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Abstract

Low-frequency narrowband (LF NB) power line communicai@gRLC) is an old data-communication concept that has redeiv
renewed interest in industry, standardization, and ac&dfmits potential to become an important element of the mamication
infrastructure supporting Smart Grid applications. Irsthaper, dedicated to Prof. Johannes Huber on the occasiur 60th
birthday, we review and discuss channel modeling and catigercoding methods for LF NB PLC systems operating in low-
voltage access networks.
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1. Introduction [3,4,5, 6, 7]. Considering idealized example scenariosic+ S
tion 3, we highlight the distance-dependent attenuatiqresx
Senced in LF PLC networks. This leads us to the second part of

has been used for more than 100 years, it has only relatigely r tiS Paper (Section 4), in which we discuss the use of repeate

cently returned to the centre stage of communication teloano © Pridge larger distances in such PLC networks. In pawicul
gies that are subject of research and innovation. It stanted COnsidering PLC over transmission lines as a bus system, we

the 1990s with broadband power line communications (PLC)presen_t and compareftérent multihop _transmission schemes.
operating from about 2 MHz to about 30 MHz or even beyond,FOI,loWlng [8], we advocate thg use O_f mcremental redun;i,anc
hich we refer to as cooperative coding, to improve the achie

and achieving data rates in excess of 100 Mbps [1, Ch. 7]. Mor¥ ) : >
recently, the focus has shifted towards low-frequencyavarr able rate in PLC repeater systems. We also provide specific ex

band (LF NB) PLC systems, operating below 500 kHz and prOTamples for cooperative coding schemes. This part of therpape

viding data rates of less than 500 kbps. Narrowband PLC fol® clqsel_y rela_ted to _vvork on relay chz_innels for V\_/ireless__com
automation and control, for example in ripple control syste munications, in particular [9]. We believe that this redatis

has historically been the most popular form of PLC. However,nOt coincidental, but emphasizes on the fact that many ndstho

with the arrival of the Smart Grid concept, and the potertfal devleloped for wireless communications are applicable 16 PL
PLC to play a role in the blend of technologies composing the©0: _ ) ] ] )
Smart Grid communications infrastructure, it has recenesd In closing this section, we hope that this paper provides

newed attention in research, development, and standéiaiza an informative short course through channel-modeling and
[1, Sec. 8.2], [2]. multihop-transmission concepts for LF NB PLC that will stim

ulate further research in this timely and relevant techgwlo
especially in view of its application in Smart Grid implenten

While the concept of data communication over power line

LF NB PLC and its application in low-voltage (LV) power
distribution grids in the access domain are the topic ofplis
per. It is dedicated to Prof. Johannes Huber, who has beentPNs:
pioneer in the application of communication theory to PLC,
on the occasion of his 60th birthday. In the f|r§t part of th|$2_ Transfer Functionsin PLC Networks
paper (Sections 2 and 3), we present the application of two-
conductor transmission line theory to produce and analyse t

transfer functions for transmission over LV power linesfiet  1h€ two-conductor transmission line formalism has often

access domain. This part may be seen as a tutorial summapfen used to model the power line channel and obtain trans-
of as well as a complementary view for a number of earlied€r functions, cf. e.g. [4, 11],[1, Ch. 2] While this formal

works studying transfer characteristics for LF NB PLC sugh a ISM fails to capture all transmission modes of multi-cortduc
power line cables and mode coupling due to unsymmetries

(cf. e.g. [12, 3, 13, 14] for more general modeling approache

UThe work of L. Lampe was supported by the Alexander von Huxibol
Foundation (while visiting the University of Duisburg-esg and the National

Sciences and Engineering Research Council of Canada (NSERC 1A prominent example is orthogonal frequency-division riplexing
Email addressesL.ampe@ece.ubc.ca (Lutz Lampe), (OFDM), whose application in PLC has early been advocateBroy. Huber,
vinck@iem.uni-dui.de (A.J. Han Vinck) in collaboration with iAd GmbH, cf. [10].
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Zs I I, whereZy andy denote the characteristic impedance and propa-
gation constant of the cable, respectively. The paramé&iees

