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 Abbreviations 

 

Abbreviation Translation 

AFE Analog Front End  

CM Common Mode 

CP Cyclic Prefix 

DBPSK Differential Binary Phase Shift Keying  

DQPSK Differential Quad Phase Shift Keying  

DDC Digital Down Converter  

DAC Digital To Analog Converter 

DUC Digital Up Converter 

EV Electric Vehicles  

EMC Electromagnetic Compatibility  

EMI Electromagnetic Interference  

OFDM Orthogonal Frequency Division Multiplexing 

PV Photovoltaic  

PLC Power Line Communication  

PSD Power Spectral Density 

QAM Quadrature Amplitude Modulation  

SNR Signal To Noise Ratio  

Si Silicon 

SiC Silicon Carbide 

SRRC Square Root Raised Cosine Filter  

V2G Vehicle-To-Grid 
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 Introduction 

 

Recently, the use of renewable energy has gained a meditative interest in a lot of 

applications, especially, in the home applications, traction, and industrial systems, this results 

in growing concerns on the reliability of the communications between the smart grid elements. 

A lot of communication protocols are used between the communication of the smart grid 

elements such as the CAN bus in traction applications [1] or using the RS-232 in the solar 

farms and industrial applications [2], a lot of applications use the wireless communication 

especially in Vehicle-to-Grid (V2G) [3] and using of the Power Line Communication (PLC) 

in the smart metering systems [4] and industrial systems [5]. 

In the complex smart grid environment, the PLC is one of the most communication 

technique used between the smart grid elements as it uses the existing power cables in the 

system to provide data transmission capabilities. The use of the electrical cable infrastructure 

results in lowering the cost and ensuring high data transition rate, however, a lot of problems 

could appear, especially in the PLC that works in the frequency band between (2-150 kHz), 

due to the increase of using power electronic devices utilizing a switching frequency which 

may lay down between the PLC frequency working range cause a lot of considerable problems 

in the communication [6], these problems appear due to the presence of harmonics and the non-

intention conducted Electromagnetic Interference (EMI) generated in the system [7], which 

cause the existence of parasitic capacitance that force the EMI current to follow. The presence 

of nonlinear loads such as lamps, chargers, and any other nonlinear devices are the leading 

cause of increasing the conducted emissions in the circuit. Also, the use of several power 

electronic converters connected through PLC increases the probability of the appearance of 

data transmission errors. The interference causes the decrease of the Signal to Noise Ratio 

(SNR) below the level of noise-free communication, respectively, cause the presence of bite 

error and sometimes failure of the communication [8]. Based on [9], [10], the main types of 

noise effect in the PLC can be divided into four types: Background Noise, Narrowband Noise, 

Periodic Impulsive Noise, and Asynchronous Noise, each type caused due to different reason. 

The most effective noises on the PLC are Periodic Impulsive Noise which exists due to the use 

of high-frequency switching converters and Asynchronous Noise which appear in transients 

switching.  This report focuses on studying the influence of converter modulation techniques 

on PLC performance. Moreover, the effect of changing the types of converters between Si-

based and SiC-based converter. 

 

 Literature review on the effect of nonlinear loads in the narrowband PLC  

5.1 Type of noises effect on performance of PLC  

Due to the increasing amount of devices utilizing switching frequencies in this frequency 

range (e.g. photovoltaic (PV) inverters, chargers for electric vehicles (EV)) as well as the 

growing proliferation of narrowband PLC (Power Line Communication) in PLC band A [8]. 

Based on that, the interference can be divided into four types (A-D): 
 

A. Interference between devices with communication 

At which two or more devices that has communication features and they work together affect 

each other causing the increase in the bit error rate. As their interaction is intentional, these 

devices are designed to work with specific signal to noise ratio. Consequently, this type of 

interference is not considered as it is not expected that they disturb each other in an unwanted 

way. 
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B. Interference of devices without communication by devices with communication 

In this type of interference, the communication equipment (e.g: PLC) can has a significant 

impact of the device without communication as shown in Fig.1. This type of interference was 

stated in [6], For example the PRIME PLC industrial solution work between 42 and 88 kHz 

frequency band, in this case  the PLC can effect of the loads that work with a switching 

frequency between this range and this may cause the malfunction of the working device and 

additional heating of internal components of the affected device, which can e.g. reduce its 

lifetime [11].As the signaling frequencies of PLC are usually above 20 kHz , the generation of 

audible noise is not an issue for interference type However, the interference may exist in case 

of high-frequency converter. 

  

C. Interference of devices with communication by devices without communication 

    In this case, the victim is the communication device (e.g: PLC) As shown in Fig.1, the 

interference cause the decrease of the SNR below the level of noise-free communication, 

respectively, cause the presence of bite error and sometimes failure of the communication .This 

could be happened for two reasons: the first is due to the low input impedance of the non-

communicating device, which lead to the decrease on the level PLC Signal and the receiver 

will not decode the data accurately. The second reason is the non-intention emission generated 

by the device without communication which may lay down between the PLC frequencies 

working range. Depending on the location and the number of the EMI sources, the interface 

may fail in one or multiple communication devices in the LV network.  

D. Interference between devices without communication 

Interferences of type D always require at least one device with non-intentional emission. 

The interaction between devices is again mainly determined by their input impedance 

characteristic. High non-intentional emission levels combined with low input impedances of 

the affected equipment can increase the probability of interference significantly. However, if a 

disturbance finally occurs, depends mainly on the susceptibility of the affected devices. Main 

consequences of interferences between devices without communication are malfunctions, 

which are usually reversible, the emission of acoustic noise and additional heating of internal 

components. The effects based on the type of interference are showed in Table I. 

 
Fig.1: Types of Interference between devices. 

