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Abstract— This paper presents the comparisons between 
time-domain voltage and current measurement techniques for 
interference analysis in Power Line Communication (PLC) 
application. Voltage measurement is performed by directly 
sensing the mains voltage from a speed-controlled water pump 
using a 1:1000 voltage divider, whilst the current is measured 
using three types of sensors: current clamp, hall element, and 
differential probe over a shunt resistor. Voltage and current 
from these sensors are read with a digital oscilloscope. 
Impedance and power are calculated as well using post-
processing software, in which the results can be analyzed in the 
frequency domain using a spectrogram to observe the possibility 
of performing communication. Voltage and current transducers 
should have transfer functions which are independent of 
frequency when performing time-domain measurements. 
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I. INTRODUCTION  
 Interest in time-domain measurement in a mains network 
is increasing due to the time-dependent characteristics of the 
impedance of the loads in a power line [1]. Modern loads like 
Light Emitting Diode (LED) lamps, Switched-Mode Power 
Supplies (SMPS), speed-controlled water pumps, etc. are 
non-linear. These loads generate electromagnetic interference 
(EMI) in the power system, especially in the frequencies 
between 2 kHz to 150 kHz [2]-[3]. One of the victims of the 
EMI in the power system is the Power Line Communication 
(PLC), where it has been shown that a non-linear load such as 
Compact Fluorescent Lamps (CFL) can affect the 
performance of the communication [4]. To overcome these 
problems, a time-frequency diversity method has been 
proposed by [5] which shows that there are low-interference 
slots in the time domain which can be utilized for PLC. 
However, interference analysis in power line system requires 
analysis from the impedance of the grid as well. This calls for 
a technique for which the impedance of a certain load or even 
a complete network can be measured in the time domain and 
in real time.  

 One of the existing methods for measuring network 
impedances is performed by using spectrum analyzers, which 
can only measure the magnitude of the complex impedance 
in a grid [6]. Another measurement technique uses a Vector 
Network Analyzer (VNA) which can also measures the phase 
component of complex impedance [7]. However, a VNA is 

not suitable for measurement below 10 kHz due to its low 
output power. The three-probe method proposed in [8] avoids 
the use of a VNA, as it used a signal generator in combination 
with a spectrum analyzer. The technique is, however still 
limited to frequency domain measurements. It relies on three 
current transformers with non-linear phase characteristics. 
This is not an issue for frequency domain measurements as 
these only require magnitude information. However, non-
linear phase response of a sensor becomes an issue for time-
domain measurements as the phase shift from the sensor can 
introduce an error to the impedance measurement. Time-
domain impedance measurements require at least two probes 
with zero phase shift. 

 Time domain impedance and power measurements are 
required to identify the low interference area for 
communication purposes which for instance can be detected 
using cognitive radio or spectrum sensing. In order to reduce 
complexity of processing and thus reducing the stress of 
computational power, two probes with near zero degree phase 
shift is recommended as these are able to capture non-linear 
behavior of loads without any correction in either frequency 
or time domain.  

 Therefore in this paper, three different time-domain 
measurement techniques for measuring the voltage and 
current of a load connected to mains with minimum phase 
shift are researched. The measurements are performed by 
measuring the voltage and current from a speed-controlled 
water pump simultaneously as was shown in [9]. The voltage 
measurements are performed in the same way as in [10] by 
using a 1:1000 voltage divider which is connected to the 
mains power line, whilst the current measurements are 
performed by either using a current clamps, a hall-effect 
sensor [11] or a differential voltage probe over a shunt 
resistor. The voltage and the current from the sensors are 
measured simultaneously using a 2-channel digital 
oscilloscope. The three techniques are compared based on the 
time difference between the voltage and current peak, pulse 
width, rise time, fall time and the peak current. From the 
voltage and current measurements, the impedance and power 
consumption of the load can be obtained by using post-
processing software [12]. The data can also be converted to 
the frequency domain and plotted in a spectrogram for the 
conventional frequency domain analysis as well.  
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 This paper is structured in the following way: Section II 
describes the three different current measurement techniques 
and the possibility for real time determination of impedance 
and power, followed by the results in Section III and 
discussions in Section IV. 

