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Abstract - The paper presents the design and analysis of
a magnetic field probe, fabricated using printed circuit
board (PCB) technology. The frequency range and
sensitivity of the probe were analyzed using a Finite
Element Method (FEM) simulation model developed in
Ansoft Maxwell 3D and Ansoft HFSS. The probe is cheap
and easily fabricated on a FR4 substrate with only 2 layers.
A measurement setup is shown for generating a uniform
magnetic field, which is used for calibrating the probe. The
magnetic field is generated using Helmholtz coils and the
probe is calibrated against Rohde&Schwarz HZ-10 pickup
coil as a reference. A detailed comparison between the
theoretical, simulated, and measured results is given and
discussed, including sensitivity, inductance and frequency
range of the probe. The probe’s intended use is for magnetic
field
measurements
and
pre-compliance
EMC
measurements.
Keywords – near field probe; planar PCB coil; FEM;
magnetic field measurements; electromagnetic compatibility

I. INTRODUCTION
As the complexity and number of electronic circuits
in industrial and residential areas increases, the effect
these devices have on each other increases
approximately. This makes it harder for the designers of
electronic
devices
to
achieve
electromagnetic
compatibility (EMC) [1]. Pre-compliance testing allows
for cost-effective troubleshooting of the design and
reduces time to the market. PCB (printed circuit board)
probes are cheap and easily manufactured, which paved
they way to the applications as near-field sensors [2-5].
Near field probes are very useful in EMC analysis when
developing power converters, high speed digital
electronics and other electronic devices, to detect the
sources of radiated and conducted emissions. EMC
measurements are unavoidable in the ICT (information
and communications technology) industry too. While
majority of solutions in telecommunications are
implemented today through software, hardware solutions,
based on integrated circuits (ICs) and PCB are still
irreplaceable. Electromagnetic fields may not only affect
the quality of communication systems but also the
performance of nearby devices.
In this paper a multi-turn planar PCB probe is
proposed, which can be used for pre-compliance EMC
measurements. The presented work was initially triggered
by the development of the planar magnetic field PCB
sensor for the EMC measurements of power converters
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and transformer cores, gradually extended for the EMC
pre-compliance testing of multimedia equipment.
Most of the studied probes [2-5] offer good sensitivity
in the very high and ultra high frequency band, where the
proposed probe with its increased dimensions and multiturn design has higher sensitivity in the low frequency
range. The proposed probe offers a simple and cheap
design on a FR4 (flame retardant, type 4) double-sided
PCB. The sensitivity of the probe is further increased by
its multi-turn design. FR4 is a popular and versatile
plastic laminate most often used as substrate for PCBs,
where type "4" indicates woven glass reinforced epoxy
resin.
II. PCB PROBE DESIGN
The presented PCB probe is based on an induction coil
sensor design [6-7]. Its principle of operation follows from
the Faraday’s law of electromagnetic induction:
𝑑Φ
𝑑𝐵
(1)
= −𝑁 ∙ 𝐴 ∙
𝑑𝑡
𝑑𝑡
Here, v denotes induced voltage, Φ is the magnetic flux
passing through the coil, A is the area of the coil, B is
magnetic flux density and N is the number of turns. The
RMS value of induced voltage V, for a sine-varying
magnetic field, is then
𝑣 = −𝑁 ∙

2𝜋 ∙ 𝐴 ∙ 𝐵0 ∙ 𝑁 ∙ 𝑓

(2)
√2
where B0 denotes the magnitude of magnetic flux density
and f denotes the frequency. For the frequencies wellbellow the resonant frequency of the coil, the equivalent
circuit of the probe is described by Fig. 1.
𝑉=

Figure 1. Equivalent circuit of the probe

If L denotes inductance of the coil, R is resistance of
the coil and Rin is the load resistance, the current I passing
through the load resistance is in the phasor domain equal
to

