4 a d [ d
ﬂ]ia’ﬂiﬂ5!!'1J'1J1"i'(;nElf’]‘l!!ﬂ@i!‘l/‘lﬁ!lﬂ%ﬁﬁ1ﬂ‘l;f’N'(,Tﬁlluﬁlﬁﬂﬂu!ﬂ%@ﬂhﬂ!"ﬁu!“ﬂﬂ‘i!m%
d [} W =
uenaIns 3medmSumsniugugamgiimealueims
Multi-Interface and Multi-Channel Communications in Wireless Sensor and

Actuator Networks for Building-Temperature Control

gnsu raruz

Yuttana Chaichana

‘iﬂmﬁwuﬁﬁaﬂudmﬁﬁwmmﬁﬁnmmwé’ngmﬂ%ﬂgmﬁ
Inssumansumana a1uIs3aanssuldih
UMINNBBAVAUAITUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of
Master of Engineering in Electrical Engineering
Prince of Songkla University
2559

a A Qd a Ly a d
AVANBUDINNIINNAYAIVATUATUNT



(1)

4 a d Y] d
ﬂ]ia’ﬂiﬂi!!'iJ'iJ‘l"ii;ﬂ?J@u!ﬂ@iﬁ/‘lﬁ'!m%ﬁﬁ1ﬂ‘l;f’Nﬁﬁlluﬁlﬁﬂﬂu!ﬂ%@ﬂhﬂ!"ﬁu!“ﬂﬂi!m%
d [} W =
uenaIns 3medmSumsniugugamgiimealueims
Multi-Interface and Multi-Channel Communications in Wireless Sensor and

Actuator Networks for Building-Temperature Control

gnsu raruz

Yuttana Chaichana

‘iﬂmﬁwuﬁﬁaﬂudmﬁﬁwmmﬁﬁnmmwé’ngmﬂ%ﬂgmﬁ
Inssumansumana a1uIs3aanssuldih
UMINNBBAVAUAITUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of
Master of Engineering in Electrical Engineering
Prince of Songkla University
2559

a A Qd a [ a [
AVANTVIINHIINYIAVAIVATHAIHNG



2)

Msdemsuuuraiedwaesilanaznatevesdyanaluniede

Ui azuenyames 13 aed mSunisaruguguugiinielu

d' a a dJ
POINLNUNUTE
21913
Y A
ey wwgnsu Tyoruy
913 Jenssy lulih

A a a Jd
i’)]‘i]”lif]‘i’l‘]ﬁﬂ‘ﬂ”l?‘i’lﬂ]‘l«lwuﬁﬁﬁﬂ

1 J a
(é}GﬁﬁﬁlﬁWﬁﬁiﬁnﬁﬂ 73.9Nau %ifﬂ‘W‘U%ilﬂ“ﬁ)

AUSNITNNITAOV

.............................................. 15L5IUNTTUMST

J a o
(393IFNANT1158 ATLNINYY 1’19\‘11’11&)

............................................................ NITUNIT

] 4 a
(@%38?‘1?[@51%158 f73.3NaN %’imwm%nm)

............................................................ NITUNIT

............................................................ NITUNIT

] 4 v o
(é}ﬂf]ﬂ?nﬁ@]ﬁﬁniﬂ AT.UTNINU L%@Q“]ffﬁ]ﬁ]Wﬁ)

wa

v a A @ a @ a J v A a J f I
VUNAINYIAY U 1INYIAYTIVATUATUNT aumﬁlﬁjummmwumuuﬁlﬂu

q

drunilaesnsanyl aunangasUsyyiiainssumaasumituda a1v1390

eanssu i

o
(599AENI19158 AT.FILNA ATBUL)

AT UNAING IR



3)

[

Y H
UBDTUIDIIT AU Elﬁll1%1ﬂﬂﬁﬁﬂ‘kﬂ’ﬁlﬁlﬂl@\‘luﬂﬁﬂ‘]&lﬂﬁﬂ Lla31&&Lﬁﬂﬂﬂ’)1h%@ﬂﬂﬂ!uﬂﬂﬁ“ﬁ

a0 1 A 9
UAIUBIYN DA

1 4 a
(Ej%?]flﬁ”lﬁ@]ﬁil”liﬂ f3.3N04 %ifﬂ‘v\l"lﬁlim‘ﬂ)

s a a 4
mmsamﬁﬂmmmuwuﬁ

(WegnsU1 Tyeruz)

v

=
UNANHI



(4)

