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Abstract: This paper addresses the issue of electromagnetic interference (EMI) in electric vehicle
supply equipment (EVSE) charging cables, which can disrupt the communication signal for the
real-time monitoring of the charging status, leading to the termination of charging. We propose
a dedicated measurement jig for the Combined Charging System Combo Type 1 (CCS-CT1) cable
structure and models its electrical characteristics of the jig using the impedance peeling technique for
de-embedding. The obtained pure S-parameters of CCS-CT1 are then used to conduct a simulation of
the signal integrity problem caused by Gaussian noise, which is the worst-case scenario that can occur
in a typical charging system. This paper suggests that the root cause of this problem may be related to
the high-power AC/DC conversion device included in the EVSE, which uses a switch-mode power
conversion (SMPC) method that involves nonlinear operation and can result in increased harmonic
noise and a more complex signal protocol for precise control. Finally, this study provides insights
into the challenges of implementing high-speed charging systems and offers a solution for obtaining
the accurate electromagnetic characteristics of charging cables.

Keywords: multiconductor transmission line; combined charging system; time domain reflectometry

1. Introduction

In recent years, there has been a growing concern for environmental conservation,
leading to an increase in the adoption of electric vehicles (EVs) as a replacement for
petroleum-based vehicles [1–3]. Many developed countries are making efforts to promote
the distribution of high-speed electric vehicle supply equipment (EVSE) to enable the rapid
charging of EVs [4]. However, unlike conventional AC charging systems, rapid charging
systems require a higher amount of electric power transfer in a short time [5–8]. This
demand has led to larger and more complex AC/DC conversion devices that are no longer
efficient when integrated into conventional EVs as an on-board system. Therefore, a new
EVSE that directly transmits DC was proposed, and the position of the AC/DC conversion
device in the system was moved from the vehicle input to the charging output, as presented
in Figure 1 [9,10].

Figure 1. Configuration of off-board charging system.
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This off-board system is suitable for providing a large amount of current flow for
high-speed charging [11]. However, supplying DC can pose a significant risk to users if
the charging system is not properly controlled [12,13]. To protect users from these risks,
most charging devices use a communication and control line in addition to the power
line to monitor the charging status in real time [14,15]. Despite these efforts, there have
been reported instances of the intermittent termination of communication sequences and
occasional errors in these charging systems [16–22]. While the exact causes of these phe-
nomena are likely diverse, the authors have identified electromagnetic interference (EMI)
as a significant contributing factor, arguing that a thorough analysis of the degradation of
communication performance due to EMI coupling is necessary.

The fundamental cause of this problem lies in the significant difference between the
conventional method of supplying a relatively low amount of AC and the new method of
supplying a much higher amount of DC using EVSEs. The high-power AC/DC conversion
device included in the EVSE uses a switch-mode power conversion (SMPC) method that
involves a nonlinear operation to maximize its power efficiency [23,24] and, subsequently,
results in an increased amount of harmonic noise and a more complex signal protocol
for precise control [25,26]. Such a noise from the power conversion process is enough to
cause a malfunction in the charging system by electromagnetic coupling to other commu-
nication lines from the DC power line in the worst-case scenario [16,20]. Furthermore,
the issue of electromagnetic coupling has always been challenging for electric and electronic
engineers [27–29].

This study assumes that the main reason for the communication performance degra-
dation is the noise coupling in the cable bundle, and the origin of the noise is the EVSE
power conversion system. Furthermore, since the service failure is evident, given that the
amount of coupled noise is prominent in the designated frequency band for the commu-
nication, the correlation between generated noise and coupling noise should be analyzed
from the perspective of communication systems. To be specific, this study performs an
analysis on the CCS combo Type 1 (CCS-CT1) standard established by the CharIN con-
sortium [30]. CCS-CT1 is configured in the form shown in Figure 2, and the transmission
cables for them are composed of cable bundle structures. Given that we excite the port
in the interested cables, as shown in Figure 2, the frequency-dependent electromagnetic
characteristics of such structures can be quantified in the form of scattering parameters
(S-parameters) [31–33].

Figure 2. Port configuration of CCS-CT1 cable and related S-parameter.