PLC o
@ W v Network Z " shunt with impedancag; are
— Asn=1, Bsp=0, Csn=Z", Dsn=1. (6)
ZJ The parametergy, y, andZs are generally frequency depen-

dent, which renders thABC D-parameters in (1) and thus the
2 transfer function$d; (2) andH, (3) and the access impedance
Z, (4) depend on frequenci. For brevity, we omit explicit
display of this dependency in the notation.
Characteristic impedanc® and propagation constaptare
commonly referred to as secondary cable parameters. They ar
related to the primary cable parametBfsG’, L’, andC’, rep-

Figure 1: Loaded transmission line as (a) two-port netwartk @) equivalent ~ '€Senting resistance, conductance, inductance, anditzapae
model. per length, respectively, by

(b) H Z, i

= (R +j27fL")/(C +]2nfC’ 7
based on multi-conductor transmission line theory) anésec Z0= V(R +2xfL)/(G +j2rfC) ™

sitates idealized assumptions with regards to availaplelogy =~ and
and load information, it provides first analytical approgiions y = (R +27fL)(G +j2rfC’). (8)
and valuable insights in the transfer characteristics df Ret- The primary parameters depend on the physical cable char-
works. The exposition below follows closely the concise de-qteristics as well as the signal coupling.
scription in [11, Sec. 3] and [1, Secs. 2.3 and 2.8].

Figure 1(a) shows the representation of a power line trans- o )
mission system. The Helmholtz-Thévenin equivalent ¢irgts - PLC Transmission Scenarios

the transmitter is linked via a two-port circuit represegtthe We now put the formalism described in Section 2 to use to
PLC network to the load impedance modeling the receiver. Thgain insight into the transmission characteristics ovepbwer
two-port network can be described by the transmission l&€ p jines in the access domain. To this end, we consider a number
rameters ABC D-parameters) according to of scenarios for transmission between a transformer statiol
[ Vi [ A B H v, ] a house connection point. The scenarios are illustratedgin F

i || C D

(1) ures 2(a)-(e), and become more complex from top to bottom.
Given theABCD-parameters, the relevant transfer functionsreceiver modem “Rx” are connected by an unbranched power

I

In the first scenario in Figure 2(a) transmitter modem “Txtlan

relating input and load voltages are obtained as supply cable. This scenario is extended in Figure 2(b) by in-
N Z cluding the éect of the transformer impedanZe at Tx, us-
Hi = A = AZ +B ) ing a transformer model presented and validated in [7], and
Vi Z the impedanc&panel Of the house connection point (“panel”)
Hy = Vo~ AZ 1BiCZZs1DZs (3)  at Rx. For the numerical examples presented below we use

NAYY150SE for the main supply cable and NAYY50SE for

Furthermore, the access impedance follows as house connection cables (these are four-conductor powger su
AZ +B ply cables used for three-phase voltage supply in Europe, cf
Za= CZ +D (4) e.g. [1, Fig. 2.16]). The scenario in Figure 2(b) corresyzotod

) ) the transmission from a transformer station to the house con
The transfer functiomd; and access impedance can be used foﬁection point. In Figure 2(c) the reverse scenario is casid,

the equivalent transmission model in Figure 1(b), whiclyjui-t i.e., transmission from the house to the transformer. Tls-pr

cally of intere§t for cqmmunications enginee_rs. The magiat ence of additional branches, i.e., houses, on the main wuppl
transfer functionHs| is often used to quantify “line losses”, line is included in Figures 2(d) and (e)

while Z, is responsible for “coupling losses” [5].

