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Abstract

This project aims to study the interference effects of neagimng nodes in one hop transmis-
sions for Wireless AD-HOC networks. Previous work in thisahas given results for a proba-
bilistic value of the interference effect at a transmittmage for the major transmission strate-
gies - NFP (Nearest with most Forward Progress), MFR (Mastdod with Fixed Radius) and
MVR (Most forward with Variable Radius). But, a major sourcdrierference which are the
nodes outside the transmission radius but within the ieterfce radius (called the Interference
Zone) have not been captured. These nodes can sense a ssinanfbut not decode it) and
have enough noise power to garble the signal received attbalaeceiving node. The num-
ber of potential interfering nodes has been estimated. &tsexpression for the probabilistic
interference power due to these nodes at the receiver ha®b&gned, for each 'n’ (humber of
interfering nodes). Since the closed form expressionsiffreudt to evaluate, computer aided
computations have been carried out to estimate the inggréerand SIR (Signal to Interference
Ratio) values, for non-power control as well as for power carNFP, MVR and Random).
We confirmed our analytical results with a Brute-Force sirtioiha

Also, parameters like Transmission Power utilized perdisiince between transmitter and
receiver and the corresponding device power used have bakrated for the three transmis-
sion strategies. We have also compared these parametelifféoent values of Node Density
and ranked their performances on this basis.
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Chapter 1

Introduction

1.1 AD HOC Networks

1.1.1 Basics

A wireless ad hoc network is a decentralized wireless nddw@perating in ad-hoc mode
allows all wireless devices within range of each other te@ier and communicate in peer-to-
peer fashion without involving central access points Thevoek is ad hoc because each node
is willing to forward data for other nodes, and so the deteation of which nodes forward data
is made dynamically based on the network connectivity. s contrast to wired networks in
which routers perform the task of routing. It is also in castrto managed wireless networks,
in which a special node known as an access point manages augation among other nodes.

Ethernet or
U3SB cable

(to Internet
connection)

Prsnter

) ( F] C-::mputer

Entertainment Conscles

Gnmputer 4

Figure 1.1: A typical example of Wireless AD Hoc Network in Guuter Networks
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The term mesh network accurately describes the structutieeohetwork: All available
nodes are aware of all other nodes within range. The entitection of nodes is intercon-
nected in many different ways, just as a physical mesh is rm&deny small connections to
create a larger fabric. Figure 1 provides a simple diagrdumstrating these concepts. This
diagram is modeled after a wireless "hot spot,” where an adiedwork links users to a router
with access to the Internet. In this example, two users agklighted, showing two paths
through several nodes to the router. If one of the interntediades were to fail (e.g. that
user leaves the area), the network will automatically régare itself, locating an alternate
path from the user to the router. Typically, all availableles are also network users, each
sharing the total data transfer capacity of the particudmdWware and operating protocol being
used. The network could also connect users to other usestlgliras would be done in an
industrial control and monitoring network. Since thereasneed for central administration of
the network configuration, it is most efficient to design tlistem for autonomous operation
of each node. In an industrial environment, a situation sagchn alarm would be propagated
through the network and received directly by each node. Bade would be programmed to
respond according to its particular function- machine mnprocess monitoring, supervisory
personnel or central office.

1.1.2 Self-Configuring and Self-Healing Processes

Figure 2 shows how ad hoc networks determine their configuratin Fig. 2(a) each node
identifies the nodes that are available for communicatibased on signal strength, which is
mainly related to distance, but is also affected by obswustor interference. Some nodes
may be beyond range, others may be detectable but have ansoifsignal strength for reliable
communications. Once the available nodes are identifieglirtformation is communicated to
other nodes, along with information about the desired dastn (Fig. 2b). Using the lists of
available connections, the network configuration algarmitelects a particular routing for each
user to its destination. This process requires system tpgisoftware to have good decision-
making algorithms, based on practical criteria for sigtarggth, path reliability over time, and
network configuration patterns. Over time, or even neattsoausly, the network will change.

Users may come and go, nodes may be in motion, or changes atettteomagnetic envi-



ronment may alter the propagation between nodes. As thesgjeh take place, the network
will update its configuration and identify new paths fromnss® destinations, as illustrated in
Fig. 2c. This type of reconfiguration will be repeated oved amer as the network changes.
Note that this is the same process used in the Internet, vdystem loading and hardware
issues require redirection of a user’s data through diffier@uters.

1.1.3 Advantages of Ad Hoc Networks

The principal advantages of an ad hoc network include tHeviang:
¢ Independence from central network administration.
e Self-configuring, nodes are also routers.
e Self-healing through continuous re-configuration.
e Scalable-accommodates the addition of more nodes

¢ Flexible-similar to being able to access the Internet froamyndifferent locations

1.1.4 Limitations of Ad Hoc Networks

While ad hoc networks are typically used where they have thatgst emphasis on its advan-
tages, there are some limitations:

e Each node must have full performance
e Throughput is affected by system loading

¢ Reliability requires a sufficient number of available nod&parse networks can have
problems

e Large networks can have excessive latency (time delaywdiffects some applications
Some of these limitations also apply to conventional huth-spoke based networks, or
cannot be addressed by alternate configurations. For egaalphetworks are affected
by system loading, and networks with few nodes are difficuljutstify in hard-wired
solutions.

1.1.5 Key Applications

The decentralized nature of wireless ad hoc networks makes suitable for a variety of appli-
cations where central nodes cannot be relied on, and mayimpne scalability of wireless ad
hoc networks compared to wireless managed networks, thihweginetical and practical limits
to the overall capacity of such networks have been identified

WLAN is the initial application that received a concerted elepment effort. Peer-to-peer
networks of computer/ PDA users have become common. Comahesiceless Internet service
providers (WISP) use repeater nodes to extend coverage tgeadeea, while user nodes can
extend service in their locality. Control systems (e.g. emwinental controls) and industrial
process monitoring and control are becoming major apphicatfor mesh networking. These

10



environments are difficult to serve with dedicated wiringing spread over a large area, often
with difficult access. Sensor networks from small-scalg.(@ousehold security monitoring)

to large scale (e.g. wildlife tracking) are also being depeld with ad hoc networking as the
operational structure. Developers of these and otheregifins have determined that ad hoc
networks are the most efficient way to maintain system-wataraunications.
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1.2 The Slotted Aloha Protocol

1.2.1 Basics

In the seventies, the ALOHA system was proposed by Normamuwbon as an effective so-
lution to provide for wireless access to computer systene ALOHA-net at the University
of Hawaii employed fixed transmitters at islands locatedaages of several tens of kilome-
ters. The main advantage of the ALOHA random access schemesivwgplicity. Terminals
can transmit their data regardless of the activity of otkemtnals. If a message is successful
the base station sends an acknowledgement over a feedbaohkeathIf the terminal does not
received an acknowledgement, the terminal retransmitsrtbgsage after waiting a random
time. The delay is mainly determined by the probability thatacket is not received (because
of interference from another transmission, called a "smh”) and the average value of the
random waiting time before a retransmission is made.

