
Research Article
A Novel Subcarrier-Level Spectrum Sensing Method by Utilizing
Fine-Grained Channel State Information in Wireless Networks

Zheng Lu ,1,2 Handong Wang,1,2 Hongyu Sun ,1,2 Chin-Ling Chen ,3,4,5

and Zhenjiang Tan 1,2

1Department of Computer Science, Jilin Normal University, Siping 136000, China
2State Key Laboratory of Numerical Simulation, Jilin Province, Siping 136000, China
3Department of Computer Science and Information Engineering, Chaoyang University of Technology, Taizhong 41349, Taiwan
4School of Information Engineering, Changchun Sci-Tech University, Changchun 130000, China
5School of Computer and Information Engineering, Xiamen University of Technology, Xiamen 360000, China

Correspondence should be addressed to Chin-Ling Chen; clc@mail.cyut.edu.tw and Zhenjiang Tan; tanzj@jlnu.edu.cn

Received 31 December 2020; Revised 23 February 2021; Accepted 12 March 2021; Published 7 May 2021

Academic Editor: Feng-Jang Hwang

Copyright © 2021 Zheng Lu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Traditionally, the channelization structures of wireless technologies (802.11/ZigBee/BLE) have been fixed. Each node content for
the spectrum is assigned one channel with a specific bandwidth. However, classical channel-based spectrum sensing and sharing
algorithms have great limitations to further optimize spectrum utilization when multiple IoT with different wireless technologies
coexisting in the same environment. Therefore, exploring the fine-grained spectrum sensing algorithm becomes an essential
work to further improve the spectrum utilization efficiency, especially in the Industrial Scientific Medical (ISM) band. This
paper proposes Subcarrier-Sniffer, a novel subcarrier-level spectrum sensing and sharing method, which utilizes channel state
information (CSI) to sense the fine-grained status of each subcarrier of the traditional channel. To evaluate the performance of
Subcarrier-Sniffer, we implemented Subcarrier-Sniffer by USRP B200min, and the experimental results show that the accuracy of
subcarrier-level spectrum sensing could achieve 100% in our settings that the distance between Subcarrier-Sniffer and the
monitor is not greater than 7m. Subcarrier-Sniffer could be applied in WiFi and ZigBee, WiFi and BLE, and WiFi and LTE-U
coexisted environments for better spectrum utilization.

1. Introduction

Most of the wireless technologies today operate with the
default bandwidth, for example, the default bandwidth of
802.11n is 20MHz, while the default bandwidths of ZigBee
and BLE are 3MHz and 2MHz, respectively. However, the
channels are partially overlapped in ISM 2.4GHz which
hampers further optimize the limited spectrum resource.
Moreover, the ever-increasing of the heterogeneous IoT
devices coexisting in interfered environments also motivated
the developing spectrum sharing and management tech-
niques [1]. The spectrum sensing and sharing algorithms
are widely used in a variety of wireless technologies, for
example, DeepWiFi [2] for WiFi spectrum sensing, OutSense

[3] for ZigBee spectrum sensing, and RealSense [4] for TV
spectrum sensing. Spectrum sensing and sharing methods
are also used in cross-technology coexisted environments,
for example, literature [5–11] conducts the spectrum sensing
and management betweenWiFi and LTE-U technologies, lit-
erature [12–15] introduces the spectrum sensing between
ZigBee and WiFi technologies, [16–21], uses spectrum sens-
ing method for OFDM-based heterogeneous wireless devices.

However, most of the current work uses a channel-based
spectrum sensing algorithm to share ISM band resources
[22]. For example, WiFi defines 11 channels with 20MHz
bandwidth, ZigBee defines 26 channels with 3MHz bandwidth,
and Bluetooth 4.0 defines 30 channels with 2MHz bandwidth
in the 2.4GHz ISM bands. Therefore, the channel bandwidths
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of WiFi, ZigBee, and BLE are 20MHz, 3MHz, and 2MHz,
respectively. It is obvious that channel-based contention
methods between heterogeneous wireless technologies deployed
in the interfered environment could not further optimize spec-
trum utilization, Figure 1 illustrates the spectrum wasting
between the narrow-wide band and wide-wide band technolo-
gies coexisting scenarios.

