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Abstract

Accurate near-field measurements for either deterministic or stochastic electromagnetic fields
characterization require a relevant process that removes the influence of the probes, transmis-
sion lines, and measurement circuits. The main part of the experimental work presented here
is related to a calibration procedure of a test setup consisting of a microstrip test structure and
a scanning loop probe. The calibration characteristic, obtained by comparing measured and
simulated results, is then used to convert the measured voltage into the magnetic field across
and along the microstrip line at the specific height above it. By performing the measurements
and simulations of the same test structure with the loop probe in the presence of an additional
scanning probe, the influence of the additional probe to the measured output is thoroughly
investigated and relevant corrections are given. These corrections can be important when
two-point correlation measurement is required, especially in scanning points when two probes
are mutually close.

Introduction

Electronic devices and systems have become increasingly more complex throughout their
evolutionary history owing to demands for high-performance and multi-functionality.
Therefore, electromagnetic interference (EMI) and compatibility have emerged as key issues
when equipment design for commercial or military purposes is concerned [1, 2]. Providing
reliable information regarding the electric and magnetic field in the near-field of integrated
circuit chips and printed circuit boards is of a particular importance in resolving these issues.
An intentional emission from antennas and unintentional emission from electronic equipment
are usually characterized by an established technique known as the near-field scanning
measurement [3-5].

Near-field probes make the essential parts of near-field measurement procedure generally
used to characterize either deterministic or stochastic electromagnetic (EM) fields.

In general, the output from the probe can be simply considered as directly proportional to
the field intensity at the probe position, without taking into account the influence of the probe
on the field being measured. Nevertheless, measured values may experience some deviations as
a result of the probe itself and, additionally, the probe output might be affected by its direc-
tional characteristics. Therefore, an appropriate calibration procedure of the near-field scan-
ning probes becomes a necessity, with the purpose of realistic parameters extraction
through compensation of the probe influence. If it is determined correctly, the calibration
characteristic is further used to correct the measured output, that is to say, the probe influence
would be removed and the final result would correspond to the realistic field that would have
existed in the absence of the probe. Successfully calibrated near-field probes are particularly
important in recently proposed approaches for an efficient characterization of stochastic
EM fields [6-8], where two-point measurements for capturing the correlation information
should be applied. This procedure may require probes of different diameters depending on
which height from a device under test (DUT) the scanning is performed or it may be imposed
that the probes are very close to each other due to the required resolution of a scanning plane.

Kerns proposed one of the approaches for the probe corrections in [9]. Some miniaturized
magnetic-field probes have been reported for measurements in high-frequency planar circuits
[10]. Formulations of probe-corrected planar near-field scanning in both frequency and time
domains have been proposed by Hansen and Yaghjian [11]. A probe calibration is performed
by means of a TEM-cell measurement and the use of near-field probes is also characterized in
a theoretical way by [12]. The influence of the measurement probe on the evaluation of the far-
and near-field of an EM source is characterized in [13]. Shi applied the theory of probe-
compensated near-field measurement by applying the Lorentz reciprocity theorem to the
problem of characterizing EMI through the use of near-field scanning measurements [14, 15].
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Fig. 1. (a) Block diagram of the frequency-domain measurement setup.
(b) Experimental set-up (PC with LabVIEW and VNA). (c) 3-D positioning system.

The work presented herein describes the generation of the cali-
bration characteristic of the loop probe used in the near-field
scanning measurements [16], characterization of the tangential
magnetic field in the scanning area, and additional correction
of the calibration curve in case of stochastic field measurement
with two scanning probes. The novelty of this paper relates to
the two-point measurement procedure performed with two loop
probes which are generally used for characterization of stochastic
EM fields. Bearing in mind that the coupling between probes is in
these scenarios inescapable, here it is actually demonstrated how
an additional scanning probe affects the measured field values.
This coupling could be especially important in cases when differ-
ent probe orientations are needed to capture both tangential field
components during the near-field scanning, mostly affecting the
accurate calculation of neighboring cross-correlation elements of
the field-field correlation matrix.

As a testing board, a simple 50 Q microstrip line is used and
the calibration characteristic of the loop probe is obtained accord-
ing to the near-field measurement and full-wave simulation
results at specific points above the DUT. Near-field measurements

https://doi.org/10.1017/51759078720000690 Published online by Cambridge University Press

879

(b)

Fig. 2. (a) Test microstrip line. (b) Test board and the RF-R 50-1 loop probe placed
above the board in the anechoic chamber.
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Fig. 3. The probe calibration factor, the simulated y component of the magnetic field,
and the measured voltage.

are conducted in the close scanning area at the specific height
above the line, specifically along the line itself and across the
line, and the measured output is transformed into the magnetic
field using the probe calibration factor. The calculated magnetic
field is then compared with the fields predicted by full-wave simu-
lations. Based on the measurements and simulations carried out
with two loop probes, corrections representing the influence of
additional loop probe on the single probe output level are illu-
strated. All of the simulations, measurements, and calibration
are performed in the frequency domain.

