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Abstract: This study presents a near-field immunity test (NFIT) method for the fast debugging of
radiated susceptibility of industrial devices. The proposed approach is based on the development
of an NFIT setup which comprises of developed near-field electric and magnetic field probes and
device under test (DUT). The developed small-size and handy near-field testing probes inject the high
electric (up to 1000 V/m) and magnetic (up to 2.4 A/m) fields on the DUT in the radar pulse ranges
(1.2 to 1.4 GHz and 2.7 to 3.1 GHz) with the lower fed input power (up to 15 W) from the power
amplifier in the developed NFIT setup. The proof of concept is validated with the successful near-field
immunity debugging of an electric power steering (EPS) device used in the automotive industry
with the developed NFIT setup. The radiated susceptibility debugging test results of developed
NFIT method and conventional method of ISO 11452-2 test setup turned out to be close to each other
for the tested DUT in immunity performance. The proposed procedure has advantages of industry
usefulness with fast, handy, and cost-effective radiated immunity debugging of the DUT without
the requirement of large antenna, high-power amplifiers, optical DUT connecting harness, and an
anechoic chamber as needed in ISO 11452-2 standard setup for the debugging analysis.

Keywords: radiated immunity (RI) test; near-field immunity test (NFIT); ISO 11452-2; automotive;
radar pulse range; L-probe fed circular patch antenna; H-field probe

1. Introduction

Modern technologies have revolutionized the manufacturing of autonomous and non-automated
road vehicles. The performance of both driverless and human-controlled vehicles is dependent on
the functionality of automotive electronics that control the wide range of car operations. The number
of electronic devices and their integration complexities are increasing, especially in self-driving
cars due to the Internet of Things (IoT) paradigm [1,2]. Because of the limited available space
in cars, electronic devices in an automobile are installed in close vicinity which could generate
electromagnetic (EM) interference problems among the devices and might result in malfunction
of vehicle operation [1,3]. Besides the highly integrated “on-vehicle” EM sources such as antennas
used for cellular communication, global positioning system (GPS) systems, navigation system, vehicle
tracking, WiFi, dedicated short-range communications (DSRC), IoT connectivity, and automotive
radars, etc., “off-vehicle” man-made or natural EM sources could also have an adverse impact on
vehicle system performance [1,3,4].

An example of a man-made EM source, particularly important for autonomous automobiles,
is the pulse-modulated radar pulses that are used by military installations and commercial airport
surveillance systems for the tracking of the aircraft [4-6]. These high-intensity (up to 600 V/m) radar
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pulses are generated by the Air Traffic Control (ATC) radars in the two frequency bands of 1.2-1.4 GHz
and 2.7-3.1 GHz, respectively [4,6,7]. The possible detection of these high-intensity waves by the
vehicle system could impact on its performance with the disturbance in automotive electronics [1,4,7,8].

For electromagnetic compatibility (EMC) compliance of vehicle electronics to such high-intensity
EM wave disturbances, automotive vendors such as General Motors Worldwide (GMW) and Ford have
defined pulsed radar radiated immunity (RI) qualification testing requirements in both aforementioned
L- and S-band frequency ranges [9,10]. The maximum defined immunity level is 600 V/m by
the car-makers as illustrated in Table 1 and the RI qualification testing of the electrical/electronic
components and subsystems of automotive vehicles is performed as per the international organization
for standardization (ISO) 11452-2 standard test setup requirements [11].

Table 1. Radiated immunity test levels defined by the automotive vendors.

Vendor Reference Standard Frequency (GHz)  Field Level (V/m)

