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ABSTRACT The rapid development of the Internet of Things, one of the most dynamically expanding technological domains
worldwide, is the reason for ongoing search for solutions that combine high bandwidth, flexibility, scalability, and cost
efficiency for the implementation of such concepts as Smart Grid, Smart Home, and Smart City. Despite the significant
progress of wireless technologies and their widespread deployment in the Internet of Things sector, their application cannot
always address all challenges, particularly with regard to ensuring a stable signal level in shadow coverage zones. In such
cases, the application of Power Line Communication technology is considered appropriate, as it enables broadband access
through home electrical wiring network. Data transmission via high-frequency signals is not considered during the design of
home electrical wiring network. Therefore, it is an urgent issue to investigate both the propagation characteristics of the
electrical wiring medium and the effects of various loads connected to branches on home electrical wiring network
parameters. This article is devoted to researching the influence of switch-mode power supplies of different power rates on
the data rate of data transmitting systems Broadband over Power Line Communication operating over home electrical wiring
network. Calculations of the maximum achievable data rate for a fragment of home electrical wiring network consisting of a
single branch formed by segments of ShVVP, a common domestic wire in Ukraine, with copper conductors of 1.5 mm? cross-
sectional area were performed. The influence of the input filter parameters and the noise induced by the alternating magnetic
field of the SMPS transformer on the maximum achievable data transmission rate in home electrical wiring network was
analyzed. The research was performed within a frequency range of 0 to 30 MHz, which corresponds to the 25 MHz—PB band

in accordance with ITU-T Recommendation G.9964.
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I. INTRODUCTION
umanity’s constant striving for automation in
H domestic and industrial processes stimulates the
search for innovative solutions capable of ensuring
the performance of routine tasks through the use of so-
called “smart devices”. This provides an impetus for the
development of Smart Grid technology and Smart Home
systems, unified under the Internet of Things (IoT)
concept, which today represents one of the fastest-growing
technology sectors in the world [1, 2].

Currently, the share of “smart devices” equipped with
wireless interfaces predominants in the IoT device market
[3, 4]. This can be explained by factors such as ease of
installation and use, high flexibility and scalability, cost-
effectiveness, diversity. However, despite the significant
progress of wireless technologies, their application cannot
always address all challenges. In particular, it applies to
shadow coverage zones, where it is not possible to ensure
a stable signal level to provide broadband access.

These tasks can be addressed through the application of
Power Line Communication (PLC) technology. This
technology uses the existing electrical network as a
medium for signal transmission and offers several

advantages [5,6]: the ability to rapidly network
deployment wherever electrical wiring is available, low
deployment costs, simple configuration, flexibility,

scalability, easy topology modification, and the capability
to operate over channels with unstable and rapidly time-
varying parameters. This advantages makes PLC
technology attractive, primarily for use in building hybrid
networks [7, 8], where both wired and wireless interfaces
are used simultaneously. A variant of PLC technology,
Broadband Power Line Communication (BPLC) for
broadband network deployment is often employed when
designing smart home systems.

However, the possibility of data transmitting using
high-frequency signals is not considered when designing a
home electrical wiring network (HEWN). Therefore, the
transmission parameters of PLC in these frequency ranges
(such as the operating attenuation and the operating
transmission constant phase) need to be investigated for the
effective implementation of BPLC technology. In
accordance with these parameters, it is possible to
determine the level of interference and, consequently, the
signal-to-noise ratio (SNR), which will further be used to
calculate the maximum achievable data rate over the
HEWN.

Previously, the dependence of the data rate in the
HEWN on the wire length used to build HEWN [9], the
type of orthogonal harmonic signals applied for data
transmission in BPLC [10], and the type of load impedance
at HEWN branch [11] were researched. In[11] the
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capacitive and inductive loads, loads equal in value to the
characteristic impedance of the wire, short-circuit and no-
load were investigated.

