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Abstract

Time Slotted Channel Hopping (TSCH) is one of the Medium Access Control methods
proposed in the IEEE 802.15.4e standard to deal with the requirements of the industrial
Wireless Sensor Networks (WSNs), especially in terms of high reliability and low
latency. The key feature of the TSCH method is the combination between a time slotted
access with a channel hopping, while considering both shared and dedicated links.
The latter are essential for ensuring transmissions without loss and additional delays.
Therefore, the objective we are seeking to reach in this paper is to demonstrate the
benefit use of dedicated links on industrial WSNs-based 802.15.4e TSCH method. To
this end, we propose an analytical model-based Markov chains for the TSCH method
taking into account the dedicated links, and we estimate the transmission probability
T of a data packet. The latter will be then used to develop others analytical models,
in order to derive a number of performance metrics, namely the average access delay,
the reliability, the throughput, and the energy consumption. Furthermore, to validate
the analytical model, we perform extensive simulations-based Monte-Carlo. Finally,
to give credibility to the obtained simulation results, we compute 95% confidence
intervals. Numerical results show that increasing the number of dedicated links reduces
significantly the retransmission probability offering best network performances in
terms of average access delay, reliability and throughput.
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1 Introduction

Wireless Sensor Networks (WSNs) have grown in the current era due to their extended
scopes. They are widely used in the environmental field for monitoring disasters, such
as earthquakes and volcanoes. Another critical application field of WSNs is medical
security for remote monitoring of patients. Nowadays, WSNs are integrated in indus-
trial environments for performing control/command tasks, like in factory automation
[1] and process automation [2]. Such industrial processes are time-critical and require
high reliability, robustness and low latency [3]. These strict demands on the commu-
nication protocols have been discussed by proposing revisions to the IEEE 802.15.4
standard, where the most important is characterized by the emergence of the IEEE
802.15.4e amendment. The IEEE Institute released the IEEE 802.15.4¢ amendment
in the fall of 2012, which is aimed at improving and expanding the functionality of the
IEEE 802.15.4-2011 standard. In IEEE 802.15.4e amendment, five different Medium
Access Control (MAC) methods has been proposed and incorporated, namely: Radio
Frequency Identification (RFID), Asynchronous Multi Channel Adaptation (AMCA),
Deterministic Synchronous Multichannel Extension (DSME), Low Latency and Deter-
ministic Networks (LLDN) and, Time Synchronous Channel Hopping (TSCH).

TSCH is a MAC method that combines between a time slotted access and the
ability of channel hopping. In other words, it is an hyprid of Time Division Multiple
Access (TDMA) [4] and Frequency Division Multiple Access (FDMA) [5]. That is
why, TSCH provides high reliability and low latency compared to the other IEEE
802.15.4e MAC methods. The most important feature of the TSCH method is its
ability to be enabled whether on shared or dedicated links. The shared links are special
channels assigned to more than one transmitter, leading collisions and transmissions
failures. To remedy the problems of repeated collisions in the packet retransmission, the
IEEE 802.15.4e amendment implemented a retransmission algorithm called TSCH-
CA (TSCH Carrier Sense). The retransmission of a data packet can take place on a
next link to the destination, so the next transmission can be done either on shared links
or on dedicated links.

The main goal of the present work is to highlight the new features provided by the
IEEE 802.15.4e TSCH mode, such as the use of dedicated links. More precisely, we
take into account the transmissions and the retransmissions on the two types of links of
the TSCH mechanism, namely shared and dedicated links, unlike the proposed work
in the literature considering only the shared link.

To achieve the above goal, we propose an enhanced Markov chain model describing
the functioning of a single device in IEEE 802.15.4e TSCH, enabling transmissions
and the retransmissions on both shared and dedicated links. The mathematical model
allows to compute the average access delay, the reliability, the energy consumption and
the throughput of the IEEE 802.15.4e TSCH network. Then, we provide a performance
analysis in order to demonstrate the effect of the network size and the number of
available dedicated links on the TSCH network performances. Furthermore, Monte
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Fig.1 Example of a TSCH superframe

Carlo simulations are conducted in order to validate the accuracy of the proposed
model. We will also compute a 95% confidence interval for each simulation result
in order to consolidate the simulation results. Finally, we give a comparative study
between the case where the transmissions and the retransmissions are occurring only
on shared links and the case where they are occurring by combining shared links
with dedicated links, in order to illustrate the improvements provided by the use of
dedicated links.

The rest of this paper is organized as follows: In Sects. 2 and 3, we respectively
present a functioning and the existing work on the 802.15.4e TSCH mode. In Sects. 4
and 5, we respectively provide the mathematical modeling and the derivation of the
performance metrics of the IEEE 802.15.4e TSCH network. The performance analysis
of the 802.15.4e TSCH network is provided is Sect. 6. In Sect. 7 we validate the
accuracy of our analytical results. In Sect. 8 we provide a comparative study. Finally,
Sect. 9 concludes this paper.

2 Overview of the IEEE 802.15.4e TSCH

In this section, we provide an overview of the TSCH mechanism defined in the IEEE
802.15.4e standard. We describe the most important functionalities provided by TSCH.

2.1 Slotframe structure

In TSCH mecanism, the notion of superframe employed in DSME, LLDN and its
parent standard IEEE 802.15.4 has been replaced by the concept of slotframe. A
slotframe consists of defined periods of communication between devices called time
slots. A slotframe automatically repeats over the time, hence forming a communication
schedule. Figure 1 illustrates an example of a TSCH superframe structure with three
time slots [6].

