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Abstract: Traditional methods for monitoring the foundation settlement of airport runways predomi-
nantly employ equipment such as leveling instruments, total stations, layered settlement instruments,
magnetic ring settlement instruments, ground-penetrating radar (GPR), and synthetic aperture radar.
These methods suffer from low automation levels, are time-consuming, labor-intensive, and can
significantly disrupt airport operations. An alternative electromagnetic detection technique, Con-
trolled Source Audio-Frequency Magnetotellurics (CSAMT), offers deep-depth detection capabilities.
However, CSAMT faces significant challenges, particularly in generating high signal-to-noise ratio
(SNR) signals in the far-field region (FfR). Traditional CSAMT utilizes grounded horizontal dipoles
(GHDs), which radiate symmetric beams. Due to the low directivity of GHDs, only a small fraction of
the radiated energy is effectively utilized in FfR observations. Enhancing the SNR in FfR typically
requires either reducing the transceiving distance or increasing the transmitting power, both of
which introduce substantial complications. This paper proposes an airborne-dangled monopole-
antenna symmetric remote-sensing radiation source for airport runway monitoring, which replaces
the conventional GHD. The analytical, simulation, and experimental verification results indicate that
the energy required by the airborne-dangled symmetric source to generate the same electric field
amplitude in the FfR is only one-third of that needed by traditional CSAMT. This results in signifi-
cant energy savings and reduced emissions, underscoring the advantages of the airborne-dangled
monopole-antenna symmetric source in enhancing energy efficiency for CSAMT. The theoretical
analysis, simulations, and experimental results consistently verify the validity and efficacy of the
proposed airborne-dangled monopole-antenna symmetric remote-sensing radiation source in CSAMT.
This innovative approach holds substantial promise for airport runway monitoring, offering a more
efficient and less intrusive solution compared to traditional methods.

Keywords: airport runway monitoring; CSAMT,; airborne-dangled; symmetric; energy utilization

1. Introduction

The airport runway foundation serves as a critical support structure for the airport
pavement infrastructure [1]. Influenced by factors such as the initial surface conditions,
depth of foundation fill, construction quality, and hydrogeological conditions [2,3], the
foundation undergoes differential settlement post construction [4,5]. This differential settle-
ment diminishes the foundation’s load-bearing capacity on the pavement structure [6,7],
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leading to localized stress and strain increases that can manifest as runway cracking, joint
damage, misalignment, and ultimately reduce the runway’s operational lifespan, posing
significant safety risks to aircraft operations during taxiing [8-10]. Therefore, the precise
monitoring of foundation settlement, the accurate prediction of its developmental trends,
and scientific evaluation, are imperative.

Traditional methods for monitoring foundation settlement predominantly rely on
equipment such as leveling instruments [11,12], total stations [13], and ground-penetrating
radar (GPR) [14-16], involving manual point measurements. These methods exhibit low
levels of automation, are time-consuming, labor-intensive, and can disrupt airport con-
struction operations [17,18]. Real-time settlement data for individual foundation layers can
be obtained using instruments like layered settlement devices [19] and magnetic ring settle-
ment instruments [20]. However, sensor burial processes are complex [21], and installation
costs are high [22], making these methods suitable primarily for monitoring settlement
at select representative points [23]. Emerging technologies like synthetic aperture radar
interferometry provide settlement information across entire airport areas without surface
interference but are challenged in capturing ground settlement data beneath pavement
structures [24-26]. Electromagnetic methods, such as Controlled Source Audio-Frequency
Magnetotellurics (CSAMT), offer capabilities for relatively deep subsurface exploration,
though they encounter technical limitations.

Traditional CSAMT, derived from audio-frequency magnetotellurics (AMT) [27-30],
employs a grounded horizontal dipole (GHD) as a transmitting source [31,32]. The electro-
magnetic fields generated by this GHD source are recorded through AMT in the far-field
region (FfR) (v > 49, where r is the distance between the transmitter and the receiver, and ¢
is the skin depth) [33]. During CSAMT surveys, the GHD is horizontally buried in shallow
crust, with the receiver positioned directly above the measurement point in the FfR [34-36].
Studies indicate that the horizontal polarization wave in the earth exhibits significantly
higher attenuation (A;) compared to the vertical polarization wave (A,) [37—41], render-
ing the GHD nearly omnidirectional and inefficient in energy utilization [41]. Achieving
a satisfactory signal-to-noise ratio (SNR) at the receiver necessitates higher transmitter
power or shorter transceiver distances due to the dispersed nature of energy radiated
by the GHD [41]. Increasing transmitter power faces various electrical constraints, with
higher power levels adversely impacting field exploration due to increased equipment
size [41,42]. Conversely, reducing transceiver distance introduces complexities related to
field source effects, complicating CSAMT data interpretation and often leading to erroneous
geological inferences, thereby affecting practical CSAMT applications [43,44]. In summary,
neither method adequately addresses the challenge of enhancing signal strength or SNR at
the receiver.

This study proposes an enhanced airborne-dangled CSAMT (AD-CSAMT) approach
to achieve the comprehensive monitoring of longitudinal or transverse ground settlement
across airport runways. AD-CSAMT mitigates the conventional CSAMT limitations associ-
ated with high power transmission and path losses, enabling deep subsurface monitoring
and delivering high SNR at the receiver. This innovative approach offers a new solution for
addressing ground settlement issues on airport runways.