 

Table I: EFFECTS DEPENDING ON THE TYPE OF INTERFERENCE 
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In [12], the noise produced by  a lot of nonlinear residential work (in the scope of using 

the PLC in the smart meters  applications) was divided into four categories: 

1. Noise Synchronous with the 60-Hz Power Frequency 
2. Noise with a Smooth Spectrum 

3. Single-Event Impulse Noise 

4. Nonsynchronous Periodic Noise 
 

1. Noise Synchronous with the 60Hz or 50Hz Power Frequency 

This noise generated from the loads that use the silicon control rectifier (SCR) or solid-state 

devices like Triacs that work at the same fundamental frequency or multiple of the fundamental 

frequency. An excellent example for this type of load is the light dimmers [13].  

 

2. Noise with a Smooth Spectrum 

This noise is often created by loads on the line which do not operate synchronously with the 

powerline frequency. A universal motor, like one used in an electric drill, is a good example. 

Such a motor has brushes that cause current switching at intervals which depend on the speed 

of the motor-the speed is controlled by the load. 

 

3. Single-Event Impulse Noise 

Lightning, thermostats, and other switching phenomenon cause such impulse noise. Capacitor 

banks being switched in and out for power-factor correction create impulse noise 

4. Nonsynchronous Periodic Noise 

This type of noise generated by the mean of devices that use transistor or any switching 

electronic device that lead to continuous periodical noise, in most cases this electronic 

switching devices work in the frequency range between 10kHz to 100kHz and not 

synchronized with the fundamental frequency of the grid. Nowadays, a lot of residential 

devices working with SMPS and battery chargers that may generate this type of noises. 

Similar classification of noises was implemented in [14] [15] and[16], that stated that there 

are two main types of noise, one in the background and the other is impulsive noise. 

 

 
Fig.2: Type of noises in the narrowband PLC  

 

• Colored Background Noise: Appliances and components operating at low power, 

collectively generates noise with relatively small power spectral density (PSD).  

• Narrowband noise, mostly amplitude modulated sinusoidal signals caused by ingress 

of radio broadcasting stations.  
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• Periodic impulsive noise asynchronous to the primary frequency, which is mostly 

caused by switched-mode power supplies.  

• Periodic impulsive noise synchronous to the mains frequency, components like rectifier 

diodes, transistors whose cut off voltage and threshold voltage leads to switching 

actions in simultaneous to frequency of mains power.  

• Asynchronous impulsive noise, which is caused by switching transients in the power 

network.  

Also, reference [11] presents a well-established categorization of noise sources for the 

NBPLC frequency band, in general, and for the PRIME frequency band, in particular. It must 

be considered that in this study: (1) the equipment involved were legitimately CE (European 

Conformity) marked and the related standardized emission limits and immunity requirements 

were met; and (2) events related with an EMI due to current/voltage components in the 

frequency range from 2 to 150 kHz, exceeding the immunity of an equipment in normal 

operation status, were analyzed. Such a categorization is summarized: 

1. EMI due to conducted emissions  

2. EMI due to lighting equipment 

3. EMI due to electricity meters  

4. EMI due to mains communication systems 

5. Power supplies.  

6. Power systems: loads and inverters 

7. Lighting equipment: Energy-efficient lighting, Fluorescent lights, and Emergency 

lighting. 

 

5.2 The influence of non-linear loads in the performance of PLC  

 

Those case studies are considered in type C of interference at which the PLC system is the 

victim. A lot of papers studied the effect of nonlinear loads such as Led or Metal halide lamps 

in the PLC system. Very little previous work was carried out the influence of different types 

of loads in the PLC signal.  

A study in [17] that show the effect of loads in the smart meter system in Finland. According 

to the results, common causes of communication problems in the PLC systems have been 

frequency converters, energy-saving lamps and specific single-phase devices (such as antenna 

amplifiers, teleoperator devices, digital set-top boxes). These are typically equipped with 

single-phase switch-mode power supplies. In case of switch-mode power supplies, two 

different root causes of problems were detected. The first is the aging of the power supply, 

especially the smoothing capacitor after the rectifier and the second is the lack of emission 

limits in the frequency range 3…150 kHz. The latter caused problems, especially, if the 

switching frequency of the power supply is close to the signaling frequencies of the PLC 

system. 

  

A. Study the effect of lamps on PLC 

In [18], the paper study the impact of two groups of  LED Lamps: with passive rectifier  

and with  active rectifier, the interference level from passive rectifier LED lamps are 

significantly below the allowed maximum PLC signal levels in the band 150kHz – 30MHz,. 

However, they produce a noise in the band 3 kHz – 150 kHz, the level of the noise is between 

60dBuV and 70 dBuV, which still below the PLC signal levels, therefore, there is no threat to 

the power-line communications. The second group of lamps show the same results in the band 

3 kHz – 150 kHz, however the interference appears in the band 150 kHz – 30MHz. 



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.2 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

10 

In [19], the effect of CFL lamp on the PLC signal was studies and the results shows that As the 

noise level of PLC and CFL governed by the same EMC standard, the CFL Lamp can cause 

Interference and effectively can draw the communication signal. The same response is shown 

in [20] in the metal halide lamps. In case of mercury vapor lamps [21], it has been shown that 

the level of noise in the CENELEC band (3 kHz – 150 kHz) is below the allowable PLC signal 

level and, therefore, it is “safe” to use the mercury-vapor lamp in this frequency range.in case 

of Florescent lamp [22] , It has been demonstrated that the fluorescent lamps do inject 

conductive noise in the PLC channel. Fluorescent lamps produce noise in the 3kHz- 150 kHz 

CENELEC bands, but this interfere is from 20dB to 40 dB lower than the allowable PLC. In 

[23], a study was performed on the effect of a group of LEDs in the PLC signal .  

 

B. Study the effect of power converters on PLC 

The application of using fast switching semiconductor devices such as IGBT or MOSFET 

provide a nearly square waveform, however this rising and the falling voltage times of few 

kV/s bring unwanted side effect connected to the EMC, the steep slope of the voltage 

waveforms cause the existence of parasitic capacitive coupling, forcing the EMI current to 

flow [24]. 

