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Abstract—Time Slotted Channel Hopping (TSCH) is an 
emerging MAC protocol defined in the IEEE 802.15.4e standard. 
By combining time slotted access with multi-channel and channel 
hopping capabilities, it is particularly suitable for critical 
applications that require high reliability and deterministic latency. 
In this paper we focus on the formation process of TSCH 
networks. This relies on periodic advertisement of Enhanced 
Beacons (EBs), however, the standard does not specify any 
advertising strategy. By taking a theoretical approach, we first 
derive a general model of the network formation process and 
provide an analytical formulation of the average joining time (i.e., 
the time taken by a node to join the network). Then, we derive an 
optimal strategy for scheduling EB transmissions that minimizes 
the average joining time. Finally, we propose a new Model-based 
Beacon Scheduling (MBS) algorithm that approximates the 
optimal strategy in real networks. We evaluate the performance 
of MBS by simulation. Our results show that the proposed 
algorithm outperforms previous solutions present in the 
literature.    

Keywords—IEEE 802.15.4e, TSCH, network formation, 
network advertising, beacon scheduling. 

I.  INTRODUCTION 
Wireless Sensor and Actuator Networks (WSANs) are a 

fundamental component of the upcoming Internet of Things 
[1]. In a WSAN many sensor and actuator devices are placed 
in the same physical environment for monitoring and control 
operations. Physical quantities such as temperature, pressure 
and light intensity are continuously measured by sensor 
devices. Then, the acquired data are sent to a central controller 
using wireless links. The controller analyzes the received 
information and, if needed, changes the behavior of the 
physical environment through actuator devices [2]. WSANs 
have been adopted in a variety of application domains such as 
smart cities and smart buildings as well as in industrial [3] and 
healthcare [4] applications.  

In the past years, many standards such as IEEE 802.15.4 
[5], ZigBee [6], Bluetooth [7], WirelessHART [8] and ISA-
100.11a [9] have been released by international bodies to 
support the use of WSANs in different application domains. 
Recently, IEEE has released the 802.15.4e amendment [10] 
that extends the original 802.15.4 standard to better support 
the emerging needs of embedded applications. IEEE 802.15.4e 
defines a number of MAC (Medium Access Control) behavior 
modes, to support specific application domains, and some 
general functional improvements that are not tied to any 
specific application domain. In this paper we focus on the 

Time Slotted Channel Hopping (TSCH) MAC behavior mode 
[10] that is mainly intended for process automation 
applications (e.g., industrial automation, building/home 
automation, etc.). TSCH combines time slotted access with 
multi-channel and channel hopping capabilities. Hence, it 
provides increased network capacity, high reliability and 
predictable latency, while allowing very low duty cycles (thus, 
resulting in energy efficiency). Also, TSCH is topology-
independent, as it can be used in star, tree or mesh networks.  

In this paper, we study the network formation process of 
TSCH. This process is strongly influenced by the strategy 
used to announce the network presence, which is based on 
sending special control messages named Enhanced Beacons 
(EBs). The 802.15.4e standard does not define any EB 
advertising strategy. Specifically, it does not indicate neither 
when EBs must be sent, nor the channels to be used. In 
addition, it does not define the rate of EB transmissions. 
Optimizing the network formation process in TSCH networks 
is very important since joining nodes usually keep their radio 
on during all the time they wait for EBs and, hence, they 
consume a significant amount of energy. Basing on these 
considerations, the authors of [11] and [12] proposed some 
solutions to schedule EB transmissions in TSCH networks 
with the goal to limit the joining time. In [11] a simple 
Random-based advertisement algorithm is proposed, where all 
nodes in the network use the same timeslot to transmit EBs. 
To reduce collisions, each node transmits its EBs with a 
probability depending on the number of neighboring advertiser 
nodes. The impact of network density, packet error rate and 
number of channels used for advertising on the average 
joining time is investigated by means of simulation. In [12], 
two advertisement algorithms are proposed, namely Random 
Vertical filling (RV) and Random Horizontal filling (RH). The 
two solutions adopt two opposite approaches for EB 
scheduling. In RV, all the EBs are sent in just one timeslot, 
exploiting all the available channel frequencies, whereas RH 
uses all the timeslots but transmits only on a single channel 
offset. The authors studied the performance of the two 
solutions through analysis, simulation and real experiments, 
and found that RV and RH have similar performance.  

Differently from the work in the literature, we address the 
problem from a theoretical point of view. Specifically, we 
model the network formation process by means of a Discrete 
Time Markov Chain, and derive an analytical expression of the 
average joining time, i.e., the time taken by a device to join 
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Fig. 2. Network with a tree-topology (a) with a possible link schedule (b). 

the network. Since the network formation process strongly 
depends on the EB transmission schedule, we derive an 
optimization problem that allows to calculate the optimal EB 
schedule that minimizes the average joining time. Finally, we 
define a new Model-based Beacon Scheduling (MBS) 
algorithm that approximates the optimal EB schedule in real 
scenarios.  