Y
Av A

9 Y o ' ' < ' & wa @ '
%TWW1%93U59031WaQ1u3ﬂﬂuquﬁﬁﬂﬂuﬁﬂuﬁlNiuﬂ1iﬂuhﬂﬂ§mQﬂ1u5$ﬂUiﬂMWﬂﬂuLﬁw

)

] Y
l'lagnldTumsvetueinls yanTuaaz il

O 9

(Wegnsu1 Tyeruz)

v

=
UNANHI



(5)

YoInentinus msaeasuuraledwaeilauazvateresdayaalunioiie

Ui azuenyames 13 aed mSunisaruguguugiinielu

21913
Y A
ey wognsu lyoruy
13 Jenssy lulih
Umsanm 2559

A 1 4 s ¥ I Aa v 3’1 [ A [l
NSNS Az IRAYaMDS 13 meiluItannmsvuna ldveunsous
I ¥ Y a Y Y @ o
oS 1iae dwsoldusnsnemsthszdwazmsaluguluaulszgnanig o
Y
Tavainuate deiumssauas oo umesuazeagomos 13 aednuszvuAIUgu
a o 1 a A I dAaw Ao o A a u'y
nuugialdszuuamisoramidediidszansnmdauiluTandisendiny Inentinus
3 = aw o ax A a J ' ¥
AunudnyIteuasianssIITMsdemsuuuraedueoIatas na 1o Ty 10
(% o 4 I
[ 1A UN15IAdUN1IUY AODV (Ad hoc on demand distance vector) 1oAY 3z 1a 1Ty
" a o A ¢ s ¥ Ao o Y9 ¥
msugesFeresdyanaluszuunieiiamuseSuazuenyomos 13 denindmualdldau
' o o a a a 4 =4
BT YYIVIASIATNUUINIIAVANVUNIATFIY TEEE 802.15.4 ING1UNUT
A R a A 1A o
ennulszgnaiussuuniuguaunginielueins InsInneadeasuunlvinyiuaue
a a o - 4 '
Tuaneniinus1iise9 3IMC-MAODYV (3-Interface multi-channel modified AODV) 118 4IMC-
H 4
MAODYV (4-Interface multi-channel modified AODV) T#3 InasaninauotunszuIuns

[ a

Y ] Y '
autumInamstarduniaaznstaassresdania 0911n11u danesiuninaue
Y

GANITAUINIANNAANAINVOIHARDUAUDINTAIUANYUHYN TudTuaouITMIdadulaale
a a 4 g o a 4

Metinusi 1 insziaussouzyed Ins Imaoa 3IMC-MAODV 1ag 4IMC-MAODV

= [ g’/ a Ao Y I (== ~ o 9

1feuNeuNT AODV HUDAUAN HANITIVEUAA T NINITMs N Haus IHaussaus

v Y i
Ngann AoDV naluyuuesmsdeaisiazmsniugy



(6)

Thesis Title Multi-Interface and Multi-Channel Communications in Wireless Sensor

and Actuator Networks for Building-Temperature Control

Author Mr. Yuttana Chaichana
Major Program Electrical Engineering
Academic Year 2016

ABSTRACT

Wireless sensor and actuator networks (WSANSs), which are the next evolution of
wireless sensor networks, can provide not only monitoring but also controlling services to various
applications. Thus, how to efficiently combine the WSANSs and a closed loop control system is an
important research question. This thesis investigates how to integrate multi-channel and multi-
interface communications with AODV (Ad hoc on demand distance vector) routing to address the
contention issue in the traditional single-channel WSANs based on IEEE 802.15.4. A building-
temperature control system is employed as a control application in this work. This thesis proposes
new communication protocols entitled 3IMC-MAODV (3-Interface multi-channel modified
AODV) and 4IMC-MAODV (4-Interface multi-channel modified AODV). These proposed
protocols perform both routing and channel assignments altogether. Furthermore, an error of the
temperature control response is also considered in the proposed algorithms. Performance analyses
of 3IMC-MAODV and 4IMC-MAODV are compared with traditional AODV in this thesis. The
results indicate that proposed solutions can provide better performance than AODV in both

