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Abstract — Conventional frequency-domain 

measurements are slow and are not able to grab 

time-varying effects, compared to time-domain 

measurements. Standard measurement procedures, for example 

CISPR 36 for electric vehicles, requires measurements at 

multiple positions around the equipment under test. Small 

resolution bandwidth in combination with long dwell time for 

every frequency step, results in a long measurement time. This 

is especially true in the lower frequency range as the bandwidths 

are small and thus need more measurement time. CISPR 36 

requires also using only one antenna in parallel or 

perpendicular position to the equipment under test at once. 

Using time-domain measurements, the measurement speed can 

be already significantly improved. The effectiveness of 

measurements can be increased drastically if multiple antennas 

are positioned at several locations around the equipment under 

test, and multiple digitiser channels are used in parallel. A new 

antenna construction for multidirectional measurements in 

combination with a cost-efficient multichannel digitizer for 

time-domain measurements in the frequency range below 30 

MHz is proposed in this paper. Simulation results, theoretical 

background and initial measurements are shown, proving that 

such a method is indeed viable. 

Keywords—Time-Domain, Multichannel measurements, 

orthogonal loop antennas, EMI. 

I. INTRODUCTION  

An important criterion for evaluating electrical equipment 
for electromagnetic compatibility (EMC) is the measurement 
of the maximum level of radiated emissions. Standard 
measurements of equipment under test (EUT) are expanded, 
and also there is a need for better measurement accuracy. This 
leads to a higher number of measurement positions around an 
EUT. For example, the latest standard for electric vehicles, 
CISPR 36 [1], requires four measurement positions around the 
EUT, in both parallel and perpendicular antenna orientations, 
resulting in a total of eight measurements in the frequency 
range below 30 MHz. Performing measurements from many 
angles, often implemented by utilizing a turntable, is 
necessary for the proper estimation of the maximum 
emissions. Typically, frequency-domain (FD) methods with a 
superheterodyne receiver are used. According to [1], the time 
needed to measure emissions in the FD in the low-frequency 
range, below 30 MHz, is long. Small frequency steps, which 
can be several kilohertz for the entire measured range, lead to 
a long measurement duration that can take several hours [2]. 
Since each frequency is measured and analysed separately in 
the FD, the pulsed emissions, e.g. from switched mode power 
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supplies, can be underestimated in a short dwell time [3]. To 
be able to measure such time-variant emissions, standards 
increase the dwell time for every frequency step to, 
sometimes, a couple of seconds [1], which in turn leads to very 
long measurement time and high costs. 

To address the measurement speed issue, the focus on the 
time-domain (TD) measurements has become more popular. 
Due to this, the new TD EMI receivers began to replace 
superheterodyne receivers. Advantages of using TD EMI 
receivers were discussed previously in [4], while 
disadvantages were shown in [5], [6]. When applying 
commercial TD EMI receivers, the speed of standard 
measurements can be significantly increased. The TD EMI 
receivers are however still costly. A major disadvantage of 
commercial TD EMI receivers is that they often have only 1 
single input channel. Instead of TD EMI analyzers, modern 
digitizers, can be used too, with the appropriate processing. 
They are much more reasonably priced and can measure a 
signal with a sampling rate of several hundred mega-samples 
per second. Such a high sampling frequency is sufficient to 
perform measurements below 30 MHz in baseband. In [7] the 
prospect to use a digitizer for TD measurements is discussed. 
In [8] the evaluation of non-stable emission is shown. Another 
advantage of these digitizers is the multiple inputs, typically 
two or four, sometimes even eight [9], as opposed to the EMI 
receivers that typically have only one. As described in [1], the 
measurement is performed in both parallel and perpendicular 
antenna orientations with respect to the EUT. A multi-axis 
antenna can be implemented, where two or three antennas are 
placed orthogonal to each other [10]. Following the possibility 
of multichannel operation below 30 MHz using the baseband 
digitizers, the concept of a cost-efficient multichannel TD 
multi-axis loop antenna measurement is created and presented 
in this paper. Theoretical background, simulations, and initial 
measurements are shown and discussed, proving that TD 
measurements with several orthogonal antennas and a 
multichannel digitizer greatly reduce the measurement time 
compared to conventional measurements and simultaneously 
measure in several antenna orientations. 