1.2.2 Collision Resolution

Later studies revealed that, for an infinite population afrasand under certain channel con-
ditions, the ALOHA system is unstable. Packets lost in aigiolh are retransmitted, but the
retransmission again experiences a collision. This magf§ain avalanche of retransmission
attempts. Almost surely, the "backlog”, i.e., the numbep@viously unsuccessful packets that
need to be retransmitted, grows beyond any finite bound. Gatkad to mitigate instability is
to dynamically adapt the random waiting times of all ternsnathe base station notices that
many collisions occur. Examples of methods to ensure #iahile Dynamic Frame Length
(DFL) ALOHA, by Frits Schoute, or the Stack Algorithm by Boiisybakov et al. DFL uses
a centralized control, mastered by the base station, widlstack algorithm is a decentralized
method.

1.2.3 ALOHA in Mobile Radio Networks

The ALOHA concept is very commonly used in modern wirelesaicmnication systems. The
call set-up procedure of almost any (analog or digital)utatl telephone system uses some
kind of ALOHA random access. But the performance differs faohat one would expectin a
wireline network.

In a radio channel, packets may be lost because of signalgaden if no contending other
signal is present. On the other hand, packets may be recaineassfully despite interference
from competing terminals. This is called ‘receiver captufehis effect has a significant in-
fluence on the throughput. Optimum frequency reuse for ALORBxdom Access networks
differs from frequency reuse for telephony, because thimpeance criteria differ (throughput
/ delay versus outage probability, respectively). The basse pattern for an ALOHA system
is to use the same frequency in all cells.

12



1.2.4 The ALOHA Principal

Figure 1.2: Description of terminal behavior in ALOHA ramd@ccess network

In unslotted ALOHA, a transmission may start at any time. lbited ALOHA the time
axis is divided to slots. All terminals are assumed to knoe tilmes at which a new slot
begins. Packets may only be transmitted at the beginningnefaslot. Slotted ALOHA has
significantly better throughput than unslotted ALOHA.

1.2.5 Performance

o

mobilke channek

Throughput

0.2

no captur\e—4

0.0

O%I‘ered traffic i

Figure 1.3: Throughput S of Slotted ALOHA network (in pacletr time slot) versus the
attempted traffic.
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1.3 Current state of art

As of now, the current forwarding strategies used for traasion have been analyzed and
compared with each other on the basis of certain paramétpr3fis paper has assumed the
following network model-

e The nodes are distributed as a two-dimensional Poisson paness with density, i.e
the Pr(finding i nodes in an area of size A) =

AAie
il

Where, i=0,1,2,3..

e The channel access protocol is slotted ALOHA. The trafficssumed to be uniform,
i.e., every node transmits to every other node with equdgdvidity and every node has
equal traffic load.

e Each node transmits with a maximum radius R. The quantity\NR? represents the
average number of neighbors of a node. A successful trasgmieccurs from Xto Y if
Y does not transmit and Y’s neighbors do not interfere with.& do not transmit in the
same slot).

Forward progress is defined as the projection of the veoton 1 transmitting node to its
immediate one-hop receiver onto the vector from the trattento the final destination (can
be positive or negative). An important transmission ruléhet one-hop transmissions with
negative forward progress are not allowed.

.rd--r_.-il-_‘--\-""
-~ | -
| a.
,.r’ R = I|Ih"\.
;. b3
f i
i L]
| - 5 E—
i M | DESTIMATION
. v, !
% zl.l'|I
LY . l'
5 /
% #
% &
s o ares
e A=Y : WFF |Rodiws=XY, ]
A=Yy MFR | Rodhuss R )

MVR |Rodius+R¥y)

Figure 1.4: lllustration of Transmission Strategies

The major forwarding strategies are-

e NFP (Nearest forward Progress) A node transmits to the seasghbor which will
result in forward progress. The transmission power is aeljuto be just strong enough
to reach the receiving node. The aim is to reduce conflictaaad possible. If we
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represent the distance between a transmitter (X) and itsoiate receiver (Y) with the
random variable r, theffi.(ro) is given by

Arroe™o/2
fr(ro):ﬁ, 0<ro<R (1.1)

¢ MFR (Most Forward with Fixed Radius R) A node transmits to a heay with the
largest forward progress. The transmission radius is fik€dm@this strategy irrespective
of the position of the receiving node. The aim is to minimize humber of hops needed
for a packet to reach its destination.

e MVR (Most Forward with Variable Radius) This strategy is damito MFR except
that the transmission radius is adjusted to be equal to thmladistance between the
transmitter and the receiver. Thus the aim is to combine émetits of the previous two
strategies, i.e. to reduce the conflict to some extent wisieeging the largest progress
possible.

The expression fof,.(ry) for both MFR and MVR is the same and is given by

Arge Mz
fr,e(ro760):m7 0<rg<R,—7m/2< 0 <7/2 (1.2)

where,

Az = R*(cos '[(r0/R)cos(6y)] — (r0/R)cos(8p)\/1 — [rocosby/R)?) (1.3)

The final results were obtained for the following parameters

S =local throughput (one hop throughput) = average numbian$missions per slot from
a node.

Z = average progress per slot from a transmitting node.

15
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Chapter 2

Interference Zone Effects

2.1 Explanation

The transmission power from any transmitting node does aptptetely diminish after the
intended transmission radius. Instead, the signal prapadarther until a certain greater dis-
tance and decays down to a power level below which it is imgeile to the sensors (around
the channel noise power level). This maximum range is callednterference radius and it is
found to be approximately equal to twice the transmissiausafor most wireless networks
(i.,e. R;=2*Rr). The ring region from the transmission radius to the imenice radius is
called the interference zone or the carrier sensing zontidmegion of a particular transmit-
ter, the neighboring nodes cannot decode the transmisigioal &nd can only sense the signal

carrier (used for modulation).

Camier Sensing Zone

A3
Trapsmission Fange i By ¢
Vi . - - o

=
::ﬁ,' -:

_:'.':r_._ 'D-l] E / '...‘. \-\__\__\_'_'_/

’ Carrier Sensing Rapge "‘_ .

Figure 2.1: The Solid circle is the transmission zone (ofua®;) and the dotted circle is the
interference zone boundary (of radiig)

Thus the interference zone nodes of a receiver will add éurfquantitatively) to the in-

terference at it. This is because, in the absence of a RTS-@X6cpl, the interference zone
nodes of a receiver (say Y) cannot sense the transmissiontfre® main transmitting node (say

17



X), thus becoming something of a hidden zone for X. Even utiteRTS-CTS protocol, the
mechanism needs to be properly synchronized for the hidddesto keep quiet. The exposed
terminal zone problem doesn’t come in here as the interéereone is not very large. But
if some wireless network models have larger carrier sensomges, then this problem might
come in to the picture. The effective interference zone fas hown below in the figure.
All nodes in this shaded area can potentially interfere Withintended signal at Y if they too
are transmitting. In quantitative terms, if such nodesdnaih at reasonable power (as given

by the forwarding strategy), the resulting SINR at the nemecould be small enough to cause
decoding errors.