GMW GMW 3097 [9] 1.2-14 N/A 600
Ford FMC 1278 [10] ;?:;‘11 300 600

ISO 11452-2 specifies an absorber-lined shielded enclosure (ALSE)-based test setup for the RI
testing of road vehicles electronics. Figure 1 shows the far-field radiated susceptibility test setup of ISO
11452-2 [11]. In this setup, the distance between the DUT and the transmit antenna is 1 m; therefore,
the method is also referred to as ‘1 m method’. The test setup of [11] requires a very high-power
amplifier in the range of 500 W to 1000 W (depending on the efficiency of chamber test setup) to
produce up to 600 V/m or higher level of incident EM waves for qualification testing in radar pulsed
ranges [7]. Besides this requirement, in case of qualification test failure, it is difficult to examine the
working of the automotive electronics (i.e., device under test (DUT)) with the attached harness and test
equipment such as an oscilloscope and DUT monitoring tools etc., in the ALSE setup of ISO 11452-2
for the potential root-cause analysis due to the locality of the monitoring systems and DUT harness
in the high EM field region. Also, in [11] setup, the phase center of the transmit antenna must focus
on the center of DUT at or above 1 GHz as illustrated in Figure 1 which makes it difficult to expose
the both DUT and its harness at the same time within a flat field uniformity (FU) region. It makes the
debugging process of root-cause identification quite difficult and expensive as the repetitive RI testing
in [11] setup must be performed for any possible modification in the DUT.
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Figure 1. ISO 11452-2 far-field radiated immunity test setup for frequencies above 1 GHz [11].
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This study proposes a simple laboratory-based method for the near-field immunity test (NFIT) of
the DUT for fast debugging of potential cause of error in DUT operation. Figure 2 shows the proposed
NFIT setup (details in Section 2). The DUT is placed on a metallic sheet plane and is exposed to the
high-intensity EM waves from the designed electric and magnetic field probes in the near field. Since
the DUT is located approximately 50 mm (d) away from the designed field probes, the power amplifier
consumes little power (up to 15 W) to produce the same level of the electric field (i.e., >600 V/m) as
required in ISO 11452-2, which makes the whole system small, handy, and cost-effective. Two electric
field probes (L-probe-fed circular patch antennas) and one magnetic field probe (printed square loop
antenna) covering the frequency bands of the two radar pulses (1.2-1.4 GHz and 2.7-3.1 GHz) and
producing the required field levels with a minimum input power of around 15 W are designed and
fabricated for the proposed test setup. The proposed immunity test system was used to test the
electromagnetic immunity of an actual automotive electronic equipment (an electric power steering
(EPS) device used in automotive vehicles), and proved to be valid to find the low immunity of DUT.
It demonstrates that the proposed NFIT setup could be used for the fast debugging of the DUT
for root-cause analysis by exposing both DUT and its harness at the same time. It was also found
that performance signals of the DUT can be checked using monitoring equipment (e.g., oscilloscope
etc.) during the test in the proposed NFIT method, which makes the debugging process quite easy.
It is pertinent to mention here that the proposed NFIT method is not the replica or equivalent to
the far-field ALSE setup of ISO 11452-2 and cannot be used for the qualification testing as specified
by [9,10]. We propose a new way for the fast debugging of the complete DUT including harness to
find the root cause and applying the possible remedy to rectify it quickly. After resolving the cause of
failure, final compliance qualification testing of the DUT must be performed as per [11] requirements
to meet the vendor’s requirements [9,10] as needed.
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Figure 2. Proposed near-field immunity test (NFIT) setup for fast radiated immunity debugging
of DUT.

The major contributions of this work are:

e  Proposing a laboratory test setup for the fast and handy radiated near-field immunity test (NFIT)
measurements of the automotive DUT in the radar pulse range

o Development and fabrication of the new electric and magnetic field probes for the injection of the
desired high-intensity E- and H-field levels (>600 V/m and >1.59 A/m respectively) on the DUT
in the radar pulse range in the proposed NFIT setup.

e  Validation of the proposed NFIT setup with the real-time RI measurements of an automotive
industry electronic DUT (case study analysis) in both far-field test setup and proposed setup
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(see Figure 2) for the reproduction of the disturbance in the DUT functionality in both test setups
as illustrated in Figure 3 (details in Section 2).
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Figure 3. Flow chart used for the verification of the proposed NFIT setup.

The remaining of the paper is organized as follows: Section 2 discusses the details of the proposed
NFIT method. The design, simulation, and fabrication details of the designed near-field electric
and magnetic field probes are described in Section 3. Section 4 presents the validation results of
the proposed method with a case study analysis results of an actual automotive industry electronic
equipment. Lastly, Section 5 draws some conclusion of the proposed study.

2. Developed Near-Field Immunity Test (NFIT) Setup

The schematic of the suggested NFIT method is depicted in Figure 2. The DUT is placed on a
steel ground plane which is connected to the reference earth ground as per the ISO 11452-2 standard
requirements. The designed and fabricated E- and H-field probes are placed above the DUT at a
distance ‘d” as shown in Figure 2. We used the d = 50 mm in our setup and this distance was estimated
based on the trial-and-error simulation approach to get the uniform electric and magnetic field injection
on the DUT from the designed probes. The probes are fed from the signal generator through a power
amplifier and a directional coupler. The directional coupler is used in experimental setup to monitor
the actual feeding power to the probes.