Two approaches became more prevalent; one is the optimization the Power Electronic 

Interfaces thought their switch modulation strategies. Deterministic PWM waveforms 

(“programmed switching”), and other is an alternative in the form of randomized modulation. 

The concept of frequency modulation techniques is based on the modulating the original 

constant clock frequency to spread the energy of every single harmonic into the well-defined 

frequencies, thus reducing the peak amplitude of EMI at harmonic frequencies. There is no 

continuous noise spectrum. The strategy with programmed switching frequency is using a 

variable switching frequency, obtained by the modulation of a base value, i.e., carrier function 

using control signals and having a spectrum with lower peak amplitude than the constant 

frequency square signal. This strategy is also known as spread spectrum frequency modulation 

(SSFM). The investigations of such techniques applied to EMI reduction of digital systems is 

a subject of significant concern, inclusive opening a new area of research for the modulation 

techniques with randomized modulation [25]–[31].  

In standard PWM switching strategy with the programmed switching frequency, switching 

harmonics usually occur at fixed and well-defined frequencies and are thus named “discrete 

harmonics.” According to [2], [32] and [33], the concept of randomness into standard PWM 

strategy is to spread the harmonic power which exists at well-defined frequencies (discrete 

harmonics) over a wide range of frequencies so that no harmonic of significant magnitude 

exists. As a result, discrete harmonics are significantly reduced, and the harmonic power is 

spread over the spectrum as “noise” (continuous spectrum) of insignificant magnitude. 

The core difference of these approaches is that the effect of the randomization in attenuating 

the discrete spectrum, equal the spread spectrum frequency modulation (SSFM) approach, but 

also introduce a continuous spectrum. One possible problem in converters with randomized 

modulation is the increase of “ripple” (i.e., deviation around the nominal waveform) when 

compared with programmed switching. This particularly bothersome is in the low-frequency 

range (“drift”)[34]–[37]. The effect of different modulation techniques on the communication 

has been studied before in [2][38], it shows excellent influence on RS-232 communication 

standard. 

The strategy of most randomized modulation is based on schemes in which successive 

randomizations of the switching pulse train (or of the periodic segments of this pulse train) are 

statistically independent and governed by invariant probabilistic rules [37],[32], [33], [39] . 

Therefore, the randomized modulation strategy must enable precise control of the time-domain 
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performance of randomized switching, in addition to spectral shaping in the frequency domain. 

Randomized modulation presented an inherent invariant deterministic and probabilistic 

structure.Fig.3 shows the frequency spectrum average detector, reading from EMI receiver for 

one Switched Mode Power supplies (SMPSs) using deterministic and random modulation, 

work with a switching frequency of 28 kHz. The reading was taken in in accordance with the 

EN 55022 standard. 

 
Fig.3: Frequency Spectrum of Deterministic and Random modulations 

 

In [2], a study was implemented to see the influence of power converter on the 

communication data transmission errors, the communication protocol used is RS232, the 

research shows that there is no significant difference between the use of random modulation 

over the deterministic modulation  in the context of data transition errors. However, the change 

of the switching frequency causes a significant change in the probability of data transmission 

errors. Fig.4 shows the likelihood of error exists in the data transmission in different switching 

frequency with random and deterministic modulation techniques, the figure shows the increase 

of possibility of error with the rise of the converter switching frequency. This phenomena of 

interference happen when the value check moment of transmitted signal meets the same time 

of modulated signal rising or falling edges. Fig.5 shows schematically the carrier function 

representing both deterministic (αSi = const) and random modulation (αSi = var) of PEI. The 

ti depicts transmitted signal value checking moments while p+ i and p–I represent clear 

interference signals introduced by operation of the converter. In [38], the same results were 

obtained in addition of  studying the effect of increasing the number of power converters in the 

data transmission error. 

According to [17], in case of switch-mode power supplies, two different root causes of 

problems were detected. The first is the aging of the power supply, especially the smoothing 

capacitor after the rectifier and the second is the lack of emission limits in the frequency range 

3…150 kHz. The latter caused problems, especially, if the switching frequency of the power 

supply is close to the signaling frequencies of the PLC system.    
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Fig.4: The effect of changing the switching frequency on the probability of data transmission error.  

   
Fig.5: Describing the phenomena of interference. 

 

5.3 Conducted EMI suppression solutions in the PLC signal 

The suppression of EMI and be divided into three categories: 

• Hardware Suppression. 

• Software Suppression.  

 

A) Hardware Suppression  

Usually the meaning of hardware solution is installing a passive filter in the series in the PLC 

signal. In [40],  the work focused on the implementation of a filtering system for interference 

in the 120–150 kHz band that is introduced into the network by receivers. In [41], a feasibility 

study was conducted to see the effect of adding CM Choke coil in the analog front end (AFE) 

circuit of a power line communication (PLC) modem to reduce the CM noise coupling onto 

the power line, the study showed that adding a CM choke in the AFE circuit of a PLC modem 

is not a feasible solution to reduce the CM noise in the power line network. 

In Other way of hardware improvement, is improving the method of measurement as in [42], 

the advantage of this device that it can easily measure the voltage in specific smart meter and 

analyze the problem as it is lightweight equipment, it can show what is the essential source of 

noise that effect on the performance of PLC in this smart meter. However, it doesn’t solve the 

problem and require field measurements to each specific smart meter of PLC. 
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In [43], [44], the idea is based on collecting the network parameters and implementing an 

optimization technique to control the operation of the loads or minimizing the data transmission 

rate  to improve the performance of the PLC.  

  

B) Software suppression 

 

In case of software suppression, the use of active filter is one of the commonly used 

approach. In [45], an innovative approach for information signal denoising in time domain. 

This method is based on the Widrow's adaptive denoising filter, this filter is used in order to 

reduce the impulsive noise effect when it happens. In [46] ,The proposed algorithm uses a 

forward linear prediction error filter to remove the interferences from the incoming signal. 

