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Abstract: Traditional controlled source electromagnetic methods (CSEM) typically collect specific single-component 
of the total magnetic field intensity, leading to zero-value bands, narrow azimuthal detection ranges, and angular 
detections. An innovative detection strategy that utilized both the horizontal and total magnetic field intensities was 
introduced in this work. Numerical simulations were conducted to analyze the impact of sensor angular deviations on 
single-component and horizontal magnetic field intensities. Notably, the horizontal magnetic field intensity remains 
unaffected by horizontal angle deviations, while the total magnetic field shows resilience to all angular deviations. 
Theoretically, orthogonal magnetic sensors could facilitate wide-azimuth magnetic field detection. Results from field 
experiments revealed a pronounced anomaly response of both the horizontal and total magnetic field intensities to 
underground caverns. These experiments demonstrated a significant reduction in issues related to angular deviations in 
magnetic sensors and confirmed the feasibility of wide-azimuth magnetic field detection. The proposed wide-azimuth 
detection method has the potential to extend the detectable angle from that of CSEM to 360°, resolves the issue of 
angular deviation of magnetic sensors, and thus improves the detection accuracy. 
Key words: controlled source electromagnetic method; wide-azimuth; magnetic field; zero-value band; angular 
deviation 
                                                                                                             
 
 
1 Introduction 
 

Frequency-domain controlled source electro- 
magnetic methods (CSEM) conventionally utilize 
the components of electric and magnetic field 
intensities to compute apparent resistivity. These 
methods, including controlled source audio 
electromagnetic (CSAMT) and wide field 
electromagnetic method (WFEM), are extensively 
employed in the mineral exploration and the  
urban underground surveys [1−5]. However, the 
measurement of electric field intensity on the ground 
can present practical challenges. Specifically, the 

use of copper and unpolarized electrodes requires 
optimal grounding, a condition that is not always 
achievable. This can significantly hinder both 
research progress and the accuracy of detection 
outcomes [6,7]. Semi-airborne electromagnetic 
methods (SAEM), transmitting signals from the 
ground and receiving them via airborne mechanisms, 
address this challenge by focusing on specific 
components of the total magnetic field intensities to 
determine apparent resistivity [8−10]. Despite the 
magnetic field’s lower resolution and shallower 
detection range compared to the electric field 
intensity, its ease of deployment and enhanced 
detection efficiency have expanded its application in 
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resource and subsurface exploration [11−15]. 
NABIGHIAN [16] introduced the concept of 
Semi-airborne transient electromagnetic methods 
(SATEM) and pioneered their use in Australia. This 
was followed by Canada’s development of the  
first time-domain semi-airborne electromagnetic 
system, the TerraAir system. Later, the grounded 
electrical-source airborne transient electromagnetic 
(GREATEM) system, an SAEM approach with an 
electrical source, was developed by MOGI et al [17] 
and tested in Japan, showcasing significant signal 
enhancement and a superior signal-to-noise ratio. 
While China initiated research on SAEM systems 
later than others, efforts spearheaded by key 
institutions such as the Chinese Academy of 
Sciences, Jilin University, Chang’an University, and 
Chengdu University of Science and Technology 
have been concentrated on the time-domain 
SATEM [18,19]. Research into the frequency- 
domain remains comparatively scarce [9,20]. The 
time-domain approach is particularly effective for 
near-surface investigations offering robust signals 
with limited penetration. Conversely, the frequency- 
domain is more advantageous for probing deeper 
subsurface regions, owing to its ability to detect 
weaker signals over an extended range [21,22]. 

Frequency-domain magnetic field detection 
within CSEM surveys, whether ground-based or 
semi-airborne, primarily focuses on individual 
components such as HX, HY, and HZ [23−25]. 
Deploying sources in complex geological terrains 
presents significant challenges, as each component 
exhibits zero-value bands that constrain both 
logistical deployment and the extent of measurable 
data. The precise orientation of sensors is critical 
for accurate HZ acquisition, requiring a horizontal 
positioning, while HY and HX acquisitions 
necessitate precise azimuth angle adjustments. In 
the field, particularly when employing unmanned 
aerial vehicles (UAVs), achieving this precision 
becomes problematic due to influences from flight 
dynamics and wind, which induce sensor 
orientation errors and result in angular deviations 
[26−28]. Such deviations can degrade data quality 
and substantially diminish the effectiveness of the 
survey. 