559

𝐼̇ =

𝑉̇
𝑅 + 𝑅𝑖𝑛 + 𝑗2𝜋𝐿𝑓

(3)

where 𝑗 = √−1. Therefore, for frequencies
𝑓≪

𝑅 + 𝑅𝑖𝑛
2𝜋𝐿

the RMS voltage at the load is approximately linearly
dependent on the frequency
𝑉𝑜𝑢𝑡 ≈

𝑅𝑖𝑛
𝑅𝑖𝑛
2𝜋 ∙ 𝐴 ∙ 𝐵0 ∙ 𝑁 ∙ 𝑓
∙𝑉 =
∙
. (4)
𝑅 + 𝑅𝑖𝑛
𝑅 + 𝑅𝑖𝑛
√2
Figure 2. Design of the proposed probe. The outer purple
rectangle is the edge of the PCB substrate and the width of the
PCB traces is 1 mm.

For frequencies
𝑓≫

𝑅 + 𝑅𝑖𝑛
2𝜋𝐿

III. FEM SIMULATION

the RMS voltage is constant
𝑉𝑜𝑢𝑡 ≈

𝑅𝑖𝑛 𝐴 ∙ 𝐵0 ∙ 𝑁
∙
𝐿
√2

(5)

where the corner frequency [7] is 𝑓𝑐 = (𝑅 + 𝑅𝑖𝑛 )/(2𝜋𝐿).
The shape of the proposed coil was inspired by an
eddy current microsensor in thin film technology [8], and
scaled up 100 times retaining the original shape and 7
rectangular turns. The biggest difference from the original
topology is in the layout of the input traces, since the
design from [8] contains only one layer. The width of the
traces is 1 mm. The multiturn-design allows for the bigger
sensitivity of the probe in comparison to the single-turn,
while the dimensions of the probe were scaled in such a
way to ensure the compact dimensions needed for a near
field probe with a relatively high resonant frequency.
During the design, the corner frequency was estimated
from the inductance of the coil, calculated from the
modified Wheeler equation [9]
𝑑
(6)
𝐿𝑊ℎ𝑒𝑒𝑙𝑒𝑟 = 𝑘1 𝜇0 𝑁 2
1 + 𝑘2 𝑝
where d is the average diameter of the coil, 𝜇0 is the
permeability of vacuum, p is the fill factor defined as
𝑝=

𝑑𝑜𝑢𝑡 −𝑑𝑖𝑛
𝑑𝑜𝑢𝑡 +𝑑𝑖𝑛

(7)

and 𝑘1 and 𝑘2 are constants defined for the shape of the
coil, and set to 𝑘1 = 2.34 and 𝑘2 =2.75. Neglecting the
resistance of the coil, which is below 1 Ω, from
𝐿𝑊ℎ𝑒𝑒𝑙𝑒𝑟 = 0.95828 µH and Rin=50 Ω follows fc=8.3
MHz. This corner frequency ensures linear dependence of
the output voltage for frequencies below 200 kHz, which
covers the switching frequencies of power converters [10].
As well as it allows the same kind of operation in the
frequency range 30 Hz - 50 kHz defined by standards as
MIL-STD-461 RE01/RE04. In the same time, for the
frequencies higher than 30 MHz, defined by standards
such as CISPR 32, the probe operates in the frequency
independent region (eq. 9). The region of resonant
frequency was determined numerically applying the fullwave FEM (finite element method) simulation. The results
of numerical calculations are shown in the sequel. Fig. 2
shows the dimensions and layout of the probe.
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The frequency range, sensitivity, inductance and
frequency response of the probe were analyzed using a
Finite Element Method (FEM) simulation model
developed using commercial software Ansys version
17.2. The parameters were simulated with a combination
of the Ansys Maxwell and Ansys HFSS simulation
software. The simulations were run on a Intel® Xeon®
CPU E5-2630 v2 @ 2.60 GHz 2.59 GHz (2 processors)
and 256 GB RAM workstation.
A. Ansys HFSS
The full-wave electromagnetic simulations were run
in HFSS, with a primary goal to estimate the region of
resonant frequency and useful frequency range of the
probe, bounded by the resonance. The simulations were
optimized so that a balance between execution time
(because of complexity of model) and accuracy was
achieved. The simulated frequency band was from 10
MHz up to 200 MHz with a logarithmic scale and 100
points per decade. The frequency sweep was set to direct
frequency sweep which provides the most accurate
solutions. After estimating the resonant frequency of the
probe (94 MHz) the impedance of the probe was
simulated in a narrower frequency band around the
supposed resonant frequency (Fig. 3). The inductance of
the coil at 10 MHz was 1.0653 𝜇𝐻, which is in line with
the analytical calculation that predicts 𝐿𝑊ℎ𝑒𝑒𝑙𝑒𝑟 =
0.95828 µH.

