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Abstract—The standardized 6TiSCH network offers high
throughput, reliable, delay-bounded, and energy-efficient com-
munication in Internet of Things networks. For 6TiSCH boot-
strapping, 6TiSCH minimal configuration standard has been
released, which uses a fixed transmission rate of Enhanced
Beacon (EB) control frame throughout the network’s lifetime.
However, our theoretical analysis shows both high and low EB
rates affect new joining nodes’ synchronization time and energy
consumption. To address this, we propose Parrondo’s Paradox-
based EB Transmission (PPET) scheme, which allows already
joined nodes to transmit their EB frames probabilistically.
Both theoretical and experimental results show the performance
improvement by PPET compared to benchmark schemes.

Index Terms—IoT, 6TiSCH, Parrondo’s paradox, TSCH
synchronization.

I. INTRODUCTION

THE IPV6 over IEEE 802.15.4e Time Slotted Channel
Hopping (6TiSCH) is a wireless network protocol

standard designed specifically for Internet of Things (IoT) to
provides delay-bounded, energy-efficient, and reliable commu-
nication. Basically, 6TiSCH network is built on the top of
TSCH mode of IEEE 802.15.4e to use IPv6 enabling end-to-
end communication in IoT [1]. To provide minimal bandwidth
to transmit control packets during the formation of 6TiSCH
networks, IETF released 6TiSCH Minimal Configuration
(6TiSCH-MC) standard [2]. This standard allows the nodes
to use only one cell, known as shared or minimal cell per
slotframe for the transmission of all types of control packets.
Note that combination of a timeslot and a physical chan-
nel is called cell, where time is divided into fixed duration
timeslots, and the collection of fixed number timeslots is
called slotframe, which repeats one after another. The new
nodes (aka pledges) require different control packets such
as Enhanced Beacons (EB), DODAG (Destination Oriented
Directed Acyclic Graph) Information Object (DIO) to join
6TiSCH networks and become joined-node. Note that only
6TiSCH nodes can transmit control packets and pledges need
to randomly scan all the physical channels one after another
by keeping their radios active. A pledge gets synchronized
with the network only after receiving a valid EB and after
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that, the pledge activates its radio only in shared cell to save
energy. Hence, the synchronization time of the nodes is signifi-
cant from the perspective of energy consumption of the nodes
as well as reliability/criticality of the IoT networks. Nodes
can transmit their sensory data only after joining networks,
therefore, in mission critical IoT applications such as disaster
management, Industrial IoT, and smart heath-care system, the
initial (also re-joining) synchronization time would be signifi-
cant. Furthermore, in a mobile IoT network, nodes may need
to re-join in different networks several times.

Even though the work [3] reduces the synchronization time
of the pledges by dynamically increasing the number of shared
cells per slotframe, it increases the energy consumption of the
nodes and also hampers the data transmission cells. The work
in [4] varied the EB generation interval of the joined-nodes
depending on the intensity of contention in the shared cell.
However, this scheme may suffer from the herding problem
where all the joined-nodes use either high or low beacon gen-
eration intervals at a time. Furthermore, during certain network
conditions, the nodes transmit several DIO packets within
short intervals, which increases the EB generation interval of
the nodes leading to high synchronization time of the pledges.
On the other hand, the work in [5] fixed the EB transmission
probability per slotframe to 0.1, which is not suitable for sparse
networks. The problems of EB highest priority and insufficient
transmission of routing problems to reduce the formation time
of 6TiSCH networks were studied in [6]. The work in [7] tried
to reduce data packet transmission collision. However, it nei-
ther considered 6TiSCH network nor transmission of control
packet in shared cell. So, none of the existing works can effi-
ciently handle the transmission rate of EB frame in 6TiSCH
networks, and so the initial pledges’ synchronization time and
energy consumption.

The mathematical Parrondo’s Paradox model [8] states that
two (or maybe more) losing strategies can be combined in
a certain manner to get a winning outcome. This model is
used in different domains such as thermodynamics, quantum
theory, biology, and medicine [9]. In our theoretical analysis
of 6TiSCH-MC standard, we observe that both low and high
transmission rates of EB frames in 6TiSCH networks impact
on pledges’ initial synchronization time and energy consump-
tion. In brief, both low and high transmission rates of EB
frames turn out to be losing games. However, we theoreti-
cally find that by allowing some nodes to transmit EB frame
at a high rate and some nodes at a low rate can improve the
pledges’ initial synchronization time and energy consumption.
We propose a scheme called Parrondo’s Paradox based EB
Transmission (PPET), which probabilistically allows the nodes
to transmit EB frame either at a high rate or low rate. Later, we
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validate PPET using testbed experiments. In brief, the major
contributions of this letter are as follows,

• We perform theoretical analysis of 6TiSCH-MC to show
how both low and high EB transmission rates impact
pledges’ synchronization time and energy consumption.