Figure 1(a) shows the disadvantage of channel-based spec-
trum sharing methods when narrow-wide band wireless tech-
nologies coexisted in the same interfered environment since
both of them trying to access the idle channel which practically
overlapped in the spectrum, and only one of them could obtain
the channel. Suppose the bandwidth of the wideband technol-
ogy is x MHz and the bandwidth of the narrowband technol-
ogy is y. Thus, the wasted spectrum is ðx − yÞ MHz when the
narrowband technology allocating the channel. Figure 1(b)
shows the spectrum wasting when two different wideband
technologies content the same channel, and assume that there
nMHz of the subcarriers are idle in the first wideband technol-
ogy, and m MHz subcarriers are idle in the second wideband
technology. If the idle subcarriers are not overlapping, the total
maximum spectrum wasting is ðm + nÞ MHz. Therefore, it is
obvious that the subcarrier-level spectrum sensing and sharing
method could further optimize the spectrum efficiency in ISM
bands when massive heterogeneous wireless technologies are
deployed in the same interfered environments.

Since the channel-level spectrum sensing methods deter-
mine whether the channel is idle by measuring the signal-to-
noise ratio (SNR) changes (such as SNR and RSS) of the chan-
nel’s frequency center, the subcarrier-level spectrum sensing
methods measure fine-grained SNR in each subcarrier to
determine the status of the fine-grained spectrum. Therefore,
the design challenges introduced by the fine-grained
subcarrier-level spectrum sensing and sharing methods are
at least as follows: (i) how to perform energy-efficient
subcarrier-level spectrum sensing algorithm without affecting
normal communications. The traditional method uses full-
spectrum scanning to sense the energy variation of each sub-
carrier, which affects normal communication and requires
an expensive device with a relatively high sampling rate. To
solve this challenge, this paper proposes to use channel state
information (CSI) to sense the subcarrier-level SNR sensing,
(ii) how to remove the noise jitters of each subcarrier caused
by the frequency selective characteristics of the signal; there-
fore, for the wideband end, how to obtain the pure SNR jitters
caused by the narrowband signal interference is a significant
challenge; to solve this problem, this paper collects the initial
state of CSI first to fetch the environmental information with-
out cross-technology interference, and (iii) how to determine
which subcarriers do have serious interference according to
the SNR jitters generated by the interference is another design
challenge of subcarrier-level spectrum sensing algorithm. The
main reason for the problem is that if the narrowband signal is
3MHz, the interference range (IR) caused by harmonics usu-
ally satisfies IR = α + 3 + βMHz, where α and β are, respec-
tively, the influence on the left and right spectrum range of
3MHz. To solve this problem, a method for delimiting the
range of interfered subcarriers is proposed.

Specifically, the contributions of this paper are detailed
as follows:

(1) We first propose to use channel state information
collected from the off-the-shelf wireless devices to
evaluate the subcarrier interference and guide the
spectrum sensing and sharing algorithm for opti-
mized spectrum utilization

(2) We propose a denoise method base on the initial state
of the CSI profile to recognize the narrowband utili-
zation in a more precise way

(3) We propose a threshold-based interference range
determination method to identify the interfered sub-
carriers when wideband and wideband coexist in the
propagation scenarios

(4) We implemented the system using USRP B200min
and analyze the performance of Subcarrier-Sniffer,
and the experimental results show that the accuracy
of Subcarrier-Sniffer could achieve 100% when the
distance between Subcarrier-Sniffer and the monitor
is not greater than 7m

The rest of this paper is organized as follows: Section 2
introduces the related works, Section 3 introduces the theory
of our method, Section 4 shows the evaluation results, and
the conclusion is in Section 5.

2. Related Works

To further optimize the spectrum utilization in the ISM band,
researchers have explored various nonchannel-based spec-
trum sensing and allocation methods. Subcarrier-Sniffer is
closely related to three broad areas: (i) fine-grained channel
access methods, (ii) adapted width channel access methods,
and (iii) narrow-wide band coexistence methods.