 

II. MEASUREMENT SETUP PREMISES 

The latest standard for electric vehicles, CISPR 36 [1], 
provides measurements in four points around the EUT (Fig. 
1). To evaluate the highest outgoing emissions, this standard 



 

 

prescribes measurement of both parallel and perpendicular 
antenna positions to the EUT. In [1], a typical superheterodyne 
EMI receiver and single antenna are used. Because the 
resolution bandwidth and frequency step size are low, more 
than 13 hours are necessary for completing such a 
measurement. The standard limits the number of 
measurements to eight due to the already long measurement 
time. Although not expected in the low-frequency range, if the 
EUT radiates strongly at a certain angle between the marked 
positions, the highest emission level can be 
underestimated [7]. Using a multiaxial antenna with 
multichannel digitizer, the entire measurement time can be 
decreased to a couple of minutes [8]. With the decreased 
measurement time, more antenna positions can be used around 
the EUT. Hence the measurement accuracy, as well as time- 
and cost-efficiency can be improved. 

The simplified representation of the proposed test setup is 
shown in Fig. 2. The multi-axes antenna consists of two loop 
antennas are fixed orthogonally to each other. Both loop 
antennas are connected to a multichannel digitizer with two 
separate coaxial cables. In this work, a digitizer from 
Picoscope (PicoScopeTM 5000 series) [9] is used but multiple 
alternatives are possible. This digitizer offers a sampling 
frequency of 125 MS/s per channel, in two-channel mode. 
This is sufficient to satisfy the Nyquist theorem for 
frequencies below 30 MHz and therefore the acquisition can 
be performed directly in baseband without the need of down 
converting the signal. The digitizer collects the data from both 
antennas for 1 s, because this is the dwell time for each 
frequency according to [1], and is effectively equivalent to 
each one of them independently. Furthermore, this creates 
sufficient over-sampling to decrease the noise level. After the 
acquisition, data blocks are sent to a computer for further post-
processing. In MATLAB, the data blocks are processed by 
performing FFT to present the results in FD. 

Since two-channel operation is theoretically possible, an 

extension towards a two-axis system is also considered as a 

further improvement. For this purpose, a two-axis antenna 

setup has been built and is presented in Fig. 2. This paper 

discusses the possible usability of the presented system by 

addressing the two possible issues. Firstly, coupling between 

two orthogonal antennas is discussed in Section III. Then, the 

usability of the TD receiver in the 30 MHz range is analysed 

by comparing it with a classical FD receiver. 

III. ANTENNA CONSIDERATIONS 

 To obtain correct results, the measurement antenna should 
not affect the measured field. In case of a single loop antenna, 
this is not considered to be an issue due to the fact that its 
dimensions are typically very small compared to wavelength, 
as well as large distance to the nearest obstacle. Furthermore, 
since a loop antenna is linearly polarized, a 90-degree rotation 
is generally sufficient to make it receive orthogonally 
polarized field without affecting the reception of the other 
polarization. However, in case of a multi-axis loop antenna, 
this effect might become more prominent for two reasons. 
Firstly, the shielded loops are placed in each other’s near 
fields, significantly increasing the magnitude of interaction 
due to sheer presence of conducting material within. 
Secondly, the antennas are built using structures of a certain 
physical size, therefore might affect the opposite polarization 
to be affected before coupling to the perpendicular loop.  

 To measure electromagnetic emissions in low frequency 
range, a shielded loop antenna (SLA) construction is used. A 
simple SLA is shown in [11]. The shield in this loop antenna 
reduces the influence of the electric field component. 

 

 
Fig. 1. Antenna positions around the EUT from CISPR 36 [1] 

 

 

Fig. 2. A three-axis loop antenna multichannel TD system 



 

 

In the perfect conditions, voltage generated by the electric 

field is created only on the outer shield and not on the inner 

wire. Due to the gap location opposite to the feed point of the 

antenna, the total voltage generated on the feed point should 

depend only on the magnetic field component. 
Generally, any antenna can be very sensitive to the other 

objects placed in its near field region. The influence of nearby 
objects on the measurement results are demonstrated in [12]. 
It is therefore possible that the two SLAs placed so close to 
each other would affect each other’s performances. However, 
because the maximal measurement frequency is 30 MHz, the 
SLAs are very small compared to the wavelength, minimizing 
this effect.  

