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Abstract. With the increase of microwave circuit and system 

integration design density, the test method to assess the elec-

tromagnetic compatibility (EMC) undesirable effect remains 

a challenging task. To tackle this issue for example with radi-

ated emission analysis, a relevant EMC measurement notably 

for integrated circuits (IC) and printed circuit board (PCB) is 

necessary. A four-layer magnetic (H) near-field (NF) probe in 

miniature technology is designed, fabricated and tested. The 

H-NF probe works in the challenging frequency band up to 

20 GHz. The proposed probe has the advantages of miniatur-

ization, high sensitivity, high flatness, and high electric field 

suppression. The designed and fabricated H-NF probe char-

acterization is validated with respect to IEC-61967 EMC 

standard. The device under test (DUT) IC radiation was 

tested and characterized. Experimental results have shown 

that the H-NF probe can be used for measuring IC EMC ra-

diation emission. 
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1. Introduction 

With the design technology progress, the integrated 

circuits (ICs) were designed with smaller size but with more 

complex structure by ensuring diverse RF and microwave 

functions. The RF and microwave electronic products inte-

gration has improved but they can also cause undesirable 

electromagnetic interferences (EMIs) [1–3]. Due to the 

widespread application of electronic products and the wire-

less communication network coverage, the electromagnetic 

(EM) environment becomes increasingly complex [4], [5]. 

Moreover, the problem of EMI radiated by RF and micro-

wave communication circuits and systems is further signifi-

cant [4], [5].  

For this reason, nowadays, the EMI standard test of mi-

crowave devices is generally carried out in a far-field (FF) 

anechoic room [6]. Nevertheless, the FF testing can accu-

rately and quantitatively measure the radiation intensity of 

electronic devices to determine whether they meet the re-

quirements of the standard [6], [7]. But it cannot test the spe-

cific EM field distribution and is difficult to locate the radi-

ation source [9], [10]. Moreover, the ICs are the main source 

of EMI problems in electronic devices. NF testing is a test-

ing technique that uses NF probes to test the EM distribution 

in the planar surface. The NF scanning (NFS) method ena-

bles to diagnose NF radiation in ICs [10], [11], locate radia-

tion sources [12], [13]. In addition, the NFS method is low-

cost and easy to operate. It can be used in the development 

stage of electronic products, so it has received widespread 

attention. For this reason, the NFS with microwave probe 

design is studied in this paper.  

Historically, the magnetic (H) NF probe prototype is 

generally a circular antenna. In 1964, the measurement ef-

fect of circular antennas on H-fields was initially proposed 

for the ring structure size, laying the foundation for the re-

search of H-NF probes [14]. Early probes were mainly made 

of coaxial transmission lines (TLs). With the emergence of 

high-frequency (HF) circuits, the probe must cover the cir-

cuit working frequency. The most of printed circuit board 

(PCB) NFS modellings are limited to some gigahertz (GHz) 

[15–18]. Therefore, it is important to broaden the probe 

bandwidth. As coaxial lines are not suitable for HFs, broad-

band probes intended to operate with alternative microwave 

structures as such as coplanar waveguides [19], strip- [20] 

and coaxial- lines [21]. A team conducted a series of studies 

proposed an H-NF probe with a working frequency of 

20 GHz in 2016 [22]. In order to improve the probe sensitiv-

ity, an active probe was proposed in 2020 [23]. In 2019, 
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a multi-component probe was designed that can simultane-

ously measure multiple EM field components [24]. With the 

rapid development of NF probes, their applications have also 

been popularized and developed. The NFS system can 

achieve automation of NF measurement. Compared with 

manual method, it does not only improve positioning accu-

racy but also saves manpower. At the same time, it can also 

visualize data results and obtain the distribution of EM fields 

on the entire plane which has great NF measurement ad-

vantages.  

The components were tested at any angle using a strip 

line cell and found that their maximum radiation level does 

not always appear at the four angles specified in the IEC 

standard [25]. From the experimental results, it has been 

proven that multi-angle measurement can improve the strip 

line cell test accuracy for IC radiation [26], [27]. The EM 

radiation source of ICs was extracted by rotating the test 

board in a TEM cell [28]. Different measurement methods 

can reflect the radiation characteristics from the STM32 IC 

microcontroller unit (MCU) from different perspectives. 