Historically, research has focused primarily on 
measurements of single-component of the total 
magnetic field intensity at static angles, with 

limited consideration given to the horizontal or total 
magnetic field intensity analyses. In this work, we 
introduced a methodology that employs orthogonal 
coiled magnetic sensors to measure both the 
horizontal and total magnetic field intensities, 
effectively addressing the inherent limitations of 
zero-value bands and angular deviations associated 
with single-component detections. The findings of 
this study have significant potential applications in 
the detection of metal ore resources and 
underground engineering in areas characterized by 
complex terrain and mineralization backgrounds. 
 
2 Limitations of single-component magnetic 

field intensity observations 
 

The magnetic field produced by a horizontal 
current source on the surface of a homogeneous 
half-space within a cylindrical coordinate system 
has an exact expression [29,30]. The radial 
magnetic field intensity component (Hr) can be 
represented by the following formula:  

[ ]1 1 1 0 0 12
d 6 i ( ) sin

4πr
I LH I K kr I K I K

r
ϕ= − ⋅ + −    (1) 

 
The tangential magnetic field intensity 

component (Hφ) is as follows:  

1 12
d cos

4π
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rϕ ϕ=                       (2) 
 

The vertical magnetic field intensity 
component (HZ) is as follows: 
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In traditional analyses, the magnetic field 

intensity components along the X- and Y-axes in   
a Cartesian coordinate system are determined 
according to Ref. [30]. The magnetic field intensity 
component along the X-axis (HX) can be represented 
by the following formula: 
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(4) 
The magnetic field intensity component along 

Y-axis (HY) is as follows: 
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where I is the current; I0 and I1 are the zero- and 
first-order Bessel functions of the first kind, 
respectively; K0 and K1 are the zero- and first-order 
Bessel functions of the second kind, respectively. 
dL is the polar distance of the source; r is the 
transceiver distance; ϕ is the transceiver angle 
subtended by the midpoint of the source and the 
observation station; i is the imaginary unit; k is the 
wavenumber defined by k2=−iωμσ+ω2με (ω is the 
circular frequency, μ is the magnetic permeability, 
and σ is the electrical conductivity (inverse of 
resistivity), and ε is the permittivity). It is established 
that the total magnetic field intensity at any given 
point in space remains invariant. Therefore, the sum 
of the two orthogonal horizontal components, Hr 
and Hφ, within the cylindrical coordinates, and the 
corresponding components, HX and HY, in Cartesian 
coordinates are equivalent, representing the 
horizontal projections of the total magnetic field 
intensity. These components can be interconverted 
utilizing principles of projective transformation. 
 
2.1 Influence of zero-value band 

Radiation patterns for the magnetic field 
intensity components HX, HY, and HZ are derived 
through the computational analysis. The model 
employs a homogeneous half-space with an 
electrical resistivity of 100 Ω·m and an excitation 
frequency of 100 Hz. The source is oriented along 
the X-axis, with its midpoint situated at the 
coordinate origin, and the polar moment is set    
at 1 A·m. As Fig. 1 illustrates, HX and HY display 
four centrosymmetric zero-value zones, while HZ 
exhibits two such zones. In conventional electro- 
magnetic surveys, the range within which the field 
intensity reduces to half its maximum amplitude, 
considering the signal-to-noise ratio, is typically 
considered the optimal observation window. The 
presence of zero-value bands predominantly 

influences this observational breadth. HX offers 
observable ranges of 15°−75° and 105°−165°, HY 
offers an observable range of 55°−125°, and HZ 
offers an observable range of 30°−150° [31]. The 
deployment of sources constitutes a significant 
portion of the total economic expenditure in CSEM 
investigations. The suboptimal utilization of sources, 
due to zero-value restrictions within the single- 
component observational framework, poses a 
challenge to large-scale deployment. 