Each time slot is long enough for a pair of devices to exchange a maximum-length
data frame and a possible acknowledgment. If the latter is not received within a pre-
determined time, the retransmission will only occur in the next time slot dedicated to
the same pair of devices, and this on any slotframe [7,8].

2.2 Channel hopping

One of the main features of TSCH is multi-channel communication, built on channel
hopping, where the device can periodically switch channel.
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Fig.2 Example of a TSCH schedule

According to the IEEE 802.15.4e standard, there are 16 channels operating at a
frequency of 2.4 GHz. Each frequency channel is identified by a channelOffset, which
is an integer value in the interval [0; 15]. Nevertheless, some of these frequencies could
be blacklisted due to poor communication quality [7,8]. In TSCH, the link between
two devices is defined by the coupled [Timeslot, channelOffset]. This is a pairwise
assignment of the time slot where the two nodes communicate and their respective
channelOffset [6,7]. The physical CH channel used in a given link is derived as follows:

CH = F[(ASN + channelOffset) mod Nch]; (D)

where ASN is a counter which represents the total number of slots elapsed since the
network was deployed. It increments after each time slot and is shared by all the devices
of the network. N, is the length of the HoppingSequenceList table which contains
all the available channels; in other words, N, is the number of available frequencies.
Finally, F' can be implemented as a lookup table.

Two types of links can be established in TSCH mode, they are shared links and
dedicated links. When the link is dedicated, only a pair of devices can communicate.
In the case of a shared link, several devices can transmit data.

Figure 2 shows an example of a TSCH schedule with three timeslots in each slot-
frame and four channelOffset. The link (73, 3) is assigned to the devices F and G in
order to transmit data packets to the device B; this link is shared between the devices
F and G, while the link (77, 0) is assigned to the device I in order to transmit data
packets to the device C; it is a dedicated link for the device I.
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Fig.3 Transmission process diagram with acknowledgment [7]

2.3 PAN formation

TSCH mode can be used with any network topology (eg, star, tree, mesh) and it
supports two types of devices as in the IEEE 802.15.4 standard: Reduced-Function
Device RFD and Full-Function Device FFD.

When a network is established, the PAN coordinator broadcasts an Enhanced Bea-
con (EB) in response to an MLME BEACON .request from an upper layer. Devices that
wish to connect with the PAN coordinator must be in broadcast scope. The Enhanced
Beacon contains information about time, channel hopping, time slots, and initial links.
The node wishing to join the network performs an active or passive scan after receiv-
ing an MLME-SCAN.request from a higher layer. Once the device hears an Enhance
Beacon, it generates an MLME-BEACON NOTIFY.indication at a higher layer. Thus,
the latter initializes the slotframe and the information of the initial links available in
the Enhanced Beacon(EB). Once the device is synchronized to the network, the upper
layer schedules the device in TSCH mode by sending a TSCH MODE.request [7].

2.4 Transmission and acknowledgment process

In TSCH mode, when a device has a data frame to transmit, it must reach its own
time slot. If the CCA is enabled, it must wait for macTsCCAOffset s and then run
the CCA. At time macTsTxOffset s, the node starts transmitting the data frame. If an
ACK is expected, the device will wait for macTsRxAckDelay s, and then allow the
receiver to wait for the ACK. If the ACK is not received after macTsAckWait s, the
device can idle the radio and consider the transmission to have failed. If no ACK is
expected, the transmitter can idle the radio after sending the frame. As for the receiver,
it waits for macTsRxOffset s then switches to receive mode for macTsRxWait (s .
If the frame has not started at this time, it may idle the receiver. Otherwise, once the
frame is received, the receiver waits for macTsTxAckDelay s then sends an ACK
[7]. Figure 3 illustrates an example of the transmission process with acknowledgment.

2.5 TSCH CSMA-CA algorithm

As we have mentioned previously, in the TSCH method, the transmission can be on
a shared or dedicated links. Shared link is assigned to more than one device, which
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Fig.4 TSCH-CA algorithm
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leads to collisions and transmission failures. So, in the case where the shared link
was utilised and the transmission was unsuccessful, the TSCH Collision avoidance
retransmission algorithm (TSCH-CA) should be performed for shared links, in order to
reduce the repeated collisions when the packet is retransmitted. As the retransmission
may happen in the next link to the destination, the subsequent transmission may be in
either shared links or dedicated links. The TSCH-CA retransmission backoff algorithm
illustrated in Fig. 4 has the following properties:

The retransmission backoff wait is applied just to the transmission on shared link.
The transmission is immediate on a dedicated link, i.e. there is no waiting time.
The retransmission backoff is calculated in the number of shared transmission
links.

— The backoff window increases for each consecutive transmission failure on a
shared link, and it is resets to the minimum value after a successful transmission
on a shared link.

The backoff window remains unchanged after a failed transmission in a dedicated
link.

When a device encounters a failed transmission on a shared link, it shall perform
the following steps: First, the Beacon Exponent and the number of retransmissions
carried out are initialized (BE = MAcMinBE) and (NB = 0) (step 1). The MAC
sublayer delays for a random number uniformly generated in the range [0, 28£~1]
shared links (on any slotframe) before retransmitting on a shared link. Retransmission
on a dedicated link may happen at any time (step 2). If the retransmission is successful
on a shared link (step 3), BE is reset to macMinBE and the algorithm terminates. If
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the retransmission is failed on a shared link (step 4), NB and BE are incremented,
(eiNB = NB+1and BE = min(BE + 1; macMaxBE)). If NB exceeds mac-
MaxFrameRetries (the default value of the number of retransmissions allowed), e.i.
(NB > macMaxFrameRetries) (step 5), the MAC sublayer reports a failure to the
higher layer. Otherwise, the algorithm goes back to (step 2).

