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Abstract

Wireless short-range transmission is essential for precise wellbore trajectory control and
real-time formation evaluation. Its signal propagation characteristics are influenced by
multiple factors, including antenna type, drill collar, mud, and formation resistivity. Most
prior studies are based on Magnetic-field Antennas (MFA) and primarily focus on the
effects of formation resistivity variations, whereas the investigations on the influence of
drill collars and mud resistivity are limited. In this study, a three-dimensional finite-element
electromagnetic model of the “antenna–drill collar–mud–formation” system was developed
to investigate wireless short-range transmission. The model was used to characterize
and compare the electromagnetic field distributions of MFA and Electric-field Antennas
(EFA) under in situ conditions. On this basis, a set of parametric sensitivity analyses on
transmission performance was performed to quantify the effects of key factors, including
drill-collar conductivity and mud resistivity. The results reveal fundamentally different
electromagnetic field distributions for the two antenna types: (1) MFA is dominated by
localized circumferential magnetic flux loops, whereas EFA transmits signals through
axially extended eddy-current channels. (2) The drill collar exerts opposite effects on the
two antennas, suppressing signal levels for MFA while significantly enhancing transmission
for EFA, resulting in signal amplitudes that are 103 − 105 times higher. (3) In addition,
mud resistivity has little influence on MFA, whereas increasing mud resistivity leads to
the pronounced attenuation of EFA signals. These findings provide a quantitative basis
for antenna selection and performance optimization in wireless short-range transmission
systems under different Logging-While-Drilling (LWD) conditions.

Keywords: wireless short-range transmission; antenna type; finite-element simulation;
electromagnetic coupling model; influencing factor analysis

1. Introduction
As global oil and gas exploration reaches maturity, high-yield conventional reser-

voirs are increasingly depleted, and exploration and development efforts are shifting to
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unconventional and thinly interbed reservoirs with complex structures and strong het-
erogeneity [1,2]. Such reservoirs have more demanding requirements for real-time and
precision wellbore trajectory control. Ensuring that the drilled wellbore remains within
the intended reservoir intervals, thereby maximizing effective drainage area and recovery
factor, has become an engineering requirement in improving single-well productivity and
overall field development efficiency [3]. Conventional Measurement While Drilling (MWD)
and LWD systems typically place measuring sensors 50–100 feet (≈15–30 m) behind the
drill bit [4,5]. This inherent spatial lag affects the detection of formation boundaries in
thinly bedded reservoirs, lowering the timeliness of wellbore trajectory adjustments and
compromising the accuracy of real-time formation evaluation.

To overcome the spatial lag inherent in typical MWD/LWD tools, near-bit geosteering
instruments have been developed, such as Schlumberger’s iPZIG tool [6,7], Halliburton’s
GABI tool [8], and Baker Hughes’ OnTrak tool [9]. MWD/LWD tools place sensors for
natural gamma ray and inclination parameters within 0.5 m of the drill bit [10–13], thereby
enabling earlier and more reliable identification of formation boundaries within thinly
interbedded reservoirs in geosteering (Figure 1). The research on near-bit measurement
systems has shown how important downhole vibration tracking is for checking how well
drilling is going, how safe it is to use, and how well the tools are working. Landar et al. [14]
suggested an embedded smart controller for real-time evaluation of drill-string bottom-part
vibrations and shock loads. They showed that high-frequency vibration data collected near
the bit can help optimize drilling parameters and prevent failure, but only if downhole
data transmission and acquisition are reliable. In addition, field trials have shown that
vibration “exposure”—e.g., the percentage of time that LRMS/ARMS/Slip indicators
remain above threshold levels and the recurrence of stick–slip events—correlates with
bit wear and localized ROP decline, underscoring the need for near-bit channels capable
of supporting such monitoring metrics in real drilling conditions [15]. Nevertheless, the
space near the drill bit is extremely limited and subjected to intense vibration and impact.
Under such downhole conditions, wireless short-range transmission between near-bit
sensors and the MWD system is commonly achieved through three approaches: mud-pulse
telemetry, acoustic telemetry, and electromagnetic transmission. Traditional mud-pulse
telemetry is constrained by multiple sources of channel noise and the size limitations
of pulse generators, making reliable operation difficult under such conditions [16,17].
Acoustic telemetry is also restricted by the complex acoustic properties of drill collars
and severe signal attenuation [18,19]. Consequently, electromagnetic wireless short-range
transmission [20,21] has emerged as a key technology for real-time data transmission from
near-bit measurement systems. Owing to their high propagation speed (on the order
of the speed of light), strong resistance to interference, and compact system structure,
electromagnetic waves represent an ideal approach for achieving high-speed and stable
near-bit data transmission.

In recent years, extensive studies have been conducted by researchers worldwide on
electromagnetic Wireless short-range transmission, focusing on antenna design, electro-
magnetic coupling mechanisms, and signal attenuation characteristics [22–26]. Existing
near-bit electromagnetic short-range transmission antennas can generally be classified
into two categories: magnetic-dipole-type antennas (MFA) and electric-dipole-type an-
tennas (insulated-sub antennas or EFA). MFA typically employs multi-turn induction
coils wound along the tool axis, operating on principles analogous to those of induction
logging instruments. They exhibit stable electromagnetic responses and benefit from a
well-established engineering foundation [27–29]. Insulated short-collar antennas realize
electric-field excitation by introducing an insulation gap in the drill collar, which enables
relatively high transmission efficiency. However, their performance degrades significantly
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in highly conductive mud environments, and the introduction of insulation sections weak-
ens the mechanical integrity of the drill collar. Moreover, the insulation materials are prone
to erosion and damage under severe downhole vibration and impact conditions, which
limits their long-term reliability in practical applications.