 
2.2 Influence of angle deviation 

Achieving precise sensor alignment in field 
conditions presents significant challenges for 
single-component measurements. Current ground 
measurement orientation methods exhibit low 
accuracy. Furthermore, semi-airborne orientation 
methods are not only scarce but also less accurate. 
Figure 2(a) shows the patterns of single-component 
magnetic field intensity measurements using a 
hollow coil magnetic sensor. The transceiver angle 
(ϕ) defines the detectable range in angle. The 
component measured by the hollow coil is 
perpendicular to the coil plane, and the angle with 
the X-axis can be termed the component angle (θ). 
When θ=90°, the component is HY; when θ=0°, the 
component is HX; when the hollow coil plane is 
horizontal, the component is HZ. Specifically, when 
θ=φ, the component is Hr, and when θ=φ+90°, the 
component is Hφ. Figure 2(b) shows the schematic 
diagram of measuring HY. The blue solid lines 
represent the boundary of the detectable angle range 
bounded by the zero-value bands, and the blue 
dashed line indicates the detectable distance range, 
termed the far region. Figures 2(c) and (d) illustrate 
angular deviation as an example of measuring HY. 
The horizontal rotation of the hollow coil during  
the measurement of HY leads to a decrease in    
the magnetic field intensity in the Y-direction and an 

 

 
Fig. 1 Radiation patterns of magnetic field intensity components HX (a), HY (b), and HZ (c) at 100 Hz 
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Fig. 2 Top view of single-component magnetic field intensity measurements with hollow coil (a), schematic diagram of 
measuring HY (b), coil deflection (c), and top view of coil deflection (d) 
 
increase in the X-direction, which results in 
measurement error. 

Forward simulation provides a more intuitive 
visualization of the effects of sensor angular 
deviations. The computational model employs a 
uniform half-space with a resistivity of 100 Ω·m. 
The source is aligned along the X-direction, with its 
origin at the coordinate center. The polar moment of 
the source is set at 1 A·m, the transceiver angle is  
80°, and the transceiver distance is 10 km. Before 
discussing the simulation results, it is essential to 
clarify the parameters, including the induction 
number (p) (Eq. (6)) and the skin depth (δ) (Eq. (7)) 
as follows [32]: 
 
 p=r/δ                                  (6)  

=356 /ρ fδ                              (7) 
 
where ρ is the formation resistivity, and f is the 
frequency. The inductance number p signifies the 
detectable area in distance, a concept different from 

the detectable angular range and crucial in 
frequency-domain electromagnetic methods. The 
detectable range in distance is a complex parameter 
related to transceiver distance, formation resistivity, 
and frequency. Typically, frequency-domain electro- 
magnetic methods operate in the far region where  
p ≥ 10. When the observation system is fixed, 
indicating that both the transceiver distance and  
the formation resistivity remain constant, p will 
represent the change in frequency. δ represents the 
effective penetration depth of an electromagnetic 
wave and can be utilized to analyze the detection 
depth. 

In Figs. 3(a, d), the variation of HX is depicted 
following a 1° deflection of the sensor in both 
horizontal and vertical directions. The variation of 
HX after horizontal deflection is approximately 
6.48%, while after vertical deflection, it increases  
as the induction number decrease, reaching a 
maximum of 4.00%. Figures 3(b, e) illustrate the 
changes in HY after a 1° deflection of the sensor in  
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Fig. 3 Variation of HX (a, d), HY (b, e), and HZ (c, f) following 1° deflection of sensor 
 
both horizontal and vertical directions, specifically 
for the measurement of HY. The amplitude of 
change after horizontal deflection is small relative 
to the induction number, while the amplitude of 
change after vertical deflection increases with the 
decrease of the induction number but does not 
exceed 1.50%. Figures 3(c, f) display the changes  
in HZ measurement following a 1° deflection of  
the sensor in both the X- and Y-directions. It is 
observed that the error after deflection is primarily 
prominent at higher induction numbers. The error 
diminishes as the induction number decreases, with 
a maximum error of 85.14% after deflection in the 
X-direction, and a maximum error of 316.95% after 
deflection in the Y-direction. 

Each component represents the projected 
fraction of the total magnetic field intensity in its 
respective direction, resulting in numeric variations. 
Specifically, HY diminishes with the increase of the 
transceiver distance, HX follows a square decay 
with the increase of the square of the transceiver 
distance, and HZ undergoes a fourth-power decay 
with the increase of the transceiver distance. In the 
far zone where p≥10, HY demonstrates significantly 
lower angular dependence than HX and HZ, with HZ 
being the most orientation-sensitive component [24]. 

