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Abstract— To increase the flexibility of the aircraft
equipments and to reduce the possession and operaficosts
of the aircrafts, the main aircraft manufacturers want to

change fluidic systems by electrical systems. Howay this

evolution induces a high increase of the number ofvires.

Reducing the amount of wiring also allows decreasgnthe
construction and the maintenance costs, and the poting

emissions. Another interest is improving the reliabity of

aircraft equipment such as allowing monitoring of pwer

cables. To limit the number wires, we proposed tose power
line communication (PLC) for flight control systems (FCS)

on the high voltage direct current network (HVDC),between
a calculator unit and a power inverter for medium-haul

aircrafts. PLC technology has proven its reliabiliyy for

indoor network with the Homeplug Av standard. Nowadys,
many studies deal with the possibility to use PLC or

embedded systems. However, PLC for safety-criticalvionic

systems are not often studied. This paper attempte define
the physical layer for such application. The proposd

transmission technique used is orthogonal frequenagivision

multiplexing (OFDM), which is widely used with sucess in
many telecommunication systems. In this paper, wergsent
throughput measurement with Homeplug Av modems to
prove the feasibility of PLC in aircraft environment.

However, the Homeplug Av parameters are not adaptetb

the aeronautic constraints. Based on channel transf

function measurements and analysis, we proposed #wapt

the OFDM parameters to comply with the FCS real-tine

constraints.

Keywords-PLC; OFDM; coherence bandwidth; delay
spread; insertion gain; channel impulse response; aircraft;
avionic; bit rate; safety critical systems; HVDC network.

l. INTRODUCTION

In future aircrafts, hydraulic flight control systs
(FCS) will be replaced by electric ones. The main
interests are a better flexibility and a decrease i
maintenance costs. However, the major problem és th
increasing of wires length. Since the actuatorgierFCS
are electrical actuators, it is possible to charlge
medium to improve the speed of the transmissidms, t
reliability or to decrease the complexity of theattical
network. To reduce the electrical network complezind
propose a reliable transmission in the medium-haul
aircrafts, PLC technology seems to be a good catslid
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Reducing the mass of wiring also has the benefit of
reducing not only the maintenance and the consbruct
costs, but also the polluting emissions. In additithe
PLC technology could improve the reliability of the
aircraft equipment through the monitoring of thenpo
wires. In previous work [1], we proposed to defEDM
parameters for such kind of transmission in order t
comply with the real-time constraints. It is alszspible to
use optical fibers for the FCS, which is calledilylight
[2]. They allow high data rates and fast transmissi
However, it does not solve the problems of the petw
complexity, and aircraft manufacturers remain relotto
use them for avionics critical systems due to the
maintenance constraints. Another possibility is uge
wireless communication which is called fly-by-wigek
[3]. The main advantage of this technology is tiat
removes the wired medium. However, this technolsgy
vulnerable from the electromagnetic point of view,
terms of safety and reliability.

PLC technology has proven its reliability in in-hem
network with HomePlug Av [4]. This standard allotes
transmit data with a bit rate of about 200 Mbitisthe
[1;30] MHz bandwidth. In addition, there are numeso
studies concerning PLC in different kinds of vebiclike
cars [5][6][7][8], ships [10][11], and trains [14]B]. PLC
technology is also investigated in aircraft cabghting
system for multimedia application in the Europearjert
TAUPE [14][15]. However, even if the cabin lighting
system network is representative of one part oatheraft
electrical network, it is not appropriate for sgfetitical
systems like FCS. A first study, which proposeduse
PLC for a critical system, has been done in [18je T
authors studied the feasibility of using PLC tedbgg
between the power inverter and the actuator foditan
gears. In this case, the wire length between the&epo
inverter and the actuator is about five meters Hrel
network is a non-filtered low voltage AC network.
Nevertheless, in this paper, we focus on a new high
voltage direct current (HVDC) network, which is ger
(until thirty two meters long) and filtered.The H\D
network is a new = 270 VDC power supply network,
which will replace the AC 115 V, 400 Hz network.
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Figure 1. PLC system on aircraft wing

The interest for the aircraft manufacturers to ase
HVDC network is to allow the simplification of thmwer
networks (alternators, power conversion, circuédkers,
etc.). It becomes possible to use the reversibditythe
electrical actuators for the FCS to produce eleatri
power. As the HVDC network is still in design, wanc
influence the design of the power network in ortier
improve the quality of the propagation channel fioe
proposed PLC transmissions.

FCS do not require a high bit rate link, few Mbit/s
being enough. Nevertheless, the communication fest
highly reliable, deterministic, real time and masimply
with theDO-160 [17]. The DO-160 specifies test
conditions for the design of avionics electronicdvaare
in airborne systems. As shown in Fig. 1, we consibe
link between the calculator unit and the power itere
located near the actuators used for flight contiolthis
illustration, the PLC master near the calculatoit un
transmits data to the PLC slave near the powertiendt
corresponds to a point-to-point topology. It is oals
possible to use point-to-multipoint topology, whemee
PLC node transmits data to two PLC nodes. Moreover,
one of the major challenges of the command of {88 5
the real time constraints. The FCS operates atuémecy
about 1 kHz, which is called the fast control loop.
According to the common practice for the aeronautic
equipment, command systems must work six time®ifast
than the equipment that they command. It represants
6 kHz frequency system or a 167 us period in this
scheme. However, there are several calculatortssgrfast
control loop, which require time processing. It rese
reasonable to consider that the PLC system time
processing of the must not exceed from 10 % to 26f %
the 167 us period. In our case, it varies from §7q
34 pus.

