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Abstract

Nowadays, electronic products are being used extensively in many fields and applications. The dense population of electronic devices in human
life has become a challenge for microwave engineers to ensure that their products can meet the Electromagnetic Compatibility (EMC) standards.
Complex electronic products with smaller sizes and denser components will be a challenge for compliance with EMC standards. In addition, the
occurrence of non-stationary emission at certain operating modes becomes a challenge for analysis. Error in analyzing EM emissions will make
the products unable to meet the requirements of EMC standards; hence, they will be prohibited to be marketed. Currently, there are two methods
of emission analysis, i.e. by measurement and modeling or computation. There are some problems, however, in the analysis of EM emissions
regarding the area of test, complexity, DUT positioning error, installation cost, and time consumption. In this paper, the analysis techniques for
EM emissions including Open Area Test Site (OATS), Anechoic chamber, Transverse Electromagnetics TEM Cell, Compact Antenna Test
Range (CATR) and near field scanning are reviewed comprehensively. This survey covered EMC standards, principles of EM emission
measurement techniques, advantages and disadvantages of EM emission measurement techniques, studies and applications of each technique,
recommendations for which technique to be used, and challenges for future research in EM emission measurement. The final section of this
paper discusses the challenges for near-field measurements related to the non-stationary emissions phenomenon. This papers also presents the

challenges of how to detect and characterize them.
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1. Introduction

Technically, an electronic product must meet functional
requirements and Electromagnetic Compatibility (EMC)
compliance requirements prior to be commercialized.
Functional requirements mean that the electronic product must
properly function according to the purpose of the product being
made, while EMC requirements means that the EM emissions
of the electronic product must meet the requirements of
international regulations and standards related to EMC. EM
emission fulfillment is one of the EMC provisions to guarantee
the ability of an electronic product to work properly without
affecting or causing interference to the electronic products
nearby. Compliance to these standards is critical to prevent
electromagnetic emission pollution [1], which is known as
electromagnetic interference (EMI) [2].

An important aspect of modern electronic products is
unpredictable emissions that are potential to cause interference
to other electronic products [3]. The Electromagnetic
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Interference (EMI) can reduce the performance of the
surrounding electronic products. Hence, it is not allowed the
EMI emission of a product to exceed the threshold of the
standard. If it exceeds the threshold, the functionality of
neighbouring electronic products will most likely be degraded
[3].

The advancement in the field of electronic products in
recent years has resulted in integration of many components of
the communication platform in a PCB. In addition, the 10T era
has increased the complexity of electronic systems, including
intelligent surveillance system [4]. The extensive development
and application of 10T with a support of 5G technology will
bring an impact on the increase of the mass of consumer
devices, highly congested locations, and flexible and dynamic
frequency bands. This development will contribute to the EMC
problem. Then, it becomes a challenge to develop EMC
measurement and analysis for future technologies [5].
According to the International Electrotechnical Commission
(IEC) glossary, EMC is defined as the ability of an electronic
product to perform properly in its electromagnetic
environment, and not to cause electromagnetic interference to
other products [6].
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Electronic products can meet EMC requirements if they
have the following requirements [3,7,8]: (i) not causing
interference to other systems; (ii) having resistance to
emissions from other systems; and (iii) not causing interference
to the product itself technically.

Electromagnetic emission measurement of the electronic
product is a critical activity to ensure that the product meets
EMC standards. There are several techniques commonly used,
including Open Area Test Site (OATS), Anechoic Chamber
(AC), Reverberation  Chamber (RC),  Transverse
Electromagnetic (TEM/GTEM) cell, and Near Field Scanning
(NFS). This paper presents a comprehensive review of
measurement of electromagnetic emissions in electronic
products. It consists of five sections in which the first section
presents an introduction discussing the importance of EMC and
measurement for analyzing emissions in general. The second
one presents the established EMC standards and the third one
presents the techniques for measuring electromagnetic
emissions in detail. The fourth and fifth section respectively
present discussion and recommendation, and conclusions and
future study related to more effective emission analysis
techniques. Table 1 presents a list of acronyms to make it easier
to understand the acronyms used in this paper.

Table 1. List of acronyms in this text

Acronym Stand

AC Anechoic Chamber

CATR Compact Antenna Test Range

CISPR Comité International Spécial des Perturbations
Radioélectriques

DUT Device Under Test

EMC Electromagnetic Compatibility

EMI Electromagnetic Interference

FCC Federal Communication Commission

FPGA Field Programmable Gate Array

IEC International Electrotechnical Committee

MIU Measurement Instrumentation Uncertainty

NFS Near Field Scanning

OATS Open Area Test Site

PCB Printed Circuit Board

RC Reverberation Chamber

TEM cell Transverse Electromagnetic cell

2. EMC Standards

The most widely used EM emission standards for electronic
products in the world are CISPR and FCC. Generally, the
CISPR standard is adopted outside America, while the FCC one
is an EM emission regulation in America. In French, the term
of CISPR stands for Comité International Spécial des
Perturbations Radioélectriques [9]. The CISPR has been
established by several international organizations to determine
the measurement methods and limits for radio frequency
interference. Since 1950, it has become a special committee
under International Electrotechnical Committee (IEC). The
FCC meanwhile has handled EMC since 1934 [9]. In that year
it was authorized by the Communications Act to enforce rules
and regulations on industrial, commercial, and consumer
devices that can emit electromagnetic energy. The FCC
classifies electronic products into two classes: Class A and
Class B. Class A are the electronic products for industrial,
scientific and medical applications, while Class B is for the
electronic product applications in residential environments.