We performed an extensive simulation study to evaluate 
the performance of our algorithm in different operating 
scenarios and compare it with other similar algorithms. We 
observed that MBS outperforms all the other previous 
algorithms as it drastically reduces the average joining time, 
and, hence, the energy consumed during the joining phase. 

The remainder of the paper is organized as follows. 
Section II introduces 802.15.4e TSCH. Section III presents the 
analytical model of the network formation process in TSCH. 
Section IV shows how to derive the optimal EB schedule 
starting from the previous model. Section V describes the 
proposed MBS algorithm, whose performance are analyzed in 
Section VI. Finally, Section VII draws some conclusions.  

II. IEEE 802.15.4E TSCH 
The Time Slotted Channel Hopping (TSCH) protocol is one 

of the new MAC Behavior modes introduced by the IEEE 
802.15.4e standard [10]. TSCH combines time slotted access 
with multi-channel and channel hopping capabilities. Time 
slotted access increases the potential throughput that can be 
achieved, by eliminating collision among competing nodes, 
and provides deterministic latency to applications. The use of 
multiple channels allows to increase the network capacity, 
since more nodes can exchange their packets at the same time 
(i.e., in the same timeslot) by using different channel offsets. 
In addition, channel hopping mitigates the effects of 
interference and multipath fading, thus improving the 
communication reliability. Furthermore, TSCH is energy 
efficient, since it can maintain very low duty cycles thanks to 
the time slotted access mode. Finally, TSCH is  topology 
independent, as it can be used to form any network topology 
(e.g., star, tree and mesh), resulting particularly well-suited for 
multi-hop networks. 

In TSCH, nodes synchronize on a periodic slotframe, 
consisting of 	  timeslots repeating in time. Each timeslot 
allows a node to send a maximum-size data packet and receive 
the related acknowledgement. If the acknowledgement is not 
received within a predefined timeout, the retransmission of the 
data packet is deferred to the next timeslot assigned to the 
same (sender-destination) couple of nodes. Fig. 1 shows a 
slotframe with 4 timeslots ( = 4 .    

One of the main characteristics of TSCH is the multi-
channel support, based on channel hopping. Initially, 16 
different channels are available for communication. However, 

some of these frequencies could be blacklisted (because of 
low-quality communication) and, hence, the total number of 
channels 	  available for channel hopping may be lower than 
16. The frequency  to be used in a timeslot depends on the 
channelOffset – i.e., an integer value in the range [0,15] – 
assigned for the communication. Specifically, it can be 
derived as follows 

 = 	 	 	 (1) 

where  is the Absolute Slot Number, defined as the total 
number of timeslots elapsed since the start of the network. The 
ASN increments globally in the network, at every timeslot, 
and, thus, is used by devices as a timeslot counter. Function  
can be implemented as a lookup table.  

Thanks to the multi-channel capability, several 
simultaneous communications can take place in the same 
timeslot, provided that different channel offsets are used. In 
addition, by varying the frequency in successive timeslots, the 
channel hopping mechanism allows to mitigate the negative 
effect of external interference. 

In order to make two or more nodes communicate in a 
TSCH network, it is necessary to assign them a link, i.e., 
reserve a timeslot and a channel offset in the slotframe for 
their communication. Hence, a link can be represented by a 
couple [timeslot, channelOffset] specifying the timeslot in the 
slotframe and the channel offset used by the devices in that 
timeslot. As mentioned, the channel hopping mechanism 
returns a different frequency for the same link at different 
slotframes. Hence, all the possible available frequencies are 
used over time.  

TSCH provides both dedicated and shared links. The 
former are allocated to a single pair of transmitter/receiver 
devices, whereas the latter are used by multiple nodes and can 
be accessed by more transmitters. Fig. 2 shows a possible link 
schedule for data collection in a simple sensor network with a 
tree topology, with 3 timeslots per slotframe and 4 available 
channel offsets. Thanks to the multi-channel capabilities of 
TSCH, 8 transmissions are accommodated in just 3 timeslots. 
In particular, [0,0] is a shared link, allocated to both E and G. 

