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Abstract—Studies on IEEE 802.15.4 MAC in the current %% ® ——= ——
literature for anycast multi-hop networks do not capture =% TOYQ = @% 1-F
a node’s behaviour accurately. Due to the inaccurate % 10| C Tdle-Listen | Qo3
modeling of state-wise behaviour of a node, the optimiza- g |£2 ?ocio states bl
tion of network parameters has not been efficient so far. N T \ - @
In this work, we include the state-wise behaviour of a £ |Z£27 Q@ N i
relay node into a 3D Markov model to more accurately © £ Qo " e G ECG
investigate the protocol performance. Performance analys %:’E Active Ix — p \Lp, 1.13,,1_&“
of the proposed analytical model is evaluated for different £2 o ?07 1-Pys
variants of active state length, packet length and wake up e n Iz
rates considering reliability and delay as key performance e suge  OSMA/CA states
metrics. Performance analysis shows that the model cap- @ (b)

tures the behaviour of relay nodes most accurately.

Keywords-Anycast clustered multi-hop network, 3D Fig. 1: @) Network scenario b) Relay node state model
Markov chain, Analytical model of IEEE 802.15.4 MAC.

2 discusses the system model based on a generic 3D

Markov chain and Section 3 provides the mathematical
Analytical models for IEEE 802.15.4 MAC proposedormulation of the proposed model. The performance

in the literature [1], [2] & [3] do not accurately captureanalysis from the emulations and the analytical model is

the state-wise behaviour of a relay node with generifscussed in Section 4 and finally, Section 5 concludes
routing strategy for large dense networks. In [1], a twQne |etter.

dimensional Markov model for IEEE 802.15.4 MAC
with anycast routing is proposed and in [2], a three- Il. SYSTEM MODEL
dimensional Markov model for IEEE 802.15.4 multi-

hop.sc'enarlo with reduced sensing and non-homogen reless network scenario with four clusters as shown in
_trafflc IS analyz_ed. The analytical stu_dy proposed in [ ig. 1(a). Sensor data collected at the leaf nodes have to
incorporates joint sleep and contention control guarafla routed to a network sink via intermittent random relay

teeing throughput and SINR requirements for extendi%des known as anycast routing. The functional model of

network life time. The effect of adaptive MAC IC)aram'relay nodes is captured accurately in four different states

eters on single hop and multi-hop wireless sensor nﬁgmely Sleep,), Idle-Listen (;), Active-Tx (4;) and
works are well studied using three-dimensional Mark SMA/’CA as sh(;wn in Fig l(b’) In Sleep state relay
models in [4] and [5] respectively. This work Iorim""r”ynodes sleep until assigned a wake up time. In Idle-Listen

investigates the accuracy of a three-dimensional Markgf’ate, relay nodes broadcast a beacon to the predecessol

chaln modgl for slotted IEE_E 802.15.4 CSMA/CA MACcIuster (cluster-3 is the predecessor to cluster-2) and
with slot-wise state modelling for Sleep,

Active-T ¢ de. O i IdIe-Lllstgn ar;\g/ait for a packet from it. After successfully receiving
ctive-Tx states of a node. Our analysis concludes taiéacket in Idle-Listen state relay nodes jump to Active-

node \(\/_ake up rates and active state time periods h state and wait for a beacon from their next cluster
a significant '”?paCt on_the perfprmance of the netwo_ggluster-Z is the next cluster to cluster-3). Time intesval
The rest of this letter is organized as follows. Secti ktween beacons observed by a relay in Active-Tx are
Authorl, Author2 and Atuthor3 are with Department of Eleetr  P0isson distributed which determine the waiting time in
Engineering, Affiliation1 Active-Tx state described later in the delay model of this

. INTRODUCTION

We consider a generic Cyber Physical Systems (CPS)



letter. The relay nodes that are successful in receiving dn Eq. (5), Ps, |csma,, and Ps, |csaa, are the
beacon within a maximum of., slots of the Active- probabilities to enter into the first slot of Sleep state
Tx state follow CSMA/CA flow depicted using a 3Dwhen the received packet is discarded in CSMA/CA
Markov chain shown in Fig. 2(a) with backoff stageafter exceeding maximumm and n respectively.
(m), backoff counterK) and collision retriesr{) as the Ps, |csara,... IS the probability of the node to enter
three dimensions. the first slot of Sleep state after the node successfully
Our primary investigation focuses on the effect dbrwards the packet. Eg. (6) can be simplified to arrive
CSMA/CA retries in multi-hop scenarios with accuratat probability Ps, of a node to stay in the first sleep slot
state-wise behaviour of relay nodes. In this letter busy any given time slot in terms df o, wherebg oo is
channel probabilities and 8 in Clear Channel As- the probability of a node to stay in the first CCAL slot
sessment (CCAL and CCAZ2) states and channel sensiighe CSMA/CA model.
probability 7 along with collision probabilityP. shown m Wi-l n n

in Fig. 2(a) are derived considering the effect of Sleep,  Pospa=>_ > > bikj+ > > b,
Idle-Listen and Active-Tx state probabilities along with i=0 k=0 j=0 §=0 i=0
the CSMA/CA model. With basic understanding of busy n Ll L.-1 @
probabilities in [4], [5] and [6], one can drive the + Z(Z baj+ Z bakj) = Z1 % b0
mathematical model in the following section. =0 k=0 k=0

