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Abstract: The balise transmission system (BTS) is essential for train position sensing and safe operation.
Transmission loss is a key parameter particularly required for the evaluation of systems. The eddy
current loss (ECL), caused by the conductivity of debris, affects the transmission performance of the
BTS when the balise is immersed in water. This study proposes an effective modeling for the BTS
using S-parameters. Utilizing the electromagnetic coupling analysis in the near-field region, we derived
an equivalent circuit with the frequency and conductivity of water taken into consideration. The S21
can be predicted accurately by using the proposed equivalent circuit. For validation, a BTS system
was implemented and measured to compare with theoretically calculated results and electromagnetic
simulation results in the main lobe zone. The measurement results, simulation, and calculation were in
good agreement. Moreover, the modeling was used to predict the I/O characteristics of the balise. The
power of the balise uplink FSK signal was measured in the water debris and found to be approximately
0.62 dB less than in air. These findings aligned well with theoretical predictions.

Keywords: balise transmission system; electromagnetic coupling; S-parameters; water; equivalent
circuit model

1. Introduction

As a dedicated near-field wireless communication system for railways, the BTS effi-
ciently facilitates secure information transmission between the ground balise and onboard
equipment [1]. Balises are passive devices, with no external power from the trackside. Most
of the time, the balise is in sleep mode. When a train provides an appropriate telepowering
signal, it gets activated and generates the Frequency Shift Keying (FSK) signal that carries
encoded information. This information includes location information, train operation
information, route information, and control data information [2]. It is analyzed by the
balise transmission module (BTM) and provided to the on-board control core. The BTS is an
indispensable component of the train operation control system [3], presented by Figure 1,
playing an essential role in ensuring train position sensing and safe operation [4]. The
balise and BTM should be capable of adapting to various operational environments. When
a balise is covered by debris, it may not be detected by the BTM due to unsatisfactory
matching. The problems caused by debris lead to the loss of transmission performance
and further reduce the reliability of the BTS. The loss of balise information during train
operation could potentially trigger emergency braking procedures or, in more severe cases,
lead to a significant railway incident [5]. Therefore, it is extremely significant to analyze
the electromagnetic coupling characteristics of the BTS.
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Figure 1. Energy and data transmission of BTS. 

In recent years, some scholars have studied the transmission theory of BTS. An elec-
tromagnetic coupling model between the onboard antenna unit (OAU) and balise is es-
tablished by the finite element method. The signal process of the downlink and uplink is 
simulated [6], and adaptations for reliable transmission of data are analyzed [7]. In [8], the 
dynamic process of the telepowering signal was analyzed using electromagnetic field the-
ory, and a circuit model for energy conversion of the balise was established. In accordance 
with the test methodology prescribed by the standard, the relationship between the mag-
netic field compliance and magnetic field strength was analyzed under various conditions. 
During high-energy acquisition periods, the dynamic energy harvesting capabilities of the 
balise were optimized by capping the voltage at a predetermined threshold. The research 
findings presented in the aforementioned literature primarily focus on the BTS in free 
space environments. In practice, the BTS operates in extremely challenging environments 
[9,10], where multiple factors can significantly impact its transmission characteristics 
[11,12]. These include seasonal elements such as rainwater, ice, and snow; industrial resi-
dues such as coal dust and iron; installation variables related to the positioning of a balise 
on steel rails or wheel guard rails; and vehicle structural issues, particularly the proximity 
of the OAU to the metallic components beneath the vehicle. These environmental factors 
not only interfere with the operation of a balise but can also compromise the reliability 
and efficiency of the BTS. The presence of surrounding debris or metallic objects can sig-
nificantly impact the performance of the BTS by causing antenna detuning. This phenom-
enon shifts the antenna’s tuning frequency, leading to an increased reflection coefficient 
and consequent attenuation of the transmitted magnetic field [13]. To counteract these 
detrimental effects, a practical solution involves installing a metal plate on the rear of the 
OAU. In order to reduce the system transmission losses, researchers have pursued multi-
ple avenues of investigation focusing on three key areas. First, studies on topology struc-
ture compensation aim to optimize the physical layout and arrangement of system com-
ponents to minimize losses [14,15]. Second, research efforts have been directed towards 
enhancing oscillator circuit efficiency [16], improving the performance of these crucial 
components for generating and maintaining signal integrity. Third, investigations into 
transmission network matching [17–20] seek to optimize impedance matching between 
various components of the transmission network, thereby reducing signal reflections and 
maximizing power transfer. Reference [21] presented a low-complexity analytical model 
for mutual inductance between coupling coils in wireless power transfer systems. The 
model utilized fundamental data, obtained through three-dimensional electromagnetic 
numerical simulations, and used a multi-objective genetic programming algorithm for op-
timization. This approach ensured an optimal balance between accuracy and complexity, 
enabling the swift and precise evaluation of coil mutual inductance under various misa-
lignment conditions. However, the relative positions of the transmitting and receiving 
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In recent years, some scholars have studied the transmission theory of BTS. An elec-
tromagnetic coupling model between the onboard antenna unit (OAU) and balise is es-
tablished by the finite element method. The signal process of the downlink and uplink is
simulated [6], and adaptations for reliable transmission of data are analyzed [7]. In [8], the
dynamic process of the telepowering signal was analyzed using electromagnetic field the-
ory, and a circuit model for energy conversion of the balise was established. In accordance
with the test methodology prescribed by the standard, the relationship between the mag-
netic field compliance and magnetic field strength was analyzed under various conditions.
During high-energy acquisition periods, the dynamic energy harvesting capabilities of the
balise were optimized by capping the voltage at a predetermined threshold. The research
findings presented in the aforementioned literature primarily focus on the BTS in free space
environments. In practice, the BTS operates in extremely challenging environments [9,10],
where multiple factors can significantly impact its transmission characteristics [11,12].
These include seasonal elements such as rainwater, ice, and snow; industrial residues such
as coal dust and iron; installation variables related to the positioning of a balise on steel
rails or wheel guard rails; and vehicle structural issues, particularly the proximity of the
OAU to the metallic components beneath the vehicle. These environmental factors not only
interfere with the operation of a balise but can also compromise the reliability and efficiency
of the BTS. The presence of surrounding debris or metallic objects can significantly impact
the performance of the BTS by causing antenna detuning. This phenomenon shifts the
antenna’s tuning frequency, leading to an increased reflection coefficient and consequent
attenuation of the transmitted magnetic field [13]. To counteract these detrimental effects,
a practical solution involves installing a metal plate on the rear of the OAU. In order
to reduce the system transmission losses, researchers have pursued multiple avenues of
investigation focusing on three key areas. First, studies on topology structure compen-
sation aim to optimize the physical layout and arrangement of system components to
minimize losses [14,15]. Second, research efforts have been directed towards enhancing
oscillator circuit efficiency [16], improving the performance of these crucial components
for generating and maintaining signal integrity. Third, investigations into transmission
network matching [17–20] seek to optimize impedance matching between various com-
ponents of the transmission network, thereby reducing signal reflections and maximizing
power transfer. Reference [21] presented a low-complexity analytical model for mutual
inductance between coupling coils in wireless power transfer systems. The model utilized
fundamental data, obtained through three-dimensional electromagnetic numerical simula-
tions, and used a multi-objective genetic programming algorithm for optimization. This
approach ensured an optimal balance between accuracy and complexity, enabling the swift
and precise evaluation of coil mutual inductance under various misalignment conditions.
However, the relative positions of the transmitting and receiving coils in the transmission
process of the BTS are variable. The mutual inductance of the coils under driving conditions
was numerically simulated, and the compensation network was optimized through the
objective function of the resonant circuit [22]. In [23], the effectiveness of voltage-based
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calculations in determining the equivalent mutual inductance of multiple coils aligned
along the same axis was demonstrated. At a frequency of 13.56 MHz, the method produced
simulation values that closely correspond to measured values. The study’s experimental
approach involved measuring the actual mutual inductance between coils at various dis-
tances. The results of these measurements corroborated the consistency between simulated
and measured outcomes, validating the reliability of the voltage calculation method.