A. Network Formation 
The network formation process in TSCH starts when the 

PAN coordinator advertises the network presence by 
transmitting Enhanced Beacons (EBs). EBs are special TSCH 
packets containing all the necessary information for a node to 

 
Fig. 1. TSCH Slotframe structure. 



join the network and start communicating with other nodes. A 
valid EB contains: (i) Synchronization information, to allow 
new devices to synchronize their clock with that of nodes that 
have already joined the network; (ii) Channel hopping 
information, to allow new devices to learn the sequence of 
channels used for communication; (iii) Timeslot information, 
reporting when to expect a packet transmission and when to 
send an acknowledgment;  (iv) Initial link and slotframe 
information, to inform new devices about: (a) when to listen 
for transmissions from the advertising node, and (b) when to 
transmit to the advertising node. As for regular TSCH packets, 
specific links of the slotframe must be assigned to nodes for 
EB transmissions. It follows that EBs are sent using the TSCH 
channel hopping mechanism, and, hence, they are transmitted 
on all available frequencies during time. 

A node wishing to join a TSCH network turns its radio on 
and starts scanning for possible EBs. As soon as it receives a 
valid EB, its MAC layer notifies the higher layer of the EB 
reception. The latter configures the slotframe and links on the 
basis of the information reported by the EB, and switches the 
device into TSCH mode. From this point on, the device is 
connected to the network and can start communicating with 
other network nodes. To this end, a specific procedure is 
usually executed by the joining node to allocate 
communication resources (i.e., links). This procedure may 
include a security handshake to (i) authenticate the joining 
device, (ii) establish encryption keys, and (iii) configure 
routing information. The mechanism and rules for configuring 
communication resources and establish security and routing 
policies are not defined in the 802.15.4e standard, as they are 
under the responsibility of the higher layers (e.g., application 
or network layer). When the joining device terminates the 
initial configuration, it may start sending EBs, on its turn, to 
announce the network presence.  

The 802.15.4e standard does not specify any EB 
advertising strategy as it is under the responsibility of upper 
layers (e.g., the application layer). A proper advertising 
strategy should define how to advertise (i.e., which nodes 
should send EBs) and when to advertise (i.e., the rate and links 
that advertising nodes should use to transmit EBs). The 
simplest idea is to let all the devices that have already joined 
the network to broadcast EBs. As far as the advertising rate, 
there are two contrasting requirements. On one hand, EBs 
should be sent frequently so as to allow devices to join the 
network very quickly and save their energy (joining devices 
keep their radio always on while waiting for a valid EB). On 
the other hand, sending EBs too often consumes bandwidth 
and energy at advertising nodes. Hence, an appropriate EB 
transmission schedule that minimizes the joining time 
experienced by nodes would be required.  

III. MODELING THE NETWORK FORMATION PROCESS 
In this section we model the behavior of a generic device 

that wants to join a TSCH network. To this end, we first 
introduce our assumptions and make some preliminary 
remarks (Section A). Then, we develop an analytical model of 
the joining process, based on a Discrete Time Markov Chain 
(Section B). Relying on this model, we derive a closed-form 
expression of the average joining time experienced by the 
device (Section C). Finally, we validate our model through 
simulations (Section D). 

A. Assumptions and Preliminary Remarks 
As mentioned in Section II, in TSCH networks nodes use a 

link to exchange messages with a corresponding node over 
successive slotframes and each link is represented by a couple 
[timeslot, channelOffset]. Even though the channel offset 
associated to the link remains unchanged over time, the 
channel hopping mechanism returns different frequencies to 
be used, for the same link, at different slotframes (see (1)). 
Despite that, a recurring scheme in the sequence of 
frequencies used for communication in a certain link can be 
observed. This is exemplified in Fig. 3, where each link 
[timeslot, channelOffset] in the slotframe is identified by a 
letter (from A to L), and different channel frequencies are 
represented by different colors. For simplicity, in Fig. 3 the 
slotframe is composed of 3 timeslots, and 4 frequencies are 
used.  

 Let  and  denote the number of timeslots in a 
slotframe and the number of available frequencies, 
respectively. Without losing in generality, we make the 
following assumptions: 
(i)  and  are coprime;  
(ii) Function : {0, …, 	 1}→{0, …, 	 1} in 

equation (1)  is bijective, i.e., it returns different 
frequencies for different inputs and it uses all the	  
available frequencies. 

Under these assumptions, a number of claims hold. For 
simplicity, in the following we consider the identity function, = . Hence,  
 = 	 	    (2) 

We want to point out that this choice is made in the TSCH 
implementation available for the Contiki operating system 
[13]. In addition, the following claims hold for any  that 
satisfies assumption (ii) above. 

CLAIM 1. The sequence of channels used for 
communication in a certain link repeats every =  

 
Fig. 3. Cycle structure: links and used frequencies. 



timeslots. Hereafter, we refer to 	as a cycle.  
In the example in Fig. 3, = 4	 and = 3. Therefore, 

the schedule is repeated after = 12 timeslots (i.e., starting 
from slotframe 5).  