Ps + Py + Py + Pospya =1 8)

1. M ATHEMATICAL MODEL I

Li
We formulate the proposed model in two stages by Ps, |:Ls + Zp;'*l + (1 - PxLi)Zpéfl]
deriving the transition probabilities for all states in Fig i—1 i=1 9)
1(b) in the first stage and then follows the formulation +Z1bogo=1
of CSMA/CA model in second stage. In the rest of our . L
discussionu,, indicates average wake up rate per node The probability of a node to reside in CSMA/CA

in a cluster consisting dfl nodes,L, and L; are length state f%SMf)ﬂa%g';;ndomly glver:j fj”f}e SIO: LS theb
of active and idle slots respectively. sum Of backot, » SUCCESS and failure state prob-

In Eq. (1), P, is the transition probability of a relayabi”ties. respectively given in Eq. (721 indicates the
node to move into the next ldle-Listen slot from théJroportlonallty factor after expressing all probabilitie

current one, when there is no packet arrivals at a giveh Eq. (7) in terms ofboo. In EQ. (8) Py, Fr, Ps
slot with an average of\ Poisson arrivals and?, and Fosia indicate the probabilities for a node to
indicates the transition probability of a relay node t(r)e5|de n Sleep, IdIg-Llsten,'Actlve-Tx and_ CSMA/CA
move into the next Active-Tx slot from the current, Wheﬁtates _r(_e_spectlvely N any given random time slot. Al
there is no beacon arrival at a given slot with an avera fobabilities Ps, Py, P4 and Fogara of Fig. 1(b) can
of \, Poisson arrivals shown in Eq. (4). Using Eq. (15 written in terms ofs, andbo,o,0 s shown in Eq. 9.
the probability of a node transitioning to Sleep state_" 4SN9 normalization Eq. (80,0 can be derived
from the last slot of Idle-ListenKs ;) and Active-Tx as in Eq. (1031' Alter getting thﬁ. relation 166,00, \_/Ive
(Ps4) states can be obtained as shown in Eq. (2) a grivea, 5 andr expressions utilizingo o, in a similar

(3) respectively. FinallyPs;sy7.4 in Eq. (5) indicates the methodology shown in [6]. Numerical methods are used

transition probability of a node from CSMA/CA state g0 solve highly nonlinear, 5,  andbg,0to arrive at a

the first slot of Sleep state which should always equal J)osed form SOIUt'O.n' Both node and clu§ter probabilities
one. a, 8, 7 andP,) are in close agreement with less thdi 5

deviation due to equal number of nodes in each cluster
P,=exp(—=A) , P,=exp(—X\,) (1) and random selection of relay nodes. Reliability and
delay of the proposed model are derived and analyzed

_ _ pLi
Psjr = Fs,in = B @ in the following section.
Pga = Ps, |a, =P}l (3)
Ao = oy * N (4) A. Reliability model
Psicsma = Ps, jcsma,, + Ps, jcsma, The reliability of a relay node can be determined by

) deriving the failure probabilities. Failure can occur due
to exceedingn, n and active timeout. Considering these
Ps, = Ps,Pli+Ps,(1—PF) Pl + Pgjcsarabooo (6) cases, the reliability of node () is given in Eq. (11).

+Ps, jcsMA.. =1



(1_Px)(l_Pa)(l_P:L{”')(l_PaLa)

bo,0,0 = L. I 3 (10)
i i a
(1= Pa) % [Ly(1 = Py) + Li(1 — PEY| 4 (1 = PEY(1 — PEY(1 = Py) % [La + Z1(1 — P,)]
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Fig. 2: 2a) Three-dimensional Markov model of IEEE 802.168MA/CA; Fig. 2b and 2c: Simulation parameters
for 2a) and 2b) areny = 3, m = 4,A = 0.01,n=[0 3], n,,=[2 20], L, = 100, L, = 10, L;=100, L, = 100.

Rg in Eqg. (12) depicts the end-to-end reliability calcu- In Eq. (13), Dayg indicates the backoff delay and is
lated overh independent links/clusters/hopgindicates derived in Eq. (14) by taking expectation ovarstages
the probability of a node transitioning to next retry afteof CSMA/CA, where D¢gna Of a link can be obtained
successfully sensing the channel from any ofrithegages from computing average probability of success after
shown in Fig. 2(a). retries. 7y, and S, are packet transmission time and
. - . unit backoff time,b; is maX«,(1-«)3}, Wy indicates
Ri=1— (@™ 1 +9) =) (1= F) = P D inimum backoff windowLp{anch age length of time
h slots required for successful packet transmission and
Rg = H Ry, (12) collision respectively and’,. indicates packet collision
k=1 time. In Eq. (16), the average number of active slots
(Dqctive) that a node waits before a beacon arrives is
B. Delay Model obtained. Finally total delay which is the sum of delays
Total delay incurred by an individual node forin(_:urred by CSMA/CA and Active states computed over
forwarding a packet successfully is contributed b}fi independent links is given by Eq. (17).
CSMA/CA delay and active state delay. Delay due to
CSMAJ/CA is given in Eq. (13).