The electromagnetic coupling process of the BTS under free space conditions has been
extensively discussed and analyzed in the literature mentioned above; however, its behavior
in complex application environments remains largely unexplored. While the wireless power
transmission system shares some similarities with the BTS, research findings from the former
are not directly applicable to the latter. This disparity arises primarily from the fact that
wireless power transmission systems, predominantly used for device power supply, employ
relatively stationary transmitting and receiving antennas, with transmission frequencies
typically ranging from a few kHz to several hundred kHz. The frequency range differs
significantly from the operating frequency of balises. Moreover, in lossy media, transmission
losses far exceed those of wireless power supply systems. Additionally, when a train passes
a balise, the relative position varies with the train’s location, unlike that of wireless power
supply systems. The transmission characteristics in water debris are one influential factor. It
is difficult to accurately estimate the effect of the medium on the transmission characteristics
when the balise is immersed in water. Consequently, it is necessary to establish a circuit
model to analyze the transmission characteristics of the BTS. In response to the application
of the BTS for underwater debris, this paper proposes a modeling method for the BTS using
S-parameters. Utilizing the electromagnetic analysis and two-port network analysis, we
can derive an equivalent circuit of the BTS with the frequency and conductivity of water
debris taken into consideration. In this paper, measurements, simulations, and theoretical
calculations have been implemented using the proposed equivalent circuit for a variety of
positions between the OAU and the balise. Additionally, we analyze the power differential of
the balise uplink signal in water debris environments compared to free space conditions.

The remaining sections of this paper are organized as follows: In Section 2, an electrical
model for the BTS in free space is established. Section 3 analyzes the magnetic field strength
and transmission impedance for underwater debris. Section 4 presents the validation of the
proposed electrical model through instruments and analyzes the transmission parameter
characteristics that are actually measured. Section 5 provides a comprehensive discussion
of the findings and presents the conclusions of this study.

2. Electrical Modeling of BTS in Free Space

The BTS comprises the uplink FSK signal channel and downlink telepowering signal
channel. It facilitates the bidirectional wireless transmission of energy and information via
an alternating electromagnetic field generated between the OAU and the balise. In free
space conditions, the medium is considered non-conductive. The center frequency of the
uplink signal is 4.234 MHz. The present study focuses on the uplink signal transmission
process of the balise as a representative case for subsequent analysis.