3 Related work

IEEE 802.15.4e has received significant attention from the scientific community since
its advent. Researches have focused on the three MAC mechanisms: LLDN [9-14],
DSME [15-19] and TSCH [20-33].

In this section, we provide a literature review of the main research regarding the
TSCH mechanism. In fact, we identify in this research field two categories of papers:
the research that improves the TSCH mechanism and the research focusing on his
performance evaluation. As part of the TSCH mechanism improvement, the authors of
[20-22,34] are interested on how building an optimal schedule to plan the distribution
of time slots and channels in a network-based TSCH method. The approaches proposed
in [20] and [34] are centralized and those proposed in [21] and [22] are distributed.
The authors of [24,29,35] have studied the network association process. In [25], the
authors have addressed the blind channel hopping problem. The authors of [36] have
proposed algorithms which allow to reduce collisions on shared links.

In the field of performance evaluation, the authors of [27,30,37,38] have analyzed
the performances of the TSCH method using simulation and experimentation. In [37],
the authors have analyzed the performances of the IEEE 802.15.4e TSCH mode using
the NS2 simulation tool, and have presented some results, such as: Delivery ratio,
latency and energy per packet. The obtained results have been compared to the legacy
IEEE 802.15.4 in order to show the performance enhancements approved by the new
amendment. In [27], the authors have analyzed the performances of IEEE 802.15.4e
TSCH mode in terms of delivery rate, latency and time to association using a real
implementation in emulated environment. The authors of [30] have implemented a full
link-layer security on multiple platforms using different hardware/software policies,
in order to investigate the security on the link-layer of TSCH. In [38], the authors have
evaluated experimentally the communication quality made by TSCH in a setup that
includes real motes exposed to a realistic interfering traffic.

On the other hand, the authors of [29,31-33,39] were interested to the performance
evaluation of the TSCH mode using mathematical modeling. The authors of [32] have
used Markov chain model in order to analyse the transmission on the shared link. They
have derived the expressions of the packet loss rate, normalized throughput, energy
consumption, and average access delay. In [29], the authors have presented a Markov
chain model to determine the parameters that affect mobile node association process.
In [33], the authors have developed a Markov chain model of the TSCH-CA Algorithm
in shared links taking into account the capture effect parameter. The authors of [31]
have presented an enhanced Markov chain model to evaluate the impact of the number
of devices sharing the same link on the performances of the network under saturated
and unsaturated conditions. Finally, the authors of [39] have proposed a performance
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analysis of the TSCH-CA Algorithm under a noisy environment and when only shared
links are used.

All the previous work did not highlight the retransmissions on the dedicated links
provided by the IEEE 802.15.4e TSCH mode, in order to show their impact on the
TSCH network performances. In this paper, we present an extension of the Markov
Chain model proposed in [39], taking into account the transmissions and the retrans-
missions under both noisy shared and dedicated links. In addition, we conduct a
comparative study between the case where the transmissions and the retransmissions
are carried out only on shared links and the case where they are carried out by com-
bining shared links with dedicated links.

4 Modeling 802.15.4e TSCH method inabling both shared and
dedicated links

In this section, we develop a tow-dimensional discrete time Markov chain for model-
ing the operation of a 802.15.4e TSCH device, which uses specially both shared and
dedicated links for communicating. More precisely, we take into account the trans-
mission failure on a dedicated link. We determine the transmission probability T by
solving the stationary probabilities equations of the proposed Markov chain model.
Then, we use this probability to develop mathematical models in order to obtain some
performance metrics, which are: average access delay, reliability, energy consumption
and throughput.

4.1 Model hypotheses, parameters and probabilities

We present below the principal hypotheses used for the development of the proposed
Markov chain model of the TSCH scheme. The list of all probabilities and parameters
required for modeling are given respectively in the Tables 1 and 2.

1. The network consists of a fixed number of devices;

2. There are dedicated channels and shared channels, i.e., the devices can trans-
mit/retransmit their packets on either dedicated link or shared link;

3. The wireless channel is disturbed and noise errors may happen on the transmitted
data packets, this means that a transmission failure of a packet may be caused by
a noisy channel;

4. The Capture effect is ignored;

5. The ACK is taken into account.

4.2 Transmission probability 7 of a data packet

Now, we study the functioning of un individual TSCH device by a Markov chain,
in order to estimate the transmission probability t that the device transmits its data
packet at a given time slot. This probability is then used to compute the considered
performance metrics.

Knowing that a device may be in one of the three states: the state where the device
is in the process of decrementing its backoff time counter, the state where the device
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Table 1 The IEEE 802.15.4e TSCH mathematical model probabilities

Probability Definition

T

Transmission probability of a data packet

P Collision probability of a data packet

P, Error probability of a data packet

Py Retransmission probability of a data packet

Pp, The probability that the link assigned for the given device is dedicated
Psp, The probability that the link assigned for the given device is shared

is in the process of retransmitting its data packet using shared or dedicated link and in
the idle state.

Let R(?) be the stochastic process modeling, at a given time ¢, the backoff stage i

for a given device.

Let B(t) be the stochastic process modeling, at a given time ¢, either the backoff

time counter when transmitting on a shared link, the transmission on a dedicated link
or the idle state.

We can summarize the possible states of a given device as follows:

The idle state {R(r) = i, B(t) = —1},i € (0, m): in this case, the device will
obtain a dedicated link with the probability Pp, or a shared link with the probability
Psp: and moves to the transmission step.