 

Figure 1. Schematic diagram of electromagnetic wave for wireless short-range transmission. The
Bottom Hole Assembly (BHA) consists of the drill bit, a transmitting short sub, a downhole motor,
a receiving short sub, and the MWD tool located uphole. Sensors integrated in the transmitting
short sub acquire near-bit geological and engineering data, which are encoded and transmitted
wirelessly by the transmitting antenna across the motor section. The signal is received by the antenna
in the receiving short sub, decoded, and then relayed to the uphole MWD system, enabling real-time
wireless data transfer from the near-bit region.

For EFA, Li and Lin [30] developed an equivalent magnetic-dipole theoretical model
of a helical loop antenna in cased wells based on the finite-element method. They sys-
tematically analyzed the effects of operating frequency, drilling-fluid resistivity, and the
electromagnetic parameters of the drill collar and casing on electromagnetic wave attenua-
tion characteristics, and validated the model through field experiments, thereby providing a
theoretical basis for evaluating short-range electromagnetic transmission channels in cased
wells. Li et al. [31] established a high-fidelity low-frequency near-field electromagnetic
transmission numerical model based on the Numerical Mode-Matching (NMM) method.
By equivalently representing the asymmetric feeding structure of the drill collar as a mag-
netic current loop source, they systematically investigated the excitation, coupling, and
propagation characteristics of electromagnetic signals along a metallic drill collar in lossy
formations, and quantitatively revealed the controlling effects of feeding asymmetry, forma-
tion conductivity, operating frequency, and casing structure on transmission efficiency and
received signal amplitude. Liu et al. [32], through finite-element modeling combined with
experimental validation, conducted a systematic investigation of the signal response char-
acteristics of MFA and EFA in logging-while-drilling inductive electromagnetic short-range
transmission. Their study focused on the influence of formation and borehole environ-
mental parameters on transmission performance, providing quantitative guidance for the
design of related downhole instruments.

The prior studies predominantly focus on MFA, with particular emphasis on the
effects of formation resistivity variations, whereas the roles of drill-collar conductivity and
drilling-fluid resistivity in transmission performance have received comparatively limited
attention. Under wireless short-range transmission conditions, the electromagnetic field
distributions, induced current pathways, and environmental sensitivities associated with
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different antenna types have rarely been examined within a unified modeling framework.
As a result, the response differences between MFA and EFA, especially in the presence
of drill collars and varying mud electrical properties, have not yet been quantitatively
clarified. These gaps limit a rigorous comparison of antenna performance and reduce the
reliability of antenna selection for practical near-bit transmission applications.

This study investigates wireless short-range transmission from the perspective of real-
istic downhole operating conditions. A fully coupled three-dimensional electromagnetic
model incorporating the antenna, drill collar, drilling fluid, and formation is developed
using COMSOL Multiphysics version 6.3 and applied consistently to both MFA and EFA.
Based on this model, numerical simulations are conducted to characterize the electro-
magnetic field distributions of the two antenna types and to quantify the influence of
key parameters, including drill-collar conductivity and mud resistivity, on signal trans-
mission behavior. By comparatively evaluating antenna responses under representative
transmission scenarios, this work clarifies the distinct response characteristics and practical
applicability of the two antenna types in wireless short-range transmission systems, pro-
viding quantitative support for antenna selection and performance assessment in near-bit
across-motor applications.

2. Theoretical of Wireless Short-Range Transmission
2.1. Electromagnetic Induction Principles of Antennas

The essence of downhole electromagnetic wave transmission across the drilling motor
lies in the excitation, propagation, and coupling of time-varying electromagnetic fields
within multiphase conductive media, including the antenna, drill collar, drilling fluid, and
surrounding formation. According to Maxwell’s equations, a time-varying magnetic field
induces a rotational electric field (Faraday’s law of electromagnetic induction), while a time-
varying electric field together with conduction currents generates a rotational magnetic field
(Ampère–Maxwell law). The mutual excitation and coupling of these time-varying electric
and magnetic fields constitute the fundamental mechanism governing electromagnetic
wave propagation in conductive media. Based on the antenna configuration and the
intrinsic nature of its interaction with the electromagnetic field, near-bit electromagnetic
short-hop transmission antennas can be broadly classified into two categories: MFA and
EFA. These two antenna types differ fundamentally in their excitation mechanisms, field
distribution characteristics, and signal coupling behaviors. Their corresponding physical
models and electromagnetic response characteristics are illustrated in Figure 2.

The MFA consists of multiple turns of conductors wound axially along the drill collar,
as illustrated in Figure 2a. When an alternating current is applied to the windings, a
time-varying primary electric field (indicated in red) is generated in the vicinity of the
antenna, which in turn excites a time-varying primary magnetic field in space (indicated
in blue). The primary magnetic field further induces a secondary electric field within
the surrounding formation (indicated in purple). The receiving antenna is located at a
certain distance from the transmitter and acquires the response signal by sensing both
the induced primary and secondary electric fields. By integrating the electric-field com-
ponents over the cross-section of the receiving antenna, the total electric flux linked with
the receiving coil can be obtained, from which the amplitude of the induced voltage is
subsequently calculated.