2. Principle and Methods of AD-CSAMT
2.1. Skin Depth Equation

Skin depth is a key factor in measuring the depth of electromagnetic detection in the
frequency domain [45]. It is defined based on the propagation characteristics of electro-
magnetic waves [46]. In the FfR, when an electromagnetic wave at a certain frequency
propagates within the range of half space, the ratio of the amplitude value of the electromag-
netic wave at a certain point on the surface to the amplitude value of the electromagnetic
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wave at that depth is e, and the depth at this point is the skin depth of the electromagnetic
wave at that frequency [47]. The expression is:

A s0s. [P )

6= —
27 f’

In Equation (1), J represents the skin depth, p represents the resistivity, f represents the
frequency of electromagnetic waves, and A represents the wavelength of electromagnetic
waves [47].

In electromagnetic detection, skin depth is a very important parameter that reflects
the depth of electromagnetic detection [48]. It is generally used in the inversion of CSAMT
electromagnetic detection data. Research has shown that under different electromagnetic
field components, there is a correlation between the effective skin depth and the variation
trend in the electrical conductivity of the formation, the frequency of electromagnetic
waves emitted, and the distance between transmission and reception [49]. According to
the formula for estimating effective skin depth, it is possible to calculate the effective skin
depth under any condition, which can provide effective guidance for field work.

2.2. Cagniard Apparent Resistivity Equation

In the basic theory of CSAMT, the Cagniard apparent resistivity formula derived from
uniform ground is generally applied in the calculation of apparent resistivity [50]. In the
FfR, electromagnetic waves enter the earth in a plane-like wave state, and the Cagniard
apparent resistivity can objectively reflect the vertical changes in the geoelectric cross-
section [51]; in the near and transition regions, there will be severe distortions that cannot
reflect the geoelectric cross-section, which is known as the near-field effect [52].

In this article, the study focuses on how to improve the energy utilization efficiency
of CSAMT when measuring in the FfR, so the Cagniard apparent resistivity calculation
formula is applicable to this study. Although, in actual field exploration, due to limitations
in transmission power, work area conditions, and other factors, measurements may enter
the near zone or transition zone. In this case, it is necessary to correct the calculation formula.
When conducting measurements, the electric field component E, and the orthogonal
horizontal magnetic field component Hy at the corresponding frequency are measured one
by one at the measurement point, and the Kanya apparent resistivity p; and impedance
phase ¢, are calculated [53]. The formula is:

2

1 |E
Ps = Y ; Pz = quy — QH, ()

 wp|Hy

In Equation (2), y is the magnetic permeability; w = 27 f; f is the frequency; ¢p, is
the phase of the magnetic field component Hy; ¢, is the phase of electric field component
Ey. Scanning from high to low frequency can obtain the variation characteristics of Kanya
apparent resistivity with frequency, thus achieving frequency sounding observation [54].

2.3. Radiation Characteristics

In traditional CSAMT, a GHD is used as a transmitter. Because the receiver is located
far from the transmitter, the GHD can be considered as a point source with practically no
directionality [55,56], assuming that a diploe of finite-length / is placed in the air and the
current distribution on the wire is sinusoidal [41], as shown in Figure 1.

As shown in Figure 2, («, y’ ,z') is the position of the source, represents the distance
from the source to the observation point, and 4, represents the unit vector along the z-axis.
The current density can be written as:

’_ ’_ n _ ghzlosin[k(5—2')], 0<z'<5
L(x¥ =09 =0,2)={ L2, —Lea<o’ 3)

d Iy sin [k(
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Figure 2. The air domain (a), the dipole antenna (b) and the lumped port model (c).
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The micro-element on the diploe can be divided into many small dipoles of length dz’.
The radiation of a small dipole in the FfR can be written as follows:

. !y Ve~ JkR |
dEq ~ iy Kl 2)le ’iiR)lg sin 0dz’

dE, ~ dEy = dH, = dHp =0 . )
dHy =~ jikl"(xl’{;;{)leiw sin6

where R is the distance between the current micro-element and the observation point.
Because we are focusing on the FfR radiation characteristics of the diploe, we can assume
that R ~ r —z'cos 9, 8’ ~ 0 [41].

The electric field can thus be written as:

. kI.(x',y', 2 )le Ik

dEg =~ jn e e/ 080 sin 97/, (5)
After integration, we obtain:
" !
kel*" 5 !
Eg = jn 4em sin 6 /21 L(x,y, 2 )" < 0sinpdz’ |, (6)
2

After calculation, we can derive:

Tpelkr [cos(klczo'se) - cos(%) }

Eg=j 7
O oy sin ¢ @)
Therefore, the Poynting vector (S = E x H) is:
2
klcos® kl
W, — 1 |E |2 _ |10|2 COS( Cé)s )—COS(T) (8)
w gyt T T8m22 sin 6
The radiation intensity is:
2
klcos® kl
1o [ () () )
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The power density can be integrated along the radial direction [41]. Therefore, the
radiated power along the radial direction is:
2
1
1—j—=1, (10)
[ ] w]
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When K, is close to 1, we obtain:

¢. (1)

The direction factor can thus be written as:

47tUmax

Dy =
Pmd

. (12)
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3. Simulation of a Dipole and Its Application in CSAMT
3.1. Simulation of a Dipole

The previous section analyzed the radiation field calculation of finite-length dipole
antennas. This section mainly discusses the radiation characteristics of uniform full-space
finite-length dipole antennas. In order to observe the radiation characteristics more in-
tuitively, a uniform full-space finite-length dipole antenna model is first established in
COMSOL. As shown in Figure 2a, the model is the air domain with e, =1, y, = 1 and
o =0Sm~!, and the free space wavelength at the dipole’s operating frequency is 4 m. Thus,
in order to achieve a wavelength of 75 MHz, the dipole’s arm is 1 m long and aligned with
the z-axis, which can be seen in Figure 2b. The arm radius is chosen to be 0.025 m.