Besides the simple setup, the good thing in the proposed method is to monitor the real DUT
performance signals during the test as needed for root-cause analysis, because the injected electric and
magnetic fields from the designed probes are local and are not affecting the monitoring equipment
(e.g., oscilloscope) and attached harness as compared to Figure 1 setup [11]. In [11] setup, optical
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monitoring tools and harness could be used, at the cost of additional expenses, to avoid the influence
of the injecting EM waves on DUT and interconnecting harness for the actual estimation of the reason
of failure (root-cause determination) of the DUT for the exposed EM waves. On the contrary, we do
not need any such expensive optical monitoring equipment in the proposed NFIT setup due to the
locality of the generated EM waves which only affects the intended DUT region.

Although in the far-field test setup of [11] the DUT is exposed to EM waves, the actual qualification
testing of the DUT is performed only for the specified E-field levels (300 V/m or 600 V/m) in the
standards [9,10]. However, in the proposed NFIT method, due to the placement of the DUT in the
vicinity of the field probes, the debugging analysis is conducted for both electric (E) and magnetic (H)
field sources in the near field. The direction of propagation of the injected fields is same in both far-field
and proposed NFIT setup. The far-field testing in ISO 11452-2 is performed for both horizontal and
vertical polarizations for qualification testing. Also, the same approach could be used in the proposed
NFIT method for effective debugging.

For the proposed NFIT method, separate E- and H-field probes are designed and fabricated which
operates in both radar range frequency bands of 1.2-1.4 GHz and 2.7-3.1 GHz (probe design and
fabrication details in Section 3.1). The E- and H-field probes are designed to produce the minimum
level of 600 V/m and 1.59 A/m on the surface of the steel plate respectively in both frequency bands,
with the lower level of power supply from the input source. The magnetic field levels are determined
for the far-field condition of E-field levels i.e., Hj,pej = Ejeper /17, where 7 is the wave impedance in the
far-field region. For the desired target E-field level of 600 V/m, the corresponding H-field level will be
1.59 A/m.

The verification of the proposed NFIT debugging method is done as per the flow chart of Figure 3.
Firstly, the DUT is tested in an anechoic chamber for the two frequency bands of radar pulse using
Figure 1 setup. The frequency and injecting EM wave amplitude levels at which DUT did not comply
the qualification requirements (pop-up of error code) are noted. Next, the immunity of the DUT is
tested using the proposed NFIT setup and the performance of the DUT is monitored by observing
the change in the various input/output signals of the DUT. The variations in the DUT performance
are noted in the form of change in observing signals levels/shapes or pop-up of an error code that
depicts the immunity of the DUT to that frequency or EM field level. After that, the output of both
test setups is compared. The comparison suggests the experimental verification of the proposed NFIT
method if the similar behavior (disturbance in the device performance) is noted between the two setups
output. Once validated, the proposed NFIT method could be used for the fast debugging of the DUT to
perform the root-cause analysis with handy experimental setup in a laboratory environment at a lower
cost as compared to repeating the same experimental procedure in the costly and time-consuming
far-field test setup of Figure 1.

3. Design and Fabrication of the Near-Field Electric and Magnetic Field Probes

This section describes the design, fabrication, and experimental validation results of the proposed
near-field electric and magnetic field probes.

3.1. Electric Field Probe

3.1.1. Design and Simulation

The target of the E-field probe design is to provide the electric field level of 600 V/m [9,10] near
the probe in the two frequency bands of 1.2-1.4 GHz and 2.7-3.1 GHz, respectively. The size of the
probe should be moderate (around 15 cm to 20 cm) and to be handy for being used in the proposed
NFIT setup. Among the many types of E-field antennas [12-19] L-probe fed circular patch antenna
(for brevity onward as L-probe antenna) was chosen because of its relatively simpler geometry, small
size, and wideband characteristics [20,21]. The L-probe antenna used in this study is an enhanced
version of monopolar wire patch antenna [14,15,20,22] which broadens its bandwidth.
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Figure 4a shows the structure of the proposed L-probe antenna and its design parameters.
Each parameter in Figure 4a can be calculated as: H = 0.092A,, R = 0.179A,, r = 0.164A,, d = 0.011A,,
h = 0.079A,, I = 0.131A,, r1 = 0.003A,, t = 0.0015A,, GR = 0.357A,, and GT = 0.006A, [20,21], where
A, is the free space wavelength at the resonance frequency.
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Figure 4. Design of proposed E-field probe (L-fed circular patch antenna): (a) Geometry and design
parameters; (b) Photograph of the fabricated E-field probe for 1.2-1.4 GHz range (1st E-probe);
and (c) Photograph of the fabricated E-field probe for 2.7-3.1 GHz range (2nd E-probe).