Vector Network Analyzers are commonly used to obtain S-parameters and are typi-
cally configured in coaxial types such as N-type or SMA, requiring a suitable adapter or
measurement jig. However, when measuring unique structures such as CCS-CT1 cables,
dedicated adapters or measurement jigs are necessary, and additional adjustment should be
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included in the measurement results. As a result, it is unclear how to obtain the complete
electromagnetic characteristics of the cables.

To address this issue, this study developed a dedicated measurement jig for the CCS-
CT1 cable structure and modeled the circuit characteristics of the jig using the impedance
peeling technique [34] with a time-domain reflectometer (TDR). The impedance values of
the modeled jig are eliminated from the measured S-parameters using the de-embedding
process, enabling the complete S-parameter values of the CCS-CT1 cable to be obtained.
Additionally, there are various measurement techniques for multiconductor transmission
line (MTL) structured cables [35,36]. However, considering factors such as measurement
convenience and the number of required measurements, the method proposed in this paper
can be considered the most efficient approach, at least for CCS-CT1 cables.

At last, because of the CCS-CT1 adopting Homeplug Green Phy [37,38], an OFDM-
based communication technology, a simple OFDM simulation was conducted using the
obtained S-parameters to analyze the signal integrity problem caused by Gaussian noise,
which is the worst-case scenario that can occur in a typical charging system.

2. Measurement and Simulation Setup of CCS-CT1

This section outlines a method for obtaining the intact network characteristics (S-
parameters) of the CCS-CT1 cable, as well as the simulation setup created to compare and
verify the measurement results. The CCS-CT1 cable originally consists of L1 and N for
AC power transmission, with CP and PP designated for charging control and communica-
tion, DC+ and DC− for DC power transmission, and protective earth (PE) for integrated
ground, as shown in Figure 2. However, since this study solely focuses on DC charging
environments, five purpose-designed multi-conductor transmission lines comprising CP,
PP, DC+, DC−, and PE are utilized, as shown in Figure 3. These transmission lines were
fabricated by Samwoo Electronic in Korea [30,39]. The fabricated cable and corresponding
simulation design are presented in Figure 3. AUX1 and AUX2 are the auxiliary lines for the
temperature and humidity sensors.

Figure 3. Cross section of CCS-CT1 and role of each line.

2.1. Fabrication of Measurement JIG for CCS-CT1

The CCS-CT1 cable requires DC conductor lines with sufficient thickness to handle a
maximum current of 200 A, which makes it challenging to use terminal types like SMA,
BNC, or N-type that are typically used in RF/microwave circuits. Instead, lugs are used for
termination, as shown in Figure 4b. However, this type of termination is difficult to use
with an ordinary network analyzer. To address this issue, a measurement jig is designed
and fabricated to accommodate lug terminations, as shown in Figure 4a.
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(a)

(b)

(c)

Figure 4. (a) Upper side and (b) lower side of the fabricated measurement jig and (c) connection with
CCS-CT1 cable.

The key aspect of constructing the measurement jig is to design the characteristic
impedance (Zc) between the input port and the lug attachment point to closely match with
the port impedance (Zs = 50 Ω) of the measuring equipment. This is for minimization of
multiple reflection (MR) [40,41], which can occur when there is a sudden characteristic
impedance discontinuities. DC+ and DC− cables require a large amount of current sup-
ply and are terminated with relatively wide and thick lugs, resulting in a relatively low
impedance at the lug attachment point. To maintain a characteristic impedance similar to
Zs, the defected ground structure (DGS) technique [42] is used to increase the characteristic
impedance. Then, relatively thin CP and PP cable lug attachment points also utilize DGS
structure of which defected area is adjusted appropriately. Then, the feeding line is de-
signed to utilize the grounded co-planar waveguide (GCPW) technique [43], which controls
its characteristic impedance with gap distance between the ground and the signal line simi-
lar to Zs. Finally, the opposite side of the lug attaching area is terminated, accommodating
BNC ports for measurement convenience. All relevant parameters used to fabricate the
jig are listed in Table 1. To conduct the measurement of the CCS-CT1, a fabricated jig is
used for certain cable lengths (e.g., 1 m and 2 m), as shown in Figure 5b, while the port
excitations are conducted, as shown in Figure 5a.