The EFA consists of multiple turns of conductor tightly wound around a toroidal
magnetic core, as shown in Figure 2b. The transmitting antenna is embedded in a machined
groove of the drill collar. When an alternating current is applied to the EFA, an alternating
vortex magnetic field (referred to as the primary magnetic field, marked in red) is gener-
ated within the toroidal core in accordance with Maxwell’s equations. The time-varying
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magnetic field subsequently induces an alternating electric field in the surrounding space
(referred to as the primary electric field, marked in blue). Because the drill collar, drilling
mud, and formation are all conductive media, induced eddy currents are generated within
these media (marked in green), with their magnitude being proportional to the electrical
conductivity of the surrounding environment. The primary alternating electric field, to-
gether with the induced eddy currents, generates an alternating vortex magnetic field at the
receiving EFA (referred to as the secondary alternating magnetic field, marked in purple).
Signal transmission by the EFA is achieved through the formation of a conductive channel
loop composed of the “drill collar–mud–formation” system, in which eddy currents serve
as the primary mechanism for signal propagation.

 

Figure 2. Schematic illustration of the electromagnetic induction principles of MFA and EFA. (a) MFA,
in which the excitation is dominated by an alternating magnetic field, while the received voltage
is induced by the associated electric field integrated along the receiving coil; (b) EFA, in which the
excitation is dominated by an electric field and conduction currents, while the received voltage is
determined from the magnetic field generated by the induced currents.

2.2. Antenna Excitation Source Equivalencing

To quantitatively analyze the radiation characteristics of the antennas and the laws
governing signal propagation, this study is based on Maxwell’s equations and employs
an equivalent modeling approach for the antenna excitation sources. Taking the EFA
as an example, it is typically excited by an alternating current source, and the resulting
electromagnetic fields can be approximated as time-harmonic fields, with field quanti-
ties varying in time according to ejωt. Under this convention, ∂/∂t → jω , leading to the
frequency-domain forms ∇× E = −jωµH and ∇× H = J0 + jωD, which are used con-
sistently in the following derivations. Under this assumption, the time derivatives of
the instantaneous field vectors can be equivalently represented as complex multiplica-
tive forms in the frequency domain. Accordingly, Maxwell’s equations can be trans-
formed into their frequency-domain equations, which are used to elucidate the propa-
gation of electromagnetic waves and the associated energy-coupling mechanisms within
formation media.

∇ · D = ρ0 (1)

∇ · B = 0 (2)

∇× E = −jωµH (3)
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∇× H = j0 + jωD (4)

where E is the electric field intensity, B is the magnetic flux density, H is the magnetic field
intensity, D is the electric displacement field, j0 is the conduction current density, ω is the
angular frequency, µ is the magnetic permeability, and ρ0 represents the charge distribution
in space.

Taking the curl of both sides of Equation (3) and combining it with Equation (4), the
governing equation for the electric field can be derived:

∇×
(

1
µ
∇× E

)
−ω2ε · E = jωJ (5)

Equation (5) is the vector Helmholtz equation in the frequency domain, which de-
scribes the propagation characteristics of electromagnetic waves excited by the current
source in the complex medium environment. From Equation (5), it can be seen that for the
analysis of low-frequency electromagnetic field problems, only the current density (IM)
and the transmission potential (V) in the loop need to be obtained.

In practical computations, because the physical dimensions of the coil are much smaller
than both the electromagnetic wavelength and the transmitter–receiver spacing, transmit-
ting antennas are often approximated as oscillating dipole sources in three-dimensional nu-
merical simulations. However, under complex downhole conditions with short transmitter–
receiver separations typical of while-drilling operations, such simplifications may introduce
non-negligible errors or even lead to incorrect conclusions. Therefore, the excitation source
must be modeled explicitly as a coil source. Given that the wire diameter of the coil
is extremely small, typically on the order of millimeters, direct geometric modeling in
finite-element simulations is difficult. As a result, a single-turn coil is commonly equiv-
alently represented by a line current source, a surface current source, or a volumetric
current source.

In this paper, the magnetic-field transmitting antenna is equivalent to a line current
source, as shown in Figure 3a,b. The structure is simple; the source is easy to add and is
easy to divide. Only enough nodes need to be set on the coil.

I = I
→
e φ (6)

where I is the magnitude of the current, and
→
e φ is the direction of the φ component of the

cylindrical coordinate.
Based on the duality principle of the electromagnetic field, the radiation characteristics

of EFA and MFA are equivalent in form under the condition of low-frequency near field. In
order to avoid the boundary singularity and numerical instability caused by the direct use of
electric dipole excitation, the excitation source of EFA is equivalent to the magnetic current
source model. This treatment can not only ensure the consistency of electromagnetic field
distribution form and physical mechanism, but also significantly improve the convergence
and accuracy of finite element calculation.

As shown in Figure 3c,d, according to Ampere’s law, the magnetic field (Hinφ) gener-
ated by the current source (Iin) inside the spiral coil satisfies the following conditions [33]:

2πρHinφ =

{
NIin |ρ − R0| < rs

0 |ρ − R0| > rs
(7)

where N is the number of turns, R0 is the mean radius (centerline radius) of the toroidal
winding/core cross-section (i.e., the radial position of the cross-section center in the
ρ–z plane), and 2rs is the radial thickness of the toroidal cross-section. According to
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Faraday’s law of electromagnetic induction, the relationship between the magnetic field
and the electric field at any point within the EFA can be expressed as:

∇× Ein = −φ̂jωµHinφ (8)

 

Figure 3. Physical configurations and equivalent source representations of MFA and EFA. (a) Physical
structure of the MFA, consisting of an axially wound multi-turn induction coil. (b) Equivalent
schematic representation of the MFA, modeled as a circular electric current loop. (c) Physical structure
of the EFA, realized by a multi-turn winding on a toroidal magnetic core. (d) Equivalent schematic
representation of the EFA, modeled as an equivalent magnetic current loop.