— -
—— -
- - b

Figure 2.2: The shaded region is the effective interfereoce for Y

2.2 Assumptions

Thus the basic assumptions for our study are the following-

e The transmission protocol for the network can be taken tddited ALOHA (as in [1])

with Carrier Sense Multiple Access (CSMA without collisiorteletion). The antennas
used in the network are isotropic.

e The basic assumptions in [1] (as mentioned in the introdagtiapart from the fact that
we allow backward transmissions in case of all the powerrobstrategies. This is a
necessary clause for calculating the interference fromrttegfering nodes, since their
individual directions of transmissions can be random aniild be unviable to consider
all possible directions (explained further in the powertcolrchapter i.e Chapter 4).

e The time lag between a data transmission and a neighboritig $ensing it is assumed
to be lesser than the fixed time slot of the protocol i.e. bbthreceiver node and the
interference zone nodes will sense the transmission will@rsame time slot as that of
the data transmission and the transmission and interfeneades will keep quiet from

the next slot onwards, till the length of the transmissiolsoiAthe amount of interference
estimated is valid for one slot only.

18



e The effective interference zone nodes (shaded area) carked¢p quiet if nodes from
outside transmit, i.e. they can fall in the interferenceaasEsome external transmitting
node. This possibility is ignored as we want to conduct a woase analysis anyways.
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Chapter 3

3-node analysis (Non-Power Control)

3.1 Explanation

Our preliminary approach to estimating the interferencé atas to estimate the total interfer-
ence and SIR at Y effectively due to 3 nodes only. It might séeah the maximum number
of interfering nodes could be very large, in case of a nongyawontrol scheme. But this is
not true. If we ignore for now the possibility of two or moredes transmitting at the same
instant (the probability of which is small), the maximum rlagn of interfering nodes seems to
be three.

This can be seen from the figure. The total shaded region isftbetive interference zone.
If a node atV, transmits (located in the total shaded region), then ontleson aread; and A,
can transmit which lie outside the interference zon&gf If N, is placed such that; or A,
vanish, there will be two interfering nodes. Thus the mimmoumber of interfering nodes is
one (which happens either if there is only one node in thé sbiaded region or if the nodes in
A; and A, do not transmit in the time-slot concerned) and the maximumiver is three. We
now aim to determine the condition for the effective integfece of three nodes. If the nodg,
which lies approximately in the middle sector of the totadéd region, is confined to a certain
sub-region then three nodes can be shown to exist. Thisesdiy the regiord, (curvilinear
region given byS; S, 5,55) in the figure. These points are determined by the inteisedi
the interference circles drawn Bf and P, and the interference circles for X and Y. The points
P, and P, are the intersection points of the interference circles @y Y. If a node happens
to fall in Ay, then there is definitely a probability of two other intenfigr nodes, in the regions
A; andA,. The regionsA; and A, are mutually exclusive in the sense that a node in either area
will definitely be outside of the interference zone of a nadéhie other area. This we refer to
as the 3-node case. The steps required to determine thebiistimexpected interference of
suchacaseaty are:

e Annular rings of thickness dr are drawn from Y, starting fraadiusY” S; to Y Sy (=R;).
In each of these rings, elemental regions of area (usingl egliadrical coordinates
convention) are taken and the probability of finding exaotig node in this area is com-
puted. This node i8V, (Refer to Fig.3.1). The probabilistic interference at Y frovp
is thus given by
Py = py.pr,ay.Pr/r" (3.1)

Where,

20
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Figure 3.1: Interference circles for various transmittimgdes. Node X is transmitting to Y.
All the shaded and striped regions together comprise tret®@fe interference region for Y,
determined by interference radiis

p(r,a); = e *4\dA , is the probability of one node (given by Poisson’s distiitm) in
the elemental area located at(r,

Pr is the full transmission power and 'n’ is the path loss fatgpically between 2 and
3),

P, is the transmission probability of any node in a time-slot.

Since, Ao is symmetric about line XY it suffices to only consider theaaadove and multiply
the total interference calculated in this area by two. Nbtg the probability of finding two
nodes in the element aredy, ), is given by

p(r,a)y = e MANdA? /2 = (1= AdA+NdA?/2....)AdA? /2 = \dA?/2—\dA®/2+..... (3.2)

Thus, till a first degree approximation, this can be takenet@édro. Also note that's; >
Ry — d, thus the annular rings with radius variation frdta - d to Y.S; were taken separately.
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e For eachV, its corresponding interference circle is drawn ahhcand A, are determined
by integration/numerical methods. As wify,, annular rings are drawn id; with Y
as centre, starting from radiusSy upto YP; (=R;). This radius variable is denoted
by variable s (say) i.&"S; < s < R;. The angular span of any ring id; is clearly a
function of re and s. The probabilistic interference at Y due to a node mrigion is
then calculated (similar to expression for natlg). This is integrated over all possible
nodes in4;. The expression finally reduces to a functionAQyf r and« only. Similar
calculations are carried out for nodesAn. The 3-node sets produced by this method
are all unique asV, is different for every iteration. They are exhaustive too.

Figure 3.2: The elemantal area taken at a distance r from Yaagte« from the reference on
curveSsS,

NOTE that there is a probability, although small, of there beiagrfinterfering nodes
given that there are four or more nodes in the total shadedreghis happens when nodé,
is located at the fringes of the boundary lifgS, or 5554, as shown in Fig 4. Clearly, there
are four possible interfering nodes, they beikigg N, and one each inl; and A5 (Fig.4. on
page below). But both areas are, in general, extremely smaltantribute a negligibly small
probabilistic interference at Y. Note that the regidsnis still considered overall in the 3-node
analysis but it is counted as part 4§, thus the interference calculation is an underestimation
of the actual interference value. One can separate the t3esdgy taking a nod¥®, (above XY
line) for which x-coordinate obg < x-coordinate ofS, (according to Fig.2), since only then
will the areaA; not come into the picture. The 4-node case can then be coedideparately
for those nodes/\,) for which A5 exists.

There will also be 2-node only cases. Either of the two nodélsnet be in region A,
(because thent; and A, will exist and there will be a probabilistic contributionon there

22



Figure 3.3:)V, lies at the fringe of fixed ared,. A; is the usual upper excluded area dnds
selected asV, in aread,. We see that there is still a left over aréa

also). The 3-node cases cover all of the two node cases aldhgwhird node. Since, we
are primarily concerned with a worst case analysis, the derszenario doesn’t need to be
considered separately.
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3.2 Numerical Simulation

For simulation, the value of d was varied from 8/1to 0.45%; because we have the constraint
d < Ry and Ry = 0.5R;. MATLAB provides a tool to solve simultaneous equations iy a
kind, and this has been utilized in the simulatigizolve function). This tool was also used to
verify the results for the coordinates obtained by manulalutations. Also, thejuadfunction
was used to calculate definite integrals for calculatingatteas A,A,, A; and A;. The path-
loss factor (n) was taken to be 3.The total probabilistieriference and SIR were calculated
for each value of d and results were plotted as follows : Thevamt quantities are : Path loss
factor 'n’ = 3, r = (R; - Y.51)/100,0c = g(r)/50,« is the angle span of a ring and is from O to
g(r) for a particular value of .
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Figure 3.4: Interference vs @,

And the SIR curve was obtained as follows :-

The plot of | vs dR; can be interpreted as follows: When d is small, the effectiverfer-
ence region is small in size and therefore the number of fiatgninterfering nodes is less.
Thus the interference is low. As d increases, the size ofrédgsn increases further, thus in-
creasing the number of potential interferers and henceotiaé¢ interference. But at the same
time, the distance of the interfering nodes from Y also kemp#creasing. This results in a
decrease of the total interference at Y, which becomes mudter@re evident as d keeps on
increasing. At a particular value of d, | reaches a maximuncivis approximately atl,,, =
0.17d But, overall, the difference between the relative eaiiil atd,, and neighboring values
is at most 5 units whereas the average value of | is around A& i3 around 12 percent. of
the average value which implies that the variance for | isegow. This is reflected in the plot
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Figure 3.5: SIR vs d&;

for SIR vs dR; where the curve is simply monotonically decreasing and tagimum at dm
iS not noticed.