Generally, class B standards are stricter than that of class A.
Figure 1 shows the emission limits for Class A and Class B
according to the FCC [10]. Here, measurements have been
made with a distance of 3 meters.

The emission standards based on CISPR (CISPR 22) are
also divided into Class A and Class B. Figure 2 shows the
emission maximum limits for class A and class B according to
CISPR 22 [11]. Measurements here have been made with a
distance of 10 meters.

In CISRP 22, the measurement distance between the DUT
and the antenna receiver is always 10 meters. In FCC, the
distance between the DUT and the receiving antenna is 10
meters for class A and 3 meters for class B. Thus, to get the
value of the electric field within 10 meters from the value of the
electric field within 3 meters for class A, it is reduced by a
factor of 3/10.
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Fig. 2. EMC based CISRP 22 Standard
3. EM Emission Measurement Techniques

Currently, there are several techniques for measuring the
EM emission of electronic products. Some of these techniques
include Open Area Test Site (OATS), Anechoic Chamber
(AC), Compact Antenna Test Range (CATR), Transverse
Electromagnetic (TEM) cells, Reverberation Chamber (RC),
and Near Field Scanning (NFS). The selection of this
measurement technique depends on the signal strength, device
dimensions, working frequency and resource availability.

3.1. OATS

OATS is a measurement technique of EM emissions in an
open space. It is commonly used to measure the far field of
antennas and for antennas calibration. In addition, OATS is an
EM emission testing technique defined by EN 55032 [12], as
shown in Figure 3. The Device Under Test (DUT) is placed
with distance r from the receiver antenna. The requirement of
the far-field measurement is that r is greater than 2D?/ [13].
This receiver antenna has several radiation characteristics such
as gain and radiation pattern. For the emission test using OATS,
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DUT functions as a transmitter and antenna as a receiver. While
for the immunity test, the DUT is functioned as a receiver and
the antenna as a transmitter.
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Fig. 3. OATS measurement setup

Mathematically, power received and normalized site
attenuation (NSA) are expressed as [14]:

E? 226, (1)
B=Pade = 500 am
279.1 )
NSA =
fEMnY

where:

P. is received power

P, is power density

A, is effective apperture

E is electric field strength

A is wavelength

G, is receiver gain

Eyax 18 maximum electric field strength
f is frequency

OATS s suitable to be used for measuring emissions for
products with large sizes. According to [15], the maximum
optimal distance is 30 m. Longer measuring distances will be
very vulnerable to weather and radio noise in the vicinity,
which can reduce the accuracy of the measurement. To obtain
more accurate data, it is recommended that OATS is built in an
area far from FM or TV transmitters or in an area with the worst
FM and TV signals. If not, the technician must be able to
distinguish between the signal from the DUT and the signal
from another system (ambient signal) [15].

To overcome the influence of weather, structures with low
reflection can be used. An example is a warehouse or site area
cover. However, the effect of structure on accuracy needs to be
examined. In [14], the time domain was used to separate the
contribution of this structure.

Measurement accuracy using OATS is also determined by
the equipment used, such as a test table and other support
equipment [16]. Measurement uncertainty was discussed in
more detail in [17]. According to research [17], there was a
difference of 10 dB in results between a table with fiber glass
material and wood. Also, there were a number of significant
differences between the different woods. So, it should be
recommended that the dielectric of the table material needs to
be defined in the measurement standard using OATS. In
addition to the table material, the table position also affects the
emission measurement results [18]. It is then also
recommended that the position of the test table should be
included in the standard.

The OATS quality is determined by several factors, such as
the construction of antenna elements, power supply, electrical
properties, and sources of environmental scattering [19].
However, in OATS technique, interference frequently occurs
from other sources [20]. To get a valid result, the interference
must be eliminated or cancelled [20]. The proposed technique
is a multichannel signal from an interference source and the
equipment under test (EUT) being captured simultaneously on
different antenna ports. A continuous stream of signals are
sampled with very high speed sampling before being fed to the
adaptive filter.

One of the applications of OATS is to measure the shielding
effectiveness of connectors and coaxial cables as described in
[21]. In that study [21], the working frequency was in the range
of 200 MHz to 2 GHz and the study was situated in the open
area of Farm Brazil between the mountains. The measurement
results on OATS were compared with simulations using CST.
Also, OATS is commonly used for EMC air craft certification
tests as it has a very large space [22]. Table 2 presents several
studies and applications of OATS.

