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Analysis and experimental evaluation of IEEE
802.15.4e TSCH CSMA-CA Algorithm

Domenico De Guglielmo, Beshr Al Nahas, Simon Duquennoy, Thiemo Voigt, Giuseppe Anastasi

Abstract—Time Slotted Channel Hopping (TSCH) is one of the
MAC behavior modes defined in the IEEE 802.15.4e standard. It
combines time slotted access and channel hopping, thus providing
predictable latency, energy efficiency, communication reliability,
and high network capacity. TSCH provides both dedicated and
shared links. The latter are special slots assigned to more than one
transmitter, whose concurrent access is regulated by a CSMA-
CA algorithm. In this paper we develop an analytical model
of the TSCH CSMA-CA algorithm to predict the performance
experienced by nodes when using shared links. The model allows
to derive a number of metrics such as delivery probability, packet
latency and energy consumption of nodes. Also, it considers the
capture effect that typically occurs in real wireless networks.
We validate the model through simulation experiments and
measurements in a real testbed. Our results show that the model
is very accurate. Also, we found that the capture effect plays a
fundamental role as it can significantly improve the performance
experienced by nodes.

Index Terms—IEEE 802.15.4e, TSCH, Capture effect, WSANs.

I. INTRODUCTION

W IRELESS Sensor and Actuator Networks (WSANs) are
more and more perceived as an effective technology

in many application domains and are expected to play a key
role in the realization of the future Internet of Things. A
WSAN consists of a number of sensor and actuator devices
interconnected through wireless links. Sensor devices collect
information from the physical environment, perform local
processing, and send data to a controller. Based on the received
data, the controller takes intelligent decisions and performs
appropriate actions, through actuator devices, to change the
behavior of the environment. WSANs are already used in many
application domains ranging from precision agriculture to
smart cities, from location and tracking to building automation,
from healthcare to industrial applications. They have been
also recently considered for connecting sensors, switches and
actuators inside modern vehicles [1][2].

In the past years, a number of standards have been issued by
international bodies to support the development of WSANs.
They include IEEE 802.15.4 [3], ZigBee [4], Bluetooth [5],
WirelessHART [6] and ISA-100.11a [7]. In 2012 IEEE re-
leased the 802.15.4e standard [8] that extends the original
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802.15.4 standard to address the emerging needs of embedded
applications with critical requirements. IEEE 802.15.4e defines
a number of MAC (Medium Access Control) behavior modes
to support specific application domains. Among them, the
Time Slotted Channel Hopping (TSCH) mode [8] is one of
the most promising, in particular when the WSAN operates
in harsh conditions (e.g. industrial [9] or intra-vehicle [10]
environments) and when the network performance needs to
be predictable.

TSCH combines time slotted access - already available in
the original 802.15.4 MAC protocol - with channel hopping
capabilities, thus providing predictable latency, energy effi-
ciency, communication reliability, and high network through-
put. TSCH is topology-independent, as it can be used to form
any network topology (e.g. star, tree, partial mesh or full
mesh), and supports both dedicated and shared links. Shared
links are special slots assigned to more than one transmitter
and can, thus, be accessed concurrently by different nodes
through a CSMA-CA algorithm.

TSCH has received strong attention from the research
community since its release. Researches have focused mainly
on link scheduling [11][12][13], i.e. on the efficient assignment
of dedicated links to nodes for communication. Palattella et
al. propose a centralized scheduling algorithm taking into
consideration both network topology and traffic conditions
of single nodes [11]. Conversely, Tinka et al. [12] and Ac-
cettura et al. [13] focus on distributed scheduling algorithms.
Watteyne et al. [14] address the interaction between TSCH
and Internet-of-Things protocols while Stanislowski et al.
[15] study synchronization issues in TSCH. All the previous
works focus on dedicated links, while little attention has been
devoted, so far, to shared links. However, shared links are
expected to play a key role in future TSCH networks since
they will be used - in combination with, or as an alternative to,
dedicated links - during the network formation process (e.g.
to exchange routing/scheduling information) and in case of
network failure (e.g. when a free-of-collision communication
schedule is not available) as suggested in [16].

In this paper we focus on shared links and, specifically, on
the CSMA-CA algorithm used by TSCH nodes to concurrently
access shared slots. As we emphasize in Section III, the TSCH
CSMA-CA algorithm presents a number of differences with
respect to the former 802.15.4 CSMA-CA. For this reason,
we develop a new analytical model for TSCH CSMA-CA,
based on Discrete Time Markov Chains (DTMC), and use it to
predict the performance experienced by nodes when accessing
shared links. Unlike the majority of 802.15.4 CSMA-CA
analytical models, that perform a tagged-node analysis (i.e.
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they model the behavior of a single node in the network)
[17], [18], [19], [20], [21], [22], our model considers the
behavior of the entire network (i.e. all nodes altogether). This
allows to capture the complex interactions between nodes with
greater detail. In addition, it makes it possible to calculate
also aggregated network metrics. Finally, our model allows
to consider also the capture effect, i.e. the ability of some
radios to correctly receive a strong signal from one transmitter,
despite significant interference from other transmitters [23],
that has been shown to have a considerable impact in real
WSANs. We validate our model through simulation experi-
ments and measurements in a real testbed. Also, we investigate
the impact on the protocol performance of different factors,
such as MAC parameter values, packet size, node transmission
power, and channel hopping. In addition, we compare the
performance of TSCH CSMA-CA with that of the former
802.15.4 CSMA-CA. Our results confirm that the capture
effect can significantly increase the packet delivery probability
and decrease both packet latency and energy consumption of
nodes using shared links. Also, we have found that channel
hopping can improve the performance of the algorithm.

The rest of this paper is organized as follows. Section II re-
ports a survey of the analytical models of the former 802.15.4
CSMA-CA and highlights the main differences between these
models and ours. Section III introduces TSCH, with special
focus on the CSMA-CA algorithm, while Section IV describes
the analytical model of TSCH CSMA-CA. Section V presents
the analytical and experimental results. Finally, Section VI
draws some conclusions.

II. RELATED WORK

The performance of 802.15.4 WSNs has been significantly
investigated in the past and a number of analytical models
of the CSMA-CA algorithm used for channel access have
been proposed in the literature. Despite the original 802.15.4
CSMA-CA presents a number of differences with respect to
the new TSCH CSMA-CA algorithm (see Section III), we
believe that is important to survey the main approaches that
have been proposed to model it, highlight their assumptions
and limitations, and compare these modeling techniques with
ours.

Despite different modeling approaches [24], [25], [26], [17],
[18], [19], [20], [21], [22] have been proposed to analyze
the 802.15.4 CSMA-CA, the majority of 802.15.4 CSMA-CA
models follow an approach similar to the one proposed by
Bianchi [27] for the 802.11 CSMA-CA. Basically, they use a
Discrete Time Markov Chain (DTMC) modeling the behavior
of a single node in the network, namely the tagged node.
The state of the tagged node changes over time independently
from the state of the other nodes in the network, except for
when it senses the channel or transmits a data packet [17]. It
follows that the accuracy of these models strongly depends on
the precision in deriving the channel-busy probability (i.e. the
probability to find the channel busy during a carrier sensing
operation) and the collision probability (i.e. the probability
for a packet to experience a collision). This is the reason why
some works fail in matching simulation results [21], whereas
other ones are very accurate [17], [18], [19].

