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Abstract

The recent advancements in the field of wireless sensor networks have enabled a large number of applications
with different requirements in Quality of Service(QoS). With an ever-growing demand in meeting deadlines and
reduced power consumption, the world moves towards the paradigm of Internet of Things (loT). loT aims at several
application domains such as industries, health care systems and consumer electronics where any kind of device
or even a living being will be interconnected digitally. Among several standards that provide support to move
towards loT, the IEEE 802.15.4€ is a recently published protocol, which is specifcally designed to meet the QoS
requirements of industrial applications. This protocol provides several amendments to the MAC sublayer of IEEE
802.15.4-2011 standard. IEEE 802.15.4e provides five different Medium-Access Control (MAC) behaviors,
including three that target time-critical applications: Deterministic and Synchronous Multichannel Extension
(DSME); Time Slotted Channel Hopping (TSCH) and Low Latency Deterministic Network (LLDN). However, the
standard and the literature do not provide any worst-case bound analysis of these behaviors, thus it is not
possible to effectively predict their timing performance in an application, and consequently to accurately devise a
network with such constraints in mind. This paper fills this gap and contributes with models for the three
aforementioned behaviors using Network Calculus. These models allow deriving the worst-case performance of
the MAC behaviors in terms of delay and buffering requirements. We then complement these results by carrying
out a thorough performance analysis of these MAC behaviors by observing the impact of different parameters.
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Abstract: The recent advancements in the field of wireless sensor networks have enabled
a large number of applications with different requirements of Quality of Service(QoS).
With an ever-growing demand in meeting deadlines and reduced power consumption,
the world moves towards the paradigm of Internet of Things (IoT). IoT aims at several
application domains such as industries, health care systems and consumer electronics
where any kind of device or even a living being will be interconnected digitally.

Among several standards that provide support to move towards IoT, the IEEE
802.15.4e is a recently published protocol, which is specifically designed to meet the QoS
requirements of industrial applications. This protocol provides several amendments to the
MAC sublayer of IEEE 802.15.4-2011 standard. IEEE 802.15.4e provides five different
Medium-Access Control (MAC) behaviors, including three that target time-critical
applications: Deterministic and Synchronous Multichannel Extension (DSME); Time
Slotted Channel Hopping (TSCH) and Low Latency Deterministic Network (LLDN).

However, the standard and the literature do not provide any worst-case bound
analysis of these behaviors, thus it is not possible to effectively predict their timing
performance in an application, and consequently to accurately devise a network with such
constraints in mind. This paper fills this gap and contributes with models for the three
aforementioned behaviors using Network Calculus. These models allow deriving the worst-
case performance of the MAC behaviors in terms of delay and buffering requirements. We
then complement these results by carrying out a thorough performance analysis of these
MAC behaviors by observing the impact of different parameters.
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1 Introduction

Wireless Sensor Networks have been enabling an ever-
increasing span of applications in domains such as
industrial automation, environmental monitoring and
personal health care. Naturally, each of these domains
impose a different balance in the quality of service of
an application. For example, in the industrial domain,
applications are often deployed in harsh environments
under which they have to ensure higher robustness and
reliability in addition to increased lifetime and rigorous
timeliness.

To address several of these properties, the IEEE
802.15 Working Group for Wireless Personal Area
Networks (WPAN) proposed the IEEE 802.15.4e
amendment [1], aiming at enhancing and extending the
functionalities of the IEEE 802.15.4-2011 protocol [2].
This is achieved by proposing several MAC behaviors,
which besides providing deterministic communications
are also fitted with a multi-channel frequency
hopping mechanism. For example, Deterministic and
Synchronous Multichannel Extension (DSME) and
Time Slotted Channel Hopping (TSCH) are fitted
with guaranteed timeslots and multi-channel frequency
hopping mechanism. There are also other MAC
behaviors like the Low Latency Deterministic network
(LLDN), which uses Time Division Multiplexing Access
(TDMA) to provide timing guarantees. Nevertheless,
thorough network planning is needed to correctly address
the demands of the network in terms of delay and
resources. To achieve this, modeling the fundamental
performance limits of these networks is of paramount
importance to understand their behavior under the
worst-case conditions, and effectively allocate the
necessary resources.