Table 2. Studies and applications of OATS technique

References Studies and Applications

[21] Measurements of shielding effectiveness of
connectors and coaxial cable

[22] Testing for high intensity radiated field of
unmanned aerial vehicle’s

[23] EM Emission from handheld devices

[20] Cancellation of interference for emission
measurement in OATS

[24] Measurements of high level radiated
susceptibility at the OATS

[25] Modeling and correlation of radiated
emissions
generated at an OATS

[26] Scattering characteristic analysis of OATS
ground plane

[27] Conversion of radiated emissions using
genetic algorithm from anechoic chamber to
OATS

[17] Influences of table material at OATS on the
strength of radiated field measurement

[28] The diode loaded standard antenna as
receiving in OATS

[29] Ultra-broadband calculable dipole antennas
verification & applications

[30] Measuring radiated EMI using a statistical
based model in OATS environment

[31] Technique to compute OATS uncertainty

[32] Model of GTD for OATS with a finite
metallic plane

3.2. Anechoic Chamber

Anechoic chamber is a room covered by radiation absorbing
material (RAM). There are two common absorbing materials,
such as dielectric and ferrite absorber [33]. The dielectric
absorber is used for the measurement of EM waves at GHz
frequencies, while the ferrite absorber is used for the lower
frequencies [34]. The main reason for using anechoic chamber
as EM emission testing is because it is an ideal space for
emission measurement without any effects from outside
interference and weather [34].

Absorbent engineering is the key to chamber performance.
To work properly, the depth of the cone on the absorber is
proportional to the wavelength or greater [16]. The
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performance decreases when the absorber depth is smaller than
the wavelength. Therefore, it requires an absorber with a larger
size. However, this implementation will be very expensive and
require many spaces. Mechanically, it is also difficult to install
and maintain.

To optimize the design, the performance of the absorbent
shape has been simulated analytically [35]. Analytical
homogenization for low-frequency absorbers was presented by
Kuester [36]. With carbon coating, the performance of conical
absorbers can be improved [37]. Ferrite tiles can be used for
better absorption; however, it can only work on low bandwidth.
To increase the bandwidth, several layers of ferrites are made
[38]. To obtain an absorber for high bandwidth, it is necessary
to combine it with a conical absorber [39]. To optimize this
combination, numerical techniques can be used [40]. A better
solution for future research is to use an active absorber that can
be adjusted according to the type and frequency of work of the
DUT [41].

Although being smaller compared to the absorber,
reflections on the AC will interfere with antenna reception.
Accurate results can be obtained by subtracting the reflection
loss from the test results obtained. Loss of reflection (RL) is
calculated as follows [42]:

2nfd ®)
Zin = &.tanh (j—f.,/urer)

& c
 Zin—Z, 4)

b= "1

Zin+Z,
RL = —20logyo(p1) 5)

where:

Z, 1s input impedance

U, is relative permeability of material
&, is relative permittivity of material
d is absorber thickness

f is frequency of radio wave

c is speed of light

p; is reflection coefficient

Z, is 377 ohms

For the evaluation and diagnostics of reflections in the
chamber, several methods have been developed. In [43] the use
of a large waveguide and a coaxial line was presented.
Meanwhile, [44] used the time domain to measure the absorber
wall and [45] proposed the pencil matrix method to identify the
relative strength of the direct and reflected path signals. The
time domain approach is particularly useful in performing
diagnostics in space because individual locations (e.g. walls,
corners, or peripherals) can be isolated in time records and
measured.

Figure 4 presents the anechoic chamber room at Universiti
Kebangsaan Malaysia (UKM) Malaysia.

The test room of anechoic chamber is narrower than OATS.
This chamber can provide a more controlled measurement
compared to OATS because it is a closed room equipped with
RAM (radiation absorbing material). This can help to prevent
any external interference from affecting the measurement
results. Similar to OATS, anechoic chambers are also good to
evaluate far-field radiation patterns in shorter time directly.

An evaluation of measurement uncertainty in anechoic
chamber is provided by CISPR 16-4-2 [46]. The results of the
Site Voltage Standing Wave Ratio (SVSWR) of the chamber
are used as the base for calculating the contribution of site-

induced uncertainty. SVSWR data is then used to estimate the
uncertainty of measurement from radiated emission results,
called the Measurement Instrumentation Uncertainty (MIU)
[46].

Fig. 4. AC room at microwave technology laboratory, UKM-Malaysia

Dina et.al used a semi anechoic chamber for emission
testing of a laptop [47]. According to the IEC standard 61000-
6-3, measurements are made at a distance of 3 meters. EMI
radiation from the laptop was assessed in the frequency domain
with a frequency of 30 MHz to 1 GHz, compliant with the
CISPR 22 Standard.