Therefore, easier and efficient EMC radiation testing meth-

ods to evaluate the radiation is crucial for characterizing IC 

radiation issues as proposed in the present research work. 

This paper is organized in four sections as follows: 

 The H-NF probe intended to operate in wideband mi-

crowave frequency is studied in Sec. 2. The H-NF 

probe is designed in four-layer technology, fabricated 

and tested.  

 The NFS system design as proof-of-concept (PoC), 

construction technique and test are explained in Sec. 3. 

The measurement results of H-NF radiated by a micro-

controller (MCU) digital IC implemented in a proto-

type of printed circuit board (PCB) representing the de-

vice under test (DUT) are discussed.  

 Finally, Section 4 summarizes the conclusion. 

2. Design and Characterization of the 

Four-Layer H-NF Probe under 

Study 

This section introduces the work principle and design 

of innovative H-NF miniaturized probe implemented in 

four-layer technology. The characterization test of H-NF 

probe to operate in wideband microwave frequencies is dis-

cussed. 

2.1 Structure of the Four-Layer H-NF Probe 

To scan a rectangular test surface in the (xy)-plan of 

(Oxyz) Cartesian system, the H-NF probe with operating 

frequency f, sensitivity and other indicators can be changed 

from the inner and outer conductor diameters and the tip 

length. Figure 1 displays the photo of the designed and fab-

ricated microwave H-NF probe.  

 

Fig. 1. Photo of the designed four-layer H-NF probe. 

As laminated face view, Figure 2(a) shows the innova-

tive H-NF probe implemented in 4-layer technology. Fig-

ure 2(b) shows the probe size parameters. D1 = 0.7 mm is the 

distance between the center of the vias and the slot line edge 

and the distance between adjacent vias is D2 = 0.9 mm. The 

H-NF probe through-hole fence at the connection end con-

sists of a series of through-holes connected to the upper and 

lower grounding layers, placed on both sides of the CPWG 

groove line to ensure the scattering coefficient curve 

smoothness. Figure 2(c) represents the corresponding lay-

ered structures. 

The increase in the number of through-holes improves 

the S21 smoothness. W and D1 need to be small enough (far 

less than quarter-wavelength associated to the maximum op-

erating frequency) to enhance the grounded coplanar wave-

guide (CPWG) structural performance. The signal propagat-

ing through the hole connects the strip and CPWG signal 

lines and its characteristic impedance is discontinuous. 

The equivalent circuit of the signal propagating 

through the hole consists of parallel and series parasitic ca-

pacitors. At high frequencies, the parasitic effects are obvi-

ous and lead to serious characteristic impedance mismatch. 

The coaxial via array technology can enhance impedance 

matching, with distance D = 2.25 mm between the coaxial 

and center vias. 
 

Description Parameter Value (mm) 

Width 

W1 1.16 

W2 0.56 

W3 0.39 

WL1 15 

WL2 3 

Hole radius R1 0.3 

Sensor unit Wk 0.6 

Hole arrangement 

R2 2.25 

D1 0.7 

D2 0.9 

D3 0.7 

α 45° 

TL length 

L1 7.65 

L2 15.9 

L3 5 

Lh 3.98 

Tab. 1. Physical design parameters of the NF probe prototype 

shown in Fig. 2. 
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Fig. 2. Four-layer H-NF probe (a) laminated face view, (b) physical design parameters and (c) layered structure. 

The physical sizes of the four-layer probe prototype are 

addressed in Tab. 1. The overall size of H-NF probe is 

24.88 mm × 15 mm × 0.83 mm. The microwave circuit is 

implemented in four-layer PCB with the medium material is 

FR4 having relative permittivity 4.4 and loss tangent 0.02. 

For the implemented probe prototype, each layer thickness 

is 254 μm and the metal layer thickness is 17 μm. Moreover, 

the constituting four metal layers were designed to ensure 

the following roles: 

 The top and bottom ones are the grounding layers for 

current return paths and EM shielding.  