2.1. Electromagnetic Coupling Model

In the BTS, the OAU and balise antenna are approximately rectangular. The specifica-
tions [24] constrain the electrical dimensions of the balise, with the antenna model measuring
390 mm in length and 200 mm in width. When the antenna perimeter l satisfies the relationship
expressed in Equation (1) with the signal wavelength λ, it can be assumed that the current
distribution on both antennas is uniform, with equal amplitude and direction at all points.

l <
λ

2π
(1)

Figure 2 illustrates a three-dimensional Cartesian coordinate system (xyz) established
with the center of the balise designated as the origin O. Rectangle ABCD depicts the balise,
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while rectangle EFGH represents the OAU. Point P indicates the electrical center of the
OAU. The balise is installed in the middle of the track, the position is unchanged, and the
OAU is moved. Rectangles E1F1G1H1 and E2F2G2H2 represent the relative positions of the
OAU with respect to the balise at two distinct time points. The train speed velocity vector
→
v aligns with the positive direction of the Ox axis. The relative height between the OAU
and the balise is h. The magnetic flux density generated by the balise at any point P1 within
the OAU can be expressed by Equation (2):

B =
µI
4π

‰
C

d
⇀
l ×⇀

r
r3

 (2)
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In the equation, I represents the current of the transponder antenna, C denotes the

curve formed by rectangle ABCD, Id
→
l represents the current element, and

→
r denotes the

vector distance from any point P1 to the current element. Let the length of side AB of
rectangle ABCD be 2a, the length of side CD be 2b, the length of side EF of rectangle EFGH
be 2c, and the length of side GH be 2d. Point O1 is the projection of point P1 on plane ABCD,
and P1O2 is perpendicular to line CD. The magnetic flux density generated by the balise
along the Z-axis at point P1 can be expressed by Equation (3):

Bz = BzAB + BzBC + BzCD + BzDA = I·N(a, b, µ, x, y, h) (3)

N(a, b, h, µ, x, y) =
µ

4π



b+y
(b+y)2+h2 ·

[
a+x√

(a+x)2+(b+y)2+h2
+ a−x√

(a−x)2+(b+y)2+h2

]

+ a+x
(a+x)2+h2 ·

[
b+y√

(a+x)2+(b+y)2+h2
+ b−y√

(a+x)2+(b−y)2+h2

]

+ b−y
(b−y)2+h2 ·

[
a+x√

(a+x)2+(b−y)2+h2
+ a−x√

(a−x)2+(b−y)2+h2

]

+ a−x
(a−x)2+h2 ·

[
b+y√

(a−x)2+(b+y)2+h2
+ b−y√

(a−x)2+(b−y)2+h2

]


Then, the magnetic flux received by the OAU φ can be expressed by Equation (4):

φ =

ˆ c

−c

ˆ d

−d
Bzdxdy = I·

ˆ c

−c

ˆ d

−d
N(a, b, h, µ, x, y)dxdy (4)

Derive Equation (5) based on the relationship between the magnetic flux and mu-
tual inductance.

M(a, b, h, µ, x, y) =
ˆ c

−c

ˆ d

−d
N(a, b, h, µ, x, y)dxdy (5)
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When a train provides an appropriate telepowering signal, the voltage U of the
received signal on the OAU can be approximated as the electromotive force induced at that
position when the train is stationary [25]. Q represents the quality factor of the resonant
circuit, ω denotes the angular frequency, and the formula for calculating U is as follows:

U = −jωnφQ = −jωnIQM(a, b, h, µ, x, y) (6)

According to these relationships, the voltage of the OAU is related to the number of
turns n, the mutual inductance M, and the current I of the balise. The mutual inductance
M is further influenced by the dimensions, relative positions, and transmission medium
characteristics of the OAU and the balise.

2.2. Circuit Modeling Analysis

To optimize the transmission of uplink FSK signals and reduce the potential for signal
distortion that can occur due to reflections, it is standard practice to implement impedance
matching between the OAU and the balise. This impedance matching approach is crucial for
maintaining the signal integrity and ensuring reliable communication. The equivalent circuit
diagram representing the antenna configuration for uplink FSK signal transmission is shown
in Figure 3. This circuit utilizes a π-type matching network, which is a common and effective
method for achieving the desired impedance match [26]. The π-type matching network con-
sists of passive components, allowing for the flexible adjustment of impedance characteristics
to optimize signal transfer between the OAU and balise components of the system.
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Figure 3. Equivalent circuit of uplink FSK signal.

In the uplink FSK signal chain of the BTS, U1 represents the equivalent voltage source
at the transmitting port, I denotes the total current in the balise antenna, V1 signifies the
voltage across the transmission channel, and V2 indicates the voltage across the load R4. Zin
stands for the input impedance of the transmitting port, while Z1 represents the transmitting
antenna impedance. R1 is the equivalent resistance of the transmitting circuit. C1–C3 and L3
are the capacitors and inductor, respectively, used for tuning and matching at the transmitting
port. L1 represents the equivalent inductance of the balise antenna, R2 denotes the sum of
the balise antenna’s equivalent resistance and the series loss resistance, and I1 is the current
flowing through the balise antenna. For the OAU port, Z2 represents the impedance of the
receiving antenna, L2 represents the equivalent inductance of the receiving antenna, and I2 is
the induced current in the antenna. R3 is the sum of the antenna’s equivalent resistance and the
series loss resistance. C4–C6 and L4 are the capacitors and inductor for tuning and matching
at the receiving port. C7–C9 and L5 form a composite π-type impedance matching network,
which can filter the telepowering signals of the downlink. C8 and C9 are variable capacitors to
adapt to mismatches introduced during transmission under various environmental conditions.
I4 is the current flowing through the load impedance R4. Z11 and Z22 represent the total
impedance of the balise transmitting port and the OAU receiving port. M is the mutual
inductance between the OAU and the balise.