Since the measurement setup is composed of a 2-sided 8-port network with 4 ports on
each side, as shown in Figure 5a, it is difficult to measure the values for all 8 ports using a
general VNA having 2 to 4 ports. Therefore, in this paper, an 8-port S-parameter network
consisting of four unbalanced signal lines are established via multiple measurements using a
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4-port VNA (Keysight’s E5071B) [32]. Also, the frequency range is set as 300 kHz to 100 MHz
because the effective frequency range of high-level communication HomeplugGreenPHY
is 1–30 MHz [37].

Table 1. Dimension of fixture (εr = 4.3).

Type Height (Subs.) Width (W) Spacing (S)

CPWG (feed) 0.8 mm 1.5 mm 1.08 mm

DGS (DC) 0.8 mm 22 mm 1.4 mm

DGS (CP) 0.8 mm 8.2 mm 1.1 mm

(a) (b)

Figure 5. (a) Configuration of port excitation and (b) full measurement setup.

2.2. Simulation Modeling

The purpose of the simulation modeling in this subsection is to find the transfer
function of the CCS-CT1 cable, which is determined using geometrical and material factors
such as the length, dielectric loss, and diameter of the conductor [31,44]. As mentioned,
the cable is composed of four signal lines, CP, PP, DC+, and DC−, that are twisted together
in a clockwise rotation. Therefore, we conduct the analysis using Q2D (2D FEM, Ansys
Inc., Canonsburg, PA, USA) based on the model in Figure 3, and it reflects the rotation by
assigning the different cable arrangements for each unit length, as shown in Figure 6.

The unit length is set to operate with “electrically short” characteristics in the target
frequency range, with a maximum value of 100 MHz, (ln < 1/10 λ) [31]. The analysis results
for each unit length are integrated sequentially using the ABCD matrix, and eventually,
a concatenated 8 by 8 matrix for 8-port system is obtained via (1b), where the 4 by 4 sub-
matrix comprised within 2 by 2 structure is expressed in (1a) [45].[

[v(z2)]
[i(z2)]

]
=

[
[φ11(z2 − z1)] [φ12(z2 − z1)]
[φ21(z2 − z1)] [φ22(z2 − z1)]

][
[v(z1)]
[i(z1)]

]
(1a)

[
[V(zn)]
[I(zn)]

]
= [φ]n−1 × · · · × [φ]2 × [φ]1

[
[V(z1)]
[I(z1)]

]
(1b)

Figure 6. Unit cell configuration of CCS-CT1 cable (Red: CP, Orange: PP, Remainders: Auxiliary).
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2.3. De-Embedding Process Using Impedance Peeling

The measured 8-port S-parameter in Section II-A includes the effects of the measure-
ment jig in addition to the cable characteristics. Therefore, this subsection discusses the
de-embedding process employed to eliminate the effects of the measurement jig [46–48].
However, predicting the propagation direction of electromagnetic waves over time within
limited band S-parameter is generally ineffective because S-parameters are frequency do-
main information at steady state. Hence, to observe changes over time, this paper utilized
a time-domain reflectometer (TDR), and the impedance changes from the BNC part to
the cable lug of the measurement jig are presented in Figure 7. If TDR is not available,
similar results to Figure 7 can be obtained by acquiring S-parameters for a sufficiently wide
frequency range and performing inverse Fourier transformation (IFT) after appropriate
preprocessings in [49].

Figure 7. TDR result of the CCS combo measurement result.

In Figure 7, it reveals that the region from t = 0 to t = 2.23 (red area) consists of a trans-
mission line with 50 ohm characteristic impedance and includes the VNA input/output
terminals, SMA cables, and BNC input connector. Although a slight impedance variation
occurs at the BNC connecting junction, the characteristic impedance is relatively stable.
Then, from t = 2.23 ns to t = 4 ns (yellow area), this area consists of the lug termination.
As the four signal lines (DC+, DC−, CP, and PP) have an unbalanced structure based
on a common ground (GND), a rapid increase in characteristic impedance is expected,
and indeed, a sharp increase in impedance is observed in the corresponding area. Moreover,
as seen from the measurement jig configuration in Figure 4a, the CP and PP lines have a
characteristic impedance about 2.5 times higher than the DC+ and DC− lines to GND due
to their greater distance from the ground (PE) line. Finally, the area after t = 4 ns can be
regarded as the region of the complete CCS-CT1, which is the area we aim to obtain via
de-embedding in this subsection.

Here, the cable measurement setup, including the measurement jig, is expressed using
T-matrix, as shown in (2) [50,51].