• We propose PPET scheme to overcome the problem of
fixed EB rate of 6TiSCH-MC.

• Along with the theoretical analysis, we also perform
testbed experiments on FIT IoT-LAB [10] to validate the
effectiveness of PPET.

The rest of this letter is organized as follows. Section II
briefly describes Parrondo’s Paradox model and Section III dis-
cusses the theoretical analysis of 6TiSCH-MC. In Sections IV
and V, we describe our proposed approach, and theoretical
and testbed experimental evaluation of the proposed scheme,
respectively. Finally, Section VI concludes this letter.

II. BACKGROUND

Parrondo’s Paradox is a paradox in game theory that says
“there exist pairs of games, each with a higher probability of
losing than winning, for which it is possible to construct a
winning strategy by playing the games alternately” [11], [12].
Parrondo’s Paradox can be easily understood using the below
coin-tossing example with two games where capital Ct is
changed depending on the outcome of the game played at
time t, i.e., for winning Ct+1 = Ct + 1 and for losing
Ct+1 = Ct − 1 [12]. The games are as follows,
• Game A: A bias-coin is used with winning probability

P1 = 1
2 − ε, where ε > 0. So, this game is a losing game.

• Game B: If the current capital Ct is a multiple of M,
another bias-coin is used with winning probability P2 = 1

10 −
ε, otherwise another bias-coin is used with winning probability
P3 = 3

4 − ε. For any integer value such as M = 3 and ε =
0.003, it can be seen that Game B also turns out to be a losing
game if we model the game as a Markov Chain.

If we play these two losing games alternatively, (e.g.,
AABBAABB . . . or ABBABB . . . ), paradoxically, gives a
winning game. This coin-tossing example is a popular illus-
tration of Parrondo’s Paradox.

Recently, Parrondo’s Paradox model is studied to restrict
Covid-19 spreading and lower its impact on countries’
economies in [9]. Using a Parrondo’s paradox model, authors
have shown that the alternation of imposing lockdown strategy
and the strategy of keeping the community open in a specific
way leads to a winning outcome. Apart from that, different
researchers used Parrondo’s Paradox in different applica-
tion domains such as social dynamics, life science, ecology,
evolutionary biology, and other interdisciplinary work.

III. PERFORMANCE EVALUATION OF 6TISCH-MC

A. System Model

We consider a single-hop 6TiSCH network with n joined-
nodes, including the JRC (Join Registrar/Coordinator). All the
joined-nodes are neighbor to each other and a pledge wants
to join the network. We consider a dense network scenario so
that we can study the performance of 6TiSCH-MC in highly
congested network such as Cisco’s CG-Mesh deployment.

As mentioned before, in 6TiSCH networks, all the joined-
nodes transmit their various control packets in a single shared
cell per slotframe following the resource allocation made by
6TiSCH-MC standard. Let us assume joined-node i transmits
its EB frame in each slotframe with the probability P i

eb and
other control frames/packets (such as DIO, keep-alive etc.)
together with probability P i

o . Now, the probability of suc-
cessfully receiving an EB frame by the pledge, Ps

eb can be
calculated as follows,

Ps
eb =

1

Nc
nP i

eb

n−1∏

j=1,j �=i

{(1− P
j
eb)(1− P j

o)}(1− Pl ). (1)

where, Nc is total number of used channels in the network and
Pl denotes the channel loss probability. The above equation
can be described as follows: node i can successfully transmit
its EB frame only when none of other joined-nodes does not
transmit either EB frames or other control packets. As there are
n joined-nodes in the network, so total probability is multiplied
by n times, corresponding to each joined-node. On the other
hand, as there are total Nc channels, and the pledge does not
know in which channel control packets are being transmitted
by the joined-nodes, so the total probability is divided by Nc .
Finally, the time taken by the pledge to get synchronized with
the network, Ts can be calculated as follows,

Ts =
1

Ps
eb

. (2)

As the pledges keep their radios active all the time before get-
ting synchronized the with network, i.e., before receiving valid
EB frame, therefore, we can measure the charge consump-
tion of the pledges, C (in coulomb) before their network
synchronization as follows,

C = CC × (Ts × (SFsize × TS )). (3)

where CC denotes the current consumption in ampere,
SFsize denotes the slotframe (SF) size in timeslot, and
TS denotes the timeslot duration in second.