Table 2. Designed parameters of the two fabricated E-field probes of Figure 4b,c (all units in mm).

Design Parameters H R r d h 1 rn t GR

1.2-1.4 GHz 205 40 365 3 179 295 1 1 795
2.7-3.1GHz 1 215 196 075 10 16 1 1 43

For the 1st E-probe, which operates between 1.2 to 1.4 GHz, A, is 230.6 mm at 1.3 GHz. Please
note that 1.3 GHz is the center frequency of the resonant band. For the 2nd E-probe working in the
range of 2.7-3.1 GHz, the resulting A, value is 103.4 mm at 2.9 GHz. With these center frequencies,
the probe parameters can be calculated by using the aforementioned relationships. Table 2 summarizes
the designed parameters for the two fabricated E-field probes of Figure 4b,c.

Each part of designed E-field probes was fabricated by phosphor bronze and assembled through
bolts and nuts, and then soldered to form the shown photograph in Figure 4b,c, respectively. Due to
the limitations of the employed fabrication techniques, the design parameters need to be modified a
little bit from the actual calculated designed parameters. For example, a metal plate with a thickness
(t = 0.0015A,) of 0.35 mm and 0.2 mm was required for manufacturing the 1st- and 2nd-probe,
respectively, as per the design calculations. However, for both cases, the metal plate with thickness of
1 mm was actually used to fabricate the E-field probes. This is due to the fact that such a thin metal
plate tends to be easily torn or bent during processing. Therefore, optimization was carried out to
facilitate the actual production and minimizing the performance degradation as much as possible.
Table 2 presents the dimensions of the actually fabricated probe geometries keeping in view the
manufacturing constraints.

To analyze the field strength of the designed E-field probes, 3D electromagnetic field simulation
was performed using ANSYS HFSS as per the schematic diagram of Figure 5a. Figure 5b shows the
simulation set up in HFSS. The bottom of the probe is located 50 mm above the metal plate which
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corresponds to the ground of DUT, and the size of the metal plate is 400 mm by 400 mm wide in this
simulation. These dimensions of the conductive plate are set as the rational dimensions of a typical
table used for the RI testing. The E-field levels are recorded at the center cross section of the plate
shown in Figure 5a. FU region defined in Figure 5a is the region for which the generated E-field levels
by the designed probe are greater than the target E-field level of 600 V/m .
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Figure 5. Simulation setup for NFIT method: (a) Schematic design; and (b) HFSS simulation setup
with designed E-field probes.

Figure 6 shows the simulated E-field distribution on the steel plate at the center frequency of
each band, i.e., 1.3 GHz and 2.9 GHz, respectively. Figure 7 illustrates the simulated E-field intensity
at the center cross section of the steel plate with an input power of 12 W. One can see the minimum
area above 600 V/m (also referred as the FU region in this study) is around 76 mm wide for the 1st
probe, and 51 mm for the 2nd probe, respectively. These results show that the developed E-probes can
produce the E-field level required for the RI debugging of the device using the proposed NIFT setup.

400 mm 400 mm

400 mm 400 mm

Center cross

Center cross section for Fig. 7

section for Fig.7

(a) (b)
E Field
[V/m]
1000 853 706 560 413 267 120

Figure 6. Simulated E-field distribution with input power of 12 W (a) L-probe antenna for 1.2-1.4 GHz
at the center frequency of 1.3 GHz (1st E-probe); and (b) L-probe antenna for 2.7-3.1 GHz at the center
frequency of 2.9 GHz (2nd E-probe).