communication and control aspects.
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Control response
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2.3.2 nUTI09NIATFIY IEEE 802.15.4 1az na ln CSMA/CA
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A R @ 1 A A A o o qu A !
assessment) INOATIIADVIFOITYYIUI KT 0N Tvuadumasldauegnse lu viin
FoIF Q1M I1999925UNTZVIUMTAIToYA na'ln CSMA/CA UUWIATFIU IEEE 802.15.4
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14 e ] [
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2 d A o a =1 o 9 A
208 FulunainmuInINNIs e sonaeIn1lseno VA8 BE (Back-off exponent) Hf1
YTy 3 az aUnitBackoffPeriod 1A 1Y 320 JuTas 3w daaums (2-6) Had91N
< A 4 1 1 [ [ 1
50UUATUININ0UNIZISUNTZUIUNT CCA INOATINTOUNFoId Yy 1a119n50 i ¥
] Y] 1 <3 o 1 1 1 [ o [
Foad g eneziImsdaunninadoya nin CCA szyNFosdy 1w luing Trua
Y o 9 ' PN 4 Y A = )
vzdvenay lsearenarquaiunsne51a1008 1AIADBITNNTZUIUNT CCA DAY
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Back - off time = (A random intger between 0 to ZBE - 1) x a UnitBackoffPeriod  (2-6)

o

2.3.3 HUUTIA0INITUNINITZNIBT Y IUING
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aw A& v v a . . & o a 4
Tagluaddeiine dde-SudyaaIng (Radio transceiver) HIM3HIUvBBUAD W2

[l J o @ a J { U [~
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a 4 v ) [ 9 = dy 9 a ¢ A
auazdwmeslanunszarmisaminunuuguuinld Faluanniidrdgilnseidoms

o = A a a 4 =Y 1 9 a a 1T A =}
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o { a 4

ANHAUTNIIMENINVBI IHUANsznoUAIB N0 SN AR SISC (Single-interface single-
{ a 14

channel) waz Trnuanlseneudiovatedumeas e MIMC (Multi-interface multi-channel) (TR

Aannlsenoy 2-4

\ Channel ID (\\\
Channel ID (N \
Channel llﬁ

Half-duplex _

Radio
Radio transceiver 0

Node Node 1
transceiver

Radio
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SISC MIMC
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3IMC-MAODV-1 ALGORITHM

Random a receiving channel of the receiving interface of each node in the network

VARIABLE: Number of node, Receive_channel ID, Number _of data_channel
BEGIN
(1) FOR (I =1, I <= Number_of node; I++) THEN
) Receive_channel ID [I] = uniformly random a channel ID between 1-
Number_of data_channel
(3) END FOR

END
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3IMC-MAODV-2 ALGORITHM

Sending a packet

VARIABLE: Packet type, RREQ, HELLO, RERR, RREP, Data
BEGIN
(1) IF (Packet type == RREQ or HELLO or RERR) THEN
@) Sending a packet by using a common interface
(3) ELSE /RREP, Data
4) Sending a packet by using a sending interface (The same channel ID with a receiving
channel ID of a target node)
(5) END IF

END

ALGORITHM 3IMC-MAODV-3

Receiving a packet

VARIABLE: Packet type, RREQ, HELLO, RERR
BEGIN
(1) IF (Packet_type == RREQ or HELLO or RERR) THEN
(2)  Receiving a packet by using a common interface
(3) ELSE //RREP, Data
(4)  Receiving a packet by using a receiving interface
(5) END IF

END
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4IMC-MAODV-1 ALGORITHM

Random a receiving channel of the receiving interface of each node in the network

VARIABLE: Number of node, Receive_channel ID, Number _of data_channel
BEGIN
(1) FOR (I = 1; I <= Number_of node; I++) THEN
@) Receive_channel ID [I] = uniformly random a channel ID between 2-
Number_of data_channel
(3) END FOR

END
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4IMC-MAODV-2 ALGORITHM

Sending a packet

VARIABLE: Packet type, RREQ, HELLO, RERR, RREP, Data, SI
BEGIN
(1) IF (Packet_type == RREQ or HELLO or RERR) THEN
(2)  SI=Random between 0-1 by using uniform distribution

(3) IF (ST == 0) THEN

€))] Sending a packet by using the common interface 0
(35) ELSE

6) Sending a packet by using the common interface 1
(7) END IF

(8) ELSE /RREP, Data
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©)] Sending a packet by using a sending interface (The same channel ID with a receiving
channel ID of a target node)
(10) END IF

END

4IMC-MAODV-3 ALGORITHM

Receiving a packet

VARIABLE: Packet type, RREQ, HELLO, RERR
BEGIN
(1) TIF (Packet_type == RREQ or HELLO or RERR) THEN
) Receiving a packet by using the common interface 0 or common interface 1
(3) ELSE //RREP, Data
€))] Receiving a packet by using a receiving interface
(5) ENDIF

