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Abstract

Traditional CSAMT omnidirectional radiation causes low energy efficiency, while near-field effects
and far-field interference limit detection accuracy. To address the issues of energy dispersion, low
signal-to-noise ratio, and restricted exploration range in conventional Controlled Source Audio-
frequency Magnetotelluric (CSAMT) methods for deep exploration, this paper proposes a tensor
CSAMT directional pattern synthesis and adaptive beamforming method based on an L-shaped array
artificial field source. An L-shaped source composed of two orthogonal coaxial dipole linear arrays
is designed, and Taylor-weighted directional pattern synthesis is employed to reduce sidelobe levels.
An adaptive beamforming system is constructed based on the maximum Signal-to-Noise Ratio
criterion to achieve dynamic beam steering and energy focusing. Verified via COMSOL simulations
and field experiments, this study upgrades the CSAMT artificial source from "omnidirectional
radiation" to "directional and controllable" using array antenna technology, providing a high signal-
to-noise ratio and efficient electromagnetic detection paradigm for deep resource exploration.

Keywords: direction diagram synthesis; tensor CSAMT,; L-shaped array artificial field source;
adaptive beamforming

1. Introduction

Controlled Source Audio-Magnetotellurics (CSAMT) is a frequency-domain artificial source
electromagnetic detection technology derived from Audio-Magnetotellurics (AMT) and
Magnetotellurics (MT) [1]. In the 1950s, based on an article published by Cagniard, a method for
electromagnetic sounding was developed, which calculates apparent resistivity by observing the
orthogonal components of natural electric and magnetic fields [2]. Within the audio range (10 to 10
Hz), the natural electromagnetic field is relatively weak and there can be considerable human-made
interference. In the 1970s, Professor D.W. Strangway and others proposed observing the audio
electromagnetic field generated by an artificial source using the AMT measurement method. Since
the artificial electromagnetic field allows control over frequency, intensity, and direction, and the
observation method is similar to AMT, it is therefore called Controlled Source Audio-Magnetotelluric
sounding [3].

Due to the strong absorption of electromagnetic waves by the earthe medium, the detection
depth increases as the emission frequency decreases [4], which necessitates increasing the
transmission and reception distance (r > 40) to satisfy the quasi-plane wave assumption in the far
field. Conventional CSAMT employs long-wire sources (1-3 km), equivalent to horizontal electric
dipoles, which can be approximated as omnidirectional point sources in the far field (r > 10 km) [5].
Their omnidirectional radiation characteristics lead to significant energy dispersion, with only a small
portion of the radiated energy being effectively captured. In addition, long-distance transmission
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losses and increasing anthropogenic noise interference result in a significant reduction in the signal-
to-noise ratio of the received signal, severely limiting detection resolution and data quality [6].

The traditional controlled-source audio-frequency magnetotelluric (CSAMT) method typically
relies on increasing transmitter power or reducing the transmission-reception distance to enhance
signal amplitude in the far-field region [7]. However, the former is limited by power electronics
technology, resulting in bulky equipment and difficulties in field deployment; reducing the
transmission-reception distance sacrifices detection depth and introduces significant source field
effects [8]. Therefore, it is crucial to develop a new type of source technology that can efficiently utilize
radiated energy while maintaining the existing transmitter power. This study focuses on proposing
a tensor CSAMT method based on an L-shaped array artificial source and its engineering
implementation. The design replaces the two traditionally separated single-dipole sources with two
sets of orthogonal coaxial linear dipole arrays forming an L-shaped structure. Field test data fully
demonstrate that this array antenna-based artificial source can effectively reduce multipath
interference, achieve adaptive directional radiation to specific areas, and significantly improve the
signal-to-noise ratio and resolution of exploration data, providing a powerful technical means for
deep resource exploration in complex environments. It lays a theoretical foundation for adaptive
exploration.

CSAMT is a frequency-domain electromagnetic method that belongs to the artificial source
methods. When observations are made in the far-field zone, its data can correctly reflect changes in
the geoelectric structure [9]. However, in other areas, due to the influence of artificial sources, non-
plane wave effects related to the transmission frequency are generated —in other words, influenced
by the transition zone and near zone—resulting in significant distortions in the apparent resistivity
curves of the Cagniard method, manifested as a 45° rise at low frequencies on the log-log scale [10].
This is known as the near-field effect. In practical exploration, MT two-dimensional or three-
dimensional inversion software can only invert far-field data. However, when measuring in the far-
field zone, the signal-to-noise ratio is often not high and is easily disturbed, while shortening the
transmitter-receiver distance is affected by near-field effects. This significantly limits the penetration
depth of the CSAMT method [11]. Currently, most scholars focus on solving near-field effects and
increasing transmitter power, while there is relatively little research on improving the energy
utilization of artificial sources. Based on long-offset transient electromagnetic methods, Xue
Guogqiang et al. proposed the short-offset transient electromagnetic method. By exciting
electromagnetic field signals using grounded line sources and observing the response in the near-
source zone along the equator, with offset distances typically 0.5-1.5 times the exploration depth, this
method can achieve deep exploration with relatively short offsets [12].

