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ABSTRACT 
Spectrum map is the foundation of spectrum resource management, security governance and spectrum warfare. Aim-

ing at the problem that the traditional spectrum mapping is limited to two-dimensional space, a three-dimensional spec-
trum data acquisition and mapping system architecture for the integration of space, sky and earth is presented, and a 
spectrum map reconstruction scheme driven by propagation model is proposed, which can achieve high-precision three-
dimensional spectrum map rendering under the condition of sparse sampling. The spectrum map reconstructed by this 
method in the case of single radiation source and multiple radiation sources is in good agreement with the theoretical 
results based on ray tracing method. In addition, the measured results of typical scenes further verify the feasibility of this 
method. 
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1. Introduction 
With the advent of 5G era, electromagnetic spectrum has become an 

indispensable national strategic resource. However, with the rapid devel-
opment of the integrated information network, the electromagnetic spec-
trum space is facing the shortage of spectrum resources. The severity of 
spectrum security and the intensity of spectrum confrontation are also be-
coming increasingly severe and extending to the airspace. Electromag-
netic spectrum includes not only the current state of electromagnetic en-
vironment, but also its development trend, so it is also called 
electromagnetic spectrum situation. The core of spectrum situation re-
search is to map the complex electromagnetic environment into the in-
formation space to form a virtual electromagnetic spectrum space. 

The electromagnetic spectrum map represents the received signal 
strength, channel gain, the spatial distribution of radio parameters such 
as interference power in the region of interest, and the information is 
visually displayed on the geographical map. Electromagnetic spectrum 
map, also known as radio environment map (REM), electromagnetic 
environment map (EEM) and radio frequency radio environment map 
(RF-REM), etc.[1,2], can describe the real situation more accurately 
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because it takes into account the differences in the 
spatial distribution of the actual electromagnetic en-
vironment. Spectrum map reconstruction is also 
called spectrum mapping. Through the spectrum 
map, users can intuitively understand the spectrum 
situation in the measurement area, so as to further 
analyze and predict the comprehensive situation and 
future development trend of the spectrum, and finally 
complete the black broadcast search, base station 
layout optimization and wireless network interfer-
ence optimization. 

Electromagnetic spectrum mapping is an im-
portant part of the current spectrum situation re-
search, including the acquisition of measured values 
containing geographical location information, and 
the reconstruction of a complete spectrum map using 
spatial interpolation or other data processing meth-
ods[3-6]. At present, commercial systems mainly in-
clude television white space (TVWS) commercial 
systems in the United States[7], the European Union’s 
cognitive radio system measurement and modeling 
of cognitive radio access system[8], and TCI’s Scor-
pio Spectrum Monitoring system. In the field of aca-
demic research, Guo et al.[9] built a distributed elec-
tromagnetic spectrum real-time monitoring system 
to conduct spectrum mapping. Patino et al.[10] used 
the sensor that can obtain and record the received 
signal strength, GPS position information, tempera-
ture, humidity and other parameters to build a spec-
trum mapping system. Melvasalo et al.[11] used dis-
tributed radars and RF sensors at different locations 
to complete data acquisition. Janakaraj et al.[12] ob-
tained campus spectrum situation data throughout 
the campus through 116 students using handheld 
spectrum analyzer. 

In order to obtain accurate mapping results, a 
large number of monitoring nodes are needed for the 
existing spectrum mapping systems, so it is very 
time-consuming and labor-intensive. In addition, it is 
limited by the monitoring frequency band, time pe-
riod, space deployment and other factors, the spec-
trum data obtained is often sparse, and need to use 
data processing methods for data reasoning, comple-
tion and prediction. At present, the commonly used 
spectrum data processing methods can be divided 
into two categories: data-driven and model driven. 

The data-driven processing method does not rely on 
any prior knowledge to estimate the unknown loca-
tion, but its map reconstruction accuracy is not as 
good as the model driven processing method. Alt-
hough the model driven processing method has high 
accuracy, it needs more theoretical knowledge of ra-
dio wave propagation and accurate channel model. 
In short, the main challenge of current spectrum map 
reconstruction is how to obtain a high-precision 
spectrum map with a small amount of sampled data 
when the emitter information in the measurement 
area is unknown. In addition, the mapping of spec-
trum map by the existing system is limited to two-
dimensional space, which is difficult to meet the de-
velopment needs of the future integration of space, 
sky and ground. The main work of this paper is as 
follows. 