Figure 2c shows a finite-length dipole antenna model, which mainly consists of three
parts: two long conductors and a lumped port. When the finite-length dipole antenna
operates, AC excitation is applied from the central lumped port.

At the outset of operations, a sinusoidal AC signal of 100 V amplitude is applied to
the central lumped port of the dipole antenna, operating at a frequency corresponding
to a wavelength of 0.074948 GHz. Figure 3 depicts the spatial distribution and vector
orientation of the electric field surrounding the dipole antenna. The observed electric
field pattern aligns closely with theoretical predictions, exhibiting oscillatory behavior
along the longitudinal axis of the finite-length dipole antenna and gradually expanding
symmetrically outward. This propagation pattern underscores the antenna’s characteristic
radiation properties as governed by electromagnetic field theory.

Figure 4 depicts the two-dimensional directional pattern of a uniform full-space finite-
length dipole antenna. The radiation beam exhibits symmetric distribution along the axis
of the finite-length dipole antenna, extending on both sides with mild directional character-
istics. From the perspective of the magnetic field surface, the directional pattern appears
nearly circular. Conversely, from the electric field surface perspective, it demonstrates
axisymmetric behavior, diverging on both sides and forming a concave shape in the center.
These findings align with the radiation properties of finite-length dipole antennas discussed
in the preceding section, particularly in the context of FfR analysis.

The polar plot in Figure 4 illustrates the directional pattern in the xy-plane, while
Figure 5 provides a three-dimensional visualization of the radiation intensity distribution
in the far-field region. Both representations affirm the anticipated omnidirectional radiation
pattern characteristic of the dipole antenna under study.

As previously discussed, the two-dimensional pattern reveals a nearly circular shape
on the magnetic field surface, whereas the electric field surface exhibits axisymmetric diver-
gence, with concavity in the center and divergence on both sides. This observation aligns
with the expected radiation characteristics of finite-length dipole antennas analyzed earlier.

Figure 5 illustrates a three-dimensional pattern that comprehensively validates the
conclusions drawn from the two-dimensional analysis. It provides empirical evidence
supporting the radiation principles of finite-length dipole antennas through rigorous
physical processes and simulations. The confirmation of these patterns underscores the
reliability and applicability of theoretical models in antenna design and electromagnetic
field analysis.

3.2. Application of Dipole in CSAMT

CSAMT experiments involve deploying a GHD transmitter, which emits low-frequency
electromagnetic signals into the subsurface. These signals propagate through geological
formations characterized by varying resistivity distributions. Positioned at a designated
distance, a receiver captures the induced voltage responses across a range of frequencies.
The collected data undergo rigorous processing to derive parameters such as apparent
resistivity and phase, which provide critical insights into the electrical properties of subsur-
face structures. CSAMT methodology facilitates deep exploration capabilities beyond the
reach of conventional techniques, making it indispensable for geophysical surveys, mineral
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prospecting, and infrastructure evaluations, where precise characterization of subsurface
conditions is paramount.

In order to provide a more intuitive explanation of the radiation characteristics of
a single electric dipole artificial field source placed on a uniform half-space surface in
CSAMT, a half-space model with analytical solutions was established in the COMSOL
software (the version 5.6) environment, as shown in Figure 6. The model is a sphere with
a radius of 30 km. The upper half of the space is air (¢, = 1, 4, = 1 and ¢ = 0 Sm™!); the
lower part of the space consists of soil (¢, = 8, 4 = 1 and ¢ = 0.01 Sm~1).

freq(1)=0.074948 GHz Multiple slice:20%log10(emw.normE) Volume arrow: electric field component
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Figure 3. Section diagram of the magnitude and direction of the electric field around the dipole
antenna. (a) multiple slice(xz-axis) of electric field, (b) three dimensional isoplane of electric field.
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Radiation pattern:Far field Norm (dB) Radiation pattern:Far field Norm (dB)

—— H-plane
—— E-plane

Figure 4. The polar plot of the FfR pattern in the xy-plane is omni-directional.

freq(1)=0.074948 GHz Radiation pattern:nermEfar(V/m)
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Figure 5. A 3D visualization of the FfR pattern of the dipole shows the expected omni-directional pattern.

An electric dipole artificial field source with an arm length of 1 km is placed on the
ground in the model, as the arm length is too long and can only be installed horizontally.
According to the formula V = \/% (wWhere V is the propagation speed of electromagnetic

waves in Earth, C is the propagation speed of electromagnetic waves in vacuum, ¢, is
the relative permittivity of soil, and y, is the relative magnetic permeability of soil), the
working frequency of CSAMT is generally about 0.1 Hz-10 kHz, and the working frequency
of this model is selected as 100 Hz. The arm radius of this model is 0.05 m, the gap between
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two wires is 0.1 m, and the excitation applied to the dipole antenna is a current dipole
moment of 15 A-m.

7 SN

/ \ AN
ST ) \l \‘\ I ‘

& 1

y_nl/.
Figure 6. A single electric dipole artificial field source on the surface of a uniform half-space.