B. Theoretical Analysis

For theoretical analysis, we consider the values of different
network parameters as follows: Peb = 0.1 and 0.3, Po =
0.3, Nc = 16, Pl = .05, and varied n from 2 to 10. As
6TiSCH-MC mentioned fixed (or static) EB rate for all the
joined-nodes, therefore, we also consider fixed EB rate for all
the nodes, i.e., P i

eb = P j
eb and P i

o = P j
o ; ∀j in our analysis.

We implement the above system model in Python language and
open the code.1 In Fig. 1, we provide the theoretical results
obtained using the above network parameter values.

In Fig. 1(a), we provide the synchronization time of the
pledge using low (i.e., Peb = 0.1) and high (Peb = 0.3) EB
transmission probability per slotframe. It can be seen from the
obtained results that low EB transmission probability helps
when there are more number of joined-nodes in the network.
Otherwise, when there are less number joined-nodes, low EB
transmission probability increases the synchronization time of

1https://github.com/Alakesh1025/PPET
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Fig. 1. Theoretical results.

the pledge significantly (i.e., 2×) compared to high EB frame
transmission. It is because, the probability of receiving an EB
frame by the pledge decreases and so the pledge needs to
wait for more time to get an EB frame. On the other hand,
high EB frame transmission probability significantly increases
the synchronization time (i.e., 3×) of the pledge because of
high contention in shared cell due to more joined-nodes in the
network. We run our model by varying the EB transmission
probabilities from 0.1 to 0.9 in step of +0.05 to determine
the minimum number of required slotframe by the pledge to
get synchronized with different network sizes. In Figs. 1(c)
and 1(d), we provide the minimum number of required slot-
frames and the respective EB transmission probabilities to get
minimum number of slotframes, respectively. These results
signify that different network sizes require different EB trans-
mission probabilities in order to reduce the synchronization of
the pledges.

To calculate the energy consumption of the pledge in
terms of charge, we consider the TI CC2650 device which
consumes, CC = 5.9 mA in active Rx state. We consider
SF = 101 timeslots and TS = 10 ms. In Fig. 1(b), we show
the charge consumption of the pledge when the joined-nodes
transmitted their EB frames in a slotframe with 0.1 and 0.3
probability values. It can be seen that the charge consumption
of the pledge increases with its synchronization time. This is
because the pledge needs to keep its radio active all the time
for scanning on all the physical channels to get an EB frame.

Therefore, from these results, it can be seen that it is nec-
essary for different networks to use different EB transmission
rates in order to reduce synchronization time and energy con-
sumption of the pledges. In brief, neither low nor high EB
transmission probabilities are suitable for all types of 6TiSCH
networks. So, both low and high transmission probabilities
impact on the synchronization time of the pledges as well as
their energy consumption, and so are losing games.

IV. PROPOSED APPROACH

It is observed in Section III-B that both high and low
EB transmission probabilities are not good for all types of

Algorithm 1 Parrondo’s Paradox Based EB Transmission
1: INPUT: Number of neighbors, Nnbr
2: OUTPUT: EB transmission probability/slotframe, Peb
3: Calculate α = 1

Nnbr
4: β=[0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9]
5: Generate a random decimal number, D < 1
6: if D < β (or D < (1− α)) then
7: Peb = 0.1
8: else
9: Peb = 0.3 (or Peb = α for improved result)

10: end if

networks, and so, can be considered as losing games. To
address this issue, in our proposed approach, we probabilisti-
cally allow some of the joined-nodes to use high transmission
probability, and other nodes to use low transmission in every
slotframe like the Parrondo’s Paradox model to improve the
performance of the network in terms of pledges’ synchro-
nization time and energy consumption, i.e., to get a winning
outcome. We decide the EB transmission probability of nodes
in each slotframe so that some nodes do not consume more
energy by transmitting more EB frames, while other nodes
preserve their energy by transmitting less EB frames.

Algorithm 1 describes the steps of our proposed Parrondo’s
Paradox based EB Transmission (PPET) scheme. Note that, as
EBs are transmitted by the already joined-nodes, so only the
joined-nodes use the PPET scheme for their EB transmission.
In Step: 4, a joined-node decides the probability, β (which
is in between 0.1 to 0.9) to transmit its next EB with the
probability either Peb = 0.1 or Peb = 0.3 (Steps: 5-9). For
example, if the joined-node chooses β = 0.3, then there is
30% chance that the joined-node transmits its next EB with
probability Peb = 0.1 and 70% chance to transmit its next EB
frame with probability Peb = 0.3. The term α is calculated
based on the number of neighbor nodes of a joined-node and
its purpose is explained in the next section.