The backoff state {R(¢) =i, B(t) = j},i € (0,m) and j € (0, W; — 1): in this
case, the device has obtained a shared link and before transmitting, it must decre-
ment a random number drawn in the contention window [0, W;]. After reaching
the value 0, the device transmits its packet.

The transmission state on a dedicated link {R(¢) =i, B(t) = —2},i € (0, m): in
this case, the device has obtained a dedicated link and will transmit its data packet
without delay. If the transmission failed, the device will retransmit its data packet
with the probability P,. If the data packet is transmitted successfully, the device
moves to a new transmission with the probability 1 — P,.

The transmission state on a shared link {R(z) = i, B(t) = 0}, i € (0, m): in this
case, the device is in the transmission stage on a shared link. If the transmission
failed, the device will retransmit its data packet with the probability P,. If the
transmission is successful, the device will proceed to a new transmission with the
probability 1 — P,.

The backoff window size W; for a given device in backoff stage i is determined

using Eq. (2):

21 Wo,
i <macMaxBE — macMinBE;

Wi

(2)
zmacMaxBE—macMinBE WO

macMaxBE —macMinBE <i <m.
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Fig.5 TSCH-CA Markov chain model with dedicated and shared links

Where Wy = 2macMinBE qnd my = macMax FrameRetries.

The two-dimensional process {R(¢), B(t)} may be modeled by the discrete-time
Markov chain illustrated in Fig. 5.

In the following, we give the list of all transition probabilities of the proposed
Markov chain and their descriptions:

— The transition probability P{i, j/i, j + 1} from the state (i, j 4+ 1) to the state
(i, j) models the decrementation of the backoff counter at each slot time. It is
expressed by Eq. (3).

Pli,j/i,j+1}=1,i€(0,m),je @O W -1 3)

— The transition probability P{i, j/i, —1} from the state (i, —1) to the state (i, j)

models the transmission on a shared Link at stage i with the choose of the backoff
time counter in the contention window (W;). It is given by Eq. (4).

Pli,j/i,=1} = PSht/W;,i € (0,m), j € (0,W; —1) “4)

— The transition probability P{i, —2/i, —1} from the state (i, —1) to the state (i, —2)
models the transmission on a dedicated Link at stage i. It is given by Eq. (5).

P{i,—-2/i,—1} = Pp;,i € (0, m), 5)

— The transition probability P{i, —1/i — 1, 0} from the state (i — 1, 0) to the state
(i, —1) models back to the idle state after a unsuccessful transmission on a shared
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link. It is expressed by Eq. (6).

Pli,—1/i — 1,0} = P, i € (0, m). (6)
— The transition probability P{0, —1/i, 0} from the state (i, 0) to the state (0, —1)
models back to the idle state after a successful transmission on a shared link. It is

expressed by Eq. (7).
P{0,—-1/i,0}=1— P.,i € (0, m). 7
— The transition probability P{i, —1/i, —2} from the state (i, —2) to the state (i, —1)
models back to the idle state after a unsuccessful transmission on a dedicated link.

It is given by Eq. (8).
P{la_l/lv_z}:P(hle(O’m) (8)

— The transition probability P{0, —1/i, —2} from the state (i, —2) to the state
(0, —1) models back to the idle state after a successful transmission on a ded-
icated link. It is given by Eq. (9).

P{0,—-1/i,-2}=1—P,,i € (0,m). )
where
Cq
Ppy=—— 10
D1 C 1 Con (10)
P, = Co (11)
Sht — Cd +Csh

Now, we will proceed to the calculation of the stationary probability r; ; for each
state (i, j) of our Markov chain, with: i € (0, m) and j € (=2, W;) . Indeed, the
proposed Markov chain model has a finite state space, and it is irreducible and aperi-
odic so we can conclude that this stationary distribution is unique. The mathematical
formula of the stationary probability distribution is expressed by Eq. (12).

Ti,j = tl_l)ngo P{R(t) =i,B(t) =j},i e (O,m),je (=2, W; —1). (12)

For the calculation of the stationary probabilities, we have applied the Balance Equa-
tion [40] provided by Eq. 13.

ik P =mpx Py, Vi k eS. (13)
Where,
S is the state space of the Markov chain, r; is the stationary probability of being in

state i and P; x is the probability of transition from the state i to the state k.
Hence, we have achieved the following equations:
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w1 =Mmo_1.i € (0, m). (14)

) T = PpAimo _1.i € (0, m). (15)

) 70 = Psprimo,_1,i € (0, m). (16)

_ T = ;V_ijn,-,o,i € (0,m), j € (0, W; — 1. (17)
Where A = PrPsu

Ppi+Psi+PePp,
According to the Egs. (14), (15), (16) and (17), the values of m; ; are expressed as
a function of the probabilities P., Pp;, Psi:, P. and the stationary probability 7, 1.
Now, by imposing the normalization condition on the proposed Markov chain, we
obtain the expression of 7o 1 as follows:

m w;i—1

]—7T0_1+Z7T,_1+ZIT,_2+ZZH’,]. (18)

i=0 j=0
1—pmtl

70,1 [H—*{ﬁ’” +PD,( 2

m+1 m+1
+2PSht[ =" 1 W (—1 (2)»2))\ ]
ifm< macMaxBE —macMinBE;

= (19)
mr+1
0, —1 [1+ Y +PDt( 1)L_A
m/+1 mr+1
+%P5ht|:1 1)\_)\ +W0(1 (12_)3)L ]
else
Hence, we have:
m m+1
[t 220+ 2o (57
_ym+l _ ooy 1!
+§PSht [1 I)Ly + W() (1 iz_}hz))L )]
if m <macMaxBE — macMinBE;
0,1 = (20)

1 )Lm/+l

[1+ 227 + Py (15

_ym/+1 _ m/+1
+§P5hf [1 I)L—A +W0<1 (12—2,\ )]
else.

