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A New Differential Magnetic-Field Probe With
Parasitic Elements for Near-Field Scanning

Lei Wang , Xiaoxian Liu , Guoguang Lu , and Zhangming Zhu

Abstract—Herein, A new differential magnetic-field probe with
parasitic elements is presented. The proposed probe has two pairs
of shorted differential loops as parasitic elements, which could
enhance the detection sensitivity owing to the increased detection
area. The proposed probe comprises a U-shaped loop with two
outputs as the driven element, two pairs of shorted differential loops
as parasitic elements, a pair of shorted via, a pair of connected
via, and many shielded vias. First, the usual single-loop probe is
theoretically studied. Second, a pair of shorted loops is inserted
into the differential single-loop probe as a parasitic element to
receive more magnetic flux. Third, another pair of shorted loops is
etched into the probe to further improve the detection sensitivity.
The corresponding simulation results are presented to prove the ef-
fectiveness of the design. Finally, the proposed probe with parasitic
elements is designed, printed, and evaluated. Measurement results
reveal that the designed probe has high detection sensitivity.

Index Terms—Detection sensitivity, differential probe, near-field
scanning.

I. INTRODUCTION

W ITH respect to the electromagnetic interference (EMI)
of high-speed electronic systems, the near-field canning

method is one of the most popular solutions for locating the
EMI source [1], [2], [3], [4]. The corresponding descriptions
have been given in international standards (TS 62132 and IEC
61967) [5], [6]. As the core element of the measurement sys-
tem, near-field probes have been extensively studied in [7],
[8], [9], [10]. These probes are characterized by: wideband
operation [11], [12], multiple components [13], [14], [15], [16],
high-spatial resolution [17], [18], [19], [20], high electric-field
suppression [21], [22], [23], [24], and high-sensitivity [25], [26],
[27], [28], [29], [30], [31], [32], [33], [34], [35]. To improve the
performance of a probe, several of the most popular approaches
are as follows: first, the bandwidth of the probe can be expanded
to 30 GHz by introducing a coax-thru-hole via array to tune
impedance matching [11]. Second, when multiple orthogonal
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loops are used to sense the electromagnetic field, a composite
probe can simultaneously test multiple field components [16].
Third, it is well known that the smaller the detection aperture,
the higher the spatial-resolution [20]. Fourth, some shield vias
are utilized to improve the electric-field suppression ratio by
preventing undesired electric-field coupling [24]. Electric field
suppression ratios should be >21 dB for frequencies up to 14
GHz. Finally, the sensitivity of the probe can be increased by
loading LC resonant circuits [25], [26], [27], [28] and active
amplifiers [29], [30], [31] in the probe. Usually, LC resonant
circuits are used to excite a LC resonant frequency point to sense
more RF signals, while active amplifiers are utilized to amplify
the measured RF signals. However, the operational bandwidths
of these active amplifiers and LC resonant circuits are always
very narrow and operate near 1.575 GHz, limiting the application
of the high-sensitivity probe. Therefore, it is urgent to develop a
new differential probe with high detection sensitivity. Recently,
differential probes with two output ports [32], [33], [34], [35] are
massively studied to improve the operation performance. A pair
of differential loops [32], [33] and a U-shaped loop [34], [35] are
introduced into the probes to achieve high detection sensitivity
and multiple-component measurements, respectively.

Based on the usual single-loop probe, a new differential
magnetic-field probe with high detection sensitivity is proposed
herein. The presented probe includes a U-shaped loop with two
outputs as the driven element, two pairs of shorted differential
loops as parasitic elements, a pair of shorted vias, a pair of
connected vias, and many shielded vias. Herein, a theoreti-
cal investigation of the conventional single-loop probe is first
presented. Subsequently, a pair of shorted loops as a parasitic
element is inserted into the differential single-loop probe to
receive additional magnetic flux. Moreover, another pair of
shorted loop as parasitic elements is also added into the proposed
probe to enhance the detection sensitivity. By employing these
shorted loops with the U-shaped differential loop, the detection
sensitivity of the proposed probe could be clearly enhanced. The
remaining article is organized as follows: the geometry of the
probe is depicted in Section II. The probe operational mechanism
is presented in Section III. Simulation and measurement results
are given in Section IV. Finally, the conclusion is discussed in
Section V.

II. PROBE DESIGN

First, a seven-layered printed circuit board (PCB) is used
to print the proposed probe (Fig. 1). The PCB comprises two
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Fig. 1. Geometry of the proposed probe. (a) Top view of each layer. (b) Stack-up. (c) 3-D view.

