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Abstract—Multi-channel technology can effectively elimi-
nate wireless interference. The algorithms proposed for multi-
channel sensor networks usually assume that there are enough
channels available to enable interference-free parallel trans-
mission. However, in practice, the channels that can be used
are limited. This makes it possible that wireless interference
cannot be completely eliminated, making parallel transmission
impossible. Therefore, it is a challenging problem to develop a
scheduling algorithm with fully parallel transmission capability
under limited channels. To solve this problem, this paper
proposes a heuristic slot reuse algorithm combining Signal
to Interference plus Noise Ratio (SINR) and multi-channel
technology. The algorithm allocates consecutive slots to nodes
in a top-down manner. When the slot cannot be allocated
because the SINR is not satisfied, a new channel will be
added and allocate the slot. The simulation results show that
our algorithm achieves concurrent transmission under limited
channels, resulting in an optimized scheduling length.

Index Terms—data aggregation; slots reuse; multi-channel;
SINR.

I. Introduction
Wireless sensor networks (WSNs) have been widely

used in several fields, including environment, industrial
automation, military, and healthcare[1], [2], [3], [4]. A
WSN consists of a large number of sensor nodes, which
are equipped with different kinds of sensors, such as tem-
perature, humidity, light, pressure, etc. After the sensor
nodes are deployed, the nodes usually form a multi-hop
routing tree in a self-organizing manner. Sensor nodes in
the network communicate with each other through wireless
radio channels. When the radio operates at 2.4GHz, one
of the 16 channels can be used for a pair of sensor nodes
to communicate.

In a single-channel wireless sensor network, since the
nodes share the same wireless channel, the collision and
interference in data transmission are inevitable, which
reduces the network throughput. Some works arrange
the data transmission of nodes based on the wireless
interference model, realize the parallel data transmission
between nodes, and improve the network throughput of
single-channel wireless sensor networks [5], [6], [7], [8], [9].
Depending on the interference model used, these efforts
can be divided into two categories: scheduling based on
the protocol interference model and scheduling based
on the SINR model. Based on the protocol interference
model, the neighbors of nodes are classified according to

the theoretical communication distance. When neighbors
are outside the 2-hop range, neighbors are considered
interference-free and can transmit concurrently in the
same time slot without collisions. Obviously, the protocol
interference model is simple and easy to implement, but
it cannot accurately describe the interference of nodes.
In contrast, the SINR model comprehensively considers
background noise and wireless interference from neighbors,
and can accurately model the interference of nodes. Slots
are reused between nodes only when the SINR is larger
than a threshold. Therefore, concurrent transmission has
higher reliability[10].

Since multiple channels can be used to eliminate wireless
interference, multi-channel wireless sensor networks can
easily achieve reliable concurrent transmission, thereby
improving network throughput. In addition, it has obvious
advantages in latency, reliability, and power consumption.
MMSN [11] reduces energy consumption and communi-
cation costs by assigning different channels to nodes in
the two hops. LEOR[12] allows each node determines own
wake-up and sleep time separately based on its traffic
requirement, thereby has high reliability. In [13], a new
network topology call Basketball Net Topology (BNT)
was developed. The author proposed a Three-dimensional
Parallel Iterative Mathcing (3DPIM) algorithm to improve
network throughput.

However, none of these algorithms address the problem
of concurrent link transmission when the available chan-
nels are limited. For the application of data aggregation
in multi-channel sensor networks, this paper proposes a
time slot reuse algorithm that integrates the SINR model.
The contributions of our work are as follows:
(1) We propose a slot allocation algorithm based on

SINR, which allocates slots to nodes in a top-down
manner;

(2) We combine multi-channel and SINR to achieve
conflict-free slot reuse, thus optimizing the schedule
length;

(3) The relationship between the location of the sink and
the transmission distance on the performance of the
algorithm is analyzed through experiments, and the
algorithm is proved to be effective.

The paper is organized as follows. Section II summarizes



related work. Section III presents the network model
and assumptions and formalizes our scheduling problem.
Section IV describes the heuristic slot reuse algorithm.
Simulation results are given in Section V. Finally, Section
VI concludes the paper.

