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The article describes a way of evaluating the power line channel frequency response and input impedance by means of the linear 

time-invariant (LTI) power line generator. Two possible methods are introduced for the calculation of primary parameters: the 

first method depends on the physical realization and physical dimension of the cable, and the second method is derived from the 

data provided by typical electrical cable manufacturers. Based on these methods, a comparison of transfer functions was made. 

This is followed by measurement evaluation and numerical verification on a simple topology. 
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1.  INTRODUCTION 

HE IDEA of exploiting power distribution networks for 

data transmission is not new. In certain forms, power 

lines were used for data transmission almost from the 

very beginning of building power distribution networks. 

This was primarily the case of narrowband telephony [1], 

and later on ripple control or commanding as part of the 

management of power networks [2].  

The nature of power lines, the organization of the 

distribution network and its management differ from the 

situation of classical telecommunication or data networks. 

The power distribution network is primarily designed for the 

supply of electric power; there are elements in the network 

which are highly specific for power engineering and not for 

telecommunications. The data communication between 

power network nodes has been built with other technologies. 

Today, the need is rapidly increasing for data transmission, 

in particular at the low voltage (LV) levels of the so-called 

“last mile”.  

Systems for communication over power lines are referred 

to as PLC (Power Line Communication). PLC systems do 

not require any specific cabling because the terminal 

equipment is connected directly to the power network, 

usually at the LV level (0.4 kV) or, exceptionally, at the HV 

level (22 kV). PLC thus reduces the operational costs and 

expenditure for the realization of new telecommunication 

networks. The cost of realization and installation of a new 

network is very often more than 50 % of the investment. 

PLC systems fall into three areas [3]: 

• Ultra Narrow Band (UNB) operating at a very low data 

rate (100 bps) in the low frequency band. UNB uses 

one-way communication, used in particular for load 

control. UNB has a very large operational range 

(hundreds of kilometres). 

• Narrow Band (NB) operating in CENELEC band 3 – 

148.5 kHz in Europe. Single carrier NB technologies 

achieve data rates of a few kbps. Nowadays, 

multicarrier technologies are frequently used which are 

capable of data rates up to 500 kbps. PRIME, G3-PLC, 

G.hnem and IEEE 1901.2 are the typical examples. 

 

 

• Broadband operating in the high frequency bands 1.8 - 

250 MHz has data rates of several megabits per second 

up to hundreds of Mbps. The typical examples of 

broadband PLC are devices conforming to the 

standards TIA-1113 (HomePlug 1.0), IEEE 1901 and 

ITU-T G.hn. 

The analysis and experimental evaluation of power line 

transmission parameters in this article are conducted 

especially for the broadband PLC issue. Broadband PLC 

was initially intended for Internet access applications and 

successively for Home Area Networking (HAN) 

applications. A multiyear project funded by the European 

Community (The Open PLC European Research Alliance, 

OPERA [4]) inspired most of the recent research efforts in 

the field of broadband PLC for Internet access. OPERA 

gave disappointing results in using PLC for Internet access 

applications. Despite this drawback, the interest of industry 

came to be focused on in-home application and home 

networking technology. In these days, broadband PLC has 

advantages for Smart Home, especially for home networks 

for complementing WiFi. The main advantage of PLC is the 

cost saving for the realization of new infrastructure.  

On the other hand, there are still several problematic areas 

in data transmission over power lines. The power line 

channel is a very harsh and noisy transmission medium. 

Many factors influence the communication path and path 

losses. These factors include the cable type, loading, 

impedances, weather conditions, etc. The article therefore 

focuses on investigating these factors via simulations and 

measurements, in particular on the cable type, primary and 

secondary parameters of the cables and loading impedances 

or input impedance. 

The issue of channel modelling is a key aspect of PLC 

communication system design and this design must fit the 

particular characteristic of the power line channel. Thus, the 

article focuses on the analysis of power line transmission 

parameters. 

Channel impedance is an important parameter in designing 

the PLC modem. The modem output impedance and the 

power line input impedance should be matched for 
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maximum power transfer between the output of the PLC 

modem and the power line. Therefore, for an appropriate 

modem design, the power line impedance must be known 

and for that reason the input impedance, characteristic 

impedance, and impedance of branch termination were 

investigated in this article. 