The architecture of electromagnetic spectrum 
mapping system for the integration of space, sky and 
earth is given, and the basic characteristics and ap-
plicable scenarios of sky-based, space-based and 
ground-based spectrum mapping systems are intro-
duced, and the existing typical systems are compared. 

This paper expounds the spectrum data pro-
cessing and map reconstruction methods of data-
driven and model driven, analyzes and summarizes 
the applicable scenarios, advantages and disad-
vantages of these two kinds of reconstruction meth-
ods. The data-driven method does not need the prior 
information of the measurement scenario, and is easy 
to implement, while the model driven method has 
high reconstruction accuracy, but it is difficult to be 
applied in practice. 

A three-dimensional spectrum map mapping 
system based on UAV is developed, and a spectrum 
map reconstruction scheme driven by propagation 
model is proposed. The output results are simulated 
and verified by ray tracing technology, and finally 
tested in the campus scene. 

2. Research status of spectrum 
mapping 
2.1 Spectrum mapping system 

The spectrum mapping system can realize the 
cognition, restructure, storage and visual display of 
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spectrum situation. The system architecture of elec-
tromagnetic spectrum mapping for the integration of 
sky, space and ground is shown in Figure 1. Among 
them, the spectrum acquisition data is obtained from 
the satellite constellation, the UAV group and ground 
monitoring equipment, and transmitted to the spec-
trum data processing terminal. The terminal per-
forms relevant processing according to the collected 
spectrum data, and presents the spectrum situation in 
the measurement area in a visual form. 

According to the type of platform carried by the 
spectrum measurement equipment, the electromag-
netic spectrum mapping system can be divided into 
three types of sky-based, space-based and 
ground-based. Among them, the sky-based mapping 
system uses satellites to obtain global spectrum in-
formation, and the ground-based mapping system 
uses the handheld spectrum analyzer, the spectrum 
monitoring vehicle and other equipment to obtain the 
ground spectrum information, while the space-based 
mapping system uses hot-air balloons, helicopter, 
UAV and other airspace flight equipment to collect 
airspace spectrum data. 

 
Figure 1. Spectrum mapping scheme based on the integration 
of space, sky and earth. 

Space-based spectrum mapping systems mainly 
include Kleos Space in France and HawkEye360 in 
the United States. Among them, Kleos Space pro-
vides geographic positioning intelligence data ser-
vice, and uses VHF signal to locate the ship’s posi-
tion when the automatic identification system is 
turned off. It is mainly used for maritime situational 

awareness. Its monitoring satellite and visualization 
effect are shown in Figure 2a; HawkEye360 realizes 
high-precision radio mapping and uplink RF signal 
positioning by collecting specific radio uplink trans-
mission signals around the world. Its monitoring sat-
ellites and ground stations are shown in Figure 2b. 

 
(a) Kleos Space 

 
(b) Hawkeye360 

Figure 2. Space-based spectrum mapping system. 

At present, there are many ground-based spec-
trum mapping systems. Among them, most of the 
ground-based spectrum mapping systems used for 
scientific research use spectrum sensing sensors or 
handheld spectrum analyzers arranged in the region 
of interest, such as R & S © FSH handheld spectrum 
analyzer of Rohde & Schwarz, as shown in Figure 3. 
The commercial ground-based electromagnetic 
spectrum mapping system includes the remote spec-
trum monitoring visualization system MS280001A 
and MS280007A of Japanese Anli company. 

 
Figure 3. R & S © FSH handheld spectrum analyzer. 
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A typical commercial space-based electromag-
netic spectrum mapping system is the tethered UAV 
monitoring system Colibrex LS OBSERVER AMU 
of the German company Colibrex, as shown in Fig-
ure 4. The system can complete the functions of 
spectrum map drawing and antenna pattern measure-
ment, but as it is a tethered system, its measurement 
range is extremely limited. In the field of academic 
research, Du et al.[6] proposed an airspace spectrum 
situation mapping system based on UAV platform, 
which can realize the drawing of air-ground spec-
trum situation map. 

 
Figure 4. Colibrex LS OBSERVER AMU mapping system. 