The proposed PLC data transmissions are baseceon th
OFDM technique [18], which has been used with ssgce
in many wireless and wired line communication syste
like DVB, indoor PLC standards or 3GPP-LTE. This
technology is interesting for the PLC transmission
because it is flexible and robust in frequency ctele
channels.
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In this paper, we measure and analyze the proegati
channel in order to define an OFDM symbol duration
compliance with the real-time constraints. Bit rate
measurements are also performed to prove the figsib
of the PLC on the HVDC network for the FCS.

This paper is organized as follows. In Sectioné
describe the channel and the test bench, whildtseso
the insertion gain are presented in Section IIttiBa IV
describes the channel analysis and the optimizatidhe
OFDM parameters is presented in Section V. In 8acti
VI, simulations are performed in order to check the
parameters proposed in the previous section. Theats
measurements of the PLC link are given in Sectidn A/
synthesis of the main results and a conclusiomiaen in
Section VIII.

Il DESCRIPTION OF THETESTBENCH AND OF THE
MEASUREMENTCONFIGURATION

In the test bench, the channel is composed of rzekar
and two couplers that allow to connect the comnatioa
system over the HVDC network. Two kinds of couplers
are used: capacitive couplers or inductive couplers

A. Harnesses Configuration

During the measurement campaign, three architecture
were studied:

- the point-to-point architecture, with two capawt
couplers: architecture 1 (Fig. 2),

- the point-to-point architecture, with two indudi
couplers: architecture 2 (Fig. 3),

- the point-to-multipoint architecture with one reas

and two slaves, architecture 3 (Fig. 4).
The tests have been performed on a test benchawtithe
loads which are representative of actual avioréc$oand
with a £ 270 DC power supply. A fan has also besedu
For this experiment, a harness of 32 meters longesl. It
is representative of one possible wire length efgbwer
network of the FCS in aircrafts. It includes ondsted
pair, one twisted quadrifilar cable, and one singie.

In Fig. 2, the architecture 1 is represented. G#ipac
couplers are used to transmit on one twisted peér o
+270 V and -270 V. Capacitive couplers are compdised
a transformer for the galvanic isolation and two
capacitors. The harness is composed by one twstid
We have also considered another possibility, iceuse a
twisted quadrifilar for two different transmissions the
two polarities for the same load. In this case, the
quadrifilar is short circuited at both ends of eactarity
and inductive couplers can be used as illustratethé
architecture 2 in Fig. 3. In this figure, one signa
transmitted on the pair on the + 270V and one rothe
signal is transmitted on the other pair on the0 %7 It
must be emphasized that, for the same DC power, the
diameter of each wire of the quadrifilar can beuces to
avoid an increase of the copper weight.
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Figure 2. Point-to-point architecture with capa@tcoupler
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Figure 3. Point-to-point architecture with induetigoupler

There are two main interests to use this architectu
First, due to the short circuits at both ends, the
communications are less disturbed by the noiseymexd
by the power supply and the load. The other ontnés
possibility to use the avionics full duplex (AFDXyisted
quadrifilar already used in aircrafts for the traissions
[19]. These quadrifilars are light and their coraap is
mature. It means that the physical characterisifcthe
wires and the connectors are well known, whichhis t
major asset for the implantation in the aircrafts.
addition, this architecture allows different podgiles of
transmission. For example, it is possible to usesticond
polarity for redundancy or use the four couplenmsddull
duplex transmission.

The architecture 3 is presented in Fig. 4. In tase,
three couplers are used on the +270 V. Thus, thecha
is composed of one quadrifilar and one wire for the
-270 V polarity. Such architecture allows to tds tase
where one effector as an aileron is driven by teto@ors
(loads). For the architecture 3, only the transiois®n
the +270 V polarity has been tested. It is necgswatest
the point-to-multipoint topology because the transf
function cannot be deduced from the point-to-point
architecture due to the multipath and crosstalkt, Bu
similarly to the architecture 2, it is possibledonsider a
transmission on both polarities for two loads fhie t
explorations of different possibilities of transsians.

| Load 1 |——| Load 2 I

Inductive
cou]iler 3

Inductive
coupler 2

[ ey

Inductive
coupler1

1270V m :

Power

32m|
Figure 4. Point-to-multipoint architecture with inttive coupler

B. Channe Measurements

Transfer function measurements have been carried ou
with a network analyser in the [1;100] MHz bandwidt
with a 5 kHz resolution bandwidth. To do this, weed
the frequency scanning method. This technique el
scanning the channel using a network analyser with
constant stepdf on a frequency bandwidth equal to
fot N4f, wherefy is the minimum frequencyf is the
frequency step, and\ is the number of measurement
points. For each configuration, the transfer funtsi have
been measured between the input and the outpuVy
V3 and V4. Since there are more than two couplers on the
architectures 2 and 3, ¥Dloads are connected on the non
used couplers during the transfer function measengsn

Ill.  PRELIMINARY RESULTS

In order to prove the PLC feasibility and measime t
throughput on the test bench, Homeplug Av modeme ha
been plugged on the architectures 1 and 2 throhgh t
couplers. The power supply of the modems comes from
the HVDC network via a DC/DC converter. Data
transmissions between couplers and modems areljone
a twisted pair. In this preliminary study, we jdistus on
the experimental aspects to obtain a first resnltliok
capabilities using product on the shelf.