In practical detection, sensors may experience 
deflection in both horizontal and vertical directions. 
Consequently, the error in acquiring HY primarily 
stems from the loss of the component itself, 

whereas the errors in acquiring HX and HZ 
predominantly arise from the introduced Y-direction 
component. Previous studies [11] indicated that the 
magnetic field intensity at low altitudes closely 
resembles that on the surface when the ratio of 
flight altitude to transceiver distance is significantly 
less than 1. Therefore, issues such as zero-value 
bands and sensor angular bias arise in single- 
component magnetic field intensity observations at 
both ground level and low altitude. It is conceivable 
that a sensor deflection of 1° could lead to these 
errors, complicating the accurate estimation and 
elimination of measurement errors in practical field 
detection situations, particularly during continuous 
airborne observations. 
 
3 Feasibility of wide-azimuth detection  

of horizontal and total magnetic field 
intensities 

 
The horizontal magnetic field intensity (HXOY) 

and the total magnetic field intensity (HXYZ)     
can be derived through component synthesis. For 
instance, by vectorially combining the orthogonal 
components Hr and Hφ (or HX and HY), one can 
yield HXOY:  

2 2 1/2 2 2 1/2
2

d=( + ) ( + )
4πXOY r r
I LH H H R R

rϕ ϕ=         (8) 
 
where Rr=[6I1K1+ikr(I1K0−I0K1)]sin φ; Rφ=I1K1cos φ. 
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Similarly, HXYZ results from the vector 
synthesis of Hr, Hφ, and HZ (or HX and HY). In 
practical detection scenarios, two orthogonal 
horizontal components can be simultaneously 
gathered and vectorially combined to determine 
HXOY. Alternatively, three orthogonal components 
can be collected for the synthesis of HXYZ. 

Radiation patterns for HXOY and HXYZ are 
generated through forward simulation, employing 
parameters identical to those used in the 
single-component simulation described in Section 
2.1. The model utilizes a homogeneous half-space 
with an electrical resistivity of 100 Ω·m and an 
excitation frequency of 100 Hz. The source is 
aligned along the X-axis with its midpoint 
positioned at the coordinate origin, and the polar 
moment is set at 1 A·m. Figure 4 shows that both 
HXOY and HXYZ exhibit an elliptical shape with the 
Y-axis as the major axis, and are devoid of 
zero-value bands. Moreover, these two magnetic 
field intensities are slightly elevated in the 
Y-direction, perpendicular to the source. This 
radiation pattern of the field strength values 
facilitates the observation of HXOY and HXYZ across 
all directions within the 0°−360° range, offering a 
considerable advantage over the single-component 
magnetic field. 

 
3.1 Effect of angular deviation on horizontal and 

total magnetic field intensities 
According to the vector decomposition and 

synthesis theory, the total magnetic field intensity, 
composed of three orthogonal components, is 
theoretically error-free when subjected to angular 
deviation. This is because all components of a 
three-component sensor will be angularly deviated 

simultaneously, ensuring that the observed 
components remain orthogonal, thus not affecting 
the synthetic HXYZ. When using orthogonal two- 
component sensors to collect HXOY, no error  
occurs with angular deviation in the horizontal 
direction. However, an error still arises with  
vertical deviation. Simulations provide a clearer 
understanding of how HXOY changes with the 
vertical angular deviation. The computational 
model remains consistent with that presented in 
Section 2.2, employing a uniform half-space with a 
resistivity of 100 Ω·m. The source is aligned along 
the X-axis, with its origin at the coordinate center. 
The polar moment of the source is set at 1 A·m, the 
receiving angle at 80°, and the transceiver distance 
at 10 km. Figure 5 illustrates the plotted data    
for HXOY at 100 Hz (p=28). When the sensor is 
vertically deflected in the X-axis, the error of HXOY 
remains relatively stable and approaches zero. 
Conversely, when the sensor is vertically deflected 
in the Y-axis, the error of HXOY increases with the 
increase of the deflection angle, yet remains  
below 5% for a 20° deflection. This suggests a 
substantial angular tolerance of HXOY. When the 
sensor experiences deflection in both the X- and 
Y-axes, the error of HXOY is determined by the 
aggregate errors of the two individual directions of 
deflection. 