It must be pointed out that, in order to model the behavior of
the tagged node through a DTMC, these works implicitly as-
sume that collision and channel-busy probabilities are constant
over time. This assumption is reasonable when the number
of contending nodes remains approximately constant during
time (e.g. under saturated or poissonian traffic conditions).
Conversely, it is not valid for scenarios where the number of
contending nodes decreases with time [26], e.g. when nodes
generate packets sporadically. This is the case of event-driven
and query-based applications, where nodes typically transmit
a single packet to report a detected event or reply to a query.
We highlight that sporadic and unpredictable traffic (generated
only when certain events occur) is expected to be the typical
class of traffic to be handled through TSCH shared links,
since regular and periodic traffic in TSCH networks can be
entirely accomodated by means of dedicated links. In this
paper we consider a typical use case for TSCH shared links,
i.e. the situation where a number of nodes simultaneously start
transmitting a single packet to a common receiver node using
shared links (e.g. to report a sudden and unexpected event).
Based on the previous remarks, using a tagged-node DTMC-
based analysis would not be a valid approach.

A scenario similar to the one considered in this paper
has been investigated in [26], [28], [25] and [29], where the
authors consider N nodes simultaneously transmitting a single
packet to their coordinator node, using the original 802.15.4
CSMA-CA algorithm. In [26], [28] the authors use the prob-
ability theory to derive both the packet delivery probability
and packet delay. However, some simplifying assumptions
are present. The authors focus on a single node and, in
addition, the use of acknowledgements and retransmissions is
not considered in the analysis. Conversely, in [25] the authors
develop a model of the 802.15.4 CSMA/CA algorithm that
considers both the case with and without retransmissions.
The model is validated through extensive simulations showing
that it is very accurate in capturing the CSMA-CA algorithm
performance. We point out that differently from this paper,
the model in [25] does not consider capture effect. Also,
the analytical results are not compared with experimental
measurements. In [29] the authors provide a very accurate
and complete analytical model based on the theory of Hybrid
Automata. Unlike previous works, the model in [29] describes
the behavior of the entire network. This makes the model able
to capture even rare events and allows the computation of
aggregated metrics such as the probability that at a certain
time t at least m messages (out of the N transmitted ones)
are successfully received by the coordinator.

Computing aggregated metrics can be of significant help to
properly dimension a TSCH network. For example, a network
designer could decide to allocate a number of shared links
in the slotframe so that the probability to receive at least
m packets within the end of a slotframe is above a certain
threshold. Given the advantages arising from using a network-
wide analysis, our model considers the behavior of the entire
WSAN as that in [29]. However, while [29] refers to 802.15.4
CSMA-CA, our study focuses on the TSCH CSMA-CA. To
the best of our knowledge this is the first analytical study of
TSCH CSMA-CA algorithm.
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Through our model we derive a number of metrics, includ-
ing aggregated ones as in [29]. Also, and differently from
[29], our model provides the energy spent by nodes and
allows to consider the capture effect i.e. the ability of some
radios to correctly receive a strong signal from one transmitter
despite significant interference from other transmitters [23].
The capture effect has been shown to increase the performance
in Aloha [30] and Wi-Fi networks [31]. Also, many models of
802.11 consider the capture effect. Conversely, only few recent
analytical studies of 802.15.4 consider the capture effect. The
most important ones are [32] and [20].

The authors of [32] extend the model presented in [26] by
considering capture effect. However, as in the original model
[26], acks and retransmissions are not taken into consideration
in the analysis. Conversely, in [20] the authors extend the
model in [19] which also considers acks and retransmissions
by considering the capture effect in the presence of a compos-
ite Nakagami-lognormal channel. Despite the model in [20] is
very accurate, it assumes that packets are generated according
to a Poisson distribution and, hence, it models a completely
different scenario with respect to the one considered in this
paper.

In [20] the authors account for capture effect by analytically
deriving the probability that, when a number of packets are
concurrently transmitted by different nodes, the power of the
signal associated with one of them is significantly stronger
than those of the other ones, so as to capture the receiver’s
radio. The computation is done by assuming that the channel
has a specific stochastic behavior (i.e. a Nakagami-lognormal
channel is considered). A similar methodology has been used
in the past in the context of Wi-Fi networks, assuming different
channel models (e.g. Rice or Rayleigh channel model). In this
paper we take a different approach. We derive the probability
of capture effect to occur through measurements in a real
testbed, and provide it as an input to our model. This is because
we have found that the capture effect depends on a number
of factors (such as external environment, differences in node
manufacturing, antennas gains, etc.) that are very difficult, if
not impossible, to characterize through an analytical formula-
tion.

III. IEEE 802.15.4E TSCH

The 802.15.4e standard [8] extends the previous 802.15.4
standard [3] for low-rate, low-power, and low-cost Personal
Area Networks (PANs), to address embedded applications with
critical requirements. To this purpose, it introduces two differ-
ent categories of MAC enhancements, namely MAC behaviors
and general functional improvements. MAC behaviors are
aimed to support specific applications, while general functional
improvements are not tied to any specific application domain.
A detailed description of 802.15.4e MAC behavior modes is
available in [8]. In this paper, we focus on the Time Slotted
Channel Hopping (TSCH) mode that is one of the most
suitable for industrial and vehicular environments [33].

TSCH [8] combines time slotted access and channel hop-
ping. Hence, it provides large network capacity, high reliability
and predictable latency, while ensuring energy efficiency,

thanks to the time slotted access mode. TSCH can be used
with any network topology (e.g. star, tree, partial/full mesh).
However, it is particularly well-suited for multi-hop networks
where multi-channel communication allows for an efficient use
of the available resources.

In TSCH nodes synchronize on a periodic slotframe con-
sisting of a number of timeslots. Each timeslot allows a
node to send a maximum-size data frame and receive the
related acknowledgement. If the latter is not received, the
retransmission of the data frame is deferred to the next timeslot
assigned to the same (sender-destination) couple of nodes.

One of the main characteristics of TSCH is multi-channel
support, based on channel hopping. In principle 16 different
channels are available for communication. Each channel is
identified by a channelOffset, i.e. an integer value in the
range [0, 15]. However, some of these frequencies could be
blacklisted because of low quality communication. In TSCH
a link is defined as the pairwise assignment of a directed
communication between devices in a given timeslot on a given
channel offset [8]. Hence, a link between two communicating
nodes can be represented by a couple specifying the timeslot in
the slotframe and the channel offset used by the nodes in that
timeslot. Let [n, channelOffset] denote a link between two
nodes. Then, the frequency f to be used for communication
in timeslot n of the slotframe is derived as follows

f = F [(ASN + channelOffset)%Nchannels] (1)
where ASN is the Absolute Slot Number, defined as the total
number of timeslots elapsed since the start of the network and
% is the modulo operator. The ASN increments globally in the
network, at every timeslot, and is thus used by nodes as times-
lot counter. Function F can be implemented as a lookup table.
Thanks to the multi-channel mechanism, several simultaneous
communications can take place in the same timeslot, provided
that they occur on different channel offsets. Also, Equation
1 implements the channel hopping mechanism by returning
a different frequency for the same link at different timeslots.
This assures that during time all the available channels are used
for communications in a link and, hence, allows to mitigate
the negative effect of external interference.

TSCH allows for both dedicated links, i.e. links allocated to
a single (sender-destination) couple, and shared links, i.e. links
intentionally allocated to more senders for transmission to the
same destination. Shared links play a key role in TSCH since
they can be used to exchange routing/scheduling information
(e.g. to bootstrap the network), provide basic connectivity to
nodes when dedicated links are not available and add flexibility
to the network.

Since shared links are available to more sender nodes, the
standard defines a CSMA-CA algorithm to regulate concurrent
access to them and reduce the probability of repeated colli-
sions.