Nowadays, switched-mode power supply (SMPS) are
widely used. Therefor researching the influence of loads
connected to HEWN branch on the data rate over HEWN
built using domestic ShVVP wire is currently relevant.
This problem has not been explored in the scientific
literature and requires research.

The objective of this article is to research the influence
of a SMPS on the data rate of BPLC data transmitting
system (TS) over the HEWN.

In this article, the influence of the most common
SMPSs on the data rate of a BPLC TS over HEWN is
analyzed, as they are available on the market with a wide
range of power ratings. The SMPSs power ratings of the
investigated SMPSs and characteristics of SMPSs input
filters component parameters (SMPSs IF CP) are given in
Table 1.

TABLE 1. Characteristics of SMPSs.

Il. INPUT DATA

The circuit diagram of typical SMPS WX-DC2416
PSU [12] with power rating of 150 W (Fig. 1) includes the
following key components:

—an input filter and rectifier;

—a switching stage (pulse-width modulation (PWM)
controller and metal-oxide-semiconductor field-effect
transistor (MOSFET));

—transformer and secondary rectifier.

In [13] the influences of the input filter and the
switching converter of the SMPS on the transmission
parameters of the PLC are investigated. The input filter has
been identified as the primary factor affecting of the
operating attenuation and the operating transmission
constant phase in HEWN. This effect is due to the presence
of reactive components, such as capacitors and inductors,
in the input filter’s design. These reactive components can
influence on transmission parameters when acting as a load
on HEWN branch.

Circuit diagram of HEWN fragment with a single branch
is shown on Fig. 2. It consist of segments of domestic

SMPSs SMPS power rating, W i . . .
IF CP 50 18.0 3.0 150.0 ShVVP, a flexible PVC-insulated wire with copper
i : : : conductors having a cross-sectional area of 1.5 mm? and a
C,nF - 33.0 68.0 100.0 length of 5 m, poles (represented by large circles with serial
L, mH - - 4.7 55 numbers) and unnumbered branch point (represented by
R, Ohm 10580.0 2940.0 1603.0 353.0 small circle). The load Zjyaq, such as a SMPS, is connected
to pole number 2, representing the branch.
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FIG. 1. Circuit diagram of SMPS WX-DC2416 PSU.
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FIG. 2. Circuit diagram of HEWN fragment with a single branch.

To determine discrete impulse responses (IR) for SMPSs
with different power ratings as listed in Table 1, the results
of operating attenuation and the operating transmission
constant phase calculations presented in [13] are used. The
formula shown in [14, 15] is used to calculate IR:

gm) = IFFT (h(k) - cos (¢(k)) +j - h(k) - sin (¢ (k))), (1)

where n — number of samples in an orthogonality interval,
0 < n < N; k—number of used subcarriers; A(k) — value of
HEWN operating attenuation module for sample with »n-
number in an orthogonality interval, dB; ¢(k) — value of
HEWN operating transmission constant phase for sample
with n-number in an orthogonality interval, rad.

To apply the one-sided (half) Hann [15] window to the
tail part of the IR for reduce artifacts caused by artificial
reflections due to finite IR length:

w(n) = 0,5 (1 + cos (5)), )

where N — number of samples in an orthogonality interval;
n — number of samples in an orthogonality interval,
0<n<N.

The Eq. 1 for calculating the IR takes the form:

Gren(n) = g(n) - w(). (€)

The results of the calculation, considering the use of a
one-sided Hann window, are shown on Fig. 3.

11l. ANALYSIS OF THE INTERFERENCE DUE
TO THE INPUT FILTER OF THE SMPS

In this article, we employ the interference calculation
method presented in [10] which accounts for the influence
of intersymbol and cross-channel interference BPLC TS on
the achievable data rate over HEWN. The dependence of
the ratio / of the effective values of the interference and the
signal at the input of the BPLC TS receiver is calculated
for the fragment of HEWN shown in Fig. 2, in accordance
with IR shown in Fig. 3 and the BPLC TS parameters
presented in [14]:

— frequency plane 25 MHz-PB;

—number of samples in an orthogonality interval,
N=2048;

—number of used subcarriers, n = 942;

—number of first used subcarrier, m = 82;

—number of samples in a guard interval, L = 32;

—limit power spectral density (PSD) mask of
transmitted signal.
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FIG. 3. Graphical representations of discrete IR g(¢) (the load is
SMPS with a power rating of: (a) 5 W; (b) 18 W; (c) 33 W;
(d) 150 W; (e) no-load; (f) short-circuit; (g) the load equal to the
characteristic impedance of the ShVVP wire (Zcn:)).

