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Narrowband powerline communication (NB-PLC) systems represent a key step for the real development of smart grids' applications in the medium voltage (MV) and low voltage (LV) networks. This article sums up the results of a complete experimental measurement campaign aimed at investigating the low voltage NB-PLC channel in the frequency range from 9 to 500 kHz in various sites (i.e., rural, urban etc.) located in France. The noise features in time-frequency representation are studied at five different sites between the transformer substation and the smart electricity meter. The main contribution of this study consists in estimating the theoretical channel capacity which constitutes a major interest for the users and actors of the electrical system. The channel capacity calculation shows reliable results in the US Federal Communications Commission (FCC) band (a few Mbits/s). The quality of the communication in the FCC band enables to integrate new smart grids' applications and services based on the existing NB-PLC communication for advanced metering infrastructure (AMI). www.videleaf.

Introduction

Nowadays, the integration of smart grids' applications is based on grid-integrated near-real-time communications between various elements. The smart grid concept has been particularly promoted as a solution to evolve the traditional power grids by the adoption of the -Internet of Things‖ (IoT) technology. This one provides interactive real-time network communication between the users and the smart devices deployed and/or connected to the network through various technologies [START_REF] Saleem | Internet of Things-Aided Smart Grid: Technologies, Architectures, Applications, Prototypes, and Future Research Directions[END_REF][START_REF] Karnouskos | The cooperative Internet of Things enabled Smart Grid[END_REF][START_REF] O'neill | Generalized Hyperalgesia in Chronic Low-Back Pain[END_REF]. Regarding the smart grid platform, as can be seen in Figure1, many applications of the IoT are already deployed. Examples include smart metering which aimed at performing a remote reading and monitoring of key information to manage electricity consumption [START_REF] Saleem | Internet of Things-Aided Smart Grid: Technologies, Architectures, Applications, Prototypes, and Future Research Directions[END_REF].

Additional smart grid applications, that integrate renewable energy sources (e.g., solar and wind energies), are currently in development [START_REF] Pereira | Power line communication technology in industrial networks[END_REF]. Another original application, that involves the electrical vehicle (EV) in vehicle-to-grid (V2G) applications, consists in managing the state of the network by analyzing its response to the peak demand [5]. The industrial sector is particularly attractive to control machines, controllers and sensors. In this context, communication technologies can offer connections between simple industrial devices (i.e., sensors, actuators and motors) and high-level devices (i.e., computers, programmable controllers, distributed control systems etc.) [START_REF] Pereira | Power line communication technology in industrial networks[END_REF].

Smart home is also an attractive application, because it is based on the connectivity of many devices inside a home. The aim is to establish a continuous monitoring and control of the smart equipment connected to the indoor network [START_REF] Saleem | Internet of Things-Aided Smart Grid: Technologies, Architectures, Applications, Prototypes, and Future Research Directions[END_REF][START_REF] Oliveira | Medium Access Control Protocols for Power Line Communication: A Survey[END_REF]. www.videleaf.com Numerous articles highlight that hybrid communication architectures are typically used to include the IoT in most of smart grids' applications. These kinds of architectures combine wired (e.g., serial bus, Ethernet, power line communication (PLC)) and wireless (e.g., Bluetooth, Wi-Fi) infrastructures. For instance, Salvadori et al. have evaluated a hybrid network architecture, which is composed of a wired infrastructure, a wireless sensor network, a PLC, and a controller area network, implemented in an underground electric substation power distribution [START_REF] Salvadori | Smart Grid Infrastructure Using a Hybrid Network Architecture[END_REF]. This digital system has been particularly proposed for condition monitoring, diagnosis, and supervisory control applied to smart grids. Oliveira et al. have proposed a statistical modeling of the hybrid PLC-wireless channels' characteristics in in-home facilities in the frequency range between 1.7 and 100 MHz [START_REF] Oliveira | On the statistical characterization of hybrid PLCwireless channels[END_REF]. Zhang et al. have recently modeled the hybrid communication architectures between several inverters, smart meters, a data concentrator, and a control center router used in distributed solar photovoltaic applications [START_REF] Zhang | Hybrid Communication Architectures for Distributed Smart Grid Applications[END_REF]. In that case, several types of communication technologies have been evaluated (i.e., LoWPAN, wireless LAN, NSP broadband wireless, PLC, and Ethernet). www.videleaf.com From a literature review, most of hybrid architectures use the PLC technology. Regarding the smart metering applications, narrowband (i.e., frequency range between 9 and 500 kHz) powerline communication (NB-PLC) technologies are deployed to optimize, monitor, and protect the MV and LV electrical networks. That is the reason why this study focuses on the characterization of the outdoor NB-PLC communication.