A. TSCH CSMA-CA Algorithm

Upon receiving a data frame destined to node r, a sender
node s waits for the arrival of the first (dedicated or shared)
link assigned to (s, r), and, then, transmits its data frame. If
a shared link was used and the transmission was unsuccessful
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(i.e. the acknowledgment was not received), very likely a
collision occurred. Hence, the CSMA algorithm is executed by
node s to avoid repeated collisions. Specifically, the following
steps are performed.

1) A set of state variables is initialized, namely the num-
ber of retransmissions carried out for the on-going
frame (NB = 0) and the backoff exponent (BE =
macMinBE).

2) A random number w ∈ [0, 2BE − 1] is generated.
3) The frame retransmission is deferred for w shared links

with destination r, or until a dedicated link with destina-
tion r is encountered.

4) If the retransmission occurs in a shared link and it is suc-
cessful (i.e. the acknowledgement is received), BE is re-
set to macMinBE and the algorithm terminates. Instead,
if the transmission is unsuccessful, state variables are
updated as follows: NB = NB + 1, BE = min(BE +
1, macMaxBE). Finally, if the number of retransmis-
sions for the current frame has exceeded the maximum
allowed value (i.e. NB > macMaxFrameRetries), the
frame is dropped; otherwise the algorithm falls back to
step 2.

If the frame retransmission is carried out in a dedicated
link, and it is successful, BE is reset to macMinBE, unless
there are other frames, destined to the same receiver, ready
for transmission. In the latter case the value of BE is left
unchanged.

Differences between TSCH CSMA-CA and original 802.15.4
CSMA-CA

Here we emphasize the differences between the original
802.15.4 CSMA-CA algorithm and the new TSCH CSMA-
CA algorithm that motivated us to develop a new model for
the latter.

• Backoff mechanism. In the original 802.15.4 CSMA-CA
each node with a packet ready for transmission waits for a
random backoff time before trying to transmit it. The goal
is to avoid collisions among nodes starting the execution
of the CSMA-CA algorithm at the same time. Conversely,
in TSCH CSMA-CA the backoff mechanism is activated
only after the node has experienced a collision, i.e. it is
used to avoid repeated collisions.

• Backoff unit duration. Both the 802.15.4 CSMA-CA
and the TSCH CSMA-CA define a backoff unit. In both
algorithms a node waits for a random number of backoff
units before trying to retransmit a packet. However, while
in the original 802.15.4 CSMA-CA the backoff unit is
equal to 320µs, in TSCH the backoff unit corresponds to
a shared slot. Using a slot as backoff unit assures that a
node can experience a collision in a shared slot only if
other nodes access the same slot. This is not true in the
original 802.15.4 CSMA-CA where, in general, a packet
can collide also with packets transmitted at a later time.

• Clear Channel Assessment (CCA). In the 802.15.4
CSMA-CA each node performs a CCA, to check the
channel state, before performing a packet transmission.

This is to avoid a collision with an ongoing transmis-
sion. In TSCH, CCAs are not used to prevent collisions
among nodes, since all nodes are synchronized and no
transmissions can be ongoing when a CCAs is performed.
Conversely, the goal is to avoid transmitting a packet if
a strong external interference is detected. In addition, in
TSCH CSMA-CA, CCAs are optional.

• Packet dropping. In the original 802.15.4 CSMA-CA a
packet is dropped by the sender if it has found the channel
busy for macMaxCSMABackoffs consecutive times. This
parameter is not used by TSCH. In TSCH CSMA-CA a
packet is dropped only if it reaches the maximum number
of retransmissions (specified by the macMaxFrameRetries
parameter).

IV. ANALYTICAL MODEL

In this section, we develop our analytical model of the
TSCH CSMA-CA algorithm and use it to derive performance
metrics of interest such as packet delivery probability, average
packet latency and total energy consumption.

We consider a general network topology and we assume that
there are N competing nodes trying to transmit a packet to a
common receiver, say node r, using shared timeslots (hereafter
referred to as slots, for brevity) and, hence, executing the
TSCH CSMA-CA algorithm. This situation can arise both in
star and multi-hop networks. For instance, in a star network, a
number of nodes may start transmitting data simultaneously to
the coordinator node. Similarly, in a multi-hop mesh network
two, or more, nodes may start sending data simultaneously to
a common parent node or a common neighbor. Hereafter, the
following assumptions hold:

1) Each one of the N competing nodes tries to transmit a
single packet to the receiver node r. Also, all the nodes
start transmitting their packet during the same shared slot,
namely t0.

2) There are no dedicated links assigned to the transmitting
nodes and the receiver, i.e. nodes can only use shared
links to transmit their packet. Hence, we model a worst-
case scenario.

3) For tractability, we assume that the communication chan-
nel is ideal, i.e. data/acknowledgement frames are never
corrupted, or lost, due to transmission errors.

4) Capture effect is considered through a function
PCE(n), 2 ≤ n ≤ N , that provides the probability
of capture effect to occur when any set of n nodes
in the network concurrently transmit their packet. Since
the probability of capture effect generally changes for
different sets of n transmitting nodes, using a single
function PCE(n) introduces an approximation. However,
it allows our model to be computationally tractable.

The analysis is divided into three parts. First, we perform a
single-node analysis, i.e. we focus on one of the N competing
nodes and analyze its behavior in detail. Then, basing on
the single-node analysis, we derive a Discrete Time Markov
Chain (DTMC) describing the behavior of the entire system,
i.e. the N competing nodes all together. Finally, we derive
the performance metrics of interest using the DTMC. Table I
reports the main symbols used in the analysis.
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A. Single-node analysis

In this section, we focus our attention on one of the N
competing nodes, say node u, and derive all the possible states
through which it may pass during the transmission of a packet
on a shared link. Hereafter, we indicate as t0 the shared slot
at which all the N transmitting nodes start the transmission
of their packet and as t1, t2, ..., the sequence of shared slots,
following t0, that can be used by the N competing nodes to
transmit packets to node r. Note that slots tk (k = 0, 1, ...)
do not need to be consecutive slots in the slotframe. Also, they
may belong to different slotframes. For brevity, hereafter we
refer to macMaxFrameRetries parameter as maxR. Also, we
indicate as Wi = 2min(macMinBE+i−1, macMaxBE), 1 ≤ i ≤
maxR, the backoff window size at retransmission attempt i.

We observe node u at the beginning of each shared slot
tk (k = 0, 1, ...). Figure 1 shows all the possible states of
node u over time. Node u is in state Ti, (0 ≤ i ≤ maxR),
at time tk, if it transmits its packet at tk and has already
experienced i consecutive transmission failures. Conversely,
node u is in state Bij , 1 ≤ i ≤ maxR, 1 ≤ j ≤ Wi − 1
(backoff states) if it has experienced i consecutive transmission
failures and has to wait for j slots before it can retransmit its
packet. Finally, node u is in state S if it has successfully
transmitted its packet, or in state DROP if it has experienced
maxR consecutive transmission failures. Note that both state
S and DROP are absorbing states, i.e. node u performs no
other action after entering one of these states. Also, it can be
easily observed that after, at most, Lmax shared slots from t0
(Lmax = W1 +W2 + ... +WmaxR + 1) node u can only be
in one of the two above mentioned states, i.e. the execution
of TSCH CSMA-CA surely terminates after Lmax slots from
t0.

B. Derivation of the Discrete Time Markov Chain

In this section, basing on the single-node analysis described
above, we derive a Discrete Time Markov Chain (DTMC)
modeling the behavior of the entire system (i.e. all the N
competing nodes). In the following, we will indicate as
Su = {T0, T1, ..., TmaxR, S, DROP, B11, ...}, the set
of all the possible states of a transmitting node u.