II. Related Work
Many algorithms have been proposed to optimize net-

work scheduling. A part of works consider the network
scheduling problem for single-channel wireless sensor net-
work, and the other utilizes multi-channel to eliminate
wireless interference, so as to obtain more optimal node
scheduling.
A. Scheduling in Single-Channel WSNs

References [6], [14], [15], [7], [8], [9] introduce energy-
efficient or throughput optimization scheduling algorithm
for single-channel WSNs. In [14], slot is assigned to node
based on its level in routing tree. Because the parent’s slot
is after its children, the proposal has the low end-to-end
latency. AS-MAC [6] utilizes a virtual backbone network
to forward the control and data packets. The energy
expenditure caused by the control overhead is reduced.
In [15], the authors propose a slot compression based on
interference model to reduce report delay. A Centralized
and distributed algorithms is used to assign slots for nodes.
In [8], the author considers the convergence and latency
optimization problems of multi-data-type WSNs, and
proposes a conflict-free scheduling algorithm RCGBSA
that minimizes latency. By selecting relay nodes based
on speed and buffer occupancy, EVC-TDMA[9] achieves
the better throughput than CR-TDMA[16], which relay
nodes is fixed. In Wu et al. [17] and Ma2014Contiguous,
the authors analyze the energy cost of different states, and
propose a consecutive slot assignment algorithm. They use
the traffic of node as weight and rank nodes in descending
order of weight, the slots are assigned to nodes based on
its order. In [18], the author proposes a node selection
algorithm to improve the lifetime of network. The node is
chosen based on its contribution on throughput or lifetime.
To summarize, these scheduling algorithms are developed
for single-channel WSNs, and cannot be adopted in multi-
channel WSNs directly.
B. Scheduling in Multi-Channel WSNs

References [12], [11], [19], [20], [21], [22] focus on energy-
efficient scheduling for multi-channel WSNs. LEOR pro-
posed in [12] is an energy-efficient protocol. It reduces the
communication cost by using forward area. Furthermore,
the channel for data transmission is chosen according to
the utility ratio of available channel. The least loaded
channel has the highest priority. In [11], the authors
propose a scheduling to save energy by reducing communi-
cation costs. By assigning different channels to neighbors
within two hops, the interference between neighbors is
significantly reduced, thereby avoiding additional energy
consumption due to interference.

In [19], the authors combine multi-channel and rein-
forcement learning techniques to achieve energy efficiency
optimization. QMMAC[20] combines multi-channel and
quorum concepts. It realizes the concurrent transmis-
sion through multi-channel technology, and uses quorum
to save energy. Different from the previous algorithms,
DRCS[22] is a multi-channel energy efficient scheduling
algorithm based on the receiver. It also avoids clock
synchronization by working asynchronously. RMMAC[23]
is a multi-channel MAC protocol based on time and
channel reservation mechanism. Through the ”request-
decision-response” between the sender and the receiver,
RMMAC realizes the reservation of time and channel.

Due to the advantage of interference-free concurrent
transmission, much work has been done to improve the
performance of multi-channel wireless sensor networks. For
example, latency[24], [25], [26], [27], [28], [29], [30], [31],
reliability[32], [33], [34], [35], and network throughput[13],
[36], [37].

By dividing the network into sub-trees based on the
path from the source to sink, and assigning different chan-
nels to the sub-trees, it is ensured that the transmission of
data flows does not interfere with each other, which helps
reduce end-to-end delay. TMCP[24], MCRT[26], and PIP
[27] are representative protocols. However, as the network
becomes larger and the number of data flows increases,
it becomes more challenging to maintain interference-free
transmission between data flows with limited available
channels. DMPMC [28] is a multi-power scheduling for
multi-channel WSNs. It realizes two-level transmission
power adjustment to support the communication intra-
cluster and inter-cluster. The results show that DMPMC
has the low latency. DCAS [29] uses a local extend relative
collision graph [38] and local data-forwarding graph to
schedule nodes. For each slot, an independent set is formed
based on the relative collision graph, and this can ensure
collision-free parallel transmission and low latency. NDAS
[30] optimizes the delay by exploiting the multi-channel
and asynchronous duty-cycle for WSNs. The authors use
two types of conflict graphs to characterize the relationship
of links, and present two color-based slots and channel
assignment algorithms. Because child is scheduled before
parent, the delay is optimized. MCAS-MAC [39] is an
enhancement of the algorithm proposed in [40]. In MCAS-
MAC, each node first chooses a home channel. When a
node needs to transmit data, sender selects a receiver and
then switches to the receiver’s home channel. However,
the sender has to wait until the receiver wakes up to
sends all data in the queue. The evaluation results show
that MCAS-MAC improves the reliability with the cost of
delay. In [31], the authors propose a heuristic to optimize
latency. The algorithm starts by building a routing tree,
in which nodes have a finite number of children. The
algorithm then performs bottom-up and top-down slot
assignments to remove direct interference. For indirect
interference, the author solves it by assigning different