2.2 Data driven spectrum map reconstruc-
tion 
2.2.1 Basic principle of data-driven recon-
struction method 

Data driven spectrum map reconstruction 
mainly consists of data-driven spectrum completion 
and spectrum prediction. The implementation princi-
ple is shown in Figure 5. Spectrum completion 
method, also known as spatial interpolation con-
struction method or direct construction method, uses 
known spectrum data to directly estimate the spec-
trum data at unknown locations[4], does not need any 
prior information of physical meaning, and is suita-
ble to show the resource occupation in actual spec-
trum management. 

In addition to the complement based on meas-
ured data, it also includes spectrum prediction 

technology. Its core idea is to carry out statistical 
learning for the spectrum data of the past time, ana-
lyze and predict the future spectrum situation, so as 
to achieve the purpose of efficient utilization of spec-
trum resources[13]. 

 
Figure 5. Data-driven spectrum map reconstruction. 

2.2.2 Classification of data-driven recon-
struction methods 

The data-driven reconstruction method esti-
mates the spectrum data of non-sampling positions 
through spatial interpolation according to the spec-
trum information of a small number of discrete sam-
pling positions, so as to reconstruct a complete spec-
trum map. The common classification is shown in 
Figure 6[14]. Among them, spatial interpolation 
method can be divided into function interpolation 
method, spatial geometric interpolation and spatial 
statistical interpolation. 

Function interpolation mainly includes linear 
interpolation, spline function method and radial basis 
function method, etc.[14]. Among them, linear inter-
polation method and spline function method only 
considers the spectrum data in the neighborhood, and 
the reconstruction accuracy and scope of application 
of both methods are poor. Lazzaro et al.[15] proposed 
an interpolation method based on radial basis func-
tion, which is a combination of a series of accurate 
interpolation methods and is suitable for high-di-
mensional space. 
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Figure 6. Classification of data-driven completion methods. 

Spatial geometry interpolation methods mainly 
include inverse distance weighted interpolation 
(IDW) method, modified Shepard’s method (MSM), 
nearest neighbor (NN), natural neighbor interpola-
tion (NNI) and inverse square of gradient distance. 
Denkovski et al.[16] compared the performance of 
several interpolation methods based on IDW when 
the observed values are in different time and space. 
Zi et al.[17] proposed an improved MSM interpolation 
algorithm, which can effectively improve the effi-
ciency of the algorithm and has better stability. 

Kriging method is a commonly used spatial sta-
tistical interpolation method, which requires more 
monitoring data and complex calculation, but it can 
give the best linear unbiased estimation, so it 
has been widely used. Janakaraj et al.[12] proposed an 
optimal spectrum mapping method based on Kriging 
method. Zi[18] used the grid to search the transmitter 
location, obtaining the location and power estimation 
of the transmitting node, and combined IDW and 
Kriging to reconstruct the spectrum map. 

For the matrix completion method, Lu[3] pro-
posed a spectrum map completion method based on 
the difference of observation values. By combining 
the difference of sampling point data at the adjacent 
time to reconstruct the spectrum map at the next time, 

the iterative completion mechanism of the spectrum 
map is realized to ensure the low rank of the matrix 
to be completed. Cha et al.[19] proposed a nonpara-
metric spectral map reconstruction method, which 
does not need any specific information such as trans-
mitter and propagation environment, and optimizes 
the estimated value by using the alternating minimi-
zation method according to the monitoring data. 

As a high-dimensional expansion of matrix, 
tensor can better express multidimensional spectrum 
data. For high-dimensional spectral map reconstruc-
tion, Tang et al.[20] extended the low rank of matrix 
to the low rank of tensor, and proposed a tensor com-
pletion method combined with prediction model. 
Tang et al.[21] used the high-precision low rank tensor 
completion method to complete the spectrum data. 
Feng[22] proposed a low rank tensor decomposition 
algorithm to solve the complex calculation and noise 
interference in the tensor completion algorithm.  

The spectrum prediction method is based on the 
past and current spectrum information, and uses the 
prediction model to analyze and judge the future 
spectrum state, mainly including the method based 
on Markov chain, the prediction methods based on 
regression analysis and neural network, as shown in 
Figure 7. 
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Figure 7. Classification of spectrum prediction method. 