In this paper, we:

e present an extended analytical model to calculate
the worst case bounds of the DSME, TSCH and
LLDN MAC behaviors of the IEEE 802.15.4e,
based on Network Calculus formalism, thus
extending our previous work in [3]. This work
only partially addressed DSME and TSCH, and no
thorough analysis had been carried out.

e devise methods to calculate the throughput and
the overall delay of the time critical MAC
behaviors of IEEE 802.15.4e.

e carry out a complete performance analysis of all
the time critical MAC behaviors of IEEE 802.15.4e
in terms of throughput and delay.

The remaining of the paper is organized as follows:
In the next section we present an overview of the related
work. In Section III, we provide an overview the IEEE
802.15.4e protocol and in particular the DSME, TSCH
and LLDN MAC behaviors. The delay bound model
devised using network calculus for the aforementioned
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MAC behaviors is proposed in Section IV and the
paper ends with a performance evaluation of these MAC
behaviors and some final remarks.

2 Related Work

Emerging applications in IoT and CPS, have been
increasingly imposing stringent time constraints. Due
to its pervasiveness, wireless sensor networks became
interesting infrastructures to support such systems [4],
particularly with standards such as IEEE 802.15.4
[2]. Though this standard provided new opportunities
of communications in the field of Low-Rate Wireless
Personal Area Networks (LR-WPAN), it lacked features
to suit the stringent time constraints, scalability
and reliability features of realtime networks. Several
protocols [5], [6] have been developed for Wireless Ad-
Hoc networks aiming at improving the Quality of Service
(QoS) of the network. These protocols provide additional
enhancements like multi-channel access and adaptive
channel hopping to ensure the timeliness and reliability
of the network, but these do not address any particular
standard. Relying on standardized technologies is
important, specially with the IoT paradigm where all the
devices are expected to communicate and even actuate.

There are already a few works that analyze the time
critical MAC behaviors of the TEEE 802.15.4e. The
authors in [7] have analytically compared the DSME
MAC behaviour of IEEE 802.15.4e to the traditional
IEEE 802.15.4 in terms of throughput and end-to-end
delay. The throughput of the DSME was 12 times
higher than IEEE 802.15.4 slotted CSMA/CA in a
multi-hop network. The DSME MAC behaviour was
also analytically analyzed in [8] under interference of
Wireless Local Area Network (WLAN). Due to its
multi-channel access mechanism, DSME-GTS was more
resilient to interference in comparison with IEEE 15.4
slotted CSMA-CA.

Concerning TSCH, in [9], authors have developed
analytical models for channel hopping mechanisms, and
proposed efficient ideas like black listing algorithms.
A comparative assessment [10] of the DSME and the
TSCH MAC behaviors has been developed using the
OMNet++ simulation environment. Interestingly DSME
was found to outperform TSCH in terms of end-to-end
delay when the number of nodes decreases. Watteyne
et al explored the capabilities of TSCH. They present
a hardware model [11] to estimate the delay, power
consumption and throughput of a network. This model
supports SmartMesh IP, a commercial solution for highly
reliable and ultra low-power wireless sensing.

Efficiency and scalability of the LLDN was enhanced
using improved multichannel communication in [12].
OMNet++ was used to simulate this model. There is
a performance evaluation with respect to variations in
the superframes in which the authors of [13] provide an
insight about the relationship of superframe size, base
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timeslot size and data payload. A mobility-aware (MA-
LLDN) scheme has been implemented for LLDN in [14].
The authors claim that this approach minimizes both
latency and energy consumption when compared to the
standard LLDN enabled network.

The current state of the art focuses mostly on
improving the QoS aspects of the networks, but it lacks
in characterizing the service provided by MAC behaviors
and providing the respective delay bounds. Modeling the
worst case bounds will help in understanding the aspects
that impact the performance of the network.

In our previous work [3], we presented analytical
models for DSME and TSCH MAC behavior and we
derived equations for the traffic flows and service offered
by these MAC behaviors. It lacked the model for LLDN,
for an extensive comparison between all the MAC
behaviors and a thorough performance analysis.