Hofmann et.al studied the effect of broad electrical structure
on the EMC-compliance of a semi-anechoic chamber [34]. A
semi-anechoic chamber was used for evaluating the impact of
large and permanently mounted objects on the propagation
conditions [48]. Table 3 presents several studies and
applications of AC.

Table 3. Studies and applications of AC technique

References Studies and Applications

[44] Characterizing the reflection coefficient of RAM
using time domain technique

[45] Evaluation of AC using matrix pencil technique

[46] Contributions of site for radiated emission
measurement Uncertainties more than 1 GHz

[47] Laptop emission

[48] Effect of electrically large structures on the EMC
compliance
Single probe anechoic chamber technique for MIMO

[49]
OTA measurement

[50] Radiation pattern measurement for modulated
metasurface antenna

[51] Radiation pattern measurement for wideband low-
sidelobe short array antenna

[52] Radiation pattern measurement for arbitrary phased
array system

[53] Testing the effectiveness of the shared
tower scale model

[54] Radiation pattern measurement for monopole antenna
with the periodic patch director

[55] Validation of connector emission measurement

[56] Simulations of automotive EMC

[57] Effect of table material on radiated immunity Test

[58] Radiated emissions measurement from an automotive
cluster
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3.3. CATR

The CATR technique was invented by Ricard Johnson and
Poinsett of the Georgia Institute of Technology in 1966 [59].
This technique is used to measure EM emissions, mainly Radar
Cross Section (RCS) [60]. The principle of CATR is to convert
spherical waves to plane waves using a parabolic reflector [60].
Figure 5 shows the illustration of measurement setup of CATR.

Reference
point

Reflector

Fig. 5. lllustration of measurement setup of CATR

The feed position or DUT must be correct so that the
direction of transmission by the source is right into the
parabolic reflector. This will make the electromagnetic waves
transmitted by the source well received by the receiver/DUT. If
the feed position or DUT is incorrect, it can lead to direct
interaction with the DUT [61].

Factors that affect the accuracy of antenna measurements on
CATR have been identified by McCormics et.al [62]. The
sources of antenna measurement errors include the alignment
of AUT, multi-path, test zone quality, RF path dynamic/static
variation, RF system linearity, RF system dynamic range,
leakage and cross talk, channel imbalance, system drift, and
random errors [62].

The determination of the mirror surface in CATR is very
challenging due to the high requirements of the far-field
properties of the antenna system. Surface accuracy checks are
the easiest way to prove far-field characteristics. Laser tracking
can be used for testing surface accuracy and alignment on
CATR. In astudy conducted by M. Juretzko and E. Richter, the
tracking laser was able to accurately determine the CATR
reflector. The measurement error using this technique is about
0.02 and provides satisfaction up to a frequency of 100 GHz.
Operational techniques using a deeper laser can be read in [63].
This is a main issue, so it can cause diffraction from the fringer
of the reflector, which results in a non-identical field. The use
of a tri-reflector system has been used to improve CATR
performance [61][64]. Table 4 presents studies and applications
using CATR technique.

3.4. TEM Cell

The TEM cells are another technique for measuring
electromagnetic fields apart from OATS and chambers. OATS
and chamber techniques are very dependent on the antenna, so
that the performance of the measurement is determined by the
limitations of the antenna. However, TEM cells avoid the
dependence on external or additional antennas as a part of the
measurement system to measure EM radiation. Figure 6 shows
the close and open TEM cell structure. TEM cells consist of a
rectangular transmission line, the ends of which are taped with
a standard coaxial connector. To avoid interference from

outside, the close TEM cell is covered with a shield. However,
the limitation of TEM cell is that the system frequency is
limited by the dimensions of the TEM cell even though the
TEM cell dimensions also have an effect on the dimensions of
the DUT as a measurement object.

Table 4. Studies and applications of CATR Technique

References Studies and Applications
[59] Techniques employing CATR
[62] Impact of measurement accuracy on CATR for high
power testing
[63] Calibration and alignment for CATR
[65] Feed scanning using APC technique for CATR
[66] The technique of antenna measurement uncertainty in
CATR
[67] Portable CATR for 5G using reflectarray
[68] Ultra-Wideband Antennas measurement in a CATR
[69] A New CATR for testing EW-Antenna
[70] A 1.5-m Reflector Antenna testing at 322 GHz ina
CATR based on a Hologram
[71] The Odin Telescope at 119 GHz measurement using
CATR (Hologram)
[72] 650 GHz antenna Test using CATR
[73] Characterization of quit zone in mm-wave CATR
[74] CATR using small F/D transmitarray
[75] Genetic Evolution for optimization Blended Rolled Edge
of a Rectangular Single Offset-Fed CATR
[76] CATR feed using conical horn in mm bands
bur
]
I SSpam
) (b)
(©

Fig. 6. TEM cell structure (a) close TEM cell (b) Inside of close TEM cell
(c) Open TEM cell

The EM wave propagating in a TEM cell has an impedance
of 377 ohms. This impedance is equal to the impedance of the
wave in a free space. The impedance value of 377 ohms
describes the relationship between the magnetic field amplitude
(A/m) and the electric field amplitude (V/m). Due to this free
space impedance, the magnetic field measurement of the DUT
is uniform.