In order to obtairH; or H, andZ,, the elements of the PLC 3 1. parameters
network to which transmitter and receiver from the link ofin apply (2)-(4) for the transmission scenarios shown in Fig
terest are connected, are modelled as transmission liceie g 2(a)-(e), we assume injection of the signal into twespha
and shuntimpedances, which are cascaded according totthe ngii, the neutral conductor as return (see [1, Fig. 2.26)), fo
work topology. TheABCD-parameters for a transmission line \yhich the following approximations are derived in [15], [1,
of lengthl are given by Sec. 2.3.3.1];

Aline = COSh@’l)’ Biine = ZOSinh('yl),
' ) R = \Jprfuo/r2, G’ = 2xfC tan@c),

_1. - (9)
Cie = - sinh(/), Diine = cosh1), L' = pot/(2r), C' = 26081 /8 ,



@

R
x NAYYS50SE

g

b
Trans- ®
former Panel
- NAYY150SE
Zr
-40 I I I I I I I I L
() 0 50 100 150 200 250 300 350 400 450 500
fT'a”S' Panel f [kHz] >
ormer
.Rx 6@ X Case (a), matched Rx impedance
(b) O Case (a)
- ! L
Z ¥ Case (b)
! D Case (c) i

"9"9“9"9#"6"9% et
B

R — | Panel
LR LRy

S M
© 57 - A

— | Panel I I I I I I I I
I Ry I }' I see }' ! ) E 100 150 200 250 300 350 400 450 500
f [kHz] ——-—>
‘Panel ‘ ‘Panel ‘ ‘Panel ‘ ‘Panel ‘ ‘Panel ‘
Figure 3: Magnitude transfer function as function of freguief for scenarios
Figure 2: lllustration of simplified transmission scenario from Figure 2. (a)H3| from (2), (b)|H2| from (3).

wherepuo, o, &, tan@c), andp are the vacuum permeability
and permittivity, relative permittivity and dielectricde angle ~ changes when the Rx-impedance is not matched to the cable
of the insulation, and specific resistance of the conducter, impedance. Let us first focus ¢idy| in Figure 3(a). As reflec-
spectively, and andd denote the radius of the cable and thetions occur on the line, the magnitude transfer functiorilosc
thickness of the insulation (see [1, Fig. 2.26]). The nuoari lates as function of frequency, overlaid by some small de
values for the NAYY150SE and NAYY50SE are- 156 mm,  Slope. Since the reflected wave travels the cable back atid for
¥ = 36 mmandr = 9.4 mm, ¢ = 2.8 mm, respectively, © arrive at Rx again, the extrema of the oscillations ocdur a
ande = 4 andp = 2.8-108Qm, and we further assume 4/2 = 2 km, whered = 1/(yeemof) = 1.5- 10°/(f/Hz) m.
tan@c) = 0.01. The components of the transformer model (sed=0r case (b) the extrema are inverted compared to caser(@g, si
Figure 2) areRy = 8Q, Lt = 25uH, andCr = 48 nF according the receiver-side impedance is small due to theZgyye, lead-
to [7]. The length of the power supply cable NAYY150SE is ing to a negative reflection céicient. Furthermore, we observe
chosen 1000 m. If not stated otherwise, the house connectidRuch larger attenuation compared to case (a). This is cdysed
cables NAYY50SE are assumed to be 20 m long (see Figure 2iie low impedance of the house connection point being edrall
and the impedance of the house connection point is chosen #the Rximpedance, which clearly dominates the overahatt
Zoanel = 5 Q (the low impedance accounts for parallel indoor uation. Considering the reverse link, i.e., case (c) in Fédl)
power lines branchingfbthe house panel [1, Sec. 2.3.1]). Mo- €mphasizes the role of the transformer impedafhgcewhich
dem impedances are setZg = Z, = 50 Q. (As we mention renders the total impedance on the receiver side frequescy d
later, the Tx impedance should be chosen smaller to reduse coPendent. But attenuation is less pronounced than for cgse (b
pling losses.) with the low panel impedance parallel to Rx. Compatiidg|