Within the EFA, the magnetic field magnitude is identical along the azimuthal (φ)
direction. Therefore, the magnetic flux generated by the magnetic field at any point on the
ρ–z plane can be equivalently represented by a point magnetic current source oriented in the
φ direction. In the ρ–z cross-section, the toroidal winding occupies a narrow region defined
by | z − z′ |< h/2 and | ρ′ − R0 |< rs. To obtain a numerically stable and analytically
transparent excitation model, we first describe the excitation as a distributed equivalent
magnetic current density over this finite cross-section. Then, by collapsing the finite cross-
section into a localized filament at (ρ′, z′) in the ρ–z plane, the distribution can be written
in a compact δ-type form (Equation (9)), where δ(ρ − ρ′)δ(z − z′) indicates localization in
the cross-section while the azimuthal direction remains continuous. The total equivalent
magnetic current IM is finally obtained by integrating the localized distribution over the
actual cross-sectional region (Equations (10) and (11)).

Im = ∇× Ein = −φ̂
jωµNIin

2πρ
δ
(
z − z′

)
δ
(
ρ − ρ′

)
(9)

where ∣∣z − z′
∣∣ < h

2
,
∣∣ρ′ − R0

∣∣ < rs
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The total equivalent magnetic current of the coil, Im, can be obtained by integrating
over the coil cross-section:

IM =
x

Imdρdz (10)

Substituting Equation (9) into Equation (10) yields:

IM =
jωµhNIin

2π
ln

R0 + rs

R0 − rs
(11)

2.3. Antenna Receiving Signal Calculation

In this work, the received induced voltage is adopted as a physics-based indicator of
transmission strength, providing a fundamental assessment of channel feasibility at the
electromagnetic-field level.

When the area of the receiving coil of the MFA remains constant with time, the
electromotive force induced on the receiving coil can be expressed according to Faraday’s
law of electromagnetic induction as:

V = −NR
dϕm

dt
= −NR

∫
s

∂B
dt

· ds = NR

∮
l
E · dl (12)

where NR is the number of turns of the receiving coil, ϕm is the magnetic flux passing
through the coil, B is the magnetic induction intensity, and E is the electric field intensity.
It can be seen from Equation (12) that the induced electromotive force can be obtained by
integrating the magnetic field in the coil envelope area, or by integrating the electric field on
the coil path. In practice, the MFA is usually a spiral structure, and it is more complicated
to directly integrate the entire spiral coil. In order to facilitate the calculation, the equivalent
processing is usually adopted, that is, the single-turn circular coil is integrated first, and
then multiplied by the number of turns of the coil. The expression is:

V = NR

∮
l
E · dl = 2πaRNREφ (13)

According to Faraday’s law of electromagnetic induction, the induced electromotive
force in the receiving EFA can be obtained by integrating the magnetic field passing through
its cross-section:

V = −jωµ0NR

∫
SR

→
HR · d

→
s (14)

where µ0 is the vacuum permeability, NR is the number of turns of the receiving coil, and
HR is the magnetic field strength.

Since the cross-sectional area of the receiving electric-field is relatively small, it can
be approximately considered that the magnetic field passing through the cross-section is
uniformly distributed in space. Therefore, Equation (14) can be expressed by the magnetic
field strength at the center of the coil, to obtain the approximate equation of the induced
electromotive force:

V ≈ −jωµ0HRφNRSR (15)

where HRφ represents the toroidal magnetic field component at the center of the receiving
coil. The effective cross-sectional area of the electric-field can be expressed as:

SR = (b − a) ∗ h (16)

In the equation, a and b are the inner and outer radius of the electric-field, and h is the
height of the coil. By substituting Equation (16) into Equation (15), the amplitude of the
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received signal strength of the received electric-field under the magnetic flow excitation
source can be obtained.

3. Numerical Model and Verification
3.1. Geometric Model

To systematically investigate the electromagnetic response characteristics of the two
antenna types in the downhole environment, a fully coupled simulation model consisting
of the transmitting antenna, receiving antenna, drill collar, drilling fluid, and formation
was established, as shown in Figure 4. This model is designed to examine the effects of
the drill collar, mud resistivity, and formation resistivity on signal transmission between
the antennas. Since the research focuses on investigating the fundamental patterns of
electromagnetic field distribution for different antenna types under near-drill conditions,
we consider rock anisotropy and the segmented structure of the drill collar to be secondary
influencing factors and will not discuss them here. To emphasize the electromagnetic
characteristics of the system and reduce model complexity, all materials are assumed to be
isotropic homogeneous media, disregarding local geometric details such as threads and
joints; the drill shank is treated as a cylindrical structure with uniform outer and inner
diameters throughout.

 

Figure 4. Uniform Isotropic Formation Model. The transmitting antenna and receiving antenna are
mounted on the drill collar and separated by an insulating section to form an electrically isolated
gap. The insulating materials interrupt the axial electrical continuity of the drill collar, enabling
the excitation and reception of electromagnetic signals. The surrounding mud layer and formation
provide the conductive medium for electromagnetic coupling, allowing wireless signal transmission
between the transmitting and receiving antennas across the motor section.