Rogers 4450F with a thickness of 0.1 mm, two Rogers 4350B
with a thickness of 0.1 mm, and two Rogers 4450F with a
thickness of 0.168 mm. The size of the detection loop in Probe
B is 0.6 mm × 0.25 mm. In the proposed probe, the U-shaped
loop is etched on the center of the PCB (layer L4), the shorted
loops are printed on layers L2, L3, L5, and L6, and the ground
planes are etched on layers L1 and L7. Notably, two connected
vias are used to connect L2 and L3 to L4, and L5 and L6 to
L4, and two shorted vias are utilized to connect the L2, L3, L5,
and L6 to ground planes. Therefore, the parasitic loops can not
only be connected to the U-shaped loop but also be grounded
by connecting to the ground planes. A pair of 2.92mm vertical
compression-mount precision test connectors are employed to
adjust impedance matching. In addition, some shield vias and
via fences are used to reject unwanted electric-field coupling and
suppress the undesired parallel-plate modes [35]. The stack-up
geometry, the details of each layer and a three-dimensional view
are shown in Fig. 1(a)–(c), respectively.

III. OPERATIONAL MECHANISM

A. Sensitivity Enhancement Mechanism

The single-loop probe has already been designed and studied
in [31], [32]. Unlike the usual differential single-loop probes that
can only sense a small amount of magnetic flux, the proposed
probe with parasitic loops can sense more magnetic flux. For
explaining the operational principle, the differential single-loop
and parasitic loops are given together in Fig. 2. When these
loops are placed at θ = 0°, the outputs (Iez) of the electric-field
coupling at two ports are of equal amplitude and in phase, while
the outputs (Ihx) of the magnetic-field coupling are of equal

Fig. 2. Operating mechanism of the proposed probe with different placements,
(a) θ = 0°, and (b) θ = 90°.

amplitude and in antiphase. We can get,

IA = 3 (Ihx + Iez) (1)

IB = 3 (−Ihx + Iez) (2)

This implies that using differential- and common-mode oper-
ations, the electric- and magnetic-fields entering the loops are
separately extracted, as follows:

Iez =
IA + IB

6
(3)

Ihx =
IA − IB

6
(4)

However, when these loops are placed at θ = 90°, the Iez values
at two ports are equal in phase and Ihx values entering the
differential dual loops is zero.

IA = IB = 3Iez (5)
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Fig. 3. Structures of three evolutional probes. (a) Probe 1. (b) Probe 2.
(c) Probe3.

Fig. 4. The simulated |Sds | of three evolutional probes.

In addition, when the sizes of the loop are small enough, we can
find that the electric-field coupling values at θ = 0° and 90° are
almost equal. Finally, as shown in Fig. 2, the magnetic fluxes
entering into the proposed probe are three times than that of the
usual differential single-loop, which means that the detection
sensitivity of the proposed probe can be enhanced.

B. Three Evolutional Probes

In this part, three evolutional probes including single-loop
probe (Probe 1), single-loop probe with a pair of shorted loops,
(Probe 2), and single-loop probe with two pairs of shorted loops
(Probe 3) are used to characterize the function of the shored
differential loops as parasitic elements (Fig. 3). Notably, |Sds| =
(|S21| − |S31|)/

√
2 represents the magnetic-field coupling of

these probes in the simulation model. Thus, the corresponding
simulation |Sds| values are given and studied in Fig. 4. Notably,
the simulation |Sds| values of Probe 2 is greater than that of
Probe 1, which means more magnetic flux can be sensed by
Probe 2 owing to the existence of a pair of shorted differential
loops. Besides, upon comparing these simulation |Sds| values
between Probes 2 and 3, we find that the simulation |Sds| of
the proposed probe (Probe 3) is greater than that of Probe 2,
which means that the simulation |Sds| of the proposed probe is
increased owing to the existence of an additional pair of shorted
differential loops. Therefore, utilization of the differential loops
can lead to the sensing of more magnetic flux, improving the
probe sensitivity. In addition, combining the above simulation
results, we can easily draw a conclusion that with increasing
of parasitic loops, the simulation |Sds| increases. However, this
conclusion is based on the ideal state. In fact, the increase in
|Sds| not sustainable because of the influence of uncontrollable
parasitic effects, such as connect and shield via, etc. Finally,

TABLE I
COMPARISON BETWEEN THE DESIGNED AND PUBLISHED MAGNETIC-PROBES

Fig. 5. Pictures of the measurement system and the manufactured probe.
(a) Measurement system. (b) Manufactured probe.

a comparison between the designed and published magnetic-
probes is given in Table I. As shown, the designed probe has
high detecion sensitivity and wide operational bandwidth.