3.1.2. Comparison of Simulation and Measured Results

Figure 8 compares the measured and simulated S-parameters to check the performance of the
designed and fabricated E-probes. Figure 8a is the experimental setup for S-parameter measurement
and Figure 8b,c shows the comparison of the measured and simulated S-parameters of both fabricated
E-field probes. Please note that the probe is located above 50 mm from the ground plane (as with the
simulation setup of Figure 5b) which is made of steel as depicted in Figure 8a. Figure 8b depicts
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the comparison of the simulated and measured reflection coefficient i.e., S11 of the 1st E-probe while
the comparison of the 517 results of the 2nd E-probe is illustrated in Figure 8c. The dashed line in
both Figures 8b,c represents the —10 dB limit of the 51 parameters. These results demonstrate that
the measured and simulated S-parameters coincide quite well for both E-probes. Also, the reflection
coefficient of both designed E-probes is less than —10 dB limit for their operational frequency bands of
1.2 to 1.4 GHz and 2.7 to 3.7 GHz, respectively.

1200
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= — 14 GHz
= 8001 /\
=0
< 600
5 ~ 76 mm
EL 400
S 2001
200 -150 -100 -50 0 50 100 150 200
Distance [mm]
(@
1250
—27GHz
o 1000 —28GHz
£ —29GHz
& —3.0GHz
T 750 —31GHz
Y
=
5 5004
%‘_ ~51 mm
&
O 250
0 T T T T T T T T v T
-200 -150 -100 -50 0 50 100 150 200
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Figure 7. Simulated E-field intensity on the metal surface at the center cross section of the steel plate
with input power of 12 W (a) L-probe antenna for 1.2-1.4 GHz range (1st E-probe); and (b) L-probe
antenna for 2.7-3.1 GHz range (2nd E-probe).

3.2. Magnetic Field Probe

3.2.1. Design and Simulation

The conventional loop [23-27] or helical /helix shaped [28-30] antennas used as magnetic field
antennas cannot produce the required high magnetic field intensity with the constraint of the low input
feed power for the near-field magnetic field testing as per the NFIT setup of Figure 2. The embedding
of high permeability materials such as ferrites in the antenna structure (sandwiching between the
antenna radiator and ground plane as in [31,32]) could enhance the intensity of the generated magnetic
field by the antenna. However, it turned out that even such antennas did not generate the required
H-field level for the proposed NFIT setup (see Figure 2) with the presence of a large ground plane
under the antenna radiator in the near-field test setup with the supply of the low level of the input
power from a signal generator. Also, the limitation of the high frequency EM characteristics of ferrite
materials and the increase of the antenna size and weight for [31,32] structures makes them unsuitable
for the suggested NFIT setup.
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Figure 8. Comparison of the measured and simulated S-parameters: (a) Experiment setup for the
S-parameters measurements; (b) S-parameters of L-probe antenna for 1.2-1.4 GHz (1st E-probe);
and (c) S-parameters of L-probe antenna for 2.7-3.1GHz (2nd E-probe).

To meet the requirements of magnetic field intensity in the near-field region with a steel plate
under the DUT along with the constraint of minimal input power, a printed square loop antenna
is designed as the magnetic field probe [33]. Figure 9 illustrates the designed magnetic field probe.
The probe is fed with a co-planar waveguide (CPW) feed structure. The designed probe is backed by a
partial ground plane as illustrated in Figure 9b. The dimensions of the ground plane are optimized
with the trial-and-error technique to achieve the desired performance of the H-field probe.

The designed magnetic field probe is simulated as per the simulation setup of Figure 10 using
HFSS simulator. The distribution of the magnetic field at the steel plate is shown in Figure 11 for
the designed H-field probe with the input power of 15 W. It illustrates that the level of the magnetic
field intensity on the top of the ground plane away from the H-field probe is quite uniform and the
magnitude levels are above the desired limit level of 1.59 A/m even with 15 W input power.

FR4 substrate
A

Ly

Ground

We

(a) (b)

Figure 9. Designed magnetic field probe: (a) Top view; (b) Bottom view; and (c) 3D view (L; = 80 mm,
Ly, =18 mm, L3 =12mm, L4 =50 mm, L5 =45 mm, W; = 80 mm, W =33 mm, W3 = 23 mm, Wy = 15 mm,
W5 =3 mm, Wy = 38 mm, Wy = 37.4 mm, and ¢ = 1.53 mm).
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Figure 10. HFSS simulation setup of magnetic field probe with d =5 cm.
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Center cross
section for Fig. 12
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2.4 2.0 1.6 1.2 0.8 0.4 0.0

H Field
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Figure 11. Simulated H-field distribution with input power of 15 W (a) H-field probe for 1.2-1.4 GHz
at the center frequency of 1.3 GHz, (b) H-field probe for 2.7-3.1 GHz at the center frequency of 2.9 GHz.