The methods based on Markov chain are di-
vided into first-order/multi-order Markov models, 
hidden Markov model and partially observable Mar-
kov model. Federal et al.[23] predicted the channel 
state through the first-order Markov model. Due to 
less influencing factors, the prediction performance 
is general. Zhe et al.[24] used the hidden Markov 
model to get the connection between data and predict 
the spectrum state, which has better prediction per-
formance. Zhao et al.[25,26] used some observable 
Markov models to effectively reduce the conflict be-
tween cognitive devices and authorized devices 
through prediction, considering that the complete 
spectrum data cannot be perceived in practice. 

Regression models are divided into linear re-
gression and nonlinear regression. Linear regression 
models are generally used to predict continuous data. 
Wen et al.[27] used a second-order linear autoregres-
sive model to predict and estimate the channel. Gao 
et al.[28] used the regression model based on vector 
machine to predict the spectrum data, and compared 
the prediction performance in different situations 
through simulation. Jia et al.[29] proposed a spectrum 
prediction method based on K-nearest neighbor re-
gression, which first predicts the spectrum field 
strength value, and then improves the model accord-
ing to the periodicity of the data. 

Among the neural network algorithms, the Back 
Propagation Neural Network (BPNN) model is the 
most widely used in recent years, and its pattern clas-
sification ability is strong. Tumuluru et al.[30] and 
Yin[31] studied spectrum prediction using BPNN. Bai 

et al.[32] optimized BPNN based on genetic algorithm 
and momentum algorithm, making up for its short-
comings of low convergence efficiency and unstable 
structure. 

It should be pointed out that the data-driven re-
construction method is the basis of spectrum map re-
construction, which is simple to implement and has 
low dependence on specific scene parameters. How-
ever, the actual propagation model is not considered. 
Due to the location of radiation source and other fac-
tors, the reconstruction accuracy is low and the pre-
dictability is poor. 

2.3 Model driven spectrum map reconstruc-
tion 

Model driven spectral map reconstruction 
method is also called indirect construction method. 
Its reconstruction process requires not only monitor-
ing data, but also transmitter information. The basic 
principle of prior information such as radio wave 
propagation environment parameters and radio wave 
propagation model is shown in Figure 8. In the field 
of spectrum mapping, the model in the model driven 
reconstruction method usually refers to the channel 
propagation model, so this kind of method also refers 
to the propagation model driven method. Compared 
with the data-driven method, due to the introduction 
of the prior information of the measurement scene, 
this kind of method has higher reconstruction accu-
racy than the data-driven map reconstruction method, 
especially when the number and location of radiation 
sources in the measurement area are relatively stable, 
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it can complete the reconstruction and prediction of 
the electromagnetic spectrum map more accurately, 
and is more suitable for the situation of sparse 

measurement data. Therefore, the model driven 
method is widely used in coverage monitoring, wire-
less network planning and other fields. 

 
Figure 8. Model-driven spectrum map reconstruction. 

There is less research on model driven map re-
construction methods than data-driven methods in 
the existing literature. Common model driven map 
reconstruction methods include active transmitter 
Location Estimation based method (LIvE) and SNR-
aided method. These two methods estimate the loca-
tion and intensity of a single radiation source in the 
measurement area according to the measurement 
data and prior information, and obtain the spectrum 
map of the whole measurement area according to the 
electromagnetic propagation characteristics. The 
model driven method similar to the LIvE method and 
SBR-aided method, as well as the received signal 
strength difference (RSSD), which application sce-
nario is to measure the emission power of the radia-
tion source in the region. Sato et al.[33] on the basis 
of LIvE method, combined with Kriging interpola-
tion method, estimated the shadow fading of each 
position in the measurement area, which improved 
the performance of spectral map reconstruction. 

The above model driven method assumes that 
there is only one radiation source in the measurement 
area, which is difficult to be applied in practice. Con-
sidering that in actual surveying and mapping, the 
number of radiation sources in the measurement area 
is usually unknown, Wang Mengyi et al.[34] com-
bined the traditional IDW method and channel prop-
agation model, gave a reconstruction method that 
does not need the information of the number of 
known radiation sources. 