The NB-PLC is currently framed by many standards that include the European Committee for Electro-technical Standardization (CENELEC) band (i.e., from 9 to 148.5 kHz), the US Federal Communications Commission (FCC) band (i.e., from 10 to 490 kHz), and the Japanese Association of Radio Industries and Businesses (ARIB) band (i.e., from 10 to 450 kHz) [START_REF] Usman | Evolution of Communication Technologies for Smart Grid applications[END_REF][START_REF] Razazian | G3-PLC specification for powerline communication: Overview, system simulation and field trial results[END_REF][START_REF]Signalling on Low-Voltage Electrical Installations in the Frequency Range 3 kHz to 148[END_REF][START_REF] Lin | Impulsive Noise Mitigation in Powerline Communications Using Sparse Bayesian Learning[END_REF]. According to these standards, many communication protocols have been developed. The G1-PLC protocol deployed in France is based on a single carrier modulation technique [START_REF] Nassar | Local Utility Powerline Communications in the 3-500 kHz Band: Channel Impairments, Noise, and Standards[END_REF]. Other protocols, such as IEEE 1901.2, ITU-T G.henm, powerline intelligent metering evolution (PRIME) and G3-PLC, are based on the multicarrier technologies with data rate less than 1 Mbps [START_REF] Sendin | PLC deployment and architecture for Smart Grid applications in Iberdrola[END_REF][START_REF]G3-PLC Alliance Home[END_REF][START_REF] Oksman | HNEM: The new ITU-T standard on narrowband PLC technology[END_REF].

As can be seen in Figure 2, the quality of the NB-PLC in the MV and LV networks depends on three main characteristics: impedance discontinuities, attenuation of the communication channel that can be modeled using a transfer function, and noise levels generated by distribution cables. Regarding the MV network, many technical issues are described in the literature. Some authors have modeled and characterized the MV cables [START_REF] Cataliotti | Power Line Communication in Medium Voltage Systems: Characterization of MV Cables[END_REF][START_REF] Papadopoulos | Narrowband power line communication: Medium voltage cable modeling and laboratory experimental results[END_REF]. In particular, the key features (attenuation and impedance) of the MV cables show considerable variations both depending on how the signal is injected into the cable, and the type of cable. The injected signal in the MV network need the use of a coupling system to connect the NB-PLC transceiver to the MV cables in safety conditions. Artale et al. have proposed such a coupling system [START_REF] Artale | A New Low Cost Coupling System for Power Line Communication on Medium Voltage Smart Grids[END_REF]. Xie et al. have studied the impact of the transformer on the NB-PLC channel, and the noise interferences in the MV cables [START_REF] Xie | Research on channel noise of the MV power line considering the LV feedback noise[END_REF].

The LV network is still much more interesting to study, because many advanced smart metering interfaces (AMI) are currently widely deployed. Examples include the PRIME standard developed by Iberdrola in Spain for advanced metering, grid control and asset monitoring applications [START_REF] Sendin | PLC deployment and architecture for Smart Grid applications in Iberdrola[END_REF]. In France, the G3-PLC has been implemented by Enedis to efficiently manage the AC grid [START_REF]G3-PLC Alliance Home[END_REF][START_REF] Oksman | HNEM: The new ITU-T standard on narrowband PLC technology[END_REF]. In that case, the AMI interface is based on the communication between a concentrator installed in the transformer substation and many smart electricity meters installed at the customers' side. It is important to note that the number of smart meters per medium voltage/low voltage (MV/LV) transformer depends on the topology of the network (i.e., rural, urban, residential, or industrial) [5]. In that case, the NB-PLC noise features seriously affect the reliability of power line communication can be analyzed through a time-frequency representation. These NB-PLC parameters have recently been characterized in the many countries and the results have been discussed in the literature [START_REF] Pereira | Power line communication technology in industrial networks[END_REF][START_REF] Elfeki | Estimation of PLC transmission line and crosstalk for LV outdoor electrical cables[END_REF][START_REF] Kaiser | Spectral correlation analysis of narrowband power line noise[END_REF][START_REF] Nieman | Cyclic spectral analysis of power line noise in the 3-200 kHz band[END_REF][START_REF] Milioudis | Modeling of Medium-Voltage Power-Line Communication Systems Noise Levels[END_REF][START_REF] Zajc | Frequency Characteristics Measurement of Overhead High-Voltage Power-Line in Low Radio-Frequency Range[END_REF][START_REF] Sheikh | Feasibility of NB-PLC in LT power distribution network of electric utility in Pakistan[END_REF][START_REF] Zimmermann | A multipath model for the powerline channel[END_REF][START_REF] Zimmermann | Analysis and modeling of impulsive noise in broad-band powerline communications[END_REF][START_REF] Hallak | Throughput optimization based on access impedance of PLC modems with limited power consumption[END_REF][START_REF] Kruizinga | The effects of branches on condition related signals in Low Voltage underground power systems[END_REF][START_REF] Chu | Narrow band power line channel www.videleaf.com characteristics for low voltage access network in China[END_REF]. For example, Pereira et al. have pointed out the impact of the attenuation and the impulsive noise generated by the inverters on the NB-PLC [START_REF] Pereira | Power line communication technology in industrial networks[END_REF]. In that case, many real experiments using a G3-PLC modem were conducted in Brazil in an industrial environment. Chu et al. have analyzed the main characterization results of NB-PLC such as access impedances, interferences, and attenuations in the frequency band between 30 and 500 kHz [START_REF] Liu | Channel characterization and system verification for narrowband power line communication in smart grid applications[END_REF]. In this study, the measurements were performed in China in a typical urban www.videleaf.com underground network. Kaiser et al. have highlighted the cyclostationary properties of the NB-PLC noise [START_REF] Kaiser | Spectral correlation analysis of narrowband power line noise[END_REF]. Niemany et al. have discussed the cyclic structure of G3-PLC noise system operating in the CENELEC 3-148.5 kHz band [START_REF] Nieman | Cyclic spectral analysis of power line noise in the 3-200 kHz band[END_REF]. This study was performed in the USA in several urban usage environments. Finally, Bai et al. have proposed a comprehensive comparison and analysis of noise in time-frequency domain [START_REF] Bai | Impulsive Noise Characterization in Narrowband Power Line Communication[END_REF]. This analysis is based on measurements performed in China and in Italy. Even if many studies are available in the literature, a few works have been performed on the French LV network, while France has inspired smart metering, and standards such as the G3-PLC. The manuscript proposes the following two main contributions:

(1) The first one consists in analyzing the noise characteristics in time-frequency representation, the transfer functions measured in five different sites (i.e., urban, rural, sub rural, urban dense 1, and urban dense 2) in several LV networks in France. This activity is conducted in partnership with Enedis. The analysis of the noise profiles is of utmost importance to develop robust techniques to improve the communication between the smart meter and the data concentrator, and the data rate, latency, reliability and security. [START_REF] Karnouskos | The cooperative Internet of Things enabled Smart Grid[END_REF] The second one consists in estimating the channel capacity in various LV sites. This study has a major interest, particularly to support new IoT dedicated to smart grids' applications and services.

In this manuscript, the methodological aspects of this study are described in Section 2. In particular, the measurement sites located in France are presented. Moreover, the experimental measurements' setup and scenarios in timefrequency representation are explained. Section 3 discusses the main results: the spectral analysis of the NB-PLC noise in the various locations, the analysis of the long-time variation of the power spectral density of noises using time-frequency algorithms, the cyclo-stationary behavior of noise, the measurement of the transfer function and the signal-to-noise ratio (SNR), and the estimation of the channel capacity in the www.videleaf.com CENELEC A and FCC bands. Finally, a discussion is presented in Section 4 to compare our results with existing ones recently described in the literature.

Experimental Measurement Setup and Methods

Identification of Measurement Sites

Noise level depends on loads' profiles, density of interconnections, quality of connections and the distance between communication nodes. Noise profile is important in areas with a high connection density, lighting loads and nonlinear loads, as well as the types of distribution [START_REF] Sheikh | Feasibility of NB-PLC in LT power distribution network of electric utility in Pakistan[END_REF][START_REF] Liu | Channel characterization and system verification for narrowband power line communication in smart grid applications[END_REF][START_REF] Galli | For the Grid and Through the Grid: The Role of Power Line Communications in the Smart Grid[END_REF]. In this manuscript, five sites in different locations around the city of Tours in France were chosen to study the noise profiles. Several topologies with various electrical features were also chosen to get a better understanding of the dynamic behavior of the network, such as information about the traffic inside the NB-PLC and especially, at two different points of the network: in the transformer substation, and on the customer side in parallel to the smart electricity meter. In rural networks, the overhead cable length may typically extend up to 1 km, when the number of loads is very low. However, the residential and industrial networks are characterized by a high density of loads connected to a short length of underground cables [START_REF] Liu | Channel characterization and system verification for narrowband power line communication in smart grid applications[END_REF].

As can be seen in Figure3, the sites can be classified into five categories: rural, sub rural, urban, urban dense 1, and urban dense 2. For each kind of site, a transformer supplies a variety of installations for several customers. The main characteristics and details of the LV distribution cables, and the number of customers within the same branches of each site, are described below:

• Rural site: the rated power of the transformer equals 250 kVA can supply 89 customer installations. The transformer and the smart electricity meter are connected using a 200m long underground cable and a 164 m twisted overhead connection cable. One producer is connected to the network.