 A magnetic loop antenna is shown in Fig. 3. The induced 
open circuit voltage at the loop terminals, induced by the time-
varying magnetic flux through the loop is (Faraday’s Law) 
[13]: 

𝑉𝑜𝑐 = 𝑗𝜔𝛹𝑚 = 𝑗𝜔𝜇𝐻𝑧𝜋𝑎2                      () 

𝐻𝑧 = 𝐻𝑖𝑐𝑜𝑠(
𝑖
) 𝑠𝑖𝑛(𝜃𝑖)                        () 

Where 𝑆  is the area of the loop, 𝛹𝑚  - is the magnetic 

flux, 𝐻𝑖  is the pointing vector of the incident wave, 𝜃𝑖 is the 
angle between the loop axis (z) and the vector of the incident 

wave, 
𝑖
 is the angle between the vector 𝐻𝑖  and the plane of 

incidence, 𝑎 is a loop radius, 𝜇 is the magnetic constant, 𝜔 is 
angular frequency.  

 
Fig. 3. Plane-wave field incident on receiving loop 

From the equations (1) and (2) the open-circuit voltage can 
be expressed as:  

𝑉𝑜𝑐 = 𝑗𝜔𝜇𝜋𝑎2𝐻𝑖𝑐𝑜𝑠(
𝑖
)𝑠𝑖𝑛(𝜃𝑖)                       () 

From the formula above it can be concluded that a 

maximum voltage induced in a loop if 𝜃𝑖 = 90° and 
𝑖

= 0°. 

The mutual coupling between two orthogonal magnetic loop 
antennas should be minimal for the use as a multi-axis 
antenna for EMI measurements.  

To evaluate an error that can occur after adding a second 
antenna, two orthogonal SLAs were compared to one SLA in 
the full wave simulation program, CST [14]. In the 3D model 
used here an antenna of a real physical size is considered. The 
SLA construction was taken from [11]. A single SLA was 
placed parallel to and 3 m away from the emission source, as 
shown in Fig. 4. Another loop antenna which was placed at a 
certain angle to the receiver antenna was used as a source, thus 

to imitate the EUT. The transmitting loop antenna was 
activated using a gaussian signal. Simulations were done 
using a time-domain solver [14]. The simulation was 
performed and the voltage on the antenna port was stored in 
the frequency range between 9 kHz and 30 MHz. After that, 
another SLA was added and placed perpendicularly to the first 
one as in Fig. 5. The second antenna has the same diameter as 
the first one, but is shifted a couple of millimetres to the side 
to avoid overlap. The simulation was performed once again, 
and the results from the first antenna were stored. The 
difference of the voltages received by the first antenna in the 
two cases (with and without the second antenna) are shown in 
Fig. 6. It can be noticed that some mutual coupling between 
antennas is present. There is a 1 dB deviation around 10 kHz, 
and up to 3 dB deviation when approaching 30 MHz. This 
difference is not significant and can be corrected for using 
proper antenna calibration during the real measurements. 
However, during simulations all connectors and cables were 
excluded to simplify the model. The addition of an extra cable 
in the two-antenna system might have a further influence on 
the coupling between them and will be investigated 
experimentally in the future. 