channels to nodes;
PCA-MC proposed in [34] supports the quality of service

(QoS) for multi-channel WSNs. A enhanced Receiver-
based Channel Assignment (eRBCA) [41] is used. To re-
alize service differentiation, a delay-aware data collection
model is proposed. In [35], the authors propose a multi-
channel based dynamic programming named exPD. exPD
uses redundancy to improve reliability, but it reduces
network throughput. CoMacH[36] is a hybrid algorithm
that combines CSMA with TDMA. In CoMacH, when
the network traffic is low, the CSMA protocol is used,
and in the case of high load, the CoMacH uses TDMA to
ensure reliability and delay. Therefore, CoMacH is able to
adapt to traffic patterns.

In summary, the previously discussed work mainly
uses multi-channel to eliminate wireless interference and
enable concurrent transmission to improve throughput
and reduce latency. Some studies use different channels
to transmit data and control message separately, which
reduces transmission collisions, retransmissions and over-
head, thus saving energy. However, these works assume
that the available channels are infinite, so none of them
need to consider wireless interference when allocating
time slots. Different from these works, we consider the
minimum scheduling length problem for multi-channel
wireless sensor networks with limited available channels
and propose a heuristic algorithm to solve the problem.
To the best of our knowledge, this is the first research
work to combine multi-channel and SINR model. 

III. Network And Interference Models
A multi-channel wsn includes a sink and N nodes. We

model it with a graph G = (V,E), where V is the set of all
nodes in the network and E contains all communication
links between node in V . According to G, we construct a
routing tree T = (V,ET ) for data aggregation, where ET is
the set of the tree links that span all V and |ET | = N−1.

In our algorithm, we assume there are k available
channels. Each node v (including sink) will be allocated to
one or more channels in order to collect data. Furthermore,
the time is divided into slots. These slots are formed as a
Schedule Frame (SF). The schedule length (named LSF )
represents the number of slots included in SF .

When assigning slots and channel, a major difficulty is
how to avoid the wireless interference between nodes. An
accurate interference model is necessary for our designing.
Two main interference models[42]: the physical and pro-
tocol interference models could be used. In the protocol
interference model, a data transmission between nodes u

and v is reliable only if no other node within a certain
interference distance from v is transmitting concurrently.
Because of its simplicity, the works integrated with it
cannot provide concurrent transmission reliably.

Unlike the protocol interference model, the physical
interference model has fewer interference constraints. In
the physical interference model, when the cumulative
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Fig. 1. A Part of Communication Graph

signal interference strength of v does not exceed the
threshold, the link l=(u, v) can transmit reliably. We can
use formula (1) to describe it. The threshold is related to
the reliability required by the application. In conclusion,
using the physical interference model usually results in
higher throughput[43], [44]. In this paper, we also adopt
the physical interference model.

In the SINR model, a successful delivery from v to u

depends on the SINR at node u. In detail, denoting by
Pu(v) the received power at u of the signal transmitted by
node v, a packet transmitted along link (v, u) is correctly
received if and only if:

Pu(v)

Nb +
∑

w ∈ V
′

Pw(v)
> β, (1)

where Nb is the background noise, V
′ is the subset of

nodes in V that are transmitting simultaneously, and β is
a constant that shows a threshold of successful receiving.

Now, we consider a network in Figure1, and assume the
transmit distance is dt = 100m, and interference distance
di = 200m. Figure 2(a) shows the conflict relationship
in protocol interference model. Since there are conflicts
between every pair of nodes, Figure 2(a) is a complete
graph. This implies that all nodes cannot transmit in
parallel. Next, we consider the physical interference model.
Assuming that the wireless signal propagation follows the
log-distance path model with loss factor α = 2.0, and
the transmission power is 30mW. A part of the physical
conflict graph resulting from this setting present in Figure
2(b). It is also a complete graph since each node can
potentially interfere with other nodes. However, under the
physical interference model, the links e1 = (u2, u1) and
e6 = (u5, u6) can transmit simultaneously.

Given a routing tree T , a schedule S composed of Ns

slots t1, t2, . . . , tNs
is feasible for T if and only if the

following necessary conditions are satisfied:
- the set of links scheduled at each slot ti is interference-

free under the SINR model, and
- each link must be scheduled at least we slots, where
we is the number of packets transmitted on link.