• Sub rural site: the rated power of the transformer equals www.videleaf.com 400 kVA. It supplies 142 customers. The transformer and the smart electricity meter are connected through a 220-m long underground cable. No producer is connected to the network.

• Urban site: it represents a residential site. The rated power of the transformer equals 250 kVA. It supplies 250 customers. The transformer and the smart electricity meter are connected using a 335 m of 150 mm 2 aluminum underground cable, and a 10 m twisted overhead connection cable with a 4 × 35 mm 2 section. No producer is connected to the network. 

Experimental Procedure

As described in the literature, noise can be classified into five categories that affect NB-PLC signals [START_REF] Zimmermann | A multipath model for the powerline channel[END_REF][START_REF] Zimmermann | Analysis and modeling of impulsive noise in broad-band powerline communications[END_REF]. In particular, the perturbations depend on their duration, spectral occupation and amplitude. These five categories are named: colored background noise, narrowband noise, periodic impulsive noise asynchronous periodic impulsive noise synchronous, and aperiodic impulse noise. The first three categories have stationary characteristics, while the two last ones are impulse noises with a short duration, randomness, and high power spectral density (PSD). Their main features are given below:

• Colored background noise corresponds to the superposition of several low signals that are present in the channel. This type of noise has a low decreasing PSD in the frequency domain. The dependence of the frequency-colored noise is very clear at low frequency, and its PSD is practically constant at high frequency.

• Narrowband noise is composed of sinusoids coupled with the grid by either broadcast signals or electrical devices. Broadcast signals are typically amplitude-modulated sinusoids.

• Periodic impulsive noise asynchronous to the mains is identified as an impulse train in the frequency band from 50 to 200 kHz. It is generated by the switched-mode power supplies.

• Periodic impulsive noise synchronous to the mains is caused by high power switching of semiconductor devices.

• Aperiodic impulsive noise is composed of impulses of short duration and high amplitude caused by switching transients.

Noise characteristics, such as PSD, amplitude, inter-arrival time, in time-frequency representation require the use of two specific measurement protocols. www.videleaf.com

Measurement of Noise Power Spectrum in the Transformer Substation

As can be seen in Figure 4, noise power spectrum is captured with a spectrum analyzer (reference: PXA N9030A, Agilent Technologies, Santa Clara, CA, USA) both with linear video signal averaging and RMS detection. The sweep time is set to 412.4 ms, which corresponds to twenty periods of the network. During this sweep time, the frequency is sampled at 801 frequencies in the band from 9 to 500 kHz. The bandwidth resolution (IFBW) has a constant value (i.e., 200 Hz). It is important to note that all measurements are carried out in the same configuration.

Noise power spectrum is carried out in the transformer substation and at the customer side in parallel to the smart electricity meter with single phase coupling. As can be seen in Figure 5, a capacitive coupler is used. It is equivalent to a bandpass filter from 1 kHz to 1 MHz. 

Temporal Measurement Setup

As can be seen in Figure 6, the measurement system designed to capture the time variations includes a Tektronix 5054 oscilloscope. This kind of equipment is characterized by a high real-time measurement accuracy with a sample rate of 20 Giga samples/s, and a resolution of 8 bits per caliber. A sampling frequency equal to 2.5 Ms/s is adopted. The oscilloscope is connected to the LV-network through the capacitive coupler described in Figure 5. A high impedance voltage probe (reference: P5200A, Tektronix, Beaverton, OR, USA) is used to synchronize the temporal noise measurement with the 50 Hz mains frequency. For each measurement, the acquisition of the set of data lasts 20 ms to analyze the noise amplitude in greater detail. 

Measurement Scenarios

The noise temporal and frequency characteristics can be extracted from specific scenarios. The first scenario consists in measuring the noise PSD at the same time of the day in all sites. The aim is to get a better understanding of the noise profile variations at a specific time (i.e., 10 a.m.) depending on the various locations. At that time, the number of loads connected to the network is low.