The objective of the designing of the H-field probe was to produce the desired level of the magnetic
field on the surface of the ground plane. Please note that only one probe was used to generate the
required magnetic field strength in both 1.2-1.4 GHz and 2.7-3.1 GHz ranges. The simulated results
of the recorded magnetic field levels on the center cross section of the ground plane are shown in
Figure 12 for the input power of 15 W. Figure 12a,b show the cross-sectional magnetic field results
for the frequency range of 1.2 to 1.4 GHz and 2.7 to 3.1 GHz, respectively. The results show that the
designed magnetic field probe produces the quite uniform magnetic field with around 104 mm FU
value in the first frequency band (i.e., 1.2-1.4 GHz) and approximately 35 mm to 75 mm in the high
frequency band of 2.7 to 3.1 GHz, respectively. It can be observed from Figure 12a that in the first
radar pulse frequency band the observed level of the H-field magnitude is higher than 1.59 A/m
(corresponding to the E-field level of 600 V/m) for the approximate range of 104 mm. Furthermore,
the observed field uniformity region for the higher band of radar pulse frequency band ranges from
35 to 75 mm as depicted in Figure 12b. The results of Figure 12 explains that the designed magnetic
field probe can even generate a high level of the magnetic field (>1.59 A/m) with the small power
feeding from the signal generator. These results demonstrate that unlike the need for two E-field
probes, the only one designed H-field probe could be used for the RI debugging in both the radar
pulse frequency bands.
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Figure 12. Simulated H-field intensity on the metal surface at the center cross section of the steel plate
with input power of 15 W (a) Field levels for 1.2-1.4 GHz range, (b) Field levels for 2.7-3.1 GHz range.

3.2.2. Comparison of Simulation and Measured Results

Figure 13a shows the photograph of the manufactured magnetic field probe. The measurements
of the S-parameters are carried out as per the NFIT simulation setup of Figure 10 and the measurement
setup picture is shown in Figure 13b. The comparison of simulated and measured S-parameters of the
H-field probe is depicted in Figure 13c. The results show the good agreement between the simulated
and measured S-parameters of the field probe. Also, it can be noted from Figures 13c and 12b that even
with the return loss values of around —5 dB in the high frequency band of 2.7 to 3.1 GHz, the designed
H-field probe can generate the desired intensity of magnetic field as illustrated in Figure 12b.

The good agreement between the simulation and measured results of designed E- and H-field
probes confirm that both probes could be used as an authentic radiated immunity source for the
near-field immunity testing of DUT. Although both probes are designed with the higher limit values
of electric and magnetic fields i.e., 600 V/m and 1.59 A/m respectively, their driven power is around
12 to 15 W. The input power requirements could be further lowered to around 8-10 W for both probes
if the RI debugging of the electronic device is required in the specified lower limit region of 300 V/m
(0.79 A/m for H-field) of Ford requirements [10] as shown in Table 1.
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Figure 13. Fabricated H-field probe and S-parameter results: (a) Photograph of manufactured probe;
(b) Picture of measurement setup for the S-parameter measurements of designed H-field probe;
and (c) Comparison of simulated and measured S-parameters.

4. Validation of Proposed NFIT Setup

In this section, we analyze the immunity characteristic of a specific automotive industry electronic
DUT in the frequency range of 1.2-1.4 GHz, using both the ISO 11452-2 far-field test and the proposed
NFIT method for the verification of the suggested approach. In ISO 11452-2 test, error codes (previously
stored in the equipment) are recorded during the test which shows the disturbance in the working
state of the DUT in case of the low immunity. Subsequently, low immunity states (frequency/E-field
levels where error code pops up) of the chosen DUT are recorded and noted for the further validation
of the proposed NFIT method. After that, the RI debugging of the automotive electronic device is
performed using the proposed NFIT method to demonstrate the validity of the proposed method as
per the flow chart of Figure 3.