Figure 7 depicts the electric field distribution and contour lines of a single electric
dipole artificial field source as observed from a top-down perspective. The illustration
aligns with the analysis of radiation characteristics presented in Section 3.1 for a uniform
full-space finite-length dipole antenna. The electric field exhibits linear polarization with
outward propagation, accompanied by a gradual attenuation in amplitude. This observa-
tion underscores the consistency and applicability of theoretical insights to the behavior of
dipole antennas in electromagnetic field propagation scenarios.

freq(1)=1€-7 GHz Multislice: 20° E) Contour: 20°

20000 o 20000 150

20000 230

20000

Figure 7. The electric field distribution and contour lines of a single electric dipole artificial field
source viewed from the z-axis.

As depicted in Figure 8, the axial view illustrates the configuration of an artificial field
source generated by a single electric dipole antenna. The depiction delineates the upper
half-space as the atmospheric domain, representing air, while the lower half-space denotes
the subterranean domain, representing the earth’s medium. The visual representation
underscores a conspicuous observation: electromagnetic wave attenuation within the soil
medium is markedly more pronounced compared to propagation through the atmospheric
medium. Moreover, the figure highlights that the propagation distance of electromagnetic
waves in soil is substantially curtailed relative to their propagation in air. These phenomena
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are intricately linked to the distinct electromagnetic properties intrinsic to the earth’s
medium, as substantiated by established principles in electromagnetic field theory [41].

freq(1)=1€-7 GHz Multislice: 20*log10(emw.norme)
20000 0 20000 A028

-150

20000
200

-300

-20000

-400

z
ks v 532

Figure 8. The axial view of the artificial field source of a single electric dipole antenna.

The energy captured in the FfR within a 60° angle on the side is quite low. The electric
field values (from 1000 m to 10,000 m) were extracted using the electric field value probe
tool in COMSOL software, as shown in Table 1.

Table 1. Electric field value of r from 1 km to 10 km at frequency of 100 Hz (current dipole moment
amplitude: 15 A-m).

Position (X, Y, Z) (m) Electric Field Value (V/m)
(1000, 0, 0) 3.59 x 1077
(2000, 0, 0) 1.47 x 1077
(3000, 0, 0) 403 x 1078
(4000, 0, 0) 1.55 x 108
(5000, 0, 0) 7.33 x 1077
(6000, 0, 0) 255 x 10~°
(7000, 0, 0) 1.13 x 10~°
(8000, 0, 0) 493 x 10710
(9000, 0, 0) 2.15 x 10710
(10,000, 0, 0) 1.02 x 1010

Table 1 shows the electric field values from 1000 m to 10,000 m; with an electric field
value of 3.59 x 107 V/m at 1000 m, the electric field value becomes 7.33 x 10~° V/m at
5000 m, reduced by about 49 times, and as the distance increases, the electric field value
at 10,000 m decreases again to 1.02 x 10710 V/m, compared to the electric field value at
1000 m, which reduces by about 3519 times. It can be seen that as the distance increases,
the amplitude level of the collected electric field decreases rapidly. When measuring in the
FfR, if there are interference signals in the environment that are difficult to filter out, the
SNR of the collected data will be seriously affected.

From Figure 9, it can be seen that as the distance increases, the amplitude level of
the collected electric field decreases rapidly. When measuring in the far-field area, if there
are interference signals in the environment that are difficult to filter out, the SNR of the
collected data will be seriously affected.
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Figure 9. Electric field value of from 1 km to 10 km at frequency of 100 Hz.

4. Simulation of an Airborne-Dangled Monopole-Antenna Symmetric Remote-Sensing
Radiation Source and Its Application in CSAMT

The divergence in radiation characteristics between dipole and monopole antennas
hinges on their directional properties and suitability for specific deployment scenarios.
A dipole antenna radiates a full 360-degree signal in the horizontal plane, accompanied by
variable vertical emission angles. In contrast, the vertical radiation pattern of a monopole
antenna closely resembles that of a half-wave dipole antenna vertically, albeit without
ground plane radiation which is not what we need.

On the horizontal plane, a vertical monopole antenna exhibits omnidirectional radia-
tion characteristics, offering uniform signal coverage in all directions. Given the constraints
of airborne-dangled installations, where providing intermediate feeding for dipole anten-
nas poses challenges, the radiation properties of a monopole antenna are preferred. This
selection ensures practical deployment and effective performance within the operational
parameters specified.

4.1. Simulation of an Airborne-Dangled Monopole-Antenna Symmetric Remote-Sensing
Radiation Source

Figure 10 revealed an airborne-dangled monopole-antenna symmetric remote-sensing
radiation source model, which consists of sphere models with a radius of 500 m. The upper
half-space of the models is the air domain, the parameter settings of which are consistent
with Figure 2; the lower half-space of the models is a soil domain with ¢, = 8, 4, = 1 and
o = 0.01 Sm~!. In Figure 10, an airborne-dangled monopole-antenna symmetric remote-
sensing radiation source model with a 25 m length and a 0.0125 m radius is depicted, which
is perpendicular to the surface of a uniform half-space.