The CSAMT method can use either magnetic field sources or electric field sources as artificial
sources. Due to differences in implementation, to achieve the exploration effect of an electric field
source, a magnetic field source requires more than 10 times the supply current [13]; therefore, in
practice, electric field sources are mainly used. Tensor CSAMT employs two grounded horizontal
electric dipole antennas in mutually perpendicular directions, allowing the establishment of a three-
dimensional current field underground. Since the grounded horizontal electric dipole antennas in
these two directions are independent dipoles with individually varying electromagnetic field
components, they can measure a total of 10 components [14]. Tensor CSAMT typically uses two
mutually perpendicular sources to establish a three-dimensional current field underground and
measure the 10 components of the electromagnetic field. The electromagnetic field components
generated by the horizontal dipole are Ey4,E,q, Hyy, Hy1, Hy;, while those in the perpendicular
direction are Ey,, Eyp, Hyp, Hyp, Hyp . All 10 components need to be measured to determine the
impedance tensor. Common tensor CSAMT construction instruments include two types: L-shaped
sources and cross-shaped sources.
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Figure 1. Artificial field source type of tensor CSAMT.
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The leftmost type in Figure 1 is the tensor CSAMT cross-shaped field source transmitter, with its
core consisting of two sets of horizontal electric dipoles arranged perpendicularly [15]. In operation,
the transmitter alternately supplies power to the two electrode pairs (A-B and C-D), thereby
generating underground current fields in the x and y directions, respectively. This time-sharing
excitation method allows the receiver to independently observe the electromagnetic field responses
in the two orthogonal directions. The middle type in Figure 1 is the tensor L-shaped field source
transmitter, also composed of two mutually perpendicular horizontal electric dipoles [16]. At a
certain point in the far-field region, the electromagnetic field intensities produced by horizontal
electric dipole 1 are Ey . E, . Hy -+ H, , and at the same point, those produced by horizontal

electric dipole 2 are Ey,. Ey . Hy, H,,. At that point, the electromagnetic field intensity of the L-

shaped field source follows the principle of vector superposition, meaning that the fields from
multiple dipole sources can be combined according to vector addition. Therefore, the electromagnetic
field at a given point generated by these dipole sources is equal to the vector sum of the fields
produced by each dipole at that point.

The rightmost part of Figure 1 shows a schematic diagram of a rotating dipole device, which is
different from the two transmission devices above. This device consists of three pairs of dipole
transmitters, each made up of three grounded electrodes, A, B, and C. In other words, the three
electrodes are respectively connected to the outputs of the tensor transmitter. Under the control of
the pulse width modulation controller, the device simultaneously sends the same specified
amplitude, frequency, and adjustable polarity currents I;, I,and I3 underground. These three
currents combine underground to form the current vector I at the specified frequency. Changing the
polarity and amplitude of any of these three currents, according to the vector synthesis principle, will
also change the amplitude and polarity of I. Therefore, by selecting the currents I, I, and I3,
electromagnetic field signals in any polarization direction can be obtained.

The antenna system is the core device for transmitting and receiving radio waves, responsible
for converting guided waves into electromagnetic waves and vice versa. Basic antennas can handle
conventional tasks, but modern radio systems demand higher performance, such as low sidelobe
anti-interference [17], specific beam coverage, and spatial scanning [18]. To address these needs, array
antenna technology arranges multiple identical antenna elements in a regular linear or planar
configuration, applies excitation to them, and leverages electromagnetic wave interference to achieve
enhanced directivity or beam control [19]. Developed since the mid-20th century, this technology has
been applied in radar, satellite communications, resource exploration, and environmental monitoring
[20], and has spurred the development of pattern synthesis technology to optimize performance.

The radiation pattern of an array antenna can be flexibly controlled by adjusting the number of
elements, layout, excitation amplitude, and phase [21]. For different application scenarios, such as
low sidelobe anti-interference, null suppression, or flat-top beam coverage, the pattern shape needs
to be customized [22]. The main methods for pattern synthesis include deterministic synthesis
(achieving precise correlation through mathematical functions [23]) and stochastic synthesis, which
relies on random or global optimization algorithms [24].

1) Deterministic Synthesis Methods: These include two methods for uniform array needle
beams: the Dolph-Chebyshev synthesis method and the Taylor synthesis method [25], as well as two
methods for shaped pattern synthesis: the Woodward-Lawson and Elliott-Stern synthesis methods
[26].In array antenna pattern synthesis, Dolph initially used Chebyshev polynomials to optimize the
performance of side-lobe arrays [27], controlling the excitation amplitude through polynomial
coefficients to minimize the main lobe width at a fixed side-lobe level. However, when the number
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of array elements increases, this method reveals some drawbacks, such as all-equal side-lobes
wasting radiated power and uneven edge current distribution. Taylor addressed these issues by
utilizing the side-lobe attenuation characteristics of the sampling function (Sa function), combining
the Sa function with the ideal spatial factor of a line source, and proposing the Taylor synthesis
method [28], which decreases the side-lobe level starting from the nth side-lobe while keeping equal
side-lobes in the main beam region. This method has become mainstream for low side-lobe synthesis,
and deterministic synthesis methods are characterized by low computational load and high speed.

2) Uncertainty Synthesis Algorithms: Global optimization algorithms or stochastic optimization
algorithms are a class of algorithms for solving non-convex optimization problems to search for the
global optimum [29]. Common algorithms include genetic algorithms, simulated annealing, particle
swarm optimization, cross-entropy algorithms, differential evolution algorithms, and so on [30].
These methods are mainly applied to non-convex optimization problems in array antenna pattern
synthesis, such as array sparsity, and can achieve good results [31]. However, these global
optimization algorithms are computationally intensive, and the computation increases rapidly as the
number of unknowns grows [32].With social progress, human-made interference in the environment
has become increasingly severe, and electronic noise poses a significant threat to CSAMT data
reception [33]. Artificial source antennas act as spatial filters in exploration [34], serving as the first
line of defense against interference in CSAMT [35]. Antenna anti-interference technologies mainly
include low-sidelobe/ultra-low-sidelobe designs, sidelobe masking, adaptive sidelobe cancellation,
adaptive array systems, beam control, antenna coverage, and scanning control, among others [36].
Conventional single-dipole antennas and non-adaptive array antennas have fixed beam directions,
making it impossible to automatically track the reception point while suppressing interference, which
makes it difficult to meet the exploration requirements in complex electromagnetic environments
[37].