According to the above discussions, we have the follow-
ing definition.
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Fig. 2. Two Interference Models

For a routing tree T = (V,ET ), k available channels,
our scheduling problem for multi-channel WSN is to find
an interference-free slot and channel assignment such that
the slots required by data aggregation can be optimized.

The formal definition as follows.
Min LSF

s.t.

C1 :
∑LSF

t=1
T t
i =

∑LSF

t=1
Rt

i + 1, 1 ≤ i ≤ n

C2 : T t
i +Rt

i = 1, 1 ≤ i ≤ n

C3 : T t
i + T t

j > 1, 1 ≤ i, j ≤ n, i ̸= j, Ch(T t
i ) ̸= Ch(T t

j )

C4 : T t
i + T t

j > 1, SINRRi
> β, SINRRj

> β, 1 ≤ i, j ≤ n,

andCh(T t
i ) = Ch(T t

j )

C1 indicates that the node vi will faithfully forward its
own generated and all received packets; C2 indicates that
the node vi can only be in the transmitting or receiving
at slot t; C3 shows that two nodes vi and vj can transmit
data without interference if they use different channels;
C4 shows that when the SINR of vi’s receiver Ri and vj ’s
receiver Rj is larger than the β, vi and vj can transmit
concurrently.

IV. SINR-based Slot Reuse Algorithm
In this section, we present a heuristic algorithm named

SSRA for creating a interference-free slot reuse schedule
under the SINR model. SSRA is reported in algorithm
1. SSRA assigns slot and channel to node in top-down
manner. The initial sequence number of the slot is 1. We
assume that the workload of nodes has been calculated
firstly using the depth-first algorithm. For example, wi

represents the workload of node vi. In addition, nodes are
organized in a FIFO queue named q.

SSRA first enqueues sink and initializes Sp to 1. When
the queue q is not empty, SSRA dequeues the header vp. vp
executes the breadth-first-search algorithm and enqueues
its child vc. Based on the workload wc of vc, SSRA
allocates the continuous slot CSt = [Sp : Sp + wc] to vc,

Sp is the number of the last slot assigned to the parent vp.
The flowchart of SSRA shows in Figure.3. Subsequently,
the SSRA executes the algorithm CRES (2) for checking
the SINR and adjusting the slot assignment. The finally
interference-free slots CS

′

t = [S
′

p : S
′

p+wc] will be merged
into the schedule of vc, meanwhile, CS

′

t will also be merged
into the parent vp’s schedule as the receive slots. Figure.4
shows the flowchart of CRES algorithm.

Next, adjust the slot number. Assuming that the max-
imum slot number is Smax, traverse the routing tree T in
top-down manner. For node vi in T , adjust the number of
each slot Si in its schedule to: Smax−Si. The slot number
adjustment ensures that the father’s slot is greater than
the child’s slot number, so the data is received by the
father firstly before it is forwarded to the next-hop, thus
optimizing the end-to-end delay.

Algorithm 1 SINR-based Slots Reuse Algorithm (SSRA)
Input:
a routing tree T
the number of channels k (1 ≤ k)
Output:
an interference-free schedule S for T
1: Enqueue sink
2: while the queue q is not empty do
3: dequeue the header vp
4: Search T using BFS and find a child vc
5: Assign a consecutive slots (CSt) to vc based on its

traffic
6: Call CRES(CSt,vc,vp,k)
7: Update schedules for vc and vp

8: Adjust slot number

A. Analysis

Theorem 1. Algorithm SSRA can produce a feasible and
interference-free schedule for any given network.
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Fig. 3. The flowchart of SSRA algorithm.

Proof. SSRA adopts a heuristic strategy to assign slots
and channels in a top-down manner. For a selected vertex
v, the first wv available slots will be allocated to it. For
each slot t in these wv slots, SSRA will check whether the
SINR is satisfied. If the SINR cannot be satisfied, a new
channel will be added to the schedule, and slot t will be
considered to be scheduled in the newly added channel. If
the slot t cannot be allocated after all k available channels
are checked, a new slot t+ 1 will be added, and then the
SINR will be checked again until the slots allocation is
completed. It is clear that the schedule produced by the
SSRA is interference-free and feasible.