We observe the system at the beginning of each shared slot
tk. The state of the system, at time tk, can be represented
as a map Xtk whose key values are the elements of set Su,
while mapped values indicate the number of nodes being in
the state indicated by their respective key value at time slot
tk. Specifically, Xtk [T0] indicates the number of nodes in state
T0 at tk, Xtk [S] indicates the number of nodes in state S at
tk, etc. Since there are N nodes, ∀Xtk ,

∑
g∈Su Xtk [g] = N .

At slot t0, all the nodes are in state T0. Hence, the initial
state of the system Xt0 is such that Xt0 [T0] = N while
Xt0 [g] = 0, ∀g 6= T0, g ∈ Su. Our goal is to derive all
the possible states of the system during time as well as the
probability of transition from every state to one another. To this
end, we use Algorithm 1 which takes an iterative approach.
First, the algorithm focuses on state Xt0 and generates GXt0

,
i.e. the set of all the possible states where the system can move
to, starting from Xt0 . Then, for each new generated state, the

process of generation of new possible states is repeated. After
some time, all the possible system states as well as the state
transition probabilities are derived and, hence, the algorithm
terminates. Now, we describe all the steps performed by the
algorithm in detail.

Algorithm 1 starts by creating sets Ls and Fs (lines 1-2). Ls
is the list of system states not yet analyzed by the algorithm,
while Fs is the set of all the possible system states. Initially
(line 3), Algorithm 1 creates state Xt0 , i.e. the initial system
state, and adds it to both set Ls and set Fs. Then (line 4), the
algorithm enters a loop that ends when Ls = ∅, i.e. when there
are no more states to be analyzed. At each step of the loop, a
state Xtk of the system is analyzed. Specifically, for each state
Xtk , the set GXtk

of all the possible states where the system
can evolve to, starting from Xtk is generated. Different actions
are performed by the algorithm to generate GXtk

, depending
on the number n =

∑maxR
x=0 Xtk [Tx] of nodes concurrently

transmitting their packet when the state of the system is Xtk .
In Section IV-B1 we describe the actions performed by the

algorithm in case n ≤ 1, i.e. when there are zero or one nodes
transmitting packets during tk (lines 7-19) while in Section
IV-B2 we analyze the case n ≥ 2, i.e. when there are two or
more transmitting nodes (lines 20-51).

1) Case n ≤ 1: In this section we describe the actions
performed by the algorithm to generate GXtk

when n ≤ 1.
In this case, since at most one packet is transmitted, no
transmission failures occur. This implies that all the nodes in
the system change their state in a deterministic way. Thus,
there is only one possible state, namely Xtk+1

where the
system can evolve to from Xtk .

In order to generate Xtk+1
, the algorithm performs the

following actions. First, since only successful transmission
occurs, the number of nodes in state S at time tk+1, i.e.
Xtk+1

[S], is calculated as Xtk [S]+n, i.e. as the sum of all the
nodes that have already experienced a successful transmission
and the n nodes transmitting at time tk (line 9). Also, since no
failures occur, the number of nodes in state DROP will not
change from tk to tk+1, i.e. Xtk+1

[DROP ] = Xtk [DROP ]
(line 10). Then, the algorithm focuses on nodes in state Bij ,
1 ≤ i ≤ maxR, 1 ≤ j ≤ Wi − 1 during tk (lines 11-15).
Specifically, nodes in state Bi1 move to Ti (line 12), while
nodes in state Bij+1 move to Bij (line 13).

In case Xtk+1
has not been generated before, it is added

to both set Ls and Fs to be analyzed later (line 16). Fi-
nally (lines 17-18), the algorithm stores that the probability
PXtk

Xtk+1
to move from state Xtk to Xtk+1

is equal to 1 since
only deterministic state transitions occur. Also, the algorithm
calculates and stores the energy EXtk

Xtk+1
spent by the system

when its state passes from Xtk to Xtk+1
. It is given by eq. 2,

where Es = Ptx · Dtx + Prx · Dack is the energy spent to
transmit a packet and receive the respective acknowledgement
and Ptx (Prx) is the radio power in transmit (receive) mode,
while Dtx (Dack) is the data (ack) transmission time.

EXtk
Xtk+1

= n · Es (2)
2) Case n ≥ 2: Now, we describe the actions performed by

the algorithm to generate GXtk
when n ≥ 2, i.e. when there

are two or more nodes transmitting their packet during tk and,
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Fig. 1: States of a competing node u over time.

Symbol Description
N number of nodes
Ti transmission states
Bij backoff states
S success state

DROP DROP state
Wi backoff window size at attempt i

PCE(n) capture effect prob. function
Xtk state of the network at tk

TABLE I: Symbols used in the analysis

hence, transmission failures occur. In such a case, there are
different states that can be entered by the system starting from
Xtk . This is because nodes experiencing a transmission failure
will change their state in a stochastic manner. Specifically,
each node in a state Ti, 0 ≤ i ≤ maxR− 1, moves randomly
to one of the states {Ti+1, Bi+1x, 1 ≤ x ≤Wi+1−1}, when
it experiences a transmission failure.

To generate GXtk
we need to derive all the possible ways

in which nodes experiencing a transmission failure during tk
can evolve. To this end, let us denote by f0, f1, ..., fmaxR
the number of nodes in state T0, T1, ..., TmaxR respectively,
experiencing a failure during tk. The fmaxR nodes in state
TmaxR move to state DROP , since they exceeded the max-
imum number of retransmissions for a packet. Instead, the fi
nodes in state Ti, 0 ≤ i ≤ maxR− 1, randomly spread over
the states of the (i+ 1)-th transmission attempt, as shown in
Figure 2.

Ti+1
Bi+11 Bi+12 Bi+1Wi+1-1

Ti

fi nodes

cTi+1 cBi+11 cBi+12 cBi+1Wi+1-1

timeslot

tk

tk+1

Fig. 2: fi nodes moving randomly to the states of the (i+ 1)-tx attempt

Now, we focus on the fi nodes in state Ti and derive all the
possible ways they can spread over states {Ti+1, Bi+1x, 1 ≤
x ≤Wi+1 − 1}. With reference to Figure 2, let us denote by
c = {cTi+1

, cBi+11
, ..., cBi+1Wi+1−1

} a possible distribution
of nodes over states {Ti+1, Bi+1x, 1 ≤ x ≤Wi+1−1} so that
cTi+1 nodes will be in state Ti+1, cBi+11 nodes in state Bi+11

and so on. Obviously, cTi+1
+cBi+11

+ ... +cBi+1Wi+1−1
= fi.

It can be observed that c is one of the possible weak composi-
tions of integer fi into Wi+1 parts. A weak composition of an
integer fi into Wi+1 parts is a sequence of Wi+1 non-negative
integers that sum to fi. It can be demonstrated that there are(
fi+Wi+1−1
Wi+1−1

)
weak compositions of fi into Wi+1 parts. Let us

indicate as Ci(fi) the set of all the possible weak compositions
of integer fi into Wi+1 parts, i.e. the set of all the possible
ways in which the fi nodes in state Ti can spread over the

Wi+1 states of transmission attempt i + 1. The probability
P (c) of c ∈ Ci(fi) to occur can be calculated as:

P (c) =

(
fi

cTi+1 cBi+11 ... cBi+1Wi+1−1

)
·
(

1

Wi+1

)fi
(3)

where
(−
−
)

is the multinomial coefficient. The multinomial
coefficient provides the total number of ways the fi nodes
in state Ti can distribute at the next transmission attempt.
The second term of eq. 3 gives the probability of each single
outcome to occur.