The fundamental difference between adaptive beamforming and non-adaptive beamforming
(i.e., pattern synthesis) lies in the method for determining weights: the former calculates the element
weights dynamically based on real-time received signals, while the latter sets fixed weights according
to a predesigned target pattern. The pattern of adaptive beamforming can change adaptively with
interference signals and noise environments, thereby significantly improving resolution and
interference suppression capabilities. As an emerging approach, adaptive array antenna technology
achieves real-time beam control through algorithms, with the core objective of autonomously
aligning the direction of receiving units while maintaining low sidelobe characteristics of the main
beam, maximizing the amplitude of received electric field signals, and effectively suppressing or
reducing interference intensity.

Based on the fixedness of the weight vector, beamformers can be divided into adaptive and
conventional types [40]. The conventional type uses a fixed weight vector, which is simple to
implement but limited by the uncertainty of the received signal, resulting in restricted estimation
performance [41]. Adaptive beamforming technology dynamically optimizes the weight vector using
received data and specific design criteria such as minimum mean square error, minimum variance,
constant modulus, or maximum signal-to-interference-plus-noise ratio (SINR) criteria, enhancing
interference suppression and improving resolution [42]. This paper focuses on the adaptive
beamforming method based on the maximum SINR criterion, conducting an in-depth study of
adaptive beamforming techniques for L-shaped array field sources, with particular emphasis on
exploring the algorithma potential in suppressing side interference and dynamically optimizing
beam direction. Its ultimate value lies in providing a novel intelligent field source solution for high-
precision tensor CSAMT exploration.

2. Theoretical Foundation

2.1. CSAMT Basic Equations

In electromagnetic detection, the skin depth reflects the depth of electromagnetic exploration.
Chen Weiying and others further proposed the concept of effective skin depth, extending the
definition to the entire field domain, that is, the depth at which the amplitude of the electromagnetic
field from an artificial source decays to 1/e of the surface amplitude [44]. Studies show that the
effective skin depth of different electromagnetic field components is correlated with the mediums
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conductivity, the transmission frequency, and the transmitter-receiver distance. Chen Mingsheng
and others pointed out that the actual depth of artificial source electromagnetic detection is controlled
not only by the frequency and resistivity but also by the transmitter-receiver distance and ground
electrical section parameters. The electromagnetic field of CSAMT is divided into near, transition,
and far zones based on the distance from the source; only in the far zone can it be approximated as a
plane wave field, allowing the detection depth to be directly estimated using the skin depth [43]. The
near-field is independent of frequency and loses depth measurement capability, so it is necessary to
increase the transmitter-receiver distance to meet far-zone conditions, thereby enhancing detection
depth and stratigraphic resolution. In the far zone, when electromagnetic waves at a certain
frequency propagate within a half-space, and the ratio of the electromagnetic wave amplitude at a
point on the surface to the amplitude at a certain depth beneath that point is e, that depth is defined
as the skin depth of the electromagnetic wave at that frequency, with the expression::

_ AL o
5_2”~503\ﬁ 1)

In the formula, § is the skin depth, p is the resistivity, f represents the frequency of the
electromagnetic wave, and 1 represents the wavelength of the electromagnetic wave.

Cagniard apparent resistivity is the core method for calculating apparent resistivity using the
CSAMT method. Its formula is based on the assumption of a uniform half-space, and it is mainly
applicable in the far-field region, where electromagnetic waves enter the subsurface in a quasi-plane
wave form, allowing the apparent resistivity to objectively reflect the vertical changes of the
subsurface electrical section. In the near-field or transition zones, however, the calculated results can
be severely distorted due to non-plane wave effects and cannot represent the true subsurface
electrical structure. In actual field surveys, the formula needs to be corrected. At the measurement
points, the corresponding frequency components of the electric field E, and the orthogonal
horizontal magnetic field component H, are measured successively, and the Cagniard apparent
resistivity p; and impedance phase ¢, are calculated using the formula:

2

1
v Pz = Pp, — P, )

p,=—

wp

Ey

Hy

In the formula, u is the magnetic permeability; w = 2rf; f is the frequency; ¢ is the phase
of the magnetic field component H,; ¢g, is the phase of the electric field component E,. By
sweeping the frequency from high to low, the variation characteristics of the Kani resistivity with
frequency can be obtained, thus enabling frequency-domain sounding observations.

Tensor CSAMT uses two overlapping or separate artificial field sources to measure 10
electromagnetic field components(Eyy, Ey1, Hy1, Hy1, H;a M Ey, Eyyp, Hyz, Hyyp, Hy,). Tensor CSAMT can
provide more information about subsurface targets and is generally used to investigate complex or
anisotropic geological bodies.

Currently, tensor CSAMT measurements are mainly implemented through separated (left of
Figure 2) and overlapping field sources (right of Figure 2). Both methods use two independent single
electric dipole sources to inject alternating currents into the ground, thereby exciting electromagnetic
fields. The vector superposition and interference effects of electromagnetic waves in the far-field
region are then used to obtain more complete tensor electromagnetic field data. The core difference
lies in the spatial arrangement: in the separated layout, the distance between field sources is relatively
large, causing significant interference of the electromagnetic waves along the propagation path; in
the overlapping layout, the field sources are positioned almost identically, with the electromagnetic
waves being co-located in origin, resulting in relatively minimal interference.

Artificial Field

Artificial Field Artificial Field Source 2
Transmission and

Sou;cel/' Transmission and Source 2 R
. Reception ~ Artificial Field ™ < F O
~
~ X2

Source 1

Figure 2. Tensor CSAMT.
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Whether using scalar, vector, or tensor measurements, the radiation pattern obtained from
theoretical calculations and simulations shows that within the 360° angular range, each component
of the electromagnetic field has certain weak areas, referred to as enull zones.oTherefore, to ensure
data quality, the measurement area is strictly limited, and it becomes difficult to perform
measurements once outside this area.