We hasten to point out that parameters like panel and modeffom (3) shown in Figure 3(b) to the curves in Figure 3(a) we
impedances, cable types and lengths, etc. will vary notaisly note the significantly larger signal attenuation, whichug do
different LV networks and PLC implementations. Furthermorethe coupling losses included in the definition|b|. These
panel impedances vary over time. But the results shown in th€sses can be reduced (in principle to zero) by decreasig th
following for the specific parameter values given abovevallo TX impedance [5]. It can be seen that the transfer fundtign
us to draw some generally applicable conclusions to guide this identical for cases (b) and (c), which demonstrates tla@ch

design of (cooperative) PLC systems. nel symmetry [16].
_ Next, we move to more realistic cases with multiple branches
3.2. Numerical Results along the power line. Figure 4 shows the magnitude transfer

Figures 3(a) and (b) show the magnitude transfer functioriunction|H;| for case (d) in Figure 2. More specifically, Fig-
[H;| from (2) and|H,| from (3) as function of frequency in ure 4(a) shows the transfer function when the first house con-
the range of 1 kHz to 500 kHz. Cases (a), (b), and (c) frormection point is located at exactly the middle of the 1000 m
Figure 2 are compared. Also included is the case of impedanaipply cable, i.e., at 500 m. For Figure 4(b) an average over
matching at the receiver. For this case, we observe thatpowd@00 magnitude transfer functiofid| is presented, for which
cable results in an attenuation that monotonically in@eagth  the location of the first house connection point, the lendth o
frequency. However, attenuation is fairly moderate, engly ~ the house connection cables, and the panel impedances are
about 1.5 dB at 100 kHz for the 1 km of cable. The picturegenerated randomly according to a uniform distributionrove
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Figure 5: Magnitude transfer functigit;| from (2) as function of distance
Figure 4: Magnitude transfer function as function of freguye f for Sce- from the transmitter Tx in scenario (e) from Figure 2 with Huke connection
nario (d) from Figure 2 with dierent locations of the receiver (Rx). Curve points, at diferent frequencie$.
for Scenario (a) included as a reference. |k) from (2), (b) average oH;|
for 100 random line networks.

a1/2 a1/2

[0,1000] m, [@20] m, and [05] x j[-5, 5] Q, respectively. We 0:0 é}«» cce
observe a significantly increased attenuation comparehleo t ! ’
unbranched line (case (a) in Figure 2). In Figure 4(a), we not 2 2
resonance féects, while the results in Figure 4(b) emphasize N(O’O")%B N(O’J")»ga
on the increase of attenuation with the overall transmisdis- Y '
tance. @ @

The latter &ect becomes more pronounced for the case (e)
in Figure 2 assuming 10 house connection points, whose-tranfigure 6: Model for transmission from Tx to Rx using repeste(Gaina/2,
fer functions|H,| at f = {50,100, 200,300} kHz are plotted in  Tx powero2, AWGN powero2.)
Figure 5. We observe that attenuation increases dranigtical
with distance between Tx and Rx for all frequencies. Theeang
of attenuations is consistent with the 40-100kiB reported in In this work, we consider the transmission line as a bus sys-
[5, 4]. We would like to emphasize that the specific shape ofem where only one transmitter can use the line to transmit in
the curves in Figure 5 strongly depends on the values of loatbrmation, and we study the concept of incremental reducylan
impedance&yaneiand also the location of the house connectionusing retransmissions, which we refer to as cooperativingod
points. For example, loads with reactive components cath leaWe follow closely the initial work presented in [8].
to frequency dependencies due to resonaffeets of loads [6],
[1, Sec. 2.2.5].