The characteristic impedance of TEM cell can be expressed

as [77]:
1 1 No€o (6)
ZO = —= 1— =
vCy —C, Co
\/ Ho€o
where:

Z, is impedance

1, = 120w ohm is intrinsic impedance of free space
£, = 8.854 x 10712 F/m is permitifity of free space
Uo=4m x 107 H/m is permeability of free space
v=3x%x10%m/s

C,is capacitance per unit length

The performance of TEM cells decrease due to the
impedance mismatch of the septum so that the VSWR increase.
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The method to solve this problem is by finding the connection
point between the transmitting part of the septum and the main
part. Several methods of septum have been designed without
changing the cell size. Hence, the distribution of electric and
magnetic fields is perfect. More details on cell septum design
can be found in [78]. This septum redesign can reduce VSWR
from 1.38 to 1.20 [78]. There is a variation of error in emission
measurement from IC due to different environment and
laboratory equipment [79].

Figure 7 illustrates the interconnection of the system
components for measurement using TEM cell.

Fig. 7. Interconnection in TEM cell system

There are two types of TEM cell, namely closed TEM cell
and open TEM cell as presented in Figure 6. The concept of
closed TEM cell is as described above. In general, the
advantage of open TEM cell is that it is easier to control the
DUT function [80]. In more detail, its advantages of open TEM
cell include the low cost, light weight and easy to store.
Moreover, it can be used for DUT with larger and longer size.
While the disadvantage of open TEM cell is that it is
susceptible to ambient noise. In the case of closed TEM cells,
the overall noise from outside is reduced but the size of the
DUT is limited according to the size of the cell door [81].

The procedure for measuring the EMC of an IC follows the
standard of IEC 61967-2 [82]. The septum is an inner conductor
with a characteristic impedance of 50 ohms. Radiation
characteristics can be seen in the spectrum analyzer.

An important aspect in TEM cells is the mode of
propagation. The study of the effect of the propagation mode
on radiated immunity has been carried out by Koohestani et al.
[83]. That paper presented the reality that TEM cell
manufacturers often provided cells with frequencies outside the
dominant frequency. From that study, it was decided that cells
can be employed at a higher frequency unlike the
recommendation from IEC 61967-2 which must use TEM cells
under the dominant mode frequency. Also, the location of the
DUT within the TEM cell should be considered to assess proper
immunity. That study recommended that immune testing be
carried out using an open TEM cell because it is easier to move
the position of the DUT [83].

In addition to VSWR, field polarization also affects the
characterization of radiation emission in TEM cells. A
comprehensive study of the effect of this EM polarization can
be found in [84]. In this study, LoRa and WiFi were used with
the frequencies of 433 MHz and 2.4 GHz, respectively. These
two antennas were placed in open TEM cells with different
orientations. There were 16 case studies in this study including
the polarization along the x, along the y-axis, Position 5mm
below the septum, the polarization along the x and y, and the
polarization along the z. A more complete scenario can be read

in [84]. The findings of the study showed that the power level
was dependent not only on the orientation of the antenna, but
also on the position of the antenna. Also an important finding
was related to the determination of the cut-off frequency not
only from the VSWR value as issued by the manufacturer, but
also the cell dominant mode and field polarization [84]. Table
5 presents the studies and application using TEM Cell.

Table 5. Studies and application of TEM cell technique

References Studies and Applications

[78] The Optimization Design of Septum in TEM
Cells for IC EMC Measurement

[79] IC Radiated Emission (test and error analysis)

[80] Development and test analysis of open TEM
cell

[85] Strip-line TEM cell for EMC Test

[86] TEM cell for radiation and immunity
measurement of transmission line

[87] TEM cell improvement for testing IC

[88] E-field measurement in the GSM frequency
using E-probe in the TEM Cell

[89] Analysis of emission sources from IC using
rotating test board technique in TEM cell

[90] Model of coupling determination of common
mode chokes using TEM cell

[91] Evaluation of electric and magnetic field
shielding board level shield can using TEM
cell

[92] A New RLC structure measurement technique
employing TEM cell

[93] Design of TEM cell to test the
electromagnetic sensor

[94] Characterize Electric and Magnetic Field
Coupling

[95] Analysis of E-field of IC

[96] an Interlaboratory Comparison of Radiated
Emission

[97] Performance investigation for 0.08 GHz to 6
GHz frequency of the GTEM.

[98] Measurements of radiated emissions of a
portable power bank in a GTEM cell

[99] Measurement of EMC using GTEM Cell

3.5.RC

RC is frequently used for EMC testing as it provides a large
area and is cheaper than other techniques with large space such
as OATS and AC [100]. The RC does not require RF absorption
material on the walls. The electromagnetic waves in the RC are
reflected many times, which represents a multipath process
[101].