2.2. Array Antenna Theory

Array antennas can be classified into two types: non-adaptive and adaptive [46]. Non-adaptive
antennas use preset fixed weights and cannot respond to changes in the external environment [47],
which limits their range of applications. Adaptive antennas, on the other hand, can adjust their
weights in real time. Through the adaptive beamforming (AB) process [48], they enhance the output
in the direction of the desired signal while suppressing interference. Thanks to the interference and
superposition effects of electromagnetic waves, array antennas (such as combinations of multiple
radiators) achieve superior radiation characteristics compared to a single antenna through spatial
energy reorganization. When analyzing the radiation problem of a specific current source, the
distribution of the current source is usually specified first, and then the radiation field generated by
that specific current source is calculated. For a given time-harmonic current source J, the vector
magnetic potential A is usually introduced to obtain its radiated electromagnetic field. It can be

derived that:
v(7-4) XA
e 4 =70 ©
Array antennas achieve flexible control of electromagnetic wave radiation characteristics
through the cooperative operation of multiple elements. The core principle lies in utilizing the
interference effect of electromagnetic waves in space. By precisely controlling the excitation
amplitude and phase of each element, the radiated electromagnetic field can coherently add or cancel
in specific regions, thereby forming directional beams or specific radiation patterns49. This
interference phenomenon gives array antennas design freedoms far beyond those of a single antenna,
enabling them to meet high-level requirements for beam shape, directionality, and anti-interference
capability in complex application scenarios50. In a uniform medium, the radiated electromagnetic
field produced by multiple correlated source currents follows the principle of vector superposition,
and its total field can be expressed as:

E, = —jwA —

E=—jwA- ijMEV(VA) @)

HziVxA ()

Here, A represents the vector magnetic potential of the current source; u represents the relative
magnetic permeability of the medium; & represents the dielectric constant of the medium. According
to the wave equation:

V2A + k%A = —pf (6)

Here, | represents the linear current density of a linear radiating source, which also applies to
a planar radiating source. As shown in Figure 3, the linear current density is along the y-axis.

z

Figure 3. Linear radiation source.

If the length of a linear current source is L, and r is the distance between the linear current source
and an observation point P in space, then the vector magnetic potential A at the observation point P
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in space is given by equation (7). If a linear radiating source is equivalent to N small current
elements, then the vector magnetic potential at any point in space generated by each element, when
superimposed, gives the total radiated field according to equation (8). Therefore, whether it is a linear
or planar current source, the magnetic vector potential of the total field follows the principle of
superposition and can be equivalently represented by a discrete array of sources.
(e ik
A=y.| LODE 4,

- @)
®)

A linear array consists of N isotropic antenna elements arranged coaxially along the x-axis. Let
the nth element be at a distance x,, from the origin, as shown in Figure 4.

—jkr
_yN — L H N e )m
AT - Zn:lAn - y;z:n:l

™

A A A A
A

/ / / /
/ / /

Figure 4. Uniform linear array.

I, and @, are the amplitude ratio and phase difference of the nth element compared to the first
element. The complex current of the nth array element is expressed as:

I, = I,e/%n 8)
According to the principles of electromagnetic wave interference and superposition, assuming

point P is located infinitely far from the array in space, the radiation field of the linear array at this
point is:

- _q .60l _; . 7
E= 211’\{:(:][ E, = ﬁ:&]ﬁe Jkrn fn(Q)e]k(To ™)On (9)

Based on the principle of electromagnetic wave interference and superposition, the pattern map
product theorem is established, and f(8), s(8) and f.(8)are used to represent the pattern map,
array factor and unit pattern function of the antenna array:

f(0) = fe(6)s(6) (10)
According to Equation (10), the pattern diagram function of an array antenna is determined by
the product of the element pattern and the array factor, which is the pattern product theorem. The
theorem is established under the influence of neglect or the coupling of the alignment elements. The
array factor characterizes the influence of the geometric layout, spacing and excitation amplitude
phase distribution of the array on the radiation characteristics, which can be regarded as the direction
function of the point source array. Therefore, by optimizing the array factor (Equation 10), the overall
directional performance of the array can be effectively controlled under the premise of fixing the
element pattern. When the array elements are equally excited and the phase center is at the origin,
the normalized array factor can be simplified to Equation (12). For a rectangular plane matrix
arranged in a rectangular grid, if the excitation amplitude of each element can be separated (I, =
Lm - L), the result of multiplying the patterns of the two orthogonal linear arrays is the pattern of
the plane array.

s(u) = Xn=g I, e/™ (11)
_ s(_u) __ sin(Nu/2)
s(u) = IoN ~ Nsin(u/2) (12)
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As shown in Figure 5, in the xy plane, there is a rectangular grid planar array with N, X N,,
elements, with row spacing d, and column spacing d,,.

Figure 5. Uniform planar array.