PROOF. The frequency used to transmit a packet in a 
certain link is derived according to (2). In order to determine 
the cycle  by which a frequency is reused in a certain link, 
we need to calculate the minimum number ∈  such that 	 	 	= 	 	 	  
Due to the properties of the module operator, the equation can 
be written as follows 	 	 	 	  = 	 		 	 	  
Hence, the equality holds for  values such that  
 	 = 0  (3) 
To satisfy (3),  must be a multiple of . In addition, since 
links repeat at each slotframe, the cycle  must be also a 
multiple of . Therefore,  is the least common multiple of 

 and , i.e., = , . Since  and  are 
coprime, by assumption (i), = , = . This 
proves the claim.     

CLAIM 2. At successive slotframes, all links change 
frequency. In addition, within a cycle, each link uses all the 
available frequencies, once and only once.  

For instance, in Fig. 3 link A exploits frequency 0, 1, 2, 
and 3 in successive slotframes.  

PROOF. Claim 1 assures that, in a certain link, a frequency 
is not reused before  timeslots, corresponding to ⁄  
slotframes. Since ⁄ = , it follows that, during a cycle , 
all  available frequencies are used (once and only once).      

CLAIM 3. All links follow the same channel hopping 
sequence, i.e. they use frequencies in the same order over 
time, with a certain offset.  

For instance, consider links  and  in Fig. 3. Starting 
from the first timeslot, link  uses frequencies 0, 3, 2, 1. 
Instead, link  uses frequencies 1, 0, 3, 2. Basically, they 
follow the same sequence with different starting points. The 
same remark applies to all the other links.  

PROOF. Let  and represent the frequencies used by 
two generic links during the  slotframe, i.e., =	 	  and =	 	 . The two 
frequencies differ by =	 	 . Since 

,  and  are 
constant values, the difference  is constant as well, 
and represents a fixed offset between the frequencies used in 
the two links. Since the number of channel frequencies is 
limited, the claim is proven.  

These Claims have some important implications on EB 
transmission. Assuming that some links in the slotframe have 
been assigned for EB advertising, transmissions performed in 

such links will take place on all the available frequencies 
during the cycle. In addition, considering different channel 
frequencies, the temporal distances between consecutive EB 
transmissions do not change. For instance, let us assume that 
three EBs are broadcast using links [0,0], [1,1] and [2,1] (A, E 
and F, respectively, in Fig. 3). EBs will be sent on frequency 0 
during timeslots 0, 7 and 11; on frequency 3 during timeslots 
3, 10 and 14; on frequency 2 during timeslots 6, 13 and 17; on 
frequency 1 during timeslots 9, 16 and 20. It can be noted that 
the distances between EBs transmitted on the same frequency 
are maintained over all the considered frequencies. Hence, we 
can limit our study of EB scheduling to a single frequency, 
since EB transmissions made on a frequency will be 
performed in the same way on all the other frequencies. 

B. Analytical Model  
In this section we model the behavior of a single node that 

wants to join the TSCH network, throughout referred to as the 
joining node. We assume that the joining node activates in a 
random timeslot and starts listening for EBs on a frequency , 
randomly chosen among the set of available ones. The joining 
node keeps its radio always on and does not change frequency 
until it receives a valid EB. We assume that  links in the 
slotframe are devoted to EB transmissions. Also, we denote by 

 the probability that an EB is corrupted during its 
transmission (due to collisions and/or channel unreliability) 
and, hence, it is not correctly received by the joining node. 
The joining process terminates when the joining node receives 
a valid EB on frequency . 

According to Claim 2, EBs are sent on all the available 
frequencies over time. Specifically, for each link used for 
advertising, one EB is transmitted on frequency 	within a 
cycle of duration =  timeslots. It follows that  EBs 
are sent on frequency  in a cycle . In addition, since the 
distances between the timeslots used for EB transmission does 
not change with frequency, it is possible to focus only on 
frequency  without loss of generality. Finally, since the EB 
transmission schedule repeats periodically at every cycle, we 
can analyze a single cycle of 	  timeslots.  

Hereafter, we observe the state of the system at the 
beginning of each timeslot within the cycle. We define the 
system state, at a given time , as the index of the current 
timeslot. Fig. 4 shows the set  of all possible system states. 
The joining node activates at a random timeslot. Hence, it has 
a probability 1⁄  to be initially in any state 	 =0,1, … , 1 . States  can be classified in two different 
types depending on whether, or not, they accommodate an EB 
transmission. We refer to the two types as beacon-transmitting 
and non-beacon-transmitting states, respectively. Since  
EBs are sent on frequency  during a cycle, there are  
beacon-transmitting states. In Fig. 4 beacon-transmitting 
states are colored in orange, while non-beacon-transmitting 
states are depicted in blue. 