Finally, we can give the expression of the transmission probability T of a data
packet. Knowing that a TSCH device can transmits/retransmits its data packet using
shared or dedicated link, the transmission probability T may be expressed as the sum of
stationary probabilities of transmission states (i, j) on shared links (given by Eq. (22))
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and the stationary probabilities of transmission states (i, j) on dedicated links (given
by Eq. (23)). Finally t is given by Eq. (21):

T=71tsp + 7D 21
Where
u 1—m+l
TSh = Zﬂi,o = PShtﬁ”O,—l (22)
i=0
m 1— )Lm+1
p = Zﬂi,—z = PDzﬁTFO,—l (23)

4.3 Collision and retransmission probabilities

The collision probability Pc, is the probability that a transmission of a data packet is
considered as unsuccessful because of a collision at a given time slot. This probability
is expressed as the probability that at least one other device among the remaining
(n — 1) devices of the TSCH network transmits at the same timeslot on the same
shared link. It is given as follows:

Po=1—(1—1tg)" . (24)

As was mentioned in the hypothesis, the channel in not ideal, this means that a data
packet may undergo transmission errors. Therefor a transmission of a data packet on
a shared link is a failure and needs to be retransmitted if it experiences a collision or
transmission errors. Hence, Pr is expressed as function of Pc and Pe as follows:

P.=1—(1-P)(1 - P,). (25)
P,=1-(1—BER?" (26)

Equations (20) and (25) form a nonlinear system that can be solved by means of
numerical techniques, and we can finally achieve the numerical values of the transition
probabilities and stationary probabilities.

5 Performance metrics
Using the defined Markov chain, we are able to derive the mathematical expressions of

TSCH method performance metrics, namely: average access delay, energy consump-
tion, reliability and throughput.
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5.1 Average access delay

The average access delay of a successful transmission of a data packet is the time
interval from which the packet is in the MAC queue ready to be transmitted, until an
ACK is received. We only consider the delay of a successful transmission, i.e., the
delay of the discarded data packet after reaching the maximum number of attempts is
not taken into account. To determine the latter, we first develop the expressions of the
average delay spent on a shared link and on a dedicated link. Let E[Dyy, ] the average
delay of a successful transmission on a shared link at the backoff stage i.

E[Dgp;) = Pe.Ts + Ts + i.T. + E[Th]. (27)
Where,
T; is the time duration of a successful transmission of the data packet at the backoff
stage i.

i.T, is the time duration of i unsuccessful transmissions of the data packet due to
collision and/or transmission errors on a shared link at stages 0, 1, 2, ...i — 1.
E(Tp) is the average backoff delay .

U/
E(T) =) h2 0. (28)
h=0

Let A; the event that a device has transmitted the data packet successfully on a shared
link at the backoff stage i + 1 after i failures.

Let A,, the event that a device has transmitted the data packet successfully on a
shared link after m attempts.

Hence, the probability of a successful transmission at the backoff stage i + 1 after
i failures is given as follows:

mo  (1=nM _ Pr.Pgp;
Yhomio  L—amtl’ Ppt + Psp + Pe.Pp;

P(Ai/An) = 29

Now, using the expression of the average delay of a successful transmission E[ Dy, |
at the backoff stage i and the expression of a successful transmission probability

P(A;/A,,) at the backoff stage i, we can get the expression of the average delay of a
successful transmission of a data packet on a shared link as follows:

E[Dsp] = Z P(Ai/Am)E[Dsp,] (30)
i=0

Let E[Dy,] the average delay of a successful transmission on a dedicated link at
the backoff stage i.

E[Dg]l=Ts+i.T. + E[Ty]. (3D
Where,
T} is the time duration of a successful transmission of the data packet at the backoff
stage i.

i.T; is the time duration of i unsuccessful transmissions of the data packet on a
shared link at backoff stages 0, 1, 2, ...i — 1.
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E(Ty) is the average backoff delay

Let B; the event that a device has transmitted the data packet successfully on a
dedicated link at the backoff stage i + 1 after i failures.

Let B,, the event that a device has transmitted the data packet successfully on a
dedicated link after m attempts.

Hence, the probability of a successful transmission at the backoff stage i + 1 after
i failures is given as follows:

(1 =)A
P(Bi/Bn) = — 1

(32)

Now, using the expression of the average delay of a successful transmission E[Dy; |
at the backoff stage i and the expression of a successful transmission probability at
the backoff stage i, we can get the expression of the average delay of a successful
transmission of a data packet on a dedicated link as follows:

E[Dg]l=)_ P(Bi/Bn)E[Dy] (33)
i=0

Finally, the avarege delay of a successful transmission of a data packet is given as
follows:
E[D] = Pp;.E[Dgl + Pspi-E[Dyp] (34)

5.2 Energy consumption

In this subsection, we give the expression of the average energy consumption of a
TSCH device to communicate. Knowing that the device consumes energy during the
transmission and the reception states and does not consumes it during backoff stage,
the average energy consumption of one device is defined as follow:

Eavg = Etrans + Erecep + Eidle- (35)

where Ejq,s is the energy consumption in the transmission state and it is given by
Eq. (36). Eyecep is the energy consumption in the reception state and it is expressed
by Eq. (37). Finally, E;4. is the energy consumption in the idle state, it is given by
Eq. (38).

m
Eirans = Pirans Z(ﬂi,o + 7Ti,—2)- (36)
i=0
m m
Erecep = Precep (Z mio(l—Pr)+ Zﬂ'i,()(l - Pe)) . 37
i=0 i=0
m wi—1 m
Epoff = Piate | Y > mij+ Y _ mi1]. (38)
i=0 j=0 i=0
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Piranss Precep and Pigj. tepresent respectively the average energy consumption in
transmission, reception and idle states.