Figure 3. Simulated real and imaginary parts of the input
impedance of the probe
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B. Ansys Maxwell
The quasi static simulation were run in Maxwell using
the Eddy current solver, aiming to provide information on
the sensitivity of the probe. The induced voltage of the
probe was simulated applying a time varying magnetic
field created by Helmholtz coils (Fig. 4). Because of large
dimensions of actual coils, the dimension of Helmholtz
coils in simulations was scaled down, still achieving
satisfying homogeneity of the field. Larger coils would
require more finite elements to obtain an acceptably fine
mesh in vicinity of the probe.

Using the magnetostatic analysis in Maxwell the
inductance was calculated again. The percent error of the
simulation was 0.5% and the finest mesh options were
used. The calculated inductance was 1.007997 𝜇𝐻, which
confirms analytical calculation and full-wave simulation
in HFSS.
Linear regression of the induced voltage vs. frequency
in the frequency range 10 kHz – 200 kHz was performed
using Curve fitting Toolbox in MATLAB. The biggest
frequency used in this regression is low enough in
comparison to the analytically estimated corner frequency
fc=8.3 MHz, thus allowing the application of a linear
regression law. The load resistance was 50 Ω and
magnetic flux density was 100 nT.
Table II and Fig. 5 give the results and error of the
linear regression. It could be concluded that up to 3 MHz
the error of regression is below 13 %, while the error
significantly increases for frequencies greater than 5
MHz. The regression law is 𝐵 = 𝑘𝑠 ∙ f [µV],
𝑘𝑠 =
0.001286 [µV/Hz] for B=100 nT, or 𝐵 = 𝑘𝑠1 ∙f∙B [V],
𝑘𝑠1 = 0.01286 [V/(Hz∙ T)].

TABLE II. INDUCED

Figure 4. Maxwell model of the probe and Helmholtz coils. The
radius of Helmholtz coils is 50 mm.

An external loading circuit was defined, which was
connected to the extended PCB traces. The external loads
were consisted from a 50 Ω resistor, matching the
standard input impedance of the spectrum analyzer and 1
MΩ to represent the input impedance of the oscilloscope.
The excitation current in the Helmholtz coils was 8.3 mA,
which generated a magnetic flux density of 100 nT.
Additional simulations were run for the frequency band
spanning from 10 kHz to 200 kHz. Table I shows the
difference between the induced voltage when the load
resistances of the external circuit were 50 Ω and 1 MΩ.
TABLE I. SIMULATED INDUCED VOLTAGE WITH LOAD RESISTANCES 50
Ω AND 1 MΩ

VOLTAGE

–

LINEAR

REGRESSION

FROM

SIMULATIONS

Induced
voltage (µV),
𝑹𝒊𝒏 =50 Ω,
B=100 nT

Linear
regression

10000

12.71

12.86

1.17

20000

25.10

25.72

2.48

30000

37.35

38.58

3.30

50000

62.19

64.3

3.39

70000

89.03

90.02

1.11

100000

128.69

128.6

0.07

120000

162.20

154.32

4.86

130000

166.77

167.18

0.24

150000

188.44

192.9

2.37

170000

194.37

218.62

12.48

200000

245.95

257.2

4.58

Frequency
(Hz)

Error of
linear
regression
(%)