4.1. Device Under Test

The used vehicle DUT for the case study analysis was an EPS device. Figure 14 shows a schematic
of a complete steering system in a typical contemporary car [34]. The EPS is used for the easy and
effortless steering in the advanced vehicles with the enhancement of the fuel efficiency. EPS helps
the drivers to steer the vehicle by augmenting steering effort of the steering wheel. It provides an
appropriate state of the steering by changing the condition of the oil pressure depending on the steering
state and speed of the vehicle.
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Typical Eleciric Power Steering
configuration

Steering
Angle
Sensor
Torque Angle Sensor
Control Module

Electric Motor

Steering Rack

Figure 14. Steering system of a typical modern era vehicle [34].

Most EPS consist of many electric components which includes electric actuators, micro controller,
electronic control unit (ECU) and different kinds of sensors for the monitoring of the steering angle,
steering torque, vehicle speed, and wheel position. Based on the sensor inputs, ECU adjusts the
required assistance by all components for effortless steering by the driver.

Monitoring the temperature of EPS printed circuit board (PCB) which integrates the different
electrical parts of EPS is one of the ways to check the EPS operation during the RI testing. The circuit of
Figure 15 shows a typical temperature integrated circuit (IC) mounted on the EPS for the monitoring
of the DUT performance. In Figure 15, "VOUT’ is the analog voltage which includes temperature
information. The output of this IC i.e., ”/ADC_TEMP”’ is connected to micro controller.

" Ul 3 R1 ADC TEMP
= VDD VOUT AN =
5V |« blosm 1

2
- 2! GND NCs P -
GND
| —

Figure 15. A typical temperature monitoring IC of EPS.

4.2. E-Field Immunity Testing

Figure 16a shows the picture the complete laboratory bench measurement setup for the RI
debugging of the used EPS DUT using the proposed NFIT method. The fabricated E-field probe
(L-probe fed antenna) is placed 50 mm away from the DUT as illustrated in Figure 16a,b. The transmit
probe is fed from an RF signal generator. The performance of the different functionalities of the EPS
device is monitored by attaching the monitoring harness to the PCB of the DUT. It should be pointed
out that as compared to the far-field test setup of [11], in the proposed setup of Figure 16, monitoring
harness is not directly exposed to the E-field of the transmit probe due to its small size. Here, the phase
center of the E-field probe is aligned to EPS DUT and it only illuminates it. This approach prevents the
direct coupling of the strong E-field to the monitoring harness which could results in wrong recoding
of error code corresponding to the low susceptibility condition. The monitoring harness is attached to
the DUT monitoring tool (a software-based system on a laptop) as illustrated in Figure 16a. This system
records the abnormalities in the different signals of the PCB and shows the error code when the DUT
becomes susceptible to the exposing high-intensity E- or H-field levels.



Electronics 2019, 8, 797 14 of 18

RF signal _-
Generator
but i
Monitoring
Tool Power
Amplifier

5 cm 3 A -

1dB
Attenuator

L-probe [
fed antenna
G cmm——

Spectrum
Analyzer

-H-ﬁeld probe
(Printed square loop
antenna)

5

E-field probe'
(L-probe fed antenna)

(b) (©

Figure 16. NFIT setup for the RI debugging of a specific automotive industry electronic DUT (EPS)
(a) Complete laboratory bench test description of the proposed NFIT Rl setup; (b) Photograph of the
E-field probe and DUT (probe is 50 mm away from DUT); and (c) Photograph of the H-field probe and
DUT (probe is 50 mm away from DUT).

Figure 17a shows the induced voltage waveform in the analog-to-digital converter (ADC) signal
of the EPS PCB when the near-field E-field probe driven by 12 W input power illuminates the EPS. It is
good to check that the error code was also stored in the equipment. Both the disturbance in the induced
voltage in the PCB of DUT and the error code popped up clearly which means that this specific DUT is
susceptible to the electric field of around 600 V/m from the E-probe. We suspect that the trace between
the temperature IC and micro controller of Figure 15 as the coupling path of the injected noise which
disturbs the output the IC and thus the performance of the EPS. The same DUT was also tested in ISO
11452-2 environment, and the same error code popped up. Therefore, we could say that both methods
successfully produced similar results about the immunity characteristics of the DUT in the frequency
range of 1.2 to 1.4 GHz, at least in quality, even though not in quantity. After the test, the DUT was
carefully investigated to find the weak point of PCB, and the circuit in PCB was repaired accordingly.
Then the test was repeated with near-field E-probe, and we found that no error code popped up in the
equipment. Furthermore, we also found that the induced voltage in DUT has almost disappeared as
shown in Figure 17b results.