Theorem 2. Let G = (V, E) be a communication graph; let

Algorithm 2 Check and Readjust Slot (CRES)
Input:
CSt, vc, vp, k
Output:
an interference-free CS

′

t for vc and vp

1: CS
′

t=NULL, St = Sp,Se = Sp + wc ,Ch=1
2: while St ≤ Se do
3: if Ch > k then
4: St = St + 1;
5: Ch = 1;
6: Get the set of node Ns transmitted at the slot St;
7: Calculate SINRt (referred to equation (1))
8: if SINRt ≤ β then
9: St = St + 1;

10: else
11: CS

′

t = CS
′

t ∪ ([Sp : St − 1], Ch);
12: Sp = St;
13: Ch = Ch + 1;
14: Return CS

′

t;

Wmax is the maximum traffic-load of node, n=|V|, k is the
number of available channels. Then, the time complexity
of the algorithm SSRA is O(k ∗ n2 ∗Wmax).

Proof. For node v in graph G, let its workload be wv and
slot t is scheduled on channel c. According to the SSRA
and CRES algorithm, it takes O(|Ns|) time to calculate the
SINR of slot t, where |Ns| denotes the number of nodes
transmitting simultaneously in slot t. For slot t, in the
worst case, the time to compute the SINR is O(k ∗ |Ns|).
Therefore, the time for node v to compute the SINR is
O(k ∗ |Ns| ∗wv). Because |Ns| ≤ n, wv ≤ Wmax, the time
complexity of SSRA is O(k ∗ n2 ∗Wmax).

V. Simulation and Results
In this section, we compare SSRA with TDMA and

our previous work named OneShot[45] by simulation.
OneShot performs receiver-based slot assignment in BFS
order. It operates in a level-by-level manner from top to
down. The slots assigned to node is consecutive, and the
number of slots required by node depends on its traffic.
The multiple channels is used to eliminate the conflict
of slot assignment, so the schedule is interference-free.
Furthermore, by ensuring that child and father slots are
continuous and uninterrupted, OneShot reduces reporting
latency. In our simulation, 100 to 1000 nodes are randomly
placed in a 100 X 100 meters areas. Each node in the
network produces one packet in a duty-clcyle period.

We first evaluate the effect of sink location on schedule
length. In this simulation, we place the sink at the center
(50, 50) of the network, at the same time, set the transmis-
sion range to 15m and the number of channels to 2. Figure
5(a) shows the experimental results. From the figure, we
can see that SSRA significantly exceeds other algorithms
in scheduling length. Compared with TDMA, oneshot,
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Fig. 4. The flowchart of CRES algorithm.

SSRA can be reduced by at least 60%, 24%, respectively.
And compared with TDMA, oneShot is reduced by 48%,
which shows that multi-channel has obvious advantages
in parallel transmission. Furthermore, Figure 5(b) shows
the result after setting the transmission distance to 20m.
We can see that SSRA still outperforms other algorithms,
reducing schedule length by more than 50%, 10%, and
14%, respectively. Compared with the results in Figure
5(a), SSRA, oneShot, and TDMA reduce the scheduling
length by about 10%, 48%, and 47%, respectively. This

is because the number of network hops decreases as the
transmission range increases. And we notice that SSRA
does not reduce the schedule length quickly. This is
because when the number of hops decreases, the number
of concurrent links that satisfy the SINR (equation 1)
also decreases, resulting in an insignificant decrease in the
scheduling length.

Next, we put the sink at the position (50,100), and the
number of available channels is 2. Figure 6(a) illustrates
the results when the transmission range is 15m. SSRA
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Fig. 5. The Schedule Length when sink locates at (50,50)
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Fig. 6. The Schedule Length when sink locates at (50,100)

again outperform the other algorithms. From the results,
compared with TDMA and oneShot, SSRA reduces the
scheduling length by at least 50% and 16%, respectively.
Figure 6(b) is the result for a transmission range of
20m. Because the depth of the routing tree decreases as
the transmission range increases, the interference between
nodes increases, and the number of concurrent links that
satisfy the SINR decreases, which affects the scheduling
length of SSRA. However, compared with other algo-
rithms, SSRA still reduces the schedule length by 10%
to 50%.

In the following simulation, we fix the transmission
range as 15m and increase the number of nodes from
100 to 500. Figure 7 shows the change in the schedule
length when the number of channels increases from 2 to
8. We can observe that the schedule length hardly changes
significantly when the number of channels becomes larger.

This shows that SSRA does not have high requirements
on the number of channels. This shows that SSRA can
complete efficient scheduling with fewer channels and
reduce the schedule length.

