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SPECTRUM SENSING METHOD, ELECTRONIC DEVICE AND COMPUTER
READABLE STORAGE MEDIUM

CROSS-REFERENCE TO RELATED APPLICATION

This application is filed on the basis of Chinese patent application No. 202210478493.4
filed May 5, 2022, and claims priority to the Chinese patent application, the entire contents of

which are incorporated herein by reference.

TECHNICAL FIELD

The present disclosure relates to the technical field of communication, and more
particularly, to a spectrum sensing method, an electronic device, a computer-readable storage

medium, and a computer program product.

BACKGROUND

With the continuous advancement of wireless mobile communication systems, spectrum
resources are becoming increasingly scarce. The use of a fixed spectrum allocation policy
results in that a lot of spectrum resources cannot be fully utilized. Cognitive radio technology
can utilize idle spectrum resources in both time and space to improve spectrum efficiency, and
has therefore been widely adopted. Spectrum sensing is a key technology in cognitive radio.
The purpose of spectrum sensing is to quickly identify an unoccupied idle spectrum in the
frequency band and then share or reuse the idle spectrum. Typically, if it is sensed that a
spectrum has been occupied by user signals, the spectrum will not be shared or reused.
However, in reality, the occupied spectrum is occupied by user signals only at some angles, and
is idle at other angles. Therefore, beamforming and other technologies may be adopted to make
use of the idle angles of the occupied spectrum for wireless communication, thereby improving
spectrum utilization. As a result, identifying available angle information (such as azimuth and

pitch) from an occupied spectrum is a critical challenge to be addressed.

SUMMARY
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Embodiments of the present disclosure provide a spectrum sensing method, an electronic
device, a computer-readable storage medium, and a computer program product, to identify

available angle information from an occupied spectrum.

In accordance with a first aspect of the present disclosure, an embodiment provides a

spectrum sensing method, including:
determining feature data of a target sub-band; and

inputting the feature data into a trained spectrum sensing model to obtain a spectrum

sensing result,

the spectrum sensing result includes a first result, the first result being used for indicating

whether the target sub-band is occupied; and

in response to the first result indicating that the target sub-band is occupied, the spectrum
sensing result further includes a second result, the second result being used for indicating an

angle of occupation of the target sub-band.

In accordance with a second aspect of the present disclosure, an embodiment provides an

electronic device, including:
a processor and a memory,

the memory stores program instructions which, when executed by the processor, cause the

processor to perform the spectrum sensing method in accordance with the first aspect.

In accordance with a third aspect of the present disclosure, an embodiment provides a
computer-readable storage medium, storing program instructions which, when executed by a
computer, cause the computer to perform the spectrum sensing method in accordance with the

first aspect.

In accordance with a fourth aspect of the present disclosure, an embodiment provides a
computer program product, storing computer instructions which, when executed by a computer,

cause the computer to perform the spectrum sensing method in accordance with the first aspect.

In the embodiments of the present disclosure, feature data of a target sub-band is inputted
to a trained spectrum sensing model, and the spectrum sensing model outputs, based on the
feature data, a first result indicating whether the target sub-band is occupied and a second result
indicating an angle of occupation of the target sub-band. According to the scheme of the
embodiments of the present disclosure, firstly, the use of the spectrum sensing model to predict

whether the target sub-band is occupied and predict the angle of occupation of the target sub-
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band can reduce the computational complexity of spectrum sensing. Secondly, according to the
embodiments of the present disclosure, not only whether the target sub-band is occupied by a
user signal can be sensed, but also the angle of occupation of the target sub-band occupied by
the user signal can be sensed, laying a foundation for further making use of angles that have not
been occupied by user signals. Thirdly, the spectrum sensing model provided in the
embodiments of the present disclosure can perform prediction for a single target sub-band, with
high prediction flexibility. Compared with conventional spectrum sensing models which cannot
perform prediction without feature data of all sub-bands of the bandwidth, the spectrum sensing
model in the embodiments of the present disclosure only needs to process feature data of the
target sub-band to be sensed, and data inputted to the spectrum sensing model is of a small
number of dimensions, such that the scale of the spectrum sensing model can be reduced,
thereby facilitating the deployment of the model and improving the performance of the

spectrum sensing model.

BRIEF DESCRIPTION OF DRAWINGS

The drawings are provided for a further understanding of the technical schemes of the
present disclosure, and constitute a part of the description. The drawings and the embodiments
of the present disclosure are used to illustrate the technical schemes of the present disclosure,

but are not intended to limit the technical schemes of the present disclosure.

FIG. 1 is a schematic flowchart of a spectrum sensing method according to an embodiment

of the present disclosure;

FIG. 2 is a schematic diagram showing division into sub-bands according to an

embodiment of the present disclosure;

FIG. 3 is a schematic diagram of a process of determining feature data of a target sub-band

according to an embodiment of the present disclosure;

FIG. 4 is a schematic diagram of a process of acquiring first frequency-domain data of the

target sub-band according to an embodiment of the present disclosure;

FIG. 5 is a schematic diagram of a process of calculating a horizontal-antenna covariance

matrix according to an embodiment of the present disclosure;

FIG. 6 is a schematic diagram of a process of calculating a vertical-antenna covariance

matrix according to an embodiment of the present disclosure;

FIG. 7 is a schematic diagram of a process of calculating an all antenna covariance matrix
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according to an embodiment of the present disclosure;

FIG. 8 is a schematic structural diagram of a spectrum sensing model provided in Example

one according to an embodiment of the present disclosure;

FIG. 9 is a schematic structural diagram of a spectrum sensing model provided in Example

two according to an embodiment of the present disclosure;

FIG. 10 is a schematic structural diagram of a spectrum sensing model provided in

Example three according to an embodiment of the present disclosure;

FIG. 11 is a schematic flowchart of a method for training the spectrum sensing model

according to an embodiment of the present disclosure;

FIG. 12 is a schematic diagram of a process of acquiring sample feature data according to

an embodiment of the present disclosure;

FIG. 13 is a schematic diagram of a process of acquiring first frequency-domain sample

data of the target sub-band according to an embodiment of the present disclosure; and

FIG. 14 is a schematic structural diagram of an electronic device according to an

embodiment of the present disclosure.

DETAILED DESCRIPTION

To make the purposes, technical schemes, and advantages of the present disclosure clear,
the present disclosure is described in further detail in conjunction with accompanying drawings
and examples. It should be understood that the specific embodiments described herein are
merely used for illustrating the present disclosure, and are not intended to limit the scope of the

present disclosure.

It should be understood that in the description of the embodiments of the present
disclosure, the terms such as “first”, “second” and similar expressions are used solely to
distinguish technical features, and are not intended to imply relative importance, the number of
indicated technical features, or any precedence order among them. The term “at least one”
means one or more, and the term “a plurality of” means two or more. The term “and/or” is used
for describing an association between associated purposes and representing that three
associations may exist. For example, “A and/or B” may indicate that only A exists, only B
exists, and both A and B exist, where A and B may be singular or plural. The character *“/”

generally indicates an “or” relation between the associated purposes. “At least one of” and
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similar expressions refer to any combination of items listed, including one item or any
combination of a plurality of items. For example, at least one of a, b, or ¢ may represent a, b, c,

“aand b”, “aand ¢”, “b and c”, or “a, b, and ¢”, where a, b, and ¢ may be singular or plural.

In addition, the technical features involved in various embodiments of the present

disclosure described below can be combined with each other if not in collision.

With the continuous advancement of wireless mobile communication systems, spectrum
resources are becoming increasingly scarce. The use of a fixed spectrum allocation policy
results in that a lot of spectrum resources cannot be fully utilized. Cognitive radio technology
can utilize idle spectrum resources in both time and space to improve spectrum efficiency, and
has therefore been widely adopted. Spectrum sensing is a key technology in cognitive radio.
The purpose of spectrum sensing is to quickly identify an unoccupied idle spectrum in the

frequency band and then share or reuse the idle spectrum.

Among numerous spectrum sensing technologies, spectrum sensing implemented based
on deep learning is an important development direction. In related technologies, data of all
spectra of a bandwidth is inputted into a spectrum sensing model, and the spectrum sensing
model senses which spectra have been occupied and which spectra have not been occupied.
Generally, if it is sensed that a spectrum has been occupied by user signals, the spectrum will
not be shared or reused. However, in fact, the occupied spectrum is occupied by user signals
only at some angles, and is idle at other angles. Therefore, beamforming and other technologies
may be adopted to make use of the idle angles of the occupied spectrum for wireless
communication. Therefore, how to identify available angle information (such as azimuth and

pitch) from an occupied spectrum is a problem to be solved.