3.3 Issues

e The 3-node analysis is incomplete as it stands as it is nateydted whether 3-node sets
contribute the most to the total SIR at Y. It might be that elffe interference sets of
one or two might also have a sizable contribution. Also, &t ias a crude estimate of
probabilistic interference.

e As was seen with the illustration of the possibility of thestéence of 4 interfering nodes,
this model is geometrically quite simplified and prone t@esr

e It is not backed up by a random simulation of interferenceegated by random sets of
nodes in the interference region. This is important as aaansimulation provides the
almost actual, practical data for comparison.

To address the above issues, an exhaustive and precisenmadite® modeling of the situ-
ation is required, which can also be backed up by random aiiounl data. For this, a back-to-
basics approach was adopted and the following analysis exssaped.
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Chapter 4

Recursive approach to non-power control

4.1 Analysis

We can express the expected value of interference in a tiobd»s the following expression-
I, = PiI1y et + Po(Io1 =2 + oo n=2) + P3l31 -3

WherepF; is the probability of there being total i nodes in the totadddd area .

and, I;;is the probabilistic interference considering that onlpgas are exclusive interfer-
ers (j < 1), given that there are total n nodes in the shaded region,

Total shaded region
{containing ‘n’ nodes)

Figure 4.1: Effective Interference Area

The above formula is akin to a total conditional probabiégpression. It is valid for both
the power control and non power control cases. It can be ttewras -

Itotar = (Piliin=1 + Paloy oo + P3lsynes) + (Paloon—a + P3lsopnes + Pilyon—4)
+(P3I33 =3 + Pyluz n—s + P5l53 —5)
(4.1)
]Total = ]nt1 + ]ntg + ]ntg + ...
Over here,Int; is the overall interference due to one effective transngtmode,/nt, is
the overall interference due to two effective transmitthagies and so on. The expression for
Int, was formulated as follows -
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Transmitting, p;

-

Don’t care

Not transmitting, 1-p,

Figure 4.2: Illustration fors;, whenN; is the Interfering node

A, (in Green) is the area common to the Interference regiovaind the total shaded area.
A, (in Pink) is the compliment area t, in the total shaded region.

In the figure abovéy; is the only interfering (base) node and and V5 are the other nodes
in the area (which means we are considerifg. /V, falls inside the interference circle of;,
therefore it is forced to keep quiet. Nodg falls outside the circle and therefore it has to be in
a no-transmit mode in order to have only one node interfesiregall. In a similar way, we can
visualize the situation for allnt;. Thus in this case, the expression comes out to be

2
P
I3 (A) = 1/32 / / Pr(r,a)pPrq(r,a)s—ip:(1 —Pt)Q[T—:]Ardrda (4.2)
k=0
By simple extension, the general expression/ioy is :-
— n—1 PT
La(A) = l/nZ//Pr(r, Q) Pre(r, a)n—r—1p:(1 — py) [T—x])\rdrdoz (4.3)
k=0

Here, Pr(r, ) is the probability of k nodes present in tHg region. Pr¢(r, ),y is the
probability of (n-k) nodes present in thg, region. TheA in the brackets aftefn;, suggests
that it is a function of the effective interference zone undensideration. So, the overall
interference due to one effective transmitting node caseses out to be

Int1 :Ill+]21+]31+ ..... Inl

n—1
P, = 1/nZ//P7’(r, Q) g Pro(r, a)n_g_1 Ardrda (4.4)
k=0
and ;1 ,—; is actuallyZ;; / P; thus in the overall expressioR gets cancelled out. The (1/n)
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factor with P, and[,,; has been added to make them consistent with the actual siqrder
P, given by Poisson’s Distribution.

P, = e MAA"/n)

A similar approach was taken fay, -

Transmitting, p,

}-n‘t care

/

Trans?i(ting, ™

Figure 4.3: lllustration for/s,, whenN; and N5 are the Interfering nodes
The only difference here as opposed to the previous exptemtdr /,,; is that V3 has to
transmit. In general, the only condition féy, case is that there should be effectively one node

transmission from4,,. If we write this out in mathematical terms, we get an exposas
follows -

Herel;,(A,) is a function ofA,, (as it geometrically exists). Similarly, the other expiess
are-

I3(A) = 1/32 / / Pr(r,a),Pr(r, Oé)gkpt[% + I 1 (Ay)]Ardrdo (4.6)
k=0

I;5(A) = 1/42 / / Pr(r,a),Pr(r, oz)g_th[% + I3 i1 (Ap)|Ardrda 4.7)
k=0

and the General Expression is

n—2
P,
Lo(A) = 1/nZ//P7"(r, a)gPr.(r, a)n,k,lPt[r—; + L p—11(Ap) ]| Ardrda (4.8)
k=0
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The equation above is recursive in a sense as the calcutdtignrequires the computation
of I, , albeit for the complement ared () each time. So, the overall interference due to two
effective interfering nodes comes out to be

Int2 :IQQ+132+I42+ ..... Ing

Finally, we arrive at the three effective transmitting nedase.

Transmitting, p,

Transmitting, p,

Transmitting. py

Figure 4.4: lllustration for/s3, whenN;, N, and N3 are the Interfering nodes
As was the case witli,;, the calculation of/,,; requires a recursive approach. The only

change here is that only two nodes out of the remaining nodds are required to interfere.
So for I33 the equation will be as follows-

I33(A) = 1/3//Pr(r, )k Pre(r, oz)g_th[% + Iy o(Ap)|Ardrda (4.9

So indirectly/s;s is still an expression recursively dependent/gn for the relevant values
of k. The other expressions follow suit -

1
Ii3(A) = 1/42//1[’7”(7", o) Pr.(r, a)g_th[% + I3 jo(Ap) | Ardrda (4.10)
k=0

The general expression is :-

n—3
P,
I3(A) = 1/n2//Pr(r, o), Pr.(r, a)n,k,le[T—; + Lhg—12(A,)]Ardrdec - (4.11)
k=0
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Overall the expression for the three node cases is thus -