It can be observed that the f0 nodes in state T0 can move
according to any of the compositions in set C0(f0), the f1

nodes in state T1 can move in any of the compositions in
set C1(f1), and so on. Also, it must be pointed out that
transitions of nodes in state Ti are completely independent
from transitions of nodes in state Tj , j 6= i.

Let us indicate as stochastic system transition Cg =
{c0, c1, ..., cmaxR−1} the case in which the f0 nodes in state
T0 distribute over states of transmission attempt 1 according
to composition c0, the f1 nodes in state T1 distribute over
states of transmission attempt 2 according to c1, etc, with
c0 ∈ C0(f0), c1 ∈ C1(f1), ... . The set ΩCg

of all the possible
stochastic system transitions Cg that can occur when f0 nodes
in state T0 fail their transmission, f1 nodes in state T1 fail their
transmission, etc., can be derived by performing the cartesian
product between sets Ci(fi), 1 ≤ i ≤ maxR− 1, i.e.

ΩCg
=
maxR−1

"
i=0

Ci(fi) (4)

Also, the probability P (Cg) of a stochastic system transition
Cg ∈ ΩCg

to occur is

P (Cg) =

maxR−1∏
i=0

P (ci) (5)

where P (ci) is calculated through eq. 3. Note that the occur-
rence of each Cg ∈ ΩCg

causes the system to evolve in a
different state.

When n competing nodes transmit simultaneously during
slot tk a successful transmission may or may not occur, de-
pending on the capture effect. Of course, to correctly generate
GXtk

, the algorithm needs to consider both the case when
capture effect does not occur (lines 21-34), and when it occurs
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Algorithm 1 Model generation
1: Ls = ∅
2: Fs = ∅
3: Add Xt0 to Ls and Fs

4: while(Ls 6= ∅)
5: extract Xtk from Ls

6: n =
∑maxR

x=0 Xtk [Tx]
7: if(n ≤ 1) /* At most one node transmits its packet */
8: create Xtk+1

9: Xtk+1 [S] = Xtk [S] + n
10: Xtk+1 [DROP ] = Xtk [DROP ]
11: for i in [1, maxR]
12: Xtk+1 [Ti] = Xtk [Bi1]
13: Xtk+1 [Bij ] = Xtk [Bij+1], j ∈ [1, Wi − 2]
14: Xtk+1 [BiWi−1] = 0
15: end for
16: if(Xtk+1 /∈ Fs) Add Xtk+1 to Ls, Fs

17: PXtk
Xtk+1

= 1

18: EXtk
Xtk+1

= n · Es

19: end if
20: if(n ≥ 2) /* Two or more nodes transmit packets */
21: gen. ΩCg : fi = Xtk [Ti], ∀i /* When no CE occurs*/
22: for each Cg ∈ ΩCg

23: create Xtk+1

24: Xtk+1 [S] = Xtk [S]
25: Xtk+1 [DROP ] = Xtk [DROP ] + Xtk [TmaxR]
26: for i in [1, maxR]
27: Xtk+1 [Ti] = Xtk [Bi1] + ci−1Ti
28: Xtk+1 [Bij ] = Xtk [Bij+1] + ci−1Bij

, j ≤Wi − 2

29: Xtk+1 [BiWi−1] = ci−1BiWi−1

30: end for
31: if(Xtk+1 /∈ Fc) Add Xtk+1 to Ls, Fs

32: PXtk
Xtk+1

= (1− PCE(n)) · P (Cg)

33: EXtk
Xtk+1

= n · Ec

34: end for
35: for x in [0, maxR] /* When CE occurs */
36: gen. ΩCg if fx = Xtk [Tx]− 1, fj = Xtk [Tj ], j 6= x
37: for each Cg ∈ ΩCg

38: create Xtk+1

39: Xtk+1 [S] = Xtk [S] + 1
40: Xtk+1 [DROP ] = Xtk [DROP ] + fmaxR

41: for i in [1, maxR]
42: Xtk+1 [Ti] = Xtk [Bi1] + ci−1Ti
43: Xtk+1 [Bij ] = Xtk [Bij+1] + ci−1Bij

, j ≤Wi − 2

44: Xtk+1 [BiWi−1] = ci−1BiWi−1

45: end for
46: if(Xtk+1 /∈ Fc) Add Xtk+1 to Ls, Fs

47: PXtk
Xtk+1

= Px
CE · P (Cg)

48: EXtk
Xtk+1

= Es + (n− 1) · Ec

49: end for
50: end for
51: end if
52: end while
53: return P, E

(lines 35-50). We recall that PCE(n), 2 ≤ n ≤ N , indicates
the probability that capture effect (CE) occurs when n nodes
transmit their packet in the same slot.

We first focus on the case when no CE occurs (lines 21-34),
that happens with probability equal to (1−PCE(n)). In such
a situation, all the n nodes transmitting during tk experience a
transmission failure. Hence, the number fi of nodes experienc-
ing a failure while in state Ti is fi = Xtk [Ti], ∀i. Algorithm
1 generates the set ΩCg

of all the stochastic system transitions
that can occur when fi = Xtk [Ti], ∀i (line 21) by using eq.
4. Then, for each Cg ∈ ΩCg a new state Xtk+1

has to be
generated (lines 23-33). The following actions are performed
to generate Xtk+1

. Since no successes occur during tk in this
case, Xtk+1

[S] = Xtk [S] (line 24). Second, since all the nodes

in the transmission state of the last retransmission attempt
will drop their packet, Xtk+1

[DROP ] = Xtk [DROP ] +
Xtk [TmaxR] (line 25). Then, for each retransmission attempt
i ∈ [1, maxR] the following operations are performed. First
(line 27), the number of nodes in state Ti at time tk+1 is
calculated as the sum of Xtk [Bi1], i.e. the nodes that have
finished to wait for the chosen backoff time and ci−1Ti

with
ci−1 ∈ Cg , i.e. the nodes in state Ti−1 at time tk that move to
state Ti in case Cg occurs. A similar operation is performed
also for states Bij , i ∈ [1, maxR], j ∈ [1, Wi − 1] (lines
28-29). Then, if state Xtk+1

has not been generated before, it
is added to both set Ls and Fs for further analysis (line 31).
Finally, the algorithm stores that the probability PXtk

Xtk+1
to

go from state Xtk to Xtk+1
is equal to (1−PCE(n)) ·P (Cg),

i.e. state Xtk+1
is generated from state Xtk in case no CE

occurs and the failing nodes move in the way reported by Cg .
In addition, the energy EXtk

Xtk+1
consumed by the system

when it passes from Xtk to Xtk+1
is calculated as in eq. 6,

with Ec = Ptx ·Dtx + Prx ·Dto and Dto the timeout.

EXtk
Xtk+1

= n · Ec (6)
Let us consider now the case of capture effect (lines 35-

50), that occurs with probability PCE(n). In this case, one of
the n transmitting nodes, namely u, successfully transmits its
packet and moves to state S, while all the other n− 1 nodes
experience a transmission failure and have to retransmit their
packet. The algorithm considers maxR+1 different situations
(line 35) corresponding to all the possible states of node u,
i.e. T0, T1, ..., TmaxR. Let us consider the case in which node
u is one of the nodes in state Tx (0 ≤ x ≤ maxR). The
probability P xCE , that node u was in state Tx at time tk can
be calculated as follows, with

∑maxR
x=0 P xCE = PCE(n).

P xCE = PCE(n) ·
(
Xtk [Tx]

n

)
(7)

While u moves to S, all the other Xtk [Tx] − 1 nodes in
state Tx, as well as the nodes in state Tj , j 6= x, experience
a transmission failure. Hence, in this case, fx = Xtk [Tx] − 1
while fj = Xtk [Tj ], j 6= x.