4.3. H-Field Immunity Testing

After the E-field Rl immunity test, magnetic field Rl immunity testing of the EPS DUT is performed
by replacing the E-field probe with the fabricated H-field probe as illustrated in Figure 16c. The H-field
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probe illuminates the DUT with an approximate magnetic field level of 1.59 A/m with the input
power of 15 W from the RF signal generator. As like the E-field susceptibility results of the DUT
(see Figure 17), similar induced voltage and error-code popping results are noted with the H-field
transmit probe as depicted in Figure 18a. Subsequently, the change are made in the EPS DUT and the
test is repeated. Figure 18b shows that the EPS DUT is not susceptible to the incident H-field after
the modification.

ltage Susceptible condition
DC value)

L,‘____.‘ UL

Normal condition

1m 40s 2m 30s 3 5 4m 10s

100
_ | Voltage
- | (ADC value)

im40s 2m30s 3m20s 4m10s  5mOs 5m 50s 6m 40s

(b)

Figure 17. Performed NFIT RI results for a specific automotive industry electronic DUT with E-field
probe (see Figure 16b): (a) Induced voltage in PCB with near-field E-probe driven by 12 W input power
(error debugging); and (b) Induced voltage in PCB after circuit modification (error rectification) with
near-field E-probe is driven by same 12 W input power.

Susceptible condition  Normal condition

| /oltac
| (ADC value)

(b)

Figure 18. Performed NFIT RI results for a specific automotive industry electronic DUT with H-field
probe (see Figure 16b): (a) Induced voltage in PCB with near-field H-field probe driven by 15 W input
power (error debugging); and (b) Induced voltage in PCB after circuit modification (error rectification)
with H-field probe driven by same 15 W input power.
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Table 3 summarizes a comparison of the two immunity test methods. As can be seen in the table,
the proposed near-field immunity method requires much less input power (no need for high-power
300 W to 1000 W amplifiers), and the signals in DUT can be seen during the test, which helps
the debugging process quite efficient, still producing the same immunity result as the ISO 11452-2
test in this specific DUT. Also, as the designed E/H-field probes only illuminate the testing DUT,
the proposed setup did not need optical cable harness to minimize the direct effect of injecting EM
waves on the DUT attached harness as needed in ISO 11452-2 for the same. It should be mentioned
here, again, that the proposed NFIT method did not quantify the EMC quality compliance testing
of the automotive electronic DUT as per the requirements of [9,10]. It just acts as a handy useful
industry experimental tool to quickly debug the errors in the functionality of the electronic device
with the real-time monitoring of the performance signals and, hence, its fast repairing and error
rectification, which offers the additional advantages of the rapid production and lesser time to market
of the product.

Table 3. Comparison of the two immunity test methods.

Distance between Required Power Signal from Error Code Test Results

Antenna and DUT of Amplifier DUT from DUT
Recording of
ISO 11452-2 ~1000 mm ~300-1000 W  Available Available susceptible conditions
(error points)
Proposed Successful
NFIT Method ~50 mm ~8-15W Available  Available reproduction of

susceptible condition

5. Conclusions

The study has proposed a near-field immunity (NFIT) method for the rapid RI debugging of
automotive electronics in the radar pulse ranges of 1.2 to 1.4 GHz and 2.7 to 3.1 GHz, respectively.
For the injection of the high level of E-field (>600 V/m) and H-field (>1.59 A/m) in the proposed
NFIT method, two small-size and handy electric and magnetic field probes are designed and fabricated
which can be driven with low input power of around 8 to 15 W, and thus eliminates the need for
high-power amplifier (300 W-1000 W) and optical DUT connecting harness requirements as needed in
ISO 11452-2 far-field test setup. The proposed RI debugging procedure is validated with the case study
RI testing and debugging of an automotive EPS device, as DUT covers both far-field and proposed
near-field laboratory test requirements.

The proposed procedure could be used for the fast RI debugging of automotive DUTs in the
laboratory environment for rapid identification of any malfunctioning in DUT performance and
development of counter-strategy for its correct operation. After that, final OEM qualification testing
could be performed in the industrial established far-field test setup of ISO 11452-2. This strategy would
help car manufacturers and EMC engineers to speed up the production phase and launch the product
quickly in the present competitive environment with the reduction in time and cost of the time to
market of the product.
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