In this paper, we define the worst case bounds
for DSME, TSCH and LLDN using Network Calculus.
Network Calculus is a mathematical tool used to provide
deep insights into flow problems faced in networking. It is
an approach independent from the traffic representation
and more adapted to the computation of network delays
[15]. To the best of our knowledge, we are the first
to use Network Calculus methodology to effectively
determine the delay bounds of the IEEE 802.15.4e time
critical MAC behaviors. In addition, we also provide an
extensive performance analysis for all the time critical
MAC behaviors of IEEE 802.15.4e in respect to delay
and throughput.

3 IEEE 802.15.4 e - An overview

The IEEE 802.15.4 standard [2] specifies the Physical
and Data Link Layers of the communication stack. Its
MAC (Medium Access Control) supports the beacon-
enabled or non beacon-enabled modes that may be
selected by a central controller of the WSN, called
Personal Area Network (PAN) coordinator. Beacon-
enabled mode enables the provision of guaranteed
bandwidth through the Guaranteed Time Slot (GTS)
mechanism. In this mode, beacon frames are periodically
sent by each PAN coordinator to synchronize nodes that
are associated to it and to form a structure called the
superframe. The superframe specified in IEEE 802.15.4
is divided into 16 equally-sized time slots, within which
data transmission is allowed. Each active portion can
be further divided into a Contention Access Period
(CAP) using slotted CSMA/CA for best-effort data
delivery, and an optional Contention Free Period (CFP)
supporting the time-bounded data delivery. The CFP
supports up to 7 GTSs and each GTS may contain one or
more time slots. Each GTS can be used to transfer data
either in transmit direction, i.e. from child to parent node
(upstream flow), or receive direction, i.e. from parent
to child node (downstream flow). Despite having a very
powerful architecture, because of the limited number
of timeslots and absence of multichannel access, IEEE

802.15.4 was not able to cope up with the scalability and
QoS requirements of realtime IoT applications.

The IEEE 802.15.4e standard [1] proposes an
enhanced version of IEEE 802.15.4-2011, introducing
a set of MAC behaviors which are tailored provide
additional QoS support. Mechanisms which are
prominent in the industrial communication field such as
frequency hopping, dedicated and shared timeslots and
multichannel communication have been implemented
in this amendment. In this section, we provide an
insight into three MAC behaviors: DSME, TSCH and
LLDN. These MAC behaviors are enhanced with unique
properties and they aim at guaranteeing determinism
and improving QoS properties like timeliness, reliability
and scalability of the network.

3.1 DSME MAC Behavior

A DSME enabled PAN coordinator relies on a
multi superframe structure, which is composed of a
cycle of superframes that are similar to the IEEE
802.15.4 superframe format. Details such as the
number of superframes in a multi superframe and the
synchronization are conveyed to the nodes through an
enhanced beacon which is transmitted by the PAN
Coordinator at the beginning of every multi superframe.
The nodes contend for the channel in the CAP region
using standard CSMA/CA. The CFP is composed of
multiple communication slots across different channels,
which can be occupied by any pair of nodes within the
transmission range. These slots are called DSME GTSs.
Figure 1 shows the multi superframe and superframe
structure of the DSME MAC behaviour. In Figure 1, the
columns in the CFP region of the superframe structure,
indicate timeslots and the rows indicate the channels
available for hopping.

Beacon Beacon
| Superframe 1 Superframe 2 | Superframe 3 |
CAP CFP CAP CFP CAP CFP CAP CFP
| PR ————— Fmmmm————— e —————————
* MultuframeTl ' \T " Multiframe 2
S.
o e UMD
o o
CAP CFP
I T T T T=H>1DSME GTSs
I
11 11 TlchannelN

Figure 1 DSME Throughput analysis - CAP reduction

3.2 TSCH MAC Behavior

In a TSCH network, the concept of superframes
used in beacon enabled communication protocols was
shifted into periodically repeating slotframes. Every
slotframe is composed of multiple timeslots and in
each of these pre-defined periods of communication.
TSCH uses either contention free or contention based
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communication, depending on if it is using a reserved or
a shared timeslot to transmit a frame, and eventually
an acknowledgement. Multi-channel support is one of
the major characteristics of the TSCH MAC behaviour.
There are 16 channels available for hopping in TSCH.
Absolute Slot Number (ASN) for every timeslot increases
globally and is used to find the number of elapsed
slots since the beginning of the network. Figure 2
shows a slotframe with three timeslots. Two devices
communicate through 2 channels. In timeslot 1 (Tsl),
device A transmits its data to B through channel 1
and during timeslot 2 (Ts2) B transmits to C through
channel 2 and during timeslot 3 (Ts3) the device remains
in an idle state. The slot frame repeats periodically.