Finally, we fixed the number of channels to 2. Figure
8 shows the results when we increase the transmission
range from 15m to 25m. From the results, when the
transmission range becomes larger, the schedule length
becomes significantly smaller. When the number of nodes
is 100, 300, 500, the schedule length is reduced by about
30%, 13%, and 12%. This proves that SSRA can effectively
use SINR to optimize the schedule length.

VI. Conclusion and Future Work
In this work, we discuss a slot reuse mechanism for

multi-channel wireless sensor networks. The proposed
mechanism integrates SINR with slot reuse. Our algorithm
assigns slots to nodes in a top-down manner,and then
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Fig. 7. The results when we change the number of channels from 2
to 8.
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Fig. 8. The result on the effects of the transmission range.

utilize SINR to accomplish collision-free slot reuse. When
the slot cannot be reused due to wireless interference,
a new channel is used to eliminate wireless interference.
The simulation results indicate that by reusing slots, our
proposal can effectively reduce the schedule length. In
the future, we will consider the impact of routing tree on
slot reuse and optimize network performance by designing
routing tree.

Data Availability Statements
The datasets generated during and/or analysed during

the current study are available from the corresponding
author on reasonable request.

Conflicts of interest
The researcher claims noconflicts of interests.

Acknowledgment
This research was funded by CERNET Innovation

Project(No. NGII20180313).

Authors’ contributions
Bo Zeng, Zhiqing Liang contributed to the conception

of the study; Zhiqing Liang, Xiaofeng Gao performed
the experiment; Xiaofeng Gao contributed significantly to
analysis and manuscript preparation.

References
[1] A. Srivastava and P. K. Mishra, “A survey on wsn issues with

its heuristics and meta-heuristics solutions,” Wireless Personal
Communications, vol. 121, no. 1, pp. 745–814, 2021.

[2] S. Ketu and P. K. Mishra, “Internet of healthcare things:
A contemporary survey,” Journal of Network and Computer
Applications, vol. 192, p. 103179, 2021.

[3] D. Sharma, G. Singh Aujla, and R. Bajaj, “Evolution from
ancient medication to human-centered healthcare 4.0: A review
on health care recommender systems,” International Journal of
Communication Systems, p. e4058, 2019.

[4] R. Rai and P. Rai, “Survey on energy-efficient routing protocols
in wireless sensor networks using game theory,” in Advances in
communication, cloud, and big data. Springer, 2019, pp. 1–9.

[5] B. Zeng, Y. Dong, J. He, and D. Lu, “An energy-efficient TDMA
scheduling for data collection in wireless sensor networks,”
2013 IEEE/CIC International Conference on Communications
in China, ICCC 2013, no. Iccc, pp. 633–638, 2013, iSBN:
9781479910335.

[6] D. K. Sah, T. N. Nguyen, K. Cengiz, B. Dumba, and V. Kumar,
“Load-balance scheduling for intelligent sensors deployment in
industrial internet of things,” Cluster Computing, Jun. 2021.

[7] K. N. and B. A., “Real time energy efficient data aggregation
and scheduling scheme for wsn using atl,” Computer Commu-
nications, vol. 151, pp. 202–207, 2020.

[8] V. T. Pham, N. N. Tu, B. H. Liu, and T. Lin, “Minimizing
latency for multiple-type data aggregation in wireless sensor
networks,” in 2021 IEEE Wireless Communications and Net-
working Conference (WCNC), 2021.

[9] T. Zhang and Q. Zhu, “Evc-tdma: An enhanced tdma based
cooperative mac protocol for vehicular networks,” Journal of
Communications and Networks, vol. 22, no. 4, pp. 316–325,
2020.

[10] G. S. Brar, D. M. Blough, and P. Santi, “Computationally
efficient scheduling with the physical interference model for
throughput improvement in wireless mesh networks,” in Pro-
ceedings of the 12th Annual International Conference on Mobile
Computing and Networking, MOBICOM 2006, Los Angeles,
CA, USA, September 23-29, 2006, 2006.

[11] G. Zhou, C. Huang, T. Yan, T. He, J. A. Stankovic, and
T. F. Abdelzaher, “Mmsn: Multi-frequency media access control
for wireless sensor networks,” in Infocom IEEE International
Conference on Computer Communications, 2006.