If the joining node is in a non-beacon-transmitting state , 
for sure it will not receive an EB until it has reached the next 
beacon-transmitting state. Hence, it transits to state  with 
probability 1. Conversely, if the node is in a beacon-
transmitting state, two different events can occur: (i) a valid 
EB is received by the node, or (ii) a non-valid EB is received, 



due to collisions and/or channel errors. The two events occur 
with probability 1  and , respectively. In the 
former case the node successfully joins the network and the 
system transits to the Joined state (state  in Fig. 4). State  is 
an absorbing state, i.e., no transition can occur from this state 
to any other state. Conversely, if a non-valid EB is received by 
the node, the system transits to state .  

We observe that, since state transitions occur at discrete 
times, and the probability to move to a new state only depends 
on the previous one, the random process described so far is a 
Discrete Time Markov Chain (DTMC). The transition matrix 
is shown in Fig. 4 (right). 

C. Average Joining Time Computation 
We can obtain the average joining time  experienced 

by the joining node by calculating the average absorption time 
 in the DTMC derived above, defined as the average number 

of transitions (i.e., timeslots) occurring in the system before 
reaching the Joined state. In order to facilitate the 
computation, it is useful to introduce two simple functions: 
⎯ Timeslot index, :	 → , defined as = .	 

Given a state, this function returns the index of the 
corresponding timeslot inside the cycle.  

⎯ Distance, , :	 → , defined as , =  
This function returns the distance, in terms of timeslots, 
that separates two states inside the cycle.  

In addition, we denote by  the set of beacon-transmitting 
states, and by 	  each beacon-transmitting state, where  
ranges from 0 to 1. 

We start considering a generic non-beacon-transmitting 
state  . In this case, the average absorption time from  
can be expressed as = 1  (with ≡ , since the 
considered state implies a transition to the next state with 
probability 1. Similarly, if several non-beacon-transmitting 
states follow , then  can be expressed as a function of the 
distance between  and the next beacon-transmitting state. 
More precisely, = , , where = argmin, , .  

Now, we derive the average absorption time for a beacon-

transmitting state . We observe that, starting from such a 
state, the system moves directly to the Joined state if a valid 
EB is received, i.e., with probability 1 . Otherwise, 
the system experiences a number of consecutive transitions 
until it reaches the next beacon-transmitting state. Hence, the 
average absorption time  can be calculated as  = 1 , . 

Once we have derived the average absorption time starting 
from any state, we can calculate the average joining time 
experienced by the joining node. This is given by the sum of 
the average absorption time of each state, divided by the total 
number of states in the system	 = . The final 
expression is shown in equation (4). It clearly appears that the 
average joining time is a function of , , , , as well 
as the distances between beacon-transmitting states.     

D. Model Validation 
To validate the model derived in the previous section, we 

used simulation. To this end, we implemented an ad-hoc 
simulator in C++. Specifically, we derived all the possible 
schedules accommodating  EB transmissions (i.e.,  
different schedules). Then, for each schedule, we calculated 
the average joining time through equation (4) and compared it 
with the corresponding simulation result. 

In our simulations, we assumed that the joining node can 
activate during any timeslot within the slotframe using any 
channel frequency. In addition, when it activates, its 
neighboring nodes are already sending EBs according to the 
considered EB schedule. We analyzed three scenarios, 
characterized by different values of  and 	 : (i) = 3,= 0%; (ii) = 3, = 30%; (iii) = 4, =0%. We considered low values for , , and  so as to 
limit the overall number of combinations. Specifically, we 
assumed = 5 and = 3, thus obtaining 455 combinations 
for = 3, and 1365 for = 4. For each considered EB 
schedule, we performed 100000 replications. We also derived 
confidence intervals with 95% confidence level. However, 
they are too small to be appreciated in plots below.  

The comparison between analytical and simulation results 
is presented in Fig. 5a, b and c, respectively (only a subset of 

= = ∑ 1 , 1 , 1 12 1, 1 ∑ 1, 21=01=0 1  	 ≡ 0 

Equation 4. Joining Time. 

 
Fig. 4. Discrete Time Markov Chain: graphical representation (left) and transition matrix (right)  



the total schedules are shown to ease the readability of plots). 
As it can be observed, simulation results match very closely 
the analytical values. As expected, increasing  causes 
longer joining times. Conversely, higher  values speed up 
the joining process. In addition, it can be noted that the 
average joining time significantly changes for different 
schedules, so that in the worst case the joining time can be 
much longer (even more than twice) with respect to the best 
schedule. These results motivate the search for the optimal EB 
schedule.     