I?’Ltg :[33+]43+[53+ ..... Ing

Finally, the general result for the interference due to jegdvhen n nodes are present in
the effective interference region, is

n—j
I;(A) = l/nZ//Pr(r, ) Pr.(r, a)n_k_IPt[% + Lk—1,j-1(Ap) | Ardrda (4.12)
k=0

n=>jgj=>2
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4.2 Results

x 1078 In1, In2 and In(total) vs number of nodes
25 T T T T
—&—Inl
—o—In2
—#—1In3
—©6— In total
2L il
z
¥ 15F b
=3
Q
% d=0.14R , nbd nodes = 25
9]
b=
L 1
£
0.5
0 5 10 15 20 25 30

Number of nodes in effective interference area

Figure 4.5: Plot for d=0.12,=0.28R; and number of neighborhood nodes (within the full
power transmission circle) = 25, average number of nodestal shaded region ®,,, =
Floor(\ A) = 8.

x 1078 In1, In2 and In(total) vs number of nodes
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Figure 4.6: Plot for d=0.22;=0.44R,, number of neighborhood nodes = 254,,=13.
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x 10" In1, In2 and In(total) vs number of nodes
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Figure 4.7: Plot for d=0.8,=0.6R; and number of neighborhood nodes = 25,,=19

x10° In1, In2 and In(total) vs number of nodes
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Figure 4.8: Plot for d=0.3B,=0.76R; and number of neighborhood nodes = 25,,=24

4.3 Observations

e As the probability of occurrence of nodes in the region isegoed by the Poisson pro-
cess, the graph of the total interference peaks at the aa/gedige of the number of nodes
in the effective interference region (i-e.,,) .Similarly, I,,; and/,; also peak at the same
value. On the other hand,; shows a unique characteristic. It peaks at a value less than
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x 10" In1, In2 and In(total) vs number of nodes
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Figure 4.9: Plot for d=0.4&,=0.88R; and number of neighborhood nodes = 25,,=27

- x10° Combined plot for In (total) for various values of d
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Figure 4.10: Combined plot for the above showing relativeel@\of I, .0y and I, (till
d=0.38R).

nawg- THiS IS because, the no. of effective one node interfereases decreases as the
total no. of nodes increase. This shifts the peall,gfslightly towards the left. But
the value of Inl is quite small in relation to the values/pf and 7,3 for any given n.
Therefore, the total interference still peaks:af,.
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e Also, in general, the value af,; is greater than that of,;. This is contrary to the
anticipations in the 3-node method section. This is begausa whole, the probability
that three nodes interfere is lesser than that of only twaesadterfering. This relative
difference of probability of occurrence is large enough tha mean value of,; is larger
than the mean value df;;.

e The total interference, along with the major contribufgy, peaks at lower values as d
increases. This could be because the average value ofcbstéduthe interfering nodes
increases with d, thus decreasing the interference at Y.

¢ As seen from the combined plot, the value of maximum totarietence actually in-
creases from d=0.3R to 0.38R and then to 0.44R. This could deuke at this point the
effect of the increase in the area of the effective interfeeezone begins to override the
average distance of the interfering nodes from Y.

v’ 1102, 13 and total | vs d far given lambda
35 T T T T T T T
==
at D ull Txn Power = TmiW, pt=0. ,)3,,- B
—&—0 il
qel | —&—Itotal o i

Interference (in W)

0 : : : : o)
01 015 02 02 03 035 04 045 05
AR

Figure 4.11:Int,, Int;, Int3 and total interference comparison for various values of d

This plot is essentially the area under the, 1,2, 1,3 and .. curves for values of d
from 0.1R; (0.2R7) to 0.5R; (Rr). It can be seen that | (total)y (=Inty) and I3 (=1nt3)
increase in value as d increases, bu=/nt,) decreases. This can be mainly attributed to the
fact that as d increases, the total number of nodes in thiestetded region (possible interferers)
increases thus decreasing the probability of just one tfeemterfering node. Since the non-
power control case is somewhat akin to MFR (with the onlyeddhce being that all values of
d are equally probable in non-power control whereas theeeparticular probability density
function for d in MFR), one can conclude that it is better toa$®the closest node for the least
interference.

e The Interference value increases as the receiver moves(aeag increases).
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w10 Tatal | plotted for twa values of lambda
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Figure 4.12: Int1, Int2, Int3 and total interference conigan for various values of d
This can be explained by the increased number of nodes inhieed region on an
average as d is increased.

But this graph suggests that by varyihgwe do not see a very significant change in the
total interference. The value of lambda=0.07958 corredpan 25 neighborhood nodes
for transmission and that of lambda=0.0477 correspondS teeighborhood nodes.

The signal to interference ratio (SIR) decreases as d ineseas

When d is very small, the power received is large and also teef@rence is low. So, the
SIR value is very high.

As Interference also monotonically increases with d, tHe &lrve continues to show a
decrease with increasing d.
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SIR vs d/R for two values of lamhbda
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Figure 4.13: Int1, Int2, Int3 and total interference conigan for various values of d

4.4 Simulation

A 'brute-force’, random simulation is needed to verify thegal from the equations. The sim-
ulation has to simulate the Poisson’s node distributioa,ttansmit/no-transmit possibility of
each node in the effective interference region and the and&hich they transmit (there is al-

ways some element of non-synchronization among the noaegime-slots). The simulation

algorithm developed to achieve this was-

e To simulate the Poisson distribution of nodes, a large sjaega (dimensions > R;)
was taken and the average number of nodes‘'égquare area) were randomly positioned
within it.

e Alist is created of all the nodes located in the total shadgion (say n nodes) and a
transmitting nodes only sub-list is randomly assigned éhaseprobability of transmis-
sion.

e Then a random order within the transmitting nodes is selieate finally after isolat-
ing the nodes which are exclusive of each others’ interfezeaones, the final effective
interfering nodes are determined (say j nodes).

e The appropriatd,,; is updated and finally each of these is divided by the totallyem
of iterations to give the actual results. The number of tters should be quite large
(minimum 10°) to achieve stability in the results.

An alternate, slightly faster algorithm was taken befotie th which the second step was
simplified. According to it, suppose we hayg under consideration and there are frf)
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other nodes within the interference circle of the base ndtien the interference due to these
nodes is evaluated agp, Pr/r*) * (1 — p,)" ™ '. This removes the randomness associated
with actually assigning transmission status baseg,orRather, this approach takes in to ac-
count all possible sub-lists of transmitting nodes withia given list of n nodes. This is because
the random method will assign txn. status to the m nodes ansduim of all possibilities=

S opfll—p)™ = (p+1-p)" =1 (4.13)
k=0

Therefore, this alternate method is not exactly randomheifrst method, and is expected
to show lesser agreement with the analysis data.
Following are some plots obtained with the first algorithm-

. x10° Brute force vs Analysis In(total) plots comparison
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Results obtained from the simulation and the ones from thsisashowed a significant
match as the number of iterations was increased. Also, itaptly the shape of the curves is
consistent, i.e. they peak at the same value of number ofsn@ddch is equal to the average
node count in total shaded region).
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Chapter 5

Recursive approach to Power-Controlled
Tranmission

5.1 Analysis

The total interference formula remains the same in the pometrol case as well

I, = Piliy ey + Po(Io1ne2 + Ioon—o) + P31 =3 (5.1)

But the expressions faf,;, I,» etc. will have to be modified. The only difference with
respect to the original equations comes in the actual irentce amount. Instead of full power
Pr, it will be Pr(z), where z is the current distance from the interferingenodder consider-
ation and its intended receiver. It will interfere with Y gnf = > /2, where r is its distance
from Y. Obviouslyz < Ry. Thus the integral fof,,; (say) can be modified as follows-

—1/n [ szq; I j; Pr(r, o) Pre(r, &) n—k—1p:q fr(2) (5.2)
P2 g Adrdadw
Here RR;; is the distance for the node to be in the far field of the trattemX. And
2D?

where D is the maximum dimension of the larger of transmateeceiver.