 

 
Fig. 4. One antenna model next to the emission source 

 
Fig. 5. Model of the two orthogonal antennas next to the emission source 

 
Fig. 6. Amplitude difference between one and two antennas setup  

 To measure the difference for the real model (Fig.2), a 
single loop antenna was compared to two loop antennas 
construction. Fig. 7 represents the measurement setup. A 
spectrum analyzer with a tracking generator option (TG) is 



 

 

used to apply the stimulus. In order to improve the signal to 
noise ratio, an additional power amplifier with a gain of 40 dB 
is connected. The spectrum analyzer is configured with the 
following settings: 0 dB attenuation, a resolution bandwidth 
of 30kHz, frequency sweep from 150 kHz up to 30 MHz. The 
tracking generator output level is set at -20 dBm, and applying 
a 40 dB amplifier results in approximately 20 dBm of output 
power at the transmit antenna. The open field area was chosen 
for this measurement. The first antenna was measured parallel 
to the transmitting antenna. The results are shown in Fig. 8. 
After that a second antenna was added, placed orthogonally to 
the first one. Measurements were repeated using the 1st 
antenna as a receiver antenna. Fig. 9 represents the 
measurement results after adding a second antenna. 

 To compare the measurement results, the amplitude 
difference for the parallel measurements with one and two 
antennas setup was calculated. From Fig. 10 it is clearly 
visible that the difference in measurement results, after adding 
the second antenna, is approximately 0.2 dB. Looking at the 
amplitude difference, it can be concluded that adding the 
second antenna does not influence the 1st antenna. 

 

  

Fig. 7. Amplitude difference between one and two antennas setup  

 

Fig. 8. One antenna parallel and perpendicular position to the transmitting 
antenna (1st antenna) 

 

Fig. 9. Two antenna setup parallel and perpendicular position to the 

transmitting antenna (1st antenna) 

 

Fig. 10. Amplitude difference for parallel measurements between one and 

two antennas setup (1st antenna ) 

 

IV. RECEIVER CONSIDERATIONS 

To be sure that the picoscope can be used for the TD 

radiated emission measurements, the results were compared to 

the measurements using an EMI receiver. A waveform 

generator was used as an emission source, which was directly 

connected to the inputs of both receivers as shown in Fig. 11. 

To generate broadband emissions, a ramp signal with a 

fundamental frequency of 500 kHz was used. To mimic a 

time-variant emission, a 5 Hz amplitude modulation was also 

applied to the signal. The two measurement setups are 

presented in Fig. 11. As for the TD measurement, a data block 

of 125 MS was recorded within a 1 s measurement time, with 

an 8-bit resolution. This data block was post-processed in 

MATLAB mimicking a peak detector. A similar measurement 

was done with an EMI receiver using a 5 kHz frequency step 

and a 1 s dwell time. The comparison between the two results 

is shown in Fig. 12. The differences between the peak values 

from the EMI receiver and the TD receiver range from 0.1 dB 

to 0.3 dB. From the measurement results it can be concluded 

that the digitizer can be used as an EMI receiver for standard 

measurements in a frequency range below 30 MHz, in 

multichannel mode. Moreover, using TD measurements with 

post processing via a computer, the possibility to mimic 



 

 

another type of detectors such as average or quasi-peak from 

a single TD data block are possible and already were shown 

[7]. The technique to mimic the process of the quasi-peak 

detector was shown and described in [15]. 

 

 a)                                                   b) 
Fig. 11. Measurement setups used to compare the results from the digitizer 

(a) and the EMI receiver (b) 

 
Fig. 12. Comparation of emissions using the digitizer and the EMI receiver 

V. CONCLUSION 

 To improve the measurement method of radiated EMI 

below 30 MHz a new measurement concept is proposed in this 

paper. A significant reduction of measurement time is 

achieved by using multi-channel TD measurements. The TD 

data is recorded for one second to satisfy the standard 

requirements of pulse emission measurements. This made it 

possible to minimize the measurement time from tens of hours 

to tens of minutes. Expensive EMI receivers could be replaced 

by cost-efficient multi-channel digitizers to perform 

measurements below 30 MHz. The high sampling rate with 

large block of data, provide oversampling. The combination 

of this technique with several inputs provides the opportunity 

to perform measurements using multiple antennas 

simultaneously. Such a novel combination of a multichannel 

digitizer with, maybe 4, orthogonal antennas reduces 

measurement time drastically without any compromise to the 

measurement results. Because the TD data is post-processed 

on a computer, there is a possibility to mimic various types of 

receiver settings, e.g. detectors or filters, in a single 

measurement. It gives the opportunity to use this measurement 

concept not only for standard CISPR 36 but also for other 

standards which require low frequency EMI measurements.  
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