 
3.2 Responsiveness analysis results 

Assessing the viability of utilizing HXOY and 
HXYZ for detection requires the calculation of 
apparent resistivity and an examination of their 
responsiveness to geological strata. Previous studies 
predominantly focused on the calculation method 
for the apparent resistivity of the single-component 

 

 

Fig. 4 Radiation patterns of HXOY (a) and HXYZ (b) at 100 Hz 
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Fig. 5 Error of HXOY affected by angular deviation in 
vertical direction 
 
magnetic field intensity, with less attention given to 
those for HXOY and HXYZ. Utilizing the analytical 
expression for HXOY (Eq. (8)), we can derive an 
expression for the apparent resistivity of the 
horizontal magnetic field intensity 

XOYHρ : 
 

2
i=

XOY

XOY

H
H

ρ
F

ωµ
ω µε −

                     (9) 
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(10) 
Equation (9) involves a complex expression 

that includes Bessel functions and device 
coefficients. It cannot be directly solved for 
apparent resistivity and requires calculation using 
iterative methods (or inverse spline interpolation) as 
detailed by WANG and XIONG [33]. Similarly, an 
expression for the apparent resistivity of HXYZ can 
be derived. However, this formula is intricate and 
currently only solvable using the iterative methods 
(or inverse spline interpolation). Further details will 
not be reiterated here. 

We evaluate the responsiveness of the apparent 
resistivity of HXOY and HXYZ to the underground 
medium by comparing it to that of single-component 
magnetic field intensity and electric field intensity 
component along the X-axis (EX). Homogeneous 
half-space, H-type, and K-type models, along with 

HK-type models, have been systematically 
developed, with their respective parameters listed in 
Table 1. The source is oriented along the X-axis, 
centered at the coordinate origin, with a polar 
moment of 1 A·m, a transceiver angle of 80°, and a 
transceiver distance of 10 km. 
 
Table 1 Parameters of different forward models 

Model Layered 
resistivity/(Ω·m) 

Layered 
thickness/m 

Homogeneous 
half-space 100 ∞ 

H-type 100−10−100 100−10−∞ 

K-type 100−1000−100 100−100−∞ 

HK-type 100−10−100−10 100−50−100−∞ 

 
The results of the forward simulations are 

presented in Fig. 6. Notably, the apparent resistivities 
for each single-component magnetic field intensity, 
as well as for HXOY and HXYZ across all four models, 
demonstrates significant consistency. Furthermore, 
when these results are juxtaposed with the apparent 
resistivity of EX, they also exhibit a high degree   
of coherence. This underscores the robust 
responsiveness of HXOY and HXYZ to the underground 
medium, substantially fulfilling the requirements 
for detection. 
 
4 Field experiment results 
 

To validate detection capabilities of the 
horizontal and total magnetic field strengths, a 
series of experiments were conducted in the 816 
Nuclear Engineering Area in Chongqing, China 
(Fig. 7) to assess their response to an artificial 
underground cavern. The cavern connects the 
exterior through a horizontal passage approximately 
400 m in length and 5 m in width. It extends to a 
maximum depth of about 150 m within the 
mountain, broadens to approximately 100 m in the 
main body, and reaches a maximum height of about 
80 m. The experiments involved setting up two 
measurement lines perpendicular to the orientation 
of the cavern, with a transceiver distance of 
approximately 2 km and a polar distance of about 
500 m. Line 1 has a length of 1590 m (stations 
100−1690 m), and Line 2 has a length of 790 m 
(stations 100−890 m), with the cavern positioned 
between stations 500−600 m. 
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Fig. 6 Apparent resistivities of different magnetic field intensities and EX 

 

 
Fig. 7 Distribution of source and survey lines (a), and 
semi-airborne two-component magnetic field receiver (b) 
 