Interference suppression is achieved through a zero-forcing algorithm in [47]  that leverages 

multichannel reception and requires channel state estimates for the interference signal. Results 

indicate that the methods are successful, on average, in suppressing interference to enable 

recovery of the desired signal, 

Other way of solving conducted EMI problems in the PLC is changing the direction of 

modulation in the power converters as introduced in [48], this paper studied the influence of 

using Pseudo-random PWM modulation technique on the PLC. The results show improvement 

in the performance of the PLC using the Pseudo-random PWM modulation over the of 

conventional space vector modulation. However, this tests were implanted only on a PLC 

modem that use the FSK modulation technique, the results may be different in case of OFDM 

–PSK. The same effects was investigated in [49], the author   use the Elimination of 

electromagnetic interference in communication channels by using spread spectrum technique. 
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 Orthogonal Frequency Division Multiplexing (OFDM) 

OFDM is a frequency-division multiplexing (FDM) scheme utilized as a digital multi-carrier 

modulation method that transmit information between two points by spreading the data bits 

across multiple carrier frequencies. The data is divided into several parallel data streams or 

channels, one for each sub-carrier. Each subcarrier is modulated with a conventional 

modulation scheme (such as Quadrature Amplitude Modulation (QAM) or Phase Shift Keying 

(PSK)) at a low symbol rate, maintaining total data rates similar to conventional single-carrier 

modulation schemes in the same bandwidth. The OFDM offers several advantages over other 

transmission technology, the use of several frequencies makes the system more robust to 

narrowband interference and signal dropout [50][51][52], however, it is far more vulnerable to 

symbol timing error and carrier frequency offset. Sensitivity to symbol timing offset is much 

higher in multicarrier communications than in single carrier communication because of inter 

symbol interference [53].Fig.6 shows the difference between the individual carrier and OFDM 

[15].  

 
Fig.6: The transmission methods for power line communication [15]. 

 
Fig.7: The basic model of PLC communication with OFDM system [53]. 

 

6.1 The OFDM system description  
 

A) OFDM Signal modulation 

The process starts by getting digital information to be transmitted in the OFDM frame, this 

data should be modulated using digital modulation scheme as stated before, this process is 
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called mapping, but the end results is a list of the amplitudes and phases that are to be 

transmitted at every frequency in the set. This data should be transformed to the time domain, 

the Inverse Fast Fourier Transform (IFFT) is the best option to implement this transformation.  

Because an OFDM symbol consists of a sum of subcarriers, the n − the N × 1 mapped signal 

symbol  𝑥𝑘 , then the OFDM signal 𝑥𝑛 should be written as 

𝑥𝑛 =
1

𝑁
 ∑ 𝑥𝑘

𝑁−1
𝐾=0 𝑒𝑗2𝜋𝑘𝑛/𝑁

  𝑛 = 0,1, . . . , 𝑁 − 1 

where N is the number of subcarriers or the IFFT size, k is the subcarrier index, n is the time 

index, and 1/ N is the normalized frequency separation of the subcarriers. Fig.8 shows the 

spectrum of an OFDM sub-channel and (b) shows the entire OFDM signal.  

 
Fig.8: The OFDM Signal. 

The received time-domain signal is transformed back into frequency domain by means of 

inverse transform and contains data symbols given as: 

𝑋𝑛 = 𝐷𝐹𝑇𝑁{𝑥𝑛} =
1

𝑁
 ∑ 𝑋𝑘

𝑁−1
𝐾=0 𝑒−

𝑗2𝜋𝑘𝑛

𝑁  𝑛 = 0,1, . . . , 𝑁 − 1 

where 𝑋𝑛 is the out signal after performing the DFT. 

  

B) Adding Cyclic Prefix (CP) 

The OFDM technique offers reliable effective transmission; however, the OFDM system is 

more sensitive to the symbol timing error and carrier frequency symbol than in single carrier 

communications because of inter-symbol interference, that’s because the receiver sees multiple 

copies of the transmitted data, each arrive with different delay and amplitude. In order to 

eliminate this effect, a guard band is inserted between each data frame that is longer than the 

worst delay expected. This guard band is called cyclic prefix. The CP usually repeats the last 

L samples of an OFDM block and then is arranged in front of the block as shown in Fig.9. The 

resulting symbol 𝑠𝑛 can be represented as 

𝑠𝑛 = {
𝑋𝑁+𝑛     𝑛 = −𝐿, −𝐿 + 1, … , −1

𝑋𝑛         𝑛 = 0,1, . . . , 𝑁 − 1
 

 

 
Fig.9.The OFDM Signal after adding the CP. 
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C) Adding Preamble Field  

The first few frames consist of known data used for synchronizing the data with the receiver, 

this frames is named as “Preamble Fields”. It is divided into two parts: the (P) frames (preamble 

frames) and the (M) frames (sync Frames). now, the transmitted packet format is the sum of 

the preamble frame and the data frame and cyclic prefix as shown in Fig.10. 

 

 
Fig.10.One symbol of OFDM signal.  

 

D) The upconversion of the PLCsignal  

Digital Upconverter (DUC) provides the digital implementation from the complex baseband 

signal to the real passband signal, as shown Fig.11. The input of the DUC is sampled at a 

relatively low sampling rate. Before up converting the signals, they are filtered and upsampled 

using a Square Root Raised Cosine filter (SRRC). 

 
Fig.11.the digital upconverter block diagram. 