For each transmitting state Tx, 0 ≤ x ≤ maxR (line 35),
the algorithm performs the following steps. First, it generates
ΩCg when fx = Xtk [Tx] − 1 and fj = Xtk [Tj ], j 6= x,
i.e. the set of all the possible stochastic system transitions
that can occur when one of the nodes in state Tx successfully
transmits its packet. Then, for each Cg , a new state Xtk+1

is
generated (we omit the description of the operations performed
in lines 39-46 since they are very similar to those performed in
lines 24-31). Finally, the algorithm stores that the probability
PXtk

Xtk+1
to go from state Xtk to Xtk+1

is equal to P xCE ·
P (Cg), i.e. the system transits from Xtk to Xtk+1

in case node
u is one of the nodes in state Tx and the stochastic network
transition Cg occur. In addition, the energy EXtk

Xtk+1
spent

by the network when its state passes from Xtk to Xtk+1
is

calculated as in 8 since one node succeeds in transmitting its
packet while all the other n−1 transmitting nodes experience
a failure.

EXtk
Xtk+1

= Es + (n− 1) · Ec (8)

Algorithm 1 terminates by returning matrices P and E.
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P is the transition probability matrix, i.e. for each couple
of states (X, Y ), X, Y ∈ Fs, PXY gives the probability
that the system state changes from X to Y from time tk
to time tk+1. Instead, each entry EXY of matrix E with
X, Y ∈ Fs provides the energy spent by the network when its
state passes from X to Y . Note that since i) state transitions
occur at discrete times, and ii) the probability to move to a new
state only depends on the previous state, the random process
described so far, is a DTMC.

C. Derivation of performance metrics

In this section we use matrices P and E and the theory of
DTMCs to derive:

• Delivery Probability (D): defined as the ratio between the
number of data frames correctly received by node r and
the total number of transmitted frames.

• Avg. Packet Latency (L): defined as the average time
(expressed in timeslots) between the start of a data frame
transmission and its correct reception by node r.

• Energy Consumption (E): defined as the average total
energy consumed by all the nodes in the network to
transmit their data frames.

• Pm(t): defined as the probability that node r has received
at least m packets at timeslot t.

We sort the states of the DTMC so that the initial state of the
system, i.e. Xt0 , is the first one in the sequence. Also, let v0

be the initial probability vector and vk, k ≥ 1 the probability
vector related to tk. With no loss of generality we can assume
that v0 = [1, 0, ..., 0], thus vk = v0 · P k.

To derive D we observe that the execution of the CSMA-
CA algorithm terminates after at most Lmax slots (from t0).
Specifically, at slot tLmax , each transmitting node can be only
in state S or DROP . It follows that there are N + 1 possible
absorbing states corresponding to the N+1 different ways the
N transmitting nodes can be spread over the two states S and
DROP . We indicate the final states of the network as Xif , 0 ≤
i ≤ N , where Xif describes a state in which i packets are
correctly received by node r while N − i packets are dropped
by transmitting nodes, i.e. Xif [S] = i ∧ Xif [DROP ] = N −
i ∧ Xif [g] = 0,∀g ∈ Su, g 6= S, DROP . Indicating as
pi, 0 ≤ i ≤ N , the positions of states Xif in the probability
vector, D can be calculated as:

D =
1

N
·
N∑
i=0

i · vLmax
[pi] (9)

where vLmax = v0 ·PLmax is the probability vector after Lmax
timeslots from t0.

Let us focus now on L. We first derive the probability P (t)
that one packet is correctly received by node r at slot t. Let
Ωsi = {Xtk ∈ Fs : Xtk [S] = i}, 0 ≤ i ≤ N , denote the
subset of system states where i packets have been successfully
received by node r. We indicate as P{Ωtsi} the probability for
the system to be in any of the states of set Ωsi at the beginning
of timeslot t, i.e. P{Ωtsi} =

∑
Xtk
∈Ωsi

vt[pXtk
] where pXtk

is
the position of state Xtk in the probability vector.

The probability P (t) that a packet is successfully received
during slot t can be derived as:

P (t) =

N−1∑
i=0

P{Ωtsi → Ωt+1
si+1
} (10)

where P{Ωtsi → Ωt+1
si+1
} indicates the probability that the

number of successful transmissions occurred in the system
passes from i to i+ 1 during timeslot t. It is calculated as:

P{Ωtsi → Ωt+1
si+1
} =

P{Ωt+1
si+1
} −

[
P{Ωtsi+1

} − P{Ωtsi+1
→ Ωt+1

si+2
}
]

if i < N − 1
P{Ωt+1

sN } − P{Ω
t
sN }

if i = N − 1

(11)

Equation 10 can be explained as follows. The probability to
receive a packet during slot t is equal to the probability that
the number of successes occurred in the system increases by
1 from slot t to t + 1. Hence, P (t) is derived by summing
the probabilities that, from t to t+1, the number of successes
occurred in the system passes from i to i+1 ( 0 ≤ i ≤ N−1).

Since a packet can be successfully received during any slot
from t0 to tLmax

, L is the weighted sum of timeslots t, t ∈
[0, Lmax], using P (t) as weights.

L =

∑Lmax

t=0 t · P (t)∑Lmax

t=0 P (t)
(12)

Now, we derive the average energy E spent by all the N
transmitting nodes during the execution of the CSMA-CA
algorithm. We recall that the execution terminates when the
system reaches one of the absorbing states Xif , 0 ≤ i ≤ N .
Thus, E can be calculated as E = µXt0

(13), where µXt0
is the

average energy consumed by all the N nodes to reach any of
the states Xif , 0 ≤ i ≤ N , starting from state Xt0 . According
to [34] the average energy µX consumed by the network to
reach any of the states Xif , 0 ≤ i ≤ N , starting from any
state X ∈ Fs, can be obtained by solving the following linear
system, with µX as unknowns, and µXi

f
= 0, 0 ≤ i ≤ N .

µX =
∑
Y ∈Fs

PXY · (EXY + µY ), ∀X ∈ Fs (14)

Finally, the probability Pm(t) that node r has received at
least m packets at the beginning of timeslot t can be easily
derived as follows:

Pm(t) =

N∑
i=m

P{Ωtsi} (15)

V. RESULTS

In this section we evaluate the performance achieved by
TSCH nodes, when using shared links, through the analytical
model derived in the previous section. To validate our analyt-
ical results we rely both on simulation experiments and mea-
surements in a real network. To this end, we implemented the
TSCH MAC protocol in the Contiki OS [35]. For simulations,
we used the Contiki simulation tool Cooja [36] that is able
to simulate a network of emulated nodes (Tmote-sky motes
[37] in our case). In Cooja, the radio medium is simulated,
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while emulated nodes run our implementation of TSCH MAC.
For experimental measurements we used a testbed consisting
of Tmote-sky motes equipped with CC2420 radio [38]. Both
emulated and real nodes run exactly the same code. Finally,
we remark that the energy consumption of nodes, during both
simulations and real experiments, is calculated according to
equations 2, 6 and 8.

Parameter Value
Data transmission rate (R) 250 Kbit/s

Power Consumption in TX mode (PTX ) (-7dBm) 37.5 mW
Power Consumption in RX mode (PRX ) 56.4 mW

Packet transmission time (Dtx) (100 bytes) 3.2 ms
Ack transmission time (Dack) 352 µs

Timeout interval (Dto) 864 µs
TABLE II: Parameters used in our analysis.