3.2. Model Parameters

When constructing a finite-element model in a lossy medium, the relationship between
the computational domain size and the electromagnetic properties of the medium must
be carefully considered. Electromagnetic wave propagation in conductive media is jointly
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governed by resistivity and frequency, and its attenuation behavior is controlled by the
skin depth, which is expressed as

δ =

√
2

ωµσ
=

√
1

π f µσ
(17)

where ω denotes the angular frequency, µ is the magnetic permeability of the formation,
and σ represents the formation conductivity. Under low-frequency excitation or in high-
resistivity formations, the electromagnetic penetration depth increases significantly. To
ensure that the field intensity decays to an approximately zero value at the model bound-
aries, the computational domain must fully encompass the main radiation region of the
electromagnetic field. In practice, the model size is typically set to three times the skin
depth corresponding to the lowest operating frequency, such that boundary effects on the
field solution can be neglected. The required model dimensions for different frequencies
and formation conductivities are summarized in Table 1.

Table 1. Required model dimensions for different frequencies and formation conductivities.

Frequency/Hz Formation Conductivity/(S/m) δ (m) 3 × δ (m)

100 1 50.3 150.9

1500 1 12.9 38.9

10,000 1 5 15

100 0.001 1591.5 4774.5

1500 0.001 410.9 1232.8

10,000 0.001 159.2 477.6

As shown in Table 1, the kilometer-scale computational domain required is far larger
than the characteristic geometric dimensions of the model (e.g., the diameters of the drill
collar, borehole, and antennas are only on the order of several centimeters). After finite-
element discretization, this large domain leads to a rapid increase in matrix size, which not
only complicates mesh generation but also significantly reduces computational efficiency.
To balance computational accuracy and efficiency, this study introduces Absorbing Bound-
ary Conditions (ABC) at the outer boundaries of the computational domain, replacing
ideal infinite boundaries. By imposing impedance matching constraints along the prop-
agation direction normal, electromagnetic waves achieve reflectionless absorption at the
boundaries. This approach effectively reduces interference from artificial boundaries on
numerical solutions while enhancing simulation efficiency. Based on the commonly used
parameters for two types of antennas in the industry, simulation parameters are defined as
shown in Table 2.

This study fixes key antenna design and system configuration parameters—including
operating frequency, antenna spacing, magnetic core permeability, coil turns, and excitation
current—to independently investigate the influence of drill collars and mud resistivity
on transmission behavior. Under identical operating conditions, it clearly compares and
evaluates the intrinsic response characteristics of magnetic field antennas versus electric
field antennas.
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Table 2. Parameters of magnetic field and EFA models.

Parameter Type Model Structure Name Parameters of the MFA Model Parameters of the EFA Model

Geometric parameters

Formation height (m) 160 160

Formation radius (m) 80 80

Boundary Condition ABC ABC

Drill collar radius (m) 0.085725 0.085725

Length of drill collar
behind the transmitting

antenna (m)
30 30

Antenna zero
length (m) 1 1

Source distance (m) 15 15

Electrical parameters

Drill collar
conductivity (S/m) 5 × 105 5 × 105

Transmitting antenna
conductivity (S/m) 5 × 10−4 5 × 10−4

Receiving antenna
conductivity (S/m) 5 × 10−4 5 × 10−4

Relative permeability of
transmitting

antenna (H/m)
20,000 20,000

Relative permeability of
receiving

antenna (H/m)
20,000 20,000

Relative permeability of
vacuum (H/m) 4π × 10−7 4π × 10−7

System parameters

Frequency (Hz) 1500 1500

Current (A) 1 1

Number of turns of the
transmitting antenna 100 100

Number of turns of the
receiving antenna 100 100

3.3. Model Meshing

Scientific mesh partitioning methods are crucial for ensuring reliable computational
results while enhancing computational efficiency [34,35]. Based on general principles of
mesh partitioning, this study employs a partitioned progressive mesh partitioning strategy
for the established underground electromagnetic wave cross-motor wireless transmission
model, with the specific steps outlined below:

First, begin with the finest subdivision of the smallest and most geometrically complex
voxels in the model—the transmitting and receiving antennas. The mesh accuracy in
this region significantly impacts the stability of the field distribution results. Establish a
high mesh density in the antenna areas while reasonably controlling the maximum and
minimum dimensions of the mesh cells.

Second, mesh generation was performed for the drill collar region. To ensure con-
tinuity and smoothness of the electromagnetic field distribution along the drill collar
surface, representative generatrix lines were selected on the outer cylindrical surface, along
which circumferential and axial mesh densities were prescribed. Subsequently, volumetric
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meshing was applied to the entire drill collar domain. By constraining the minimum and
maximum element sizes, a balance between geometric fidelity and computational efficiency
was achieved, enabling accurate simulation of electromagnetic responses on and within the
drill collar.

Finally, the stratum section was adaptively meshed using free tetrahedral elements.
Given the extensive stratigraphic extent and the gradual attenuation of field strength
with distance, the mesh density was progressively scaled according to the principle of
“from inner to outer, from dense to sparse” to avoid computational resource wastage from
overly dense global meshing. The initial mesh size was referenced from the element scale
in the drill collar region, with element sizes gradually relaxed toward the stratigraphic
periphery. This approach achieved a smooth transition in mesh density while enhancing
overall convergence.

Following the above procedures, a multilevel mesh system was established for the
transmitting antenna, receiving antenna, drill collar, and formation domains, achieving an
effective compromise between local accuracy and overall computational efficiency. The
final mesh configuration is shown in Figure 5, where localized refinement around the
antennas and drill collar is effectively combined with coarse discretization in the outer
formation, providing a high-quality spatial discretization for subsequent finite-element
electromagnetic simulations.

Figure 5. Model mesh partitioning. (a) refined mesh applied to the transmitting and receiving anten-
nas to accurately capture localized electromagnetic field variations; (b) structured mesh refinement
in the drill collar region to ensure smooth and continuous field representation along the conductive
metallic boundary; (c) adaptively coarsened tetrahedral mesh in the formation domain, with mesh
density gradually decreasing outward to balance computational accuracy and efficiency.