To solve the above problems, embodiments of the present disclosure provide a spectrum
sensing method, an electronic device, a computer-readable storage medium, and a computer

program product, to identify available angle information from an occupied spectrum.

The embodiments described in the present disclosure may be implemented in a
communication system, e.g., in at least one of the following systems: a Global System for
Mobile Communications (GSM) or any other second generation (2G) cellular communication
system, a third-generation (3G) Universal Mobile Telecommunications System (UMTS) system
based on basic Wideband Code Division Multiple Access (W-CDMA), a High Speed Packet
Access (HSPA) system, a Long Term Evolution (LTE) system, an Advanced LTE system, an
IEEE 802.11-based system, an IEEE 802.15-based system, a fifth-generation (5G) mobile or

cellular communication system, and/or future mobile communication systems. However, the
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embodiments are not limited to the systems given by the above examples, and those having
ordinary skills in the art can apply the present scheme to other communication systems having

necessary attributes.

FIG. 1 is a schematic flowchart of a spectrum sensing method according to an embodiment
of the present disclosure. An implementation process of the method includes, but not limited to,

the following steps S110 to S120, which will be described in sequence below.
At S110, feature data of a target sub-band is determined.

It can be understood that in the technical scheme of the embodiment of the present
disclosure, a full bandwidth is divided into a plurality of sub-bands, where a number of
frequency-domain sensing units in each of the sub-bands obtained through the division is less
than or equal to a number of frequency-domain sensing units indicated by a frequency-domain

sensing granularity. The target sub-band described in S110 is one of the plurality of sub-bands.

For example, the division of the full bandwidth may be realized according to a pre-defined
frequency-domain sensing granularity. The frequency-domain sensing granularity may be a
resource block granularity. In other words, the full bandwidth is divided into a plurality of sub-
bands, where each of the sub-bands obtained through the division includes resource blocks

smaller than or equal to a preset resource block granularity in a single slot.

For example, FIG. 2 is a schematic diagram showing division into sub-bands according to
an embodiment of the present disclosure. Assuming that the full bandwidth is 100 MHz and the
bandwidth of a single subcarrier is 30 kHz, there are a total of 3276 subcarriers in the full
bandwidth, and 12 subcarriers are included in a single resource block. In this case, the
predefined frequency-domain sensing granularity is 4 resource blocks, i.e., the number of
resource blocks included in each sub-band in a single slot should be less than or equal to 4.
Therefore, the full bandwidth of 100 MHz can be divided into 69 sub-bands, where one of the
sub-bands has a granularity of 1 resource block, and the other sub-bands have a granularity of

4 resource blocks.

It can be understood that after the full bandwidth is divided into a plurality of sub-bands,
a target sub-band currently to be sensed may be determined from the plurality of sub-bands.

The number of target sub-bands may be one or more.

For example, the feature data in the embodiment of the present disclosure may be an
antenna covariance matrix. When the feature data is the antenna covariance matrix, as shown

in FIG. 3, determining the feature data of the target sub-band may include the following steps
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At S111, first frequency-domain data of the target sub-band is acquired according to a

predefined sensing granularity.

At S112, an antenna covariance matrix of the target sub-band is obtained through

calculation according to the first frequency-domain data.

The sensing granularity may include a time-domain sensing granularity and a frequency-
domain sensing granularity. The time-domain sensing granularity is used for indicating a
number of time-domain sensing units. The frequency-domain sensing granularity is used for
indicating a number of frequency-domain sensing units. For example, the time-domain sensing
unit is at least one of a slot or a symbol, and the frequency-domain sensing unit is at least one

of a resource block or a subcarrier.

FIG. 4 is a schematic diagram of a process of acquiring first frequency-domain data of the
target sub-band according to an embodiment of the present disclosure. The process of acquiring

the first frequency-domain data includes, but not limited to, the following steps S121 to S123.
At S121, a time-domain received signal is acquired from a target antenna.

It can be understood that the target antenna described in the embodiment of the present
disclosure may include a plurality of receiving antennas in an antenna array. Acquiring the time-
domain received signal from the target antenna means acquiring a time-domain received signal

from each receiving antenna in the antenna array.

At S122, a discrete Fourier transform is performed on the time-domain received signal to

obtain full-bandwidth frequency-domain data of the target antenna.

It can be understood that a time-domain signal can be converted into a frequency-domain
signal through a discrete Fourier transform, so a discrete Fourier transform may be performed
on the time-domain received signal to obtain full-bandwidth frequency-domain data of the

target antenna.

At S123, the first frequency-domain data of the target sub-band in the target antenna is
acquired from the full-bandwidth frequency-domain data, where the first frequency-domain
data includes a plurality of pieces of second frequency-domain data, each corresponding to one

time-domain sensing unit and one frequency-domain sensing unit.

It can be understood that the first frequency-domain data of the target sub-band in the
target antenna should satisfy the predefined sensing granularity. For example, the first

frequency-domain data of the target sub-band in the target antenna includes L*N pieces of
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second frequency-domain data, each corresponding to one time-domain sensing unit and one
frequency-domain sensing unit, where L represents the number of time-domain sensing units,
N represents the number of frequency-domain sensing units included in the target sub-band,
and L and N are integers greater than 1. For example, the time-domain sensing unit may be a
symbol, and when the time-domain sensing granularity is 14 symbols in one slot, L=14. The
frequency-domain sensing unit may be a subcarrier, and the frequency-domain sensing
granularity is all subcarriers in the target sub-band. Assuming that the target sub-band

corresponds to 4 resource blocks, N=48.

It can be understood that the antenna covariance matrix may include a horizontal-antenna
covariance matrix, a vertical-antenna covariance matrix, or an all antenna covariance matrix.
Based on this, obtaining the antenna covariance matrix of the target sub-band through
calculation according to the first frequency-domain data includes the following

implementations.

In a first implementation, a horizontal-antenna covariance matrix of the target sub-band is
calculated according to the first frequency-domain data. As shown in FIG. 5, a process of
calculating the horizontal-antenna covariance matrix may include the following steps S211 to

S214.

At S211, the plurality of receiving antennas are grouped into a plurality of horizontal

antenna groups.

For example, the antenna array has M receiving antennas arranged in a manner of +45
degree cross-polarization of Hm horizontal channels and Vm vertical channels, where
M=Hm*Vm*2. In this case, all receiving antennas may be divided into Vm*2 horizontal
antenna groups, each including Hm horizontal antennas. For another example, if M=64, Hm=8,
and Vm=4, all receiving antennas may be divided into 8 horizontal antenna groups each

including 8 horizontal antennas.

At S212, for each respective one of the horizontal antenna groups, a plurality of first data
matrices corresponding to the respective horizontal antenna group are constructed according to
the first frequency-domain data corresponding to the respective horizontal antenna group and
the time-domain sensing unit and the frequency-domain sensing unit corresponding to each
piece of second frequency-domain data in the first frequency-domain data, where each of the
first data matrices corresponds to one time-domain sensing unit and one frequency-domain

sensing unit.
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For example, the first data matrix may be expressed by the following expression:

Hdata,, . ={Hdata," ,Hdata;, ,Hdata;; ,..Hdata;""}" .

l,n,x

The expression (1) represents frequency-domain data of a sub-band x on a current time-
domain sensing unit [, a current frequency-domain sensing unit n, and an i horizontal antenna

group, where {}T represents a transpose of the matrix.

For example, when the time-domain sensing unit is a symbol and the frequency-domain
sensing unit is a subcarrier, the expression (1) represents frequency-domain data of the sub-
band x on a current symbol [, a current subcarrier n, and the i horizontal antenna group. The
first data matrix is constructed using symbol-level data. Certainly, the first data matrix may also
be constructed using slot-level data, which is not particularly limited in the embodiments of the

present disclosure.

At S213, a horizontal-antenna-group covariance matrix corresponding to the respective
horizontal antenna group is calculated according to the plurality of first data matrices

corresponding to the respective horizontal antenna group.

For example, a covariance matrix of the i horizontal antenna group may be expressed by

the following expression:

i

wH = NEL Hdata, ... ¥conj(Hdata;, )" (),

L-1 N-1
=0 n=
where L represents the number of time-domain sensing units, N represents the number of

frequency-domain sensing units included in the target sub-band, and conj represents calculating

a conjugate value of a complex number.