[TMea] = [TFix1] · [TDUT ] · [TFix2] (2)

In Equation (2), [TMea] represents the measured S-parameters, where [TFix1] and [TFix2]
represent the measurement jig at both ends, and [TDUT ] represents the intact cable network
that is ultimately desired. The transformation between the S-matrix and the T-matrix can
be performed via (3a), (3b), where the dual subscripts (e.g., ie, ee, ei, and ii) represent
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the import and export sides and are used to reflect the correlation between the four 4 by
4 sub-matrices comprising the 8 by 8 complete matrix within 2 by 2 structure [50,51].

[
S
]

8×8 =

[
[Tie][Tee]−1 [Tii]− [Tie][Tee]−1[Tei]
[Tee]−1 −[Tee]−1[Tei]

]
(3a)

[
T
]

8×8 =

[
[Sie]

−1 −[Sie]
−1[Sii]

[See][Sie]
−1 [Sei]− [See][Sie]

−1[Sii]

]
(3b)

Using the S to T transformation presented in (3a), (3b), the measured 8 by 8 S-
parameter data are converted into a T-matrix of the same size. Using the transformed
equation, the value of the complete CCS-CT1, TDUT , can be obtained, as shown in (4);

[TDUT ] = [TFix1]
−1 · [TMea] · [TFix2]

−1. (4)

To derive [TDUT ] from Equation (4), accurate values of [Tf ix1,2] must be obtained.
Fortunately, the T-line in the measurement jig has a coupling coefficient of less than −50 dB
at under 100 MHz in simulation. Each line can be considered independent, as written
in (5) [45];

[
SFix1

]
=



S11 0 0 0 S15 0 0 0
0 S22 0 0 0 S26 0 0
0 0 S33 0 0 0 S37 0
0 0 0 S44 0 0 0 S48

S51 0 0 0 S55 0 0 0
0 S62 0 0 0 S66 0 0
0 0 S73 0 0 0 S77 0
0 0 0 S84 0 0 0 S88


. (5)

In case of considering (5), for instance, which is the target matrix supposed to be filled,
the respective subscripts ie, ee, ei, and ii partition the goal matrix ([SFix1]) as follows:

[
Sii
]
=


S11 0 0 0
0 S22 0 0
0 0 S33 0
0 0 0 S44

,
[
Sie
]
=


S15 0 0 0
0 S26 0 0
0 0 S27 0
0 0 0 S48

,

[
Sei
]
=


S51 0 0 0
0 S62 0 0
0 0 S73 0
0 0 0 S84

,
[
See
]
=


S55 0 0 0
0 S66 0 0
0 0 S77 0
0 0 0 S88

.

(6)

To fill out the non-zero values in (5) or (6), impedance peeling technique is employed
in this paper. The peeling is conducted based on a cascaded ABCD matrix, as shown
in (7) and (8), which utilizes the ABCD matrix of transmission lines. The electrical length
(γl) and characteristic impedance (Z0) of each ABCD matrix used in the peeling are from
the TDR results illustrated in Figure 5.[

A B
C D

]
=

[
cosh(γl) Z0sinh(γl)

sinh(γl)/Z0 cosh(γl)

]
(7)

[
A B
C D

]
Fix

=

[
A B
C D

]
1
·
[

A B
C D

]
2
· · ·
[

A B
C D

]
n

(8)

Figure 7 shows a dynamic impedance variation at 2.7 ns from the origin and simulta-
neously confirms that the wave propagation in the measurement jig lasted for about 4.6 ns.
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The sampling period of the TDR result in Figure 7 is approximately 0.117 ns, and eventually,
the equivalent model of the measurement jig is formed with the 39 cascading impedance
samples (4.6/0.117 ≈ 39.32) [34].

In Figure 8, the dotted line is the modeled (reconstructed) results using the impedance
peeling, while the solid line is the TDR measurement data. The modeled ones (dotted line)
are the result of convolution of unit step function and IFFT of S-parameter in (5) because of
the sufficient bandwidth ( fs = 1/0.117 ns ≈ 8.55 GHz). By utilizing the impedance peeling
technique, [S f ix1] is obtained as described earlier, and through the S-T transformation
of Equation (3), [Tf ix1] can be calculated. Additionally, since [Tf ix2] is symmetrically
connected to [Tf ix1], [S f ix2] is also available by symmetrizing the diagonal elements of
[S f ix1] using (5) [45]. Then, [Tf ix2] is earned by substituting [S f ix2] into (3b) in a similar
manner. This subsection confirms that the modeled results are mostly consistent with
the TDR measurement, and the impedance region, except for the cable lug and BNC
connection, mostly converges to 50 Ω, which is a fundamental requirement for a smooth
de-embedding process.