II. MEASUREMENT METHODS 
  For all three impedance measurement methods introduced 
in this paper, the voltage measurement is performed in the 
same way by directly sensing the 230V mains voltage using 
1:1000 voltage dividers [10]. The current measurement is 
done by measuring the electromagnetic field around a 
conductor (indirect current sensing) or by measuring the 
voltage drop over a shunt impedance (direct current sensing), 
typically a resistor. Both of these methods give an output 
voltage relative to the input current.  Direct current sensing 
relies on Ohm’s law, whilst indirect current sensing is usually 
dependent on both Ampere’s and Faraday’s law. 
      

A. Current clamp 
  Current clamps utilize the law of induction and Ampere’s 
law in order to transduce the current 𝑖𝑖(𝑡𝑡), flowing through a 
conductor to a measurable voltage. This principle is best 
explained by (1), where 𝑣𝑣𝑖𝑖(𝑡𝑡) is the measured voltage from 
the current clamp, 𝑀𝑀 is the mutual inductance between probe 
coil in the current clamp and the current-carrying wire. 
 

𝑣𝑣𝑖𝑖(𝑡𝑡) = −𝑀𝑀 𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

                                   (1) 
      
This voltage needs to be integrated in order to find the 
measured current using (2). 
 
      

𝑖𝑖(𝑡𝑡) =  − 1
𝑀𝑀 ∫ 𝑣𝑣𝑖𝑖(𝑡𝑡)𝑑𝑑𝑡𝑡

∞
0                             (2) 

      
  Integration can be achieved by both passive and active 
circuits. Passive circuits are mostly built inside the measuring 
coil and often utilizes the parasitic self-inductance of the coil 
in combination with a resistor, but the parasitic capacitance 
can also be used. Both techniques theoretically allow 
measurement in the extremely low frequency (ELF) range. 
Passive circuits can measure frequencies down to a few Hz. 
However, active circuits can measure frequencies below 1 Hz 
when implemented in magnetic core coils. 
 
  Active integration makes it possible to achieve linear 
integration and a sharp +90° phase shift at low frequencies, 
but introduces an upper frequency limit. Active integration 
current sensing systems are especially attractive for 
measuring coils with low self-inductance like the Rogowski 
coil. The self-inductance of the coil causes non-linear 
frequency responses, which only gets worse as the inductance 
increases. 
      
  Integration can also be done numerically. This is 
nowadays a standard procedure but has the disadvantage that 
signal processing is needed before analysis, and it results in 
higher sensitivities for higher frequencies. When the sample 
rate is large enough, the trapezoidal rule can be used to obtain 

the signal’s integral and maintain a measurement uncertainty 
below 1%. 
 

B. Hall-element sensor 
  Hall-element sensors utilizes Hall-effect where the 
Lorentz force causes electrical charges to move when they are 
exposed to a magnetic field. A voltage relative to the 
magnetic field occurs due to this effect when a thin 
conducting sheet is placed perpendicular to a magnetic field 
while a control current is running through the sheet as shown 
in Fig. 1. This voltage is given by (3), 
      

𝑉𝑉𝐻𝐻 = 𝐼𝐼𝐶𝐶 ∙ 𝐵𝐵 ∙  
𝐾𝐾
𝑑𝑑

                                (3) 
 

where 𝑉𝑉𝐻𝐻 is the measured Hall voltage, 𝐼𝐼𝐶𝐶  is the control 
current, 𝐵𝐵 is the magnetic flux density, 𝐾𝐾 is the Hall constant 
and 𝑑𝑑 is the thickness of the sheet [11].  

 
Fig. 1. Hall-effect sensor 

      

C. Differential probe 
  A straightforward technique to measure the current is to 
implement a shunt resistor and measure the voltage across the 
resistor. The current can then be calculated by applying 
Ohm’s law. This voltage should be measured with a 
differential probe in order to have an accurate measurement 
that is not interfered by the common mode (CM) load voltage. 
Therefore, a high Common Mode Rejection Ratio (CMRR) is 
needed to keep the CM voltage from disturbing the 
measurements when 𝑅𝑅𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑑𝑑  << 𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 . This is achieved by 
either introducing a galvanic isolation or by using very high 
impedance resistors. Using a transformer would be 
disadvantageous as this will introduce phase shifts, but 
optical isolation or a high ohmic resistive input impedance 
should prevent this problem. However, there is a tradeoff 
between these two solutions. Whilst the galvanic isolation 
gives a higher CMRR, it lowers the dynamic range. 
      