END
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CHANNEL ASSIGNMENT ALGORITHM
Considering the conditions, then changes a receiving channel of the receiving interface at each

node or continue

VARIABLE: Number of data channel, Control_error_value, Highest channel ID
BEGIN

(1) FOR (I = 1; I <= Number_of data channel; I++) THEN

) IF (Number of users in a channel ID [I] > Number of users in a highest channel
1D) THEN

3) Highest channel ID =1

(€))] END IF

(5) END FOR

(6) FOR (I = 1; I <= Number_of data channel; I++) THEN

@) IF (Number of users in a channel ID [I] <= Number of lowest users) THEN
(8) Adding the channel ID [I] in the set of lowest channels
9 END IF

(10) END FOR

(11) IF (Receiving channel ID of a receiving interface == Highest channel ID) THEN

(12) IF (Control_error value > 2 %) THEN

(13) Random uniformly a new receiving channel ID from the set of lowest
channels

(14) Broadcast a hello message to notify neighboring nodes

(15) ELSE
Using an old channel ID

(16) END IF

(17) ELSE

(18) Continue
(19) END IF

END
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Abstrace—Traditional multi-hop wireless sensor and actuator
networks (WSANs) based on an IEEE 802.15.4 standard can
unintentionally provide poor commwnication and control
performance when a traffic load is high. This paper studies the
potential of employing multi-channel and multi-interface (MCMI)
communication to improve the performance of WSANs. The Ad
hoe On-Denaand Distance Vector (AODY) routing protocol is
emploved in this evaluation. The simulation demonstrates the
promising results of using MCMI especially when the WSANs
have to support a high number of traffic flows.

Keywords; wireless sensor and actuator networks; control;
rowtting; channel assigrnment, interference, PiceSIM, N§2

I INTRODUCTION

How best to utilize WSANs for providing communication
among all components in a control application to meet both
network and control quality requirements is not well
understood. Realizing infrastructureless networked control 1s
the next research challenge due to the advantages in highly
flexible installation and modification. System dynamics of
both communication and control affect each other rigorously
when a controller, an actuator and various sensors in a control
system are linked by the contention-based WSANs.

The work in [1] studies how to design wireless control
systems by using a co-simulation tool. Discussions on several
co-design solutions are provided. [1] investigates the wireless
control networks in both medium access control (MAC) and
network layers. The wireless systems are based on the IEEE
802,15.4 standard. The work in [1] focuses on effects of
consecutive packet drops on control performance. Recently,
[2] investigates the interdependencies between control and
communication parameters in multi-channel  wireless
automation. However, the focus in [2] 1s only at the link level.
There is no consideration about the multi-hop communication
that can cause the sophistication of WSAN performance. These
seminal works inspire us to conduct further research
investigation in WSANs,

The multi-channel and multi-interface (MCMI) approach
for WSANSs is the main focus in this investigation. Note that
the interface, which is the technical term used in this paper, is
simply a typical radio transceiver. Our work studies the

978-1-4799-7961-5/15/$31.00 ©2015 IEEE

Wiklom Teeraparbkajorndet
Department of Electrical Engineering
Faculty of Engineering, Prince of Songkla University
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effects on the control performance when a MCMI AODV
routing protocol [3] is employed to allow the multi-hop
communication in WSANs. The traditional singlechannel
and single-interface (SCSI) and the MCMI AODV are
compared in both performance aspects of control and
communication by simulation. A simple multi-hop network
topology is employed and the number of traffic sources is
varied in this study. All traffic flows are destined to the same
sink in this scenario. The numerical results in this evaluation
indicate that the MCMI scheme can improve the performance
of WSANs when the number of flows is high.

II. MCMI AODV ALGORITHM

The MCMI scheme requires a node to be equipped with
multiple radio interfaces. This paper assumes that all nodes in
the network have the same number of interfaces. In addition,
the number of different radio channel frequencies required in
the networks employing this MCMI scheme must be equal to
the number of radio interfaces equipped at each node.

Mote that there are 16 channels specified in the TEEE
802.15.4 standard. The radio channels denoted by distinct IDs
are centered on different radio frequencies. Assume that there
is no adjacent channel interference. In the MCMI scheme, all
radio nterfaces equipped at the node are manually pre-
configured to use different channel IDs. The same set of
selected channel IDs is assigned to every node in the network
in this paper.