2.1. Fine-Grained Channel Access Methods. FICA [23] splits a
channel into multiple subchannels and allows devices con-
tent for subchannels, which could reduce the MAC-layer
overhead of high-rate WLANs. It uses a frequency-domain
back-off algorithm that cannot coexist directly with current
802.11 WLANs. Moreover, FICA requires a tight synchroni-
zation between all nodes contend for spectrum, which could
not retain the distributed mechanism in CSMA/CA protocol.
FSS [24] proposes a fine-grained spectrum sharing method
for fair and efficient spectrum utilization between existed
and emerging 802.11 protocols with various channel widths.
It allows users to contend for each spectrum chunk and
opportunistically split a wideband channel or bond multiple
discontinuous chunks to ensure fair and efficient access to
the available spectrum. The authors of [25] propose to divide
a frame into multiple miniframes and divide the channel into
multiple minichannels; they use a greedy spectrum assign-
ment algorithm to determine where to place the miniframes,
without considering the guard band cost of noncontiguous
minichannels.
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2.2. Adaptable Width Channel Access Methods. The proposal
of IEEE standards such as 802.11n [26] and 802.11ac [27]
suggested changing channel width adaptively for spectrum
utilization. FLUID [28] uses flexible channelization, which
allows each transmitter to choose the appropriate channel
width and center frequency for transmission. The experi-
mental results show that flexible channelization can improve
the throughput of the system. The authors of [29] modeled
the adaptive width channel allocation from a game-
theoretic point of view, in which the node is rational and
always pursue their objectives. The authors of [30] explored
the benefits of adapting channel width to balance the trade-
off between through and energy efficiency. Article [31]
proposes to share the spectrum according to throughput
requirements and signal strength values of a specific node.
[32] proposed to change both the frequency center and band-
width to match network traffic loads.

2.3. Narrow-Wide Band Coexistence Methods. As the deploy-
ment of heterogeneous IoT devices in an indoor environ-
ment, researchers proposed several narrow-wide band
coexistence methods to optimize spectrum utilization in
ISM bands. SWIFT [32] proposes to enable the coexistence
between the OFDM-based ultrawideband (UWB) system
and the WiFi WLANs that have a relatively narrower band-
width. LASI [11] enables simultaneous transmission between
LTE and WiFi in ISM 5G bands by low-amplitude injection
methods. B2W2 [14] designed N-way concurrent cross-
technology communications while concurrently support the
original WiFi to WiFi and BLE to BLE communications
among multiple WiFi and BLE devices. ECT [33] proposed
a network layer design for WiFi and ZigBee coexisted net-
works for reducing packet delivery delay in IoT networks.

In summary, algorithms have been proposed to solve the
spectrum crisis problems. However, most of the work
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Figure 1: Spectrum wasting under channel-based sensing methods: (a) narrow-wide band technologies coexisting scenarios and (b) wide-wide
band technologies coexisting scenarios.
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Figure 3: Examples of using CSI to sense subcarrier-level interference: (a) SNRs of antenna 1 calculated by CSI without interference; (b) SNRs
of antenna 2 calculated by CSI without interference; (c) SNRs of antenna 1 calculated by CSI with three ZigBee interferences; (d) SNRs of
antenna 2 calculated by CSI with three ZigBee interferences.
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introduces additional monitoring systems or is not compati-
ble with current IoT protocols. In this paper, we propose
Subcarrier-Sniffier, which could utilize the off-the-shelf
devices and network measurements to enable subcarrier-
level spectrum sensing among the narrow-wide band or
wide-wide band spectrum sharing scenarios.

3. Design of Subcarrier-Sniffer

According to the design challenges and our solutions, Sub-
carrier-Sniffer contains three parts: (i) channel state informa-
tion collection and analysis module, (ii) CSI initial states
establish and denoising module, and (iii) interfered range of
target subcarrier determination module. The design overview

of Subcarrier-Sniffer and the data stream among the three are
shown in Figure 2.

The main functions of the three modules are shown as
follows:

(1) Channel State Information Collection and Analysis
Module (Module 1). This module is responsible for
collecting the channel measurements from off-the-
shelf wideband wireless devices, such as the device
that runs WiFi or LTE technologies. Currently, the
important measurements of wireless technologies
such as WiFi, ZigBee, and BLE are RSS (received sig-
nal strength) and CSI (channel state information), in
which CSI is a complex number that describes the
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Figure 4: The difference between noninterfered subcarriers and interfered subcarriers: (a) data collected from antenna 1 and (b) data
collected from antenna 2.
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phase and amplitude shift of arriving signals. The
main procedures are detailed in Section 4 (1).

