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Abstract

Power line communications (PLC) or broadband over power lines (BPL) are
getting popular for communication in smart grids. Consequently, new BPL
standards have been introduced and new norms for the electromagnetic com-
patibility (EMC) of BPL are approaching. In this paper, the gross data rate
is evaluated, which becomes achievable, if the newly approaching European
EMC norm prEN 50561 is applied to IEEE 1901 compliant BPL. For compar-
ison also older EMC norms are considered. The achievable data rate depends
on the standardized transmission techniques and on the signal-to-noise ratio
(SNR). To evaluate the SNR in underground medium-voltage (MV) networks,
the channel attenuation and the noise have been measured on a 700 m MV line
and compared to previous publications.
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1 Introduction

Next generation smart grids require a multiplicity of enhanced communica-
tion technologies [1]. Due to the direct connection with the electricity meters,
power line communications (PLC) or broadband over power lines (BPL) be-
come the first choice for communication in smart grids [2]. A measure of the
performance and value of a communication system is the channel capacity.
For BPL in access networks it depends on:

• the channel characteristics,
• the characteristics of noise and disturbances,
• the transmission techniques,
• the coupling of the signal to the power lines and
• the transmission power and, thus, on the applicable electromagnetic

compatibility (EMC) norms.

The characteristics of channel and disturbances for BPL in low-voltage
(LV) grids are well researched [3–6]. The characteristics of narrowband
power line communications (PLC) are thoroughly analyzed as well [7, 8].
In recent years also the characteristics and capacity of broadband channels
in medium-voltage (MV) access networks have been investigated [9–12].
Based on measurements, transmission channel and noise in MV networks
have been characterized in [9] and [10]. Also the channel capacity has been
calculated in [10]. The reachable capacity depends on the injected power
spectral density (IPSD). In literature, the IPSD was determined by assuming
a certain total transmission power Ptx and applying algorithms such as the
water-filling (W-F) approach to optimize the spectral efficiency. In [10] a total
transmission power of Ptx = 1 W was assumed, yielding channel capacities
of tens or hundreds of Mbit/s. However, with this approach, the limits of
the electromagnetic compatibility (EMC) are exceeded by tens of dB. EMC
limits were taken into account in [11] and [12], where also channel capacities
were determined. However, in these cases, the channel attenuation, used in
the capacity calculations, were based on calculations of theoretical overhead
MV networks, which were specified by the network geometry in terms of
cable lengths and number of branches between transmitter and receiver. A
comparison with measurement results in underground MV networks show
significant differences of the attenuation [10]. Independently on the absolute
attenuation, it was shown that channel capacity is very sensitive to EMC
limits [11, 12]. The question, which EMC norm shall be applied to BPL,
is a matter of dispute. The European norm EN 55022 and the newly emer-
ging draft prEN 50561, which is specifically tailored to BPL were not yet
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considered for the calculations of the channel capacities. Furthermore, the
channel capacity is only a theoretical upper threshold of the maximally pos-
sible data rate. Actually, the achievable data rate also depends on transmission
techniques. Those transmission techniques to be used in BPL were recently
standardized in IEEE 1901 [13].

In this paper, new measurement results from an underground MV network
are presented, cf. Section 2. The results are similar to measurement results,
which were found in other underground MV networks [10]. The found chan-
nel characteristics are used to determined channel capacities, taking the EMC
limits from EN 55022 and the newly approaching draft prEN 50561 into ac-
count, cf. Section 3. To evaluate more realistic boarders of achievable data
rates, block error ratios (BLER) have been simulated for transmission tech-
niques from the BPL standard IEEE 1901, cf. Section 4. From IEEE 1901
only the physical layer (PHY) based on Wavelet OFDM is simulated with
the concatenation of Reed Solomon (RS) and convolutional codes (CC) used
as forward error correction (FEC) scheme. The minimally required signal-
to-noise ratios (SNR) are identified from the simulation results and used
to calculate the usable bandwidth and finally the achievable data rates, cf.
Section 5. A conclusion is given in Section 6.