IV. ANALYTICAL RESULTS

The proposed anycast clustered multi-hop analytical
Y

Decsma= Ts + Dayg+ (Ts + Dayg) | —— model's accuracy is validated by emulating a scenario
-y similar to that shown in Fig. 1(a) which has 4 clusters
(n+1) (13) . .
((n+1)x(y ))] with 10 nodes each. The proposed emulation model has
1 —yntt the following assumptions: Congestion due to ACK and
1—b 1 _ opm+l interference from other 2.45 GHz users is negligible.
Davg = 25}, [1 +0.25{ T { 0= 21b Each relay node switches among 3 different channels for
-~ ! ! (14) Tx, Rx and beacon modes to reduce interference between
_ 3(m+1)y ]] N 3b, (Wo + 1)}] nearby nodes of different clusters.
1—-b 1—-b We first analyze the effect of CSMA/CA retries) (on
PiY(1-P,) Rp and Dya. Fig. 2(b) and Fig. 2(c) plot®r and Dygal
Plaelay—i)|success = 0Pk (15) versusp,, respectively for 4 different values of. Ry

and Dy are observed to be increasing and decreasing
P11 - P, respectively with increase in,, as the average waiting
Dactive = Z(z)(l——PLu) (16) time to receive a beacon in active state decreases and
=1 “ failures in active state due to active timeout are reduced.
Diotal = (Desma+ Dactive * Sp) * h (17) Rpg is observed to increase by &5and Dy is increased

L.
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Fig. 3: Parameters for Fig. 3a and 3by =3, m = 4,u,, = 10, n = 1,L, = 100,N=[3 15], A =[0.01 0.04]; Fig.
3c and 3dmy =3, m =4, n=1,L, = 100, y4,, = [2 20], A = [0.01 0.04]; Fig. 3e and 3fing =3, m =4, n=1,L,
= [25 125], A = [0.01 0.04],u,, = 10; parameters fixed for all 6 scenarids; = 10, L. = 10, L,=100 andZ;=100

by 6 slots with single retry after collision compared t&Reliability and delay performance metrics are analyzed
the “no-retries” scenario. Improvement Rz and Dyy  With variation in parameters such as CSMA/CA retries,
with higher retriest{=2 & 3) compared te=1 is merely number of nodes, wake up rate and active time for
visible, as the probability to have successive collisiortifferent packet arrival values, and are validated using
for a node is minimal. Degradation iRz and D, both analytical and emulation results with less tha¥0.5
is observed when analysis is performed by incrementiegor. The proposed integrated model and the analysis
number of nodes (N) for 4 different as shown in Fig. can greatly aid in driving the future research in modelling
3(a) and 3(b). Degradation iRg is valid since increase of dense traffic wireless multi-hop sensor networks.
in channel congestion values @nd ) results in more Optimization of model parameters is a focus of future
packet drops and collisions due to exceeding maximuwesearch.
m and n. More delay D;.:e;) With increase in\ is
primarily due to degradation i s,,.

Fig. 3(c) and Fig. 3(d) plotsRz and Dia VErsus [1] P. Park,_ C. Fi_sc_hione, A. Bonivento, K. H. Johansson and

. - . A. Sangiovanni-Vincentelli, Breath: an Adaptive Protocol for

Hw for four dlfferenj[)\. From the figures one can infer Industrial Control Applications using Wireless Sensoraks,’
the importance of\ in the performance of the network.  |EEE Transactions on Mobile Computing, vol.10, no.6, 2011.
Increase inu,, reduces average waiting time in Active{2] Piergiuseppe Di Marco,Pangun Park, Carlo Fischione lad
Tx state and the chances for packet being dropped Henrik Johansson Analytical Modeling of Multi-hop IEEE

b f . . | The i ai 802.15.4 Network$)EEE Transactions on vehicular technology,
ecause of active timeout are less. e Increasa In vol. 61, no. 7, September 2012.

results in channel congestion, leading to more packst Jae-Han Jeon, Hee-Jung Byun, and Jong-Tae Lifoint Con-
failures due to active timeout and more delay due to tention and Sleep Control for Lifetime Maximization in Wégs

backoff stages. gegzzzult:re;vglfg,lEEE Communications Letters, vol. 17, no.

Fig. 3(e) and Fig. 3(f) plotd?z and Digta VErsusL, [4] P. Park, P. Di Marco, C. Fischione, and K. H. Johansson,
for four different \. Rg was enhanced anf),,;,; was “Modeling and Optimization of the IEEE 802.15.4 Protocot fo
growing higher with increase i, as the chances of

Reliable and Timely CommunicationslEEE Transactions on
. . . . . .. Parallel and Distributed Systems, vol. 24, no. 3, March 2013
beacon reception before active timeout increases Slgrféﬁ-
icantly.
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