ASN=0 ASN=1 ASN=2 ASN=3 ASN=4 ASN=5

Ts1 c1 |Ts2 c2| Ts3 |Ts1 ¢ |Ts2 c2] Ts3

A->B B->C A->B B->C
‘2ﬁ: TS s =~ . o Tcycle
" ) B4 ~ . Iransmitter

Py

MACTsCCA offset [MAC CCAI Transmission of Datal ACK delay erl Wait for ACK and receive ACK

Mac transmission offset

Receiver
MAC TxRx offset I Reception of Data frame I ACK Delay Txr I Transmit Acknowledgement

Figure 2 Three timeslot-slotframe of TSCH

3.8 LLDN MAC Behavior

LLDN exclusively uses a beacon enabled star topology
with a minimal superframe structure called the LL
frame(Figure 3) for transferring data. The beacon issued
by the PAN coordinator at the start of the superframe
provides the schedule for the entire network (time
synchronization data).

L Uplink TS

P M anaggment Retransmlssmn |
1Sl s

. |

1 Dow
! . link | 1
1 1]

Figure 3 Low-Latency Frame

| Bidirectional TS

T

-Dedlcated upllnk Ts
I Downlink Ts

Superframes Beacon Interval

Following the beacon, an LL frame is composed
of a two management timeslots (one uplink and one
downlink), uplink timeslots and bidirectional timeslots.
The management timeslots are used during the setup
phases of the network, in which the discovery and
configuration of a new device is done. Following the
management timeslots, the uplink timeslots can be used
for unidirectional transmissions (from node to the PAN
coordinator). PAN Coordinator can assign a timeslot for
a specific nodes transmission. Bidirectional timeslots are
used to send the data from the PAN Coordinator to the
nodes and vice-versa. The direction of the bidirectional
timeslots is set during the setup phase. We focus on the

transmitting stage of the setup phase in Section 4.5 for
our analysis, for a fair comparison with the other MAC
behaviors, considering it is only in the Online state the
data transmission takes place.

4 Delay bound using network calculus

Network Calculus is a theoretic formulation which is well
adapted to controlled traffic sources and provides upper
bounds on delays for traffic flows [16]. For a cumulative
arrival function R(t) there exists an arrival curve a(t) =
b+ rt where b, r, t are the burst size, data rate and time
interval respectively. A minimum service curve §(t) is
guaranteed to R(t). As shown in Figure 4, the maximum
delay of the network is given by the horizontal distance
between the arrival and the service curves. The delay is
computed in accordance to the maximum latency of the
service (T) and the data rate (r) as shown in Equation
1:

$+T (1)

Dmaac =
The leaky bucket (b,7) model is used to derive the
network models of DSME and TSCH. It is simple and
it can represent the higher bound of any kind of traffic.
The variance between the (b,r) curve and the realistic
model is adequate for periodic traffic which is commonly
the case of Wireless Sensor Networks.

4>

Arrival (bits)

Time(r:s)

Latency T
Arrival curve, service curve, delay bound

Figure 4

4.1 Service curve analysis of DSME

Let us consider a single PAN coordinator and a set of
nodes forming a DSME enabled IEEE 802.15.4e network.
The PAN coordinator sends an enhanced beacon to every
multi superframe, and a beacon to each superframe. The
superframe duration of DSME enabled network when
SO = 0 (i.e) aBaseSuperframeDuration will be 15.36 ms,
considering an ideal data rate C' of 250 Kbps. [3]

It is mandatory that the data transmission, Short and
Long Inter-Frame Spacing (SIFS (.048 ms), LIFS (.16
ms) and acknowledgements/Group acknowledgments (if
requested) are accommodated within the end of a DSME
GTS slot for successful transmission of a message. For
the sake of simplicity, we consider one data frame
transmission in each a DSME GTS per superframe.
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The size of a timeslot in a superframe, T, is given
by,

T, = P
16

= aBaseSuper frameDuration x 25074(2)

Every timeslot Ts in a superframe is made up of
Taata and Tigie. Taate 18 the maximum duration used for
data transmission in a guaranteed timeslot. T;g. is the
time period that accommodates the acknowledgments
and inter-frame spacing in the network. As shown in
Equation 3 latency T, the time for which a burst waits
for its service is the difference between the bursts arrival
at the beacon interval and the time at which the data is
served.