3.4. Numerical Solution Accuracy Verification

To validate the accuracy of the numerical calculation results, this study compared the
finite element simulation results of two different antenna structures with the analytical
solution under uniform stratum conditions. Only when the relative error between the
numerical solution and the analytical solution was less than 3% could further analysis be
conducted on the influence of different physical parameters on the received signal.

The analytical solution is derived based on the assumption of a homogeneous isotropic
medium. Under this condition, the electromagnetic field satisfies the Helmholtz equation.
By solving the magnetic potential equation in the frequency domain and incorporating
the relationship between the electric field, magnetic field, and magnetic potential, an
analytical expression for the electromagnetic response at the receiving antenna can be
obtained, providing a reliable theoretical benchmark for electromagnetic field calculations.
The numerical solution is based on a three-dimensional model constructed using the finite
element method. During the verification phase, all medium parameters except the antenna
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conductivity are uniformly set to match the stratum’s conductivity, ensuring computational
consistency with the assumptions of the analytical solution.

Figure 6a,b present the comparison results of the received voltage amplitude versus
subsurface resistivity for MFA and EFA under identical conditions (frequency of 1500 Hz,
transmitter-receiver separation of 15 m). Figure 6c,d further illustrate the relative error
between numerical and analytical solutions for both antenna types under varying resistivity
conditions, with both errors being less than 3%. It can be observed that the analytical and
numerical solutions exhibit high consistency in both trend and magnitude, validating the
reliability of the finite element modeling method and simulation results.

 

Figure 6. Accuracy verification of finite-element numerical solutions against analytical solutions
in a homogeneous formation. (a) The voltage of the magnetic-field antenna (MFA) as a function
of formation resistivity, showing that the numerical solution reproduces the monotonic increase
and saturation behavior predicted by the analytical solution. (b) The voltage of the electric-field
antenna (EFA) as a function of formation resistivity, where the numerical results accurately capture the
monotonic attenuation trend with increasing resistivity. (c) The relative error of the MFA numerical
solution with respect to the analytical solution, remaining within 3% over the entire resistivity
range and exhibiting weak dependence on formation resistivity. (d) The relative error of the EFA
numerical solution with respect to the analytical solution, also confined below 3%, with slightly larger
fluctuations at intermediate resistivities but no systematic bias.

4. Numerical Results and Influencing-Factor Analysis
4.1. Numerical Simulation of MFA
4.1.1. Electromagnetic Field Distribution Characteristics of MFA

Figure 7 illustrates the spatial distribution of the axial magnetic flux density.
Bz generated by the magnetic-field antenna (MFA) under wireless short-range transmission
conditions. The magnetic field exhibits a highly localized near-field pattern centered on the
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antenna position. The magnitude of Bz reaches its maximum in the immediate vicinity of
the source and decreases rapidly with increasing radial and axial distance. The magnetic
flux lines form closed loops around the antenna axis and maintain a high degree of axial
symmetry throughout the observation domain.

 

Figure 7. Spatial distribution of the electromagnetic field generated by the MFA. The horizontal
axis represents the radial distance, and the vertical axis denotes the axial distance. The streamlines
indicate the distribution and direction of magnetic flux density, while the color map represents the
magnitude of the magnetic induction intensity. The field distribution is shown within a radial range
of −8 to 8 m and an axial range of −2 to 15 m, illustrating the characteristic near-field behavior of the
magnetic-field antenna, with magnetic energy strongly concentrated around the source region.

Although slight bending of the flux lines is observed near the drill collar surface, the
overall field topology remains smooth and continuous, without pronounced distortion or
asymmetry. This indicates that, under the considered conditions, the magnetic field generated
by the MFA is spatially confined to the near-source region, with the drill collar primarily
influencing the local field geometry rather than inducing large-scale redistribution.

4.1.2. Drill Collar Effect of MFA

Figure 8 compares the received induced voltage of the MFA as a function of formation
resistivity for cases with and without the drill collar at 1500 Hz and a 15 m transmitter–
receiver spacing. Across the entire resistivity interval, the drill-collar case remains consis-
tently below the collar-free case, demonstrating a persistent attenuation associated with
the presence of the collar. Both curves exhibit the same macroscopic trend with forma-
tion resistivity: the induced voltage increases rapidly from low-resistivity formations
and then transitions into a gradually varying regime that approaches an approximately
stable level at higher resistivity. The introduction of the drill collar therefore manifests
primarily as a systematic reduction in the received-voltage level rather than a change in the
resistivity-dependent trend. In addition, the separation between the two curves is main-
tained throughout the investigated range, indicating that the attenuation effect is robust
and does not vanish at either the low- or high-resistivity end. Overall, the MFA response
retains its monotonic increase and saturation-type behavior with formation resistivity,
while the drill collar imposes a uniform downward shift in amplitude under otherwise
identical conditions.
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Figure 8. Effect of drill collar on MFA response characteristics. The horizontal axis represents the
formation resistivity, and the vertical axis denotes the induced voltage at the receiving antenna.

4.1.3. Mud Resistivity Response of MFA

Figure 9 shows the received induced-voltage amplitude of the MFA as a function of
mud resistivity Rm under four formation-resistivity backgrounds (Rt = 1, 10, 100, and
1000 Ω·m). Over the investigated Rm range, the MFA response varies only weakly
with mud resistivity: the curves remain nearly flat and exhibit no distinct monotonic
increase/decrease over the full sweep. For each Rt, the voltage fluctuations associated with
changing Rm are small, and no abrupt transition or threshold-like behavior is observed.
By comparison, the separation among the curves corresponding to different Rt is much
more pronounced than the intra-curve variation caused by Rm, indicating that formation
resistivity controls the dominant amplitude level, whereas mud resistivity introduces only
minor modulation under the present operating settings.