The transmitted signal should be quantized using the digital to analog converter (DAC) of 

the controller which quantizes the time domain signal to specific quantize step size according 

to the size of the DAC[54]. The carrier signal is tuned to the intermediate frequency (IF) 

frequency of the OFDM frequency range. The carrier frequency offset may appear if the 

oscillator frequencies are not precise. In addition to the phase noise that seems due to the 

demodulation. The sampling time (𝑇𝑠 ) should be smaller than the time duration for each 

symbol (𝑇𝑠𝑦𝑚). The 𝑇𝑠𝑦𝑚 can be calculated based on the given equation 

𝑇𝑠𝑦𝑚 =
𝑇𝑠𝑖𝑔𝑛𝑎𝑙

(𝑁𝑐𝑝 + 𝑁)
 

where 𝑁 is the number of the FFT size and 𝑁𝑐𝑝 is the number of cyclic prefix, the 𝑇𝑠𝑖𝑔𝑛𝑎𝑙  is 

the sum of the time taken for the FFT (𝑇𝐹𝐹𝑇) and the time taken by the guard band cyclic prefix 

(𝑇𝐺𝐵), the 𝑇𝐹𝐹𝑇 and 𝑇𝐺𝐵 can be obtained from  

 

𝑇𝐹𝐹𝑇 =
1

∆𝐹
 ,  𝑇𝐺𝐵 =

𝑇𝐹𝐹𝑇× 𝑁𝑐𝑝

𝑁
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where ∆𝐹 is the subcarrier spacing between each subcarrier. Now, based on the 𝑇𝑠𝑦𝑚, the 

sampling time 𝑇𝑠 for the carrier signal should be chosen wisely according to the capability of 

the used microcontroller.  

E) Cable modeling  

The PLC signal propagate through copper wires, so the signal may attenuate with the increase 

of the length of the line and frequency. Two factors affect the attenuation of the signal: the 

power line characteristic impedance 𝑍0 and the propagation constant 𝛾 [55][56][57], and are 

given as  

𝑍0 = √
𝑅 + 𝑗𝜔𝐿

𝐺 + 𝑗𝜔𝐶
 

𝛾 = √(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶) 

 
where R,L,G and C are the resistance, inductance, conductance and capacitance per unit 

length of a power line respectively. The four constants can be calculated as the following:  

1) Resistance 

For two-wire transmission line with solid copper conductor the resistance per meter equal to  

𝑅 =
1

𝜋𝑎
√

𝜋𝑓𝜇𝑐

𝜎𝑐
     (Ω

𝑚⁄ ) 

 

where 𝜎𝑐, 𝜇𝑐 and 𝑎 are the conductivity, permeability and the radius of the conductor, 

respectively. 

  

2) Inductance 

The inductance in this case is the sum of the self-inductance of a wire and the external 

mutual inductance with other wire and is given as 

𝐿 =
𝜇0

𝜋
 [

1

4
+ ln (

𝐷−𝑎

𝑎
)]  (𝐻

𝑚⁄ ) 

where 𝜇𝑜 is the permeability of the free space and 𝐷 is the distance between conductors. 

3) Capacitance 

The single-phase copper cables consist of three wires with PVC insulation, the overall 

capacitance of the three wires can be calculated as 

𝐶 =
3

2
 ×

𝜋 𝜀

𝑙𝑛[(
𝐷

2𝑎
)+√(

𝐷

2𝑎
)

2
−1 ]

  (𝐹
𝑚⁄ ) 

 

where 𝜀 is the permittivity of the dielectric material in between conductors.  

4) Conductance 

The conductance is given by  

𝐺 =
𝜎.𝐶

 𝜀
  (𝑆

𝑚⁄ ) 

where 𝜎is the conductivity of the dielectric material.To determine the model the cable line, a 

suitable two-port network model can be used as shown in Fig.12, the relation between the 

sending terminal and the receiving terminal can be expressed using the ABCD matrix given 

as 
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[
𝑉1

𝐼1
] = [

𝐴 𝐵
𝐶 𝐷

] [
𝑉2

𝐼2
] 

where 

 

𝐴 = cosh(𝛾𝑙) , 𝐵 = 𝑍0 sinh(𝛾𝑙) 
  

𝐶 =
1

𝑍0
sinh(𝛾𝑙) , 𝐷 = cosh(𝛾𝑙)  

The 𝑙  is the length of the power line, the transfer function of this model can be expressed as:  

𝐻 =
𝑍𝑙

𝐴𝑍𝑙 + 𝐵 + 𝐶𝑍𝑙𝑍𝑠 + 𝐷𝑍𝑠
 

 

 
Fig.12. Two-port model of PLC  

 

F) The down-conversion of the PLC signal 

The demodulation of received signal starts with passing the carrier signal through a passive 

bandpass filter to extract the PLC signal from the main grid power (220v- 50Hz). After that, 

converting the analog signal into digital signal using analog to digital converter. Consequently, 

digital down converter (DDC) technique is used to extract the digital data from the carrier 

signal as shown in Fig.13 [54].  

 
Fig.13. Downconversion of the PLC signal block diagram 

 

G) The synchronization of the OFDM signal  

Due to communication channel clock differences, a various synchronization error will 

appear in the frontend of OFDM receiver, so, the synchronization process is crucial for the 

OFDM signal.the synchronization error due to the presence of two types of offsets: timing 

offset and carrier frequency offset. 
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 Fast switching applications 

A lot of studies take into account the effect of fast switching semiconductor devices such as 

IGBT or MOSFET on the PLC, which consider as periodic impulsive noise. In [2], a study was 

implemented to see the influence of power converter on the communication data transmission 

errors, the communication protocol used is RS232, the research shows that there is no 

significant difference between the use of random modulation over the deterministic modulation 

in the context of data transition errors. However, the change in the switching frequency causes 

a significant change in the probability of data transmission errors. This phenomenon of 

interference happens when the value check moment of transmitted signal meets the same time 

of modulated signal rising or falling edge. In [38], the same results were obtained in addition 

to studying the effect of increasing the number of power converters on the data transmission 

error. According to [17], in the case of switch-mode power supplies, two different root causes 

of problems were detected. The first is the aging of the power supply, especially the smoothing 

capacitor after the rectifier, and the second is the lack of emission limits in the frequency range 

(3-150) kHz. In [58], an model is presented to estimate the common mode current and near-

field coupling paths in case of using RS485 communication cables used with induction motor 

drive system, and this study shows the effect of the inductive coupling between the power 

electronic device cable and the communication cable, which lead to a lot of problems in the 

communication.    