IV. OPTIMAL BEACON SCHEDULE 
So far, we have provided a methodology to calculate the 

average joining time experienced by a node, for a given EB 
schedule. Now, we are interested in determining the optimal 
schedule, i.e. the EB schedule that minimizes the average 
joining time. The results presented in the previous section 
confirm the obvious intuition that the more EBs are sent, the 
shorter the joining time. However, increasing the frequency of 
EB transmissions also increases the energy consumed by 
advertising nodes and reduces the number of timeslots that can 
be used for data transmission. Hence, a trade-off must be 
reached. In this perspective, we assume that  (i.e., the 
number of EBs per slotframe) is constant and chosen by the 
PAN administrator according to the application requirements 
and energy constraints of nodes. Once  is fixed, we have to 
determine in which timeslots EBs should be transmitted. In 
other terms, we need to calculate the distances between 
beacon-transmitting states (i.e., timeslots accommodating EB 
transmissions). Since our goal is to minimize the average 
joining time, we can exploit the expression of ,	given in 
equation (4), to formulate our optimization problem as 
follows: 			min

			 =			 ∈ 	∀ 														 5  

where …  are the unknowns and represent the 
distances, in terms of timeslots, between successive beacon-
transmitting states, i.e. = , . Since the EB 
schedule repeats periodically at every cycle, we can limit our 
analysis to a single cycle of 	  timeslots. In (5), the first 

constraint assures that the sum of all distances is equal to a 
cycle duration . Instead, the second constraint states that 
distances must be non-negative integers.  

The optimization problem expressed in (5) has a quadratic 
objective function and integer solutions and, thus, belongs to 
the class of Mixed Integer Non-Linear Programs (MINLP) 
[14]. This class of problems can be solved by taking advantage 
of specific optimization software tools. In particular, we used 
the AMPL modeling language [15], in conjunction with the 
CPLEX solver [16]. This allows to derive the distance values 

 that minimize the joining time, given , , , and . 
For instance, let us consider a realistic schedule example, with 
a slotframe made up of 23 timeslots, 16 available channels and 
5 links for EB transmission (i.e., = 23, = 16, and =5). In this case, the resulting cycle is = = 368 
timeslots and the distances obtained by solving the 
optimization problem are = 73, = 74, = 74, =74,	 = 73.  

Solving the optimization problem returns the optimal 
distances between advertising links. Based on that, we can 
derive the optimal EB schedule as follows. Let us assume that 
the first timeslot of the slotframe is an advertising timeslot, 
i.e., an EB is sent on frequency 0 during timeslot 0 (obviously, 
any different choice, in terms of timeslot and frequency, for 
transmitting the initial EB is possible). The ASNs (Absolute 
Slot Numbers) of the other timeslots assigned to EB 
transmissions can be derived by simply summing the distances 
obtained by solving the previous optimization problem, as 
shown in TABLE I.  

TABLE I. EXAMPLE OF CONVERSION FROM DISTANCES TO LINKS 

 ASN Link 
 0 [0,0] 

73 73 [4,7] 
74 147 [9,13] 
74 221 [14,3] 
74 295 [19,9] 
73 368≡0   

Once the ASNs of the advertising timeslots are calculated, 
the corresponding [timeslot, channelOffset] links in the 
slotframe can be obtained as shown in (6) and (7). The latter 
expression has been obtained by inverting (2): 
 = 	 	 	 (6) 
 = 	 	   (7) 

 
 (a)            (b)           (c)  

Fig. 5 Model validation. Average Joining Time expressed in timeslots, in three different scenarios. 



For the above-mentioned example, the resulting links are 
shown in the third column of TABLE I. 

V. MODEL-BASED BEACON SCHEDULING ALGORITHM 
The optimal EB schedule derived in the previous section 
cannot be directly used in a real network. In fact, it may not be 
possible for a node to transmit all the  EBs specified in 
the schedule, for two main reasons: 

• Beacon collisions. More nodes could transmit EBs at the 
same time. This would result in a large number of 
collisions and wasted energy, especially in dense 
networks. 

• Transmission unfeasibility. The optimal schedule may 
require that a node transmits more EBs in the same 
timeslot, using different channel offsets. Obviously, this 
is unfeasible. 

Therefore, in a real network it is necessary to (i) determine 
which nodes will be in charge of transmitting EBs, and (ii) 
assign links for EB transmission to these nodes, according to 
the optimal schedule. To this end, we present below a Model-
based Beacon Scheduling (MBS) algorithm that allows to 
derive an EB schedule that approximates the optimal one in a 
real network.  