Figure 8. Comparison of de-embedded TDR results of the measured and modeled fixture.

2.4. Comparison between De-Embedded Measurement and Simulation

This subsection compares and discusses the results of the cable simulation performed
in II-B with the de-embedded cable measurement obtained in II-C. Figure 9a,b, respectively,
illustrate the frequency vs. transmission and reflection coefficients of 1 m thin length cable
(CP or PP), and Figure 10a,b also presents same works for 2 m long cable.

The graph in Figures 9 and 10 reveals that the cable measurement and the simulation
results exhibit significant discrepancies as the frequency increases. This indicates that the
changes in characteristic impedances of the measurement jig and cable lug connections
become more pronounced as the frequency increases. To mitigate this distortion, we
performed de-embedding process and obtained very similar results to the simulation
results. In the case of transmission, due to the differences in the modeled loss terms of
the cable in simulation, it presents approximately 1 dB (Figure 9b) and 1.5 dB (Figure 10b)
differences at 100 MHz. Nevertheless, since we corrected the most critical aspect, including
the length resonance frequency of the cable, via de-embedding process, it is possible to
obtain meaningful results.
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(a) (b)

Figure 9. Frequency response of (a) reflection and (b) insertion loss regarding simulation, with its
measured and de-embedded results for 1 m length of CCS–CT1 cable.

(a) (b)

Figure 10. Frequency response of (a) reflection and (b) insertion loss regarding simulation, with its
measured and de-embedded results for 2 m length of CCS–CT1 cable.

3. Communication Simulation Using the Complete S-Parameter

In this section, a simulation is performed for the communication system using the
complete S-parameter of the CCS-CT1 obtained in the previous section. As mentioned
earlier, CCS-CT1 uses both low-level communication (LLC), which is based on Pulse Width
Modulation (PWM) [37,52] and used in AC slow charging, and high-level communication
(HLC), also known as Homeplug GreenPHY (HPGP). LLC is typically used to check the
hardware status just before starting the charging process, while HLC provides important
information such as the charging status of the vehicle battery, remaining charging time,
and potential heat generation caused by high current levels, given that the hardware
checklist is completed via LLC communication. Since HLC utilizes a higher and wider
frequency band than LLC and is performed simultaneously with charging, this section
addresses the issues caused by coupling noise in HLC [53].

3.1. OFDM Communication Environment

HPGP used in HLC employs orthogonal frequency division multiplexing (OFDM)
based on the communication method and occupies a bandwidth of 1 to 28 MHz [26].
The transmitter in EVSE generates a subcarrier signal after mapping the digital signals into
symbols using the QPSK modulation. After passing through a wired channel (CCS-CT1
cable) with a transfer function of h(t), the OFDM signal is demodulated again in the EV.
Figure 11 shows the OFDM process in a block diagram.
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Figure 11. Conceptual block diagram of OFDM/QPSK communication.

As illustrated in Figure 11, the OFDM signal transmitted through the CP line may
be affected by external noise in addition to self-attenuation due to losses within the cable.
Assuming no additional external noise exists, the received signal passed through the
channel can be modeled as (9).

r(t) = s(t) ∗ h(t)→ Rn = Sn × Hn (9)

The subscript n in each symbol in the frequency domain representation indicates
the index of each subcarrier band. Then, by compensating the collected signal with the
estimated channel value, the original signal (Ŝn) can be estimated as follows (10) [54]:

Ŝn =
Rn

Ĥn
. (10)

In the HLC simulation performed in this paper, the S-parameter information of CCS-
CT1, which has been extracted beforehand, can be utilized. Accordingly, it is also pos-
sible to substitute the channel estimation Ĥs with the S-parameter. However, obtaining
measurement-based transfer functions Hn in the actual charging environments is diffi-
cult, so estimation techniques such as least square (LS) and minimum mean-square error
(MMSE) [55] are performed, and the Zimmerman and Dostert model [56], which is special-
ized for PLC communication, is also utilized.