T =BI-T, (3)

The overall service provided by the network can be
given by the product of the data rate and the time at
which the system receives the service. The service given
for the guaranteed timeslots i.e the number of bits that
has to be sent during a GTS during a time ¢ is given by
Equation 4,

C ((t— (BI-T,)))",v0 <t < BI—"Tige
B = { : (4)
0, otherwise

wherex™ = max(0, z)

This value of the service curve can be derived to N
number of superframes, similar to the equation derived
for the service curve for n superframes of IEEE 802.15.4
in Reference [17]. The service of the Ny, superframe is
given by:

(N = 1)CTuata + C (t — (N(BI — Ty)))*

By = V0<t < (N —1)BI —Tige (5)
0, otherwise
The DSME GTS service curves of DSME MAC

behaviour is given as a staircase model in Figure 5.

4 Tgata

idle
B DSME GTSs

Arrival (bits)
4

1

i

1

1

1

1

1

;

1

10

3

e 2
1

i

1

1

1

\

CAP CFP cAP CF
11 1
| | 1
| - 1

Multiframe

Figure 5 Service curve of DSME MAC

4.2 Delay bound and Throughput analysis of
DSME

The summation of every individual delay bounds for
every superframe within a multi superframe will give its
overall delay bound. For burst size b greater than CTy4¢q,
the maximum delay bound of the first superframe D ;4.1
with m channels will be the horizontal angular distance
between the arrival curve and the first stair as shown in
Figure 5. In accordance to Equation 1 for a minimum
service of (t) will be provided for cumulative data flow
R(t), the delay will be:

b
Dma:vl = 6 + ( BI — TS) Zf b < CTdata (6)

When N(CTiara) < b < (N +1)CTaara), the delay of
the system with N number of super-frames and m
channels is given by:
b
m x C

Dpazn = + ((N+1)BI — Ts) — Ntgata (7)

ifN(CTdata) <b < (N + 1)CTdata

We employ the method used in [18] for the
throughput calculation of all the time critical MAC
behaviors. DSME has the identical parameters for inter-
frame spacing similar to that of legacy IEEE 802.15.4.
The throughput of a DSME enabled GTS will be the
same as that of IEEE 802.15.4 under same parameters
such as arrival rate and data rate, if multichannel
access is not taken into consideration. Whereas from
a network perspective, considering the entire CFP,
channel capacity will have an increasing impact on
the overall network throughput. The following Equation
8 is derived based on the throughput derivation in
[18] and it represents the overall network throughput,
which is defined as the maximum amount of traffic that
can be transmitted simultaneously over the network.
The throughput formulated for m channels and n
superframes is given by:

(b+1Ts)/BI,
((Ts = (Nprrps — 1) - LIFS

Thymez = 1 X min —A(IFS) C-m/BI,(8)

max

TS—NS[FS . SIFS)) Cm/BI

4.8 Service curve analysis of TSCH

The aim of the TSCH network model is to derive
an expression for the delay bound of an arrival rate
R(t) bounded by a (b,r) curve for a single timeslot
in a non-contention-based slotframe. In accordance to
the standard, the duration of every timeslot (75) is
strictly 10 ms [1]. During a transmission in non-shared
dedicated timeslot, an unit timeslot has to accommodate
acknowledgment delays (on the receiver and transmitter
end), and the receiving and transmitting frames.
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Every timeslot is comprised of equal periods and is
composed of Tyarq and Tigie. Tyata is the time duration
for a data transmission in the timeslot. T;4. comprises
the acknowledgment delays, MAC (transmission and
reception) offsets and acknowledgments. Let us consider
Teycle to be the duration for which the slotframes repeat
periodically. The latency (7') for data transmission in
one timeslot in a slotframe is given by Equation 9 and
the service obtained by the first slot frame for a time ¢
is given by Equation 10:

T= Tcycle - Ts (9)
B = C(t - (Tcycle - Ts))JrVO <t< Tcycle — Tigie (10)
0, otherwise