For example, the time-domain sensing unit is a symbol, and the predefined time-domain
sensing granularity is all symbol data in a single slot. When there are 14 symbols in a single
slot, the value of L is 14. The frequency-domain sensing unit is a subcarrier, and the frequency-
domain sensing granularity is all subcarrier data in the current target sub-band x. When a sub-
band granularity of the target sub-band x is 4 resource blocks, and each resource block includes

12 subcarriers, the value of N is 48.

At S214, a horizontal-antenna covariance matrix of the target sub-band is calculated

according to the horizontal-antenna-group covariance matrices.

For example, the horizontal-antenna covariance matrix of the target sub-band is obtained

by averaging the horizontal-antenna-group covariance matrices corresponding to all the groups.
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The horizontal-antenna covariance matrix of the sub-band x may be expressed by the following

expression:

2*Vm

R R, ®
x,H Z*Vm Z x,H

where Vm represents the number of vertical channels and i represents an i" group of antennas.

It can be understood that the horizontal-antenna covariance matrix R, of the sub-band

x is a matrix of Hm* Hm dimensions.

In a second implementation, a vertical-antenna covariance matrix of the target sub-band is
calculated according to the first frequency-domain data. As shown in FIG. 6, a process of
calculating the vertical-antenna covariance matrix may include the following steps S221 to

S224.

At S221, the plurality of receiving antennas are grouped into a plurality of vertical antenna

groups.

For example, the antenna array has M receiving antennas arranged in a manner of +45
degree cross-polarization of Hm horizontal channels and Vm vertical channels, where
M=Hm*Vm*2. In this case, all receiving antennas may be divided into Hm*2 vertical antenna
groups, each including Vm vertical antennas. For another example, if M=64, Hm=8, and Vm=4,
all receiving antennas may be divided into 16 vertical antenna groups each including 4 vertical

antennas.

At S222, for each respective one of the vertical antenna groups, a plurality of second data
matrices corresponding to the respective vertical antenna group are constructed according to
the first frequency-domain data corresponding to the respective vertical antenna group and the
time-domain sensing unit and the frequency-domain sensing unit corresponding to each piece
of second frequency-domain data in the first frequency-domain data, where each of the second
data matrices corresponds to one time-domain sensing unit and one frequency-domain sensing

unit.

For example, the second data matrix may be expressed by the following expression:

Vdata,,, . ={Vdata,, ,Vdata;, Vdata,: . Vdata;)""'}" @.

l,n,x

The expression (4) represents frequency-domain data of a sub-band x on a current time-

domain sensing unit [, a current frequency-domain sensing unit n, and an i vertical antenna
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group, where {}T represents a transpose of the matrix.

For example, when the time-domain sensing unit is a symbol and the frequency-domain
sensing unit is a subcarrier, the expression (4) represents frequency-domain data of the sub-
band x on a current symbol [, a current subcarrier n, and the i vertical antenna group. The
second data matrix is constructed using symbol-level data. Certainly, the second data matrix
may also be constructed using slot-level data, which is not particularly limited in the

embodiments of the present disclosure.

At S223, a vertical-antenna-group covariance matrix corresponding to the respective
vertical antenna groups is calculated according to the plurality of second data matrices

corresponding to the respective vertical antenna group.

For example, a covariance matrix of the i vertical antenna group may be expressed by the

following expression:

i IHRSLS i - i N\T
= —Z Vdata, , . * conj(Vdara,, )" ),
N * L [=0 n=

where L represents the number of time-domain sensing units, N represents the number of
frequency-domain sensing units included in the target sub-band, and conj represents calculating

a conjugate value of a complex number.

For example, the time-domain sensing unit is a symbol, and the predefined time-domain
sensing granularity is all symbol data in a single slot. When there are 14 symbols in a single
slot, the value of L is 14. The frequency-domain sensing unit is a subcarrier, and the frequency-
domain sensing granularity is all subcarrier data in the current target sub-band x. When a sub-
band granularity of the target sub-band x is 4 resource blocks, and each resource block includes

12 subcarriers, the value of N is 48.

At S224, a vertical-antenna covariance matrix of the target sub-band is calculated

according to the vertical-antenna-group covariance matrices.

For example, the vertical-antenna covariance matrix of the target sub-band is obtained by
averaging the vertical-antenna-group covariance matrices corresponding to all the groups. The
vertical-antenna covariance matrix of the sub-band x may be expressed by the following

expression:
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2*Hm

R, Rx (6),
v Z*Hmz Y

i=1

where Hm represents the number of horizontal channels and i represents an i group of

antennas.

It can be understood that the vertical-antenna covariance matrix R., of the sub-band x

is a matrix of Vm*Vm dimensions.

In a third implementation, an all antenna covariance matrix of the target sub-band is
calculated according to the first frequency-domain data. As shown in FIG. 7, a process of

calculating the all antenna covariance matrix may include the following steps S231 to S232.

At S231, a plurality of third data matrices are constructed according to the time-domain
sensing unit and the frequency-domain sensing unit corresponding to each piece of second
frequency-domain data in the first frequency-domain data, where each of the third data matrices

corresponds to one time-domain sensing unit and one frequency-domain sensing unit.

For example, the third data matrix may be expressed by the following expression:

data,,  ={data), . data,, data;, ...data), '} .

The expression (7) represents frequency-domain data of a sub-band x on a current time-
domain sensing unit / and a current frequency-domain sensing unit n, where {} represents a

transpose of the matrix, and M represents the number of receiving antennas in the antenna array.

For example, when the time-domain sensing unit is a symbol and the frequency-domain
sensing unit is a subcarrier, the expression (7) represents frequency-domain data of the sub-
band x on a current symbol [/ and a current subcarrier n. The third data matrix is constructed
using symbol-level data. Certainly, the third data matrix may also be constructed using slot-

level data, which is not particularly limited in the embodiments of the present disclosure.

At S232, the all antenna covariance matrix of the target sub-band is obtained through

calculation according to the plurality of third data matrices.

For example, the all antenna covariance matrix may be expressed by the following
expression:

L-1 N-1

R, =—— data, , . * conj(data,, )" ®),
N *L =0 n=0 o .
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where L represents the number of time-domain sensing units, N represents the number of
frequency-domain sensing units included in the target sub-band, and conj represents calculating

a conjugate value of a complex number.

For example, the time-domain sensing unit is a symbol, and the predefined time-domain
sensing granularity is all symbol data in a single slot. When there are 14 symbols in a single
slot, the value of L is 14. The frequency-domain sensing unit is a subcarrier, and the frequency-
domain sensing granularity is all subcarrier data in the current target sub-band x. When a sub-
band granularity of the target sub-band x is 8 resource blocks, and each resource block includes

12 subcarriers, the value of N is 96.
It can be understood that R, is a matrix of M * M dimensions.

At S120, the feature data is inputted into a trained spectrum sensing model to obtain a

spectrum sensing result.

The spectrum sensing result includes a first result, the first result being used for indicating
whether the target sub-band is occupied. In a case that the first result indicates that the target
sub-band is occupied, the spectrum sensing result further includes a second result, the second

result being used for indicating an angle of occupation of the target sub-band.

It can be understood that the feature data inputted to the spectrum sensing model may
include any one or more of a horizontal-antenna covariance matrix, a vertical-antenna

covariance matrix, or an all antenna covariance matrix.

In an implementation, the spectrum sensing model includes a signal energy and angle
sensing model. The signal energy and angle sensing model is configured for performing feature
extraction of the feature data to obtain a signal energy feature and a signal angle feature,
outputting a first result according to the signal energy feature and the signal angle feature, and
outputting a second result in a case that the first result indicates that the target sub-band is
occupied. It can be understood that the signal energy and angle sensing model is a neural

network, which can simultaneously sense signal energy and signal angle.

In another implementation, the spectrum sensing model includes a signal energy sensing
model and a signal angle sensing model, where the signal energy sensing model is configured
for outputting the first result according to the feature data, and the signal angle sensing model
is configured for outputting the second result according to the feature data in a case that the first
result indicates that the target sub-band is occupied. It can be understood that the spectrum

sensing model includes at least two neural networks, one of the neural networks being
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configured for sensing signal energy, and the other being configured for sensing signal angle.
In a specific implementation, since the feature data inputted to the spectrum sensing model may
include two or more types of antenna covariance matrices, the neural network for sensing signal
energy may further include two or more sub-neural networks, and similarly, the neural network

for sensing signal angle may further include two or more sub-neural networks.