Appl. Sci. 2024, 14, 7306 6 of 20

In Figure 3, Z1 represents the series branch impedance of the balise port, with Z11 and
Z1 expressed by Equation (7). Z2 denotes the parallel load impedance of the OAU receiving
port, with Z22 and Z2 expressed by Equation (8).{

Z11 = R1 +
Z1

1+Z1 jωC1

Z1 = jωL3
1−ω2C3L3

+ 1
jωC2

+ jωL1 + R2
(7)


Z22 =

Z′
2+jωL5

1+
(

jωC9+
1

R4

)
(Z′

2+jωL5)

Z2 =
Z′

2+jωL5

1+jωC9(Z′
2+jωL5)

(8)

In Equation (8), Z′
2 is derived from the circuit structure and is expressed by Equation (9).

Z′
2 =

(
jωL2 +

jωL4
1−ω2C4L4

+ 1
jωC5

+ R3

)
(jωC6 + jωC7) + 1

(jωC7 + jωC8)
(

1 − ω2C6L2 +
ω2C6L4

ω2C4L4−1 + C6
C5

+ R3 jωC6

)
− ω2C7C8

(
jωL2 +

jωL4
1−ω2C4L4

+ 1
jωC5

+ R3

) (9)

According to KCL, the relationship between currents I and I1 can be expressed as

I =
(

1 + Z1 jωC1 +
jω3M2C1

Z22

)
I1 (10)

Combining Equations (7), (8) and (10), the equivalent circuit voltage equation for the
OAU and the balise in Figure 3 can be expressed as:

(
R1 + R1Z1 jωC1 +

jω3 M2R1C1
Z22

+ Z1

)
I1 − jωMI2 = U1

−jωMI1 +
(Z′

2+jωL5)I2

1+
(

jωC9+
1

R4

)
(Z′

2+jωL5)
= 0

(11)

The parameters of the inductors and capacitors in the circuit are designed based on
the operating resonant frequency of the BTS. Given that the antenna exhibits inductive
behavior at the operating frequency, the inductance values of antennas L1 and L2 should
be considered during impedance matching. When the antenna frequency is 4.234 MHz,
the sum of the imaginary part at the transmitting port jωR1Z1C1 + jω3M2R1C1Z−1

22 + Z1 is
approximated as 0, and the real part is approximated as R2. For the receiving port, the sum

of the imaginary part (Z′
2 + jωL5)

[
1 +

(
jωC9 + R−1

4

)
(Z′

2 + jωL5)
]−1

is approximated as
0, and the real part is approximated as R3 + R4. Therefore, the relationship between voltages
V1, V2, and impedance Zin can be expressed as:{

V1 = I1R2 − jωMI3
V2 = −I3R3 + jωMI1

(12)

Zin = R2 − jωM
I3

I1
(13)

When the balise transmitting power is P, the current I1 in the balise and the current I3
in the load of the OAU satisfy the relationship expressed in Equation (14).

P =
U2

1
R1

I1 = U1
R1+Zin

I3 = V2
R4

(14)
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Equations (12) and (14) can be respectively substituted into Equation (13) to derive the
relationship between mutual inductance M and load voltage V2, so:

jωM =
V2 + I2R3

I1
=

V2(R1 + Zin)
(

1 + R3
R4

)
√

R1P
(15)

Substituting Equation (5) into Equation (15) enables the derivation of the relationship
expression for the voltage V2 across the load.

V2 =
jω

√
R1P
´ c
−c
´ d
−d N(a, b, h, µ, x, y)dxdy

(R1 + Zin)
(

1 + R3
R4

) (16)

From Equation (16), it can be observed that after proper circuit matching, the voltage of the
load is influenced by the dimensions of the OAU and the balise, their relative spatial positions,
and the input power of the balise. However, it is independent of the reactive components in
the matching circuit. The load at the receiving port of the OAU needs to effectively utilize the
available power transmitted from the balise. In order to describe the transmission characteristics
of the BTS, the insertion loss parameter is used. The calculation formula is as follows:

S21(dB) = 20↕og10

∣∣∣∣∣ ω
´ c
−c
´ d
−d N(a, b, h, µ, x, y)dxdy

R1

∣∣∣∣∣+ 20↕og10(α) (17)

where α =
(

1 + ZinR−1
1

)(
1 + R3R−1

4

)
.

According to Equation (17), when debris is present near the OAU and the balise, both
the mutual inductance M of the BTS and the input impedance Zin are changed, resulting in
alterations in the transmission characteristics.

3. Electromagnetic Modeling of Balise for Underwater Debris

When the balise uplink FSK signal penetrates conductive media, it generates an electric
field that suppresses changes in the magnetic field. Due to the conductivity of water, eddy
currents are produced, resulting in additional power loss. Moreover, as the uplink FSK signal
frequency is 4.234 MHz, the eddy current loss in water media can no longer be disregarded [27].
Consequently, the calculation and analysis of eddy current loss become crucial.