[12] O. Abedi and S. Razaghi, “Load ‑ balanced and energy ‑
aware opportunistic routing with adaptive duty cycling for
multi ‑ channel WSNs,” The Journal of Supercomputing, no.
0123456789, 2020, publisher: Springer US ISBN: 0123456789.

[13] S. Liew, C. Tan, M. Gan, and H. G. Goh, “A Fast, Adaptive, and
Energy-Efficient Data Collection Protocol in Multi-Channel-
Multi-Path Wireless Sensor Networks,” IEEE Computational
Intelligence Magazine, vol. 13, no. 1, 2018.

[14] V. L. Hai and X. Tang, “An efficient scheduling algorithm for
data collection through multi-path routing structures in wireless
sensor networks,” in Sixth International Conference on Mobile
Ad-hoc and Sensor Networks, 2010.

[15] M.-S. Pan and P.-L. Liu, “Low latency scheduling for converge-
cast in zigbee tree-based wireless sensor networks,” Journal of
Network and Computer Applications, vol. 46, pp. 252–263, 2014.

[16] J.-K. Lee, H.-J. Noh, and J. Lim, “Tdma-based cooperative mac
protocol for multi-hop relaying networks,” IEEE Communica-
tions Letters, vol. 18, no. 3, pp. 435–438, 2014.

[17] Y. Wu, X. Y. Li, Y. H. Liu, and W. Lou, “Energy-efficient
wake-up scheduling for data collection and aggregation,” IEEE
Transactions on Parallel and Distributed Systems, vol. 21, no. 2,
pp. 275–287, 2009.



[18] K. N. and B. A., “Real time energy efficient data aggregation
and scheduling scheme for WSN using ATL,” Computer Com-
munications, vol. 151, pp. 202–207, Feb. 2020.

[19] M. Sahraoui and A. Bilami, “A new Reinforcement Learning
based for Energy-efficient Multi-channel Data Gathering in
Wireless Sensor Networks,” in 2020 4th International Sympo-
sium on Informatics and its Applications (ISIA), Dec. 2020, pp.
1–7.

[20] E. Alzahrani and F. Bouabdallah, “QMMAC: Quorum-Based
Multichannel MAC Protocol for Wireless Sensor Networks,”
Sensors, vol. 21, no. 11, p. 3789, Jan. 2021.

[21] J. J. Justus and A. Chandrasekar, “Power-efficient scheduling
technique for fault-tolerant data aggregation in WSN,” Inter-
national Journal of Mobile Network Design and Innovation,
vol. 6, no. 3, pp. 164–173, Jan. 2016, publisher: Inderscience
Publishers.

[22] A. Pal and A. Nasipuri, “Distributed Routing and Channel
Selection for Multi-Channel Wireless Sensor Networks †,” 2017.

[23] D. Pyeon, I. Jang, H. Yoon, and D. Kim, “Rm-mac: a reservation
based multi-channel mac protocol for wireless sensor networks,”
Wireless Networks, vol. 22, no. 8, pp. 2727–2739, 2016.

[24] Y. Wu, J. A. Stankovic, H. Tian, and L. Shan, “Realistic
and efficient multi-channel communications in wireless sensor
networks,” in IEEE Infocom -the Conference on Computer
Communications, 2008.

[25] G. M. Júnior and L. H. Correia, “Sm3-mac: a multichannel
collision-free mac protocol for wireless sensor networks,” in 2018
IEEE Symposium on Computers and Communications (ISCC).
IEEE, 2018, pp. 00 550–00 555.

[26] X. Wang, X. Wang, F. Xing, and G. Xing, “Mcrt: Multichannel
real-time communications in wireless sensor networks,” Acm
Transactions on Sensor Networks, vol. 8, no. 1, pp. 1–30, 2011.

[27] V. Gabale, K. Chebrolu, B. Raman, and S. Bijwe, “Pip: A
multichannel, tdma-based mac for efficient and scalable bulk
transfer in sensor networks,” Acm Transactions on Sensor
Networks, vol. 8, no. 4, pp. 1–34, 2012.

[28] M. Ren, J. Li, L. Guo, X. Li, and W. Fan, “Distributed Data
Aggregation Scheduling in Multi-Channel and Multi-Power
Wireless Sensor Networks,” vol. 5, pp. 27 887–27 896, 2018.

[29] N. T. Nguyen, B. H. Liu, S. I. Chu, and H. Z. Weng, “Chal-
lenges, Designs, and Performances of a Distributed Algorithm
for Minimum-Latency of Data-Aggregation in Multi-Channel
WSNs,” IEEE Transactions on Network and Service Manage-
ment, vol. 16, no. 1, pp. 192–205, 2019, arXiv: 1810.12130.