3. Model driven spectrum map rea-
soning and completion 
3.1 3D spectrum data acquisition 

The typical three-dimensional spectrum map-
ping scenario is shown in Figure 9, using sky-based 
or space-based electromagnetic spectrum mapping 
system. In order to reduce the amount of data to be 
processed by the reasoning and completion algo-
rithm, it is generally necessary to divide the meas-
urement area. In order to reduce the workload of 
spectrum data processing, this paper divides the 
measurement area according to the starting point and 
end point, and establishes a three-dimensional rec-
tangular coordinate system. Divide the measurement 
area into 𝑁𝑁1 × 𝑁𝑁2 × 𝑁𝑁3  cubes, each numbered 
( 𝑛𝑛1,𝑛𝑛2,𝑛𝑛3 ), i.e. ((𝑛𝑛1 − 0.5) × 𝑑𝑑1 , (𝑛𝑛2 − 0.5) ×
𝑑𝑑2 ,(𝑛𝑛3 − 0.5) × 𝑑𝑑3 , where d1, d2, d3 respectively 
represent the length, width and height of each cube. 
The spectrum data of the whole measurement area is 
changed from the spectrum matrix of the traditional 
two-dimensional spectrum map to a third-order spec-
trum tensor χ ∈ R𝑁𝑁1×𝑁𝑁2×𝑁𝑁3, realizing the modeling 
of three-dimensional spectrum map data. 

 
Figure 9. 3D spectrum mapping scheme. 

During the surveying and mapping process, the 
onboard platform first flies according to the test task 
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and collects spectrum data, and colors the cube at the 
current position according to the received signal 
strength. Then, through the model-driven spectral 
data inference and completion method, the signal 
strength estimation of other locations in the measure-
ment area is completed, and then a three-dimensional 
spectral map is constructed. 

According to the theory of radio wave propaga-
tion, the received signal strength mainly depends on 
the path loss (PL) and transmit power of all radiation 
sources in the entire measurement area, and the path 
loss model is mainly determined by the characteris-
tics of the propagation environment[35,36]. This paper 
also considers the effect of log-normal shadow fad-
ing on signal strength. Assuming that the received 
signal strength follows a log-normal distribution, the 
ideal received signal strength Prx can be expressed as: 

𝑃𝑃𝑖𝑖𝑟𝑟𝑟𝑟 = 𝑃𝑃𝑖𝑖𝑡𝑡𝑟𝑟 − 𝐿𝐿𝑖𝑖
𝑃𝑃𝑖𝑖𝑟𝑟𝑟𝑟 = 10𝑃𝑃𝑖𝑖

𝑟𝑟𝑟𝑟/10

𝑃𝑃𝑟𝑟𝑟𝑟 = ∑ 𝑃𝑃𝑖𝑖𝑟𝑟
𝑟𝑟𝑁𝑁𝑡𝑡𝑟𝑟

𝑖𝑖=1

                         (1)                          

Where 𝑃𝑃𝑖𝑖𝑡𝑡𝑟𝑟  is the radiation power of the i-th 
path, and Li is the power loss of the i-th path from the 
radiation source to the cube. 

The accuracy of propagation model has a great 
impact on the performance of model driven spectrum 
data reasoning and completion methods, so it is very 
important to select an appropriate propagation 
model[37]. The traditional Close-in (CI) model is 
mainly designed for land mobile communication, 
without considering the factor of antenna height[38]. 
Considering UAV or artificial satellite and other air-
space aircraft as the carrying platform, the height of 
the carrying platform needs to be considered in cal-
culating the path loss[39]. Therefore, based on the CI 
model, this paper adds the path loss exponent (PLE) 
considering the height of the carrying platform. This 
PL model can be expressed as: 

 

 

 
(2) 

Where, A and B are the correction parameters 

related to the propagation environment, and there is 
a great difference between the sight distance and 
non-sight distance scenes; χσ is a Gaussian random 
variable with zero mean, representing the shadow 
fading factor; d, fc, hUAV respectively represent the 
distance, the frequency and the height of UAV. The 
units are m, GHz and m, respectively. 

3.2 Model driven data reasoning 
The spectrum data reasoning mechanism is 

shown in Figure 11. When the measuring antenna 
used is a directional antenna with strong directivity, 
the received signal strength at each position in the 
main lobe direction can be obtained from equation 
(3). 

      (3) 

Where, (n1, n2, n3) is the number of the cube 
passed by the direction vector D of the directional 
antenna, PUAV is the received signal strength meas-
ured by the UAV at (XUAV, YUAV, ZUAV), Gr is the main 
lobe gain of the directional antenna, and L is the path 
loss between the position of the carrying platform 
and the center point of the cube. 