IV. PROBE CHARACTERISTIC

A. Measurement Setup

To demonstrate the design rationality, the proposed probe is
printed and measured. Usually, the probe can be measured and
characterized by using a straight microstrip line and near-field
scanning system, which has been reported in IEC 61967-3 [6].
A sketch map of the measurement system and the manufactured
probe are presented in Fig. 5. As depicted, the measurement sys-
tem comprises six-port Keysight M9804A VNA as an excitation
and receiver, a near-field scanning table with a control host as
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Fig. 6. Simulated and measured S-parameters of the proposed probe with
different placements, (a) θ = 0°, and (b) θ = 90°.

a mover, a 50-Ω microstrip line as the calibration kit, and the
probe as an induction device. Notably, Port 1 of the VNA is
connected to one end of the microstrip line, while Ports 2 and
3 are connected to two outputs of the probe. In addition, the
other end of the microstrip line is terminated to a 50-Ω match
load. The 50-Ω microstrip line with a width of 1.7 mm is etched
onto a large substrate RO4350B with dimensions of 80 × 42
× 0.762 mm3. The distance from the bottom of the probe to
the upper surface of the microstrip line is 1mm. In addition, the
magnetic- and electric-field couplings from the microstrip line to
the probe are presented by differential- and common-mode trans-
mission coefficients |Sds| = (|S21| − |S31|)/

√
2 and|Scs| =

(|S21|+ |S31|)/
√
2, respectively. At last, in order to further ver-

ify the accuracy of measurement results, the simulation model is
also given and simulated, which consists of the microstrip line
model and the probe model.

B. Frequency Response

Notably, the measurement |Sds| (dB) values cannot not di-
rectly represent the actual magnetic-field values, they must be
converted. This conversation process is regarded as calibration.
According to the previous study in [27], the calibrate factor (CF)
can be calculated as follows:

|CFh| =
∣∣∣∣ H

Vouth

∣∣∣∣
= 20log10

[
h

πd (d+ 2h)

]

− |Sds| − 34 [dB. (A/m) /V ] (6)

where the units of h, d, |CFh|, and |Sds| are m, dB·S/m, and
dB, respectively. The d is the distance from the upper layer of
the microstrip line to the center of the detection part, while the
d is the thickness of the microstrip line. In this measurement,
d and h are equal to 1.425 and 0.762 mm, respectively. Thus,
the actual magnetic field can be obtained using the equation
Vouth.|CFh|. Fig. 6 presents the simulation and measurement
|Sds| and |Scs| of the proposed probe, respectively, with different
phases. As can be seen, the simulation |Sds| values are greater
than the simulation |Scs| values at θ= 0°, and the simulation |Scs|
values are relatively small at θ = 0° and 90°, indicating that the
proposed probe can receive magnetic-field components at θ =

Fig. 7. Simulated and tested CFs of the proposed probe.

Fig. 8. Measured frequency response as a function of position for the proposed
probe with different positions with θ = 0°.

0°. Additionally, the simulation |Scs| values are always less than
the measurement |Scs| values. This is because the thickness of
the signal line is set to zero in the simplified simulation model.
However, the thickness of the signal line exhibits a clear impact
on the electric-field coupling in the actual probe. Finally, Fig. 7
gives the simulation and test CF curves of the proposed probe
with frequency variation. There is a good agreement between
the simulated and measured results.

C. Spatial Resolution

To study the capability of recognizing EMI traces, spatial
resolution is defined in IEC 61967-6. Usually, the spatial reso-
lution can be measured by placing probes at θ = 0°, and then
moving across the microstrip line. The measured amplitude
responses of the proposed probe with different positions at θ
= 0° from 1 to 15 GHz are presented in Fig. 8, and the measured
amplitude responses are normalized by the maximum values at a
special position. According to a previous study [35], the spatial
resolution is characterized as the distance between the -6dB level
on the response curve and the maximum response. As depicted,
the measured spatial resolution of the proposed probe is in the
range of 0.65 to 0.76 mm for frequencies from 1 to 15 GHz in
the y-direction.

V. CONCLUSION

Herein, A new differential magnetic-field probe with parasitic
elements is presented. The proposed probe has two pairs of
shorted differential loops as parasitic elements, which could
substantially enhance the detection sensitivity owing to the
increased detection area. The proposed probe comprises a U-
shaped loop with two outputs as the driven element, two pairs of
shorted differential loops as parasitic elements, a pair of shorted
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via, a pair of connected via, and many shielded vias. First, the
usual single-loop probe is theoretically studied. Second, a pair of
shorted loops is inserted into the differential single-loop probe as
a parasitic element to receive more magnetic flux. Third, another
pair of shorted loops is etched into the probe to further improve
the detection sensitivity. The corresponding simulation results
are presented to prove the effectiveness of the design. Finally, the
proposed probe with parasitic elements is designed, printed, and
evaluated. Measurement results reveal that the designed probe
has high detection sensitivity.
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