2 Measurements

2.1 Measurement Environment and Setup

For the characterization of the BPL transmission channel, measurements were
carried out at premises of a 10 kV underground medium-voltage (MV) access
network in a city in Germany. The magnitude of the channel’s transfer func-
tion and the noise were measured at two locations of the MV network, a
distribution substation SD and a transformer substation ST. Figure 1 shows
the measurement setup in the access network. SD and ST are connected by
a 700 m underground MV cable. Capacitive PLC couplers CC1 and CC2 are
used to connect the measurement equipment in SD and ST in common mode
to one lead of the MV power line. The insertion loss is less than 2 dB. Better
transmission characteristics could be achieved by coupling the signal differ-
entially between two leads, as it is done in LV networks. But such differential
coupling requires a second capacitive coupler and PLC couplers for MV are
expensive. Thus, in practice, the signal is often coupled in common mode. Ex-
cept of CC1, CC2 and the fuse, there are no other elements between transmitter
and receiver. SD, ST and the MV line have connections to other distribution
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Figure 1 Elements of the measured MV access networks.

and transformer substations. The transformer of ST is also connected to a
230 V low-voltage (LV) network of an urban district.

2.2 Transfer Function

A Rohde & Schwarz (R&S) signal generator (SMIQ) is used to transmit
monochromatic signals at different frequencies fi at the transformer substa-
tion ST, while a R&S spectrum analyzer and test receiver (ESPI) is used at
the distribution substation SD, measuring the received signal power in the
frequency range from fi − Br/2 to fi + Br/2, with Br = 3 kHz being
the measurement bandwidth. With the powers Prx,i of the received signal
and Ptx,i of the transmitted signal during the i-th measurement, the transfer
function’s magnitude at frequency fi becomes |H(fi)|2 = Prx,i/Ptx,i . To get
an impression of the frequency selective transfer function, the measurements
have been repeated for different frequencies fi , 0.5 MHz ≤ fi ≤ 20 MHz, in
steps of fi+1 − fi = 250 kHz. Figure 2 shows the measurement results.

A comparison to previous publications on the transfer function’s mag-
nitude or the end-to-end attenuation shows some differences. The meas-
urement results in an underground MV network in Beijing showed similar
results but slightly higher attenuations at low frequencies and slightly less
attenuation at high frequencies [10]. However, totally different results of
significantly lower attenuations at high frequencies were published in [12],
where the attenuation was calculated for overhead MV networks based on
theoretical considerations. Measurements in LV networks had shown atten-
uations, which look qualitatively similar to those from Figure 2, but with
higher attenuations [14]. The measurement in Figure 2 has been repeated two
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Figure 2 Magnitude 20 log10 (|H(f )|) /dB of the transfer function on a 700 m MV power
line.

times, yielding the same results. This finding fits to the results from [10], the
attenuation does not change considerably in time.

2.3 Noise

The noise has been measured at both premises. Figure 3 shows the resulting
noise spectra at ST and SD. Comparable noise measurements in other un-
derground MV networks show the same or higher noise levels [10]. Thus,
the noise levels shown in Figure 3 and used for the following capacity
calculations, can be considered as moderate noise levels.

3 Channel Capacity

Channel capacities in MV networks had been investigated in previous pub-
lications. After measurements, comparable to those in Section 2, Liu et al.
found channel capacities between 18 Mbit/s and 262 Mbit/s [10]. However,
EMC constraints were not taken into account. Instead, the water-filling (W-
F) algorithm was used to distribute a total transmission power of Ptx = 1 W
over the occupied frequency range. This approach yields high spectral power
densities. Several EMC norms were taken into account by Lazaropoulos et
al. to determine channel capacities, but the theoretically calculated channel
attenuations for overhead MV networks were much lower than those in [10]
or in Section 2 [12]. Furthermore, it was noted that EMC issues are crucial
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Figure 3 Noise spectral density at the distribution substation SD and at the transformer
substation ST.

for the large scale deployment of BPL, but the latest European EMC norms
were not yet considered [12, 14, 15].

Previous publications showed that the overall channel capacity does not
significantly depend on the coupling mode. Comparisons of common mode
and differential mode showed similar results in American and in Greek MV
networks [11, 12]. The channel capacity considerations in this section are
therefore based on measurements with signal coupling in common mode only.