3.1. Magnetic Field Strength of Conductive Media

Some studies on electromagnetic coupling in conductive media have been conducted
using electromagnetic field analysis. Most of them are based on circular coil models, assum-
ing the coils are fully immersed in water for calculations and analysis [28,29]. However,
the OAU and the balise are approximately rectangular, with the magnetic field primarily
concentrated in the main lobe zone. Therefore, electromagnetic field analysis is performed
for the main lobe zone in the presence of conductive media.

As shown in Figure 4, the balise ABCD is composed of four finite-length conductors,
with a cavity of height h0 above it. Regions 0 and 2 are free space, while region 1 is dielectric
water. The electrical conductivity, dielectric constant, and magnetic permeability of each
region are denoted by σi, εi, and µi. The three regions are analyzed separately, assuming
the medium in each region is linear, homogeneous, and isotropic.

For region 0, z < 0, and the magnetic field coexists with the reflected magnetic field
generated by eddy currents in this area. Assuming the current density of the balise is J, the
magnetic vector potential A0 at any point (x, y, h) in the free space above it can be expressed as:

A0(x, y, h) =
µ0

4π

ˆ
ν

J(x′, y′, z′)dv′

r
(18)

B0 = ∇× A0 (19)
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where J represents the current density of the balise, dv′ represents the elementary volume
of the source, and r is the distance between any point (x, y, h) and a point source (x′, y′, z′)
on the balise. The distance r can be expressed as:

r =
√
(x − x′)2 + (y − y′)2 + (h − z′)2 (20)
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Considering that no eddy currents exist in this region, the formula for calculating the
reflected magnetic flux density Br is as follows:

∇2Br = 0 (21)

∇× Br = 0 (22)

For region 1, 0 < z < h, and the magnetic flux density B1 is given by:

∇2B1 −
(

ω2µ1ε1 − jωµ1σ1

)
B1 = 0 (23)

∇ · B1 = 0 (24)

For region 2, h < z, and the magnetic flux density B2 is given by:

∇2B2 = 0 (25)

∇ · B2 = 0 (26)

To solve the aforementioned equation, we introduce the method of double Fourier
transform [30,31] and its inverse transform as follows:

b(ξ, η, z) =
ˆ ∞

−∞

ˆ ∞

−∞
B(x, y, z)e−j(xξ+yη)dxdy (27)

B(x, y, z) =
1

4π2

ˆ ∞

−∞

ˆ ∞

−∞
b(ξ, η, z)ej(xξ+yη)dξdη (28)

where ξ and η are integration variables used in the double Fourier transform. The normal
component of the magnetic flux density and the tangential component of the magnetic
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field strength remain continuous across the boundary interface. The following relationship
holds true: 

biz + brz = b1z, z = 0;
µ1(bix + brx) = µ0b1x, z = 0;
b1z = b2z, z = h;
µ2b1x = µ1b2x, z = h;

(29)

Considering that the magnetic flux density at infinity is 0, the Z-axis component B2z of
the magnetic flux density from the balise to the OAU is:

B2z(x, y, z) =
µ0 I1

2π2

ˆ ∞

−∞

ˆ ∞

−∞

kδsin(aξ)sin(bη)

ξη
e−k(z+h0)e−j(xξ+yη)dξdη (30)

In Equation (30), regions 0 and 2 comprise the same medium, with magnetic perme-
ability µ0. Where δ, k, and γ1 can be expressed as follows:

δ =
4µ0µ1kγ1e(k+γ1)h

(µ0γ1 + µ1k)2e2γ1h − (µ0γ1 − µ1k)2 (31)

k =
√

ξ2 + η2 (32)

γ1 =
√

ω2µ1ε1 − jωµ1σ1 (33)

When the center P of the OAU is at (Px, Py, h), according to Equation (4), the magnetic
flux φwater received by the antenna is:

φwater =
´ Py+d

Py−d
´ Px+c

Px−c B2z(x, y, h)dxdy

= 2µ0 I1
π2

´ ∞
−∞
´ ∞
−∞

kδ
ξ2η2 sin(aξ)sin(bη)sin(cξ)sin(dη)e−k(h+h0)e−j(Pxξ+Pyη)dξdη

(34)

Combining Equations (5) and (34), the mutual inductance Mwater between the OAU
and the balise for underwater debris can be expressed as:

Mwater =
8µ0

π2

ˆ ∞

0

ˆ ∞

0

kδ

ξ2η2 sin(aξ)sin(bη)sin(cξ)sin (dη)cos
(

Pxξ + Pyη
)
e−k(h+h0)dξdη (35)

Equation (35) represents a crucial parameter for quantitatively evaluating the elec-
tromagnetic coupling characteristics of underwater transponders. In conjunction with
Equation (6), the voltage Uwater received by the OAU is derived as:

Uwater = −jωnQφwater =
8nωµ0 I1

jπ2

ˆ ∞

0

ˆ ∞

0

kδ

ξ2η2 sin(aξ)sin(bη)sin(cξ)sin(dη)cos
(

Pxξ + Pyη
)
e−k(h+h0)dξdη (36)

3.2. Impedance Analysis of Transmission Circuits

To obtain an effective circuit model, it is essential to analyze the impedance variations
of the OAU and the balise for underwater debris. The conductive medium is equivalent to
a circuit with specific impedance characteristics [32]. By turning the capacitors C8 and C9
in Figure 3, the OAU and the balise transmission circuit can achieve optimal matching for
underwater debris. Figure 5 illustrates the two-port network of the BTS.
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In Figure 5, R2 and R3 represent the equivalent impedance of the antenna in free space,
and changes in the underwater environment can be disregarded [33]. Rwater1 and Rwater2
denote the radiation resistance in the underwater debris [28,34], which can be expressed as:

Rwater =
ωµ1

4π

¨
e−ωµ1σ1r

r
sin(ωµ1σ1)rcos ψds1ds2 (37)

In the equation, r represents the distance from the balise to any point source on the
OAU, while ψ denotes the vector angle between two point sources. As is evident from
Equations (35) and (37), the radiation resistance Rwater and mutual inductance Mwater of the
balise are related to the frequency and electrical conductivity of the transmission medium.
Accordingly, the input impedance Zin_water for underwater debris can be calculated as:

Zin_water =
Vwater1

Iwater1
= R2 + Rwater1 +

(ωMwater)
2

R3 + Rwater2
(38)

According to Equation (17), by substituting the expressions for input impedance
Zin_water and mutual inductance Mwater, the S21 parameter of the BTS for underwater debris
can be calculated. When the OAU and balise performance parameters remain constant,
the insertion loss of the BTS for underwater debris is related to the input impedance
Zin_water and mutual inductance Mwater. As the input impedance at different positions can
be measured in real time using the circuit model [35], the evaluation of the BTS performance
can be achieved through the mutual inductance M.

4. Simulation Analysis and Measurement Verification

In this section, the proposed electromagnetic coupling model is implemented and
measured to compare with the theoretical calculated results and electromagnetic simulation
results in the main lobe zone. Referencing the relative position in the specifications [24], we
analyze the mutual inductance parameters between the OAU and the balise, the equivalent
impedance of the circuit network, and transmission loss characteristics. The influence of
the conducting medium on the S21 parameters is analyzed, and the I/O characteristics of
the balise in underwater debris are predicted. In addition, experiments are carried out to
validate the comparison of the I/O characteristics in free space and with underwater debris.

4.1. Simulation Analysis and Verification of Mutual Inductance

In this section, the transmission characteristics of the balise uplink FSK signal are used
as an example to validate the mutual inductance of the circuit model in free space and
water debris. The simulation is conducted using Comsol 5.6, with a magnetic permeabil-
ity of 4π × 10−7 H/m. The experiment is carried out on a non-magnetic acrylic frame-
work, as shown in Figure 6. The OAU and balise are both designed with dimensions of
390 mm × 200 mm in length and width. A network analyzer is employed to measure the
transmission parameters, with the frequency set to 4.234 MHz.
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Figure 6. Measurement experiment system of mutual inductance; (a) Free space; (b) Water debris.

To maintain consistency with practical engineering, both the simulation and experimental
processes keep the balise stationary, while the relative position changes are achieved by moving
the OAU. They are made of copper and have identical dimensions, with a length and width
of 2a = 2c = 390 mm and 2b = 2d = 200 mm. When the OAU and the balise are in different
installation scenarios, their relative vertical distance h varies accordingly. As the OAU moves
along the Z-axis with a step size of 30 mm, and the vertical distance h between the geometric
centers of the OAU and the balise increases from 220 mm to 460 mm, the mutual inductance
variation curves for free space and underwater debris are shown in Figure 7.

Figure 7. Mutual inductance variation curve versus vertical displacement; (a) Free space (air);
(b) Water debris (water).

In Figure 7, the mutual inductance between the OAU and the balise gradually de-
creases as the vertical distance increases in free space and water debris. Due to the coupling
magnetic flux between the two antennas diminishing with increased distance, the mutual
inductance is reduced. In water debris, as the electrical conductivity σ increases, the mutual
inductance between the OAU and the balise decreases. The discrepancy between the exper-
imentally determined mutual inductance measurements and the values obtained through
theoretical calculations and computer simulations is minimal. The calculated results are
generally consistent with simulation and experimental findings.

Figure 8 shows the mutual inductance variation curves corresponding to the X-axis
horizontal offsets. The vertical distances between the OAU and the balise are selected as
220 mm, 340 mm, and 460 mm. When the vertical distance h is 220 mm, horizontal offsets
occur in 25 mm increments, with the offset ∆x increasing from 0 mm to 250 mm. When h
is 340 mm, horizontal offsets occur in 30 mm increments, with ∆x increasing from 0 mm
to 300 mm. When h is 460 mm, horizontal offsets occur in 35 mm increments, with ∆x
increasing from 0 mm to 350 mm. Under all three height conditions, the mutual inductance
decreases as the horizontal offset ∆x increases. This is primarily due to the reduction in the
overlapping area between the OAU and the balise as ∆x increases, leading to the magnetic
flux between the antennas being reduced. As the conductivity σ increases, the mutual
inductance between the two antennas decreases. As shown in the figure, the deviation
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between the measured mutual inductance values and those obtained through theoretical
calculations and simulations varies within a narrow range, demonstrating excellent overall
consistency. Notably, as the central positions of the two reference loops gradually move
apart, the relative deviation gradually increases. This is primarily due to the decrease in
mutual inductance with distance. However, considering the operational range of the balise,
the model’s results remain valid for our purposes.

Figure 8. Mutual inductance variation curve versus X-axis horizontal displacement; (a) Free space
(air, h = 220 mm); (b) Water debris (water, h = 220 mm); (c) Free space (air, h = 340 mm); (d) Water
debris (water, h = 340 mm); (e) Free space (air, h = 460 mm); (f) Water debris (water, h = 460 mm).