The coordinate position of the mnth unit is:

{xm =md,m=012...N, —1

Yo =ndyn=012...N, — 1 (13)

The position vector is p = Xx,,, + ¥y, = md,, + Ind,,, and the excitation current of the first mn
element is I, and the radiation field in the far field is represented as follows:

. e JkRmn . eikr o (Rmn—T)
Emn = CIMTLW = Clmn - e JherSimn (14)

Path difference is:
Rypn—1=—F-p=—(xpcosQ+y,sing)sing = —(mdx cos ¢ +nd,, sin <p) sin6 (15)
Then the far-field radiation of the mn-th element is:

]k(mdx cos p+ndy sin @) sin 6

Epn = Clin (16)
The far-field radiation of the entire planar array is:
—jkr ; ; —jkr
Ep = S S En = € o S TN Iy o/ COOIMAySINOSING T (g, ) (17)

According to the theorem of the product of directional diagrams, the array factor in the formula
is:

I (mdy cos p+ndy sin @) sin 6

S, (P) = %;%) Zg;(} imn e

If the planar array is distributed by column as I, = I,,e/™* and by row as iyn = ynej"“y,
then

(18)

imn = 1xm : iyn = Ixmlynej(maX+nay) (19)
L4y and I, are the amplitude distributions of linear arrays arranged along the x and y
directions; a, and a, are the uniform phase increments of the linear arrays arranged along the x

and y directions. Substituting equation (19) into the array factor formula gives:

5(6,9) =S,(6,9) 5,06, 9) (20)
For a uniform planar array, I, = I,, = 1, we can obtain:
sin(Muy/2) Sm(Nuy/Z)
S () = sin(uy/2) ’ y( y) stn(uy/z) (21)

When u, = kd, cos ¢ sin0 + a, = 0, the maximum value of S,(u,) occurs, and when 8 = 6,
. o , —Qy
and ¢ = ¢, are the maximum beampointing, then cos ¢, sin 6, = R In the same way, when u, =

X
kd, sin ¢ sin6 + a,, = 0, the maximum value of Sy(uy) occurs, and when 6 = 6,and ¢ = ¢, are

. . . , . -
the maximum beam direction, then sin ¢, sin 6, = kTy'
y
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3. Simulation Study of L-Shaped Array Adaptive Directional Pattern

3.1. Traditional Separated Tensor CSAMT Simulation

The traditional separation tensor CSAMT model based on a single electric dipole antenna artificial
field source is shown in Figure 6. Its half-space parameters and the single electric dipole antenna
artificial field source parameters are the same as those of the previously mentioned CSAMT model
based on a linear array artificial field source. The model consists of a sphere with a radius of 10 km,
where the upper half-space is an air domain (¢, =1, p, =1 and g = 0Sm™?), and the lower half-
space is a soil domain (¢, =3, u, =1 and o = 0.01 Sm™).

In the model, two single electric dipole antenna artificial field sources, each with an arm length
of 1 km and an arm radius of 0.05 m, are placed on the surface of the ground. They are located at two
corners of an isosceles right triangle with a hypotenuse of 8 km and positioned perpendicular to each
other at 90°. Each single electric dipole antenna artificial field source applies an alternating current of
50 kW.

Figure 6. The traditional separation tensor CSAMT model based on single electric dipole antenna artificial field

source.

Figures 7 to 9 illustrate the electromagnetic field interference phenomenon of two single electric
dipole antennas in traditional separated tensor CSAMT under in-phase excitation. When the
antennas are excited in-phase, the radiated energy flow splits into five beams due to interference.
Measurement lines usually start from the cross point midway between the two antennas and extend
outward along the central beam. This cross point is an ideal starting location for tensor measurements
because the electric and magnetic field components are balanced, the energy flux density is high, and
the signal-to-noise ratio (SNR) is even. As the distance increases, the energy gradually attenuates,
limiting the measurement area.

Figure 7 shows the amplitude and direction of the electric field. The direction of the electric field
is always parallel to the orientation of a single dipole, forming a linearly polarized electromagnetic
wave. The electromagnetic wave propagates in a deamepattern, which results from the interference
and superposition of electromagnetic waves, that is, the electromagnetic waves from the two
antennas interfere with each other, redistributing the energy. Where the electric field is strong, the
magnetic field is weak, and vice versa, in accordance with the law of conservation of energy. This
phenomenon requires a certain distance between the two antennas; if the antennas are co-located, the
differences between the waves do not change with the observation angle, and directional selective
interference cannot be produced.
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Figure 7. Side view of electric field amplitude and direction of traditional separation tensor CSAMT.
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Figure 8. Side view of magnetic field amplitude and direction of traditional separation tensor CSAMT.

Figure 8 shows the magnetic field amplitude and direction. According to electromagnetic wave
propagation theory, the magnetic field and electric field induce each other and are orthogonal. In the
figure, it is clearly seen that the direction of magnetic field oscillation is always perpendicular to the
orientation of a single electric dipole. Figure 9 shows the direction of the Poynting vector, which
represents the direction of energy flow; both the electric and magnetic field directions are
perpendicular to it.

phi4)=0 rad Mutisice: 20%10g10(emw.nomE) Arrow Volume: Powes fow, time average

Ao

A A
s ;\wk;

Figure 9. Side view of electric field amplitude and Poynting vector direction of traditional separation tensor
CSAMT.

3.2. L-Shaped Array Field Source Adaptive Pattern Synthesis Simulation

The tensor CSAMT model based on the L-shaped array artificial source is shown in Figure 10.
By replacing the single electric dipole sources in the traditional separated configuration with two sets
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of coaxial linear arrays of oscillators, comprehensive control of the radiation pattern and adaptive
beam steering is achieved. The electric field amplitude and direction when the two sets of
perpendicular separated coaxial linear arrays of the L-shaped array artificial source are excited with
equal amplitude are shown in Figure 11.

o
Figure 10. Separation tensor CSAMT model based on L-type array artificial field source.

phi4)=0 rad Mukisice: 20%og10{emmw.normé) Arrow Volume: Electric field
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Figure 11. Side view of electric field amplitude and direction of tensor CSAMT based on L-type array artificial

field source under equal scale excitation.

phid)=0 rad Mulsice: 20%og10(emw.normi) Arrow Vokume: Magnetic fied g
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Figure 12. Side view of magnetic field amplitude and direction of tensor CSAMT based on L-type array artificial

field source under equal scale excitation.
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Figure 13. Side view of electric field amplitude and Poynting vector direction of tensor CSAMT based on L-type
array artificial field source under equal scale excitation.