Each radio interface performs its own communication
protocols at the physical, MAC and link layers. However,
each node equipped with these multiple radio interfaces has
only one routing table, The MCMI ACDV routing proposed
in [3] adds the radio interface identification in the routing
table such that the AODV routing can be extended to support
MCMI commumnication services. Correspondingly, the MCMI
AODV routing is similar to the original AODV [4]. The
MCMIL AODV can beneficially provide a better opportunity
for discovering a routing path on the radio channel that has
less contention and packet error rates. How each node carries
out the MCMI AODV routing protocol depending on the
node’s status (i.e. source, relay or sink) at that time. These
mechanisms are explained below.
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+  Source node status

This status implies that the source has data packets
ready for transmissions. The MCMI routing 1s imitiated
when the source doesn’t have route information to the sink.
In the beginning, a route request (RREQ)) message is
broadeasted on all radio interfaces of the source.
Subsequently, the source waits for receiving a route reply
(RREP) message originated from either the sink or a relay
{which knows this routing information) for a predefined
period of time. When the source receives the RREF, it
records the received interface identification and the
discovered route. The source starts transmitting packets on
the established path of that radio interface. The established
route is discarded if it is not used in a predefined period of
time known as a route active time out.
+ Relay node status

When the relay receives multiple duplicate RREQs
with the same destination sequence number from its
neighboring nodes, only the first received RREQ is
broadeasted further. When the relay receives the RREP, it
unicasts that RREP back to its neighboring node specified in
the reverse path entry, which is created previously from the
broadeasted RREC), in its routing table.
+  Sink node status

When the sink receives the RREQ) message, it records
which radio interface identification that the first RREQ
arives and unicasts the RREP on the reverse path established
previously on that interface.

II. EXPERIMENTAL DESIGN

The main objective of this experiment is to analyze the
performance of the IEEE-802.15.4 WSANs employing the
MCMI AODV compared with the original AODV on a
3C3I node. In this evaluation, the MCMI node is equipped
with two interfaces of transceivers, namely Interface 0 and
Interface 1. This work assumes different radio channels
(without adjacent channel interference) are employed on
these two interfaces. Similarly, Channel ID 0 is assigned to
Interface 0 and Channel ID 1 is assigned to Interface 1. The
PiceSIM simulation tool [1] is employed in this performance
evaluation.

The control application over WSANs studied in this
paper is the building-temperature control. The plant model
is as same as the system considered in [5]. All parameters in
the plant model are set as in [5] except the supply air flow
rate which is changed to 0,192 m’s [6]. The desired
temperature is set at 21 °C. There is no zero-order hold in
the PID controller simulated in this work. The parameters of
the proportional gain (K7), the integral gain (K;) and the
derivative gain (Kp) are set at 6, 0.05 and 55, respectively.
The rise time (T,) of this control system is 121 96 s,

The simulation scenario investigated in this paper is
shown in Fig. 1. Each source node §,-§, measures the
temperature of each plant and transmits packets to the same
sink. Due to the nodes’ locations in Fig 2 and the
transmission ranges of all nodes set at 7 m, all source nodes
can’t reach the sink in one hop. Note that the carrier sensing

range and the transmission range are set equally in this
simulation The two-ray-ground propagation model is
assumed here. The transmission rate is 250 kbps according
to the IEEE 802.15.4 standard at 2.4 GHz. The number of
source nodes is an experimental factor varied in 5 levels.
Each level i consists of source nodes S5;-5,. All source nodes
collect temperature data from their own plants at the same
sampling interval. Two levels of the sampling interval are
varied in this simulation: T/4 and T/10. These two values
are the minimum and the maximum levels in the sampling
range recommended in [7]. Since the route active time out
set inNS2is 10 s and the values of 7/4 = 30,49 sand T,/10
=12.20s, the AODV route discovery occurs every sampling
interval for both cases of SCSI and MCMI.

The simulation period of all experiments is 1,000 s. The
parameter setting related to packet lengths and buffer sizes
for communication is given in Table I.

Fig. 1. Simulated WSAN systems.
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Fig. 2. Evaluated WSAN topology.
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The control response of each plant[i] in the multiple loop
control systems in Fig. 1 may or may not converge to the
steady state in the simulation period. This result depends on
the performance of the underlying WSANs. Accordingly,
the performance metrics in this work are measured in both
aspects of control and communication. At least five
replications of each simulation scenario are run to attain an
average result with the confidence interval (c.i.) of 95 %

In this simulation, the control responses of all plants are
recorded. These control responses can result in two
categories: steady-state and non-steady-state responses. The
ratio of these two control-response categories called a
control convergence ratio is the first metric for evaluating
the control-application performance. The second metric
evaluated from the recorded control responses is an integral
absolute error (IAE) which is a typical measure of the
control performance. For the communication aspect, an
average packet delivery ratio and an average throughput per
source are evaluated. To gain better understanding, total
packet drops of all nodes in the WSANs are also collected
for a further analysis of the performance problem.