The dependences of the ratio 4 between the effective
values of the interference and the signal at the input of the
BPLC TS receiver on the subcarrier number / and the
number of sample k7, from which the signal processing in
the receiver begins, are shown in Fig. 4.

As shown on Figs.4 and 5, the dependence of the ratio
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FIG. 4. Graphical representations of dependences of the ratio 4 on
[ and kr (the load is SMPS with a power rating of: (a) no-load;
(b) short-circuit; (c) the load equal to the characteristic impedance
of the ShVVP wire (Zchi)).

h between the effective values of the interference and the
signal at the input of the BPLC TS receiver is minimal
when the load equal to the characteristic impedance of
ShVVP wire is connected to the branch. When the load on
HEWN branch is an SMPS with the power rating is 5 W,
the value and behavior of % are very close to those in the
case when the load is no-load.

An increased number of bursts is observed in Fig. 5b —
Fig. 5d. This can be explained by distortions in the
frequency characteristics of the communication channels
due to difference between the load is connected to HEWN
branch and the characteristic impedance of ShVVP wire.

IV. ANALYSIS OF THE NOISE GENERATED
BY THE ALTERNATING MAGNETIC FIELD
OF THE SMPS TRANSFORMER'S

When calculating the maximum achievable data rate
over HEWN, the noise induced by the alternating magnetic
field of transformer T1 must be considered. Imperfections
in SMPS input filter allow this noise to enter HEWN.

The transformer-induced noise level was measured for
all SMPS power ratings shown in Table 1 over the
0.15 — 30 MHz frequency range to obtain its quantitative
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FIG. 5. Graphical representations of dependences of the ratio 4 on
[ and kr (the load is SMPS with a power rating of: (a) 5 W;
(b) 18 W; (c) 33 W; (d) 150 W).

characteristics. The measurement was carried out using a
Keysight N9010B EXA spectrum analyzer and
an HM 6050-2 network equivalent, connected according to
the circuit diagram shown in Fig. 6.

Network Spectrum

analyzer

equivalent

FIG. 6. Circuit diagram of the SMPS transformer-induced noise
measurement setup.
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As shown in Fig. 1, SMPS equipped with interface
marked P2 (220VAC) that allow connect SMPS to HEWN.
Through this connector, SMPS is connected to the
HM 6050-2 network equivalent, which has an electrical
socket-type input. The spectrum analyzer is connected to
the network equivalent via a coaxial cable with a BNC
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FIG. 7. PSD of noise induced by the transformer's alternating
magnetic field in SMPS with a power rating of: (a) 5 W; (b) 33 W.
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FIG. 8. PSD of noise induced by the transformer's alternating
magnetic field in SMPS with a power rating of: (a) 150 W;
b) 18 W.
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connector on the network equivalent side and an N-type
connector on the analyzer side.

The measurement results are shown in Fig. 7 and
Fig. 8. The 10 dB insertion loss of the network equivalent
was taken into account. The recalculation from dB/kHz to
dB/Hz was carried out.

The power spectral density of the additive noise
(PSD AN) is -140 dB/Hz when the load on HEWN branch
is no-load, short-circuit, or equal i to the characteristic
impedance of ShVVP wire.

As shown in Fig. 7 and Fig. 8, the maximum level of
noise PSD generated by the SMPS transformer’s
alternating magnetic field is typical for SMPSs with 18 W
and 150 W power ratings.