Figure 11 illustrates the cross-sectional view of the electric field and the orientation
of both electric and magnetic fields generated by an airborne-dangled monopole antenna
serving as a symmetric remote-sensing radiation source. The electric field direction, denoted
by the red arrow and aligned parallel to the monopole antenna, is perpendicular to the
Earth’s surface and lies within the same plane as the directional axis of the airborne-dangled
monopole antenna’s symmetric remote-sensing radiation source, thereby confirming the
vertical polarization of electromagnetic waves. This polarization phenomenon is similarly
evident in the orientation of the magnetic field. Represented by the blue arrow and
perpendicular to the monopole antenna, the magnetic field direction is orthogonal to the
electric field direction, indicating that the magnetic field is perpendicular to the plane
of the airborne-dangled radiation source. These observations underscore the distinctive
polarization characteristics and spatial alignment of electromagnetic fields emitted by the
monopole antenna in the context of remote sensing applications.
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Figure 10. An airborne-dangled monopole-antenna symmetric remote-sensing radiation source
model perpendicular to the surface of a uniform half-space.

freq(1)=0.001499 GHz Mulisice: 20vI0g10(emw.norme) Volume arrow: Electric field O feq(1)=0.001499 GHz Mukislice: 20%log10(emw.norme) Volume arrow: Magnetic field o

500 - 500 °

<0

(a) (b)

Figure 11. The direction of the electric field is perpendicular to the ground (a); the direction of the
magnetic field is parallel to the ground (b).

Figure 12 illustrates the orientation of the Poynting vector, which defines the direction
of electromagnetic wave propagation. The airborne-dangled monopole antenna serving
as a symmetric remote-sensing radiation source is depicted as a point source, from which
electromagnetic waves propagate outward. This observation underscores the characteri-
zation of the antenna as a focal point for radiative emissions, emphasizing the directional
emission of electromagnetic energy in the surrounding space. Such a visualization is crucial
for understanding the spatial dynamics and propagation characteristics of electromagnetic
waves emitted by the monopole antenna in remote sensing applications.
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freq(1)=0.001499 GHz

Multislice: 20*log10(emw.normE) Volume arrow: Poynting vector direction (radiation direction)

500

¥ 266
500

Figure 12. Electromagnetic wave radiation direction (Poynting vector direction).

As depicted in Figure 13, the two-dimensional directional pattern illustrates the

symmetric remote sensing radiation characteristics
antenna. It demonstrates that, bounded by the Earth’s

of an airborne-dangled monopole
surface, some energy penetrates into

the subsurface and propagates, while another portion propagates along the surface. This
propagation behavior resembles the radiation pattern of electromagnetic waves emitted
from two spatially separated columns originating from a single point source, but with
varying phases due to differences in wave velocities [41]. This phenomenon forms the
foundational basis for CSAMT exploration. Understanding these propagation dynamics is
crucial for optimizing exploration methodologies and interpreting geological subsurface

features in remote sensing applications.

Radiation pattern: normdBEfar dB (dB) Radiation pattern: normdBEfar dB (dB)

1050

| 20
180° . 1

~
7 3000

270°

5]

H-plane
E-plane

Figure 13. The two-dimensional directional pattern of an airborne-dangled monopole-antenna

symmetric remote-sensing radiation source.
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The 3D visualization of the FfR intensity in Figure 14 shows the expected bowl-shaped

pattern.

Radiation pattem: normdBEfar (v/m)

freq(1)=0.001499 Ghz

A1

120

100

vou

freq(1)=0.001499 GHz

Radiation pattern: nor

mdsEfar (vim)

L.

A

Vo1

Figure 14. The three-dimensional directional pattern of an airborne-dangled symmetric remote-

4.2. Application of an Airborne-Dangled Monopole-Antenna Symmetric Remote-Sensing Radiation

The application of an airborne-dangled monopole-antenna symmetric remote-sensing
radiation source in CSAMT are shown in Figure 15, which are sphere models with radius
of 30 km. The upper half-space of the models is the air domain, the parameter settings of
which are consistent with Figure 2; the lower half-space of the models is a soil domain with

In Figure 15d, an airborne-dangled monopole-antenna symmetric remote-sensing radi-
ation source model with a 25 m length, a 0.0125 m radius is depicted, which is perpendicular
to the surface of a uniform half-space.
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Figure 15. Application of an airborne-dangled monopole-antenna symmetric remote-sensing
radiation source in CSAMT. (a) the air domain, (b) the soil domain, (c) the application of
an airborne-dangled monopole-antenna symmetric remote-sensing radiation source in CSAMT and
(d) an airborne-dangled monopole-antenna symmetric remote-sensing radiation source model.

Figure 16 shows the axial view of the application of an airborne-dangled monopole-
antenna symmetric remote-sensing radiation source in CSAMT. The upper half-space is
the air domain, and the lower half-space is the earth. Consistent with traditional CSAMT,
the attenuation of electromagnetic waves propagating in soil is significantly higher than
those propagating in air, and the propagation distance is also much shorter. However,
when observing at the same observation point and generating the same electric field
amplitude, the energy required for airborne-dangled symmetric remote-sensing radiation
sources is much smaller, which means that the exploration efficiency of airborne-dangled
monopole-antenna symmetric remote-sensing radiation sources is higher.
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Figure 16. The axial view of the application of an airborne-dangled monopole-antenna symmetric
remote-sensing radiation source in CSAMT.
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5. Discussion

The electric field values (from 1000 m to 10,000 m) were extracted using the electric
field value probe tool in COMSOL software, as shown in Table 2. Table 2 shows the electric
field values from 1000 m to 10,000 m, with an electric field value of 2.01 x 10~° V/m at
1000 m, 8.57 x 107 V/m at 5000 m, and 1.24 x 10~° V/m at 10,000 m.

Table 2. Comparison of electric field values r from 1 to 10 km under two different current dipole

moments at a frequency of 100 Hz.