4.1. Transmission Model

4. The PLC Channel asa Bus-System Motivated by the results presented in Section 3.2, we apply
the simplified transmission model shown in Figure 6. Thegran

Consistently with the literature, e.g. [5, 4], it has beetales  mitter Tx wishes communicate to a destination Rx at distance
lished in the previous section that PLC users (i.e., custo)ne D and may make use &f — 1 repeatersi =1,...,N—-1. The
connected to the LV access network experience a signal afTx/repeater)-to-(repeaf@®x) distance isl = D/N. Each link
tenuation which notably increases with the distance froen th of distanced is associated with an attenuation facta¢d))*/?
transmitter location. This means that in many cases a messasee Figure 5). Furthermore, we assume disturbance bynaddit
needs to be transmitted via multiple hops from transmitter t white Gaussian noise (AWGN) with equal variance. We are
repeater. Furthermore, since a transmitted signal may ée ov aware that AWGN is a fairly simplistic representation foe th
heard by multiple receivers due to the broadcast natureeof thrich noise environment experienced in PLC (cf. e.g. [1, G). 2
transmission line network, more sophisticated signalretr  but it shall sdfice here for the introduction of cooperative cod-
mission concepts, collectively referred to as cooperator@-  ing. Future extensions will replace the AWGN by mixture ®@ois
munication, are applicable (cf. e.g. [17, 18, 19] for vatsaof ~ models, perhaps with memory [20], to account for tife@s of
cooperative communication in PLC). impulse noise seen in PLC channels [21].



4.2. Communication Strategies

Suppose that the transmitter Tx sends a binary signal and at
each receiver a hard decision is made. Then, each connection
can be described as a binary symmetric channel with a cross-
over probability, i.e., error probabiliti?e, determined by the
receiver-side signal-to-noise power ratio (SNRhrough

Pe = Q(\/ﬁ) >

where Q) is the Gaussian-Q function, amrds a constant de-
pending on the modulation scheme. For a link of distatice
we havey = a(d)o2/o2. In the following, we discuss possi-
ble communication strategies tffieiently use and operate re-
peaters. The first two strategies fall into the category @f-co |n summary, giverk and the link capacitieg(id),i = 1,..., N,
ventional multihop, while the third makes use of incrementathe lengthsy, i = 1, ..., N, are obtained from

redundancy. All three schemes have in common that source

Figure 7: The bus system with two links seen as a relay channel

(10)
can decode the message. For the destination, we have

N
k=" mC((N-i+1)d). (12)
i=1

and repeaters transmit the message only in one ol tirhe C(d) 0 S [m] [K

slots; the use of spatial reuse, which is not discussed heg, C(2d) C(d) 0 s 2| |k

enable further data rate improvements. : S E (13)
Detect-and-forwardn the connection between the transmit- C(N d C(N - 1)) c(d) n'N k

ter Tx and receiver Rx, the intermediate receivers can act as
detect-and-forward repeaters. After taking a hard decisio  and the overall achievable rate is
the received signal, repeatesends the remodulated signal to

receiveri + 1. If at the first repeater the detection error prob- (14)

ability is Pe, then the error probability at theth receiver is
given by 1- 31N (3)PZ(1 - PN-? ~ NPe. While this lin-
ear increase of error probability with distance is far bettan
the exponential growth experienced without repeatersusiee
of repetitions reduces the overall transmissidiicEency by a
factor of N. Sincey and thusP, is determined by the atten-
uation factora(d), andd = D/N, the number and location of
repeaters could be optimized such thiis minimized subject
to an upper bound on the error r&é, at the destination.
Decode-and-forwardAs in point-to-point connections, we
can also use coding to improve the communicatifiitiency.
Given the model described above, we have the cap@cdy =
1 - ey(Pe) for a link of distanced, wheree,(') is the binary en-
tropy function. Assuming that(d) is a measure for the achiev-
able rate with coding, which is monotonically decreasinthwi
increasingd, and considering thatl hops reduce the overall
available rate to

Car = C(d)/N, (11)

N
Ccoop = k/ Z n; .
i=1

If we do not use the cooperative coding, we have the rate from
(11)Cqyt = k/(Nny).