The main contribution of this article is that it provides a 

comparison of our LTI power line generator and the publicly 

available simulators in order to investigate parameters which 

significantly influence the transfer function of the power 

line channel. The results were also verified by 

measurements. 

 

2.  POWER LINE CHANNEL MODELLING 

Among many publications in the last decade, the most 

promising approaches for power line channel modelling 

were: multipath model [5], two-port network model [6], 

linear periodically time-variant system [7], time-invariant 

system [5], and hybrid model based on combining the 

previous approaches [8].  

When the non-linearities of appliance loads are neglected, 

impedance appliance loads do not vary and the noise is 

considered stationary, the indoor power line can be 

considered to be a time-invariant system (LTI). The LTI 

model is considered because of its simplicity and the 

channel is considered as a periodical series of channels. 

When the non-linearities of appliances cannot be 

neglected, the indoor power line can be considered a linear 

periodically time-variant system (LPTV).  

 

3.  LTI POWER LINE GENERATOR 

The LTI power line generator and an analysis with this 

generator were introduced in [9]. The LTI power line 

generator was extended by the option of a different 

calculation of primary parameters, terminal load analysis 

from measurements, simulations with frequencies up to 100 

MHz, input impedance analysis and evaluation of limit 

values. 

In the article, the extended LTI power line generator was 

used for the investigation of the influence of different 

approaches to primary parameter calculation on the transfer 

function.  

 

4.  PLC SIMULATORS BY OTHER AUTHORS 

There already exist two PLC simulators realized in the 

MATLAB, namely the FTW PLC simulator [10], [11] and 

the Cañete PLC simulator [12].  

The Cañete PLC simulator is based on the bottom-up 

(deterministic) model. The model is valid in the frequency 

band up to 30 MHz. An advantage of this simulator is that it 

considers the LTI and LPTV systems. 

The FTW PLC simulator is based on the bottom-up 

frequency-domain model and a realistic description of the 

topology. It is an open-source simulator with a very detailed 

documentation. 

In comparison with our LTI power line generator 

described in [9], the simulators by other authors provide 

similar configurations: 

• Cable types with different cross-section (1.5; 2.5; 4; 

6 and 10 mm
2
). 

• The possibility of divided topology in a particular 

section. 

• Possible configuration of the section length. 

• Configuration of terminal impedances. 

• Random and fixed topologies. 

• LPTV approach [13]. 

The idea is to compare the FTW PLC simulator and 

Cañete PLC simulator with our extended LTI power line 

generator and carry out an analysis of the parameters which 

most significantly influence the power line communication 

and in particular the transfer function. The Cañete PLC 

simulator was considered only in some simulations, because 

it is not an open source simulator and cannot be modified for 

all types of simulations. 

 

5.  CALCULATION APPROACHES FOR PRIMARY AND 

SECONDARY PARAMETERS 

The influence of different approaches to the calculation of 

primary parameters on the transfer function was also 

investigated. 

 

A.  Primary parameters based on our model  

For modelling purposes in our LTI power line generator, 

the cable type is regarded as a two-conductor plus reference 

wire transmission line, with surrounding dielectric material 

of relative dielectric constant εr – this assumption gives the 

following distributed parameters [14]: 
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where f is the wave frequency, σ is the conductivity of 

material, a is the conductor radius, d is the distance between 

the centres of phase and neutral conductors, tan δ is its 

dissipation factor, ε0 is the permittivity of vacuum, μ0 

represents free space permeability, and μr is its relative 

magnetic permeability [14], [15]. 

For further simulation and analysis we consider this 

calculation of primary parameters as calculation no. 1. 
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B.  Primary parameter based on FTW  

In the FTW PLC simulator, the transmission line 

parameters R’, L’, G’, and C’ were derived from the data 

provided by typical electrical-cable manufacturers. It is 

possible to choose from among five cable types with cross-

sections from 1.5 mm up to 10 mm, but usually a cable 

cross-section greater than 4 mm is not used for in-home 

connections. 

