 = 0, we find maximum distance d;, and interference at this distance I, for
each level. Fig. 15 shows [ versus d;. As we expected, the interference saturates to a
constant value, which can be found according to Eqn. 64 equal to 0.185.

The simulation results of a finite network is shown in Fig. 16 for the same net-
work parameters while P, takes two values, 0.1 and 1. The threshold 7 is given three
different values; being 0.325, 0.375 and 0.425. For P; = 0.1, we can verify that
7 = 0.325 results in the successful propagation. On the other hand, the other values of
7 do not result in the success probability of unity. For the second case where Ps; = 1,
a network with length L = 200 is simulated to show that the successful propagation is
not possible for 7 = 0.375 and 0.425.

In Fig. 17, the bidirectional scheme is simulated with the same network parameters.
As stated by Theorem 4, it is more likely to be successful compared to its unidirec-
tional counterpart. In fact, it is completely successful for all the three values of 7
which resulted in failure in the previous example for the unidirectional transmission.

3) Transmission under v > 1: Theorem 5 states that for v > 1, the condition
for successful propagation is the same under the both bidirectional and unidirectional
transmission protocols. According to this condition, the maximum threshold is 7 = 1

fory = 2and ¢ = 1. As with v = 1, P does not play any role in the successful
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Fig. 15: The analytical propagation under continuous source transmission with ¢ = 1, v = 1, 7 = 0.325,
P, =01, P. =1, Ng=1.
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Fig. 16: Simulated propagation under the unidirectional continuous source transmission with ¢ = 1, v =
1, P.=1and Ny = 1.

propagation. In addition, the choice of P, does not affect the performance as long as
the node density is assumed to be infinite. Its value only determines the size of A..

Thus, in the case of a finite node density, not sufficiently high P, can result in a break
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Fig. 17: Simulated propagation under the bidirectional continuous source transmission with i =0, v =1,
P.=1and Ny =1.

in transmission. We simulated the same setup (p = 300, L = 100, P.=1, P, =0.1,
and Ny = 1)for v = 2 and 7 = 0.9 which results in A, = 0.055. The results show that
the density p = 300 is not enough to allow a successful propagation since there are

16 nodes in average in each level. Increasing P, to 10, results in A, = 0.55 allowing
166 nodes in average in each level. With this setup, we are able to obtain successful
propagation with probability of unity for 7 = 0.9 and smaller probabilities for 7 = 1
and 1.1. Fig. 18 shows the results for the bidirectional transmission. In this figure, we
can also see the results for v = 3 which requires 7 < 3 for the successful propagation
with 7 = 1. Fig. 19 show the simulated result for the finite network with v = 2 under
the bidirectional transmission. As expected, we observe the similar behavior as with

the unidirectional transmission.

H. Conclusion

In this paper, we analyzed a cooperative broadcasting scheme over multiple hops
of relays in a high density linear network. The dynamics of the continuous source
transmission is characterized for different ranges of pathloss exponent .

For v < 1, we found that interference can either blow up or approaches zero de-
pending on the network parameters. We provided the condition for interference to drop
at some level compared to the previous level. We proved that once the interference
drops, it continues decreasing until it gets zero. This behavior guarantees the success-
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Fig. 18: Simulated propagation under the unidirectional continuous source transmission with ¢ = 1, v =
2 and 3, P, =10 and Ny = 1.
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Fig. 19: Simulated propagation under the bidirectional continuous source transmission with ¢ = 1, v = 2,
P. =10 and Ny = 1.

ful propagation which also was verified by the simulation results.

Similarly, for v = 1, we showed that interference can either blow up or saturates
to a constant value. Under a certain condition, the length of each level grows linearly
with respect to the previous level, resulting in an increase in the received power by
the next level, while the amount of interference converges to a constant value. Thus,
the propagation is guaranteed to be successful when the interference converges to
a constant value. We provided the condition for bounded interference with v = 1

under the unidirectional transmission. We proved that the bidirectional transmission
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is successful given that it is successful under the unidirectional transmission.

For v > 1, we showed the bidirectional and the unidirectional transmission exhibit
similar dynamics. Interference is always bounded, however, it can still hinder the trans-
mission since the length of levels converges to a constant value as well. We presented
the condition for successful propagation which is the same for the unidirectional and
the bidirectional transmission.

We also compared the power efficiency of this cooperative scheme with the classical
multihop broadcast. First, we should note that multihop broadcast is interference lim-
ited for v < 1, in the sense that transmission simply breaks due to the accumulated
amount of interference. Only for v > 1, transmission can be successful under a certain
condition. We compared the power efficiency of cooperative broadcast and noncoop-
erative multihop broadcast when both satisfy their corresponding conditions for the
successful propagation. It was found that multihop broadcast exhibits a more efficient
behavior under the unidirectional transmission, whereas cooperative broadcast proves

to be more efficient for all ranges of ~ if the bidirectional transmission is employed.
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IV. CONCLUSION

We analyzed the cooperative broadcasting over multiple hops of relays in a lin-
ear network. The dynamics of the single-shot transmission along with the continuous
source transmission is analyzed for different ranges of pathloss exponent . For single-
shot transmission, we found phase transitions in the network behavior for different
ranges of . The decoding threshold has the same critical value for v = 1 as with
~v = 2 in 2-D networks. We also found a phase transition with a decoding threshold for
v < 1, while there exists no phase transition for v > 1.

We also compared the power efficiency of this cooperative scheme with the classical
multihop broadcast. It was found that multihop broadcast shows a more efficient be-
havior under unidirectional transmission, whereas cooperative broadcast proves to be
more efficient for all ranges of ~y if bidirectional transmission is employed.

For the continuous source transmission, for v < 1, we found that interference can
either blow up or approaches zero depending on the network parameters. We provided
the condition for interference to approach zero and thus to guarantee successful propa-
gation, which was also verified by simulation results. Similarly, for v = 1, we showed
that the interference can either blow up or saturate to a constant value. We provided
the condition for bounded interference with v = 1 under unidirectional transmission.
We proved that the bidirectional transmission will be also successful given that the
propagation with the same network parameters is successful under the unidirectional
transmission. For v > 1, we showed the bidirectional transmission and the unidi-
rectional transmission exhibit the similar dynamics. We presented the condition for
successful propagation which is the same for the unidirectional transmission and the
bidirectional transmission.

Finally, we compared the power efficiency of this cooperative scheme with the clas-

sical multihop broadcast. First, we should note that multihop broadcast is interference
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limited for v < 1, in the sense that transmission stops due to the accumulated amount
of interference. Only for v > 1, transmission can be successful under a certain con-
dition. We compared the power efficiency of cooperative and noncooperative multihop
broadcast when both satisty their corresponding conditions. Like single-shot transmis-
sion, it was found that multihop broadcast shows more efficient behavior under the
unidirectional transmission, whereas cooperative broadcast proves to be more efficient

for all ranges of -y if the bidirectional transmission is employed.
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