Considering a TSCH enabled network with N number
of slotframes, the overall service of the system till the
Nth timeslot can be computed as follows:

(N —1)CTuata + C (t — (NTeyere — Tnv)) ™
Y0 S t S (N - 1) (Tcycle

0, otherwise

Bn =

The service curve of the TSCH MAC behavior results
in a staircase shape as depicted in Figure 6.

r

r OData transmission

—_— Ty

T\dle

Arrival (bits)

————-»: J¢=—=

]
ycle !
ITsO Tsl |@I TsO | Tsl @I TsO |T51 I

Figure 6 Service curve of TSCH MAC

4.4 Delay bound and throughput analysis of
TSCH

For the first slotframe, assuming that b < CTy4¢q, the
maximum delay bound D;,,,1 will be the horizontal
angular distance between the arrival curve and the
first stair. We consider that a minimum service of
B(t) is provided for cumulative data flow of R(t), the
corresponding delay will be:

b
Dmaxl = 5 + (Tcycle - Ts) (12)

When N(CTiata) < b < (N + 1)CTyata), the delay of
the system with N number of slotframes is given by:

b
Dma:cN = 6 + ( (N + 1)Tcycle - Ts) - Ntdata (13)

— Tidte) (11)

The overall throughput of TSCH networks is a
function of the duty cycle. Tyusycycte is the ratio of the
current Toycre, which is the active period of the network
to the total number of Tcyees present in the network.
The throughput taking a single timeslot to account can
be given by:

Th?“OUghPUt = (Tdata/TdutyCycle) x C (14)

Considering the multichannel aspects of TSCH and
assuming m is the number of channels, the value of
the network throughput Thase,, which is the maximum
traffic transmitted simultaneously over the network is
given by:

Thmam = ((b +r- TS)/Tdutycycle)m x C (15)
4.5 Service curve analysis of LLDN

LLDN network setup is composed of three different
states: Discovery, Configuration and Online. In the
Discovery state, the device that wants to join the
networks scans the available channels for a LLDN PAN
coordinator which is broadcasting beacons indicating
discovery state. The scanning device sends its current
configuration to the PAN coordinator during this state,
which is in-turn acknowledged. In the Configuration state
the PAN Coordinator sends the new configuration details
for the receiving device. The configuration message
contains the length of the management slots and the
directions of the bidirectional frames. Each device
will receive a number of shared/dedicated timeslots
in accordance to its respective IDs. LLDN facilitates
retransmission using uplink timeslots in case of collisions.
For the service curve analysis, we only consider the
Online state as data transmission and retransmission
occurs solely in this state. We design the Network
Calculus model assuming a data transmission from a
dedicated node to a PAN coordinator (uplink timeslot)
and the transmission from PAN coordinator to the node
using a bidirectional timeslot (configured to downlink).
It is mandatory that the data transmission, inter-frame
spacing and acknowledgments/Group acknowledgments
(if requested) complete within the end of the allocated
timeslot for a successful data transmission.

Let us consider a dedicated slot allocated for
single node as Typiink and Tyowntink as the timeslot
allocated for the transmission of data from the PAN
coordinator. Both are composed of Ty,¢a and Tigie- Taata
is the maximum duration used for data transmission
inside the dedicated timeslot and T;4. comprises the
time occupied by inter-frame spacing (IFS) and group
acknowledgments. The latency for an LLDN enabled
network is the difference between the bursts arrival (start
of the beacon interval) and the time at which the data is
served either as an uplink or a downlink. The maximum
latency, T either in the uplink or the downlink is the time
a burst may wait for a service. It is given by Equation
16:

T = BI — [Tuplink/downlink] (16)
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The total service provided by the network is given as
the product of the data rate and the time at which the
system receives the service. The service curve (Figure
7) calculated over time ¢, is the minimum number of
bits that has to be transmitted during an uplink of a
dedicated node.