On the other hand, new technology was introduced in the last decade which is using of 

silicon carbide (SIC) transistors instead of using the typical IGBT/MOSFET transistor, a lot of 

researches study and analyses the use of SIC transistors in different types of converters 

[59][60][61]. The SIC transistors have the advantage of the standard transistors on the high 

frequency based applications; also, it sustains the high-temperature operation [62]. However, 

almost no or few papers study the effect of using the SIC based converters on the 

communication, spatially in this narrow band from 3 to 150 kHz. 

The purpose of this paper is to answer two essential questions, and the first is what is the 

effect of the synchronous impulsive noise from the EMI point of view in the robustness of the 

communication signal. The second question is what is the difference between the influence of 

the standard silicon MOSFET based converter and the silicon carbide (SIC) based converter in 

the narrowband PLC signal. Moreover, the effect of changing the PWM scheme on the PLC 

Signal. 

7.1 Random Modulation Vs Deterministic modulation  

The applications of standard fast switching semiconductors devices are typical in most of the 

applications now, which may cause the existence of narrowband harmonics and cause a lot of 

problems to the communication devices. The problem appears when the rising and falling times 

of the signal with bit time checking of the communication leads to the induction of common-

mode current to follow through a parasitic ground capacitance [24].  In the standard PWM 

switching strategy with the programmed switching frequency, the signal can be defined by 

three main parameters the time of the signal T, the amplitude A and the ON time of the signal 

α, this parameter remains constant with the time as shown in Fig.14a, switching harmonics 

usually occur at fixed and well-defined frequencies as shown in Fig.15. 

 On the other hand, a lot of researches are conducted for applying the randomized PWM 

technique as a suitable way for EMI mitigation as it works to spread the power of the signal 

into wideband of frequencies so that no harmonic of significant magnitude exists [2][32][33]. 

As a result, discrete harmonics are significantly reduced, and the harmonic power is spread 

over the spectrum as “noise” (continuous spectrum) of insignificant magnitude as shown in 

Fig.14a. 
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In the case of randomized techniques, the parameters of the signal are not constant by the 

time, the random methods can be divided into two types: one with variable frequency (variable 

Tk for every pulse) and the other with a constant rate. In the first case, the time of the signal 

change according to the change of the carrier signal of the PWM by the mean of a uniform 

distribution of random numbers generated by the microcontroller, but the duty cycle remains 

constant with time as shown in Fig.14b 

 
Fig.13. Difference between deterministic and random modulation. 

 
Fig.14: Frequency spectrum of conventional buck converter output at 50V and switching frequency of 62kHz. 

 

 

Based on [24], the single damped oscillatory mode current caused by unit rising or falling 

edges can be expressed as  

𝑖(𝑡) = 𝛼𝑒−𝛾𝑡 . sin(𝜔𝑡) (𝑡)  
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𝜔 =
√1−𝜑2

𝑇
,  𝛾 =

𝜑

𝑇
, 𝛼 =

𝑘

𝑇 √1−𝜑2
 

where 𝜑 represents a damping factor, k represents gain, T is the period of current oscillation. 

As the signal consists of raising and falling edges in the PWM, the total common-mode current 

generated by one converter due to the rising and falling edge moments can be expressed as 

𝑖𝑐𝑚(𝑡) =
𝐴𝑒

−𝛾 (𝑡0−
1
𝑓)

.(𝑒
𝛾
𝑓.sin(𝜔𝑡0)+ sin(𝜔 (

1

𝑓
−𝑡0)) )

−2 𝑒
𝛾
𝑓  cos(

𝜔

𝑓
)+𝑒

2𝛾
𝑓 +1

    

 

where f is the fundamental frequency for the PWM signal.Fig.15 shows the generated common 

mode in the circuit due to the PWM. 

 

 

Fig.15: PWM operation and common mode current. 

 Experimental  setup   

The first step is establishing an excellent communication between two points, the 

communication work using two Microchip ATPL360 PLC modems to emulate point to point 

connection between two devices, they are connected to the same PC as shown in Fig.16, both 

modems are configured to work on the G3-PLC mode which works in the frequency range of 

CENELEC-A standard.  

The second step is connecting the silicon MOSFET DC-DC buck converter to the load with 

a cable which is very close to the communication cable at (1cm) separation distance and have 

the same length as shown in Fig.6, and this connection will cause the existence of inductive 

coupling between both cables. An EMI filter was connected to the communication cable to 

isolate the outside noise coming from the grid and to assure the repeatability of the results, as 

shown in Fig.6.The buck converter was connected to a variable DC supply, the Texas 

instrument TMS320F28335 digital signal processing card was used to control of the converter, 

the same connection was implemented for the SIC buck converter to see the difference between 

the results later as shown in Fig.17. Fig.18 shows the connection diagram of the proposed 

circuit. 
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Table I shows all circuit parameter values, as clarified in Fig.5.As the test was implemented 

using laboratory equipment and the power of the applied load is not too high, the same width 

of cables was used for both communication and power circuits. The used cables were copper 

cables of diameter 2mm for all the connections in the circuit. 

 

  

 
Fig.16.PLC modem.  Fig.17.The used buck converters as EMI Sources. 

 

 
Fig.18.Connection diagram of the system. 

TABLE I.CABLES PARAMETERS. 

Parameters Value 

𝐿𝑐1, 𝐿𝑐2, 𝐿𝑙1, 𝐿𝑙2 80uH 

𝑅𝑐1, 𝑅𝑐2, 𝑅𝑙1, 𝑅𝑙2 4Ω 

𝐿𝑚1, 𝐿𝑚2, 2.63uH 

D 1cm 

h 0.5m 
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The tests depend on changing two parameters for both types of converters, the first parameter 

is the PLC modulation scheme used, and the second one is the supply voltage for the power 

circuit. Besides, all the measurements were obtained by means of the TDMIX4 EMI test 

receiver from the Gauss Instruments company. Fig.21 shows the PLC voltage in the time 

domain, which represents the data streaming off the PLC transmitted data.Fig.19, and Fig.20 

show the quasi-peak and average detectors frequency spectrum of the PLC communication 

signal following without connecting any source of conducted EMI noise, it was noticed that 

the frequency range is between 35.5 and 91.5 kHz which is the frequency used by the G3-PLC 

industrial solution in CENELEC-A respectively. Table II shows the PLC communication 

parameters assumptions, the test was implemented using 3000 packets are sent consequently, 

the time between each packet is 100ms, the modulation scheme used is the Differential Phase 

Shift Keying (DPSK) with all its three types.  