It should be noted that the types of the neural networks used in the implementations of the
present disclosure are not limited, which may be a Convolutional Neural Network (CNN), a
Recurrent Neural Network (RNN), a Deep Belief Network (DBN), a Generative Adversarial
Network (GAN), etc.

Specific examples will be described below.
Example one:

As shown in FIG. 8, in Example one, the spectrum sensing model is the signal energy and
angle sensing model, i.e., the spectrum sensing model may include only one neural network.
The feature data inputted to the signal energy and angle sensing model includes any one of the
horizontal-antenna covariance matrix, the vertical-antenna covariance matrix, and the all

antenna covariance matrix of the target sub-band.

It can be understood that when the feature data inputted to the signal energy and angle
sensing model is the horizontal-antenna covariance matrix, the signal energy and angle sensing
model performs feature extraction on the horizontal-antenna covariance matrix to obtain signal
energy features and signal angle features on horizontal antennas. The signal angle features on
the horizontal antennas may be understood as azimuth features. Then, according to the signal
energy features and the signal angle features on the horizontal antennas, the signal energy and
angle sensing model senses whether the target sub-band is occupied by a user signal and senses

an angle of occupation of the target sub-band, and outputs a first result and a second result.

It can be understood that when the feature data inputted to the signal energy and angle
sensing model is the vertical-antenna covariance matrix, the signal energy and angle sensing
model performs feature extraction on the vertical-antenna covariance matrix to obtain signal
energy features and signal angle features on vertical antennas. The signal angle features on the
vertical antennas may be understood as pitch features. Then, according to the signal energy
features and the signal angle features on the vertical antennas, the signal energy and angle
sensing model senses whether the target sub-band is occupied by a user signal and senses an

angle of occupation of the target sub-band, and outputs the first result and the second result.
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It can be understood that when the feature data inputted to the signal energy and angle
sensing model is the all antenna covariance matrix, the signal energy and angle sensing model
performs feature extraction on the all antenna covariance matrix to obtain signal energy features
and signal angle features on all antennas. The signal angle features on all antennas may be
understood as a combination of azimuth features and pitch features. Then, according to the
signal energy features and the signal angle features on all antennas, the signal energy and angle
sensing model senses whether the target sub-band is occupied by a user signal and senses an

angle of occupation of the target sub-band, and outputs the first result and the second result.
Example two:

As shown in FIG. 9, in Example two, the spectrum sensing model is a combination of the
signal energy sensing model and the signal angle sensing model. The feature data inputted to
the spectrum sensing model includes any one of the horizontal-antenna covariance matrix, the
vertical-antenna covariance matrix, and the all antenna covariance matrix of the target sub-

band.

It can be understood that when the inputted feature data is the horizontal-antenna
covariance matrix, first, the signal energy sensing model extracts the signal energy features on
the horizontal antennas from the horizontal-antenna covariance matrix, and makes a binary
classification prediction according to the signal energy features on the horizontal antennas to
determine whether the target sub-band is occupied by a user signal. If the prediction result of
the signal energy sensing model (i.e., the first result) indicates that the target sub-band is
occupied by a user signal, the signal angle sensing model further extracts the signal angle
features (azimuth features) on the horizontal antennas from the horizontal-antenna covariance
matrix, predicts angles of occupation of the target sub-band according to the angle energy
features on the horizontal antennas, and outputs the second result indicating the angles of
occupation. If the prediction result of the signal energy sensing model (i.e., the first result)
indicates that the target sub-band is not occupied by a user signal, the signal angle sensing

model does not need to make predictions.

It can be understood that when the inputted feature data is the vertical-antenna covariance
matrix, first, the signal energy sensing model extracts the signal energy features on the vertical
antennas from the vertical-antenna covariance matrix, and makes a binary classification
prediction according to the signal energy features on the vertical antennas to determine whether
the target sub-band is occupied by a user signal. If the prediction result of the signal energy

sensing model (i.e., the first result) indicates that the target sub-band is occupied by the user
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signal, the signal angle sensing model further extracts the signal angle features (pitch features)
on the vertical antennas from the vertical-antenna covariance matrix, predicts angles of
occupation of the target sub-band according to the angle energy features on the vertical
antennas, and outputs the second result indicating the angles of occupation. If the prediction
result of the signal energy sensing model (i.e., the first result) indicates that the target sub-band
is not occupied by a user signal, the signal angle sensing model does not need to make

predictions.

It can be understood that when the inputted feature data is the all antenna covariance
matrix, first, the signal energy sensing model extracts the signal energy features on all antennas
from the all antenna covariance matrix, and makes a binary classification prediction according
to the signal energy features on all antennas to determine whether the target sub-band is
occupied by a user signal. If the prediction result of the signal energy sensing model (i.e., the
first result) indicates that the target sub-band is occupied by the user signal, the signal angle
sensing model further extracts the signal angle features (azimuth features + pitch features) on
all antennas from the all antenna covariance matrix, predicts angles of occupation of the target
sub-band according to the angle energy features on all antennas, and outputs the second result
indicating the angles of occupation. If the prediction result of the signal energy sensing model
(i.e., the first result) indicates that the target sub-band is not occupied by a user signal, the signal

angle sensing model does not need to make predictions.
Example three:

As shown in FIG. 10, in Example three, the spectrum sensing model is a combination of
the signal energy sensing model and the signal angle sensing model. The signal energy sensing
model includes a first signal energy sensing submodel, a second signal energy sensing
submodel, and a third signal energy sensing submodel. The signal angle sensing model includes
a first signal angle sensing submodel, a second signal angle sensing submodel, and a third signal

angle sensing submodel.

In Example three, the feature data inputted to the spectrum sensing model includes the
horizontal-antenna covariance matrix and the vertical-antenna covariance matrix of the target

sub-band.

It can be understood that in this example, first, the first signal energy sensing submodel
performs feature extraction on the horizontal-antenna covariance matrix and outputs a
horizontal antenna energy feature, and the second signal energy sensing submodel performs

feature extraction on the vertical-antenna covariance matrix and outputs a vertical antenna
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energy feature. Then, the third signal energy sensing submodel makes a binary classification
prediction according to the horizontal antenna energy feature and the vertical antenna energy
feature to determine whether the target sub-band is occupied by a user signal, and outputs the
first result. If the first result indicates that the target sub-band is occupied, the first signal angle
sensing submodel further performs feature extraction on the horizontal-antenna covariance
matrix and outputs a horizontal antenna angle feature (azimuth feature), and the second signal
angle sensing submodel performs feature extraction on the vertical-antenna covariance matrix
and outputs a vertical antenna angle feature (pitch feature). Then, the third signal angle sensing
submodel further predicts the angle of occupation of the target sub-band according to the
horizontal antenna angle feature and the vertical antenna angle feature, and outputs the second
result. If the first result indicates that the target sub-band is not occupied by a user signal, the

signal angle sensing model does not need to make predictions.

According to the scheme of the embodiments of the present disclosure, firstly, the use of
the spectrum sensing model to predict whether the target sub-band is occupied and predict the
angle of occupation of the target sub-band can reduce the computational complexity of spectrum
sensing. Secondly, according to the embodiments of the present disclosure, not only whether
the target sub-band is occupied by a user signal can be sensed, but also the angle of occupation
of the target sub-band occupied by the user signal can be sensed, laying a foundation for further
making use of angles that have not been occupied by user signals. Thirdly, the spectrum sensing
model provided in the embodiments of the present disclosure can perform prediction for a single
target sub-band, with high prediction flexibility. Compared with conventional spectrum sensing
models that cannot perform prediction without feature data of all sub-bands of the bandwidth,
the spectrum sensing model in the embodiments of the present disclosure only needs to process
feature data of the target sub-band to be sensed, and data inputted to the spectrum sensing model
is of a small number of dimensions, such that the scale of the spectrum sensing model can be
reduced, thereby facilitating the deployment of the model and improving the performance of

the spectrum sensing model.

An embodiment of the present disclosure provides a method for training the spectrum
sensing model. FIG. 11 is a schematic flowchart of a method for training the spectrum sensing

model. The training method includes the following steps S210 to S220.
At S210, a training sample set of a sub-band is acquired.

The training sample set includes a plurality of first training samples and a plurality of

second training samples. The first training samples each include sample feature data
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corresponding to the sub-band in an unoccupied state and a first label, and the second training
samples each include sample feature data corresponding to the sub-band in an occupied state, a
second sample label, and a third sample label. The first sample label is used for indicating that
the sub-band is not occupied, the second sample label is used for indicating that the sub-band
is occupied, and the third sample label is used for indicating an angle of occupation of the sub-

band.