[30] D.-c. Wsns, X. Jiao, W. Lou, S. Guo, X. Feng, X. Wang, and
G. Chen, “Delay Efficient Scheduling Algorithms for Data Ag-
gregation in Multi-Channel Asynchronous,” IEEE Transactions
on Communications, vol. PP, no. c, p. 1, 2019, publisher: IEEE.

[31] M. S. Pan and Y. H. Lee, “Fast convergecast for low-duty-cycled
multi-channel wireless sensor networks,” Ad Hoc Networks,
vol. 40, pp. 1–14, 2016.

[32] C.-h. Cheng and C.-c. Ho, “Implementation of multi-channel
technology in ZigBee wireless sensor networks,” Computers
and Electrical Engineering, vol. 000, pp. 1–11, 2015, publisher:
Elsevier Ltd.

[33] T. Nguyen and H. Oh, “A multi-channel slotted sense multiple
access protocol using common channel for dynamic wireless
sensor networks,” in Proceedings of the 2016 International
Conference on Communication and Information Systems, 2016,
pp. 123–128.

[34] M. Yigit, V. C. Gungor, E. Fadel, L. Nassef, N. Akkari, and
I. F. Akyildiz, “Channel-aware routing and priority-aware multi-
channel scheduling for WSN-based smart grid applications,”
Journal of Network and Computer Applications, 2016.

[35] X. Zhang, Y. Yang, H. Yang, and L. Cheng, “Optimal time
and channel assignment for data collection in wireless sensor
networks,” International Journal of Sensor Networks, vol. 28,
no. 3, pp. 165–, 2018.

[36] S. Zhuo and Y. Q. Song, “Gomach: A traffic adaptive multi-
channel mac protocol for iot,” in IEEE Conference on Local
Computer Networks, 2017, pp. 489–497.

[37] C. Terzi and I. Korpeoglu, “Tree-based channel assignment
schemes for multi-channel wireless sensor networks,” Wireless

Communications and Mobile Computing, vol. 16, no. 13, pp.
1694–1712, 2016.

[38] N.-T. Nguyen, B.-H. Liu, V.-T. Pham, and T.-Y. Liou, “An Ef-
ficient Minimum-Latency Collision-Free Scheduling Algorithm
for Data Aggregation in Wireless Sensor Networks,” IEEE
Systems Journal, vol. 12, no. 3, pp. 2214–2225, Sep. 2018.

[39] J. B. Lim, B. Jang, and M. L. Sichitiu, “MCAS-MAC: A
multichannel asynchronous scheduled MAC protocol for wireless
sensor networks,” Computer Communications, vol. 56, pp. 98–
107, Feb. 2015.

[40] B. Jang, J. B. Lim, and M. L. Sichitiu, “AS-MAC: An asyn-
chronous scheduled MAC protocol for wireless sensor networks,”
in 2008 5th IEEE International Conference on Mobile Ad Hoc
and Sensor Systems. Atlanta, GA, USA: IEEE, Sep. 2008, pp.
434–441.

[41] O. Durmaz Incel, A. Ghosh, B. Krishnamachari, and K. Chin-
talapudi, “Fast Data Collection in Tree-Based Wireless Sensor
Networks,” IEEE Transactions on Mobile Computing, vol. 11,
no. 1, pp. 86–99, Jan. 2012.

[42] P. Gupta and P. R. Kumar, “The capacity of wireless networks,”
IEEE Transactions on information theory, vol. 46, no. 2, pp.
388–404, 2000.

[43] W. L. Tan, P. Hu, and M. Portmann, “Experimental evaluation
of measurement-based sinr interference models,” in 2012 IEEE
International Symposium on a World of Wireless, Mobile and
Multimedia Networks (WoWMoM). IEEE, 2012, pp. 1–9.

[44] J. Luo, A. Iyer, and C. Rosenberg, “Throughput-lifetime trade-
offs in multihop wireless networks under an sinr-based interfer-
ence model,” IEEE Transactions on Mobile Computing, vol. 10,
no. 3, pp. 419–433, 2010.

[45] Z. Bo, Y. Dong, J. He, and L. Dongming, “An energy-efficient
one-shot scheduling algorithm for wireless sensor networks,”
Journal of Sensors, vol. 2021, 2021.