(2) CSI Initial States Establish and Denoising Module
(Module 2). This module is used for the initial CSI
database establish by estimating noise caused by
frequency selection characteristic when signal propa-
gating in the indoor environments without any
narrowband or wideband interference. The initial
CSI database could provide a foundation to accu-
rately fetch the pure subcarrier-level interference in
normal communication links. The theory and proce-
dures are detailed in Section 4 (2).

(3) Interfered range of target subcarriers determination
module (module 3). This module is used to deter-
mine the range of interfered subcarriers according
to the features of wireless measurements. The
threshold-based methods were proposed to evaluate
the interfered subcarriers more accurately. The pro-
cedures of this module are detailed in Section 4 (3).

3.1. Channel State Information Collection and Analysis
Module. Channel state information collection and analysis
module is to analyze the signal-to-noise ratios (SNRs) of
the received signal for each subcarrier. The method is to
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Figure 5: The variations of different subcarriers without any interference: (a) data from subcarrier 1; (b) data from subcarrier 6; (c) data from
subcarrier 19.
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collect the CSI measurements to get the detailed information
of each subcarrier, and the data structure of CSI received at a
time t is shown in Equation (1) [14].

CSImatrix tð Þ =
csit1,1 csit1,2 ⋯ csit1,m
csit2,1 csit2,2 ⋯ csit2,m
csit3,1 csit3,2 ⋯ csit3,m

2
664

3
775, ð1Þ

where each element in the matrix represents the jth subcarrier
from ith communication link and each element in the CSI
matrix is a complex number shown in Equation (2) [14].

csiti,j = a + jb: ð2Þ

Therefore, at the time t, the signal-to-noise ratio (SNR) of
jth, the subcarrier of ith communication link, can be calcu-
lated by Equation (3) [14].

SNRt
i,j =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 + b2

p
: ð3Þ

In order to verify that the CSI measurement could detect

subcarrier-level SNRs, this paper uses Intel 5300 CSI acquisi-
tion tool to get CSI samples from wideband technology with
interference from narrowband technology (ZigBee), and the
experimental results are shown in Figure 3. The results show
that the SNRs of the interfered subcarriers are different from
those without any interference. Therefore, we propose to use
CSI features to locate the interfered subcarriers when multi-
ple devices content the same channel. The experimental
results are analyzed from data via https://github.com/
p01aris/csi_subcarrier_sniffer.

To observe the differences between interfered subcarriers
and noninterfered clearly, Figure 4 is the two-dimension col-
ormap of Figures 3(c) and 3(d). The interfered subcarriers
are indicated by red rectangles showed in Figure 4, in which
Figure 4(a) shows the data collected from antenna 1 while
Figure 4(b) shows the data from antenna 2.

3.2. CSI Initial States Establish and Denoising Module. The
experimental results in Figure 3 also show that the signal-
to-noise ratios (SNRs) of different subcarriers also vary
greatly without interference. The variations are different with
different frequencies of each subcarrier. Figure 5(a) shows the
variation of SNR series in subcarrier 1, while Figure 5(b)
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Figure 6: The initial state variations belong to different subcarriers: (a) the variations of subcarrier 1; (b) the variations of subcarrier 6; (c) the
variations of subcarrier 19.
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Figure 7: The initial state variations collected from different scenarios: (a) data from subcarrier 19 in indoor deployment and (b) data from
subcarrier 19 in the outdoor deployment.
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shows the variation of SNR series in subcarrier 6, and
Figure 5(c) shows the variation of SNRs series in subcarrier 19.

In summary, Figure 4 shows that the variations of SNRs
of different subcarriers are various since the frequency selec-
tion features. Therefore, it is important to perceive the initial
state of each subcarrier. The initial subcarrier states are also
affected by the propagation environments.

Figure 5 shows the different variations without any inter-
ference from subcarrier 1, subcarrier 6, and subcarrier 19,
respectively. The experimental results show that the varia-
tions belong to different subcarriers are various.

Figure 6 shows the statics value from subcarrier 1, sub-
carrier 6, and subcarrier 19, respectively, and the results fur-
ther proved that the variations from different subcarriers are
various without interference.

Figure 7 shows the statistical results of subcarrier 19 in
indoor and outdoor deployment scenarios, respectively.