It can be understood that, in order to construct the training sample set of the sub-band, two
types of sample feature data corresponding to the sub-band should be acquired. The first type
of sample feature data is sample feature data corresponding to the sub-band in the unoccupied
state, and is correspondingly labeled with the first label (which may be denoted by a digit 1) to
form the first training sample. The second type of sample feature data is sample feature data
corresponding to the sub-band in the occupied state. In addition, the angle of occupation of the
sub-band is also acquired. The angle of occupation of the sub-band is used as the third label.
Correspondingly, the sample feature data corresponding to the sub-band in the occupied state
is labeled with the second label (which may be denoted by a digit 0) and the third label form

the second training sample.

The third label may include an azimuth label and a pitch label. During construction of the
training sample set of the sub-band, each second training sample may have a unique azimuth
and pitch label. For example, an azimuth range is [-52°, -45°, -37°, -30°, -22°, -15°, -7°,0°, 7°,
15°,22°,30°, 37°, 45°, 52°], and a pitch range is [-10°, -7°, -3°, 0°, 3°, 7°, 10°].

At S220, the spectrum sensing model is trained based on the training sample set until a

preset training ending condition is satisfied, to obtain the trained spectrum sensing model.

In a specific training process, the plurality of first training samples and the plurality of
second training samples may be respectively inputted into an initial spectrum sensing model,
such that the initial spectrum sensing model outputs a prediction result corresponding to each
training sample. The prediction result corresponding to each training sample is compared with
the corresponding sample label to calculate a loss value. It is determined whether the loss value
meets a preset loss threshold. If yes, it can be determined that the preset training ending
condition is satisfied, and the training is ended. If not, a model parameter of the spectrum
sensing model is adjusted, to continue training of the spectrum sensing model based on the

training sample set.

It can be understood that the sample feature data may include an antenna covariance

matrix. As shown in FIG. 12, a process of acquiring the sample feature data includes the
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following steps S310 to S320.

At S310, first frequency-domain sample data of the sub-band is acquired according to a

predefined sensing granularity.

At S320, an antenna covariance matrix of the sub-band is obtained through calculation

according to the first frequency-domain sample data.

It can be understood that in the technical scheme of the embodiment of the present
disclosure, a full bandwidth is divided into a plurality of sub-bands, where a number of
frequency-domain sensing units in each of the sub-bands obtained through the division is less
than or equal to a number of frequency-domain sensing units indicated by a frequency-domain

sensing granularity. The sub-band described in S310 is one of the plurality of sub-bands.

For example, the division of the full bandwidth may be realized according to a pre-defined
frequency-domain sensing granularity. The frequency-domain sensing granularity may be a
resource block granularity. For example, there are a total of 3276 subcarriers in a bandwidth of
100 MHz, and 12 subcarriers are included in a single resource block. The sub-band granularity
is predefined to be 4 resource blocks, i.e., the number of resource blocks included in each sub-
band in a single slot should be less than or equal to 4. Therefore, the full bandwidth of 100 MHz
can be divided into 69 sub-bands, where one of the sub-bands has a granularity of 1 resource

block, and the other sub-bands have a granularity of 4 resource blocks.

The sensing granularity in S310 includes a time-domain sensing granularity and a
frequency-domain sensing granularity. The time-domain sensing granularity is used for
indicating a number of time-domain sensing units. The frequency-domain sensing granularity

is used for indicating a number of frequency-domain sensing units.

As shown in FIG. 13, acquiring first frequency-domain sample data of the sub-band

according to a predefined sensing granularity includes the following steps S410 to S430.
At S410, a time-domain received sample signal is acquired from a target antenna.

At S420, a discrete Fourier transform is performed on the time-domain received sample

signal to obtain full-bandwidth frequency-domain sample data of the target antenna.

At S430, the first frequency-domain sample data of the sub-band in the target antenna is
acquired from the full-bandwidth frequency-domain sample data, where the first frequency-
domain sample data includes a plurality of pieces of second frequency-domain sample data,

each corresponding to one time-domain sensing unit and one frequency-domain sensing unit.

An implementation process of the steps S410 to S430 is similar to that of the steps S121
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to S123, so reference may be made to the related description of the steps S121 to S123 for

details, which will not be repeated here.

It can be understood that the antenna covariance matrix may include a horizontal-antenna

covariance matrix, a vertical-antenna covariance matrix, or an all antenna covariance matrix.

It can be understood that the target antenna includes a plurality of receiving antennas in an

antenna array.

When the antenna covariance matrix includes the horizontal-antenna covariance matrix,
obtaining an antenna covariance matrix of the sub-band through calculation according to the

first frequency-domain sample data may include the following steps S511 to S514.

At S511, the plurality of receiving antennas are grouped into a plurality of horizontal

antenna groups.

At S512, for each respective one of the horizontal antenna groups, a plurality of first data
matrices corresponding to the respective horizontal antenna group are constructed according to
the first frequency-domain sample data corresponding to the respective horizontal antenna
group and the time-domain sensing unit and the frequency-domain sensing unit corresponding
to each piece of second frequency-domain sample data in the first frequency-domain sample
data, where each of the first data matrices corresponds to one time-domain sensing unit and one

frequency-domain sensing unit.

At S513, a horizontal-antenna-group covariance matrix corresponding to the respective
horizontal antenna group is calculated according to the plurality of first data matrices

corresponding to the respective horizontal antenna group.

At S514, a horizontal-antenna covariance matrix of the sub-band is calculated according

to the horizontal-antenna-group covariance matrices.

An implementation process of the steps S511 to S514 is similar to that of the steps S211
to S214, so reference may be made to the related description of the steps S211 to S214 for

details, which will not be repeated here.

When the antenna covariance matrix includes the vertical-antenna covariance matrix,
obtaining an antenna covariance matrix of the sub-band through calculation according to the

first frequency-domain sample data may include the following steps S521 to S524.

At S521, the plurality of receiving antennas are grouped into a plurality of vertical antenna

groups.
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At S522, for each respective one of the vertical antenna groups, a plurality of second data
matrices corresponding to the respective vertical antenna group are constructed according to
the first frequency-domain sample data corresponding to the respective vertical antenna group
and the time-domain sensing unit and the frequency-domain sensing unit corresponding to each
piece of second frequency-domain sample data in the first frequency-domain sample data,
where each of the second data matrices corresponds to one time-domain sensing unit and one

frequency-domain sensing unit.

At S523, a vertical-antenna-group covariance matrix corresponding to the respective
vertical antenna groups is calculated according to the plurality of second data matrices

corresponding to the respective vertical antenna group.

At S524, a vertical-antenna covariance matrix of the sub-band is calculated according to

the vertical-antenna-group covariance matrices.

An implementation process of the steps S521 to S524 is similar to that of the steps S221
to S224, so reference may be made to the related description of the steps S221 to S224 for

details, which will not be repeated here.

When the antenna covariance matrix includes the all antenna covariance matrix, obtaining
an antenna covariance matrix of the sub-band through calculation according to the first

frequency-domain sample data may include the following steps S531 to S532.

At S531, a plurality of third data matrices are constructed according to the time-domain
sensing unit and the frequency-domain sensing unit corresponding to each piece of second
frequency-domain sample data in the first frequency-domain sample data, where each of the
third data matrices corresponds to one time-domain sensing unit and one frequency-domain

sensing unit.

At S532, the all antenna covariance matrix of the sub-band is obtained through calculation

according to the plurality of third data matrices.

An implementation process of the steps S531 to S532 is similar to that of the steps S231
to S232, so reference may be made to the related description of the steps S231 to S232 for

details, which will not be repeated here.

In an implementation, the spectrum sensing model includes a signal energy and angle
sensing model, and the signal energy and angle sensing model is configured for performing
feature extraction of the sample feature data to obtain a signal energy feature and a signal angle

feature, outputting a first result according to the signal energy feature and the signal angle
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feature, and outputting a second result in a case that the first result indicates that the sub-band
is occupied. It can be understood that the signal energy and angle sensing model is a neural

network, which can simultaneously sense signal energy and signal angle.

When the spectrum sensing model includes the signal energy and angle sensing model, a

process of training the spectrum sensing model may include the following steps S611 to S613.

At S611, the sample feature data in the first training sample is inputted into the signal
energy and angle sensing model to obtain a first result corresponding to the first training sample,
and a first loss value is calculated according to the first result corresponding to the first training

sample and the first label.