It should be pointed out that the main lobe di-
rection vector of the directional antenna at different 
positions of the carrying platform may intersect with 
the same cube. At this time, multi-source spectrum 
data fusion should be used to determine the final re-
ceived signal strength of these cubes. Considering 
that there are multiple radiation sources in the meas-
ure1ment area, when the directional antenna main 
lobe direction vector measured by the carrying plat-
form at different positions intersects the same cube, 
it usually indicates that there are radiation sources in 
the directional antenna main lobe direction at these 
positions. Therefore, in order to ensure the accuracy 
of the reasoning value, the received signal strength 
of these cubes is finally determined by equation (4). 

𝑃𝑃(𝑛𝑛1,𝑛𝑛2,𝑛𝑛3),𝑓𝑓𝑖𝑖𝑛𝑛𝑓𝑓𝑓𝑓 

= ��𝑃𝑃(𝑛𝑛1,𝑛𝑛2,𝑛𝑛3) 𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑡𝑡𝑖𝑖𝑝𝑝𝑛𝑛 𝑖𝑖,,𝑃𝑃(𝑛𝑛1,𝑛𝑛2,𝑛𝑛3) measure 𝑖𝑖� 
(4) 
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Figure 10. Schematic diagram of spectrum data inference. 

In the formula, 𝑃𝑃(𝑛𝑛1,𝑛𝑛2,𝑛𝑛3),𝑓𝑓𝑖𝑖𝑛𝑛𝑓𝑓𝑓𝑓  is finally the 
received signal strength finally determined by the 
cube numbered (n1,n2,n3), 𝑃𝑃(𝑛𝑛1,𝑛𝑛2,𝑛𝑛3),𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑡𝑡𝑖𝑖𝑝𝑝𝑛𝑛 𝑖𝑖  is 
the i-th received signal strength of the cube deduced 
according to formula (3) when the carrying platform 
is at different positions, 𝑃𝑃(𝑛𝑛1,𝑛𝑛2,𝑛𝑛3),𝑚𝑚𝑝𝑝𝑓𝑓𝑚𝑚𝑚𝑚𝑟𝑟𝑝𝑝   is the 
measured value of the carrying platform at the cube 
(if the carrying platform passes through the cube dur-
ing measurement). The unit of the above received 
signal strength is mW. 

Compared with the traditional data-driven re-
construction methods (such as IDW method), the 
propagation model driven three-dimensional spec-
trum map reconstruction method proposed in this pa-
per adds the step of model driven spectrum data rea-
soning before data completion, makes full use of the 
performance advantages of the measurement antenna, 
and reduces the amount of data that needs to be pro-
cessed by the data completion algorithm. 

3.3 Model driven data completion 
After the measurement and reasoning of the re-

ceived signal strength in the measurement area, the 
received signal strength of some cubes is unknown. 
Therefore, it is also necessary to complete the re-
ceived signal strength of the unknown cube by 
choosing suitable spectral data completion method.  

The classical IDW method believes that the in-
fluence of the sampling value of the known point on 
the estimated value of the unknown point depends on 
the distance between the sampling point and the un-
known point[40]. In order to get the received signal 

strength 𝑃𝑃�𝑚𝑚0  of the unknown cube s0, the IDW 
method used the last N known cubes si, i = 1, 2, ..., N 
received signal strengths Psi, i = 1, 2, ..., N the 
weighted average of the N to calculate. Weight ωi 
can be calculated by equation (5). 

1

p
i

i N p
kk

d
d

ω
=

=
∑

                           (5) 

Where, di is the distance between s0 and si. Pa-
rameter p controls the the decline rate of weight ωi 
with distance, p is usually –2. At this time, the IDW 
method is called inverse distance square 
weighting[41]. Then get 𝑃𝑃�𝑚𝑚0  according to equation 
(6). 

                         (6) 
The traditional IDW method only considers the 

influence of distance and ignores the influence of 
other factors (such as frequency) in the actual elec-
tromagnetic propagation environment on the re-
ceived signal strength. Considering the characteris-
tics of the propagation environment in the 
measurement area and combining with the propaga-
tion model, the factor affecting the weight is changed 
into the path loss between the points to be interpo-
lated and the known points. Equation (5) can be re-
written as: 

                           (7) 
Where Li represents the path loss between s0 and 
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si, i = 1, 2, ..., N. 