This is primarily due to poor manufacturing quality and
imperfection in the input filter resulting from the use of
low-quality components. In addition, SMPS with 18 W
power rating the input filter consists of only single
capacitor with capacitance of 33 nF. This input filter is
unable to effectively suppress noise inducted by the
transformer magnetic field.

The lowest noise PSD generated by the SMPS
transformer’s alternating magnetic field is observed in
SMPS with a power rating of 33 W. This is due to high-
quality manufacturing, high-quality components and a
well-design input filter that effectively suppress noise
inducted by SMPS transformer’s alternating magnetic
field.

V. ANALYSIS OF THE INFLUENCE OF THE SMPS ON
THE DATA RATE OVER HEWN
The maximum achievable data rate in BPLC TS was
calculated using the method published in [16, 17]. As
shown in the formula (4) this method allows to take into
account the interference and noise PSD generated by the
SMPS transformer’s alternating magnetic field.

3SNRayn ()

E . 4
[ (s (hZ(z)sNRAN(l)-lo"‘“))} @

1,5345.

R = frinf -Z:’l’;’,f;m floor [logz <1 +

where:

fr ing — frequency of information frame in BPLC TS;

Myin — Minimal number of subcarrier frequency that
used in BPLC TS;

Myax — Maximal number of subcarrier frequency that
used in BPLC TS;

SNR,y — ratio between the signal power at the input of
the BPLC TS receiver (which is specified by the power
spectral density mask according to the relevant standard)
and power of the non-interference noise. This parameter
allows to take into account the influence of electrical
appliances that connected to the poles of HEWN;

h(l) — ratio h between the effective values of the
interference and the signal at the input of the BPLC TS
receiver on the subcarrier number /;

p — probability of error at the output of the /-th channel
of the receiver.

The results of the maximum achievable data rate in
BPLC TS calculation are shown in Table 2.
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TABLE 2. The calculating results of the maximum achievable data rate in BPLC TS over the HEWN.

The load type connected to HEWN branch

SNPS power rating, W No- Short o
5.00 18.00 33.00 150.00 load circuit i
% h =0,PSD AN =-140 dB/Hz 248.37
s 2 h in according to Figs. 4 and 5
> = >
& _EQ PSD AN = —140 dB/Hz 219.18 210.65 184.06 187.57 210.82 21851 24531
Q 7 . X .
=y f-0OnokelPSDinaccordinglo 9355 g375 23654 16096 - : :
g Figs. 7 and 8
£ g h in according to Figs. 4 and 5,
5 noise PSD in according to 175.17 82776  170.99 138.01 - - -
= Figs. 7 and 8
VI. CONCLUSION HEWN;

As a result of the research on the influence of SMPS to
the maximum achievable data rate over HEWN, it was
established that:

—the heterogeneity in HEWN, due to the input filter
acting as a load on HEWN branch and the noise generated
by the SMPS transformer’s alternating magnetic field, is
the cause of the reduction in the maximum achievable data
rate over HEWN;

— the maximum data rate over HEWN is achieved when
the load on HEWN branch equals to the characteristic
impedance of ShVVP wire;

—the absence of the input filter in SMPS with power
rating of 5 W allows the noise generated by the
transformer’s alternating magnetic field to penetrate into
HEWN unhindered. As a result the maximum achievable
data rate over HEWN is reduced by 22 % under
interference-free conditions. The reduction of the
maximum achievable data rate over HEWN is 11.75 %
when the PSD AN equals -140 dB/Hz and the interference
due to the heterogeneity in HEWN caused by active
resistance (R =10.58 kOhm), are take into account. A
comparison of the ideal conditions (no interference and
PSD AN equal to -140 dB/Hz) with the case where all
influencing factors are considered (4 from Fig. 5 and the
noise PSD generated by the SMPS transformer’s
alternating magnetic field from Fig. 7) shows a 29.48 %
reduction in the maximum achievable data rate over
HEWN;