Near-field scanning measurement set-up

The near-field measurement system is comprised of a 3-D posi-
tioning system, scanning probe, a test structure, vector network
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Fig. 4. Measured H, field component as a function of the position and the frequency for the loop positions: (a) x=0, y = (=30 to 30) mm, z=10 mm; (b) x = (-60 to

60) mm, y=0, z=10 mm.
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analyzer (VNA - Vector Network Analyzer E5062A, up to 3
GHz), and cables. The block diagram and the experimental
setup for the measurements in the frequency domain along
with the 3-D positioning system are shown in Fig. 1. The meas-
urement setup allows measuring S-parameters of the probe over
the test structure.

The terminated microstrip test board was realized to be used as
a test structure, since the field distribution above this microstrip
calibration board can be determined easily by approximate analyt-
ical solutions or a full-wave simulation. A 50 Q microstrip line was
fabricated on FR4 substrate with characteristics: substrate relative
permittivity €, = 4.35, substrate height h = 1.6 mm, the line width
w=3.05mm, and the line length /=160 mm (Fig. 2(a)). As a
near-field probe, a passive H-field loop probe LANGER RF-R
50-1 with the head size diameter of 10 mm (https://www.langer-
emv.de) was used (Fig. 2(b)). The frequency-domain measure-
ment was conducted automatically using a relevant MATLAB
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code in conjunction with the LabVIEW environment in
the anechoic chamber of the George Green Institute of
Electromagnetic Research (GGIEMR) at the University of
Nottingham.

Calibration procedure

A probe calibration procedure is carried out in order to character-
ize the presence of a near-field scanning probe and its impact on
measured near-field values. Measuring the voltage signal from a
loop probe, U, and obtaining the magnetic field via a full-wave
simulation, H;,,, enable the probe calibration factor to be deter-
mined as

CF[dB ﬂ] — Hyp, [dB %} — U,[dBuV]. (1)

nwVm
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Fig. 7. (a) Near-field measurements with the scanning probe in the presence of the
second loop probe. (b) Scanning area layout with defined positions of the second
probe which position is changed.
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Position [mm)]

=(—60 to 60) mm, and y=0mm, z=10 mm.

In the measurement setup for the calibration procedure, the
scanning probe is fixed at the height z=10 mm above the center
of the microstrip line (x=0, y=0). The line is placed along the
x-axis, x = (—80 to 80) mm, with one terminal connected to the
output port of the VNA, while the other terminal is terminated
with 50 Q. The input port of the VNA is connected to the loop
probe. The input power of the test line is set to 0 dBm, and the
measurements are performed in the frequency range 10 MHz to
3 GHz. Data obtained by VNA correspond to the S,; parameter
of two ports, which can be further manipulated to obtain the
probe’s response as the voltage, which is needed for calculation
of the probe calibration factor.

In addition, a model of the microstrip line is constructed in the
full-wave simulator and simulated results representing the y com-
ponent of the magnetic field in the point that would correspond
to the center of the loop probe in the same frequency domain are
obtained.

Figure 3 presents the probe calibration factor versus frequency
calculated using the voltage on the loop probe and the simulated
magnetic field at the position of the probe in the measurement
setup. The voltage is determined from the measured S, on the
VNA, while the field is obtained via the TLM method in the
CST Studio Suite. Both voltage and simulated magnetic field are
plotted in the figure. It can be seen that a good agreement is
achieved between the calculated CF and the data given by the
manufacturer (https:/www.langer-emv.de).

Experimental and numerical results

In order to explore the accuracy of the probe calibration factor, a
set of measurements were performed using the same measure-
ment setup and the same microstrip line. The loop, placed at
the fixed height 10 mm above the center of the line, was moved
along and across the line to take data at 121 and 61 points,
respectively, mutually separated by 1 mm. The measured S,; out-
put of each point was transformed to give received voltage which
was then corrected by the probe calibration factor, and as a result,
the y component of the magnetic field produced by the microstrip
trace is calculated. Corresponding full-wave simulations were
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Fig. 8. Measured transmission coefficient between a loop probe and a microstrip line
input in the presence of the additional loop probe for different second probe’s positions.

conducted accordingly. Figure 4 illustrates 2-D plots of the mea-
sured H, field component as the function of a position and a fre-
quency for the scanning loop positions in the xy plane at the
height z=10mm above the line which are distributed across
and along the line.