When a total power of 50kW with equal amplitude excitation is applied to the 3x1 coaxial dipole
linear arrays on both sides of the L-shaped array, meaning that each of the three array elements is
supplied with 720V AC, the uncombined pattern exhibits high sidelobe levels, causing the main lobe
energy to disperse and interfere with the receiving points. The beams of the two arrays interfere and
superimpose, resulting in a 45° deflection in the propagation direction of the synthesized beam.

According to the principles of electromagnetic field interference and energy conservation,
magnetic field energy is distributed in multiple beams and is complementary to electric field energy:
where the magnetic field is strong, the electric field is weak, and vice versa. This distribution allows
the energy beams to dit togetherein space, similar to a mortise-and-tenon structure. Therefore,
compared with Figure 11, the energy beams in the two diagrams can dit together.oFigure 13 further
shows the direction of the Poynting vector, which indicates the direction of energy flow,
perpendicular to both the electric and magnetic fields, suggesting that interference between the two
coaxial oscillator arrays causes the beam propagation direction to deflect 45°, radiating toward the
lower right corner. At this point, the central cross point in the figure has relatively high electric field
intensity, with balanced electromagnetic field components in the x and y directions, which is the
traditional measurement region. However, since the beam has not undergone adaptive adjustment,
the exploration range is limited, and energy at the periphery decays rapidly.

Figures 14 to 15 show the electric field amplitude and direction, magnetic field amplitude and
direction, and Poynting vector direction when a total power of 50 kW Taylor weighting is applied to
a 3x1 coaxial dipole linear array in an L-shaped artificial field source, with the three array elements
respectively receiving AC excitations of 502 V, 1055 V, and 502 V. Compared with equal-amplitude
excitation as in Figure 11, Taylor synthesis significantly improves the radiation pattern performance,
with the sidelobe levels and number noticeably reduced, effectively decreasing multipath
interference at receiving points. Due to energy conservation, the reduction of sidelobes enhances the
main lobe energy, creating an optimization effect of “gain at the expense of loss,” thereby significantly
improving the signal-to-noise ratio (SNR) of the received signals. Theoretically, completely
eliminating sidelobes could achieve an infinite SNR, but this is difficult to achieve in practical
exploration. This study demonstrates that pattern synthesis effectively suppresses sidelobes, and
from the perspectives of energy utilization and anti-interference capability, the method significantly
enhances the exploration accuracy and resolution of tensor CSAMT. Figure 15 also shows that the
magnetic field energy is redistributed, with a complementary relationship to the electric field energy,
generated through mutual induction.
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Figure 14. Side view of electric field amplitude and direction of tensor CSAMT based on L-type array artificial
field source under Taylor weighted excitation.
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Figure 15. Side view of magnetic field amplitude and direction of tensor CSAMT based on L-type array artificial

field source under Taylor weighted excitation.
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Figure 16. Side view of electric field amplitude and Poynting vector direction of separation tensor CSAMT based

on L-type array artificial field source under Taylor weighted excitation.
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Figure 17. Side view of electric field amplitude and direction of tensor CSAMT based on L-type array artificial
field source under Taylor weighted excitation and 0.69813rad phase difference.

In the uniform half-space model shown in Figure 10, the linear arrays of coaxial dipoles on both
sides of the L-shaped array use Taylor weighting (502V, 1055V, 502V) with variable phase excitation.
By setting the port phases to change arithmetically (element 1 at 0 rad; element 2 varying from -
0.69813 rad to -2.0944 rad; element 3@ phase difference is twice that of element 2), as shown in Table
1, this rule is used to control the direction of the main lobe.

Table 1. Arithmetic Pd for the different lumped ports, identified by their lumped port name.

Arithmetic Phase Difference Coaxial Resonator Linear Array

Lumped Port
0 [rad] Portl
ph range(-0.69813, 0.69813, -2.0944 [rad]) Port2
2*ph [rad] Port3

Figures 17 to 19 show the side view of the electric field amplitude and direction after Taylor
weighting is applied to the separated tensor CSAMT based on an L-shaped array artificial field
source, with phase differences of 0.69813 rad, 1.3963 rad, and 2.0944 rad applied, respectively. It can
be seen that as the phase difference increases, the edges of the beam shift outward, demonstrating
that as the phase difference increases, the beam scans from the cross point along the 45° line toward
the lower right corner. When performing L-shaped field source tensor CSAMT, as excitations with
different phase differences are applied, the beam direction will change accordingly.

]

3963 rad Muisice: 20vi0g10(emw.norme) Arrow Volume: Electric field

Aes

Figure 18. Side view of electric field amplitude and direction of tensor CSAMT based on L-type array artificial
field source under Taylor weighted excitation and 1.3963rad phase difference.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0929.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2025 d0i:10.20944/preprints202511.0929.v1

15 of 26

phi1)=2.0944 rad Muliskce: 20%010(emw.normE) Arrow Volume: Electric field
x10°m

xo'm 03 ° o5 1 10

H

Figure 19. Side view of electric field amplitude and direction of tensor CSAMT based on L-type array artificial
field source under Taylor weighted excitation and 2.0944rad phase difference.

Now lets observe the beam scanning from the perspectives of the magnetic field and the
Poynting vector. Consistent with the electric field situation, the beam energy also flows diagonally
45° toward the lower right, as shown in Figures 20 to 25. Figures 20 and 21 show the magnetic field
distribution after excitation with phase differences of 1.3963 rad and 2.0944 rad. It can be seen that as
the phase difference increases, the main beams magnetic field energy is pushed outward.