Figure 9 shows the mutual inductance variation curves corresponding to the Y-axis
horizontal offsets. The vertical distances between the OAU and the balise are selected
as 220 mm, 340 mm, and 460 mm. When the vertical distance h is 220 mm, horizontal
offsets occur in 25 mm increments, with the offset ∆y increasing from 0 mm to 250 mm.
When h is 340 mm, Y-axis offsets occur in 30 mm increments, with ∆y increasing from
0 mm to 300 mm. When h is 460 mm, Y-axis offsets occur in 35 mm increments, with ∆y
increasing from 0 mm to 350 mm. Similar to the X-axis direction, under all three height
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conditions, the mutual inductance decreases as the horizontal offset ∆y increases. This is
primarily due to the reduction in the overlapping area between the OAU and the balise as
∆y increases, leading to reduced magnetic flux between the antennas. However, compared
to the X-axis direction, the decrease in mutual inductance is more rapid along the Y-axis,
as Y-axis changes result in a greater reduction of the relative overlapping area. As the
conductivity σ increases, the mutual inductance between the two antennas decreases. The
measured mutual inductance values closely align with the theoretical calculations and
simulations, exhibiting only minor deviations. As the reference loops’ central positions
diverge, the relative deviation increases slightly, primarily due to the inverse relationship
between the mutual inductance and distance. However, the model’s results remain valid
within the balise’s operational range.

Figure 9. Mutual inductance variation curve versus Y-axis horizontal displacement; (a) Free space
(air, h = 220 mm); (b) Water debris (water, h = 220 mm); (c) Free space (air, h = 340 mm); (d) Water
debris (water, h = 340 mm); (e) Free space (air, h = 460 mm); (f) Water debris (water, h = 460 mm).
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4.2. Transmission Loss Analysis

When the BTS works, its performance is influenced by the transmission medium. The
uplink transmission loss variations are studied in both free space and water debris. Based
on the analysis results shown in Figures 7–9, an electrical conductivity of σ = 0.1 S/m is
selected for transmission loss analysis in water debris. In the experiment, the number
of turns is n = 1, the network analyzer port resistances are R1 = R4 = 50 Ω, the antenna
equivalent resistances are R2 = R3 = 0.1 Ω, and the cavity thickness h0 is 5 mm.

Figure 10 shows the S21 parameter corresponding to vertical movement along the z-
axis. As the perpendicular distance between the OAU and the balise increases from 220 mm
to 460 mm, S21 gradually increases, indicating greater transmission loss. The transmission
attenuation in water debris is greater than that in free space, and the calculated results are
largely consistent with the experimental results. The data points below the graph indicate
the deviation between the measured results and calculated results at various heights in free
space, with a maximum deviation of 0.34 dB. The values above show the deviation in water
debris, with a maximum of 0.21 dB.
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In Figure 11, it can be observed that the S21 parameter of the uplink FSK signal in
the BTS gradually increases as the relative horizontal distance grows, indicating greater
signal attenuation. The attenuation rate of the S21 parameter in the Y-axis direction is
faster than that in the X-axis direction, owing to the fact that changes along the Y-axis
lead to greater variations in the relatively overlapping area between antennas. The
calculated results are generally consistent with the experimental findings. In free space,
the maximum attenuation deviation along the X-axis is 0.38 dB, while along the Y-axis,
it is 0.49 dB. In water debris, the maximum attenuation deviation along the X-axis is
0.35 dB, and along the Y-axis, it is 0.39 dB. The S21 parameter’s maximum relative
deviation closely aligns with the inductance’s relative error trend, demonstrating a
strong correlation between these key metrics. Given the operational range of the balise,
the model’s results remain valid for our purposes.
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4.3. Analysis of Balise I/O Characteristics

To characterize the relationship between the uplink FSK signal transmission current
intensity and the magnetic flux intensity of the received downlink telepowering signal in
the BTS, the electrical model of the balise I/O characteristics is verified according to the
current specification [24]. Figure 12 illustrates the test system used for this verification,
comprising a core control unit, an excitation unit, and an acquisition unit.

In Figure 12, the excitation unit comprises a signal generator (NI-PXIe 5451), a power
amplifier (E&I 325LA), two attenuators (Attenuator A: 6 dB 20 W, Attenuator B: 3 dB
100W), and custom-made components (balun and transmitting antenna). The acquisition
unit consists of a vector signal analyzer (NI-PXI 5661), a power meter (RS-NRVD), a low-
pass filter (Mini Circuits, BLP-10.7), and custom-made components (balun and receiving
antenna). The custom-made balun, transmitting antenna, and receiving antenna collectively
form the test antenna. The two channels of the vector signal analyzer and power meter
are used to measure the voltage of the 4.234 MHz uplink FSK signal and the power of the



Appl. Sci. 2024, 14, 7306 16 of 20

27.095 MHz downlink telepowering signal. The core control unit (NI-PXIE 8135) is used for
instrument control and data analysis. All modules of the test system are designed based on
the ETCS SUBSET-085 specification. When a train provides an appropriate telepowering
signal, the loop current in the balise is determined by the received magnetic flux and the
mutual inductance of the BTS. Table 1 shows the relevant parameter requirements for the
balise as specified in ETCS SUBSET-036, which defines the upper and lower limits of the
balise I/O characteristics.
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Table 1. I/O transfer characteristics for a balise.