V. EVALUATION

A. Theoretical Results

In Fig. 2, we show how the proposed scheme PPET behaves
for varied β. We also provide results for 6TiSCH-MC with
Peb = 0.1 and 0.3 using our system model. Results show
that PPET improves the pledges’ synchronization time and
energy consumption in all cases (i.e., β) compared to the
fixed value of Peb = 0.3. PPET even slightly improves the
performance of the pledge compared to the fixed value of
Peb = 0.1 when β = 0.95. So, Parrondo’s Paradox exists
during the formation of 6TiSCH networks. In brief, theoreti-
cally, our proposed scheme PPET improves the performance
of the pledge by probabilistically allowing the joined-nodes
to transmit EB frames with either high or low transmission
probabilities.

We also observe that the performance of the pledges can
be further improved by choosing the β value depending
on the number of neighbor nodes, Nnbr of the joined-
nodes, i.e., based on α = 1

Nnbr
. For this, we calculate the
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Fig. 2. Theoretical results for the proposed scheme, PPET.

value α as in Step: 3 and applied it on Step: 6’s ‘or’
statement, i.e., D < (1 − α) in Algorithm 1. The corre-
sponding results to this step are shown in Figs. 2(a) and 2(b)
using ‘PPET ,Γ’ notation. Furthermore, if we also set the
high and low EB transmission probabilities as per α, i.e.,
[min(0.1, α), max (0.1, α)] as mentioned in ‘or’ statement
of Step: 9, the results can be further improved as shown in
Figs. 2(a) and 2(b) using ‘PPET ,Δ’ notation. From the fig-
ures we note that, ‘PPET ,Δ’ improves the synchronization
time and charge consumption by ≈82% and 77%, respectively,
compared to 6TiSCH-MC with Peb = 0.3, when n = 10. So,
‘PPET ,Δ’ takes 3900mC out of 36000mC of a 10mAh bat-
tery, i.e., (1/10)th of total lifetime, whereas 6TiSCH-MC takes
(6/10)th, i.e., 20000/36000.

B. Testbed Experimental Analysis

We implement the proposed scheme PPET on Contiki-
NG OS and flash the created binary files on FIT IoT-LAB’s
M3 nodes [10]. For experiments, we consider two multi-hop
topologies, i.e., (5 × 5) Grid topology in Lille and 12 × 2
linear topology in Grenoble and slotframe length equals to
101 timeslots with each timeslot duration 10ms. We consider
EB intervals as follows: 4 slotframes for 6TiSCH-MC [2],
which gives Peb = 0.25; Pmin

eb = 0.25 and Pmax
eb = 0.1 for

C2DBI [4]; Pmin
eb = 0.25 and Pmax

eb = 0.1 for PPET, where
Pmin
eb and Pmax

eb denote the minimum and maximum EB trans-
mission probability per slotframe. C2DBI [4] varies the EB
generation interval depending on channel busy ratio, i.e., con-
tention level for a period of time to reduce contention in shared
cell. So, PPET is computationally simpler than C2DBI. Note
that we choose β and EB transmission probability of the nodes
based on their neighbor node count, i.e., α for PPET.

From the testbed experimental results shown in Fig. 3, it can
be seen that the PPET improves the performance of 6TiSCH
networks in terms of pledges’ synchronization time compared
to the 6TiSCH-MC standard and existing scheme C2DBI. The
reason for this improvement is that PPET helps the pledges to
get EB frame quickly by allowing some of the joined-nodes to
transmit EB frames frequently. On the other hand, by restrict-
ing some of the joined-nodes from frequent transmission of
EB frames, PPET reduces contention in the shared cell, and
so reduces collision. However, due to fixed EB transmission
rate in 6TiSCH-MC, collision increases in the shared cell with
the increasing number of joined-nodes in the network. Hence,
6TiSCH-MC gives poor performance. Because of the nodes’

Fig. 3. Testbed results for (a) 5 × 5, (b) 12 × 2 Topologies.

distance from the root node, we receive different results for
both the network topologies for all the schemes. As the charge
consumption of the pledges is directly proportional to their
network synchronization time [3] and [4], from the testbed
results on synchronization times, we can conclude that PPET
decreases the pledges’ energy consumption.

VI. CONCLUSION AND FUTURE WORK

In this letter, we showed that both fixed high and low
EB transmission rates impact pledges’ synchronization time
and energy consumption in 6TiSCH networks. To deal with
this problem, we proposed Parrondo’s Paradox based EB
Transmission (PPET) scheme, which probabilistically allows
the joined-nodes to transmit EB frames at either high or
low rates. Using both theoretical and testbed experiments,
we showed that PPET improves the performance of pledges
during their network-joining compared to existing benchmark
schemes including 6TiSCH-MC.
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