At S612, the sample feature data in the second training sample is inputted into the signal
energy and angle sensing model to obtain a first result and a second result corresponding to the
second training sample, a second loss value is calculated according to the first result
corresponding to the second training sample and the second sample label, and a third loss value
is calculated according to the second result corresponding to the second training sample and the

third sample label.

At S613, it is determined whether the first loss value and the second loss value meet a
preset first loss threshold, and it is determined whether the third loss value meets a preset second
loss threshold. If the first loss value and the second loss value meet the preset first loss threshold
and the third loss value meets the preset second loss threshold, the training is ended. Otherwise,
a model parameter of the signal energy and angle sensing model is adjusted, and S611 is

repeated to train the signal energy and angle sensing model based on the training sample set.

In another implementation, the spectrum sensing model includes a signal energy sensing
model and a signal angle sensing model, where the signal energy sensing model is configured
for outputting the first result according to the sample feature data; and the signal angle sensing
model is configured for outputting the second result according to the sample feature data in a

case that the first result indicates that the sub-band is occupied.

When the spectrum sensing model includes the signal energy sensing model and the signal
angle sensing model, a process of training the spectrum sensing model may include the

following steps S621 to S625.

At S621, the sample feature data in the first training sample is inputted into the signal
energy sensing model to obtain a first result corresponding to the first training sample, and a

first loss value is calculated according to the first result corresponding to the first training
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sample and the first label.

At S622, the sample feature data in the second training sample is inputted into the signal
energy sensing model to obtain a first result corresponding to the second training sample, and
a second loss value is calculated according to the first result corresponding to the second

training sample and the second sample label.

At S623, it is determined whether the first loss value and the second loss value meet a
preset first loss threshold. If the first loss value and the second loss value meet the preset first
loss threshold, S624 is executed. Otherwise, a model parameter of the signal energy sensing
model is adjusted, and S621 is repeated to train the signal energy sensing model based on the

training sample set.

At S624, the sample feature data in the second training sample is inputted into the signal
angle sensing model to obtain a second result corresponding to the second training sample, and
a third loss value is calculated according to the second result corresponding to the second

training sample and the third sample label.

At S625, it is determined whether the third loss value meets a preset second loss threshold.
If the third loss value meets the preset second loss threshold, the training is ended. Otherwise,
a model parameter of the signal angle sensing model is adjusted, and S624 is repeated to train

the signal angle sensing model based on the training sample set.

In still another implementation, sample feature data in each training sample includes a
horizontal-antenna covariance matrix and a vertical-antenna covariance matrix, and the
spectrum sensing model is a combination of a signal energy sensing model and a signal angle
sensing model. The signal energy sensing model includes a first signal energy sensing
submodel, a second signal energy sensing submodel, and a third signal energy sensing
submodel. The signal angle sensing model includes a first signal angle sensing submodel, a

second signal angle sensing submodel, and a third signal angle sensing submodel.

The first signal energy sensing submodel is configured for performing feature extraction
on the horizontal-antenna covariance matrix and outputting a horizontal antenna energy feature.
The second signal energy sensing submodel is configured for performing feature extraction on
the vertical-antenna covariance matrix and outputting a vertical antenna energy feature. The
third signal energy sensing submodel is configured for outputting the first result according to

the horizontal antenna energy feature and the vertical antenna energy feature.

The first signal angle sensing submodel is configured for performing feature extraction on
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the horizontal-antenna covariance matrix and outputting a horizontal antenna angle feature. The
second signal angle sensing submodel is configured for performing feature extraction on the
vertical-antenna covariance matrix and outputting a vertical antenna angle feature. The third
signal angle sensing submodel is configured for outputting the second result according to the

horizontal antenna angle feature and the vertical antenna angle feature.

In this implementation, a process of training the spectrum sensing model may include the

following steps S631 to S635.

At S631, the horizontal-antenna covariance matrix in the first training sample is inputted
into the first signal energy sensing submodel, and the vertical-antenna covariance matrix in the
first training sample is inputted into the second signal energy sensing submodel, such that the
third signal energy sensing submodel outputs a first result corresponding to the first training
sample, and calculates a first loss value according to the first result corresponding to the first

training sample and the first label.

At S632, the horizontal-antenna covariance matrix in the second training sample is
inputted into the first signal energy sensing submodel, and the vertical-antenna covariance
matrix in the second training sample is inputted into the second signal energy sensing submodel,
such that the third signal energy sensing submodel outputs a first result corresponding to the
second training sample, and calculates a second loss value according to the first result

corresponding to the second training sample and the second sample label.

At S633, it is determined whether the first loss value and the second loss value meet a
preset first loss threshold. If the first loss value and the second loss value meet the preset first
loss threshold, S634 is executed. Otherwise, a model parameter of each submodel in the signal
energy sensing model is adjusted, and S631 is repeated to train the signal energy sensing model

based on the training sample set.

At S634, the horizontal-antenna covariance matrix in the second training sample is
inputted into the first signal angle sensing submodel, and the vertical-antenna covariance matrix
in the second training sample is inputted into the second signal angle sensing submodel, such
that the third signal angle sensing submodel outputs a second result corresponding to the second
training sample, and calculates a third loss value according to the second result corresponding

to the second training sample and the third sample label.

At S635, it is determined whether the third loss value meets a preset second loss threshold.

If the third loss value meets the preset second loss threshold, the training is ended. Otherwise,
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a model parameter of each submodel in the signal angle sensing model is adjusted, and S634 is

repeated to train the signal angle sensing model based on the training sample set.

It should be noted that in the embodiments of the present disclosure, the number of sub-
bands may be more than one, i.e., there may be training sample sets of a plurality of sub-bands,
and the spectrum sensing model is trained according to the training sample sets of the plurality
of sub-bands, such that the trained spectrum sensing model can perform spectrum sensing on
the plurality of sub-bands. For example, when there are 69 sub-bands in a bandwidth of 100 M,
a training sample set is constructed for each of the 69 sub-bands, and the spectrum sensing
model is trained based on all the training sample sets, such that the spectrum sensing model can

achieve spectrum sensing of all the sub-bands within the full bandwidth.

It should be noted that although the operations in the embodiments of the present
disclosure are described in a particular order in the drawings, it should not be construed as
requiring that these operations be performed in a particular or serial order as shown, or that all
of the illustrated operations be performed to achieve a desired result. In a particular

environment, multitasking and parallel processing may be advantageous.

In addition, in the embodiments of the present disclosure, the description in each
embodiment has its own focus. For parts that are not detailed or set forth in one embodiment,

reference may be made to the relevant descriptions in other embodiments.

An embodiment of the present disclosure provides an electronic device. As shown in FIG.

14, the electronic device 900 includes, but is not limited to,
a processor 910 and a memory 920.

The memory 920 stores program instructions which, when executed by the processor 910,
cause the processor 910 to execute the spectrum sensing method according to any one of the

above embodiments.
The processor 910 and the memory 920 may be connected by a bus or in other ways.

It can be understood that the processor 910 may be a Central Processing Unit (CPU). The
processor may also be other general-purpose processor, a Digital Signal Processor (DSP), an
Application-Specific Integrated Circuit (ASIC), a Field Programmable Gate Array (FPGA), or
other programmable logic device, discrete gate or transistor logic device, discrete hardware
component, or the like. The general-purpose processor may be a microprocessor or any
conventional processor or the like. Alternatively, the processor 910 uses one or more integrated

circuits for executing related programs to implement the technical schemes provided in the
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embodiments of the present disclosure.

The memory 920, as a non-transitory computer-readable storage medium, may be
configured for storing a non-transitory software program and a non-transitory computer-
executable program, for example, the spectrum sensing method described in any one of the
embodiments of the present disclosure. The processor 910 runs the non-transitory software
program and the non-transitory computer-executable program stored in the memory 920, to

implement the spectrum sensing method.

The memory 920 may include a program storage area and a data storage area. The program
storage area may store an operating system, and an application required by at least one function.
The data storage area may store data and the like required for executing the spectrum sensing
method or the method for training a spectrum sensing model. In addition, the memory 920 may
include a high-speed random access memory, and may also include a non-transitory memory,
e.g., at least one magnetic disk storage device, flash memory device, or other non-transitory
solid-state storage device. In some implementations, the memory 920 optionally includes
memories located remotely from the processor 910, and the remote memories may be connected
to the processor 910 via a network. Examples of the network include, but are not limited to, the
Internet, an intranet, a local area network, a mobile communication network, and combinations

thereof.