In order to comply with EMC limits, this section considers only fixed
spectrum allocation rather then flexible allocation schemes such as water-
filling (W-F). It was shown that in most cases, W-F IPSD provides almost no
advantages and only in few cases little capacity advantages compared to fixed
power allocation [12].

With frequency f , the received power spectral density Prx(f ) and the
noise spectral density PN(f ) at the receiver, the channel capacity C in the
frequency range from f1 to f2 can be calculated by [16]

C =
∫ f2

f1

log2 (1 + [Prx(f )/PN(f )]) df. (1)

The capacity in (1) depends on the signal-to-noise ratio (SNR) at the
receiver. With the transmission power spectral density ptx = 10 log10(Ptx),
the noise spectral density pN = 10 log10(PN) and the transfer function H , the
SNR becomes

10 log10

(
Prx

PN

)
= ptx + 20 log10 (|H |) − pN. (2)
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Figure 4 Spectral masks for mean conducted voltage in CISPR 22/EN 55022 and prEN 50561.

For the capacity calculation, the transmission power spectral density
Ptx(f ) shall be as high as possible, i.e. equal to the EMC limits. Figure 4
shows the spectral masks from different European norms. Actually, the norms
specify the maximally injected voltage in dBµV, to be measured on a ref-
erence bandwidth of 9 kHz. Figure 4 shows the power spectral density in
dBm/Hz at a reference impedance R = 50 �, which is the impedance of the
PLC couplers.

The EN 55022, a copy of the international CISPR 22 norm from the Comit
International Spcial des Perturbations Radiolectriques (CISPR), defines lim-
its for two classes of devices, class A and class B, and for two different
coupling modes, differential mode and common mode [17]. Differential mode
means the voltage between two leads, whereas common mode means the
voltage between lead and ground. The common mode limits are lower than
the differential mode limits, because common mode voltages yield more ra-
diation and interference to wireless services. The EN 55022 is actually not
tailored to BPL but to electrical devices in general, its applicability to BPL is
controversial. The new draft norm prEN 50561 is tailored to BPL and might
be used for BPL in future [18–20]. It defines a relatively liberal limit of
95 dBµV/9 kHz and notches at operation frequencies of wireless services. To
protect the wireless services from interference, the signal voltage shall be
reduced by another 30 dB inside the notches. Figure 5 shows the resulting
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Figure 5 Reachable signal-to-noise ratio (SNR) on a 700 m MV line.

Table 1 Channel capacity over a 700 m MV line with different EMC limits.
f/MHz EMC norm C/[Mbit/s]

1.6065–20

prEN 50561-1 32.6
EN 55022 Class A, differential 27.6
EN 55022 Class B, differential 10.2
EN 55022 Class A, common mode 5.90
EN 55022 Class B, common mode 0.59

0.5–20
EN 55022 Class A, differential 32.7
EN 55022 Class B, common mode 1.11

0.5–10
EN 55022 Class A, differential 32.4
EN 55022 Class B, common mode 1.11

SNR at the receiver, if the channel from Figure 2 and the noise at SD from
Figure 3 are assumed.

Table 1 shows the resulting channel capacity for different frequency
ranges and with different transmission powers according to the introduced
EMC limits. A capacity of up to 32.7 Mbit/s could be reached. It shall be
noted that the prEN 50561 limits are not defined below 1.6065 MHz. How-
ever, higher data rates can be achieved, if transmission starts at 0.5 MHz.
On the other hand, due to the high attenuations at high frequencies, signal
transmissions above 10 MHz is not worth it.
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4 Required Signal-to-Noise Ratio

The channel capacities in Table 1 are upper thresholds for data rates. In
practice, the achievable data rate depends not only on the SNR but also on
the transmission techniques and the bandwidth, which is gainfully usable.
Transmission techniques for BPL are standardized in IEEE 1901 [13]. To
figure out, which SNR IEEE 1901 devices require, Monte Carlo simulations
have been carried out. With the minimally required SNR and the frequency
dependent SNR from Figure 5 the bandwidth is determined, which can be
used for BPL transmission. Finally, with the applied modulation and coding
scheme, the achievable gross data rate is calculated.