Many measurements are carried out at 2 p.m. to study the longtime variation of the noise PSD. The choice of this specific time is due to the increase of the number of loads connected to the electrical network. The measurements are carried out both in the transformer substation and the customer installation. The aim is to compare the noise PSD measurement at 2 p.m. with the measurement at 10 a.m. The results will be discussed in the next sections of the manuscript. All measurements are performed during the day, because it is impossible to measure the noise PSD at night. The last scenario focuses on the cyclo-stationary behavior of NB-PLC noise in time-frequency representation. The duration of one orthogonal frequency division multiplexing (OFDM) does not exceed one mains period. Regarding the G3-PLC protocol, the duration of one OFDM frame is between 20 and 190 ms. The duration of one PRIME OFDM frame varies between 145.65 and 581.63 ms. The short time variation in the meter side was presented in a previous work [START_REF] Galli | For the Grid and Through the Grid: The Role of Power Line Communications in the Smart Grid[END_REF]. The results will be analyzed in the next sections of the manuscript.

Measurement Protocol of the Transfer Function

The measurement of the transfer function is performed between the transformer substation and the customer's electrical installation. In some cases, these two points of the grid may be composed of several hundreds of independent electricity meters. Thus, it is difficult to use the same vector network analyzer (VNA) both for transmission and reception. www.videleaf.com

Equation (1) gives the expression of the transfer function (H(f )) which corresponds to the ratio between the received signal (Y(f )) and the injected signal (X(f )).

As can be seen in Figure 7, in this study, two VNAs are used. The first one acts as a signal generator (VNA-TX). The second one is used as a receiver (VNA-RX). Two NB-PLC single phase couplers enable to couple the signal with the power line, and to decouple it from the power line on the receiver side. The access impedance of each VNA is equal to 50 Ω. For all measurements, the number of points was set to 201 in the frequency band ranging from 9 to 500 kHz. The resolution bandwidth (RBW) is equal to 300 Hz, and the sweep time is set to 5 s per measurement. 

      VNA RX VNA TX Yf Hf Xf    (1) 

Main Experimental Results and Discussion

Noise Power Spectral Density Analysis at a Specific Time

During one week, many measurements were performed at 10 a.m. in the five sites described in the previous sections of the manuscript. For each site, the aim is to measure the noise power spectrum in two specific locations: in the transformer substation, and at the smart electricity meter (i.e., at the customer side). The noise PSD is carried out during a sweep www.videleaf.com time equal to 412 ms. This duration is very close to the OFDM frame time in the PRIME and G3-PLC protocols. Figure 8 gives the evolution of the noise PSD in the transformer substation. Regarding the customer side, the experimental results are summed up in Figure 9.

Firstly, all sites have the same trend line in terms of background noise level. For instance, regarding the site named -Urban dense 1‖, this level decreases from 80 dB µV at 50 kHz to 40 dB µV at 500 kHz. It corresponds to a reduction of more than 40 dB. It is important to note that the rural site exhibits the lowest values of noise.

Secondly, for each site, the narrowband noise can be characterized both on the transformer and the customer sides. Interferences due to the radio broadcasting with the PLC transmission are the source of this narrowband noise Therefore, many peaks can be measured; each one corresponds to a frequency of a station (e.g., Europe 1 with a frequency equal to 183 kHz, Radio Monte-Carlo (RMC) with a frequency of 216 kHz, or Radio Tele Luxembourg (RTL) with a frequency of 234 kHz).

Thirdly, frequency impulsive harmonics, such as at the frequency equal to 100 kHz, may originate from the switching of electrical devices that are connected to the same PLC network (e.g., TVs and phone chargers). These harmonics have a strong impact at the customer side. At the transformer side, their impact is much more moderate.

Finally, in comparison with the transformer side, the noise level at the customer side is low, because the number of loads connected to the customer's electrical installation is not important at 10 a.m. In that case, the transformer plays a key role. It is important to note that this one is connected to all installations within a site. However, noise measured in the transformer substation is the sum of noise generated by all domestics loads connected to the same branch. www.videleaf.com The background noise is mostly constant over the period of a few hours. Even if a few variations can be occasionally measured, the trend line of the background noise is low. It may be explained by the increasing usage of the electrical appliances at the customer side. The narrowband noise and the impulsive noise are still present at the same frequencies. They remain in the range from 40 to 60 dB µV, except at the lower part of the spectrum, where it can rise to 80 dB µV. 

Noise Power Spectral Density Evolution at Different Times of the Day

Noise Cyclostationary Behavior

The PLC channel may vary abruptly when the network topology changes, particularly when the devices are plugged in or out, and when they are on or off. The objective of this section is to study this short-time variation of the impulsive noise. The measurement results in each transformer substation of four different sites (i.e., sub rural, rural, urban, and urban dense 1 sites) are discussed.