The non-transitory software program and instructions required to implement the spectrum
sensing method are stored in the memory 920 which, when executed by one or more processors
910, cause the one or more processors 910 to execute the spectrum sensing method according

to any one of the embodiments of the present disclosure.

An embodiment of the present disclosure provides a computer-readable storage medium,
storing program instructions which, when executed by a computer, cause the computer to

implement the spectrum sensing method according to any one of the above embodiments.

The computer-readable storage medium in the embodiment of the present disclosure may
be any combination of one or more computer-readable media. The computer-readable medium
may be a computer-readable signal medium or a computer-readable storage medium. For
example, the computer-readable storage medium may include, but not limited to, an electrical,
magnetic, optical, electromagnetic, infrared, or semiconductor system, apparatus, or device, or
any combination thereof. Specific examples (non-exclusive list) of the computer-readable
storage medium include: an electrical connection having one or more wires, a portable computer

disk, a hard disk, a Random Access Memory (RAM), a Read-Only Memory (ROM), an erasable
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programmable Read-Only Memory (EPROM), a flash memory, an optical fiber, a portable
Compact Disc Read-Only Memory (CD-ROM), an optical storage device, a magnetic storage
device, or any suitable combination thereof. In the present disclosure, the computer-readable
storage medium may be any tangible medium containing or storing a program that may be used

by or used in combination with an instruction execution system, apparatus, or device.

The computer-readable signal medium may include a data signal propagated in a baseband
or as part of a carrier. The data signal carries computer-readable program code. Such a
propagated data signal may be in a variety of forms including, but not limited to, an
electromagnetic signal, an optical signal, or any suitable combination thereof. The computer-
readable signal medium may also be any computer-readable medium other than a computer-
readable storage medium, and may send, propagate, or transmit a program for use by or used in

combination with an instruction execution system, apparatus, or device.

The program code contained on the computer-readable medium may be transmitted using
any suitable medium, including but not limited to, via wireless transmission, via a wire, via a

fiber optic cable, via Radio Frequency (RF), etc., or any suitable combination thereof.

Computer program code for executing the operations of the present disclosure may be
compiled in one or more programming languages or a combination of programming languages,
including object-oriented programming languages such as Java, Smalltalk, and C++, and
conventional procedural programming languages such as the “C” language or similar
programming languages. The program code can be entirely executed on a user’s computer,
partly executed on the user’s computer, executed as a separate software package, partly
executed on the user’s computer and partly executed on a remote computer, or entirely executed
on a remote computer or server. In cases involving a remote computer, the remote computer
may be connected to the user’s computer via any type of network, including a Local Area
Network (LAN) or a Wide Area Network (WAN), or may be connected to an external computer

(e.g., via an Internet service provided by an Internet service provider).

An embodiment of the present disclosure provides a computer program product, storing a
computer instructions which, when executed by a computer, cause the computer to implement

the spectrum sensing method according to any one of the above embodiments.

Although some embodiments of the present disclosure have been described above, the
present disclosure is not limited to the implementations described above. Those having ordinary
skills in the art can make various equivalent modifications or replacements without departing

from the scope of the present disclosure. Such equivalent modifications or replacements fall
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within the scope defined by the claims of the present disclosure.
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What is claimed is:
1. A spectrum sensing method, comprising:
determining feature data of a target sub-band; and

inputting the feature data into a trained spectrum sensing model to obtain a spectrum

sensing result,

wherein the spectrum sensing result comprises a first result, the first result being used for

indicating whether the target sub-band is occupied; and

in response to the first result indicating that the target sub-band is occupied, the spectrum
sensing result further comprises a second result, the second result being used for indicating an

angle of occupation of the target sub-band.

2. The method of claim 1, wherein the spectrum sensing model comprises a signal energy
and angle sensing model configured for performing feature extraction of the feature data to
obtain a signal energy feature and a signal angle feature, outputting the first result according to
the signal energy feature and the signal angle feature, and outputting the second result in

response to the first result indicating that the target sub-band is occupied.

3. The method of claim 1, wherein the spectrum sensing model comprises a signal energy

sensing model and a signal angle sensing model, wherein:

the signal energy sensing model is configured for outputting the first result according to

the feature data; and

the signal angle sensing model is configured for outputting the second result according to

the feature data in response to the first result indicating that the target sub-band is occupied.

4. The method of claim 3, wherein the feature data comprises at least one of a horizontal-
antenna covariance matrix, a vertical-antenna covariance matrix, or an all antenna covariance

matrix.

5. The method of claim 4, wherein in response to the feature data comprising the
horizontal-antenna covariance matrix and the vertical-antenna covariance matrix, the signal

energy sensing model comprises:

a first signal energy sensing submodel, configured for performing feature extraction on the

horizontal-antenna covariance matrix and outputting a horizontal antenna energy feature;

a second signal energy sensing submodel, configured for performing feature extraction on

the vertical-antenna covariance matrix and outputting a vertical antenna energy feature; and
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a third signal energy sensing submodel, configured for outputting the first result according

to the horizontal antenna energy feature and the vertical antenna energy feature.

6. The method of claim 4, wherein in response to the feature data comprising the
horizontal-antenna covariance matrix and the vertical-antenna covariance matrix, the signal

angle sensing model comprises:

a first signal angle sensing submodel, configured for performing feature extraction on the

horizontal-antenna covariance matrix and outputting a horizontal antenna angle feature;

a second signal angle sensing submodel, configured for performing feature extraction on

the vertical-antenna covariance matrix and outputting a vertical antenna angle feature; and

a third signal angle sensing submodel, configured for outputting the second result

according to the horizontal antenna angle feature and the vertical antenna angle feature.
7. The method of claim 1, wherein the feature data is an antenna covariance matrix; and
determining feature data of a target sub-band comprises:

acquiring first frequency-domain data of the target sub-band according to a

predefined sensing granularity; and

obtaining an antenna covariance matrix of the target sub-band through calculation

according to the first frequency-domain data.

8. The method of claim 7, wherein the predefined sensing granularity comprises a time-
domain sensing granularity and a frequency-domain sensing granularity, the time-domain
sensing granularity is used for indicating a number of time-domain sensing units, and the
frequency-domain sensing granularity is used for indicating a number of frequency-domain

sensing units; and

acquiring first frequency-domain data of the target sub-band according to a predefined

sensing granularity comprises:
acquiring a time-domain received signal from a target antenna;

performing a discrete Fourier transform on the time-domain received signal to obtain

full-bandwidth frequency-domain data of the target antenna; and

acquiring the first frequency-domain data of the target sub-band in the target antenna
from the full-bandwidth frequency-domain data, wherein the first frequency-domain data
comprises a plurality of pieces of second frequency-domain data, each corresponding to one

time-domain sensing unit and one frequency-domain sensing unit.
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9. The method of claim 8, wherein the target antenna comprises a plurality of receiving
antennas in an antenna array, and the antenna covariance matrix comprises a horizontal-antenna

covariance matrix; and

obtaining an antenna covariance matrix of the target sub-band through calculation

according to the first frequency-domain data comprises:

grouping the plurality of receiving antennas into a plurality of horizontal antenna
groups;

for each respective one of the horizontal antenna groups, constructing a plurality of
first data matrices corresponding to the respective horizontal antenna group according to the
first frequency-domain data corresponding to the respective horizontal antenna group and the
time-domain sensing unit and the frequency-domain sensing unit corresponding to each piece
of second frequency-domain data in the first frequency-domain data, wherein each of the first
data matrices corresponds to one time-domain sensing unit and one frequency-domain sensing
unit;

calculating a horizontal-antenna-group covariance matrix corresponding to the
respective horizontal antenna group according to the plurality of first data matrices

corresponding to the respective horizontal antenna group; and

calculating a horizontal-antenna covariance matrix of the target sub-band according

to the horizontal-antenna-group covariance matrices.

10. The method of claim 8, wherein the target antenna comprises a plurality of receiving
antennas in an antenna array, and the antenna covariance matrix comprises a vertical-antenna

covariance matrix; and

obtaining an antenna covariance matrix of the target sub-band through calculation

according to the first frequency-domain data comprises:

grouping the plurality of receiving antennas into a plurality of vertical antenna
groups;

for each respective one of the vertical antenna groups, constructing a plurality of
second data matrices corresponding to the respective vertical antenna group according to the
first frequency-domain data corresponding to the respective vertical antenna group and the
time-domain sensing unit and the frequency-domain sensing unit corresponding to each piece
of second frequency-domain data in the first frequency-domain data, wherein each of the second

data matrices corresponds to one time-domain sensing unit and one frequency-domain sensing
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unit;
calculating a vertical-antenna-group covariance matrix corresponding to the

respective vertical antenna group according to the plurality of second data matrices

corresponding to the respective vertical antenna group; and

calculating a vertical-antenna covariance matrix of the target sub-band according to

the vertical-antenna-group covariance matrices.