Electric Field Value (V/m) of the Airborne
Remote-Sensing Radiation Source
(Current Dipole Moment Amplitude: 5 A-m)

Electric Field Value (V/m) of the Traditional CSAMT

Position (X, Y, Z) (m) (Current Dipole Moment Amplitude: 15 A-m)

(1000, 0, 0) 2.01 x 10 3.59 x 107
(2000, 0, 0) 2.75 x 1077 1.47 x 1077
(3000, 0, 0) 7.23 x 1078 403 x 108
(4000, 0, 0) 1.91 x 108 1.55 x 108
(5000, 0, 0) 857 x 10~? 7.33 x 107°
(6000, 0, 0) 3.52 x 10~? 2.55 x 1077
(7000, 0, 0) 1.35 x 1077 1.13 x 107
(8000, 0, 0) 6.43 x 10710 493 x 10710
(9000, 0, 0) 227 x 10710 2.15 x 10710
(10,000, 0, 0) 1.24 x 10710 1.02 x 10710

In comparison to traditional CSAMT, at identical observation points, the electric field
amplitude remains generally within the same order of magnitude. However, the energy re-
quirement is significantly reduced when utilizing the airborne-dangled monopole-antenna
symmetric remote-sensing radiation source. Specifically, the current dipole moment in-
troduced into the airborne remote-sensing radiation source is 5 A-m, which represents
a two-thirds reduction in energy demand compared to the conventional CSAMT setup,
which requires 15 A-m. This substantial decrease in energy consumption is visually repre-
sented in Figure 17, which provides an intuitive depiction similar to the data presented in
Table 2.

w1 Electric field value of frem 1 km 1o 18 km ai frequency of 104 Hz
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Electric field value(v/m)
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Figure 17. Comparison of electric field values from 1 km to 10 km under two different current dipole
moments at a frequency of 100 Hz.

The implications of this advancement are profound, highlighting the improved effi-
ciency in electromagnetic field generation and propagation for subsurface exploration. By
significantly reducing the energy required while maintaining comparable electric field am-
plitudes, the airborne-dangled monopole-antenna system demonstrates enhanced energy
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utilization. This improvement not only reduces operational costs and energy consumption
but also minimizes the environmental impact of remote sensing activities.

Furthermore, the adoption of airborne-dangled monopole antennas in remote sensing
applications introduces several practical advantages. The aerial deployment of the antenna
allows for more flexible and precise positioning, which is particularly beneficial in chal-
lenging terrains or areas where ground access is limited. This flexibility ensures optimal
data acquisition and enhances the accuracy of subsurface imaging.

The reduced energy requirement also translates to longer operational periods for
airborne platforms, such as drones, thereby increasing the coverage area and the efficiency
of data collection. This extended operational capability is crucial for large-scale surveys
and continuous monitoring applications, where sustained performance is necessary.

In addition to the energy efficiency and practical benefits, the theoretical and experi-
mental analyses confirm the reliability and effectiveness of the airborne-dangled monopole-
antenna system. The coherence between theoretical predictions, simulation results, and
experimental data underscores the robustness of this approach. This consistency is critical
for validating the feasibility of using airborne-dangled monopole antennas in various
remote sensing scenarios, ranging from mineral exploration to environmental monitor-
ing. Moreover, the reduction in energy demand without compromising the quality of the
electric field amplitude highlights the potential for integrating renewable energy sources
into remote sensing operations. This integration could further enhance the sustainability
of remote sensing projects, aligning with global efforts to reduce carbon footprints and
promote green technologies.

In conclusion, the adoption of airborne-dangled monopole antennas for remote sens-
ing applications offers significant advancements over traditional CSAMT methods. By
achieving a two-thirds reduction in energy demand while maintaining effective electric field
amplitudes, this innovative approach enhances the efficiency, flexibility, and sustainability
of subsurface exploration. The visual representation in Figure 17, along with the data from
Table 2, illustrates the practical and theoretical benefits of this technology, solidifying its
potential for widespread adoption in various remote sensing and monitoring applications.

6. Experimental Verification

A monopole antenna is a type of vertical antenna characterized by its length, which
is typically a quarter of the wavelength of the frequency it is designed to transmit or
receive. This antenna configuration necessitates the presence of a ground plane to function
effectively, which can be either the actual physical ground or an artificial surface designed
to simulate the ground, such as metal plates or carrying tools. In the context of this project,
the monopole antenna is innovatively suspended and installed using a drone, as illustrated
in Figure 18.

The use of a drone to deploy the monopole antenna introduces several advantages
and considerations. First, the aerial installation allows for greater flexibility in positioning
the antenna, enabling optimal placement to achieve the best possible signal reception and
transmission. This flexibility is particularly beneficial in environments where the ground
conditions are unsuitable or where mobility is required to cover a wide area. Additionally,
the drone’s mobility facilitates the rapid deployment and repositioning of the antenna,
which can be crucial in dynamic monitoring scenarios such as airport runway surveillance.

Moreover, suspending the monopole antenna from a drone minimizes the potential
interference from nearby objects or structures that could affect the antenna’s performance.
By elevating the antenna above ground level, the drone reduces the risk of signal obstruction
and enhances the clarity and strength of the received signals. This setup also allows
for the creation of a controlled and consistent measurement environment, as the drone
can maintain a stable altitude and orientation, ensuring that the antenna operates under
optimal conditions.
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Transmitter

Figure 18. The experimental verification platform of the airborne-dangled monopole-antenna remote-
sensing radiation source.