Ph(3)=-0.69813 rad Multislce: 20%0g10(emw.normH) Arrow Volume: Magntic field e
X104 m
A3

60

Figure 20. Side view of magnetic field amplitude and direction of tensor CSAMT based on L-type array artificial
field source under Taylor weighted excitation and 0.69813rad phase difference.
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Figure 21. Side view of magnetic field amplitude and direction of tensor CSAMT based on L-type array artificial

field source under Taylor weighted excitation and 1.3963rad phase difference.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0929.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2025 d0i:10.20944/preprints202511.0929.v1

16 of 26

Ph(1)=-2.0944 rad Multislice: 200g10(emw.normH) Arrow Volume: Magnetic field
x10*m

.
x0tm 05 o 05 1 60

Figure 22. Side view of magnetic field amplitude and direction of tensor CSAMT based on L-type array artificial
field source under Taylor weighted excitation and 2.0944rad phase difference.
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Figure 23. Side view of electric field amplitude and Poynting vector direction of tensor CSAMT based on L-type
array artificial field source under Taylor weighted excitation and 0.69813rad phase difference.
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Figure 24. Side view of electric field amplitude and Poynting vector direction of tensor CSAMT based on L-type
array artificial field source under Taylor weighted excitation and 0.69813rad phase difference and 1.3963rad
phase difference.
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Figure 25. Side view of electric field amplitude and Poynting vector direction of tensor CSAMT based on L-type
array artificial field source under Taylor weighted excitation and 0.69813rad phase difference and 2.0944rad
phase difference.

The comparison of electric field amplitudes after applying equal-amplitude excitation and
Taylor weighting for traditional tensor CSAMT and separated tensor CSAMT based on L-shaped
array artificial field sources is shown in Table 2. The electric field values were measured at points
where (x, y, z) are (0, 0, 0), (1000, -1000, 0), (4000, -4000, 0), and (6000, -6000, 0).

Table 2. Electric field amplitudes(mV/km) comparison of traditional tensor CSAMT, equal scale excitation and
Taylor weighted based on the separation tensor CSAMT of L-type array artificial field sources.

(0,0,00  (1000,-1000,0) (4000, -4000,0) (6000, -6000, 0)

Traditional tensor ~ 0.44965 0.42756 0.19111 0.07511
Equal incentive 1.17781 1.11731 0.75391 0.54028
Taylor Series 1.38158 1.24552 0.93365 0.49438

As can be seen in Figure 26, whether it is a traditional tensor, L-shaped array with uniform
amplitude excitation, or Taylor synthesis, the electric field amplitude is highest at the point (0, 0, 0)
and gradually decreases outward. Among them, the electric field values of the L-shaped array with
uniform amplitude excitation are higher than those of the traditional tensor CSAMT, and the electric
field values of the L-shaped array after Taylor synthesis are even higher than those with uniform
amplitude excitation. It can be seen that the application effect of array antennas and the Taylor
synthesis method is still quite obvious. As shown in Figure 27, when conducting CSAMT adaptive
beamforming exploration based on an L-shaped array antenna artificial field source, with the
scanning of the beam, a curve is formed at the receiving end where the electric field amplitude varies
with the phase difference. At this point, performing CSAMT tensor exploration based on the phase
difference corresponding to the maximum electric field amplitude completes the adaptive
beamforming process.

Lileetric field norm (mV/km)

oaf - \
02F

0 L L L L L
{0.0,0) (1000.-1000,0) (4000.-4000,0) (6000,-6000,0)
Position (km)
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Figure 26. Electric field amplitudes comparison of traditional tensor CSAMT, equal scale excitation and Taylor

weighted based on the separation tensor CSAMT of L-type array artificial field sources.

T
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——2.0944 rad_|]

Llectric ficld norm (mV/km)
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04 . . . . .
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Position (km)

Figure 27. Electric field amplitudes comparison of Taylor weighted based on the separation tensor CSAMT of L-

type array artificial field sources under different phases.

The comparison of electric field amplitudes in Table 3 shows that when the phase difference is
0 rad, the beam points to the center (0,0,0), with the maximum electric field amplitude that decays
outward; as the phase difference increases from 0.69813 rad to 2.0944 rad, the beam peak shifts
outward, visually illustrating the beam scanning process.

Table 3. Electric field amplitudes(mV/km) comparison of Taylor weighted based on the separation tensor

CSAMT of L-type array artificial field sources under different phases.

0,0,0) (1000, -1000, 0) (4000, -4000, 0) (6000, -6000, 0)

Orad 1.38158 1.24552 0.93365 0.49438
0.69813rad 1.24177 1.33122 1.03575 0.68539
1.3963rad  1.18064 1.14057 1.23365 0.75419
2.0944rad  1.08377 1.02522 1.12376 1.15455

4. L-Shaped Array Field Adaptive Directional Pattern Test

4.1. Conventional Triaxial Test

Figure 28 shows the layout of a traditional separated tensor CSAMT field test. Two sets of single
electric dipole artificial sources are placed perpendicular to each other and separated. The white area
in the figure represents the conventional survey range, because within this area, the x-axis and y-axis
components of the electromagnetic field are roughly equal in amplitude. As a result, the calculated
tensor impedance and impedance phase are relatively accurate. Beyond this range, the differences in
the electromagnetic field components along the two perpendicular directions are significant, bringing
considerable errors to data processing. The green points in the figure denote regular survey points,
where the amplitudes of the electromagnetic field components along the two perpendicular
directions are relatively large. The amplitudes at the yellow and orange points gradually decrease.
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Figure 28. Traditional separated tensor CSAMT.