IEEE 1901 includes two physical layer (PHY) specifications, one us-
ing fast Fourier transform (FFT) orthogonal frequency division multiplexing
(OFDM) and one using Wavelet OFDM. Both PHYs support different modu-
lation and coding schemes (MCS) with different bit loadings and code rates.
The channel codes used with the FFT OFDM PHY are turbo convolutional
codes, whereas the Wavelet OFDM PHY uses either low-density parity-check
convolutional codes (LDPC-CC) or concatenated Reed–Solomon and convo-
lutional codes. The Wavelet OFDM modulation has advantages compared to
FFT OFDM in BPL [21]. In the following, only the Wavelet OFDM PHY
is considered for the transmission with concatenated Reed–Solomon and
convolutional codes.

The minimally required SNR depends on the bit error ratios (BER) and
the block error ratio (BLER), which are maximally tolerated by the service.
Considering the transmission techniques and the position of BPL in the com-
munication system, the BPL interface becomes comparable with a wireless
interface in a communication network. Requirements for BER and BLER in
wireless interfaces are defined in several standards and have been summarized
in [22]. Several services with different quality-of-service (QoS) constraints
are distinguished. Typically, BPL supports packet services using internet pro-
tocol (IP) to allow a plurality of applications. A BLER requirement for packet
services with standard priority is BLER < 10−4 [22]. Table 2 shows the found
requirement for the ratio of bit energy Eb to noise spectral density N0 for
the introduced transmission technique from [13] and for different code rates
Rc = 1/2 and Rc = 7/8.

The relation between bit energy to noise spectral density ratio
10 log10 (Eb/N0) and the SNR from Figure 5 depends on the modulation
order M, the code rate Rc and the ratio of sampling rate and bandwidth. If
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Table 2 Minimally required bit energy to noise ratio and signal power to noise ratio.
BLER M Rc 10 log10 (Eb/N0) 10 log10 (Prx/PN)

10−4 2 1/2 3.3 dB 0.29 dB
10−4 2 7/8 6.0 dB 5.42 dB

Table 3 Usable bandwidth and data rates.
f /[MHz] EMC norm Rc Bu/[MHz] R/[Mbit/s]

1/2 6.75 2.28
1.6065–20 prEN50561 7/8 4.25 2.52

1/2 6.50 2.20
1.6065–20 CISPR 22 A diff. 7/8 5.75 3.41

1/2 3.75 1.27
1.6065–20 CISPR 22 B diff. 7/8 1.50 0.89

1/2 2.25 0.76
1.6065–20 CISPR 22 A com. 7/8 0.50 0.30

1/2 0.00 0.00
1.6065–20 CISPR 22 B com. 7/8 0.00 0.00

1/2 7.38 2.50
0.5–10 CISPR 22 A diff. 7/8 6.63 3.93

1/2 0.25 0.08
0.5–10 CISPR 22 B com. 7/8 0.00 0.00

sampling rate and bandwidth are the same, the SNR becomes

10 log10 (Prx/PN) = 10 log10 (Eb/N0) + 10 log10 (Rc)

+ 10 log10

(
log2 M

)
.

(3)

The Wavelet OFDM PHY in IEEE 1901 uses 512 carriers, occupying
frequencies from 0 Hz to 31.25 MHz. This yields a carrier spacing BSC ≈
61 kHz. Optionally, only 1/2 or 1/4 of the full bandwidth can be occupied,
yielding 15.625 MHz or 7.8125 MHz, respectively. However, due to the low
achievable SNR from Figure 5 and the SNR constraints from Table 2, only
a few MHz can be used for data transmission. Table 3 shows the remaining
usable bandwidth Bu for different code rates Rc, EMC norms and frequency
ranges.