1. D. Impedance and Power Measurement 
 The three current measurement methods introduced in this 
paper have the potential to accurately measure the mains 
current in the time-domain between 2 kHz to 150 kHz 
bandwidth. They can be implemented in so-called breakout-
boxes in combination with the 1:1000 voltage dividers. If a 
load is connected to this breakout-box, the output voltage 
𝑣𝑣(𝑡𝑡) and current 𝑖𝑖(𝑡𝑡) can be used to find the instantaneous 



impedance 𝑍𝑍(𝑡𝑡) and power 𝑃𝑃(𝑡𝑡) using (4) and (5), 
respectively 

𝑍𝑍(𝑡𝑡) = 𝑣𝑣(𝑑𝑑)
𝑖𝑖(𝑑𝑑)

                                   (4) 
 

𝑃𝑃(𝑡𝑡) =  𝑣𝑣(𝑡𝑡) 𝑖𝑖(𝑡𝑡)                               (5) 
      

III. MEASUREMENT SETUP AND RESULTS 
 The measurements were performed using a speed-
controlled water pump as the load. It is a non-linear load 
which produces very steep pulsed currents. The current is 
measured using three types of current sensors: the TA189 
current clamp, HO-150-NSM hall-effect sensor and the 
TA043 differential probe. The three techniques are compared 
based on the time difference between the voltage and current 
peak (∆𝑡𝑡𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑠𝑠), pulse width (τ ), rise time (𝑡𝑡𝑟𝑟𝑖𝑖𝑠𝑠𝑝𝑝), fall time 
(𝑡𝑡𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙 ) and the peak current (𝐼𝐼𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝). The voltage and the 
current are then plotted by the Picoscope 4262. The 
measurement setup is shown in Fig. 2. 

 
Fig. 2. Schematic of the measurement setup 

A. Current clamp 
The voltage and current sensor used in this measurement 

is similar to the one in [9]. The current sensor in Fig. 3 has 
wires for measuring line, earth and neutral current 𝐼𝐼𝐿𝐿, 𝐼𝐼𝐸𝐸 and 
𝐼𝐼𝑁𝑁, respectively, which are extended exterior to the breakout-
box, allowing the current clamp to be placed around it.  
      

 
Fig. 3. Schematic of the current clamp breakout-box      

The TA189 has a 100 kHz bandwidth and a 30 A 
measuring range. The measurement results in Fig. 4 show that 
there is 1.12 ms time difference between the peak value of the 
voltage and current. The pulse width of the current is 2.4 ms 
with a rise time of 0.24 ms and a fall time of 1.64 ms. The 
current peak is measured at 3.62 A. 

 

Fig. 4. Measured voltage (blue) and current (red) from water pump using 
TA189 current clamp 

B. Hall-effect sensor 
The breakout-box in Fig. 5 uses  two  HO-150-NSM hall-

effect sensors with current range of 150 A. The  measurement 
results are very noisy as can be seen in Fig. 6. However, these 
sensors are still suitable for educational purposes as it is able 
to show the voltage and current waveforms without any 
calibration or post-processing. In case of monitoring the 
mains voltage and current with low frequency transients, this 
probe can still be used. Hall-effect sensors also do not require 
additional probes or auxiliary equipment other than an 
oscilloscope and a 5 V DC power supply. 

 
Fig. 5. Schematic of the Hall-effect sensor breakout-box 

     

Fig. 6. Measured voltage (blue) and current (red) from water pump using 
HO-150-NSM Hall-effect sensor 



Fig. 6 shows that there is a 1.16 ms time difference 
between the peak value of the voltage and current. The pulse 
width of the current is 2.24 ms with rise time of 0.65 ms and 
fall time of 1.6 ms. It shows a current peak of 4.7 A. 