4. Numerical simulation and experi-
mental verification of the algorithm 
4.1 Verification test based on RT simulation 
4.1.1 Spectrum map RT simulation 

In order to verify the effectiveness of the 
method proposed in this paper, ray tracing (RT) 
method is used to obtain the spectrum simulation re-
sults of the scene to be mapped. RT method is a 
widely used deterministic channel modeling method. 
Under the approximate conditions of short wave-
length or high frequency, it has excellent accuracy 
for channel modeling in a small area. RT method 
is based on geometric optics theory. The principle of 
uniform diffraction and the superposition theory of 
field strength track all direct rays, reflection, diffrac-
tion and other ray propagation paths in the process of 
radio wave propagation, and they are used to calcu-
late the propagation parameters such as electric field 
intensity, amplitude, delay, phase and angle. This pa-
per only focuses on the characteristics of electric 
field intensity or amplitude. 

RT method divides the electric field into sight 
distance path electric field, reflection path electric 
field and diffraction path electric field. When there is 
no obstacle between the transmitting point and the 
receiving point, its field strength can be expressed as: 

                        (8) 

Where E0 is the electric field intensity 1 m away 
from the transmitting source, k is the wave number, 
and d is the distance between the transmitting and re-
ceiving points. 

When obstacles are encountered during propa-
gation, reflection and diffraction will occur. The re-
flection coefficients of horizontal and vertical polar-
ized waves should be calculated first, and then the 
field strength should be calculated, which can be ex-
pressed as: 
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60r jε ε λσ= −                             (12) 

Where, θ is the angle of incidence, ε represents 
the relative dielectric constant of the environment, μ 
is the relative permeability of the environment, σ is 
the conductivity of the environment, s1 is the dis-
tance between the transmitting point and the reflect-
ing point or diffraction point, s2 is the receiving point, 
R is the reflection coefficient, D is the diffraction co-
efficient. The diffraction field intensity can be ex-
pressed as: 

         (13) 

Finally, add the field strength vectors that con-
tribute to the receiving point, and the total field 
strength of the receiving point is: 

                          (14) 
PL is the ratio of transmit power to receive 

power, so it can be expressed as 

                       (15) 
Where, Et is the electric field strength at 1 m, 

and Er is the sum of the field strength vectors of the 
effectively received rays.  

When using RT method to calculate the path 
loss, it is necessary to obtain the details of transmis-
sion, receiver location and overall propagation envi-
ronment. The RT spectrum data acquisition 
method based on digital map is shown in Figure 11, 
which mainly includes two steps: propagation scene 
reconstruction and path loss calculation. After ob-
taining the path loss of different transmitters and re-
ceivers, the received signal strength at different loca-
tions can be obtained according to the known 
transmitter power, so as to build the spectrum situa-
tion map. 
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Figure 11. RT simulation method of spectrum map. 

 
(a) Satellite map 

 
(b) Reconstruction map 

Figure 12. Campus scenario map. 

The scene of Jiangning campus of Nanjing Uni-
versity of Aeronautics and Astronautics is simulated, 
which includes typical propagation characteristics, 
such as buildings, woods, vegetation and lakes. The 

satellite map and reconstructed digital map of the 
simulation area are shown in Figure 12. 

The scene includes 65 buildings, with a mini-
mum height of 19 m and a maximum height of 70 m, 
an average height of 30 m, and the area of the entire 
measurement area of 1 km × 1 km. The specific sim-
ulation parameters are: the center frequency of the 
transmitter is 98 MHz, the transmission power is 43 
dBm, and it is placed about 2 m away from the 
ground. Among them, the transmitter is set in three 
typical positions, which are respectively in the center 
of the playground, above the water surface and in the 
middle of the square surrounded by high buildings. 
The reasoning and completion of the actual spectrum 
data are three-dimensional data, but in order to facil-
itate visual display, a 30 m high two-dimensional 
spectrum map slice is finally given. 

4.1.2 Single emitter simulation test 
Assuming a single emitter and the emitter is lo-

cated at TX1 in Figure 12b, Figure 13a shows the 
spectrum map obtained by RT simulation method. In 
order to verify the effectiveness of the data comple-
tion method proposed in this paper in the case of a 
single emitter, the spectrum map with 50% random 
missing data is used for completion, as shown in Fig-
ure 13b. 

Figure 13c shows the spectrum map after the 
spectrum map reconstruction method is completed. 
By comparing Figure 13a and Figure 13c, it can be 
seen that the reconstructed spectrum map is in good 
agreement with the theoretical results obtained by 
the ray tracing method. Therefore, the map recon-
struction performance of the method proposed in this 
paper is very good in the single emitter scene. 