4.1 Ground-level horizontal and total magnetic 

field intensities 
The ground HXOY was collected using an 

orthogonal two-component coil at stations spaced 
every 10 m along Line 2. A current of approximately 
60 A was applied, covering a frequency range  
from 8000 to 125 Hz, with 13 frequencies, 

logarithmically and uniformly distributed. The coil 
was precisely leveled horizontally during data 
acquisition. However, the channels were not strictly 
aligned with the horizontal components HX and HY, 
rendering the individual components of the limited 
practical significance. Consequently, the analysis 
focused on the synthesized HXOY rather than on 
individual components. Figure 8(a) reveals significant 
amplitude anomalies in the ground-level HXOY at the 
cavern’s location, confirming the capability of the 
horizontal magnetic field strength to detect features 
of the underground medium. Owing to the current 
unavailability of three-component magnetic field 
sensors, it is not possible to directly measure all 
three orthogonal components of the total magnetic 
field intensity. In this study, the HXYZ is synthesized 
by separately collecting the HXOY and HZ. Since 
ensuring the accuracy of HZ measurements from a 
UAV-mounted sensor is challenging, synthesizing a 
high-precision HXYZ with HXOY, becomes unfeasible. 
This study, therefore, conducts experiments by 
collecting HZ on the ground and synthesizing the 
HXYZ with the ground HXOY. Ground measurements 
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ensure the accuracy of HXYZ and the effectiveness of 
the experiment. 

Due to the significant environmental electro- 
magnetic interference, data of HXOY and HZ were 
collected only within the 370−700 m range on 
Line 2. Consequently, calculations of the HXYZ were 
confined to this specific section. Figures 8(b) and  
(c) reveal pronounced magnetic field intensity 
anomalies in HZ between 500 and 600 m, with 
corresponding anomalies in HXYZ at the same 
location. Figure 9 displays the apparent resistivity 
and apparent depth results for HXOY and HXYZ. 
Notably, the apparent resistivity anomalies between 
500 and 600 m are prominent in HXOY and HXYZ, 
aligning closely with the location of the cavern. 
This underscores the efficacy of HXOY and HXYZ in 
ground-level detection. 
 

 
Fig. 8 Cross-sections of ground-level HXOY (a), HZ (b) 
and HXYZ (c)  
 

 
Fig. 9 Apparent resistivity (ρa) (a) and apparent depth (b) 
of ground-level HXOY and HXYZ 
 
4.2 Semi-airborne horizontal magnetic field 

intensity 
The source transmitted a current of about 25 A 

within a frequency range from 8192 to 24 Hz, 
comprising 35 frequencies logarithmically and 
uniformly distributed. Data acquisition employed  
a two-component magnetic sensor suspended  
from an UAV. The UAV maintained a speed of 
2 m/s at an altitude of approximately 50 m above 
the ground, with the sensor positioned 15 m below 
the UAV. Segmentation and calculations were 
conducted based on a flight time of 5 s and       
a station distance of 10 m. We adhered to 
conventional SAEM protocols to gather the HX and 
HY components of HXOY. Despite the sensors being 
unable to maintain perfectly accurate angles in the 
air, which introduced some errors in both 
components, the data obtained remained high 
quality. 

Figure 10(a) illustrates that the HX of Line 1 in 
Fig. 7 exhibits a low-amplitude region between 600 
and 1200 m, corresponding to the zero-value band 
of HX in the direction perpendicular to the source. 
This occurs because the zero-value band typically 
retains a certain degree of magnetic field intensity 
due to ambient noise. HY forms an arc with high 
magnetic field intensity at the center and lower 
values on both sides. The HX and HY patterns of 
Line 2 in Fig. 7 (Fig. 10(b)) mirror the profile of 
corresponding stations on Line 1. The HXOY for 
Lines 1 and 2 forms an arc with a higher center and 
lower sides, similar to HY. Both lines exhibit 
noticeable high-amplitude anomalies between 500 
and 600 m, aligning well with the cavern’s location. 
These anomalies are more pronounced in HX and 
HXOY. Apparent resistivities for HX, HY, and HXOY are 
calculated individually, as depicted in Fig. 11. The 
apparent resistivity of HX in both lines exhibits 
high-resistance anomalies between 500 and 600 m, 
with significant deviations near the zero-value  
band attributed to environmental noise. HY shows  
a minor anomaly at the cavern location, while  
HXOY presents a strip-like high-resistance anomaly.  
Upon combining the apparent depth (Fig. 12) and 
the apparent resistivity (Fig. 11), it is evident that    
HX is influenced by the zero-value band, resulting  
in pseudo-anomalies, and the anomalous response 
of HY is weak and not intuitive. In contrast,    
HXOY exhibits no pseudo-anomalies, and its 
response to the target is both significant and 
intuitive. This underscores the advantages of HXOY 
in detection. 
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Fig. 10 Semi-airborne magnetic field intensities for Line 1 (a) and Line 2 (b) in Fig. 7 
 