The resistance R’ and conductance G’ are frequency-

selective and are given by: 

 

fRR ⋅⋅= −5

0 10'

                            

(5) 

 

fGG π210' 14

0 ⋅⋅= −

                            

(6) 

 

where f represents the frequency in [MHz]. The values R0 

and G0 are constant for different cables depending on the 

size of the cross-section in mm
2
.  

C’ and L’ are frequency invariant and also constant for 

different cables depending on the size of cross-section in 

mm
2
. The values of these primary parameters can be found 

in [11] or [12]. 

The Cañete PLC simulator furthermore takes into 

consideration the correction factor for conductance G’ to 

overestimate cable losses [12]. 

For further simulation and analysis we consider this 

calculation of primary parameters as calculation no. 2. 

 

C.  Comparison of the calculations of primary parameters 

The analysis and comparison of the methods for primary 

parameter calculation show: a) the influence of the distance 

between the centres of phase and neutral conductors on 

primary parameters, b) the influence of frequency on 

primary parameters, and c) the influence of physical 

properties and material composition of the cable on primary 

parameters. 
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Fig.1.  Comparison of the calculations of primary parameters. 

 
Fig.1. shows the comparison of both approaches of the 

primary parameter calculation. The cable with the cross-

section of 2.5 mm
2
 was considered. For this type of cable, 

the FTW PLC simulator and Cañete PLC simulator take into 

consideration the inductance L’ = 0.96 µH/m and the 

capacitance C’ = 17.5 pF/m. Based on the different 

calculation of primary parameters, the cable of the same 

dimension shows different behaviour in the frequency range 

from 0 to 30 MHz. 

Based on the primary parameters, the propagation constant 

γ and the characteristic impedance ZC (secondary 

parameters) are computed using the equation provided, for 

example, in [16]. Fig.2. shows the results of the comparison 

of secondary parameters.  
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Fig.2.  Comparison of secondary parameters.  

 

Based on differences in the calculation of primary 

parameters, the characteristic impedance is three times 

higher for the FTW PLC simulator. The results of the 

measurements, published in [9] and [17], show the value of 

characteristic impedance 80 – 90 Ω, which corresponded 

with our model. On the other hand, in [18] the value 200 Ω 

was introduced for characteristic impedance, which 

corresponded with the FTW PLC model. 

The primary and secondary parameters are important input 

data for the power line modelling systems. It is therefore 

necessary to obtain accurate values, because cables which 

are not terminated with their characteristic impedance cause 

reflections and damping at some frequencies in the network. 

Reflections are caused by any difference in the characteristic 

impedance values along the line which may be generated by 

a variation in its dimensional parameters or by an 

unmatched load in the line. 

 

6.  COMPARISON OF SIMULATORS AND ANALYSIS OF RESULTS 

The influence of different methods for the calculation of 

primary parameters on the transfer function was 

investigated. 

Based on a topology considered in the FTW PLC 

simulator [11] and the Cañete PLC simulator [12], the 

simple fixed topology with three branches shown in Fig.3. 

and Fig.4. was considered for a comparison and 

investigation of the transfer function – the power line 

channel frequency response. 
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Fig.3.  Proposed network topology based on Cañete topology [12]. 

 

 
 

Fig.4.  Proposed network topology  

(Zbr1 = Zbr2 = Zbr3 = 1000 Ω, ZS = ZL = 100 Ω). 

 
A.  Transfer function calculations 

The transfer function of the power line channel can be 

calculated by three possible approaches:  

First, according to the description in [19] it is possible to 

calculate the transfer function as ratio between load voltage 

and source voltage using the equation (see Fig.5.): 

 

SSCC

C

S

L

DZZCZBAZ

Z

V

V
H

+++
==

             

(7) 

 

A, B, C, and D are frequency dependent coefficients that 

are calculated from the secondary parameters: characteristic 

impedance ZC and propagation constant γ. 

 

 
 

Fig.5.  Two port network model. 