TABLE II. PLC COMMUNICATION ASSUMPTIONS.  

Type of PLC communication standard  G3-PLC 

Data size  65 bytes  

Physical Layer  OFDM 

Modulation  DBPSK-DQPSK-D8PSK 

Total sent packets  3000 

The time between each packet  100ms 

The Medium  Single-phase Cable of Length 42m 

 

Fig.22 shows the frequency spectrum using the average detector of the dc output voltage 

from both the silicon-based buck converter and the SiC-based buck converter at 100 V DC. 

The figure shows no difference between the spectrum of both converters in the narrowband 

between 9 to 150kHz; however, the difference appears in the high band from 150kHz to 30 

MHz. Both converters were configured to work 62kHz switching frequency, which is the 

central frequency for the PLC band. The duty cycle as chosen to be 50%, and the sampling 

time used is 40us. Fig.23 shows the frequency spectrum results using an average detector of 

the measured differential voltage from the PLC side, the electromagnetic interference caused 

by the power circuit on the PLC circuit appear clearly in the figure. 

 
Fig.19.Frequency spectrum for the PLC using G3. 
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Fig.20: Frequency spectrum in 3D. 

 
Fig.21: the PLC signal in the Time domain. 

 

 
Fig.22: Frequency spectrum of buck converter output. 
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Fig.23: Frequency spectrum measured from the PLC side. 

 

8.1 The difference between Si-based and SiC based converter  

Table III, the probability of data transmission error, exists in the PLC with the increase of 

supply voltage in both Si and Sic based converters using different PLC modulation 

techniques.Fig.24 and Fig.25 show the percentage of data transmission error with the increase 

of the voltage supply for the buck converter circuit in the case of Si-based and SiC-based 

converters. The results show an increase in the probability of error with the rise of the supply 

voltage of the power circuit. Also, changing the PLC modulation schemes between DBPSK, 

DQPSK, and D8PSK have no effect on the probability of error. Moreover, the SiC-based 

converter has no advantage over the convention silicon-based converter in all cases.  
 

TABLE III. THE PROBABILITY OF DATA  TRANSMISSION ERROR EXISTS IN THE PLC WITH THE 

INCREASE OF SUPPLY VOLTAGE 
 

Si-based buck converter %error SiC-based buck converter %error 

Volt DBPSK DQPSK D8PSK DBPSK DQPSK D8PSK 

100 2.1 3.4 4.133 4.333 5.66 1.36 

110 4.333 6.7 4.133 7.2 5.9 4.6333 

120 8.967 7.033 13.37 7.833 12.3 15.667 

130 19.57 23.8 23.37 24.23 24.13 20.8 

140 29.17 22.67 26.93 26.63 24.7 28.3 

150 28.2 31.6 27.1 27.27 27.76 30 

160 31.37 29.23 31.57 31.27 32.86 33.3 

170 32.97 32.63 32.37 29.73 30.16 34.4 

180 31.83 30.9 32.67 29.6 32.3 35.067 

190 32.3 32.47 33.1 35.6 30.967 32.767 

200 35.43 32.47 34.17 33.47 32 30.633 
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TABLE IV. THE PROBABILITY OF DATA  TRANSMISSION ERROR EXISTS IN THE PLC WITH THE 

INCREASE OF SUPPLY VOLTAGE 
 

Si-based buck converter %error SiC-based buck converter %error 

Volt DBPSK DQPSK D8PSK DBPSK DQPSK D8PSK 

100 4.20 2.80 3.40 1.23 2.87 2.53 

110 5.60 4.37 5.28 4.63 7.73 7.07 

120 14.13 7.80 10.37 11.03 11.57 13.60 

130 21.37 19.80 21.83 20.27 19.60 19.23 

140 25.87 21.83 24.97 26.53 22.03 21.57 

150 27.70 22.80 26.60 29.70 23.67 27.27 

160 32.53 30.13 30.10 32.30 27.70 30.07 

170 33.77 33.37 32.63 32.87 30.13 33.50 

180 35.07 34.47 34.77 35.73 30.63 34.27 

190 37.07 38.73 40.00 36.10 30.67 35.70 

200 42.03 38.67 41.83 38.70 37.63 37.40 

 

Fig.26, and Fig.27 show the histogram of the time distribution between the errors for 

both the Si-based and SiC-based converter at 150V, and in all PLC modulation schemes in case 

of deterministic and random modulation, the results show that there is no significant difference 

between both types of converters in all cases, the maximum difference was ±10 between them. 

 
Fig.24.Probability of Error for different supply voltage and PLC modulation schemes in case of using a Silicon-

based converter. 

 
Fig.25.Probability of Error for different supply voltage and PLC modulation schemes in case of using a SiC-

based converter. 
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8.2 The difference between deterministic and random modulation  

 

Fig.28 and Fig.29 show the percentage of data transmission error with the increase of the 

voltage supply for the buck converter circuit in the case of Si-based and SiC-based converters, 

beside, the change of the modulation approach for both converters. In spite of the fact that the 

random modulation has advantage over the deterministic modulation on the frequency domain, 

the random and deterministic modulation are the same in the time domain as the probability of 

data transmission error is almost the same in all PLC modulation scheme. However, the 

difference appears in Histogram for the time between errors in all PLC modulation schemes in 

Fig.26 and Fig.27, in deterministic modulation the data transmission error seems to be 

distributed and the percentage of the consequent error reach 25%, however, in random 

modulation, the percentage of consequent error reach 50%. Moreover, it seems that the time 

between the error increase with the increase in the order of the (M-DPSK) modulation scheme. 