C (t — (BI = Tuprink))™
V0 <t < (N —1)BI — Tiqe

0, otherwise

(17)

Buplink =

Similarly the service curve for the downlink slots can
be derived as,

C (t - (BI - T‘downlink))+
V0 <t <(N—-1)BI - T

0, otherwise

ﬂdownlink = (18)

LLDN works using the mechanism of Time Division
Multiplexing Access (TDMA). The superframes repeat
in cyclic intervals. If N is the total number of cycles for
which the superframe repeats, the service of the system
can be given by:

Bn =N x B[Uplink/downlink] (19)

Thode
downlink

/

Upllnk TS Bldlrectlonal TS

EDI A

B Dedicated uplink Ts
Superframe I Downlink Ts

Arrival (bits)

II.I !

Figure 7 Service curve of LLDN MAC

4.6 Delay bound and throughput analysis of
LLDN

To calculate the delay bound, we consider the
transmission of data in one timeslot (7) in a single
LL frame. Ty can either be an uplink timeslot or a
downlink timeslot. The maximum delay bound will be
the horizontal linear distance between the arrival curve
and the first stair. The value of the delay can be given
as follows:

b

Dma:cl = 6 +( BI — Ts) (20)

The maximum delay of a network having N
superframes can be given by:

N

Dmaz network — Z DmawN (21)
1

The throughput of a single LLDN node depends
on the Tyqtq which is composed of either Typiink or
Taowniink or both depending upon the configuration of
the network. The throughput equation can be given by:

Thmae = (Tuplink/downlink/BI) x C (22)
Considering Ts can either be an uplink or a downlink,
the maximum traffic transmitted simultaneously over
the network (i.e) the network throughput is given by
Equation 23,

(b+rTs)/BI,
T, — (N —1)-LIF
Thipar = min ((Ts = (Nures ) s
max ¢ —A(IFS)C/BI,

Ts — NSIFS . SIFS))C/BI

5 Performance Evaluation

We have implemented a MATLAB tool which has been
submitted for inclusion in the Open-ZB framework
[19]. It implements the network calculus models of
DSME, TSCH and LLDN networks. Being LLDN, a star-
topology exclusive network, we consider star topology
for all the MAC behaviors to even the field in terms
of performance analysis, then we summarize the main
lessons.

5.1 DSME Performance Evaluation

In the multi superframe format of DSME several
superframes can be stacked one after the other within
a specific beacon interval. If we compare a transmission
in a DSME GTSS slot with an IEEE 802.15.4 GTS
slot, under the equal conditions like superframe duration,
traffic and burst size, the throughput will remain the
same. However, the maximum throughput of a DSME
network can be increased using effective techniques such
as CAP reduction. Using CAP reduction technique,
the CAP region of a superframe can be completely
eliminated and be replaced with a CFP region. The
entire multi superframe will be composed of a single
CAP region and larger CFP region. CAP reduction
can be enabled by the PAN coordinator by issuing an
information element through an enhanced beacon at
the beginning of the multi superframe. For the analysis
we take a multi superframe that accommodates three
superframes. Using Equation 8, we computed results
with and without CAP reduction, for different arrival
rates ranging from 5-100 Kbps. This was carried out for
a sequence of superframe orders.

From Figure 8, it can be inferred that an average
7% increased network throughput is obtained under
CAP reduction, as the available guaranteed timeslot
bandwidth increases. CAP reduction also increases the
overall scalability of the system by inclusion of additional
DSME GTSs slots.
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~<@-— (=5kbps - DSME

- == =50kbps - DSME

==®-~ r=100kbps - DSME
r=5kbps - CAP reduction
r=50kbps - CAP reduction

== 0= =100kbps - CAP reduction

network throughput

Super frame Order

Figure 8 DSME Throughput analysis - CAP reduction

Because Multichannel capability is such a prominent
enhancement from IEEE 802.15.4, we compared the
service delay for a burst to receive its service in
legacy IEEE 802.15.4 and a multichannel enabled DSME
network. In the case of DSME, we considered the usage
of multiple (2, 3, 4, 6) channels providing an equal
bandwidth of 20 Kbits/sec for transmission. Figure 9
shows the delay calculation of the DSME with respect
to IEEE 802.15.4. It is clearly evident that DSME
outperforms IEEE 802.15.4 because of multichannel
capability. For instance, when using five channels, we
observe that the delay gets reduced almost by more than
50% in comparison to IEEE 802.15.4.