When using the RC as an emission test, the antenna is
positioned as the receiver, while the DUT is the transmitter.
The emission characteristics of the DUT are analyzed from the
results recorded by the receiving antenna. Figure 8 illustrates
the measurement setup of RC and Figure 9 shows the example
of RC room [102].
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Stirrer

Reference .
Receiver

AUT

Fig. 8. Measurement setup of RC

Fig. 9. RC room [102] (Permission to reuse the figure granted by IEEE.
License Number: 5356950061902)

Mathematically, the transmitted power, received power, and
reflected power of the chamber walls and paddles are expressed
as [103]:

7
Pr = njotetp, )
Pp = Ugompoz (8)
Py = ngomlpol (9)

where:

Py is the transmitted power in the chamber

Py is the average of received power

P, is the reflected energy of the chamber walls
nhotalis the total effciency of antenna port 1
nketalis the total effciency of antenna port 2

P, is the input power to the antenna port 1

P,, is the output power of antenna port 2

P,, is the output power of antenna port 1

The RC is especially suitable for wireless applications
because it models a multipath environment, simulating plane
waves arriving from various angles and polarizations making it
suitable for cell phone antenna testing [104]. With the
development of wireless devices, the study of testing wireless
devices in RC is a promising research. Table 6 presents studies
and applications using RC technique.

3.6. NFS

Another technique for measuring EM emissions is by near
field scanning. This technique does not require a large space

like OATS and anechoic. One of the applications of the NFS is
to provide near field data for the far-field prediction of a DUT
[136]. Besides, it has been proven for antenna design tests and
for measuring PCB and IC emission for EMC analysis [137]
[138][139][140][141]. Figure 10 shows the near-field
measurement operation mode. DUT is placed on the test table,
the probe moves to perform scanning measuring the near-field
of the PCB. In addition to measuring emissions, near-field
measurements can also be used for immunity measurement
[142]. In NFS technique, scanning is commonly performed
near the PCB at many points, so that the source of emission
problem can be easily detected (source localization).

Table 6. Studies and application of RC technique

References Studies and Applications

[105] Implemented Algorith_m Qhar_acterization
for MIMO Spatial Multiplexing in RC

[106] Antenna efficiency measurement in a RC

[107] Independent samples number investigation
and the measurement uncertainty in a RC

[108] EMC Applications for Military: RC Tests

[109] Stirrer design optimization in a RC

[110] Vehiclg wi_deband wireless  channels
modelling using RC theory

[111] Emission in RC: Numerical Evaluation of
the total power radiated

[112] The influence of stirrers using FDTD
analysis ina RC

[113] Cell tissue exposure tests using RC

[114] Propagation studies for urban using RC

[115] Pattern of antenna radiation measurements
inRC

[116] Povyer delay _measurement in  wireless
environment using RC

[117] Multipath chan_nel simulation for BER
measurement using RC

[118] Material refle_ctivity and  absorption
measurement using RC

[119] Measurement of Emission using RC for
small DUT

[120] IC immunity testing in RC
Spatial correlation functions of fields in a

[121][122] RC

[123] Measurements of shielding effectiveness of
materials using nested RC

[124] Radiated ~ Power  Measurements in
Reverberation Chambers

[125] Antenna efficiency measurement in RC

[126] Total radiated power measurement in
uncalibrated RC

[127] Statistical ~ uncertainty ~ simulation  of
emission measurements in an ideal RC

[104] Isotropic and fading sensitivity using
CDMA Phones in RC

[128] Increased power and compensation when
OTA testing of BS in LTE systems using RC

[129] Model of exponential correlation for
intensity of electric field

[130] Stir_req mode RC for radio type approval
emission measurements

[131] Shielding Effectiveness measurement of
Sparsely Mode Enclosures in a RC

[132] Around power density and electric field
from broadband wireless emissions in a RC

[133] Vehicle emission measurement using RC

[134] Improved technique for reconstruction
antenna pattern in a RC

[135] Estimation of antenna gain pattern in a RC
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Fig. 10. Near-field measurement schematic

In near-field scanning technique, the choice of probe is an
important factor. Based on IEEE standard, the loop antenna and
monopole antenna have a good performance [143]. The
calibration of the probe is essential to increase the validity of
near-field measurements. The probe that requires calibration is
the H (magnetic field) probe. H probes use loop antenna, and
often sensitive to E (electric field). Ideally, the H probe is
insensitive to electric fields. Figure 11 shows the E-Probe and
H-Probe at the Near-Field Laboratory-UKM Malaysia. These
probes are manufactured by Langer EMV-Technik [144].
Mathematically, the outputs of the electric and magnetic probes
are expressed as [145] [146]:

(10)

(11)

where:

i is electric current

C is capacitance

A is system constant

E(t) is Electric field

Vems is EMF voltage

¢ is magnetic flux

B is magnetic flux density

(b)

Fig. 11. (a) E-probe and (b) H-probe at near-field lab-UKM Malaysia

The electromagnetic characterization of 1C using near-field
scanning has been carried out by Harwot [147]. In this study,
one magnetic probe was used. The DUT used was an FPGA
with two operating modes, namely running-halted processor
and DDR read-write. That study focus on the FPGA Emission
characterization when running processor, halted processor

mode, and DDR read-write operating modes. There are
different levels of EM emission in different modes.