Our results refer to a scenario where a number of nodes
try to transmit a single packet to the same receiver node r.
Transmitting nodes are located in a circle around node r. As
assumed in the analysis, all the nodes start their transmission
at the same timeslot t0. Unless stated otherwise, the parameter
values used in the analysis are as shown in Table II (they are
derived from [38]). The analysis is organized in three parts.
First, we validate our analytical model through simulation and
evaluate the performance of TSCH CSMA-CA with different
parameter values. Then, we compare the performance of TSCH
CSMA-CA with that of the original 802.15.4 CSMA-CA.
Finally, we investigate the performance of the algorithm in
a real environment.

A. Model Validation

To validate our analytical model we compare the delivery
probability (D), average packet latency (L), total energy
consumption (E), and Pm(t) – derived from eq. 9, 12, 13 and
15, respectively – with the corresponding simulation results.
For each simulation experiment we perform 10 independent
replications (each replication consists of 100000 simultaneous
transmissions of a single packet from all the sending nodes).
The simulation results presented below are averaged over all
the replications. We also derive confidence intervals using the
independent replications method and 95% confidence level. In
these experiments we run simulations with no capture effect
and, hence, we use the model with capture effect probability
set to 0. This means that both in analysis and simulations
the concurrent transmission of two or more packets always
results into a collision and hence a transmission failure. For
simplicity, we consider macMinBE=macMaxBE, i.e. the
backoff window size (BW ) remains unchanged after each
collision. If not stated otherwise, we use BW = 8 and
maxR = 3.

Figures 3(a), 3(b), 3(c) show the delivery probability, aver-
age packet latency and total energy consumption, respectively,
vs. the number of transmitting nodes N , for different backoff
window sizes (BW). Similarly, Figures 4(a), 4(b), 4(c) show
the same performance indices for different values of maxR
(i.e. maximum number of retransmissions). As a preliminary
remark, we want to point out that analytical results (lines) and
simulation outcomes (bullets) perfectly overlap.

The delivery probability decreases when the number of
competing nodes increases, while the average packet latency
and energy consumption exhibit the opposite behavior. This
is because when the number of competing nodes grows,
the collision probability increases accordingly. Hence, a high
percentage of packets is dropped by nodes due to exceeded
number of retransmissions, which justifies the decrease in the
delivery probability. Also, collided packets are retransmitted,
even several times, which increases the packet latency and
energy consumption.

Increasing the backoff window size or the number of
retransmissions, for a given number of contending nodes, is
beneficial in terms of delivery probability (see Figures 3(a)
and 4(a)). This is because, in the former case the collision
probability decreases, while in the latter case nodes have more
chances to transmit their packets. In both cases, the increase
in the delivery probability comes at the cost of a higher
latency. In terms of total energy consumption, we can observe
a different trend for the two cases (see Figures 3(c) and 4(c)).
Increasing the maximum number of retransmissions clearly
causes a higher energy consumption at nodes. Instead, using a
larger backoff window decreases the collision probability and,
hence, nodes consume less energy.

Figure 5 shows the value of Pm(t), 1 ≤ m ≤ 4, i.e. the
probability that node r has received at least m packets at
timeslot t, obtained from analysis and simulations when there
are four transmitting nodes and maxF = 3 and BW = 8.
As above, analytical and simulation results almost overlap.
Looking at Figure 5 we can see how successes are spread
over time. Specifically, we observe that several slots are
required before all packets are received by node r. This must
be considered when dimensioning the slotframe, i.e. when
deciding how many shared slots have to be used.

Based on the previous results we can draw some conclu-
sions. The performance of TSCH CSMA-CA algorithm is very
good when few nodes (e.g. 2-4) compete for channel access,
while it sharply decreases with more nodes. This suggests that
shared slots have to be used carefully, especially in dense
networks. Also, to increase the delivery probability, it is more
effective, in terms of energy savings, to use a larger backoff
window rather than to increase retransmissions.

B. Comparison of TSCH CSMA-CA and original 802.15.4
CSMA-CA

We now compare the performance of TSCH CSMA-CA
with that of the original 802.15.4 CSMA-CA. To derive the
performance of TSCH CSMA-CA we use our model while
the performance of 802.15.4 CSMA-CA is obtained through
the analytical model in [28] that refers to the same scenario
considered in this paper, i.e. N nodes simultaneously transmit-
ting a single data packet. We point out that the model in [28]
considers the case when the optional 802.15.4 retransmission
mechanism is turned off. This means that contention between
nodes is only solved by means of successive backoffs and
CCA operations. To make the comparison between the two
protocols as fair as possible, we use the same value of backoff
window size BW for both TSCH CSMA and 802.15.4 CSMA-
CA. Also, we set the value of maxR in TSCH equal to the
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Fig. 3: Effect of the backoff window size (BW ) on performance: Analytical vs. Simulation results.
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Fig. 4: Effect of number of retransmissions (maxR) on performance: Analytical vs. Simulation results.
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value of macMaxCSMABackoffs for 802.15.4 CSMA-
CA. This way, nodes have the same maximum number of
possible channel access attempts maxA in both protocols.

Figures 6 and 7 show the delivery ratio and avg. delay
provided by the two protocols for different values of maximum
channel access attempts maxA (the model in [28] does not
provide energy consumption). Please refer to [39] for results
varying BW . We can observe that, in all the considered cases,
TSCH CSMA-CA provides a higher reliability with respect to
802.15.4 CSMA-CA. This is because in TSCH CSMA-CA a
node has a lower probability to experience a transmission at-
tempt failure with respect to 802.15.4 CSMA-CA. In detail, in
TSCH CSMA-CA a node experiences a transmission attempt
failure only if it transmits concurrently with another node, i.e.
if the two nodes extract the same backoff value. Conversely,
in 802.15.4 CSMA-CA a node experiences a transmission
attempt failure either if it extracts the same backoff value of
another node (and, hence, experiences a collision), or if its
backoff value is not sufficiently high to allow it to sense the
channel after a possible ongoing packet transmission. Focusing

on delay, we observe that the avg. delay of 802.15.4 CSMA-
CA is significantly lower than that of TSCH CSMA-CA. This
is because in TSCH CSMA-CA a node has to wait for the
beginning of the next slot towards the destination before it can
perform a retransmission. Conversely, in 802.15.4 CSMA-CA
a node can ideally access the channel as soon as it becomes
free.

C. Experimental evaluation

In this section we evaluate the TSCH CSMA-CA algorithm
in a real environment. Our objective is twofold. We intend
to verify the ability of our analytical model to predict the
performance of TSCH CSMA-CA in a real environment and
investigate the impact of the capture effect on the protocol
performance in a real scenario. Our testbed is composed of
four transmitting motes, namely A, B, C and D, reporting data
to a common receiver mote r. Experiments are carried out in a
place where we preliminarily verified external interference to
be completely absent. Also, during the experiments there are
no moving persons/objects in the area. All the sending motes
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are placed at the same distance of 1m from the receiver. Each
packet transmission is repeated 1000 times. In the experiments,
if not stated otherwise, nodes send packets of equal size (100
bytes), use a transmission power of -7 dBm, and channel
hopping is enabled1.

We performed different sets of experiments to evaluate the
impact on the protocol performance of a number of factors
such as packet size, CSMA-CA parameter values, transmission
power, and channel hopping. All the experiments have been
performed back to back without changing the location of nodes
so as to experience similar conditions in all the experiments.
Before showing the results, we describe how we derived
PCE(n), 2 ≤ n ≤ N , that we use in our model.