3.2. Error Threshold Analysis

As mentioned in the previous subsection, HPGP based on OFDM utilizes channel
estimation techniques to predict the original signal from the received signal. However,
as explained before, the random noise components can be added due to the noise coupling
in the EVSE-EV charging cable, CCS-CT1, can be added, and such an environment is simply
modeled as (11).

r(t) = s(t) ∗ h(t) + n(t). (11)

In Equation (11), n(t) represents the coupled noise from the EVSE into the CP line
load. If we estimate the original signal (Ŝn) using the method described in the previous
subsection, the definition in (12) holds.

Ŝn =
Rn + Nn

Ĥn
. (12)
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However, (12) differs from (10), which is defined in the noiseless environment, as it
contains Nn/Ĥn, and the estimation of the original signal is affected by the magnitude of
Nn. As mentioned earlier, Nn can be assumed as the noise generated in the DC line and
transferred to the CP line and can be defined using (13).

Nn = H f ar||near( f ) · NDC( f ). (13)

Here, the NDC is the noise generated from the DC supply equipment, and as the
EV-EVSE charging system consists of a bidirectional communication system, the transfer
function for both far-end crosstalk (H f ar) and near-end crosstalk (Hnear) are necessary,
as shown in (13). The two coupling paths based on the S-parameter measurement are
illustrated in Figure 12, and it is well known that the S-parameter is measured under the
condition that every terminating port impedance is set as 50 Ω.

Figure 12. Noise coupling path (Red) S31 and (Blue) S71.

However, the actual output port impedance of the DC supply equipment or the
communication module’s in/output port impedance has a respective value according to
its preference. In order to derive the voltage transfer function for NEXT or FEXT from
the S-parameter measurement obtained in a 50 Ω system, the conversion process should
proceed as follows in (14a), (14b), and (14c) [57,58];

Hnm( f ) =
Vn( f )
Vm( f )

=
Snm(1 + Γno)

(1− SnnΓn0))(1 + Γm)
(14a)

Γm( f ) = Smm + ∑
i 6=m

Γi0SimSmi
1− Γi0Sii

(14b)

Γk0( f ) =
Zk( f )− Z0

Zk( f ) + Z0
. (14c)

Equation (14a) defines the transfer function composed of the voltage at the destination
port (Vn) and the departure port (Vm) in the frequency domain. In (14a), Γm means the
total reflection at the departure port (m), as represented in (14b). Also, the Γn0 and Γi0 are
available using (14c), where the termination impedance of the destination port (Zk) and the
network impedance (Z0 = 50 Ω) are utilized.

Setting H f ar as H71 and Hnear as H31 allows for the calculation of the coupled noise via (14).
Accordingly, to obtain more practical transfer functions, the port termination impedance values
in (13) can be substituted based on the typical output impedance of the EVSE (<10 Ω), the input
impedance of high-capacity batteries (<5 Ω) in the EV [59,60], and the input (>10 kΩ)/output
(>10 kΩ) impedance values of bidirectional voltage communication systems.

3.3. Error Scenario Discussion

In communication systems utilizing OFDM, it is common to quantify the error occur-
rence caused by channel noise using the bit error rate (BER), which represents the ratio
of the difference between the bit values of the transmitted signal (Sn) and the estimated
transmitted signal (Ŝn). In this paper, we first analyzed the error vector magnitude (EVM)
values that vary depending on the size of the noise induced in the aggressive line (DC+)
during the OFDM communication using the previously modeled NEXT and FEXT transfer
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functions [61]. The generated noise was based on a Gaussian noise function that occurs
within OFDM, and the size of the noise in the EVSE relative to the transmitted signal is
quantified based on the ratio of the RMS values of the transmitted signal and the Gaus-
sian noise within the communication bandwidth. The simulations are performed on a
de-embedded 1 m long CCS-CT1 cable, as presented in Figures 13 and 14, where Figure 13
shows the simulation results under the NEXT condition, and Figure 14 shows the case of
the FEXT.

Figure 13. Constellation map using 1 m of CCS–CT1 with near–end transfer function (Hnear).

Figure 14. Constellation map using 1 m of CCS–CT1 with far–end transfer function (H f ar).