As an example, let us considbr = 2. With decode-and-
forward the rate i4 = 2C(d) = k/(2ny). With cooperative
coding we obtain

kK C(d)
M+, 2-C(2d)/C(d)

Clearly, ifa = 1, thenC(2d) = C(d) and thusn, = 0 and
the repeater is not used. However, ok 1, C(2d) < C(d),
and cooperative coding has an advantage. If, for example,
Pe = 103 anda = —10 dB, thenC(d) = 0.99 bittransmission
andC(2d) = 0.36 biytransmission. Hence, cooperative cod-
ing increases the rate from3® biytransmission using no rep-
etition or Q49 biytransmission using decode-and-forward to
C(d)/(2 - C(2d)/C(d)) = 0.60 biytransmission.

The concepts of detgdiecode-and-forward and cooperative

1
Ceoop= > EC(d). (15)

we again have an optimization problem for the number and thusoding are of course not new, but have been studied for giele

location of repeaters.

communications using relays, cf. e.g. [22], where the fdsus

Cooperative CodingSince we have a bus structure, we canon diversity, i.e., mitigating theffects of fading. Figure 7 illus-
use the fact that all users connected to the bus are able to hdsates the bus system fdr = 2 as a relay link, using Protocol Il
the communication. The achievable rate for communicateen b from [22, Table I]. The use of incremental redundancy in co-

tween transmitter Tx and the first receivekjsy = C(d), i.e.,

operative coding as described above has also been cortsidere

aftern; transmissions the first receiver can decode the transmigs a generalization of hybrid automatic repeat-requestQAR
tedk bits of information. Simultaneously, the amount of infor- for wireless relay networks in [9]. Furthermore, [23, 24]dy

mation received at the second receivami€(2d). To assist the
second receiver in decoding the transmitted message tezfiea
sends, encoded symbols, such that n;C(2d) +n,C(d). For
the third transmission, repeater 2 transmigncoded symbols
such thak = n;C(3d) + n,C(2d) + n3C(d) and the third receiver

5

the use of rateless codes to accomplish code combining(a.k.
information combining) for relay transmission.

To outline the advantages of cooperative coding, consider a
binary modulation scheme (= 2 in (10)) with a transmitter-
side SNR ofyrx = 02/02 = 13 dB, and a Tx-Rx-distance of



i ——— if it has no more than a single error. The second receiver also
= # = Decode-and-forward receives a signal, but it cannot reliably decode the trattachi

03 » ' . code word. The first receiver (repeater), after decoding, en

codes the first three information bits with a minimum-distn

3 shortened Hamming code of length 6, generated by the code

words [100110], [010101], [001011] (see (16)). The secand r

ceiver can decode the received code word, since it contains n

i more than a single error. After decoding, the second receive

can subtract the code word connected to these three infamat

bits from the first reception and decodes the fourth inforomat

bit using the minimum distance 7 code generated by [1111111]

which is able to correct three errors. The overdiiogency is

4/(7 + 6) > 4/14. The example shows the importance of the

code generator representation. Following this strat&tp},de-

fined the optimum distance profile (ODP) of linear block codes

Using the ODP, for particular codes, we are able to specdy th

maximum minimum distance of a sub-code. The ODP depends

Figure 8: Achievable rate for cooperative cod®gopand decode-and-forward on the initial e_nCOdmg matrix, as in the example. )
Cqr as function of number of repeatelé Link of 1 km and attenuation of The extension to Reed Solomon (RS) codes can be explained

o

o N

o o
T T

Achievable rate C ———>
IS4
e
@

0.1

0.05

Number of repeaters N ———>

{40,60,100 dB/km (curves from top to bottom). using thek/n RS-encoder matrix
. . . 1 1 1 1
D = 1 km. The attenuation for a link of length = D/N is 1 5 n-1
given bya = 1079, where we choosé € {40, 60, 100, dB/km 1 az a4 o Oé(n,l)
(cf. Figure 5 and [5, 4]). The error probability for direcars- G= @ @ , 17
mission oveii links follows from (10) asP? = Q(+/2a'y1y), :
and the corresponding link capacity @6 - d) = 1 — ex(PY). 1 ot Q2D kDD