The discussion is based on the evolution of the noise PSD in the time-frequency domain. So, the Wigner-Ville transform can be used (see Equation ( 2)). This kind of transformation enables to identify exactly the components of the signals both in the time and frequency domains. From the Wigner-Ville transform, it is also possible to define the distribution of energy in the time-frequency domain (see Equation ( 3)):
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The use of an analysis and smoothing window is used to limit the interferences. Thus, it warrants a good accuracy of the results. To achieve this, an algorithm was developed with the MATLAB software tool. This algorithm uses the pseudo Wigner-Ville transform smoothed with an analysis window both to fix the frequency and temporal resolution. The magnitude of each signal in the time domain was captured during one period of the mains (i.e., 20 ms). The measurements were also synchronized with the mains. Figures 12131415sum up the main results.

Summary of the Results for the Sub Rural Site

Figure 12 gives the pseudo Wigner-Ville transform analysis for the sub rural site in the time-frequency domain. The results exhibit several forms of noise. www.videleaf.com A periodic time-variant noise can be identified. This one is synchronized to half of the mains' frequency (i.e., 10 ms). This, it represents the components of the cyclo-stationary noise. The spectrograms also show that periodic noises are typically generated at frequencies lower than 50 kHz. Finally, periodic interferences can be identified at frequencies higher than 50 kHz, but the PSD of these disturbances remains at a low level in comparison with the low-frequency disturbances. 

Summary of the Results for the Rural Site

Figure 13 gives the pseudo Wigner-Ville transform analysis for the rural site in the time-frequency domain. In that case, the channel exhibits a periodic time-varying response. Moreover, it is composed of a cyclo-stationary noise component. This periodic impulsive noise appears in the form of bursts every 10 ms. It represents the periodic impulsive noise which is synchronized with the mains' frequency.

The spectrograms of the measured signals show that periodic noises are typically generated at frequencies lower than 30 kHz. Periodic impulsive noise can also be observed at frequencies higher than 300 kHz. However, the PSD of these disturbances remains at a low level in comparison with the lowfrequency disturbances. www.videleaf.com 

Summary of the Results for the Urban Site

Figure 14 gives the pseudo Wigner-Ville transform analysis for the urban site in the time-frequency domain. From the time variation, several forms of noise can be observed. A high impulsive noise is generated periodically every 10 ms. It appears for very short durations, and with a high PSD in the frequency range lower than 20 kHz. The amplitude of the pulses is about 1 V in the time domain. www.videleaf.com 

Summary of the Results for the Urban Dense 1 Site

Figure 15 gives the pseudo Wigner-Ville transform analysis for the urban dense 1 site in the time-frequency domain. The periodic impulsive noise is generated in the form of bursts. The time-frequency representation shows an important PSD in the frequency range lower than 20 kHz. www.videleaf.com 

Transfer Function Analysis and Signal-to-Noise Ratio

Figure 16 gives the results of the transfer function analysis for each site. Regarding the urban and urban dense sites, the attenuation is less than the rural and the sub rural site one. The strong attenuation in the rural site is mainly caused by the line attenuation of the overhead cables. www.videleaf.com As can be seen in Figure17, the G3 Alliance fixed the minimum accepted BER level (i.e., 10 -4 ). So, it enables to evaluate the performances of the G3-PLC technology. Table1gives the SNR threshold that allows communication with a maximum BER equal to 10 -4 . www.videleaf.com 

             (4) 
As can be seen in Equation ( 4), in this study, is the SNRparameter corresponds to the ratio between the power of the received signal in the receiver side and the power of the noise measured at the same point of the electrical network [START_REF] Kim | Channel measurements and field tests of narrowband power line communication over Korean underground LV power lines[END_REF][START_REF] Teixeira | Modeling and performance analysis of PLC channels with external interference in outdoor and indoor environments[END_REF]. In this study, the received signal and the noise are measured simultaneously at noon. As can be seen in Figure 18, the evolution of the SNR shows negative values in the low frequencies for all sites and www.videleaf.com especially, in the sub rural site. When the SNR tends to zero, the white noise and the PLC signal have an equivalent power. When the SNR is lower than zero, the noise has a higher power than the PLC signal. When the SNR is higher than zero, the noise has a lower value than the PLC signal. It incorporates error correction by convolutional coding and Reed Solomon coding. The robust mode works identically except that it also applies a repetition of the bit to be transmitted which must be equal to four times. The aim is to increase the transmission reliability, but it strongly limits the useful rate. www.videleaf.com

Estimation of the Channel Capacity

The capacity of a channel is the maximum theoretical bit rate that it can support. It is important to note that the bit rate on a noisy channel is limited. Its limit both depends on the bandwidth of the transmission channel and its SNR [START_REF] Hooijen | On the channel capacity of the residential power circuit used as a digital communications medium[END_REF][START_REF] Versolatto | Della Statistical analysis of broadband underground medium voltage channels for PLC applications[END_REF][START_REF] Rengaraju | Communication requirements and analysis of distribution networks using WiMAX technology for smart grids[END_REF].