5.3 Reliability

We will now proceed to the reliability calculation. Reliability is defined as the probabil-
ity of successful transmission of a data packet. In the TSCH mode, if the transmission
of a data packet on a shared link fails after m attempts, it will be considered lost.
Therefore, the probability of packet loss is expressed as follows:

r

=[1—(1—P)(1—P)"". (39)

Pioss =

Finally, the reliability is given by the following equation:

R =1— Pys.
=1-—prtl, (40)

5.4 Throughput

The throughput 7'H which can be reached in a TSCH network is determined as a
function of the various events which can occur on the transmission channel during a
time slot, and this on a shared link and a dedicated link.

First, we will develop the expression of the achievable throughput on a shared
link T hyp. The fundamental parameters for the calculation of said throughput are as
follows:

— Let P;gp, the probability that there is at least one transmission on a shared link in a
given slot time, i.e., the channel is busy. Given that there are n devices competing
for the channel, and each device transmits with the probability sy, then:

Prsn =1— (1 —tsn)". (41)

— Let P, the probability of a successful transmission of a data packet. In other
words, it is the probability that there is exactly one node transmitting on a shared
link, with no noise errors. This probability is also conditioned by the fact that the
channel is busy. It is given as follows:

5 ntsp(l — tsn)" " 1(1 = P,)

s = (42)
" Pisp
— Let T the time duration of a successful transmission of a data packet:
Ty =Ty + Th + tack + Tack; 43)

Where,
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— T is the time duration of payload transmission.

Ty, is the time duration of PHY and MAC headers transmission.
tack 1S the waiting time for an ACK.

— Tgack 1s the time duration of ACK transmission.

Let T, the time duration of a unsuccessful transmission of a data packet:
T = Tp + Ty + tack—to; 44)

Where, t,ci—t0 1S the timeout of an ACK.

Finally, the throughput 7 Hyj, achievable on a shared link is calculated as follows:

PtShﬁtst .
(1 — Pisp)o + Pisn PisTy + Pisn(1 — Pg)Tc’

T'Hsp = (45)

Where,

— L is the payload of a data packet.

— (1 — Pygsp) is the probability that the transmission channel is free. Hence, ((1 —
Pysi)o) expresses the average duration of a free time slot.

— (Pssn 15”) is the probability of a successful transmission on a shared link. Hence,
(Prsn PrsTy) expresses the average duration of a successful transmission on a shared
link.

— (Pisp(1 — Pyy)) is the probability of an unsuccessful transmission on a shared
link. Hence, (P;sp (1 — ﬁ,s)Tc) expresses the average duration of an unsuccessful
transmission.

We will now proceed to the calculation of the throughput that can be reached on a
dedicated link 7 Hd

Let P;4 the probability that the dedicated link is occupied by a transmission in a
given time slot.
Pg=1—(1—1p)" (46)

Let Psd the probability of a successful transmission of a data packet on a dedicated
link.
Pyg=1—P,. (47)

Let T; the duration of a successful transmission of a data packet on a dedicated
link:
Ty =Ty + Ty + tack + Tack; (48)

Let T, the duration of an unsuccessful transmission of a data packet on a dedicated
link::

T, = Tp + Ty + tack—to; (49)

Hence, the throughput 7' H; achievable on a dedicated link is given as follows:

_ PdtPdep .
(1 = Pig)o + PaPsaTs + Pia(1 — Ps)T,’

TH, (50)
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Table 3 Analysis parameters

Parameter Numerical value
macMinBE 1
macMaxBE 7

m 3

wo 2

L 100 B
ACK length 2.4 ms
ACK timeout 0.4 ms

o 10 ms
Ptrans 35.5 mw
Precep 41.4 mw
Piate 0.042 mw
PHY Header 6B

MAC Header 9B

Where,

— (1= Pyq) isthe probability that the transmission channel is free. Hence, ((1— P;4)0)
expresses the average duration of a free time slot.

— (P4 Psq) is the probability of a successful transmission on a dedicated link. Hence,
(P:q PsqTy) expresses the average duration of a successful transmission on a ded-
icated link.

— (Pyg(1 — Pgq)) is the probability of a successful transmission on a dedicated
link. Hence, (P;4(1 — Pyq)T,) expresses the average duration of an unsuccessful
transmission.

Finally, the overall throughput achievable in a TSCH network is given as follows:

TH = Cs, THyy, + CyTHy (1))

6 Performance evaluation

In this section, we analyze the numerical results obtained from the implementation
under Matlab of the mathematical model presented in the Sect. 4. The values of the
parameters used in this analysis are presented in the Table 3. The main objective of
this part is to show the impact of the number of dedicated channels and the number of
devices on the TSCH network performances.

6.1 Impact of the dedicated channels number on the performances of the IEEE
802.15.4e TSCH network

In this part, we analyze the variations of the TSCH performance metrics, namely, the
probability of retransmission, the average delay, energy consumption, reliability and
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Fig.6 Probability of retransmission versus number of dedicated channels

throughput according to the number of dedicated channels and for different number of
devices in the network. The purpose of this analysis is to see the impact of the number
of dedicated channels on the TSCH network performances.