 

Fig. 11 Apparent resistivities of semi-airborne magnetic field intensities for Line 1 (a) and Line 2 (b) in Fig. 7 
 

 
Fig. 12 Apparent depth of semi-airborne magnetic field intensities for Line 1 (a) and Line 2 (b) in Fig. 7 
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5 Discussion 
 

The concept of “wide azimuth” introduced in 
this paper encompasses two aspects. First, it 
considers the orientation of the measurement station 
in relation to the source. Both HXOY and HXYZ can be 
observed in any orientation relative to the source, 
effectively addressing the issue of the zero-value 
band in single-component magnetic field intensity. 
This extension enhances the detectable range and 
improves source utilization. Second, it refers to the 
angle between the sensor and the source. The HXOY 
disregards the sensor’s angle in the horizontal 
direction, and the HXYZ completely ignores the 
sensor’s angle, thus resolving the angle error issue 
of the sensor. 

In field experiments, both semi-airborne and 
ground-level magnetic field intensity detections 
exhibit a high resistivity response to the under- 
ground cavern. However, differences in the 
responses primarily arise from variations in 
detection methods and data processing. During 
actual detection, semi-airborne observations 
typically employ continuous detection, which 
introduces more sources of interference. 
Continuous time-domain data undergoes segmented 
data processing, resulting in poorer short-term data 
quality, higher averaging effects for long-term data, 
lower lateral resolution (associated with flight 
speed), and weaker responses to anomalies. In 
contrast, ground-level observations use a single- 
station detection mode, ensuring higher data quality 
and more pronounced anomaly responses. 

In the experiments, measurements of HOXY 
show promising results, yet practical applications 
face significant challenges. One issue is the  
angular deviation in sensors, which is particularly 
problematic at low frequencies where the   
vertical component is comparable to the  
horizontal component. This can introduce errors, 
compromising data accuracy. Moreover, while 
current aircraft is equipped with attitude sensors, 
which are not integrated with the magnetic field 
sensors, preventing the correction of angular 
deviations. These limitations hinder the practical 
use of HXOY. Additionally, HXOY measurements, 
although theoretically immune to sensor attitude, 
still face practical challenges due to the flexible 

connection between the magnetic field sensor   
and the aircraft. This flexibility causes the sensor’s 
orientation to fluctuate, leading to potential 
interference during the movement. To minimize this 
problem, it is essential to maintain the magnetic 
field sensor in a stable position and avoid 
operations in windy conditions that could induce 
significant angular changes. This approach ensures 
more reliable and accurate data in field applications. 
 
6 Conclusions 
 

(1) Numerical simulations and experiments 
have demonstrated the feasibility of frequency- 
domain CSEM detection of both the horizontal and 
total magnetic field intensities, and their geoelectric 
response capability is comparable to that of single- 
component magnetic field intensity. 

(2) The horizontal magnetic field intensity 
continues to face challenges related to angular 
deviation in the vertical direction, restricting its 
wider application. 

(3) The total magnetic field intensity 
effectively eliminates angular errors and zero-value 
band limitations, thereby enabling wide-azimuth 
detection at angles of 0°−360° around the field 
source and offering greater application potential. 
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摘  要：传统人工源电磁法一般采集总磁场强度的单个分量，导致出现零值带、探测方位角小和角度偏差等缺   

陷。本文作者提出了利用水平磁场强度和总磁场强度进行探测的方法。通过数值模拟分析了传感器角度偏差对单

分量和水平磁场强度的影响程度。水平磁场强度不受传感器水平角度偏差影响，而总磁场强度则完全不受角度限

制，理论上利用正交磁传感器可以实现宽方位磁场探测。现场试验结果显示，水平磁场强度和总磁场强度对地下

空洞均有明显的异常响应，这些试验证明磁传感器角度偏差相关问题得到了显著减少，验证了利用水平磁场强度

和总磁场强度进行探测的可行性。本文提出的宽方位探测方法将人工源电磁法的可探测方位角扩展到 360°，解决

了磁场传感器的角度偏差问题，从而提高了探测精度。 

关键词：人工源电磁法；宽方位；磁场；零值带；角度偏差 
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