In summary, sensing the real-time initial state of each
subcarrier is essential, and the specific procedures to fetch
and store the initial CSI status are shown in Figure 2. If the
RSS is in a normal state, recording the status of CSI as the ini-
tial state, the main reason is RSS seeks the average value of
the received energy of the entire channel which could repre-
sent whether there is existing interference in the whole chan-
nel. Normally, when the jitter range of the RSS does not
exceed 3 dB, it can be judged that there is no interference in
the current time.

3.3. Interfered Range of Target Subcarrier Determination
Module. Due to the existence of harmonic energy, the inter-
ference reflected from wideband technologies is wider than
the narrowband interference. Figure 8 shows the practical
interference caused by narrowband technology.

Figure 9 also shows the narrowband interference which is
overlapped on the wideband signals. Therefore, the interfer-
ence range determination process is significant to accurately
locate the subcarrier-level interference when multiple hetero-
geneous wireless technologies coexist in the same deploy-
ment scenarios.

Figures 8 and 9 show that the energy generated by the
harmonic portion also affects the wideband signal. Therefore,
the subcarriers with harmonics also need to be considered as
interfered subcarriers. To range the interfered subcarriers,
the jitter value due to the interference should be calculated
firstly by Equation (4).

Δsnrτi,j = SNRτ
i,j − SNRh

i,j: ð4Þ

Suppose flagτi,j indicates whether subcarrier j on commu-
nication link i interferes at τ the time, flagτi,j = 0 indicates that
the subcarrier does not interfere, and flagτi,j = 1 indicates that
the subcarrier i interferes. The calculation method flagτi,j is as
shown in Equation (5).

flagτi,j =
0 Δsnrτi,j

���
��� < ε

� �
,

1 Δsnrτi,j
���

��� < ε
� �

,

8><
>:

ð5Þ

where ε is a threshold for determining whether subcarrier j
on communication link i interfered. This value can be
derived from the historical data of the communication error
rate based on different values of ε. The experience value is
around 6-10dB.

4. Implementation and Experimental Results

This section implements the Subcarrier-Sniffer system and
verified the experimental results according to the model in
Section 4, we evaluated the performance of Subcarrier-Sniffer
under different settings.

4.1. Implementation. The Subcarrier-Sniffer system contains
three parts: (i) the wideband system transmitting and receiv-
ing end, the narrowband interfered signal generators, and the
going-on signal monitor end. The configurations of the
transmitting and receiving end of the wideband signals are
shown in Table 1. The narrowband interfered signals are gen-
erated by USRP B200min. The going-on signal monitor end
is implemented by USRP B200 and GNU radio platforms,
and the structure of the monitor end is shown in Figure 10.
The monitor end is to evaluate the performance of our pro-
posed method, and the receiving end also could perform
the monitoring function by using CSI value to judge the
subcarrier-level interference in practical applications.

4.2. Experimental Results. To verify the performance of
Subcarrier-Sniffer, this section evaluates the accuracy of the
subcarrier-level spectrum sensing algorithm with the

Subcarrier level interference generator

Figure 8: Interference of energy generated by harmonics on other
subcarriers.

Narrowband signal

Figure 9: Interference caused by narrowband signals.
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changing of parameter ε, and the settings in this experiment are
as follows: dw = 7m (the distance between wideband sender
and wideband receiver) and di = 7m (the distance between nar-
rowband interference generator and the wideband receiver).
The sensing accuracies are shown in Figure 11, the bandwidth
of the narrowband interference generator is 10 subcarriers, and
the background is detailed in Table 2. The interference range

determined by Subcarrier-Sniffer increases when ε is getting
small, and trends are getting stable when ε ≤ 4dB.

In order to further evaluate the performance of Subcar-
rier-Sniffer, we evaluate the sensing accuracy with the param-
eter di (the distance between narrowband interference
generator and the wideband receiver); in this experiment,
we assume ε = 6dB, and the results are shown in Table 3.

Table 1: Wideband signal transmission and receiver configurations.