11. The method of claim 8, wherein the target antenna comprises a plurality of receiving
antennas in an antenna array; the antenna covariance matrix comprises an all antenna

covariance matrix; and

obtaining an antenna covariance matrix of the target sub-band through calculation

according to the first frequency-domain data comprises:

constructing a plurality of third data matrices according to the time-domain sensing
unit and the frequency-domain sensing unit corresponding to each piece of second frequency-
domain data in the first frequency-domain data, wherein each of the third data matrices

corresponds to one time-domain sensing unit and one frequency-domain sensing unit; and

obtaining the all antenna covariance matrix of the target sub-band through calculation

according to the plurality of third data matrices.

12. The method of claim 7, wherein before acquiring first frequency-domain data of the

target sub-band according to a predefined sensing granularity, the method further comprises:

dividing a full bandwidth into a plurality of sub-bands, wherein a number of frequency-
domain sensing units in each of the sub-bands is less than or equal to a number of frequency-

domain sensing units indicated by a frequency-domain sensing granularity.

13. The method of claim 1, wherein a process of training the spectrum sensing model

comprises:

acquiring a training sample set of a sub-band, wherein the training sample set comprises a
plurality of first training samples and a plurality of second training samples, the first training
samples each comprise sample feature data corresponding to the sub-band in an unoccupied
state and a first label, the second training samples each comprise sample feature data
corresponding to the sub-band in an occupied state, a second sample label, and a third sample
label, the first sample label is used for indicating that the sub-band is not occupied, the second
sample label is used for indicating that the sub-band is occupied, and the third sample label is

used for indicating an angle of occupation of the sub-band; and
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training the spectrum sensing model based on the training sample set until a preset training

ending condition is satisfied, to obtain the trained spectrum sensing model.

14. The method of claim 13, wherein the spectrum sensing model comprises a signal
energy and angle sensing model configured for performing feature extraction of the sample
feature data to obtain a signal energy feature and a signal angle feature, outputting the first
result according to the signal energy feature and the signal angle feature, and outputting the

second result in response to the first result indicating that the sub-band is occupied.

15. The method of claim 13, wherein the spectrum sensing model comprises a signal

energy sensing model and a signal angle sensing model, wherein:

the signal energy sensing model is configured for outputting the first result according to

the sample feature data; and

the signal angle sensing model is configured for outputting the second result according to

the sample feature data in response to the first result indicating that the sub-band is occupied.

16. The method of claim 15, wherein the sample feature data comprises at least one of a
horizontal-antenna covariance matrix, a vertical-antenna covariance matrix, or an all antenna

covariance matrix.

17. The method of claim 16, wherein in response to the sample feature data comprising
the horizontal-antenna covariance matrix and the vertical-antenna covariance matrix, the signal

energy sensing model comprises:

a first signal energy sensing submodel, configured for performing feature extraction on the

horizontal-antenna covariance matrix and outputting a horizontal antenna energy feature;

a second signal energy sensing submodel, configured for performing feature extraction on

the vertical-antenna covariance matrix and outputting a vertical antenna energy feature; and

a third signal energy sensing submodel, configured for outputting the first result according

to the horizontal antenna energy feature and the vertical antenna energy feature.

18. The method of claim 16, wherein in response to the sample feature data comprising
the horizontal-antenna covariance matrix and the vertical-antenna covariance matrix, the signal

angle sensing model comprises:

a first signal angle sensing submodel, configured for performing feature extraction on the

horizontal-antenna covariance matrix and outputting a horizontal antenna angle feature;

a second signal angle sensing submodel, configured for performing feature extraction on
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the vertical-antenna covariance matrix and outputting a vertical antenna angle feature; and

a third signal angle sensing submodel, configured for outputting the second result

according to the horizontal antenna angle feature and the vertical antenna angle feature.

19. The method of claim 13, wherein the sample feature data is an antenna covariance

matrix; and
a process of acquiring the sample feature data comprises:

acquiring first frequency-domain sample data of the sub-band according to a

predefined sensing granularity; and

obtaining an antenna covariance matrix of the sub-band through calculation

according to the first frequency-domain sample data.

20. The method of claim 19, wherein the predefined sensing granularity comprises a time-
domain sensing granularity and a frequency-domain sensing granularity, the time-domain
sensing granularity is used for indicating a number of time-domain sensing units, and the
frequency-domain sensing granularity is used for indicating a number of frequency-domain

sensing units; and

acquiring first frequency-domain sample data of the sub-band according to a predefined

sensing granularity comprises:
acquiring a time-domain received sample signal from a target antenna;

performing a discrete Fourier transform on the time-domain received sample signal

to obtain full-bandwidth frequency-domain sample data of the target antenna; and

acquiring the first frequency-domain sample data of the sub-band in the target antenna
from the full-bandwidth frequency-domain sample data, wherein the first frequency-domain
sample data comprises a plurality of pieces of second frequency-domain sample data, each

corresponding to one time-domain sensing unit and one frequency-domain sensing unit.

21. The method of claim 20, wherein the target antenna comprises a plurality of receiving
antennas in an antenna array, and the antenna covariance matrix comprises a horizontal-antenna

covariance matrix; and

obtaining an antenna covariance matrix of the sub-band through calculation according to

the first frequency-domain sample data comprises:

grouping the plurality of receiving antennas into a plurality of horizontal antenna

groups;
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for each respective one of the horizontal antenna groups, constructing a plurality of
first data matrices corresponding to the respective horizontal antenna group according to the
first frequency-domain sample data corresponding to the respective horizontal antenna group
and the time-domain sensing unit and the frequency-domain sensing unit corresponding to each
piece of second frequency-domain sample data in the first frequency-domain sample data,
wherein each of the first data matrices corresponds to one time-domain sensing unit and one

frequency-domain sensing unit;

calculating a horizontal-antenna-group covariance matrix corresponding to the
respective horizontal antenna groups according to the plurality of first data matrices

corresponding to the respective horizontal antenna group; and

calculating a horizontal-antenna covariance matrix of the sub-band according to the

horizontal-antenna-group covariance matrices.

22. The method of claim 20, wherein the target antenna comprises a plurality of receiving
antennas in an antenna array, and the antenna covariance matrix comprises a vertical-antenna

covariance matrix; and

obtaining an antenna covariance matrix of the sub-band through calculation according to

the first frequency-domain sample data comprises:

grouping the plurality of receiving antennas into a plurality of vertical antenna
groups;

for each respective one of the vertical antenna groups, constructing a plurality of
second data matrices corresponding to the respective vertical antenna group according to the
first frequency-domain sample data corresponding to the respective vertical antenna group and
the time-domain sensing unit and the frequency-domain sensing unit corresponding to each
piece of second frequency-domain sample data in the first frequency-domain sample data,
wherein each of the second data matrices corresponds to one time-domain sensing unit and one

frequency-domain sensing unit;

calculating a vertical-antenna-group covariance matrix corresponding to the
respective vertical antenna groups according to the plurality of second data matrices

corresponding to the respective vertical antenna group; and

calculating a vertical-antenna covariance matrix of the sub-band according to the

vertical-antenna-group covariance matrices.

23. The method of claim 20, wherein the target antenna comprises a plurality of receiving
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antennas in an antenna array; the antenna covariance matrix comprises an all antenna

covariance matrix; and

obtaining an antenna covariance matrix of the sub-band through calculation according to

the first frequency-domain sample data comprises:

constructing a plurality of third data matrices according to the time-domain sensing
unit and the frequency-domain sensing unit corresponding to each piece of second frequency-
domain sample data in the first frequency-domain sample data, wherein each of the third data
matrices corresponds to one time-domain sensing unit and one frequency-domain sensing unit;

and

obtaining the all antenna covariance matrix of the sub-band through calculation

according to the plurality of third data matrices.
24. An electronic device, comprising:
a processor and a memory,

the memory stores program instructions which, when executed by the processor, cause the

processor to perform the method of any of claims 1 to 23.

25. A computer-readable storage medium, storing program instructions which, when

executed by a computer, cause the computer to perform the method of any of claims 1 to 23.

26. A computer program product, storing computer instructions which, when executed by

a computer, cause the computer to perform the method of any of claims 1 to 23.