10

Induced voltage (µV),
𝑹𝒊𝒏 =50 Ω
12.711

Induced voltage (µV),
𝑹𝒊𝒏 =1 MΩ
21.020

20

25.098

41.649

500000

625.16

643

2.85

30

37.348

62.367

700000

871.67

900.2

3.27

50

62.192

104.203

1000000

1256.29

1286

2.37

70

89.028

147.589

2000000

2536.23

2572

1.41

100

128.691

208.441

3000000

3447.99

3858

11.89

120

162.200

249.867

5000000

5443.65

6430

18.12

130

166.772

274.376

7000000

6740.29

9002

33.56

150

188.438

313.484

10000000

7995.65

12860

60.84

170

194.367

358.519

200

245.946

421.156

Frequency
(kHz)
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Figure 7. Measurement setup for the lower frequency band
using the Keysight E4980AL LCR meter and Keysight E5061B
test fixture
TABLE III. MEASURED INDUCTANCE, IMPEDANCE AND ITS PHASE
ANGLE USING THE LCR METER

Figure 5. Extrapolated linear regression compared to the
frequency response of simulated induced voltage. Magnetic flux
density is 100 nT. Rin=50 Ω.

IV. MEASUREMENTS
Based on the calculated parameters and simulation
results the probe was designed in Altium Designer and
manufactured with a SMA connector (Fig. 6). The probe
was manufactured by Tiplon – Tiskane ploče d.o.o.
Zagreb. The FR4 laminate used was FR408HR Isola, with
a relative dielectric permittivity of 3.72.

Frequency
(kHz)

Inductance (𝝁𝑯)

Impedance
(mΩ)

Phase
angle (°)

0.1

1.050

353.85

0.105

1

1.043

353.92

1.060

10

1.038

360.07

10.438

100

1.033

740.99

61.203

200

1.032

1346.77

74.325

500

1.029

3247.62

83.022

800

1.025

5148.92

85.236

1000

1.018

6412.99

86.005

Measurements with the network analyzer were
performed connecting the probe with a 1 m section of
coaxial cable. The network analyzer was calibrated using
the Keysight 85033E calibration kit. The specified
accuracy of the network analyzer is ±1.0 dB from 5 Hz to
1.5 GHz (option 3L5). The measured resonant frequency
was 77.267 MHz. The measurements from the network
analyzer and LCR meter were combined to get the
impedance over a wider frequency spectrum (Fig. 8).

Figure 6. The manufactured probe

Impedance and inductance were measured using
Keysight E4980AL LCR meter and Keysight E5061B
vector network analyzer. The LCR meter was used to
analyze the probe from 100 Hz up to 1 MHz, while the
Vector Network Analyzer (VNA) was used for
measurements from 900 kHz up to 200 MHz. During the
lower frequency measurements, the SMA connector on
the probe was temporarily desoldered and short test leads
were soldered on the pads. For the measurement the test
fixture Keysight 16047A was used (Fig. 7) and the LCR
meter was calibrated using open and short calibration.
The test fixture has a proportional error of ±5 ∙
𝑓

2

( ) [%], where 𝑓 is the frequency in MHz. The basic
10
accuracy of the E4980AL LCR meter is 0.1%. Table III
summarizes the measurement results obtained from the
LCR meter.
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Figure 8. Combined LCR and VNA measurements of impedance

The mean value of the inductance calculated from the
measurements with the LCR meter is 1.034 µH. This
value was put in ratio with the combined measurements
received from the LCR meter and network analyzer. This
inductance is calculated from the (positive) reactive part
of the impedance, representing L from Fig. 1. The goal
was to observe where the measurements from the
network analyzer reach 10% difference from the mean
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inductance measured with the LCR meter (Fig. 9). The
obtained frequency is 27.327 MHz, thus indicating the
upper frequency bound for the equivalent circuit of the
probe (Fig. 1), which neglects the parasitic capacitance.