Here w stands for the variable distance between X ang.(Y) is the pdf for the distance
between a transmitter and receiver as given by the forwgrstiategy, z is the variable for the
distance between the base interferer and its receiver ierdo interfere, varies from r/2 to
Ry), Pr(z) is the transmission power as per the current value of z antbeaiven by

Pr(Rr)
Ry

Note thatPr (Rr) is the maximum range transmission power (samé&saf non-power

control case). The lower limit for w can be fixed by the chagastics of the forwarding

PT(Z) =

" (5.4)
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strategy, e.g. for NFP, the value @f(r) is higher for small r and decreases with increase in
r. Whereas for MVR, the value of.(r) is increases with increases in r. Here, the g factor is
of interest. Actually, we can't substitu¢ — p,)"~*~" over here, as it is possible that some
or all of the (n-k-1) nodes im,, transmit, but with insufficient power to cause interfereate
Y). It turns out that q is very complex to compute as it depemashe particular positions of
the nodes in4,,, the particular distance (z) for which each of these nodasstnit (less than
distance from Y/2 in order to cause no interference at Y, treeéach one transmits or not at
all etc. The only way to estimate q is to first carry out the éfarce random simulation for
each forwarding strategy and estimate the value of q fromettH&ince q is different for each n
(total number of nodes in the interference region), theofaetas taken for the average number
of nodes in the area and assumed same for allZiothe factor q is 1, (probability that/,,;
/ j>1 occurs, given one node at least is interferirg)-(Total number of occurrences féy;
j>1 . After conducting the random simulation (described latke factors were extracted and
used.

The other expressions are-

Lo(A) = 1/n [0 fow) S50 [ [ [ Prira)e Pre(r, a)nrapaf(2)[ 2224+
[nfk71,1<An)]

dz drdadw,n > 2

La(A) = 1/n [y = ) S0 [ [ [ Prir, a)iPre(r, a)u s apafe(2)
[£r&) 4 1,y 0(A,)]d2Adrdadw, n > 3
(5.6)
And the General Expression is :-
w= RT z
]nj( - 1/ f Rff fff PT‘ T a)kPTC(T’ a)n k— 1thfr( )[ T£ ) (57)

+1 g1 j—1 A dzAdrdadw

n=3j7<n

The q factor forl,,_;_1 1 (an) in I,,2(A) is 1-P,(probability that/,,; (j>1) occurs, given that
one node at least is interfering) 1-(Total number of occurrences féx; (j>2)/Total number
of occurrences fof,,; (j > 2))
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5.2 Plots of NFP

For the plots the value of.(r) for NFP was changed to include the full circle and not just the
forward half circle (as the direction of transmission foe tinterfering nodes cannot be fixed
randomly). Thus the modified NFP for the analysis computatias taken as-

_ 2
2ATTre AT

fir) = 2 (5.8)

1—e N

Where N is the average number of nodes within the transmissiole = \r R2

f(r) variation for NFP vs d
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Figure 5.1: Variation off; with d/R; for n,,,=4
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x10° In1, In2 and In(total) for NFP given d vs number of nodes
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Figure 5.2: Plot for d=0.062; = 0.12 Ry and number of neighborhood nodes (within the
full power transmission circle) = 4, average number of naddstal shaded region #r,,, =
Floor(\A) = 16.

x 10”2 In(total) for NFP for different values of d vs number of nodes
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Figure 5.3: Combined Plot fain;,; for 3 values of d
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x 1078 Total Interference for various d in NFP
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5.2.1 Simulation

The NFP simulation algorithm is similar to the algorithm foe non-power control case. A list
is made of all the values for d to be considered, for examptllegrcase of NFP the values taken
were 0.06, 0.1, 0.14, 0.18, 0.22, 0.26 and 0.3 normalizetl Bzr The values for NFP have to
be low as a lower value of d has a higher probability of ocawrean NFP. In the case of MVR,
these values were 0.26, 0.3, 0.34, 0.38, 0.42, 0.46 and Uld®values have to be higher in
this case as a higher value of d has a higher probability airoence in MVR. In NFP, for each
node the closest node was chosen as the receiver and in MMRBrthest occurring node was
selected. Some of the plots are as follows-

, x107° Brute force vs Analysis In(total) plot for NFP for given d
T T T T
—*— In(total) analysis X: 16
—o&— In(total) brute, 1 million iterations Y: 6.03e-009

AN

X: 16
Y: 5.404e-009 T

d=0.06R , nbd nodes = 4

Interference (Watts)

Il Il Il
0 5 10 15 20 25 30
Number of nodes in effective interference area

Figure 5.6: Numerical Simulation vs Analysis for NFP at @38R; andn,,=4
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x107° Brute force vs Analysis plot for In(total) for NFP for given d
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Figure 5.7: Numerical Simulation vs Analysis for NFP at de8R; andn,,,=4

Again, it can be seen that the brute force results closelyocxppate the analysis results.
The value of lambda has been taken smaller than usual forthethnalysis and brute force
sections because the interfering area is larger in genargldwer-control and that increases
greatly with the average number of interfering nodes(i.arge value of\), which greatly
increased the complexity of our numerical simulation
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5.2.2 Calculation of Transmitted Power and Device Power

Another important parameter to evaluate is the transmitgpfevice power (of a transmitting
node) utilized per unit distance (d) between the one-haystratter and receiver. For this, the
expected number of retransmissions has to be incorporatediven expected interference.
To do this, the expected BER has to be known, which requiressthgonship between SINR
and BER for the network under consideration. We refer herepaper titled Bit Error Rate
Estimation for a Joint Detection Receiver in the Downlink of UMTS/TDD by Kopsa, Matz
et al [4] which has estimated the SINR vs BER curve for a UMT3T@niversal Mobile
Telecommunications System/Time Division Duplex) netwoflkis is a reasonable approxi-
mation for our network protocol as it uses QPSK modulatiomeste with a W-CDMA air
interface, which can be as easily a feature of a CSMA basedtk8Iatioha network as well.
The only difference is that UMTS/TDD uses separate downéink uplink frequencies and
time slots, which is usually not the feature with ad-hoc reks. Also the different uplink and
downlink frequencies have minimal effect on power calcals.