5 Achievable Data Rates

The achievable gross data rate is calculated from the remaining usable band-
width Bu, the code rate Rc, the bit loading ld(M) of the modulation order M
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and the overhead of the guard intervals (GIs). In multi-carrier systems GIs
are often added between the symbols to avoid inter symbol interference (ISI).
FFT OFDM often uses cyclic GIs, referred to as cyclic prefix, which allow
one-tap equalization in frequency domain. A similar approach is used in case
of Circular Wavelet OFDM [23]. IEEE 1901 proposes GIs of 756 samples or
1956 samples, which can be used optionally in MV networks where channel
impulse responses are longer, cf. section 13.4.2, PPDU structure, in [13]. The
FFT size shall be 4096 points or 512 points for coexistence with TIA-1113
systems like HomePlug, cf. Section 13.2, FFT system, in [13]. With the 4096
FFT and 1956 samples GI for MV networks, the gross data rate becomes

R = ld(M) · Rc · Bu ·
(

1 − 1956

4096 + 1956

)
. (4)

The last column in Table 3 shows the achievable gross data rate from
(4) for different EMC norms. In practice, the data rate is further reduced by
protocol overhead and multiple access protocols.

The remaining achievable gross data rate is between about 80 kbit/s, if
CISPR 22 limits for class B devices with common mode coupling are ap-
plied, and about 3.9 Mbit/s for CISPR 22 class A devices with differential
mode coupling. The limits from the newly approaching prEN 50561 norm
allow data rates of 2.5 Mbit/s. This result is far below estimations in other
publications [10, 12]. Main reasons for this result are the combination of the
high attenuation of the underground MV line with the low European EMC
limits, which were not considered yet, and the transmission techniques from
IEEE 1901, which are not tailored to cope with the resulting low SNR.

6 Conclusion

Measurements of channel attenuations and noise in an underground MV net-
work have been carried out. In comparison with previous publications the
measurements show similar results but slightly higher attenuations and a
lower noise level. Taking different European EMC norms into account, the
achievable SNR has been evaluated. With the in IEEE 1901 BPL minimally
required SNR, the usable bandwidth and finally the achievable gross data
rates have been determined, yielding only a few Mbit/s. Also the channel
capacity has been calculated and compared to previous publications. Pre-
vious investigations determined higher capacities, either because no EMC
limits were taken into account, or because higher EMC limits and lower,
theoretically calculated channel attenuations were considered. A comparison
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of the theoretical channel capacity with the achievable data rates show that
the data throughput could be improved, if the standardized BPL transmission
techniques were tailored to cope with the extremely low SNR. However, even
with improved transmission techniques, frequencies above 10 MHz cannot be
used for appreciable data transmission in MV networks, if the EMC limits are
not relaxed.
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[1] V. C. Güngör, D. Sahin, T. Kocak, S. Ergüt, and C. Buccella. Smart grid techno-

logies: Communication technologies and standards. IEEE Transactions on Industrial
Informatics, 7:529–539, 2011.

[2] R. P. Lewis, D. P. Igic, and D. Z. Zhou. Assessment of communication methods for
smart electricity metering in the U.K. In Proceedings IEEE PES/IAS Conference on
Sustainable Alternative Energy (SAE), 2009.

[3] M. Zimmermann. Energieverteilnetze als Zugangsmedium für Telekommunikationsdi-
enste. Berichte aus der Kommunikationstechnik, Shaker, 2000.

[4] A. Schwager, L. Stadelmeier, and M. Zumkeller. Potential of broadband power line home
networking. In Proceedings Second IEEE Consumer Communications and Networking
Conference (CCNC), 2005.

[5] Open PLC European Research Alliance, http://www.ist-opera.org/.
[6] H. C. Ferreira, L. Lampe, J. Newbury, and T. G. Swart Power Line Communications:

Theory and Applications for Narrowband and Broadband Communications over Power
Lines. John Wiley & Sons, Chichester, United Kingdom, 2010.

[7] M. Katayama, T. Yamazato, and H. Okada. A mathematical model of noise in nar-
rowband power line communication systems. IEEE Journal on Selected Areas in
Communications, 24:1267–1276, 2006.

[8] B. Varadarajan, I. H. Kim, A. Dabak, D. Rieken, and G. Gregg. Empirical measurements
of the low-frequency power-line communications channel in rural North America. In
Proceedings IEEE International Symposium on Power Line Communications and Its
Applications (ISPLC2011), pp. 463–467, April 2011.