Through EVM values from the simulations, it is anticipated that significant bit errors
of approximately 4% may occur when the noise signal ratio is about 125 in both near-end
and far-end cases [62]. As users aim for faster charging, the size of the power supply
noise from the power-supplying equipment increases, leading to an increase in error
probability caused by the coupling noise, ultimately resulting in a possible interruption in
the charging sequence. To obtain more realistic results, the simulation is conducted using
the measurement data of 7 m of the de-embedded CCS-CT1 cable, as shown in Figure 15.

Figure 15. Constellation map comparison between 1 m and 7 m of near– and far–end transfer functions.

According to well-known EMC practices, it is clear that the near-end crosstalk (NEXT)
is similar regardless the length of cables, while the FEXT is more pronounced for longer
cables due to increased coupling paths. Hence, as summarized in Figure 15, it is observed
that the BER at the far end increases as the cable length increases despite the same noise
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level. On the other hand, it is confirmed that the BER at the near end increases only slightly
compared to that at the far end. In other words, in real environments, the increased lengths
of CCS-CT1 cable could easily effect the communication quality of EV-EVSE and eventually
jeopardize the charging process in the worst-case scenario.

This paper conducted OFDM simulations based on the QPSK modulation scheme,
which is adopted via the HPGP communication protocol for EV-EVSE communications.
However, it is predicted that if a higher order digital modulation technique is utilized,
the system will cause a higher bit error rate (BER) under the same system configuration.
Therefore, it is necessary to establish an improved CCS-CT1 cable assembly either by
changing the contemporary common-mode wiring to a differential-mode wiring or by
building a more reliable shield between the communication signal line and the DC power
line. Additionally, after constructing an actual EV-EVSE communication system [63,64],
using a noise generator [65,66] would allow us to obtain more realistic results regarding
communication degradation due to electromagnetic coupling. These results are expected to
make a significant contribution to the future development of EV-EVSE systems.

4. Conclusions

The increasing demand for electric vehicles has resulted in the widespread adoption
of off-board charging methods that can supply large amounts of DC current to the ve-
hicles. However, the charging cables currently used for electric vehicles are susceptible
to electromagnetic interference (EMI) due to the lack of a separate shielding device be-
tween the power line and the communication line that controls it. As previously noted,
the high-power AC/DC conversion device used in EVSEs emits various noise signals
due to its switch-mode methods, and the strength of these noise signals can be relatively
large compared to that of the communication signals. This can cause a charging system
malfunction by electromagnetic coupling to other communication lines from the noisy DC
power line, ultimately leading to service failure. In this study, a dedicated measurement
jig for the CCS-CT1 cable structure is developed, and a de-embedding technique based on
the impedance peeling technique using a time-domain reflectometer (TDR) is proposed
to obtain the complete S-parameter values of the CCS-CT1 cable. By conducting OFDM
simulations using the measured S-parameters, the signal integrity problems caused by
Gaussian noise, which is the worst-case scenario that can occur in a typical charging sys-
tem, are carefully analyzed. If we want to perform further analyses for specific situations,
we expect that the practical modeling of the noise generated during the switch-mode
power conversion process or the modeling of noise from different scenarios can be used
to assess the possibility of communication performance degradation due to electromag-
netic coupling. We hope that these results can contribute to the development of more
efficient and reliable off-board charging systems that are less susceptible to EMI, guaran-
tee the efficacy of communication systems, and eventually ensure the safety of EV-EVSE
system users.
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Abbreviations
The following abbreviations are used in this manuscript:

CCS-CT1 Combined Charging System Combo Type 1
SMPC Switch-mode Power Conversion
EV Electric Vehicle
EVSE Electric Vehicle Supply Equipment
EMI Electromagnetic Interference
TDR Time-domain Reflectometer
OFDM Orthogonal Frequency-division Multiplexing
DGS Defected Ground Structure
GCPW Grounded Co-planar Waveguide
IFT Inverse Fourier Transformation
PE Protectiv Earth
PWM Pulse Width Modulation
HPGP Homeplug GreenPHY
HLC High-level Communicaiton
LLC Low-level Communication
LS Least Squre
MMSE Minimum Mean-squre Error
CP Control Pilot
NEXT Near-end Crosstalk
FEXT Far-end Crosstalk
EVM Error Vector Magnitude
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