The near-field scanning technique on PCB with a 6-port
approach has been carried out by Fengchao et.al [148]. The
DUT used was a microstripline (MSL). That study has
conclusion that EM emission result of 6 port approach agrees
with emission measurements using VNA.

The emission characterization study on complex electronic
products has been carried out by Hafiz [149]. The stochastic
nature of electromagnetic emission is a challenge for the
characterization process. Hafiz et.al developed an efficient
field-field correlation measurement strategy as well as an
efficient numerical technique to model the propagation of
emission transients. The numerical approach used was the
Wigner Distribution Function (WDF) approach, which
required field-field correlation function (CF) as an input. The
CF could be obtained by performing NFS on a plane with a size
of 30 cm x 30 cm above a DUT. The DUT providing the
stochastic radiated fields consisted of a metallic rectangular
box with a field mixing mechanical stirrer and a monopole
antenna mounted on the wall inside the enclosure. In this work,
the input data would be the NFS measurement data at 1 cm,
which was to be propagated to 5 and 10 cm using the WDF
based propagation algorithm. Figure 12 and figure 13 present
the correlation function (CF) of stochastic emissions at a
distance of 5 cm and 10 cm from the DUT respectively. Figure
12 (a) and 13 (a) are produced from the measurement data on a
plane with the height of 5 and 10 cm respectively while Figure
12 (b) and 13 (b) are the approximated CF propagated by the
algorithm to 5 and 10 cm respectively. Figure 12 and Figure 13
show a good agreement between prediction and measurement
at the two altitudes. Thus, this technique shows that the
integration of the propagation algorithm and NFS data works
well for random source characterization.
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Fig. 12. Comparison between the CF obtained form (a) measured data and (b)
approximate using propagators at distance of 5 CM
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Table 7 presents other studies and applications of NFS.
4. Discussion

The techniques for measuring electromagnetic emissions
has been described in Section 3. Each measurement technique
has its own advantages and disadvantages. Hence, the
technique needs to be chosen based on several considerations.

Based on space available for the test, the OATS technique
has a very large space. The anechoic chamber has a narrower
space than OATS. While reverberation chamber, CATR, TEM
cell and NFS have small space. Next thing to consider is to look
at the positioning error of DUT during the measurement.
OATS, anechoic chamber, CATR, and TEM have low DUT
positioning errors. The DUT positioning in the OATS is used
to measure emission for the different orientations of the DUT.
Thus, the DUT positioning error in the OATS is a source of
inconsistency and error in ensuring that the strongest DUT
emissions have been measured. In the CATR technique, the
positioning error of the DUT will cause diffraction from the
reflector edge because the field is not uniform. This is due to
the direct interaction of the DUT with the antenna. In TEM,
DUT positioning is used to assess multiple orientations.
However, TEM cannot be operated while the DUT positioning
is in upside down condition. The other techniques such as RC
and NFS have very low positioning error. The NFS technique
does not need the motion of the DUT for using a moving probe
to scan for EM emissions.

In addition, OATS has the highest setup cost, while NFS has
the lowest one. Comparing the complexity and experimental
time of the emission measurement techniques, OATS and
anechoic chamber have low usage complexity. The OATS and
anechoic techniques do not require any complicated settings
but this technique only requires a transmitter or receiver
antenna dependent upon the purpose of the EM measurement.
If it is to measure DUT emissions, then the antenna is used as a

receiver. On the other hand, if it is to measure the immunity of
the DUT, then the antenna is used as transmitter. Meanwhile,
CATR, reverberation chamber, and near-field scanning have
high usage complexity.

Table 7. Studies and application of NFS technique

References Studies and Applications

[136] Far-field estimation from efficient Near-field
measurement
Current scan technique for the radiated

[138] emissions prediction of automotive systems
based CISPR 25 standard

[139] Degrading radiated emissions using near-field
scan method for Automotive EMC

[140] Near-field emissions analysis based on EBG
structures From CM Filters

[142] Radia.ted immunity of PCBs using near-field
scanning
RF interference analysis using near-field

[150] shielding measurement in metallic mobile
devices

[151] Application of RFI for inverse MoM for source
reconstruction in near-field scanning technique
3-D source reconstruction for near-field

[152]
accuracy

[153] Performances of near-field shielding of EMI
noise suppression absorbers

[154] Predicting far-fields from near-fields for EMC
applications in broadband

[155] Prediction the far-field using near-field
scanning for microstrip line

[156] Model of time-domain magnetic dipole of PCB
Near-Field Emission
The minimum requirements model addressing

[157] the strength of electric and magnetic field
strength measurement for use in near-field
occupational exposure