C. Differential probe 
Unlike the previous sensors, the accuracy of the 

differential probe sensor is not only dependent on the probe, 
but also on the shunt resistors. The shunt resistors in the 
sensor have a flat frequency response between DC and 1 
MHz. The TA043 differential voltage probe was used for 
these measurements. The measurement results in Fig. 8 show 
noise at low currents. Making this method unsuitable for 
measuring small currents. 

 
      

Fig. 7. Schematic of the differential probe breakout-box 

The measurement results shown in Fig. 8 shows a 0.95 ms 
time difference between the peak value of the voltage and 
current. The pulse width of the current is 2.56 ms with rise 
time of 0.26 ms and a fall time of 1.6 ms and a peak current 
of 4.14 A. 

 

 

Fig. 8. Measured voltage (blue) and current (red) from water pump with 
TA043 differential probe  

IV. DISCUSSIONS 
 The current pulse characteristics from the three 
measurements are summarized in Table 1. The three 
techniques investigated in this paper give similar time 
difference between the voltage and current peak (∆𝑡𝑡𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑠𝑠), 

pulse width (τ )  and fall time (𝑡𝑡𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙). The results from TA189 
shows the least amount of distortion, while the output of the 
HO-150-NSM Hall-effect sensor is very noisy, which is 
influence can be seen in the significant difference in the rise 
time (𝑡𝑡𝑟𝑟𝑖𝑖𝑠𝑠𝑝𝑝) and the peak current (𝐼𝐼𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝). This significant 
difference is possibly caused by the limited dynamic range of 
the Hall-effect sensor. A low-pass filter could be 
implemented either digitally or physically in order to reduce 
the high frequency noise. 

TABLE I.  MEASURED PULSE CHARACTERISTICS 

Parameters TA189 HO-150-
NSM 

TA043 

∆𝑡𝑡𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑠𝑠 (ms) 1.12 1.16 0.95 

τ (ms) 2.4 2.24 2.56 

𝑡𝑡𝑟𝑟𝑖𝑖𝑠𝑠𝑝𝑝 (ms) 0.24 0.65 0.26 

𝑡𝑡𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙 (ms) 1.64 1.6 1.6 

𝐼𝐼𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝 (A) 3.62 4.7 4.14 

 
  
 Based on Table 1, it can be seen that TA189 gives the best 
results due to the low distortions and noise. From the 
measurement result of TA189, the impedance and the power 
from the speed-controlled water pump are calculated using 
post-processing software [12] and plotted against time as 
shown in Fig. 9. 

 
Fig. 9. Measured impedance (blue) and power (red) from water pump 

using TA189 current clamp 

 From the impedance measurement results (blue), it can be 
seen that there are negative impedance pulses. This could be 
caused by the inaccuracy of the current clamp when 
measuring low currents.  In the power measurement results 
(red), negative power can be observed as well. This issue has 
to be solved in future work in order to obtain correct 
impedance and power measurement, as impedance and power 
measurement is also important for interference analysis in a 
power line communication system. A spectrogram is plotted 
in Fig. 10 to observe the possibility of PLC. The spectrogram 
shows the interference power against time and frequency 



during one cycle of the mains voltage (20 ms). It can be seen 
that the interference repeats every half of the mains voltage 
cycle (10 ms) with dominant frequencies between DC and 
50Hz. There are also higher frequency interferences as well, 
especially  between 60 kHz and 70 kHz which are caused by 
the distorted mains voltage signal. From the spectrogram, the 
slots for communication with a relatively low interference 
level (-60 dB/Hz) are shown in red boxes.  
      

 
Fig. 10. Spectrogram of the measured power from TA189 current clamp 

sensor 

V. CONCLUSIONS AND FUTURE WORKS 
The comparison of three time-domain measurement 

techniques for interference analysis in power line 
communication applications have been presented. The 
TA189 current clamp has the lowest noise and distortion 
compared to the other sensors. However, the negative 
impedance pulses shows that improvements have to be made 
to the time-domain impedance measurement using this 
sensor. Nevertheless, the power measurement shows a better 
result which can be used for interference analysis in PLC 
application using a spectrogram. 
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