The spectral capacity per dimension of the sub channel is given by ( 5):

  12 C1 N ii f log SNR       (5) 
The next sections of the manuscript describe the estimation of the channel capacity for two specific bands: the CENELEC A and the FCC bands.

Estimation of the Channel Capacity in the CENELEC A Band

Figure 19 shows the results of the estimation of the channel capacity in the CENELEC A band i.e., from 35.9 to 90 kHz. The noise power, denoted as Pn in Equation ( 4), can be extracted from the average noise measurements of each site. In that case, it is important to fix the power of the transmitted signal (see the Pe-parameter in Equation ( 4)) according to the G3-standard.

Finally, the number of subcarriers is constant (N = 36) with the ∆f -parameter (see Equation ( 4)) equal to 1.5 kHz. www.videleaf.com 

Estimation of the Channel Capacity in the FCC Band

Figure 20 shows the results of the estimation of the channel capacity in the FCC band i.e., from 150 to 487 kHz. The noise power can also be extracted from the measurements of each site.

In that case, the signal power of the transmitter is equal to 66 µV. The number of subcarriers is fixed (N = 72) with the ∆fparameter equal to 4.7 kHz. www.videleaf.com 

Summary of the Results

The mean values per site are depicted in the CENELEC A and FCC band (see Table 2). These theoretical capacity values per subcarrier both in the CENELEC A and FCC bands are very sufficient for the AMI application which requires 2.4 kbits/s in the G3-PLC communication.

Regarding the urban dense 1 site, the channel capacity depends on the location. The high capacity is particularly obtained in the FCC band. www.videleaf.com the transformer substation and the smart electricity meter [START_REF] Borovina | Investigation of Narrow-Band Power-Line Carrier Communication System Performance in Rural Distribution Grids[END_REF].

The authors have particularly pointed out a strong attenuation between 65 dB and 25 dB. As can be seen in Figure16, the results described in this manuscript present many similarities in terms of frequency selectivity and attenuation values. Chu et al. have characterized the transfer function in a typical urban underground network [START_REF] Chu | Narrow band power line channel www.videleaf.com characteristics for low voltage access network in China[END_REF]. The results exhibit a variation of the transfer function between -30 dB and -50 dB which is close to the measurement results described in this manuscript, and especially in the frequency range from 200 to 500 kHz. The NB-PLC transmission in the residential and urban dense sites is more interesting in comparison with the rural sites. The PLC communication strongly depends on the cables' length and types. From a complete literature review, the LV networks have similar topologies (e.g., type and length of cables, customers per phase) in the world, which may explain the similar results.

The performance objectives of the physical layer (i.e., PHY layer) may not seem trivial for specific equipment, such as the smart electricity meter, and the data concentrator because of the noise characteristics and especially, its temporal and frequency variations. At the medium access control layer (i.e., MAC layer), different technologies are developed to offer stability through different methods to code the transmitted signal and the non-synchronization of the system with the mains' frequency.

In this article, the signal-to-noise ratio, and the channel capacity estimated between two points of the network are of utmost importance in the FCC band despite the harsh grid conditions in terms of noise and distance. Thus, the behavior of the communication layers affects directly the application level results which explains the success of the French smart metering interface named Linky based on the G3-PLC technology. This theoretical NB-PLC channel capacity enables to add some smart grids' applications which also require a low data rate using the existing AMI infrastructure. www.videleaf.com

Conclusions

This manuscript highlights the results of a complete experimental measurement campaign aimed at investigating the LV NB-PLC channel in the frequency range from 9 to 500 kHz in various sites (i.e., rural, urban etc.) located in France. In particular, the aim is to fully characterize the noise characteristics of the PLC channel in time-frequency representation.

The time-frequency analysis shows the dominance of the cyclostationary noise. The short-time variation analysis shows impulsive noise due to a high number of loads connected to the network. Even if these loads may be switched on and off, the background noise is mostly constant over the period of a few hours. At the customer side, the noise variation is more important in comparison with the noise profile measured in the transformer substation.

The performances of the NB-PLC transmission can be calculated from the measurement results of the transfer function, and the noise PSD. The analysis of the SNR-values shows a good transmission capacity in the PLC channel. The channel capacity corresponds to the maximum theoretical bit rate, which this channel can support in the five topologies chosen in this study, based on the measured noise profiles. The results point out that the channel capacity is better in the FCC band.