—the input filter composed of single capacitor with
capacitance of 33 nF is unable to effectively suppress noise
generated by the alternating magnetic field of the
transformer in the SMPS with 18 W power rating. As a
result the maximum achievable data rate over HEWN is
significant reduced by 66.28 % under interference-free
conditions. The reduction of the maximum achievable data
rate over HEWN is 15.19 % when the PSD AN equals
-140 dB/Hz and the interference due to the heterogeneity
in HEWN caused by the input filter are take into account.
A comparison of the ideal conditions (no interference and
PSD AN equal to -140 dB/Hz) with the case where all
influencing factors are considered (% from Fig. 5 and the
noise PSD generated by the SMPS transformer’s
alternating magnetic field from Fig. 8) shows a 66.67 %
reduction in the maximum achievable data rate over
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—the effect of interference remains largely unchanged
whether HEWN branch is loaded with an SMPS rated at
33 W or 150 W. The reduction of the maximum achievable
data rate over HEWN is 25.89 % when the PSD AN equals
-140 dB/Hz. However, the influence of the noise generated
by the alternating magnetic field of the SMPS transformer
differs significantly. This effect accounts for a 4.76 %
decrease in the maximum achievable data rate over HEWN
for SMPS with 33 W power rating and 35.19 % decrease
for SMPS with 150 W power rating;

—the influence of SMPSs on the maximum achievable
data rate over HEWN when PSD AN is -140 dB/Hz is
comparable of no-load and short-circuit loads. However, as
shown in this article, the noise generated by the SMPS
transformer’s alternating magnetic field has significantly
influence to the maximum achievable data rate over
HEWN;

— the interference and the noise generated by the SMPS
transformer’s alternating magnetic field make a different
contribution to the reduction of the maximum achievable
data rate over HEWN. However, both are the integral parts
of SMPS influence on the maximum achievable data rate
over HEWN when SMPS acts as a load on the branch. The
interference causes an average reduction of 20 % in the
maximum achievable data rate over HEWN, while the
noise generated by the SMPS transformer’s alternating
magnetic field contributes an average reduction of 32 %.
Therefore, the noise contribution is more significant. Since
the noise primarily results from low-quality components,
poor manufacturing quality and suboptimal input filter
design, its negative impact can be effectively counteracted.
The use of high-quality input filters capable of effectively
suppressing the noise generated by the SMPS
transformer’s alternating magnetic field is an effective
solution for mitigating its impact on the maximum
achievable data rate over HEWN.
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Jocnipg)XeHHA BNAMBY imnyAbCHUX 610KiB }KUBNEHHA
Ha WBMAKICTb NnepeAaBaHHA AaHUX MepeXKaMu
6yAUHKOBOI €N1eKTPoNpoBOAKHU

OnekcaHgp AHeenu®", Kcenin TpudoHosa?

Kadenpa pagioenekTpOHHUX CUCTEM | TEXHONOTIN, [lepsKaBHUIA YHIBEPCUTET iHTENEKTYyaNbHUX TeXHONOTIN | 38’A3Ky, Ofeca, YKpaiHa
2Kadenpa iHdopmauiitHMx Ta KOMN'IOTEPHUX cUCTEM, [eprKaBHUIA YHIBEPCUTET iHTENEKTYyaNbHUX TeXHOAOTIN | 38°A3Ky, Ogeca, YKpaiHa

*ABTOp-KOopecnoHaeHT (EnekTpoHHa agpeca: nevych.science@gmail.com)