 The middle layer 1 is used to control the CPWG struc-

ture impedance. 

 And the signal lines propagating through the middle 

layer 2 transmit the induced current to the receiving 

end.  

The next subsection validates the H-NF probe characteristics 

with a standard test [25]. 

2.2 Validation of the Implemented Probe 

Prototype with H-NF Scanning from 

Standard Test Prototype 

The H-NF probe performance indicators need to be 

measured through a standard microstrip line (ML) [29] with 

physical length L = 80 mm and characteristic impedance 

R0 = 50 Ω as DUT implemented on Cu-metallized Rogers 

4350B substrate with thickness 1.524 mm and relative per-

mittivity 3.66. Firstly, model the NF probe and a standard 

ML in simulation software, and place the probe directly 

above the center of the ML metal line. The bottom of the 

probe is perpendicular to the ML at 1-mm distance. The ML 

has two ports, one of which is the feeding port, set as Port 1, 

and the other is set as a R0 = 50 Ω matching load. The NF 

probe output port is set as Port 2. The probe and the DUT 

are simulated by HFSS® from Ansys® as shown in 

Fig. 3(a). The measurement of the H-NF probe is achieved 

through a vector network analyzer (VNA) and a standard 

ML. 
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Fig. 3. (a) HFSS® 3-D design and (b) illustrative test diagram 

including VNA, probe and DUT. 

The VNA Port 1 is connected to one end of the ML, 

Port 2 is connected to the H-NF probe, and the other end of 

the ML is connected to reference impedance R0 as matching 

load, VNA obtains the return loss S22 of the probe output port 

and the transmission coefficient S21 between the probe and 

the ML. The probe connected to Port 2 is fixed vertically at 

height z = 1 mm above the metallization surface of the ML 

DUT. As shown by the test diagram of Fig. 3(b), the DUT 

and the probe were welded with SMA joint. For the test case 

illustrated by Fig. 3(b), the VNA referenced Keysight 

N9918A (Agilent) FieldFox with working frequency up to 

26.5 GHz is connected to the DUT and the probe through 

standard short-open-load-thru (SOLT) calibration cables 

with characteristic impedance R0. The photo of the DUT 

PCB implemented microstrip line for the standard NF emis-

sion is presented in Fig. 4. The H-NF probe has good fre-

quency characteristics within 20 GHz BW. 

The simulated (red lines) and measured (black lines) S-

parameters are shown in Fig. 5. S21 (solid lines) and S22 

(dashed lines) have good flatness, which can meet the meas-

urement requirements of H-NF fields within 20 GHz. It is 

worth to note that the H-field captivated by the probe is ex-

tracted from S21. In the high frequency range, there is a slight 

 

Fig. 4. Photograph of the DUT PCB for NF emission standard 

characterization test. 

 

Fig. 5. Comparison of simulated and measured S-parameters of 

the H-NF probe. 

error in the S-parameter of the probe, which is due to the fact 

that the electromagnetic field component in the measured 

environment is higher than the ideal environment in the sim-

ulation. At the same time, there are errors in the dielectric 

constant and loss tangent of the dielectric plate at high fre-

quencies. 

The spatial resolution reflects the ability of the H-NF 

probe to distinguish different field values. According to the 

IEC standard, place the probe 1 mm above the ML, move it 

along the normal direction of the metal line, record the val-

ues at different positions, and normalize them according to 

the maximum value of each frequency. The spatial resolu-

tion is the distance from the maximum value (usually located 

at the center of the ML) to the –6 dB attenuation position. 

As shown in Fig. 6, the spatial resolution of the proposed H-

NF probe ranges from 1.27 mm to 181 mm within the fre-

quency range of 5–20 GHz. Combined with the frequency 

response curve of the probe, the probe achieves good sensi-

tivity and spatial resolution within the operating frequency 

range. 

Usually, for H-NF probe, in order to measure more ac-

curate magnetic field values, electric field suppression is 

also a noteworthy indicator. When the H-NF probe is placed 

as shown in Fig. 3, θ = 0°, rotate the probe 90° along the  

z-axis, and then θ = 90°. The electric field suppression  

is defined as the ratio of  V21 (θ = 0°) to  V21 (θ = 90°). The 

 

Fig. 6. The spatial resolution of the H-NF probe. 
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Fig. 7.  The electric field suppression of the H-NF probe. 

electric field suppression of H-NF probe is shown in Fig. 7. 