 
Second, based on literature [20] and a detailed description 

in [11] it is possible to calculate the transfer function as ratio 

of power across the load ZL before and after the insertion of 

the channel, using the equation: 
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Third, if we consider only the voltage ratio between the 

output and the input of a two-port network, the transfer 

function can be calculated using the equation: 

 

L

L
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B.  Comparison of transfer functions  

Fig.6. shows a comparison of the transfer functions Hloop 

for our LTI power line generator and the FTW PLC 

simulator. The comparison shows significant differences 

between the transfer functions. Therefore, Fig.7. shows a 

comparison of transfer functions if the same approach of the 

calculation of primary parameters is considered. These 

results show the big influences of primary parameter 

calculation on the resulting transfer function. Fig.7. shows 

also a comparison with the Cañete PLC simulator. The 

compliance of transfer functions of our LTI power line 

generator and the Cañete PLC simulator in Fig.7. shows an 

exact match and confirms the correctness of the LTI power 

line generator design.  

Fig.8. illustrates the comparison of the transfer function 

calculation from equations (7) – (9). The differences can be 

caused by the calculation of input impedance; the following 

section will therefore focus on the comparison of input 

impedances.  
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Fig. 6.  Comparison of transfer function with the different primary 

parameter calculation. 
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Fig.8.  Comparison of different calculations of transfer function 

with the same primary parameter calculation (no. 2.). 

 
 

C.  Comparison of input impedances 

The input impedance can also be calculated using the 

frequency dependent coefficients A, B, C, and D and the 

load impedance using the equation [21]:  

 

DCZ
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(10) 

 

Fig.9. illustrates a comparison of the input impedance of 

our model and that of the FTW PLC simulator. From this 

figure we can observe that the differences between the input 

impedances are negligible, but this small difference caused a 

difference in the frequency response of the transfer function 

(see Fig.7.). 
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Fig. 9.  Comparison of input impedances. 

 

D.  Comparison of cable type 

Fig.10. shows the influence of cables with different 

dimensions on the transfer function. From Fig.10. we can 

see that the cables with a higher cross-section have a lower 

attenuation. The comparison shows negligible differences 

between cables with 1.5 and 2.5 mm
2
 cross-sections. 
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Fig.10.  Comparison of transfer functions of power line cables with 

different dimensions. 

 

7.  COMPARISON OF MEASUREMENTS  

The simple topology with one branch was considered for 

the measurement issue. Fig.11. shows the simple topology. 

The frequency response was measured using the Instek 

GSP-830 spectral analyser. Frequencies up to 100 MHz 

were considered for the measurements. The frequencies up 

to 100 MHz enable providing an analysis that covers the full 

bandwidth as defined in the G.hn standard [26]. 

 

 
 

Fig.11.  Simple topology for measurement. 

 

Fig.12. shows a comparison of our LTI generator with 

no. 1 calculation of primary parameters and the FTW 

simulator with no. 2 calculation of primary parameters and 

measurement by the analyser. The short circuit impedance 

was considered for branch termination. Fig.13. shows the 

same comparison as Fig.12., but the open circuit was taken 

into consideration for branch termination. 
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Fig.12.  Comparison of models with measurement for topology 

with one branch terminated by short circuit impedance. 
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Fig.13.  Comparison of models with measurement for topology 

with one branch terminated by open circuit impedance. 
 

 

Results of measurements - analysis and discussion 

1.  Notch position 

From the comparison in Fig.12. and considering only the 

LTI generator and the measurement results, the agreement in 

notch positions on frequencies around 15, 30, and 45 MHz 

is obvious. 

The numerical analysis validated the comparison results 

too. Due to the insulating material with the dielectric 

constant εr ≈ 4, the phase speed on the cable is 

approximately 150 m/µs. The first peak in Fig.12. is the 

transmission impulse from the transmitter, which has 

traversed an entire cable length of 11.05 m, thus appearing 

after a time of 11.05/150∙10
6
 = 73.7 ns. The second peak, 

originating from the fact that the signal passes through the 

tap and is reflected at the tap’s open end, traversed a total 

length of 26.05 m appearing after 26.05/150∙10
6
 = 140.3 ns.  

A tap passage of 10 m takes about 66.6 ns.  