140

=== 3802.15.4
= @& channels - 2
1200 e channels - 3 g
channels-4 g
ool —6— channels-5 /,-’
‘A
— ’¢’
= 80r ’_/‘
3 ..
° -
3 -
® 60 el - -
£ P -
S & - "

20 25 30 35 40 45 50
Burst Size (Kbits)
Figure 9 DSME Delay Analysis - Function of burst size

5.2 TSCH Performance FEvaluation

Regarding TSCH, we learned and analyzed the impact
of the average arrival rate on the maximum throughput
using Equation 15. We considered 5 channels providing
equal data rates of 250kbps. Figure 10 is plotted for a
constant burst size of 2 kbits and different arrival rates.
It is clear that the throughput decreases by 20 to 13%
with the increase of the duty cycle. In addition, higher
arrival rates allow achieving higher throughputs. Due

to DSMEs multi superframe structure and multichannel
capabilities, TSCH gives a lesser throughput if compared
with DSME.
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~ e @ -
o~ o - o e —e . _:___ ---- Preerraneaiey 0
T - — —- - — ¢ =
0 : s ‘ ‘ '
0.1 0.2 0.3 0.4 05 0.6 07

Duty Cycle (percentage)
Figure 10 TSCH - Throughput to Tqutycycie

Figure 11 shows the time delay as a function of Tiycje.-
We observe that the delay increases linearly with Tty cie.
The delay increases by 7% with the increase of 10 nodes
in the network. As shown in Equation 13, the delay in
TSCH is predominantly dependent on the value of Ty ce.
According to the standard IEEE 802.15.4e, the value of
T, is fixed at a default value of 10 ms, this results in
zero delay till the value of T,yqe of 10 ms is reached.
This makes TSCH a very suitable MAC behavior for
application that operate under small T¢ycies-
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Figure 11 TSCH - Delay over Tiycie

5.8 LLDN Performance Evaluation

For the throughput analysis of LLDN, we consider
BO=S0. We increased the values of the superframe
order of the LL frame to learn the impact on its
respective throughput. From Equation 22, we infer that
throughput remains a function of the data rate and
it diminishes with the increase of the Beacon Interval
(BI). Figure 12 was plotted for a data rate varying from
60kbps to 250kbps and a constant burst size of 5kbs.
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We observe there is almost 50% decrease in throughput
with the increase superframe order because of wasted
bandwidth.
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Figure 12 Throughput of LLDN

We also tried to understand the effect of delay over
the number of timeslots. Delay decreases as the amount
of timeslots available to accommodate the data increases.
As shown in Equation 20 and 22, the increase in delay
is more dependent on the value of T\piink OF Tyowniink-
Figure 15 gives the impact of the number of timeslots
over the delay of the system. The number of nodes was
varied from 1-15 to be accommodated by timeslots of
equal length. It can be noticed that delay increases by
80% when the number of nodes are increased from 1 to
10.
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6 Discussion and Future Work

In this paper we have derived expressions for computing
the worst case bounds of the DSME, TSCH and
LLDN MAC behaviors to guarantee the right latency
and reliability for a IEEE 802.15.4e network. We
also provided a performance analysis in terms of
throughput and delay to understand the impact of

several parameters in the IEEE 802.15.4e performance.
We were able to infer that because of multichannel
access, a DSME network is able to outperform IEEE
802.15.4 in terms of end-to-end delay and throughput.
We explored the different capabilities of DSME such
as CAP reduction to analyze its advantages. We
also analyzed the impact of the arrival rates on the
throughput of the LLDN and TSCH MAC behaviors. We
were able to infer that these MAC behaviors are suited
to support different application scenarios due to its
flexibility. For example, DSME will be a suitable MAC
behavior to implement large scale applications such as
structural health monitoring where more nodes have to
be connected to a network. LLDN will be suitable for
low latency and dense applications in which the network
has to be robust and at the same time provide low
latencies. On the other hand, TSCH would be efficient
for applications with low end-end delays.

We believe that this work will enable us to design
more efficient ways of scheduling transmissions in these
protocols and carrying out efficient network planning, by
computing in advance the worst case service and needed
resources.

As a future work, we aim at implementing a
simulation model for these networks which will enable
us to compare results with the analytical model. We also
intend to develop an open-source implementation of this
protocol for Commercially Off The Shelf WSN platforms
(COTS) (e.g. TelosB devices), to validate the results over
real WSN hardware.
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