[9] J. J. Lee, S. J. Choi, H. M. Oh, W. T. Lee, K. H. Kim, and D. Y. Lee. Measurements
of the communications environment in the medium voltage power distribution lines
for wide-band power line communications. In Proceedings IEEE International Sym-
posium of Power Line Communications and Its Applications (ISPLC04), Zaragoza,
Spain, pp. 69–74, March 2004.



Achievable Data Rates of BPL in Underground MV Networks 257

[10] H. Liu, J. Song, B. Zhao, and X. Li. Channel study for medium-voltage power network,
in Proceedings IEEE International Symposium on Power Line Communications and Its
Applications, pp. 245–250, 2006.

[11] P. Amirshahi and M. Kavehrad. High-frequency characteristics of overhead multicon-
ductor power lines for broadband communications. IEEE Journal on Selected Areas in
Communications, 24:1292–1303, July 2006.

[12] A. Lazaropoulos and P. Cottis. Capacity of overhead medium voltage power line
communication channels. IEEE Transactions on Power Delivery, 25:723–733, April
2010.

[13] IEEE Standard for Broadband over Power Line Networks: Medium Access Control and
Physical Layer Specifications, 2010.

[14] M. Gebhardt, F. Weinmann, and K. Dostert. Physical and regulatory constraints for com-
munication over the power supply grid, IEEE Communications Magazine, 41:84–90,
May 2003.

[15] D. Hansen. Review of EMC main aspects in fast PLC including some history. In Pro-
ceedings IEEE International Symposium on Electromagnetic Compatibility (EMC’03),
vol. 1, Istanbul, Turkey, pp. 184–192, May 2003.

[16] R. Gallager. Information Theory and Reliable Communication. Wiley, 1968.
[17] Information technology equipment – Radio disturbance characteristics – Limits and

methods of measurement, 2006.
[18] CLC/TC 210/WG 11, PLT apparatus standard.
[19] Powerline communication apparatus used in low voltage installations – Radio disturb-

ance characteristics – Limits and methods of measurement – Part 1: Apparatus for
in-home use, final draft, February 2012.

[20] Power-line telecommunications modems – Radio disturbance characteristics – Limits
and methods of measurement – Part 2: Modems for access networks, prEN 50561-
2:2011, 2011.

[21] S. Galli, H. Koga, and N. Kodama. Advanced signal processing for PLCs: Wavelet-
OFDM. In Proceedings IEEE International Symposium on Power Line Communications
and Its Applications (ISPLC2008), Jeju City, Island, 2008.

[22] L. K. Tee. Packet error rate and latency requirements for a mobile wireless access
system in an IP network. In Proceedings IEEE 66th Vehicular Technology Conference
(VTC2007), Baltimore, USA, October 2007.

[23] L. Zbydniewski and T. Zielinski. Performance of wavelet-OFDM and circular wavelet-
OFDM in power line communications. In Proceedings Signal Processing Algorithms,
Architectures, Arrangements, and Applications (SPA2008), Poznan, Poland, September
2008.

Biographies

Andreas Waadt received the diploma (M.Sc. equiv.) in electrical engineering
from the University of Duisburg-Essen, Germany, in 2004. Since 2004 he
has been with the Department of Communication Technologies (Lehrstuhl
für Kommunikationstechnik) at the University of Duisburg-Essen. His



258 A. Waadt et al.

research areas include wireless communications, location tracking in mobile
networks, cognitive radio and broadband over power lines.

Christian Kocks received the diploma (M.Sc. equiv.) in electrical
engineering from the University of Duisburg-Essen, Germany, in 2008.
He has been with the Department of Communication Technologies
(Lehrstuhl fr Kommunikationstechnik) at the University of Duisburg-Essen
since 2008 where he focuses on software-defined radio, cognitive radio and
broadband powerline communications.

Guido H. Bruck has been with the Faculty of Electrical Engineering
of the Gerhard-Mercator-Universität Duisburg since 1984. He joined the
Department Communication Equipment and Systems (Nachrichtengeräte
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