Measuring the probability of capture effect

To validate the analytical results with the experimental
measurements, we investigated the probability of capture
effect to occur in our testbed, in all the considered
experimental settings. We recall that our model considers
the capture effect through a function PCE(n), 2 ≤ n ≤ N ,
providing the probability of capture effect to occur when
n (out of the N ) nodes concurrently transmit their packet
in a shared timeslot. To properly characterize such a
function, we considered the set Γ of all the possible
combinations of colliding nodes in our scenario (i.e. Γ =
{ABCD, ABC, ABD, ACD, BCD, AB, AC, AD, BC,
BD, CD}) and, for each combination, we measured the
capture effect probability. Table III summarizes the results.

For each considered scenario and for each possible combi-
nation of colliding nodes γ ∈ Γ, Table III shows the proba-
bility PCE(γ) of capture effect to occur, i.e. the probability
that node r receives a packet successfully from whatever node
i ∈ γ, when combination γ occurs. Also, Table III reports
the probability P iCE(γ), i ∈ γ, that the packet transmitted by
node i experiences capture effect, when combination γ occurs.
Due to space constraints, in Table III we shortened PCE(γ)
and P iCE(γ) as PCE and P iCE , respectively. For instance,
considering Exp. 1 and combination γ = ABC (i.e. first row
and second column in Table III), we can observe that capture
effect occurs with a probability PCE(ABC) = 0.76. Specif-
ically, the packet transmitted by node A and B capture the
receiver’s radio with a probability equal to PACE(ABC) = 0.2
and PBCE(ABC) = 0.56, respectively, while the packet of
node C is never captured. Finally, Table III reports also the
values of PCE(n), 2 ≤ n ≤ N , we used in the model. In
general, we can observe that, despite all the nodes are at the
same distance from node r, capture effect does occur. This
causes an improvement of the performance of the protocol as
shown in the next section.2

PCE(n) is not computed by simply averaging the prob-
abilities of capture effect to occur for all the combinations
composed of n nodes. This is because not all combinations

1We point out that in our experiments nodes are tightly synchronized.
Specifically, node r sends synchronization messages every 500 ms. Assuming
a clock drift of 40 ppm, in the worst case the time difference between nodes
is no more than 40µs.

2Additional measurements related to scenarios not described in this paper
due to the sake of space can be found in [39].

have the same probability to occur. Specifically, since at
the beginning all nodes concurrently transmit their packet,
combinations composed by nodes having a high probability
to experience capture effect at the beginning (i.e. when com-
bination ABCD occurs) are less likely to occur than the other
ones. To account for this, we compute PCE(n) as follows

PCE(n) =
∑

γ:|γ|=n

PCE(γ) · Pγ∑
γ:|γ|=n Pγ

(16)

where |γ| indicates the number of nodes of combinations γ
while Pγ is computed as

Pγ = 1−
∑
i∈γ

P iCE(ABCD) (17)

As it can be observed eq. 17 gives a higher weight to
combinations composed of nodes less likely to experience
capture effect during the first transmission.

Impact of capture effect on protocol performance
The goal of this section is to show the impact of capture ef-

fect on the protocol performance. To this end, we perform two
sets of experiments. In the first set we tune our experimental
testbed so as to exclude the capture effect, while in the second
one the capture effect does occur. Throughout, the two sets of
experiments will be referred to as no-CE and CE experiments,
respectively. In no-CE experiments the transmission power of
the sending motes is appropriately adjusted, so as to achieve
approximately the same received signal strength at node r, for
all the transmitting nodes. Hence, the capture effect can not
occur. Conversely, in the CE experiments all the motes use
the same (nominal) transmission power. Despite the distance
from r is the same for all the transmitting nodes, we observe
different received signal strengths. Hence, the capture effect
might occur. The values of capture effect we measured, as
well as the values of PCE(n) we provide as an input for our
analytical model, are reported in Table III (Exp. 1).

Figures 8(a), 8(b), 8(c) compare analytical and experimental
results, in terms of delivery probability, packet latency and en-
ergy consumption, respectively, for different backoff window
sizes. Both the cases (i.e. with and without capture effect)
are considered. Similarly, Figures 9(a), 9(b), 9(c) show the
same comparison for different values of the maximum number
of retransmissions (maxR). As a general remark, we point
out that experimental and analytical results almost overlap,
which shows that our analytical model is able to predict the
performance of TSCH CSMA-CA also in a real environment.
The results show that, in a real network, the capture effect can
significantly improve the performance of the TSCH CSMA-
CA algorithm. In all the considered scenarios it produces an
increase in the delivery probability (up to 100%) and, at the
same time, a reduction of both the average packet latency
and total energy consumption. This is because, when the
capture effect occurs, a collision is turned into a successful
transmission for one transmitter.

We performed other experiments where we varied the size
of transmitted packets (i.e. 40, 60, 80, 100 bytes) and the
transmission power of nodes (i.e. −10,−7,−5,−3, 0 dBm).
In addition, we investigated the effect of enabling/disabling the
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TABLE III: Measurements of capture effect probability in our testbed
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channel hopping mechanism. We found that the probability
of capture effect does not significantly change by varying
the packet size or the transmission power of nodes and,
consequently, also the protocol performance does not vary
significantly. For the sake of space we omit these results (the
interested reader can refer to [39]). Conversely, we found a
significant variation of capture effect probability when dis-
abling/enabling the channel hopping. The results are presented
in the next section.

Impact of channel hopping on protocol performance

Figures 10(a), 10(b) and 10(c) compare the considered per-
formance metrics when the TSCH channel hopping is enabled
or disabled. In the latter case a single, predetermined channel
is used for communication. The results are derived both from
analysis and experimental results for different backoff window
sizes. Similarly, Figures 11(a), 11(b) and 11(c) show the same
comparisons for different values of the maximum number of
retransmissions. The values of PCE(n) used in the model are
reported in Table III (Exp. 1-9).

The Table shows that the performance of the algorithm is
significantly affected by the specific channel used for com-
munication. For instance, looking at the delivery probability
experienced by nodes when BW = 2 we can observe that
changing the communication channel from 21 to 17 causes the
delivery probability to increase from 0.69 to almost 1. This can
be explained by looking at the values of capture effect reported
in Table III. Specifically, we can observe that the probability of
capture effect when using channel 17 is significantly higher
than when using channel 21. This is because changing the
communication channel causes, in general, a variation of the
received signal strengths of nodes (due to multipath fading)
and, hence, a change of the probability of capture effect to
occur. This is confirmed by the results obtained when nodes
use the channel hopping mechanism and, hence, use all the
possible available channels during time. In fact, in all the
considered scenarios, the performance achieved using channel
hopping is almost the average of that obtained when using
only one single channel.

Impact of capture effect for different network sizes

We conclude this section showing the impact of capture
effect on the performance of TSCH CSMA-CA for different
network sizes. Figures 12(a), 12(b) and 12(c) report the
considered performance metrics (derived both from analysis
3 and real experiments) for different values of maxR. Both
the case with and without capture effect is considered.

We observe that there is a very good match between
analytical and experimental results and that the capture effect
improves the protocol performance for all the considered
network sizes.

3The values of PCE we used for the analysis are reported in [39] for the
sake of space.

VI. CONCLUSION

In this paper we have presented an analytical model of
TSCH CSMA-CA algorithm based on Discrete Time Markov
Chains. We used it to derive the performance achieved by
nodes using shared links in terms of delivery probability,
packet latency and energy consumption. We validated our
model through simulation and measurements in a real testbed.
Our results show that the performance of the algorithm
strongly depends on the CSMA-CA parameter values and
that, in a real network, the performance of the algorithm
is significantly improved by the capture effect. Also, we
have found that channel hopping in some cases can improve
performance.
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Fig. 10: Impact of channel hopping and backoff window size on the protocol performance.
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Fig. 11: Impact of channel hopping and retransmissions on the protocol performance.
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