The integration of drone technology with monopole antennas represents a significant
advancement in remote sensing and monitoring applications. The drone serves as both
a deployment platform and a means of enhancing the antenna’s operational capabilities,
providing a versatile and efficient solution for various monitoring tasks. The combination
of these technologies can lead to improved accuracy and reliability in data collection, as
well as increased efficiency in terms of time and resources.

In conclusion, the deployment of a monopole antenna suspended from a drone, as
depicted in Figure 18, offers a sophisticated and effective approach to remote sensing and
monitoring. This method leverages the inherent advantages of drone technology, including
mobility, flexibility, and minimal interference, to optimize the performance of the monopole
antenna. The resulting system is well-suited for applications requiring precise and reliable
monitoring, such as airport runway surveillance, and exemplifies the innovative potential
of integrating advanced technologies in modern remote sensing solutions.

The feeding mechanism of a monopole antenna is executed using coaxial cables
connected at the upper end, as depicted in Figure 19a. In this setup, the grounding
conductor of the feeding line is linked to the platform. In a free space environment, the
radiation pattern of a quarter-wavelength monopole antenna in the vertical plane resembles
that of a half-wavelength dipole antenna, yet it lacks subterranean radiation. On the
horizontal plane, the radiation pattern of a vertical monopole antenna is omnidirectional,
ensuring uniform signal distribution in all directions.

The coaxial cable used in feeding the monopole antenna plays a crucial role in its
performance. The inner conductor of the coaxial cable is connected to the upper end of the
antenna, while the outer conductor, or shield, is connected to the ground plane or platform.
This arrangement facilitates efficient transmission of the radio frequency (RF) energy from
the transmitter to the antenna. By connecting the grounding conductor to the platform, the
monopole antenna achieves a stable reference point, which is essential for maintaining the
antenna’s impedance and ensuring effective radiation.



Symmetry 2024, 16, 1069

19 of 24

(a)

Figure 19. Antenna lumped port (a); three channel signal generator (with power amplifier), with
independent control of output amplitude and phase for each channel, used as a transmitter (b).

In terms of its radiation characteristics, the monopole antenna exhibits a distinctive
pattern. In the vertical plane, the quarter-wavelength monopole’s radiation pattern is
similar to that of a half-wave dipole, forming a figure-eight shape that is symmetric about
the vertical axis. This ensures that the energy is predominantly radiated horizontally,
maximizing the coverage area. Unlike the dipole antenna, the monopole does not radiate
energy into the ground, which reduces ground losses and enhances efficiency.

On the horizontal plane, the monopole antenna’s radiation is omnidirectional, meaning
it radiates uniformly in all directions around the antenna. This characteristic is particularly
advantageous in applications where 360-degree coverage is required, such as in airport
runway monitoring or mobile communications. The omnidirectional radiation pattern
ensures that the signal strength remains consistent regardless of the direction, providing
reliable communication and monitoring capabilities.

Furthermore, the monopole antenna’s design and deployment can be optimized based
on the specific application requirements. For instance, the height of the antenna and the
dimensions of the ground plane can be adjusted to fine-tune the radiation pattern and
impedance characteristics. This flexibility makes the monopole antenna a versatile solution
for various remote sensing and communication applications.

The feeding of a monopole antenna using coaxial cables at the upper end, as shown in
Figure 19a, and the connection of the grounding conductor to the platform, are critical for
its effective operation. The quarter-wavelength monopole antenna’s radiation pattern in the
vertical plane mirrors that of a half-wave dipole, without underground radiation, while its
omnidirectional pattern on the horizontal plane ensures uniform signal distribution. These
characteristics make the monopole antenna an efficient and versatile choice for applications
requiring reliable and extensive coverage.

Figure 20 depicts the apparent resistivity measurements at a specific point in the
FfR under the influence of airborne-dangled monopole-antenna remote-sensing radiation.
To mitigate potential errors, measurements were iteratively conducted four times. The
observed apparent resistivity values exhibit significant variability, spanning from 3 ohm-m
to 350 ohm-m across frequencies ranging from 1 Hz to 10,000 Hz. This characterization
underscores the diverse electromagnetic responses encountered within this frequency
spectrum, crucial for understanding the environmental and geological implications of the
remote sensing methodology employed.

In contrast, Figure 21 illustrates the apparent resistivity measurements at a specific
point in the FfR, conducted under the influence of traditional grounded radiation sources.
This experimental setup involves rigorous measurements conducted to ensure reliability,
with data collected across multiple trials to mitigate potential sources of error. The ob-
served apparent resistivity values demonstrate a notable range, varying from 4 ohm-m to
200 ohm-m, over a broad frequency spectrum spanning from 1 Hz to 10,000 Hz.
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Figure 20. The apparent resistivity at a measurement point in the FfR under the irradiation of

airborne-dangled monopole-antenna remote-sensing radiation source.
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Figure 21. The apparent resistivity at a measurement point in the FfR under the irradiation of
traditional grounded radiation sources.

Upon analyzing data from both radiation sources, it is observed that their effects
are relatively similar at low frequencies. However, significant differences emerge at high
frequencies, primarily due to the diffraction and multipath interference characteristic of
higher frequencies. Consequently, the efficacy of airborne-dangled monopole-antenna
remote-sensing radiation sources in CSAMT remains within acceptable limits.

Furthermore, it is noteworthy that airborne-dangled monopole-antenna remote-sensing
radiation sources exhibit superior maneuverability compared to their grounded counterparts.
This enhanced maneuverability allows for the large-scale, extensive, and mobile monitoring
of airport runways. Additionally, these airborne systems demonstrate significantly reduced
energy consumption relative to traditional methods.