AHOTALLIA CTpiMKnI po3BUTOK |HTEpPHETY peyelt, OAHOr0 3 HalAMHAMIYHILLMX TEXHOOFYHMUX CEKTOPIB Y CBITi, 3yMOBJIIOE
NOCTIMHUA MOLWYK TEXHONOFYHMX PilleHb, AKi MOEAHYIOTb BUCOKY MPOMYCKHY 3A4aTHICTb, FHYYKIiCTb, MaclTaboBaHicTb Ta
€KOHOMIYHY edeKTUBHICTb A5 peanisauii Takmx KoHuenuii, ak Smart Grid, Smart Home i Smart City. Monpu aKTUBHUM
PO3BUTOK 6E€3MpPOBOLOBMX TEXHOJIOTIM Ta iX WMPOKE 3acCTOCYBAHHA B CEKTOPI IHTEpPHETY peyel, BOHW He 3aBXAWM 34aTHI
MOBHICTIO 334,0BO/ILHUTU BCi BUMOTU. 30KPEMA, Lie CTOCYETbCA 3abe3neyeHHs CTabinbHOro pPiBHA CUrHanAy B YMOBAax 30H
TiIHbOBOrO NOKPUTTA. Y TaKMX BUMAZKAX AOLiINbHUM € 3aCTOCYBaHHA TexHosorii Power Line Communication, wo aae amory
OpraHi3yBaTV LUIMPOKOCMYIOBUI AOCTYM i3 BUKOPUCTAHHAM Mepex ByAMHKOBOI enekTponpoBoaKu. Mig Yac NpoeKTyBaHHA
TaKUX MepeX, AK NPaBU/Io, He BPAXOBYETbCA MOK/IMBICTb NepeAaBaHHA AAaHMUX 32 AOMOMOrOK BMCOKOYACTOTHMX CUTHAIB.
Tomy aKTyaZlbHUM € AOCNIAXKEHHA MapameTpiB CcepefoBULLA MOLWMPEHHA CUFHaNY, a TaKOX BIJIMBIB, AKMUX 3a3HalOTb
napameTpu mepex byauMHKOBOT eNeKTPONPOBOAKM Bif, PI3HUX TUMIB HABAaHTAXKEHHA HA BiArany:KeHHAX. Y cTaTTi JOCNiAKEHO
BN/IMB IMNYNbCHMX B/IOKIB KMBNEHHSA Pi3HOI MNOTYXXHOCTI HA WBWAKICTb NepefaBaHHA AaHUX Y CUCTEMAX NepeaaBaHHsA, WO
DYHKLIOHYIOTb Mepexamn OyaMHKOBOI €NeKTPonpoBOAKM. AHani3 BUKOHAHO pana dparmeHTa Mepexi 3 Oof4HUM
Bigrany>KeHHAM, YTBOPEHOro Bigpi3kamu BiTYM3HAHOro nposoay LUBBI i3 naoweto nonepevyHOro nepepizy MigHUX
CTPYMONPOBIAHUX *Mn 1.5 mm2. MpoBeaeHO po3paxyHOK MaKCMMasibHO AOCAMKHOI LIBMAKOCTI nepeAaBaHHA AaHWUX Ta
34iMCHEHO aHani3 OTPMMaHUX pe3ynbTaTiB MOPIBHAHO 3 XapaKTepPUCTUKaMMK A4 BUNALKIB Y3rOAKEHOro HaBaHTAXKEHHA Ha
Bigrany»eHHi (xeu1boBUI onip), xonocToro xoay (06pMBY) Ta KOPOTKOFO 3aMMUKaHHA. TaKOXK PO3rNAHYTO BNAMB NapameTpis
BXiAHOro ¢inbTpa Ta Wymy, 3yMOBNEHOr0 3MIHHUM MarHiTHUM nosem TpaHchopmaTopa iMNyAbCHOro 6710Ka KMUB/EHHSA, Ha
MaKCMManbHO [OOCAXHY LWBWUAKICTb NepefaBaHHA [aHUX Mepexamn byAMHKOBOI e/1eKTPonpoBOAKU. [OCifKeHHs
nposeaeHo AnA pianasoHy 4Yactot Big 0 go 30 Mlu, wo Bignosigae vactoTHomy pgianasoHy 25 MHz—PB 3rigHo 3
Pekomengauieto ITU-T G.9964.

K/IKOYOBI C/IOBA 38'A30K NO NiHii enekTponepesay, WWPOKOCMYroBUIA AOCTYM, iMNYAbCHUIA BNOK KUBAEHHSA, LWBUAKICTb
nepefaBaHHA AaHUX.
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