In Fig. 6, we illustrate the variation of the retransmission probability due to col-
lisions or transmission errors, as a function of the dedicated channels number. We
note that the retransmission probability decreases with the increase in the number of
dedicated channels regardless of the network size. Indeed, by increasing the number
of dedicated channels, the probability of transmitting a data packet on a dedicated
channel increases, which means that the number of nodes competing to transmit a
data packet on a shared link decreases, and then collisions are reduced. Therefore, the
retransmission probability is decreased.

Figure 7 shows that by increasing the number of dedicated channels, the average
delay decreases. This decrease can be explained by the fact that, the transmission on
a dedicated channel does not require a waiting time. And also, as we illustrated in
the previous figure, by increasing the number of dedicated channels, collisions are
reduced, thus decreasing the probability of retransmission. As a result, the device
spends less time in the backoff state and the delay is therefore reduced.

In Fig. 8, we observe that the energy consumption increases by increasing the
number of dedicated channels. In fact, this is because the probability of transmission
increases and collisions are reduced (as explained previously), so thus the device stays
more in the transmission and reception states, thus consuming more energy.

The Fig. 9 indicates that the reliability increases with the increase in the number of
dedicated channels, regardless of the number of devices in the network.

Indeed, as the probability of retransmission decreases, the probability that the data
packets are discarded decreases when the retransmission attempts exceeded the max-
imum retry limit value. This increases the reliability of the network.

We observe in the Fig. 10 that the throughput increases with the increase in the
number of dedicated channels whatever the number the network size, and this because
the bandwidth is used more. We also notice that when the number of devices is greater
than that of the channels (up to 5 channels), the throughput obtained with a reduced
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Fig. 10 Throughput versus number of dedicated channels

number of devices (N = 6) is greater than that obtained with an average number (N
= 10) and a higher number (N = 14). Indeed, when the number of devices is large,
the number of devices competing for access to the transmission channel increases. As
a result, the probability of retransmission increases, and the channel is not used for
successful transmission. On the other hand, when the number of dedicated channels
is greater than the number of devices, we notice the opposite effect. And this because
collisions are reduced, so the bandwidth is better used.

6.2 Impact of the network size on the performances of the IEEE 802.15.4e TSCH
network

Now, we analyze the variations of the retransmission probability, the average delay,
the energy consumption, the reliability and the throughput as a function of the number
of devices for different number of dedicated channels. The purpose of this analysis is
to show the impact of network size on TSCH network performances.

We note in the Fig. 11 that the probability of retransmission increases with the
increase in the number of devices in the network. Indeed, the increase in the number
of nodes generates an increase in collisions on the shared links, and thus an increase
in retransmissions.

The Fig. 12 shows that the average delay increases with the increase in the number
of devices in the network. This is due to the increase in retransmissions caused by
collisions on shared links. Therefore, the device spends a lot of time in the backoff
state, which causes longer delays. (doubler la fenetre)

We notice in the Fig. 13 that the energy consumption decreases when the number
of devices in the network increases.

This is explained by the fact that the devices are not requested to transmit the
data. Thus a device spends more time in idle and backoff states than the other states
(transmission and reception), and thus consumes less energy.

In Fig. 14, we observe that the reliability decreases by increasing the network syze.
In fact, as the probability of retransmission increases, the probability that packets are
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lost after exceeding a maximum number of retransmission attempts increases, thereby
reducing the reliability.

We show in Fig. 15 that, when the number of dedicated channels is equal to 4 and 8,
the throughput increases respectively to 6 and 10 devices then decreases. On the other
hand, when the number of dedicated channels is equal to 12, the throughput increases
with the increase in the number of devices in the network and then stabilizes. As aresult,
it can be concluded that the throughput is affected by the collisions which generate
the retransmissions, and which are reduced when the number of dedicated channels is
large. In other words, the throughput becomes important when the collisions are low.

7 Validation

In order to validate the accuracy of the proposed mathematical model and the analytical
results obtained in Sect. 4, we have developed a simulation program based on Monte
Carlo simulations, using the Matlab programming language. In addition, to consolidate
the results obtained, we calculated a 95% confidence interval for each simulation result.
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In Figs. 16, 17, 18, 19 and 20, we respectively illustrate the numerical results of the
retransmission probability, the average delay, the energy consumed, the reliability and
the throughput, in order to compare the results of the analytical expressions obtained
in Sect. 4 with their corresponding Monte Carlo simulation results. In all the figures,
we notice a good correlation between the analytical results and those of the Monte
Carlo simulations.

In Tables 4, 5, 6, 7, 8, we will provide the numerical results of the performance
metrics considered. We observe a good correlation between the analytical results and
those of Monte Cartlo simulation. Tables 4, 5, 6, 7 and 8 also show the confidence
intervals calculated for each simulation result. Finally, according to the Figs. 16, 17,
18, 19, 20 and Tables 4, 5, 6, 7 and 8, we can conclude that the proposed mathematical
model is validated by the Monte Carlo simulation results with a good correlation.
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Table 4 Theoretical retransmission probability, simulation and confidence intervals

Number of Cd Analytic Simulation Confidence interval

2 0.91800129 0.92151611 [0.91084942; 0.93100966]
4 0.91785934 0.91886744 [0.90772011; 0.92877686]
6 0.91158326 0.91152351 [0.89710704; 0.9240797]
8 0.89268016 0.89499368 [0.87978929; 0.90842925]
10 0.84628886 0.84273726 [0.82167083; 0.86151648]
12 0.73854471 0.75035038 [0.72184524; 0.77617468]
14 0.50086623 0.52462806 [0.49553127; 0.55219107]
16 0.01019 0.03174936 [0.02447869; 0.03897074]