 
Figure 9. Effect of mud resistivity on the response characteristics of MFA. The horizontal axis
represents the mud resistivity, while the vertical axis denotes the induced voltage at the receiving
antenna. The curves correspond to formation resistivities of 1, 10, 100, and 1000 Ω·m, respectively.
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4.2. Numerical Simulation of EFA
4.2.1. Electromagnetic Field Distribution Characteristics of EFA

Figure 10 presents the spatial distributions of the axial electric field component EZ

and the induced conduction current density J associated with the electric-field antenna
(EFA). In contrast to the MFA, the electromagnetic response of the EFA is characterized by
the development of extended current pathways along conductive structures. The induced
electric field and current density reach their maximum near the transmitting antenna
and remain significant over a longer axial distance. The current streamlines indicate that
induced currents propagate not only radially into the surrounding formation through the
drilling fluid, but also axially along the drill collar toward the drill bit. This results in
continuous current channels aligned with the tool axis. The spatial extent and continuity
of these current pathways demonstrate that the electromagnetic response of the EFA is
not confined to the immediate vicinity of the antenna, but instead spans a larger region
controlled by the conductive environment.

 

Figure 10. Spatial distribution of the electromagnetic field generated by the EFA. The horizontal
axis represents the radial distance, and the vertical axis denotes the axial distance. The streamlines
illustrate the direction and topology of the induced conduction current, while the color map in-
dicates the magnitude of the current density. The distribution is shown within a radial range of
−8 to 8 m and an axial range of −2 to 15 m. The results reveal the formation of extended axial current
channels along the conductive structure, with strong current concentration near the source region and
a continuous current pathway developing along the drill-collar axis, highlighting the characteristic
conduction-dominated transmission mechanism of the electric-field antenna.

4.2.2. Drill Collar Effect of EFA

Figure 11 presents the corresponding comparison for the EFA under the same op-
erating conditions (1500 Hz, 15 m), showing received induced voltage versus formation
resistivity with and without the drill collar. In clear contrast to the MFA results, the drill-
collar case yields a substantially higher received voltage than the collar-free case over
the full resistivity range, indicating that the drill collar produces a stable enhancement
of the EFA signal level. Despite this pronounced offset, the two curves follow a similar
resistivity-dependent variation, suggesting that formation resistivity continues to modu-
late the EFA response in both configurations. The presence of the drill collar is reflected
mainly by an upward shift in the voltage level that persists throughout the investigated
interval, rather than by a change in curve shape or a reversal of the resistivity trend. No-
tably, within the collar-free configuration, the received voltage decreases progressively as
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formation resistivity increases, whereas the drill-collar configuration maintains a much
higher signal level across the same resistivity sweep; consequently, the collar-induced
enhancement remains evident even when the formation resistivity becomes high. These
results demonstrate that, under identical geometry and excitation settings, adding the drill
collar consistently elevates the EFA received voltage and dominates the absolute signal
level across the formation-resistivity range considered.

 

Figure 11. Effect of drill collar on EFA response characteristics. The horizontal axis represents the
formation resistivity, and the vertical axis denotes the induced voltage at the receiving antenna.

4.2.3. Mud Resistivity Response of EFA

Figure 12 presents the EFA received induced voltage versus mud resistivity under
the same set of formation-resistivity conditions. Unlike the MFA, the EFA exhibits a clear
and systematic dependence on Rm. The received voltage is highest in low-resistivity
mud and decreases as mud resistivity increases. The decreasing trend persists across all
formation-resistivity cases, and the reduction becomes more pronounced toward the high-
Rm (oil-based mud) end of the range, where the received voltages drop markedly for all Rt.
Despite differences in absolute levels between formation-resistivity cases, the overall trend
with Rm is consistent, indicating that mud resistivity acts as a strong controlling variable
for the EFA response over the investigated conditions.

 

Figure 12. Effect of mud resistivity on the response characteristics of EFA. The horizontal axis
represents the mud resistivity, while the vertical axis denotes the induced voltage at the receiving
antenna. The curves correspond to formation resistivities of 1, 10, 100, and 1000 Ω·m, respectively.
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5. Discussion
5.1. Differences in Electromagnetic Field Distribution Between MFA and EFA

The above results reveal that MFA and EFA exhibit fundamentally different elec-
tromagnetic field structures under wireless short-range transmission conditions. These
differences are not merely quantitative, but originate from distinct excitation mechanisms
and dominant energy-transfer pathways.

The MFA produces a magnetic-field-dominated response characterized by localized,
closed magnetic flux loops concentrated near the antenna. Energy transfer is primarily
confined to the near-field region, making the resulting field distribution inherently compact
and sensitive to conductive shielding effects. In contrast, the EFA establishes its response
through conduction-dominated mechanisms, forming large-scale induced current loops
that extend along the drill collar and into the surrounding formation. This enables energy
transport over longer axial distances and results in stronger spatial continuity.

From a structural perspective, the MFA corresponds to a circumferentially induced
magnetic-flux system, whereas the EFA corresponds to an axially guided conduction-
current system. These two modes represent approximately orthogonal electromagnetic
coupling topologies. This intrinsic difference explains the contrasting sensitivities of the
two antenna types to drill collar conductivity and mud resistivity, and constitutes the
physical basis for their markedly different transmission performance in near-bit across-
motor applications.