We utilize the results obtained for a MMSE (Minimum Mean SwabError) detector as
follows-

L2
-]

|:I||_

BER

E

n

o
i

Figure 5.8: BER vs SINR curve for different values of load ia tietwork

The load factor in this paper is the number of users in a cdlicivhas a radius of 30m.
We have taken the average number of nodes within a trangmisasilius of 10m to be 4. This
translates to 12 nodes within a radius of 30m. So, we use thive given for the higher load
factor i.e. 8 throughout. For each value of d, the SINR valas valculated using the expected
interference value calculated, a noise level of -70 dBm (lhstize indoor noise level varies
from -60 dBm to -80 dBm) and the signal power at the receivergivig constant for any power
control strategy). From this value of SINR, the BER(Fwas estimated from the curve. Then,
considering an average packet length of 8 bits, the prabalil success at the decoder is
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(1 — pr) ® =p,). Assuming that there is no limit to the number of retransiniss, the expected
number of retransmissions is given byl/
Thus, the expected transmission power per unit distance is
fr(d)Pr(d)retr(d)

E(d) = g ,wherePr(d) = Pr(R)d/R" (5.9)

Here, Pr(R) is the full range transmission power, X is the path loss featal retr(d) is the
expected number of retransmissions given d.

Another parameter of interest is the actual device powdieedi for a given transmission
power. For this, we use the operating specifications of the QCRF transceivers manufac-
tured by Chipcon (ref. [5])). They are as follows-

Current Consumption,
transmit mode:

P =-25dBm 8.5 maA The output power is delivered
P=-15dBm 8.9 mA, differentially to a 50 (2 singled
P=-10dBm 11 mé ended load through a balun, see
P=-5dEBm 14 mA also page 53.

P=0dBm 17.4 mA

Figure 5.9: Transmitted Power and Current Table for CC2420cEiaar

For our purposes, we assume that the load resistor is 1 ohneaébPr(d) we calculate
the value of current which flows through the lodd)and calculate the device power used up
= I? . Finally the device power utilized per unit distance is

fr(d) 2 (d)retr(d) ‘

Pw(d) = 7

(5.10)
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Figure 5.10: System Energy utilized per unit forward pregres. di;, for NV,,, = 4,6 and 8

Power (Watts)

Figure 5.11: Transmitted power per unit forward progresshi&;, for N,,, = 4,6 and 8
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5.2.3 Observations and Inferences from NFP Plot

Acc to Fig 5.1,f, values is a decreasing function of r

Accto Fig 5.2 and 5.3 interference value peaks at the valne.obf nodes in the effective
interference region which is very closeq,,.

Acc to Fig 5.4 ,the total interference decreases as we chibeseceiver farther in NFP

transmission strategy. This may be because as d incre&gedjstance between the
possible interfering nodes and Y increases, decreasing thabilistic interference. One
more reason for this can be the decrease of total no. of averagdes in the Effective

Interference Region.

Acc to Fig 5.5, We observe the SIR to exhibit a peak of maxiné=a0.2R (approx).

According to Fig 5.6 and 5.7, Brute Force Simulation and thalpsis Results are very
close to each other.

The total interference, which is given by

0.6RT

> IL(d)Ad

0.12Rp

Where,A d = 0.08R7 , N,,, = 4is1.7492 x 10~ and for N,,, = 6 is 7.9998 % 1075,
Navg = 81i54.7188 * 1078 i.e. , the total interference would increase for increasings
higher A would cause the average distance between X and Y to go downrtbreasing
interference (as is clear from fig 5.4).

From Fig 5.10 and 5.12, the total Device power 1qy,, = 4 is6.8052 * 107°, N, = 6
is 2.4156 * 10~° and for N,,, = 8 is 104899 x 10~°. Thus we can conclude that, in this
range of)\, the Device power per unit d, decreases for increasing

From Fig 5.11 and 5.11, the total Transmitted power oy, = 4 i53.8098 * 10~%, Ny,

= 6is1.4663 « 10~* and for N,,, = 8 is 7.3003 x 10~° Watts. Thus we can conclude
that, in this range of\, the Transmission power required per unit d, also decrdases
increasing\.
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5.3 Plots for MVR

As was with NFP, the modified expression for f(r) in MVR for thealysis computation was
taken as-

2Arge Mz
fro(ro,b0) = =575~ 0<n<RO<6 <2 (5.11)
— 67
where,
Az = R*(cos Y[(ro/R)cos(0)] — (r0/R)cos(60)\/1 — [rocosby/ R]?) (5.12)
and ,
0=2m
£.(ro) = / £(r0, 00)d0 (5.13)
0=0
f(r) variation for MVR vs d
0.4 T T T
0.351 X: 0.46
Y:0.3244
[ ]
e
X:0.42
0.25 Y:0.2413 i
< /'
0.2+ X:0.38 7
Y:0.1727
[ |
0.151 X: 0.34 7
Y:0.1197
. /./
0.1f e 7
a0 | -
OIO(%..ZG 0.‘28 013 0.‘32 0.1?»4 0.1376 0.1378 014 O.‘42 O.LM 0.46
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Figure 5.12: Variation of; with d/R; for ny,,=4
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In1, In2 and In(total) for MVR given d vs number of nodes
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Figure 5.13: Plot for d=0.26&,=0.52 R; and number of neighborhood nodes #4,, = 11..
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x 107 In1, In2 and In(total) for MVR given d vs number of nodes
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Figure 5.15: Plot for d=0.3%;=0.72 R; and number of neighborhood nodes #4,, =6 .
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Figure 5.16: Plot for d=0.46;=0.92 R; and number of neighborhood nodes #4,, =5 .
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x 10°° Total Interference vs d for MVR

l T T T ‘
u
x:046 |
09 Y: 9.5e-007
0.8 X:0.42 1
Y: 7.226e-007
nbd nodes=4 n
0.7 b
2
< 0.6 4
=
8
205 X:0.38 )
5 Y:4.105e-007
S04 u ]
= /
0.3 4
X:0.34
Y: 1.994e-007
0.2 ] B
X: 0.3 -
SO0 Y: 1.006e-007
0.1f- Y:6e-008 W~ -
——
O | | | | | | | | |
0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4 0.42 0.44 0.46
diR
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Figure 5.18: SIR for various values of d, keeping Receivedd?dixed.
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Transmission power (counting retransmissions) per unit distance for

x 107 different node densities vs d in MVR
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Figure 5.19: Transmitted power per unit forward progressiig;

Total device power utilized (counting retransmissions) per unit distance for

x10° different node densities vs d in MVR
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Figure 5.20: System Energy utilized per unit forward pregres. dR;

The total interference for MVR, when the average number of trarsmission zone neigh-
bors is 4, is1.9544 * 10~°°6 Watts or -27.09 dBm, which is greater than that for NFP.
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x10° Brute force vs Analysis plots for MVR
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Figure 5.21: Brute Force vs Analysis Result for MVR

5.3.1 Observations and Inferences from MVR Plots

e According to Fig 5.14f, for MVR is a montonically increasing function of d

e According to Fig 5.19, the total probabilistic interferenis a montonically increasing
function of d. This is due to the increasirfg which predominates over actual Interfer-
ence values i.e. f}; .

e According to Fig 5.20, SIR is a montonically increasing fuoie of d too.

e According to Fig 5.21, Transmitted Power per unit forwardgyess is a montonically in-
creasing function of dI'x,, POwer iSPgccicvead® f4/d. This explains the approx. quadratic
behavior of the plot.

e For Fig. 5.22 Device Current is monotonically increasing tactable in Fig 5.9.Thus,
the device power which is proportional fé increases with the increase in Transmission
power, which is in turn caused due to increasing d.