The obtained results are shown in Table IV and Fig.
11 with comparison to the simulated results. Because of
the measurement uncertainty, the measured results are
rounded to whole numbers.
TABLE IV. COMPARISON BETWEEN MEASURED AND CALCULATED
INDUCED VOLTAGE (FEM)

Figure 9. Ratio of the inductance measured with VNA and the
low-frequency inductance (mean value) measured with LCR
meter

The induced voltage was measured using the
Helmholtz coils. The applied Helmholtz coils have 90
turns and the radius of 0.2 m. The coils were excited
using GW INSTEK AFG-2005 function generator. The
frequency of the generated magnetic field was spanning
from 10 kHz up to 200 kHz. The resonant frequency of
the Helmholtz coils is 220 kHz, measured using the LCR
meter and Kelvin clamps. The inductance of the
Helmholtz coils at 9 kHz is 11.382 mH. First the
generated magnetic field was calibrated using the
Rohde&Schwarz HZ-10 shielded pickup coil. The
current in the coils was measured with Metrix MX 53C
digital multimeter which has a basic accuracy of 1% of
range plus 3D. For the 5 mA range the basic accuracy is
±0.0503 mA. The magnetic field was calculated by
comparing the HZ-10 calibration certificate and the
measured induced voltage on the Keysight N9332C
spectrum analyzer. The measured frequency span was
from 9 kHz to 210 kHz with a resolution bandwidth
(RBW) of 100 Hz. The PCB probe was mounted inside
the Helmholtz coils (Fig. 10) to obtain a fixed position in
the center of the coils during the measurements.

Frequency
(kHz)

Voltage (µV) Measured

Voltage (µV) Simulated

10

12

12.7

20

24

25.1

30

36

37.3

50

62

62.1

70

87

89.0

100

125

128.7

120

148

162.2

130

162

166.8

150

185

188.4

170

210

194.4

200

253

245.9

Figure 11. Comparison between the value of the induced
voltage simulated in Maxwell and measured with the Keysight
N9332C. Magnetic flux density is 100 nT

Again, linear regression was performed using the
measurements in the frequency range 10 kHz to 200 kHz,
applying Curve Fitting Toolbox from MATLAB. Table V
and Fig. 12 are giving the results and errors of the linear
regression in comparison to the measured data. The
regression law 𝐵 = 𝑘𝑚 ∙f [µV], 𝑘𝑚 = 0.001231[µV/Hz]
for B=100 nT, or 𝐵 = 𝑘𝑚1 ∙f∙B [V], 𝑘𝑚1 = 0.01231 [V/
(Hz ∙ T)] , is very close to the regression law from the
simulations. From Table V , the error between measured
voltages and the values estimated from the linear
regression is below 3% at all measurement points.
Figure 10. Measurement of induced voltage using Helmholtz
coils
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TABLE V. INDUCED VOLTAGE – LINEAR REGRESSION FROM
MEASUREMENTS

Induced
voltage
(µV)

Frequency
(kHz)

Linear
regression (µV)

Percentage error
(%)

10

12

12.31

2.58

20

24

24.62

2.58

30

36

36.93

2.58

50

62

61.55

0.73

70

87

86.17

0.95

100

125

123.1

1.52

120

148

147.72

0.19

130

162

160.03

1.22

150

185

184.65

0.19

170

210

209.27

0.35

200

253

246.2

2.69

probe in measurement of stray fields in large
ferromagnetic
cores
(especially
in
open-core
transformers). According to the FEM simulations, the
regression law could be extrapolated to 3 MHz with
presumed error below 13 %. Properly calibrated in the
frequency band up to 70 MHz, the probe could be applied
in pre-compliance testing of radiated disturbances in
frequency bands specified in standards such as CISPR 15,
and lower frequency bands defined by standards such as
CISPR 32. For future work, the extending of calibration
capabilities to higher frequencies using Transverse
Electromagnetic Cell (TEM) cell is planned [11], and the
calibration of the probe in its full operational range.
Moreover, the integrator circuit is in the process of
development for the measurement in the frequency range
below 200 kHz. Because the output signal of an induction
coil is dependent on the derivative of the measured value,
the integrator circuit will restore the original signal.
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