5.2. Differential Influence of Drill Collar Effect on MFA and EFA

Numerical simulation results demonstrate that the metal drill collar exhibits funda-
mentally different interaction mechanisms with MFA and EFA.

For the MFA, the transmitting coil primarily establishes an induction-dominated near
field. When a highly conductive drill collar surrounds the source region, the time-varying
magnetic field drives strong circumferential eddy currents in the collar. These induced
currents generate an opposing magnetic field (Lenz’s law) and introduce ohmic dissipation,
which reduces the effective magnetic-field penetration into the surrounding media and
weakens the mutual coupling between the transmitter and receiver. This mechanism
explains the uniform amplitude suppression observed for MFA while preserving the
overall trend with formation resistivity.

For the EFA, signal transfer is governed by conduction-assisted coupling. The drill
collar serves as a low-resistance axial conductor that supports the formation of a larger-
scale closed current loop involving the collar, mud, and formation. Incorporating the drill
collar therefore reduces the effective loop resistance and increases the conduction current
available for coupling, resulting in a pronounced increase in received voltage. In this case,
the collar is not a shielding element but an essential part of the effective transmission path.

Overall, the metallic drill collar acts as an eddy-current shielding and loss channel
for the MFA, but serves as a high-conductivity transport/return path for the EFA. Under
identical operating conditions, this contrast leads to a systematic separation in received
voltage levels, with the EFA delivering amplitudes on the order of 103 − 105 times those of
the MFA in this study.

5.3. The Differential Effect of Mud Resistivity on MFA and EFA

The contrasting trends in Figures 9 and 12 arise from the different coupling topologies
of the two antenna types. For the MFA, signal formation is dominated by inductive
coupling in which the received voltage is governed mainly by the magnetic-field variation
linked to the transmitter–receiver geometry and the surrounding conductive structures;
within this framework, changing mud resistivity modifies only a limited local portion
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of the current/field distribution in the borehole, so the net effect on the induced-voltage
magnitude remains weak. In contrast, the EFA relies on a conduction-assisted coupling
path in which the drill collar, mud, and formation jointly constitute the effective return
path for induced currents; mud resistivity therefore directly sets the loop impedance and
the degree of current closure. Low-Rm mud facilitates stronger loop currents and higher
received voltages, whereas high-Rm mud increases the effective impedance and disrupts
current continuity, leading to substantial attenuation. From an engineering standpoint,
this implies that MFA-based short-range transmission is comparatively tolerant to mud-
property variability, making it preferable when drilling-fluid resistivity is uncertain or
difficult to control. EFA-based transmission is advantageous in water-based or otherwise
medium-to-low resistivity mud systems where conductive closure is maintained, but its
performance can degrade sharply in high-resistivity oil-based mud, requiring case-specific
evaluation and, where possible, mitigation at the system level (e.g., configuration choices
that preserve conductive coupling).

6. Conclusions
In this study, wireless short-range transmission under near-bit conditions was investi-

gated using a three-dimensional finite-element electromagnetic model incorporating the
antenna, drill collar, drilling fluid, and formation. The electromagnetic field distributions
of MFA and EFA were compared, and the influences of drill-collar conductivity and mud
resistivity on transmission performance were quantitatively evaluated. The results indicate
the following:

MFA and EFA exhibit markedly different and approximately “orthogonal” spatial
distributions in terms of their dominant field components and energy transmission paths.
MFA primarily achieves energy coupling through localized circumferential magnetic-
flux loops, showing typical near-field inductive behavior with electromagnetic energy
highly concentrated in the vicinity of the source. In contrast, EFA relies on induced
current channels extending along the drill collar axis for signal transmission, result-
ing in electromagnetic fields with stronger axial directivity and greater continuity over
longer distances.

For MFA, the drill collar mainly acts as an electromagnetic shielding and energy-
dissipating medium, suppressing long-range magnetic-field propagation. For EFA, the
drill collar functions as a highly conductive transmission path participating directly in
the signal-coupling process, leading to a pronounced relay-type signal enhancement.
Under identical operating conditions, the received signal amplitude of EFA can be
103 ∼ 105 times greater than that of MFA due to the substantial contribution of the
drill collar to the current loop.

The received signal of MFA shows weak sensitivity to variations in drilling-fluid
resistivity, indicating strong environmental robustness. In contrast, EFA strongly depend
on the conductive loop system; they exhibit significant performance advantages in medium-
to low-resistivity (water-based) drilling fluids, while experiencing severe signal attenuation
in high-resistivity (oil-based) drilling fluids.

This study is currently based on numerical simulation, and has not yet carried out
laboratory physical tests and field drilling verification. Therefore, the conclusion mainly
reflects the qualitative law and relative comparison trend of the electromagnetic response
of the two types of antennas under the cross-screw working conditions. The engineering
verifiability in the complex real downhole environment needs to be further strengthened.
To improve the credibility of the results, this paper reduces the influence of discrete error
and boundary reflection on the calculation results through the comparison of “numerical
solution–analytical solution” (relative error controlled within 3%) and the measures such
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as partition progressive grid encryption and absorption boundary conditions to ensure the
convergence and repeatability of the simulation results. In the future, we will supplement
the physical test data of the laboratory platform and the field drilling verification data, and
gradually build a complete verification closed loop of “theoretical derivation–numerical
simulation–physical test–field verification” to enhance the engineering applicability of the
model and the generalizability of the conclusions.
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MFA Magnetic-field Antennas
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ABC Absorbing Boundary Conditions
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