MBS allows any node in the network to choose 
autonomously a link for EB transmission, from the set of links 
provided by the optimal schedule, without exchanging 
messages with other nodes. It just assumes that the optimal 
schedule parameters (e.g., links to be used for EB 
transmission) are initially calculated at the PAN coordinator 
and, then, broadcast to all nodes in the network inside every 
EB. This way, every node knows the set of links to be used for 
EB transmission. Each node randomly selects a link from this 
set and uses it for transmitting one EB per slotframe.   

 Algorithm 1 describes the specific actions performed by a 
generic node in the network at each timeslot. As a preliminary 
step, the node receives the set of links to be used for EB 
transmission according to the optimal schedule (line 0). Then, 
at the beginning of each slotframe, the node randomly selects 
a link, among the received set (lines 2-4) and determines the 
timeslot and channel offset to be used for EB transmission. 
Finally, it transmits the EB on the timeslot and channel offset 
derived in previous step (lines 5-7). 

Algorithm 1: MBS 
0 optimal_links = read(optimal_schedule); 
1 ASN = current timeslot ASN; 
2 If ((ASN mod ) == 0) then          // new slotframe starts 
3     chosen_link = random-choice(optimal_links); 
4 end 
5 If ((ASN mod ) == chosen_link.timeslot) then 
6  send_EB(chosen_link.channelOffset) 
7 end 

VI. PERFORMANCE EVALUATION 
To evaluate the performance of the proposed MBS 

algorithm and compare it with other similar algorithms, we 
used an ad hoc simulator implemented in C++. We considered 

two different scenarios, namely Single Joining Node and 
Network Setup. In the former scenario, we assumed that there 
is already an active TSCH network and a new node wants to 
join it. In this scenario, we measured the joining time, i.e., the 
time taken by the node, from its activation, to receive a valid 
EB and join the network. Since the joining node keeps the 
radio always on during this phase, the joining time also 
provides an indirect indication of its energy consumption. 

In the Network Setup scenario we assumed that there is a 
group of N nodes that wants to set up a network for 
communication (for instance, this happens at network start 
up). In such a scenario, the PAN coordinator starts the 
network setup process by sending EBs. Upon receiving a valid 
EB, a node joins the network and starts transmitting EBs, on 
its turn, to allow other nodes to join. In this scenario we 
measured the network formation time, i.e., the time interval 
from when the PAN coordinator transmits the first EB to when 
the last node in the group joins the network. 

In both the considered scenarios, we assumed = 101 
and = 16. For each simulation experiment, we performed 
100000 independent replications. We also derived confidence 
intervals, with 95% confidence level. However, they are very 
small and cannot be appreciated in the plots below. 

A. Algorithms for Comparison 
In the following we compare the performance of the 

proposed MBS algorithm with that of the following 
algorithms. To make the comparison fair, we assume that the 
number  of EBs advertised in each slotframe is the same for 
all the considered algorithms. 
• Random (RD). The  links devoted to EB advertisement 

are randomly distributed within the slotframe. Each node 
randomly selects one of these links. 

• Random Vertical (RV) [12]. EBs are sent during the first 
timeslot of the slotframe using all the available channel 
offsets. Since we limit the number of EBs per slotframe to 

, we consider a slightly modified version of the 
algorithm in [12] where at most  (randomly-chosen) 
channel offsets are used. Each node randomly selects one 
of the above links. 

• Random Horizontal (RH) [12]. RH follows an opposite 
approach with respect to RV. EBs are transmitted during 
all the timeslots of the slotframe, always using the same 
channel offset (i.e., 0). As above, we consider a slightly 
modified version of RH where at most  (randomly-
chosen) timeslots are used. Each node randomly selects 
one of the above links. 

B. Single Joining Node 
In this scenario, we focus on a specific node that wants to 

join an already active network. At a given time, it turns its 
radio on and starts listening for EBs on a random channel 
frequency. We assume that its neighboring nodes advertise 
EBs according to the considered EB scheduling algorithm 
(i.e., MBS, RD, RV, RH). 

In this set of experiments we measured the average joining 
time, expressed in number of timeslots. We investigated the 



effect of varying the number 	of EBs advertised in each 
slotframe on the average joining time. However, we also 
considered the effect of receiving invalid EBs, due to channel 
errors and/or collisions. Specifically, we considered three 
different values of EB loss probability = 0%, 10% and 
30%). For the RV algorithm we limited our analysis to 16. This is because, in RV, EBs are sent in the first timeslot of 
the slotframe, using all the available channel offsets. Since 
there are only 16 channels available, it does not make sense to 
consider a number of EBs per slotframe larger than 16. 

The obtained results are shown in Fig. 6. As expected, for 
all the considered algorithms, the average joining time 
decreases significantly as the number of EBs per slotframe 
increases. However, the reduction becomes negligible for 
values of  beyond a certain threshold (about 30 in our 
experiments). Therefore, transmitting too many EBs does not 
provide any significant benefit, in terms of joining time, but 
increases the energy consumed by advertising nodes and 
reduces the number of timeslots available for data 
communication. 