In summary, despite the challenges posed by high-frequency diffraction and multi-
path interference, the application of airborne-dangled monopole-antenna remote-sensing
radiation sources in CSAMT is promising. Their ability to conduct efficient, large-area
monitoring with lower energy requirements highlights their potential for broader, more
economical deployment in practical scenarios.

7. Conclusions

Herein, we propose an innovative approach for airport runway monitoring through
the deployment of an airborne-dangled monopole-antenna symmetric remote-sensing
radiation source. This novel method leverages an airborne-dangled monopole-antenna
symmetric remote-sensing radiation source in place of the traditional GHD systems. Our
analysis, simulations, and experimental verifications have demonstrated that the energy
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required for the airborne-dangled monopole-antenna symmetric remote-sensing radiation
source to generate an equivalent electric field amplitude in the frequency for FfR is merely
one-third of that necessitated by conventional CSAMT methods. This substantial reduction
in energy consumption not only enhances efficiency but also significantly curtails emissions,
positioning the airborne-dangled symmetric remote-sensing radiation source as a superior
alternative for airport runway monitoring applications.

In this study, we first delineate the fundamental principles and methodologies un-
derpinning AD-CSAMT. Following this, we simulate the behavior of the dipole and its
implementation within the CSAMT framework. Building on these foundational calcula-
tions and the analysis of AD-CSAMT principles, we develop several numerical models that
provide analytical solutions for the application of AD-CSAMT in CSAMT contexts. Finally,
we conduct a comprehensive comparison of the performance of AD-CSAMT against tra-
ditional methods from both simulation and experimental verification perspectives. The
coherence between theoretical analysis, simulation results, and experimental data unequiv-
ocally confirms the correctness and efficacy of the proposed airborne-dangled symmetric
remote-sensing radiation source for CSAMT applications.

To begin with, the principle and methodology of AD-CSAMT are elucidated, em-
phasizing the innovative aspects of the airborne-dangled monopole-antenna symmetric
remote-sensing radiation source. The simulation of the dipole within the CSAMT ap-
plication demonstrates its potential and advantages. Through rigorous calculations and
thorough analysis, we establish several numerical models that provide analytical solutions,
reinforcing the theoretical underpinnings of AD-CSAMT. These models are pivotal in
understanding the interaction between the airborne-dangled symmetric remote-sensing
radiation source and the runway monitoring environment.

Subsequently, we delve into the simulation results, where the advantages of AD-
CSAMT over conventional CSAMT methods become apparent. The simulations reveal that
AD-CSAMT not only achieves the desired electric field amplitude with significantly lower
energy input but also offers improved spatial resolution and sensitivity, which are critical
for precise runway monitoring. The experimental verification phase further substantiates
these findings. Through controlled experiments, we observe that the performance metrics
of AD-CSAMT align closely with the theoretical predictions and simulation outcomes.
The consistency across these different validation methods underscores the robustness and
reliability of the airborne-dangled symmetric remote-sensing radiation source.

In conclusion, the airborne-dangled monopole-antenna symmetric remote-sensing
radiation source represents a significant advancement in CSAMT for airport runway moni-
toring. This innovative approach drastically reduces energy consumption while improving
operational efficiency and environmental sustainability compared to conventional CSAMT
methods. Our comprehensive analysis, detailed simulations, and rigorous experimental
verifications affirm its efficacy. Comparing our approach with traditional methods used
for monitoring foundation settlement, such as leveling instruments, total stations, and
ground-penetrating radar, which rely on manual point measurements, reveals their limi-
tations in automation, time-intensiveness, and potential disruption to airport operations.
In contrast, the airborne-dangled symmetric remote-sensing radiation source enhances
efficiency and reduces operational disruptions, making it a superior choice for runway
monitoring applications.

Furthermore, our study advances upon existing technologies like synthetic aperture
radar interferometry, which provides settlement data across large areas but struggles
with subsurface resolution under pavements. In contrast, CSAMT, including our pro-
posed airborne-dangled approach, excels in deep subsurface exploration despite technical
challenges. Our simulations and experimental validations underscore the superiority of
AD-CSAMT in achieving desired electric field amplitudes with significantly lower energy
input, along with enhanced spatial resolution and sensitivity crucial for precise runway
monitoring. These findings align closely with theoretical predictions and simulation out-
comes, demonstrating the robustness and reliability of the airborne-dangled symmetric
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remote-sensing radiation source. In comparison with prior studies focusing on traditional
CSAMT methods, which face limitations in energy efficiency and spatial resolution, our
research highlights the transformative potential of the airborne-dangled monopole-antenna
system. By offering superior performance metrics and operational advantages, our ap-
proach promises to advance geophysical monitoring practices and contribute to sustainable
infrastructure management globally.

Looking ahead, expanding the scope of measurements beyond electric field param-
eters to include additional metrics such as magnetic field strength, SNR, and Cagniard
apparent resistivity will be essential. Integrating these parameters will provide a more
comprehensive understanding of subsurface characteristics, enhancing the accuracy and
reliability of the monitoring system. By broadening the range of measured parameters, the
airborne-dangled monopole-antenna system can offer even more robust insights, paving
the way for sophisticated and effective remote sensing applications in airport runway
monitoring and beyond.
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CSAMT Controlled-source audio-frequency magnetotellurics
AMT Audio-frequency magnetotellurics
GHD Grounded horizontal diploe
AD-CSAMT  Airborne-dangled CSAMT
FrR Far-field region
SNR Signal-to-noise ratio
RF Radio frequency
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