[158] Characterization of near-field for 13.56 MHz
RFID

[159] Near-field emission analysis from the PCB of
a car deck player

[160] The EM-Field probing Development for near-
field scanning

[161] SNR Optimization for low near-field scanning

[162] Quick antenna examining using lowered near-
field sampling

[163] Characterization using near-field scanning
Near-field scan for investigating simultaneous

[164]

switching noise

OATS, Anechoic chamber, RC, and CATR have small
experimental time, in contrast to NFS. While TEM has the
medium  experimental time. For far-field emission,
measurements directly using an OATS or anechoic chamber is
recommended. This is because both have large space that can
fit larger object and their complexity are very low as well. For
the measurement of EM emissions on electronic products, it is
recommended to use NFS. Besides being more economical, the
source of emissions from electronic components can also be
found. This cannot be achieved by using OATS and anechoic
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chamber. Although NFS has some advantages, it still requires
longer time consumption due to many measurement points and
the post processing of the measurement data. For this, in
implementing this technique, it is important to identify
sufficient measurement data needed and to find an efficient and
accurate post-processing technique.

Another challenge in EM emissions measurement is in
performing it to complex electronic products. In this product,

EMI is difficult to detect because it is non-stationary where it
appears only at a certain frequency and time. This non-
stationary characteristic can be due to the program running on
board. The detection algorithm for this type of emission needs
further attention and study so that electronic products are
completely clean from EMI, which can exceed EMC standards.
Table 8 presents the summary of emission measurement
techniques.

Table 8. Summary of emission measurement techniques performance

Measurement ) Complexity I ) ) i

techniques Testing area tilization DUT positioning Installation cost Time consumption
Very .

OATS wide Very Low Low Very Expensive Very low

AC wide Low Low Expensive Very low

CATR Small Very high Very low Middle Low

TEM Cell Very small Low Low Cheap Low

RC Small High Low Cheap Middle

NFS Small High Very low Very cheap High

One of the challenges of EM emission analysis in electronic
products is related to the emergence of non-stationary emission
signals as discussed in [165]-[167]. Figure 14 shows the
phenomenon of non-stationary emission from the Galileo
operation [168]. The time domain plot is obtained from the
measurement consisting of magnetic field probe, digital
oscilloscope and Intel Galileo. During the measurement, the
Galileo was programmed to run two different programs, i.e.
Program 1 (filling random numbers into random elements and
LED blinking) and Program 2 (LED blinking). Figure 14 shows
the time series recorded as a result of the Galileo running
Program 1. The time series clearly shows that the non-
stationary of the emission is not present when the Galileo is
running Program 2.

L TTnmvin
I AN I

Fig. 14. Non stationary emission of Galileo operation [168] (Permission
to reuse the figure granted by IEEE. License Number: 5356941408429)

The data that can be used as input to the propagation
algorithm is the CF, which is calculated from stationary
emissions source. As discussed in [169], the use of non-
stationary series as input for methods designed for stationary
series can lead to a misleading analysis.

One of the techniques to obtain stationary emission data
from non-stationary emission data is by applying segmentation
technique to achieve piecewise stationary. Several non-
stationary analytical techniques have been discussed in
[170][171] for speech processing and earthquake analysis. In
[170][171] it showed that piecewise stationary time series
could be generated from non-stationary time series
segmentation.

Hafiz etal proposed a method to achieve piecewise
stationary from non-stationary emission signal by segmenting

the non-stationary signal from figure 14 manually into 16
segments as shown in figure 15 [168].

1j2|sla|s|e|7|8| 920212213243 516

Fig. 15. Non-stationary EM emission time series divided by 16 segment
manually [168] (Permission to reuse the figure granted by IEEE. License
Number: 5356941408429)

The number of segments is fixed to focus more on the
sorting technique being used. It can be clearly observed that
two processes can be identified by running Program 1 above
which are “filling random numbers into random elements” and
“LED blinking processes”. 15 segments are produced while the
LED is blinking and 1 segment while Galileo is believed to be
doing the “filling random numbers into random elements”. This
method is proven to be able to sort the short time segments
based on their stationary characteristics. However, manually
specifying the number of segments might cause some high
emission signals to split into two parts. Besides, manual
segmentation is unsuitable for solving the real problems in the
field that require fast and efficient computation. So, the
challenge ahead is to develop automatic segmentation of
stationary emission to get piecewise stationary so that it can be
used as input for propagation algorithms to support EM
emission analysis in electronic products.

5. Conclusion

The techniques for measuring EM emissions have been
discussed in this paper. The principles, advantages and
disadvantages have also been discussed. Some considerations
in selecting suitable techniques include space, cost, time
consumption, and complexity. To save costs, the NFS
technique come to be the right choice, but it requires
computational development effort for post-processing of the
near-field data. Another problem is the emergence of non-
stationary EM emission from complex electronic devices. The
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development for non-stationary emission segmentation and
detection automatically should be a concern for future research.
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