The results in Fig. 6 also show that our model-based 
algorithm (MBS) outperforms the other solutions, irrespective 
of the considered parameter values. This is because, unlike the 
other algorithms, MBS grounds on a theoretical foundation 
and relies on the optimal schedule. In practice, MBS can 
reduce the average joining time up to 31% compared to RV, 
42% with respect to RH, and 47% in comparison with RD.  

The random approach (RD) exhibits always the worst 
performance. Interestingly, for = 16, RV and MBS use 
exactly the same links for advertising and, thus, they exhibit 
the same performance. Similarly, RH and MBS behave 
exactly the same for = 101. This means that, in these 
specific cases, RV and RH are optimal choices, too.  

As a final remark, it can be observed that when the 
probability of EB loss increases, the difference in performance 
between the various algorithms tends to decrease. This is 
because, in the presence of lost/corrupted EBs, the original EB 
schedule of MBS may be significantly altered. However, even 
in the presence of loss, the general trend remains unchanged. 

C. Network Setup 
In this second scenario, we consider a group up of  nodes 

(including the prospective PAN coordinator) that want to set 
up a network for communication (e.g., at network start up). At 

some point in time, the PAN coordinator starts sending EBs, 
thus triggering the network formation process. Upon receiving 
a valid EB, a node joins the network and starts transmitting 
EBs, so that other nodes can join on their turn. The process 
stops when all the N nodes have joined the network. EBs are 
sent according to the considered EB scheduling algorithm. Of 
course, a collision occurs if two (or more) neighbors of a 
receiving node select the same link for EB transmission, 
resulting in a non-valid EB transmission. 

In this scenario we measured the average network 
formation time, i.e., the average time (expressed in number of 
timeslots) from when the PAN coordinator transmits the first 
EB to when the last node in the group joins the network. In 
our experiments we assumed that nodes are randomly 
deployed in an area of 80m 80m and each node has a 
transmission range of 10m. Node positioning was obtained 
through the NPART algorithm [17] that produces realistic 
random topologies. As in the previous scenario, we analyzed 
the performance of the considered EB scheduling algorithms 
for different  values. Also, we performed three different 
sets of experiments with different number of nodes in the 
network, i.e., 20, 40 and 60. 

The obtained results are shown in Fig. 7. As in the 
previous scenario, MBS outperforms all the other solutions, 
providing a valuable reduction in the average network 
formation time (up to 43% compared to RV, and 54% 
compared to RH and RD). As above, this is because MBS 
relies on the optimal EB schedule. RH and RD exhibit very 
similar performance, whereas RV introduces the longest 
network formation time. This can be explained as follows. 
When using the RV algorithm, EB are advertised only in the 
first timeslot of the slotframe and, hence, a joining node has to 
wait for the beginning of the next slotframe in order to start 
receiving EBs. Instead, in all the other algorithms EBs are 
spread within the slotframe. This reduces the average joining 
time of each single node and, hence, the average network 
formation time. 

As a final remark, we observe that the performance of the 
various algorithms are very similar for low  values (e.g., 

=5). In such a case, since there are very few advertising 
links available, many nodes choose the same link for sending 
their EBs. This causes a large number of EB collisions and, 
ultimately, results in long network formation times for all the 

 
 (a)  (b)  (c) 

Fig. 6. Average joining times for  equal to 0% (a), 10% (b) and 30% (c). 



considered algorithms. Of course, the problem becomes more 
and more apparent as the network density increases (i.e., when 
passing from 20 to 60 nodes).  

VII. CONCLUSIONS 
In this paper we have investigated the network formation 

process in 802.15.4e TSCH networks. The standard specifies 
that Enhanced Beacons (EBs) must be used to announce the 
network presence, however, it does not define any specific 
algorithm to schedule EB transmissions. Determining a proper 
EB advertising strategy is important, since – as shown in this 
paper – a wrong EB schedule may cause very long joining 
times, i.e., nodes may take a very long time to join the 
network. In this perspective, we have developed an analytical 
model of the network formation process in TSCH networks, 
based on a Discrete Time Markov Chain. Relying on this 
model, we have formulated an optimization problem that 
allows to derive the optimal EB schedule that minimizes the 
average joining time of nodes. Finally, we have defined a 
Model-based Beacon Scheduling (MBS) algorithm that allows 
network nodes to autonomously select the links to use for 
advertising EBs, starting from the optimal EB schedule 
provided by the model. We show, through simulations, that 
MBS outperforms all the other solutions present in the 
literature, providing a significant reduction in the average 
joining time of single nodes and the average network 
formation time. 
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