The electric field suppression of the probe is greater than 

24.77 dB across all operating frequency ranges, demonstrat-

ing excellent electric field suppression characteristics. 

The H-NF probe proposed in this article was compared 

with existing H-NF probes [30–33], as shown in Tab. 2. The 

flatness is defined as the fluctuation of S21 within a flat work-

ing range, and the smaller its value, the more stable the per-

formance of the probe in the operating frequency band.  

Compared with the existing ones, the H-NF probe un-

der study is advantageous in terms of design simplicity, size 

smallness, flat frequency characteristics and electric field 

suppression. The measured results of the H-NF probe 

prototype for the IC and PCB EMC emission analysis are 

discussed in the next section. 

3. Analysis of Measured IC Radiated 

Emission with the Developed NFS 

As PoC, an IC test and analysis with the designed 

automated NFS are discussed in this section. 

3.1 Design Description of the Automated NFS 

Installation 

The self-developed NFS is shown Fig. 8 [29].  

The personal computer (PC) is connected to the MCU 

by USB which is connected to the stepper motor driver 

through a serial port. The H-NF probe is fixed on the scan-

ning platform and moves with the rotation of the stepped 

motor. The NFS practicality and aesthetics is considered in 

this design. A clear and user-friendly graphical interface has 

been designed on the front panel of LabVIEW®. In the NFS 

test system, vector network analyzer (VNA) and spectrum 

analyzer (SA) are the most commonly used measuring in-

struments. The Agilent® N9918A handheld radio frequency 

analyzer is selected as the test instrument, the frequency 

range is from 30 kHz to 26.5 GHz, and the VNA, SA and 

other modes are integrated. The test instrument control is re-

alized based on Standard Commands for Programmable In-

struments (SCPI). After receiving the data from the probe, 

the testing instrument communicates with the upper com-

puter through the LAN port. 

The following subsection will describe the operation 

conditioning of the tested IC integrated in a digital PCB. 

3.2 STM32 IC DUT Operation Conditioning 

During the Test 

The results of the MCU testing with the designed H-

NF probe studied in the previous section and the NFS de-

scribed in the previous subsection. During the experimenta-

tion, the DUT was energized and placed under the probe. 

The output end of the probe is connected to the spectrograph 

receiving port. 

In the picture of Fig. 9, port A is the USB driver 

interface, and port B is the USB to serial port. 
 

 

Reference Maximum Frequency Sensitivity and Flatness Electric Field Suppression Size 

[30] 20 GHz −27.15 dB ± 4.05 dB ≥ 22.52 dB 28 mm × 70 mm × 0.59 mm 

[31] 10 GHz −22.98 dB ± 2.90 dB ≥ 19.85 dB 15 mm × 48 mm × 1.035 mm 

[32] 30 GHz −38.89 dB ± 8.45 dB ≥ 12.25 dB 40 mm × 91.5 mm × 1.035 mm 

[33] 16 GHz −40.98 dB ± 4.70 dB / 14.3 mm × 37.8 mm × 0.89 mm 

This work 20 GHz −30.93 dB ± 3.75 dB ≥ 24.77 dB 15 mm × 24.88 mm × 0.83 mm 

Tab. 2. Comparison of NF probe performances. 

 
Fig. 8. Photograph of the NFS. 
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Fig. 9. Photo of the PCB DUT containing the IC under study. 

According to the distribution of chips on the board, 

select two scanning areas: 

 Area 1 mainly includes three types of chips. USB to 

serial port chips, serial FLASH chips, and electrically 

erasable programmable read only memory (EEPROM) 

chips. This area is mainly used for data communication 

and storage, as well as for clearing and rewriting MCU 

programs.  

 Area 2 mainly includes the STM32 main chip and ca-

pacitor components distributed near the chip. 

The measured H-NF emitted by the STM32 IC is 

discussed in the next subsection. 