 

a) DBPSK 

 
b) DQPSK 

 
c) D8PSK 

 
Fig.26.Histogram for the time between errors in all 

PLC modulation scheme in case of deterministic 

modulation. 

 

 

a) DBPSK 

 
b) DQPSK 

 
c) D8PSK 

 
Fig.27.Histogram for the time between errors in all 

PLC modulation scheme in case of random 

modulation. 
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Fig.28. Probability of Error for different supply 

voltage and PLC modulation schemes in case of using 

different Si-based converter modulation. 
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Fig.29. Probability of Error for different supply 

voltage and PLC modulation schemes in case of using 

different SiC-based converter modulation. 
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 Validated behavioral model of simple devices 

The crosstalk induced in a particular cable by other nearby current carrying cables can 

be a significance interference path in cables bundles. Recently a SPICE based modelling open 

source program SACAMOS which uses circuit equivalences for the cable coupling paths has 

become available. This reports on a specific validation using a two coaxial cable example 

with different cable separations and ground specification. 

 

a)                                                                      b) 
Fig. 30.Experiment setup for time domain crosstalk measurement. a) Two parallel cables in free space.  b) Two 

parallel cables with a ground plane. 

 

9.1 Time domain crosstalk 

The Experiment setup has two 1.22m coaxial cables with a 50ohm load connected to 

one end of the two cables. At the other ends, one cable is connected to the oscilloscope and the 

other cable is connected to the signal generator through an amplifier. The amplifier of 5dB gain 

is used in order to boost the signal generated from the signal generator. The square wave pulse 

of for a pulse width of 26.778us for 1second setup from the signal generator. The input 

frequency given to the setup is observed to be the third harmonic frequency of first resonant 

peak for the experiment setup. The Experiment setup is shown in Fig.30. The voltage and time 

domain values are obtained for different cable separation lengths and heights from the ground 

plane. 

  
Fig. 31.Simulation setup for time domain crosstalk measurement using LTSpice 
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The same setup is modelled using SACAMOS. For modelling the coaxial cable, the 

cable parameter were obtained from RG58 coaxial cable data-sheet. The resulting LTspice 

circuits are shown in Fig. 31.The Experiment and simulation result for crosstalk for different 

separation distance between the cables and heights from the plane in free space and in ground 

plane is shown in Fig32. 

In the experiment the time domain values are obtained for 100 ns, but due to the 

simulation starting transient the results differ. To account for the starting transients at the initial 

stages in both free space and ground plane condition, the simulation is run for 200µs and the 

last 100ns compared with the experiment results. 

 

  
Fig. 32.Experiment and simulation time domain Crosstalk between two RG-58 coaxial cables in free space and 

Ground Plane with separation, s = 2cm h=11.5cm 

 

9.2 Frequency domain crosstalk 

The Experiment setup has two 1.22m coaxial cable with 50ohm load connected to one 

end of two cables. In other end one cable connected to VNA and other cable is matched with 

50ohm load impedance. The different separation length to cables and height of the cable from 

the plane. The crosstalk Experiment setup is shown in Fig.33. The S21 parameter is obtained 

from VNA for different separation length in free space and as well as in ground plane. 

  
a)                                                        b) 

Fig. 33.Experiment setup for Frequency domain crosstalk measurement a) Two parallel cables in free space.  b) 

Two parallel cables with a ground plane 

 

The crosstalk experiment together with the measurement configurations are introduced 

and presented. The configuration involves coupling measurements between two RG-58 coaxial 

cables in free space and over a metallic ground plane; with results obtained in frequency 
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domains. Various measurement results were taken by varying the separation between the two 

cables and the height between the cables and the metallic ground plane. The LTspice circuits 

are shown in Fig. 34. The Experiment and simulation result for crosstalk in different separation 

length between cable and height from plane in free space and in ground plane is shown in 

Fig.35  
 

 

 
Fig. 34.Simulation setup for Frequency domain crosstalk measurement 

 

  
Fig. 35.Experiment and simulation frequency domain Crosstalk between two RG-58 coaxial cables in free space 

and Ground Plane with separation, s = 2cm h=11.5cm 

 

 



Marie Skłodowska-Curie  Smart Cities EMC Network for Training D5.2 

 

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 812391 

 

32 

 Conclusion 
The literature review on the PLC communication open the gate for a lot of discussions in 

the future. Based on this review, we can summarize our conclusion: 

1. There are a many paper review all the regulations related to PLC.  

2. There are many papers studied the performance of the NBPLC and BBPLC from different 

aspects: 

• Studying the performance of the modulation techniques of the PLC.  

• Studying the effect of Gaussian white noise or other types of noises on the PLC.  

• Studying the influence of connecting a lot of smart meters in the system. 

• Comparison between the performance of PLC in Single channel frequency modulation 

and the OFDM modulation.  

• Comparison between the performance of G3 and PRIME industrial solutions in the 

NBPLC.  

The experimental results show the influence of dc buck converter on a narrowband G3-PLC 

system when they are inductively coupled, the test was performed using normal Si MOSFET 

based converter and SiC MOSFET based converter. The results show there is no difference 

between both types of converters at this frequency band. However, the difference may appear 

in the high-frequency bands. The probability of data transmission error existence increases by 

the increase of the power circuit voltages. Also, changing the PLC modulation scheme has no 

effect on the results in all cases.  

On the other hand, In spite of the fact that the random modulation has advantage over the 

deterministic modulation on the frequency domain, the random and deterministic modulation 

are the same in the time domain as the probability of data transmission error is almost the same 

in all PLC modulation scheme. 

Also, The effective way to model coupling between parallel cables including the 

frequency dependent transfer impedance and cable parameters has been explored and verified 

with experiments result. Future crosstalk experiments are planned exploring the modelling of 

non-parallel lines with different cables. 

The results open the gate in the future for more analysis and modelling of the EMI problems 

that lead to communication problems between the smart grid elements. 
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