Figure 1 :

 1 Figure 1: Examples of smart grids' applications based on the Internet of Things (IoT) technology.

Figure 2 :

 2 Figure 2: Example of narrowband powerline communication (NB-PLC) channel representation in the low voltage (LV) network.
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  Urban dense 1 site: the transformer is directly integrated in a building. Its rated power equals 400 kVA. It can supply 65 customers. The transformer and the smart electricity meter are connected through a 115 m aluminum underground cable. No producer is connected to the network.• Urban dense 2 site: It does not have the same features as the urban dense 1. The transformer is also implemented in a building, but its rated power equals 650 kVA. It can supply 359 customers. The transformer and the smart electricity meter are connected through a 62-m long aluminum underground cable. No producer is connected to the network.

Figure 3 :

 3 Figure 3: Five measurement sites in various locations of the city of Tours in France.

Figure 4 :

 4 Figure 4: Spectral setup measurement protocol.

Figure 5 :

 5 Figure 5: Electrical schematic of the NB-PLC capacitive coupler.

Figure 6 :

 6 Figure 6: Temporal measurement setup in the transformer substation.

Figure 7 :

 7 Figure 7: Transfer function measurement setup.

Figure 8 :

 8 Figure 8: Noise power spectral density (PSD) in the transformer substation.

Figure 9 :

 9 Figure 9: Noise PSD at the customer side at the smart electricity meter.

Figures 10 and 11

 11 Figures 10 and 11 show the evolution of the noise PSD depending on the frequency in the transformer substation and the customer's electrical installation respectively. The aim is to compare the experimental measurements performed at 10 a.m. and 2 p.m. To simplify the analysis, the measurements from the sub rural and urban dense 2 sites are discussed.

Figure 10 :

 10 Figure 10: Noise power spectrum in the transformer substation. Measurements performed at 10 a.m. and 2 p.m.

Figure 11 :

 11 Figure 11: Noise power spectrum in the smart electricity meter. Measurements performed at 10 a.m. and 2 p.m.

Figure 12 :

 12 Figure 12: Pseudo Wigner-Ville transform analysis for the sub rural site in the time-frequency domain.

Figure 13 :

 13 Figure 13: Pseudo Wigner-Ville transform analysis for the rural site in the time-frequency domain.

Figure 14 :

 14 Figure 14: Pseudo Wigner-Ville transform analysis for the urban site in the time-frequency domain.

Figure 15 :

 15 Figure 15: Noise at the urban dense 1 site.

Figure 16 :

 16 Figure 16: Results of transfer function analysis for each site.

Figure 17 :

 17 Figure 17: Reliability of the G1-PLC and the G3-PLC technologies: source G3-PLC TM Alliance [38].

Figure 18 :

 18 Figure 18: Calculated signal-to-noise (SNR) evolution depending on the frequency in the transformer substation.

Figure 19 :

 19 Figure 19: Estimation of the channel capacity in the CENELEC A band.

Figure 20 :

 20 Figure 20: Estimation of the channel capacity in the FCC band.

Table 1 :

 1 SNR maximum value for the G1-PLC and G3-PLC technologies.

	Modulations	G1	G3		G3		G3	G3
		(S-FSK)	(D8PSK)	(DQPSQ)	(DBPSK)	(Robo)
	SNR	12 dB	9.6 dB		5.6 dB	2.5 dB	-1.2 dB
	(TEB: 10-4)					
		dB SNR	10 log	Pe H f   Pn	2

Table 2 :

 2 Mean channel capacity value per site.

	Mean	Urban Dense 1	Urban	Sub Rural	Rural Urban
	Channel		Dense 2			
	Capacity					
	CENELEC A	238	170	216	102	136
	(kbits/s)					
	FCC (Mbits/s)	1.58	1.73	2.21	1.31	1.92
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 www.videleaf.comThe capacity in the FCC band is much more interesting, because it varies from 1.3 Mbits/s in the rural site to 2.2 Mbits/s in the sub rural site. In conclusion, the FCC band represents an attractive band for the integration of IoT in new smart grids' applications.

Discussion

From all measurement results described in the previous sections of the manuscript, the PLC channel reveals different classes of noise. The background noise and the narrowband noise are measured in the transformer substation and at the customer side in the frequency domain. Such results can be found in the literature for other countries [START_REF] Kaiser | Spectral correlation analysis of narrowband power line noise[END_REF][START_REF] Liu | Channel characterization and system verification for narrowband power line communication in smart grid applications[END_REF][START_REF] Bai | Impulsive Noise Characterization in Narrowband Power Line Communication[END_REF]. However, in these articles, the narrowband noise is not characterized at the same frequency due to frequency variation of the broadcast station in each country.

In this article, the temporal characteristics of the noise of the PLC channel are also presented at the transformer side. Table 3 sums up the noise characteristics in various sites (i.e., urban dense 1, sub rural, rural, and urban).