TABLE L. PACKET LENGTH AND BUFFER SIZE.
Parameters Values

-Size of control-application data 46 bytes
-Routing header length 66 bytes
-MAC header length 73 bytes
-Number of packets allowed for
AODV routing to buffer 64 packets
-Interface quene size between
link and MAC layers S0 packets

IV. EXPERIMENTAL RESULTS

A Control performance

Fig. 3 and Fig. 4 illustrate the average control convergence
ratios and the average IAEs when the sampling interval is set at
T/4. Both figures indicate that the MCMI AODV can provide
better control performance than the SCSI AODV when the
number of sources is varied at 4 and 5. The results are not
statistically different when the number of sources is lower
than 4. Similar interpretations can be used for discussing the
numerical results in Fig. 5 and Fig. 6 where the sampling
interval is T/10. The reasons why the MCMI case can
provide higher control quality than the SCSI case 1s due to
the effects of wireless network communication discussed in
the next subsection.
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Fig. 7 and Fig. 8 show the average packet delivery ratios
and the average throughputs per source when the sampling
interval is set at T,/4, The numerical results indicate that the
performance metrics are statistically different when the
number of sources in the simulation scenario is varied from
3 to 5 sources. The MCMI offers better packet delivery
ratios and throughputs than the SCSI in all three numbers of
sources. However, there is only little difference between the
MCMI and the SCSI in the case of three sources when
considering the confidence intervals of both average results.
Similarly, the results in Fig. 9 and Fig. 10 when the sampling
interval is set at 7./10 show the same trend. Additionally, the
average throughputs in Fig. 10 are higher than the results in
Fig. 8. This is because the higher traffic load generated from
the higher sampling rate of 7./10.
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Fig. 7. Average packet delivery ratios of MCMI and SCSI at T,/4 are
statistically different when the number of sources is varied from 3to 5.
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C.  Packets drop analysis

The average number of total packet drops in the multi-hop
wireless networks is shown in Fig. 11 for the fixed sampling
interval of T,/4. This result complies with the results in Fig. 7
and Fig. 8. Additionally, the number of packet drops is
statistically getting higher when the number of sources is
increased. This is due to the fact that a higher number of
sources can cause more contention in the wireless channel.
Fig 14 illustrates the average packet drops in the networks
when the sampling interval is set at T/10. The result in Fig.
14 shows the trend similar to Fig, 11, The major difference
is that the total packet drops in the case of the high sampling
rate of 7/10 are larger than the case of the low sampling
rate of T,/4.

This investigation further analyzes the causes of packet
drops which are provided by various drop flags in NS2. The
abservation of the numerical results indicates that two main
packet drops are marked by LQI and NRTE drop flags. The
LQI indicates the number of collisions of data packets at the
MAC layer. The LQI drop is flagged when the received
packet has a signal to noise ratio (SNR) lower than the
acceptable level. This LQI can happen when there are

imul transmissions of different nodes due to the
hidden terminal problem or the random back off
mechanism.  The NRTE is flagged on the packet drop in
network-layer buffer due to the circumstance of no route
time out. This case mostly happens due to the unsuccessful
route discovery process.

The LQI and the NRTE results are given in Fig. 12 and
13 when the sampling interval is set at 7/4. These results
indicate that the main cause of the poor performance in the
traditional SCSI AODV is NRTE. The MCMI AODV can
significantly reduce the number of NRTE packet drops as
shown in Fig. 13. Similar results are shown in Fig. 15 and
Fig. 16 when the sampling interval 1s set at T./10.
Comparing the number of packet drops in Fig. 13 and Fig.
16 finds that a higher sampling rate can results much higher
NRTE packet drops in the potentially high contention
network topology as shown in Fig, 2.
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Fig. 11, Average numbers of packet drops of MCMI at T,/4 arc better than
SCSIwhen the number of sources is higher than 2.
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CONCLUSION

The MCMI AODV approach can provide better control and
communication performance than the original SCSI AODV,
especially when there is high contention due to the random
access in the TEEE-802.15.4 WSANs. Further investigations
about the effects of the co-channel interference on the channel
selections among multi-hop transmissions are our ongoing
research.
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