Figures 29-31 show the vertical electric field amplitudes at the traditional measuring point,
comparison measuring point 1, and comparison measuring point 2, respectively. The data indicate
that from the traditional measuring point to comparison measuring point 2, the electric field
amplitude gradually decreases: although the amplitude at comparison measuring point 1 is lower
than at the traditional measuring point, it can still be used for exploration when external interference
is minimal; the electric field amplitude error at comparison measuring point 2 is too large, making it
inadequate for tensor measurements.
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Figure 29. Electric field amplitude in x and y directions of traditional measuring point.
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Figure 30. Electric field amplitude in x and y directions of measuring point 1 for comparison.
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Figure 31. Electric field amplitude in x and y directions of measuring point 2 for comparison.

4.2. L-Shaped Array Field Source Adaptive Beam Pattern Test

Figure 32 shows the field test layout of the tensor CSAMT based on L-shaped array artificial
sources. Two sets of linear array artificial sources are placed perpendicular to each other and
separated, forming an L-shaped array.
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Figure 32. Tensor CSAMT based on L-type array artificial field source.

Figures 33 to 35 show the amplitude values of the electric field in two vertical directions at the
traditional measurement point and comparison measurement points 1 and 2 in the exploration area,
after synthesizing the directional diagram of the tensor CSAMT for an L-shaped array artificial field
source. Consistent with the case of a tensor CSAMT using a single dipole antenna artificial field
source, the electric field amplitude gradually decreases from the traditional measurement point to
comparison measurement point 2. However, due to the directional diagram synthesis, the energy is
effectively concentrated. The data show that the measurements at comparison measurement point 2

are still usable, whereas the data at comparison measurement point 2 with a single dipole antenna
artificial field source have significant errors.
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Figure 33. Electric field amplitude in x and y directions of traditional measuring point (after pattern synthesis).
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Figure 34. Electric field amplitude in x and y directions of measuring point 1 for comparison (after pattern
synthesis).
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Figure 35. Electric field amplitude in x and y directions of measuring point 2 for comparison (after pattern
synthesis).
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Figures 36 to 37 show the changes in the electric field amplitude in two vertical directions at
comparison measurement points 1 and 2 in the exploration area after performing tensor CSAMT
adaptive beamforming with an L-shaped array artificial field source. The setup is consistent with the
COMSOL simulation model described in previous chapters, where three elements in each vertical
linear array are sequentially excited with different phase differences. In this way, the beam is
gradually pushed outward along the white area, achieving the goal of scanning across the explorable
area. As can be seen from the figures, as the beam is pushed outward, the amplitude gradually
increases, reaching a peak at comparison point 2, consistent with the numerical simulation data,
realizing large-scale, strong-amplitude detection within the exploration range.
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Figure 36. Electric field amplitude in x and y direction of measuring point 1 for comparison (after adaptive

beamforming).
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Figure 37. Electric field amplitude in x and y direction of measuring point 2 for comparison (after adaptive

beamforming).

5. Conclusion

To address the problem of low energy utilization in the far-field region of CSAMT, this study
proposes a tensor CSAMT pattern synthesis and adaptive beamforming method based on an L-
shaped array of artificial source fields, aiming to improve exploration signal-to-noise ratio and
resolution. Through system simulations, numerical modeling, and field tests, the following key
conclusions were drawn.:

A tensor CSAMT method based on an L-shaped array artificial field source is proposed,
synthesizing a controllable radiation field through two sets of orthogonal coaxial dipole linear arrays.
Compared with traditional separated field sources, the L-shaped array has the capability of pattern
synthesis and beam scanning, effectively addressing the issues of energy dispersion and limited
exploration range in conventional tensor measurements. Based on the maximum amplitude criterion,
an adaptive beamforming system is established. By feedback of the electric field data at the receiving
end, the phase and amplitude parameters of the transmitting array are adjusted in real time to achieve
dynamic beam direction optimization, significantly improving the signal-to-noise ratio in the target
area.
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A CSAMT adaptive transceiver system based on Beidou RDSS short messages was developed,
achieving time synchronization and remote parameter control between the transmitter and receiver.
Field tests showed that the system could stably perform beam scanning and energy focusing,
verifying the engineering feasibility of the adaptive approach. After combining an L-shaped array
with Taylor weighting, the sidelobe level was reduced by about 7 dB, and the main lobe energy was
significantly concentrated. With the same transmission power, the effective exploration range was
expanded, and the signal-to-noise ratio of the received signal improved, providing technical support
for detecting complex geological targets. This study realized the transition of the CSAMT artificial
source from @mnidirectional radiatione to alirectionally controllableo through array antenna
technology, offering a new high signal-to-noise, high-efficiency electromagnetic detection paradigm
for deep resource exploration.

Although the array antenna artificial field source developed in this project, which can perform
pattern synthesis and adaptive beamforming, has achieved good results in simulations and numerical
modeling, there are still many issues that need to be addressed, mainly as follows:

(1) Optimization of field source deployment efficiency. The current array antenna-type field
source requires far more grounding electrodes than traditional single dipole sources, resulting in a
significant increase in field deployment workload. In the future, more efficient deployment solutions
and automation technologies need to be studied to balance the contradiction between high-
performance exploration and field operation efficiency.;

(2) More comprehensive adaptive acquisition parameters. Currently, adaptive algorithms
mainly rely on the criterion of maximizing the electric field amplitude and have not fully utilized
magnetic field component information. In the future, the joint optimization acquisition strategy of
electric and magnetic field data will be explored to further improve data quality and anti-interference
capability through multi-parameter integration.;

(3) Higher device integration. The existing system adopts a separate architecture with GPS
timing and Beidou RDSS short message communication. The next step will be to promote the
integrated combination of timing and communication functions, utilizing the high-precision timing
capabilities of the Beidou system itself, simplifying device configuration, and improving the systems
reliability and engineering applicability.
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