The effects of reflection in the tap appear in the transfer 

function (frequency response) in the form of notches with 

fixed frequency spacing. The first notch occurs where the 

direct and the reflected waves are shifted exactly a half 

wavelength against each other, which leads to subtraction. 

The first frequency f1 = 15 MHz belonging to the first notch 

means that we have a period of 66.6 ns. The repetition of 

notches occurs at multiples of the first frequency f1. 

 

2.  Attenuation 

The values of attenuation are significantly smaller for 

models than for the measurement. The behaviour of the 

frequency response of our LTI generator on frequencies 

higher than 50 MHz is influenced by the conductance G’. In 

Fig.14. the frequency characteristics of conductance G’ and 

the decreasing values after 50 MHz are shown. This 

decrease is caused by the dissipation factor tan δ from 

equation (4). 

The differences between the frequency response of the 

FTW simulator and the measurement can be caused by the 

relative dielectric constant εr, which is not considered in the 

calculation of primary parameters in the FTW simulator. 
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Fig.14.  Conductance G’ in frequency range up to 100 MHz. 
 

8.  REAL-TIME ESTIMATION OF POWER LINE TRANSMISSION 

PARAMETERS 

The article shows that transmission line parameters are 

important input data for power line system modelling or 

other relevant applications. In current practice as was 

described in chapter 5, the transmission parameters are 

calculated using theoretically derived formulas that are 

based on the information about their size, length, structure, 

and type. But obviously, there is a difference between the 

calculated and the actual parameters because the 

transmission line parameters R’, L’, G’, and C’ vary in real 

conditions with the environment and weather (e.g. 

temperature and wind speed [22], [23]). Some methods for 

measuring the resistance and reactance of power lines were 

introduced in [24] and [25].  

The assumption of time invariant transmission line 

parameters can lead to inaccuracy or erroneous results in 

modelling and system analysis. Chapter 6.B shows the 

significant influence of transmission power line parameters 

on the transfer function. 

The analysis and experimental evaluation of power line 

transmission parameters carried out in this article create a 

foundation for the implementation of a method for real-time 

estimation of transmission line parameters. Real-time 

estimation of transmission line parameters is essential to 

enhancing accuracy in Smart Grid or PLC applications. 

 

9.  CONCLUSION 

The proposed LTI power line generator for indoor power 

line communication was compared with the publicly 

available simulators. The comparison shows the huge 

influence of the primary parameter calculation, and 

therefore an analysis of two primary parameter calculation 

approaches was conducted too. For both types of calculation 

there is literature available which considers the first or the 

second type of calculation. The article presented a detailed 

comparison of both calculation approaches. The 

measurement comparison shows more accurate results in 

notch positions for no. 1 calculation used in the proposed 

LTI power line generator. On the other hand, the 

comparison with the Cañete PLC channel generator shows 

better results for no. 2 calculation used in the FTW PLC 

simulator. 
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In the case of comparing the proposed LTI generator and 

the FTW simulator with the same calculation of primary 

parameters, the differences are probably caused by the input 

impedance. The input impedance is the most significant 

parameter affecting the shape of the transfer function. 

The measurements were conducted for frequencies up to 

100 MHz and the notch positions and attenuation were 

analysed and discussed. Frequencies up to 100 MHz need to 

be considered to cover the full bandwidth, as was defined in 

the broadband PLC standards ITU-T G.hn [26] and IEEE 

1901 [27]. 

The proposed generator and analysis of parameters which 

significantly influenced the transfer function could be used 

for a method for managing power line topology. Based on 

the knowledge of the transfer function, the communication 

parameters such as modulation, code rate, power level, 

amplification, sub carriers or coding could be changed. This 

issue becomes extremely important and necessary 

nowadays. For example, present-day PLC standards use 

adaptive tone mapping, which adaptively selects optimum 

modulation [28]. 

The analysis, the PLC generator and simulators are also 

suitable for investigating some subchannels with deep 

fading conditions, which make these subchannels unsuitable 

for data transmission, especially in the case of Orthogonal 

Frequency-Division Multiplexing systems used for the 

indoor power line specified in the ITU G.hn and IEEE 1901. 
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