Computer model Network card model Operating system CSI tool Other instructions

Sending end DELL latitude E6440 AR9580 Ubuntu 14.04 Atheros CSI tool Turn off the NIC back-off function

Receiving end ThinkPad E40 AR9462 Ubuntu 14.04 Atheros CSI tool Turn off the NIC back-off function

Options Variable
ID: top_block ID: samp_rate

Value: 20M

QT GUI range QT GUI range

QT GUI sink

UHD: USRP source

File sink
File: ...ktop/wide_band2.data
Unbuffered: Off
Append file: Overwrite

Samp rate (Sps): 20M
Ch0: Center freq (Hz): 2.45G
Ch0: Gain value: 80
Ch0: Antenna: TX/RX

FFT size: 1.024 k
Center frequency (Hz): 2.45G
Bandwith (Hz): 20M
Update rate: 10

ID: gain ID: center_freq
Default value: 2.45G
Start: 2.4G
Stop: 2.46G
Step: 1

Default value: 50
Start: 0
Stop: 100
Step: 1

Generate options: QT GUI

Figure 10: Implementation going-on signal monitor based on GNU radio.
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The results in Table 3 show that the interference
determination range is larger when di is smaller (detailed
in Figure 12); the reason is when di is smaller, the
harmonic energy generated by the narrowband signal is
relatively higher. When di ≥ 12:5m, the number of inter-
fered subcarriers sensed by Subcarrier-Sniffer is 0. The
main reason is the interference generator is far from
the signal receiver, and it could not interfere with the
received signals.

5. Conclusion

To further optimize the spectrum utilization of the ISM band,
this paper proposes Subcarrier-Sniffer, a subcarrier-level
spectrum sensing algorithm. Subcarrier-Sniffer contains
three parts: (i) channel state information collection and anal-
ysis module, (ii) CSI initial states establish and denoising
module, and (iii) interfered range of target subcarrier deter-
mination module. Compared with traditional channel-

Table 2: Subcarrier interference sensing results in changes with ε.

Scenarios with different parameters Interfered subcarriers

Background [-5 -4 -3 -2 -1 1 2 3 4 5]

Subcarrier-Sniffer ε = 8dBð Þ [-6 -5 -4 -3 -2 -1 1 2 3 4 5 6]

Subcarrier-Sniffer ε = 6dBð Þ [-8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8]

Subcarrier-Sniffer ε = 4dBð Þ [-9 -8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9]

Subcarrier-Sniffer ε = 3dBð Þ [-9 -8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9]

Table 3: The situation of subcarrier interference sensing result changes with di.

Scenarios Interfered subcarrier

Background ε = 6dBð Þ [-5 -4 -3 -2 -1 1 2 3 4 5]

Subcarrier-Sniffer di = 0:5mð Þ [-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12]

Subcarrier-Sniffer di = 2:5mð Þ [-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10]

Subcarrier-Sniffer di = 5mð Þ [-8 -7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7 8]

Subcarrier-Sniffer di = 10mð Þ [-5 -4 -3 -2 -1 1 2 3 4 5]

Subcarrier-Sniffer di = 12:5mð Þ [null]

10 20 30 40 50
Subcarrier index

Backgroud

di=0.25 m

di=2.5 m

di=5 m

di=10 m

di=12,5 m

Th
e fl

ag
 o

f e
ac

h 
su

bc
ar

rie
r

Figure 12: Subcarrier-level interference sensing results with the changes of di.

10 Wireless Communications and Mobile Computing



based spectrum sensing algorithms, subcarrier-level spec-
trum sensing algorithms could further improve the ISM
spectrum utilization. The experimental results show that
the sensing accuracies of Subcarrier-Sniffer are changing with
ε and di, where ε is the threshold to decide when the subcar-
rier is interfered with by other technologies and di is the dis-
tance between narrowband interference generator and the
wideband receiver.

Subcarrier-Sniffer could be widely used in cross-
technology coexisting environment, and we will introduce
Subcarrier-Sniffer to WiFi and ZigBee and WiFi and LTE
coexisting wireless networks to increase the spectrum utiliza-
tion in our future works; WiFi and ZigBee coexisting work
should be an example for any wideband and narrowband
coexisting scenarios, while WiFi and LTE coexisting work
should be an example solution for wideband and wideband
coexisting scenarios; more precise fine-grained spectrum
sensing and sharing methods are also our future concerns
to further optimize the spectrum utilization in ISM bands.

Data Availability

The data that support the findings of this study are openly
available in csi_subcarrier_sniffer at https://github.com/
p01aris/, reference number Bsg-c000083.
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