Table 5 Theoretical average access delay, simulation and confidence intervals

Number of Cd Analytic Simulation Confidence interval

2 48.2980481 48.3071895 [48.1094473; 48.4963607]
4 38.9845592 39.0164703 [38.8250574; 39.1982726]
6 30.5088827 30.4652941 [30.2915987; 30.6297208]
8 23.2359865 23.2922108 [23.1625875; 23.4153387]
10 17.5984791 17.5973311 [17.5036655; 17.6870381]
12 14.0121228 14.0306964 [13.9855449; 14.074651]
14 12.5378183 12.5395771 [12.5301702; 12.5489446]
16 12.35 12.35 [12.35;12.35]

Table 6 Theoretical energy consumption, simulation and confidence intervals

Number of Cd Analytic Simulation Confidence interval

2 9.99293605 9.33183514 [9.32425273; 9.34025017]
4 12.9458384 12.3059686 [12.2946605; 12.3181715]
6 16.6865575 16.1005686 [16.0788665; 16.123979]
8 21.236031 20.8028439 [20.7654339; 20.8427491]
10 26.3737251 26.100008 [26.0501705; 26.1525267]
12 31.5589682 31.4853702 [31.4295064; 31.5435346]
14 36.0355482 36.02872 [35.9964893; 36.0617175]
16 38.760281 38.760281 [38.760281; 38.760281]

8 Comparison

In the following, we present a comparison between our results and the results presented
in [32], which considers only the communications on a shared link. Indeed, we will
provide a comparative study between the results generated by the analytical model
provided in Sect. 4 and those generated by the analytical model presented in [32]. We
analyse the variation of the retransmission probability, the average access delay, the
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Table 7 Theoretical energy consumption, simulation and confidence intervals

Number of Cd Analytic Simulation Confidence interval

2 0.28981226 0.28942952 [0.27868246; 0.30047709]
4 0.29025144 0.29209627 [0.277918; 0.30679551]

6 0.30946554 0.30671876 [0.290968; 0.32307127]

8 0.36498565 0.36294527 [0.34343725; 0.38316829]
10 0.48705063 0.49013855 [0.47255733; 0.50802131]
12 0.70248617 0.69571085 [0.6779707; 0.71335415]
14 0.93706576 0.93719069 [0.93041709; 0.94360291]
16 0.99999999 0.99999995 [0.99999993; 0.99999997]

Table 8 Theoretical throughput, simulation and confidence intervals

Number of Cd Analytic Simulation Confidence interval

2 89.42611 76.9825467 [77.0019234; 76.9640427]
4 101.887599 94.2817072 [94.3427836; 94.2233463]
6 131.71569 129.175081 [129.275221; 129.079786]
8 171.824387 172.207652 [172.287439; 172.131439]
10 210.857963 212.303809 [212.345107; 212.264317]
12 240.902672 243.130548 [243.138087; 243.123213]
14 262.771737 264.57208 [264.572713; 264.571458]
16 289.138759 289.21609 [289.21609; 289.21609]

energy consumption, the packet loss and the throughput according to the number of
devices with 08 dedicated channels for our model.

In Fig. 21, we study the variation of the retransmission probability obtained from
our analytical model and that obtained from the model proposed in [32]. We notice
that the retransmission probability increases by increasing the number of devices in
both cases. However, the retransmission probability obtained from our model is less
important than that obtained from the model proposed in [32].

The main reason is that our model takes into account the transmissions on both
dedicated and shared links, thus the number of devices sharing a link is limited.
Whereas, the model proposed in [32] takes into account only the transmissions on
the shared links, so all the devices content the channel for transmission.

Figure 22 shows the data packet loss rate as a function of the number of devices.
The behaviour of this figure is similar to that of Fig. 21 for both models, because the
data packet loss rate is strongly related to collisions and transmission errors.

We illustrate in Fig. 23 that, the average access delay increases with the increase
of the number of devices. Indeed, when the number of retransmissions increases, the
device tries more times for transmitting one data packet and spends much time in the
backoff state. However, the average delay generated from our model is significantly
smaller. The reason is the retransmission on the dedicated links.
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We note in Fig. 24 that the energy consumption for a successful transmission of one
bit per device increases with the increase in the number of devices. Because, the device
tries more times to transmit the data packet, consuming more energy. Nevertheless,
the energy consumption obtained from the model presented in [32] is significantly
high.

We show in Fig. 25 that the throughput obtained from our model is higher than
the one obtained from the model proposed in [32]. We explain this by the fact that
the throughput is affected by collisions and transmission errors which are minimized
when using the dedicated links.

9 Conclusion

The main goal of this paper is to highlight the benefit use of dedicated links on
802.15.4.e TSCH performances. To do this, we have proposed an analytical model
based on a two-dimensional discrete-time Markov chain for the modeling of the IEEE
802.15.4e TSCH method. The proposed model takes into account the transmissions
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on the two types of links, such as shared and dedicated links. We have studied in more
detail the transmission rules of the TSCH-CA protocol, that is to say the successful
and unsuccessful transmissions on the two types of links. Solving the stationary prob-
ability equations of the proposed Markov chain model has allowed us to estimate the
data packet transmission probability. The latter has been used to derive the expressions
of the performance metrics, namely: average access delay, energy consumed, reliabil-
ity and throughput. Monte Carlo simulations for which we have attached confidence
intervals were also carried out in order to validate the proposed model. We have ana-
lyzed the influence of the number of dedicated links and the number of devices on the
TSCH network performances. The results obtained have shown the important gains of
dedicated channels. They have proven that increasing the number of dedicated chan-
nels improves network performances. This is made by decreasing the retransmission
probability, which leads to reduce the average access delay, to increase the reliability
and the throughput. All this improvements are important for industrial applications in
WSNs.
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