Figures 5 and 6 present the comparison between simulated and
measured results of the H,, field with the probe calibration included,
in positions across the line and along the line, respectively, for six
frequency values in the considered frequency range. As can be
observed, a satisfactory agreement is achieved. The highest Hy
field component values are observable along the line in x-direction,
whereby the relevant area is dependent on the frequency. In prac-
tice, it is difficult to achieve the ideal matching of the microstrip
line, so that there is a slight variation of the magnetic field along
the line, which can be seen in Figs 4(b) and 6.

Influence of an additional loop probe on measurement
results

This section is devoted to the near-field measurements of a test
microstrip line using a loop probe, placed at the fixed position,
in the presence of an additional loop probe which position was
varied in a scanning area. The purpose of this investigation was
to consider the influence of a second probe on near-field meas-
urement results since the near-field measurements in stochastic
scenarios are generally carried out by using two or more loop
probes, where the coupling between them is inevitable.
Measurements in the frequency domain were performed in the
anechoic chamber using the VNA, while two RF loop probes
R 50-1 were used as scanning probes. The automated measure-
ment was operated using the MATLAB code in conjunction
with LabVIEW environment. The fixed loop probe was placed
at the height 10 mm above the center of the line and terminated
with the 50 Q load (Fig. 7(a)). The scanning plane was just one-
quarter of the (160 x 80) mm board size due to symmetry, and
it was divided into 31 x 21 points mutually separated by 2 mm
(Fig. 7(b)). Measured values of transmission coefficient between
a loop probe and a microstrip line input in the presence of an
additional loop probe in different positions are depicted in
Fig. 8. The starting position of the second, x=0mm, y=0mm,
corresponds to the label x-01, y-01 in Fig. 8(b). In regards to
that point, the fixed probe is placed at a distance of 2mm
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along the y-axis while the position along the x-axis is the same.
It can be found that the transmission coefficient has the lowest
values for the positions of the additional probe which are closest
to the primary loop probe, hence the effect of the additional probe
in these positions is the most conspicuous.

Corresponding simulations were carried out in CST Studio
Suite, and for this purpose, both loop probes were designed and
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included in the model at the appropriate positions in order to
obtain H, field in a realistic situation. The influence of the second
probe on output results is illustrated through the correction factor
of the transmission coefficient between a loop probe and an input
into the microstrip line, obtained by measurements and simula-
tions, in Fig. 9. The correction factor is determined through com-
paring the calibration factor reached in the presence of the
additional probe and the calibration factor obtained with only
one scanning probe. Apparently, as the distance between two
probes is increased, the second probe’s effect is reduced. The cor-
rection factor has the value around 1.5 dB when the second probe
is placed at the distance up to 5 mm from the fixed probe along y-
axis and up to 10 mm along the x-axis. For greater separation
between probes, the correction factor becomes almost negligible
with the value smaller than 0.2 dB.

Given results correspond to the case when the first scanning
probe is fixed in one position. For two-point stochastic field mea-
surements, the position of the first probe is also changed, but it is
fixed when the position of the second probe varies. Bearing in
mind that the biggest coupling between two probes is found
when they are close to each other and under the estimation that
the field can be considered uniform in the small area around
the probe, it is worth to conclude that the given estimation of
the correction factor would be also relevant with significant accur-
acy for other positions of the first scanning probe.

Conclusion

This paper presents a procedure for calibration of near-field scan-
ning probes based on the measurement setup with a microstrip
line as a test structure and a loop probe as a scanning probe.
The same setup is intended to be further used for characterization
of the field correlation of devices with uncorrelated sources that
have a stochastic field distribution. The calibration procedure
described here can be used to eliminate the measurement error
and it represents the first step in an investigation related to the
measurement of stochastic EM fields using two scanning probes.
The given calibration procedure has been amended with the
research of an additional scanning probe influence on the mea-
sured results which will allow for the efficient and accurate near-
field measurement of the radiated emissions from electronic
equipment.

Future investigations will be focused on the design of the rele-
vant models of a near-field probe starting from its simple form as
a wire structure to more complex semi-rigid coax cable shape
which will be compared with the lumped element model. In
such a way, the numerical model will fully resemble the near-field
measurement procedure and it can contribute to the improve-
ment of the near-field image resolution in space, time, and
frequency domains.
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