Telepowering Magnetic Flux (nVs) Loop Current (mA)

φd1 = 4.9 Iu1 = 37
φd2 = 7.7 Iu2 = 59
φd3 = 5.8 Iu3 = 186
φd4 = 130 Iu4 = 186

The measurements start with the lowest flux, and with increasing flux, will reach φd4;
then, the flux is decreased again to the lowest flux. In this experiment, we configure the
NI-PXIE 5451 to 27.095 MHz in CW mode. The test antenna is positioned at a height of
220 mm relative to the balise. We adjust the amplitude of NI-PXIE 5451 to achieve the
desired power level and record the value. We then measure and record the 4.2 MHz power
level. Using these measurements, we calculate the flux and balise loop current. This process
is repeated for all flux levels.

The balise is measured in accordance with the specifications. Figure 13 shows the
measurement layout. The test program and procedures adhered to the specification require-
ments. Figure 14 illustrates the experimental results of these characteristics in both free
space and water debris, revealing the corresponding relationship between the excitation
flux and loop current. The x-axis shows the magnetic flux of the telepowering signal
received by the balise, while the y-axis depicts the current on its transmitting antenna. This
current results from the received magnetic flux processed by internal conversion circuits.
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The experiments are distributed and included the results of the balise in free space and
with underwater debris. Initially, the balise I/O characteristics are measured in free space.
The saturated loop current of a balise in free space is approximately 95.2 mA, representing
its baseline performance. Subsequently, the characteristics in water debris are predicted
using an electrical model, which indicated that the uplink FSK signal attenuation under-
water is approximately 0.62 dB greater than in free space. Finally, the balise is measured
in water debris, and the actual results were compared with the calculated expectations.
When the balise operates in water debris, the current decreases to approximately 86.8 mA
due to signal attenuation. The theoretical model predicting the performance calculates
a value of 86.9 mA in water debris, which closely aligns with the measured value of
86.8 mA. The minimal difference between the predicted and actual values validates the
accuracy of the theoretical model and demonstrates an excellent correlation between the
projections and practical observations. The experimental results closely aligned with the
calculated predictions.

5. Discussion and Conclusions

This study proposes a quantitative model for analyzing BTS. Leveraging circuit theory,
an analytical model of mutual inductance between the OAU and the balise is established,
culminating in a formula for calculating the transmission characteristics in water debris.
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The analysis examines various position changes of these factors within the main lobe
zone. The calculated mutual inductance values and S21 parameters, simulation results,
and experimental measurements exhibit generally consistent trends, with the maximum
deviation between the calculated and measured S21 parameters not exceeding 0.49 dB, thus
demonstrating good agreement. An electrical model is employed to predict the balise I/O
characteristics for underwater debris. The uplink FSK signal attenuation in water debris
is found to be approximately 0.62 dB greater than in free space, which aligns well with
the experimental results. These findings validate the model’s accuracy for quantitative
analysis of balise transmission performance in water debris. The proposed electrical model
facilitates the direct calculation of circuit conditioning parameters and their impact on the
transmission characteristics of the BTS, thereby providing valuable insights for product
development. The model is validated in a laboratory setting to better control the variables
and minimize confounders, allowing for a more accurate study of the specific causal
relationships. Utilizing this model, researchers can directly compute circuit conditioning
parameters and assess how parameter matching influences the transmission characteristics
of BTS. However, the effectiveness of the model in real-world conditions needs to be further
verified. Additionally, the prediction model considering transmission loss under various
conditions, including the presence of water debris, has significant implications for product
development, such as optimizing the OAU transmission power and installation heights of
the balise during upgrades. These measures enhance the system reliability and minimize
failure risks. The predictions of the model can also aid operators in making informed
decisions during adverse conditions, allowing them to take proactive measures to maintain
communication integrity.

The rapid growth of high-speed rail networks and BTS has heightened the importance
of operational maintenance in product lifecycle management. This focus is essential for
ensuring reliability and safety in complex transportation systems. Performance data
analysis and electrical modeling have become valuable tools for identifying early failure
modes in BTS, potentially preventing more serious issues. These analytical methods offer
crucial insights for assessing the current state of BTS and predicting their lifespan, aiding in
maintenance planning, performance optimization, and infrastructure longevity. However,
while promising in theory, the practical effectiveness of these approaches requires further
research and validation. Additional studies are needed to refine these techniques, establish
their reliability across various conditions, and determine their long-term impact on system
maintenance and performance. As the rail industry evolves, the development of predictive
maintenance strategies will likely play an increasingly vital role in ensuring the safety,
efficiency, and reliability of high-speed rail systems.

Moreover, the installation of a balise continues to face various challenges. The ef-
fectiveness and reliability of the BTS are compromised when the balise is covered with
substances such as metallic particles, coal dust, dirt, ice, snow, oils, or other debris. These
foreign materials on the surface of the balise degrade its performance and functionality
within the BTS. The performance of uplink FSK signals and downlink telepowering signals
degrades when installation conditions violate metal-free zone requirements, especially
when metal surfaces are present beneath the balise. The electrical model developed in this
study needs to be further evaluated. Therefore, the authors propose to develop a system
model for installation environments and kinds of debris in subsequent research, facilitating
an in-depth investigation into these issues.
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