We then can compute the achievable data rate for decode-and-

forward and cooperative coding from (11) and (14), respecwhere thex is a primitive element from the GF{? andn <
tively. Figure 8 shows the achievable rate as function of the?” — 1. Suppose again that = 2 and that we start with the
number of repeaterl. We observe that cooperative coding k X n encoding matrixG at Tx. The repeater has an encoder
achieves a higher rate for a given number of repeaters. i pafatrix generating theng, k;)-RS code consisting of the tdp
ticular, conventional multihop reaches a maximum rate arac ows of lengthn; of G, wheren; < n. Tx encodek symbols

tain repeater distanae= D/N, which decreases when repeaterand forwards the code word to the repeater. The repeater can
distance decreases through the addition of repeaters. eGoop decode the received word from Tx, whereas Rx can listen but
ative decoding, however, experiences a continuing inerégas NOt decode since the reception is too noisy. The repeater the
achievable rate for increasirg and thus decreasing repeater encodes the fird; symbols to Rx using thenf, k;)-RS code.

distanced. Rx is assumed to be able to decode thgsgymbols and sub-
tracts the influence from the first received code word. Sihee t
4.3. Example for Cooperative Coding minimum distance of the remaining code is increased, Rx can

We use the (74) Hamming code to illustrate an implementa- d&code the whole code word. The performance of this method
tion of cooperative coding with a fixed-rate code. Suppoae th dépends on the knowledge of the respective channel paremete
we have a bus with onljl = 2 links. The length of the links and can be optimized for particular values of the channel pa-
is such that we expect a single error in a received code worfRMeters. To be specific, consider Figure 7 and assume that th
per link. For the transmission using two links in tandem viaffaction of symbols errors in the link from Tx to Relay andrfro
detect-and-forward we expect two errors to occur, which canR€lay t0 Rx'isp, leading to a redundancy o2 symbols for

not always be corrected. Applying decode-and-forward woul c0dewords of length. The fraction of symbol errors to be cor-

allow error free transmission. But in both cases, the raomig ~ '€Cted in the direct link between Tx and Rx;is, wherer > 1.
4/14 bits per transmission. For cooperative coding, we use thi (Nese errors have to be corrected, the RS code has redundan

Hamming code generated by the encoding matrix 2npnsymbols. Hence, assuming < 1/2, we can express the
throughputs for the dlierent strategies as follows:

1 001100 K

|61 01010 Rrxorx = —=1-2np, (18)
G=loo 10110 (16) "
1111111 RTX—>ReIay—>Rx = % = Tp P (19)
The reason for this choice of encoding matrix will be madaircle k (1-2p)?
in the following. The first receiver can decode the code word Rooop = n+n 14 20p—4p (20)

6



Comparing these rates, we conclude Rabp > Rrx_rx for all
n > 1 andReoop > RrxsRelaysrx for n < 1/(2p).

It is easy to extend this strategy to more thén= 2 links, [13]
using the approach that leads to (13). Furthermore, we hate t
a similar idea was used by Dorsch [26], and later analyzed by
Huber [27], for incremental-redundancy ARQ using RS codesl14]
Finally, while it is convenient to apply punctured subcodés
the starting code at repeaters for the described commntignica [15)
strategy, which is easy to do for RS codes, since the purttture
subcodes are again (by definition) RS codes, it is not negess
to use a chain of subcodes. The use of codes with the specifiaéc?]
number of information symbols and minimum distance would[17]
sufice.

(12]

[18]
5. Conclusion

In this paper, we have studied transfer function charasteri [1°]
tics for LF NB PLC networks operating in the access domain.
Exemplary numerical results have shown that PLC signals urpzo;
dergo significant distance-dependent attenuation, whikes
multihop transmission using repeaters mandatory. Corisigle 21]
such multihop PLC as a bus system, we have demonstrated tI[1e
benefits in terms of achievable data rate that derive from the
application of cooperative coding, a concept that has setlyn  [22]
been discussed in wireless communications over the past 10

years. [23]
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