e According to Fig 5.23, We can observe that the Brute Force iton and the Analysis
Results are very close to each other.

e From Fig. 5.21, the total Transmission Power utilized pet djfior N,,, = 4 is0.0036,
Nawg = 6150.0045 and forNV,,, = 8 is0.0047.
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e From Fig. 5.22, the total Device Energy utilized per uniod N, = 4 i50.0017, Ny,
=6is0.0021 and for N, = 8 is0.0022
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5.4 Plots of Random Selection Analysis

In random forwarding, a transmitter node can select anylablainode and transmit data to it
with power control. Thus the computational overload of sigy the appropriate receiver node
like the other strategies is avoided. Thér) for this strategy can be given by

T2(1 _ e—>\7r7'2)

Tl (5.14)

F.(r)=
Therefore,

2r(1 — e ™) (1 — 772
fr("“) = (R2(1 _ 6)_()\7rR2) )

The Interference equations remain the same as before fwithgiven by the above equa-
tion. The q factor was estimated from the brute force sinmain which the selection policy
was to select any existing node at a distance lesser thamathentission radius. The results
were as follows

(5.15)

f(r) for various d in Random forwarding
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Figure 5.22: Variation of,; with d/R; for n,,,=4
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x107° In1, In2 and In(total) for Random given d vs number of nodes
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Figure 5.23: Plot for d=0.0&; and number of neighborhood nodes #4,, = 15

x 101A1, In2, In3 and In(total) for Random given d vs number of nodes
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Figure 5.24: Plot for d=0.14&; and number of neighborhood nodes #4,, = 14
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x 10tA1, In2, In3 and In(total) for Random given d vs number of nodes
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Figure 5.25: Plot for d=0.22; and number of neighborhood nodes #4,, = 12

x 101A1, In2, In3 and In(total) for Random given d vs number of nodes
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Figure 5.26: Plot for d=0.3; and number of neighborhood nodes #4,, = 10
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x10° In1, In2 and In(total) for Random given d vs number of nodes
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Figure 5.27: Plot for d=0.3%&; and number of neighborhood nodes #4,, = 7
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Figure 5.28: Plot for d=0.4&; and number of neighborhood nodes #4,, = 5
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Interference (Watts)

x 107" In(total) for Random vs d
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Figure 5.29: Total Interference for various values of d fmmxdom forwarding

Signal to Interference Ratio (dBm)

SIR vs d for Random
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Figure 5.30: SIR vs d?;
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Transmission power (accounting for retransmissions)

X 10 per unit distance vs d in Random
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Figure 5.31: Transmitted power per unit forward progressiig;

Total device power utilized for transmission (counting retransmissions)

x 1074 per unit distance vs d in Random
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Figure 5.32: System Energy utilized per unit forward pregres. dR;

5.4.1 Observations and Inferences from Random Selection Plots

e According to Fig 5.24f, for Random Selection is a approx linearly increasing fumctio
ofd

e According to Fig 5.31, the total interference is a haphazandtion of d. This can be
attributed to the fact that f(r) is not a steep curve (as isctse in MVR and NFP), thus
the variation is not non-monotonic.
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According to Fig 5.32, SIR shows a bit inconsistency. It lseepincreasing and decreas-
ing.

According to Fig 5.33, Transmitted Power per unit forwardgress shows a general
increment with increasing d.

As per fig 5.34 Device Current is shows a general increase witlds, the device power
which is proportional td'? increases with the increase in Transmission power, which is
in turn caused due to increasing d.

The total Transmission Power utilized per unit d, gy, = 4 is0.0021.
The total Device Energy utilized per unit d, fof,,, = 4 is0.0019.

The total interference for Random Selection Strategy , whemverage number of trans-
mission zone neighbors is 4, 190622 * 10~% Watts or -29.7377 dBm, which is slightly
lesser than that of MVR and more than NFP.
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5.5 Ciritical Value of \
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Figure 5.33: Device power utilized in NFP and MVR for varioagues of\

Observations and Inferences from Fig 5.33 :-

e \We can see that for higher values of Neighboring nodes, Bdaver for MVR is much

higher than that of NFP.

e But whenN,,, gets very small, the situation changes. i.e there seemsdbaeX., itica

below which the MVR exhibits a better performance.

e According to this plot, the critical value d¥,,, comes out to be 0.3., OFtjcq: = 9.55 *

10-4 nT2.

e For this value of\...i;ca; » the Device Power Consumed, obtained from the analysis
equations weréwyrp = 0.1436*10~3 Watts andPw,,y z = 0.1441*10~3 Watts
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w10t Scavenged power in NFP and MYR vs nbd nodes
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Figure 5.34: Scavenged power for NFP and MVR for variouseslof \

Observations and Inferences from Fig 5.34 :-

e Energy Scavenged is the scalar sum of the Received IntengedlHower and the Power
from the interfering nodes.

e As is clear from our results, for scavenging purposes, MVRuige better than NFP for
higher values ofV,,,.

e But, same as for Device Power, here also after a critical va@flué,,, OR A, the behavior
changes.

e For Navg = 0.16,PScvngyrp = 0.1013*10-° Watts andPScungyy g = 0.1007%107°
Watts.

e Thus, we can say tha¥,,, critical for energy scavenging is close to 0.19,,;,..., = 5.09
* 107t m=2.
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Chapter 6

Conclusion

Non Power Control

We observed that the total value of interference for a fixédevaf lambda actually peaks
at the average node count in the effective interference @aay). This was intuiutively ex-
pected as the probability of occurence of navg nodes is themoen and one associate the
maximum interference at that node count. The plots from tiayais have been reasonably
verified by the results from brute force simulations. Owuetthle best strategy in the case of
non-power control is to choose the nearest possible naues #his results in the least interfer-
ence at the immediate receiver and a high value of SIR. Al$atnt out that these parameters
do not vary a lot with change in lambda. Therefore, a changestwork node density won't
cause any noticeable increase/decrease in the averagesratssion rate or throughput.

Power Control

Compared with the non-power control, the curveshot,, Int,, Int; andIntrotal prove
to be very similar in shape for all the power-control trarssion strategies. As was the intu-
ition, the total interference (for a fixed lambda) at a reeeig the least for NFP among the
three strategies. Also, NFP proves to be the best in term#terfnial device power utilization
, but only for higher values ok. We obsereved that if the node density gets very spakse, (
is very small,i.e. below the proposed.i... = 9.55 * 10-4 nT2) MVR gives a better Device
Power Utilization. Also, it is evident from fig 5.35, that fbrgher A device power utilization
for NFP decreases and for MVR increases.

We also obsereved that, the random node selection prodeibiieOevice power utilization
comparable to MVR forV,,, = 4. This suggests that we dont need spend energy on finding
out the farthest node (or the need to know the distributiop ofahe nodes). We can randomly
select a node and would get approx same device power ublizas that of MVR.

We also touched upon the Energy Scavenging problem andvaastitat MVR performed
much better than NFP, but again only for higher values.ofnd below the proposed
NFP gives a higher scavenged power than MVR. Tjs;., = 5.09 *10~* m~2.

critical
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