4.1.3 Multi emitter simulation test 
For the case of multiple radiation sources, it is 

assumed that three radiation sources are located at 
positions of TX1, TX2 and TX3 in Figure 12b. The 
spectrum map construction performance of the pro-
posed data completion method in the case of multiple 
radiation sources is shown in Figure 14, where Fig-
ure 14a is the spectrum map obtained from RT data, 
Figure 14b is the spectrum map after 50% data loss, 
and Figure 14c is the spectrum map after the com-
pletion of the proposed model driven spectrum map 
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reconstruction method. By comparing Figure 14a 
and 14c, it can be seen that the reconstructed spec-
trum map is in good agreement with the theoretical 
results obtained by the ray tracing method. Therefore, 
the map reconstruction performance of the method 
proposed in this paper is very good in the multi emit-
ter scene. 

 
(a) Theoretical results of spectrum map 

 
(b) Spectrum data after 50% random deletion 

 
(c) Reconstructed spectrum map 

Figure 13. Spectrum map reconstruction with single radiation 
source. 

 
(a) Theoretical results of spectrum map 

 
(b) Spectrum data after 50% random deletion 

 
(c) Reconstructed spectrum map 

Figure 14. Spectrum map reconstruction with multiple radia-
tion sources. 

4.2 Campus scene measurement and analysis 
In the early stage, a set of airspace spectrum sit-

uation mapping system based on UAV platform was 
developed. Its system structure is shown in Figure 
15, and the relevant performance parameters are 
shown in Table 1, mainly including UAV platform 
subsystem, spectrum monitoring subsystem and 
ground terminal subsystem. The aerial platform is 
connected with a high-performance spectrum moni-
toring subsystem, which is equipped with an omni-
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directional antenna for measurement. The directional 
antenna and the PTZ supporting the directional an-
tenna can collect spectrum information and other in-
formation (such as geographical location infor-
mation) in real time and transmit it to the ground 
terminal subsystem through the airborne data link 
module. The ground terminal subsystem can process 
the spectrum data driven by the channel model for 
the collected information, and construct the spectrum 
map of the measurement area. 

Table 1. Performance parameters of the system 
Index Numerical value 
Monitoring scope 9 KHz ~ 8 GHz 
Frequency resolution  1 Hz 
Sensitivity -155 dBm 
UAV horizontal speed 26 m/s 
UAV vertical speed 8 m/s 

 
As shown in Figure 16, the spectrum situation 

mapping system based on the UAV platform is used 
for the actual test. The measured area is consistent 
with the simulation environment, but the emitter in-
formation is unknown. After the UAV platform com-
pletes the flight path as shown in Figure 16b, the 
proposed model driven spectrum data reasoning and 
completion algorithm is used to reconstruct the 
measured data, and finally a complete spectrum map 
of the measured area is obtained, as shown in Figure 
16. 

Comparing the measured results in Figure 17 
with the geographical map in Figure 16b, it can be 
seen that the received signal intensity near the teach-
ing building in Jiangjun Road Campus of Nanjing 
University of Aeronautics and Astronautics is the 
largest, so it can be inferred that there is a radiation 
source in the broadcast frequency band at this loca-
tion, which is also consistent with the actual investi-
gation. In addition, the received signal strength in the 
north of the teaching building is low, and the re-
ceived signal strength in the south is high. The reason 
may be that there are other teaching buildings in the 
north of the teaching building, while the south area 
is open and the transmission loss is small. 

5. Conclusion 
High precision spectrum map is an important 

prerequisite for spatial cognition and control of  

 

Figure 15. Spectrum mapping system structure. 

 
(a) Measured equipment 

 
(b) Test path 

Figure 16. Measurement in the campus scenario. 

electromagnetic spectrum. How to reconstruct spec-
trum map from a small amount of sampled spectrum 
data is an important problem faced by current spec-
trum map mapping. This paper proposes a propaga-
tion model driven spectrum map reconstruction 
scheme, including three-dimensional spectrum data 
acquisition and spectrum data reasoning. The 
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spectrum map obtained based on this scheme is in 
good agreement with RT simulation results, and is 
also consistent with the actual test results of real 
campus scenes. 

 
Figure 17. Measured result. 
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