3.3 Discussion on the Measured H-NF 

Radiated by STM32 MCU IC DUT 

The testing frequency as the chip's fundamental (main) 

and second harmonic frequency was considered during the 

test, respectively (f1 = 72 MHz and f2 = 144 MHz). The pla-

nar surface ranges of 30 mm × 20 mm and 50 mm × 30 mm 

were selected above Area 1 and Area 2 indicated in Fig. 9, 

respectively. During the NF test, the H-NF probe and MCU 

distance was z = 1 mm. Then, the scanning step was fixed to 

Δx = Δy = 1 mm.  

Firstly, the MCU is powered by a USB driver interface 

to obtain the H-NF distribution in some areas of the IC 

board, as shown in Fig. 10(a). From the above scanning re-

sults, when using the USB driver interface to power the 

MCU, there is no obvious H-NF radiation in the two scan-

ning areas at the main frequency and second frequency 

points of the chip. The reason is that the MCU communica-

tion module is not enabled in this power supply method. In 

this case, the MCU does not support external data commu-

nication, and there is no high-speed signal transmission in 

the circuit. Then, power is supplied to the MCU through the 

USB to serial port, and the H-NF distribution in some areas 

of the MCU board is obtained as shown in Fig. 10(b) and 

Fig. 10(c). At this point, there is a clear magnetic field dis-

tribution above both scanning areas. 

Comparing the power supply methods of USB driver 

interfaces, the MCU H-NF radiation distribution is very ob-

vious under the power supply of USB to serial port. The 

main sources of radiation are high-speed clock signals and 

high-speed digital signals. In Area 1, due to the presence of 

chips such as TTL converted from serial port, it is an im-

portant module for the microcontroller to process communi-

cation data. During operation, there is a large amount of 

high-speed signal transmission, which will generate obvious 

electromagnetic radiation. 

In Area 2, there is also obvious radiation at some pins 

of the chip and nearby capacitors. The upper part of the chip 

is close to the crystal oscillator, where there is strong radia-

tion. The capacitors near the chip are decoupling capacitors, 

which are placed near the chip power supply pins. By divert-

ing the current flowing to the power supply, the chip avoids 

voltage fluctuations. Therefore, EM radiation also exists at 

the decoupling capacitors. In addition, compared with the 

magnetic field distribution at the chip main frequency of f1, 

the magnetic field radiation intensity in the selected scan-

ning area is stronger and wider at the chip second harmonic 

frequency of f2. On the one hand, this is because at low fre-

quencies, the length of the circuit is shorter than the wave-

length of the electromagnetic wave, making it difficult to 

form a radiation antenna. When the frequency increases and 

the wavelength is shortened, some circuits will form an an-

tenna structure generating EM radiation. 

On the other hand, there are nonlinear components on 

the circuit board, and the signal may generate large harmon-

ics when passing through the nonlinear components. In 

addition, there are parasitic inductors and capacitors in the 

circuit during operation. When the resonant frequency of 

these parasitic components is the same as the chip second 

harmonic frequency, significant radiation will also be gen-

erated. 

4. Conclusion 

A miniaturized broadband H-NF probe with a four-

layer PCB structure was proposed, and the probe was meas-

ured and verified based on the IEC-61967 standard. The pro-

posed probe has a working frequency of up to 20 GHz and 

has the advantages of high sensitivity, high flatness, and 

high electric field suppression. Based on the self-developed 

NFS, the proposed probe is used to perform near-field scan-

ning testing and analysis on an active IC circuit. A very good 

result of H-NF mapping at different test frequencies f1 and f2 

showing the influence of parasitic harmonic EMC radiation 

was observed.  

In the future, the NFS test results open different per-

spectives of EMC emission measurement for complex IC 

and PCBs with more comprehensive and accurate practical 

analysis. Moreover, the developed NFS can be exploited to 

characterize the EMC characteristics of mobile communica-

tion devices as smartphones, smart car and aeronautics elec-

tronic devices at higher frequencies. 
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Fig. 10. H-NF mappings from DUT shown in Fig. 9 at (a) f1 and  f2 from DUT powered by USB driver interface, and (b) f1 and (c) f2 from DUT 

powered by USB to serial port. 
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