The throughput measurements are shown in Fig. 5 and
have been performed with the Jperf software. Wihen t
network is turned off, the throughput achieved 46itid
for both architectures. The tests with the activads
show a small decrease of the throughput. The teits
the fan, which is noisy, show the interest of thauictive
coupler compared with the capacitive coupler. lndé¢ee
throughput does not change a lot with the inductive
coupler but is divided by two with the capacitivaipler.
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Figure 5. Throughput measurement

The minimum bit rate measured is about 15 Mbits. A
specified in the communication buses like
ARINC 429 [20], MIL-STD-1553 [21] and ARINC 825
[22], the required throughput for the FCS is about
1 Mbit/s. Thus, the results presented in Fig. Sficanthe
feasibility of the PLC technology in such applicatiand
thus it is possible to use PLC technology to consegh
buses for FCS.

IV. INSERTIONGAIN AND CHANNEL IMPULSE
RESPONSE

In Section Ill, throughput is measured for the
architectures 1 and 2. Even if this throughputuificent
for FCS, the Homeplug Av standard is not adaptedhe
aircraft communication. In fact, the OFDM symbol
duration is equal to 46.52 us, which is not in adaace
with the real time constraints. Thus, we measutes t
channel transfer function to define new physicaleta
parameters adapted to this channel for a safetfgari
aeronautical system.
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A. Tested configurations

In Table I, the tested configurations are presented
“OFF” means that the power supply and the loads are
connected to the network and they are turned @N™
means that the power supply and the loads aredwne
Transfer functions are measured between the two
couplers. “P-to-p” means point-to-point and “P-t6-m
means point-to-multipoint.

B. Channel measurement results

In this paragraph, we only show the transfer fuorcti
with the network “ON” because there are no major
differences between the transfer function withrieevork
“OFF”. In addition, we do not represent the transfe
function on the-270 V with the architecture 2 bessgu
due to the symmetry of the network, transfer fuordiare
similar on both polarities.

Fig. 6 represents the insertion gain (IG) for tlhénp
to-point topology, namely, the architectures 1 &nd-or
the architecture 1, which corresponds to the
configurations C2 and C4, the IG decreases over the
entire bandwidth with several resonances. For the
architecture 2, which corresponds to the configonaC8,
the IG first decreases linearly (in dB) with thecfuency
up to 40 MHz, and varies from -5 to -25 dB. Thdmw tG
remains nearly constant between 40 MHz and 80 MHz
and, beyond 80 MHz, decreases very rapidly. Fig.7
shows the cumulative distribution function (CDF)the
IG for the architectures 1 and 2. For the confijaraC2
the insertion gain is higher than -23 dB over 5@fthe
bandwidth and higher than -32 dB over 90 % of thire
bandwidth. For the configuration C4 the inserti@ingis
higher than -28 dB over 50 % of the bandwidth aigthér
than -35 dB over 90 % of the entire bandwidth

TABLE I. TESTED CONFIGURATIONS

Configuration Topology Coupler Polarity Power Loads

C1 OFF
Architecture 1 Cc2 * ON Active loads

C3 Capacitive OFF

C4 ON

C5 P-to-p - OFF Fan
Architecture 2 C6 + OFF

C7 - ON

C8 Inductive ON

C9 OFF Active loads
Architecture 3 C10 P-to-m + OFF Fan

Cl1 ON Active loads

C12 ON Fan
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Fig. 8 represents the IG for the point-to-multigoin
topology, namely, the architecture 3. The IG iggsimilar
for the two configurations. There is a resonancelaiut
39 MHz for configuration C12. The IG of the architgre 3
is few dB lower than the IG of the architectureFally,
Fig. 9 shows the CDF for the architecture 3. Foe th
configuration C2 the insertion gain is higher th&% dB
over 50 % of the bandwidth and higher than -39 dBro
90 % of the entire bandwidth.

The channel may be studied also in the time dorimain
order to get the impulse response The channel sepul
response has been obtained from the measuremetite of
complex transfer function by applying a 20000 p®int
inverse Fourier transform (IFFT) in the [1;100] MHz
-7 20 20 0 80 100 band_width. The results of the _cha_nnel responsesttfer

Frequency (MHz) architectures 1 and 2 are shown in Fig. 10.

Figure 8. Insertion gain for the architecture 3

Insertion gain (dB)
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Finally, the coherence bandwidth is calculated ftiwe
transfer function and the delay spread is calcdl&t@m the
channel impulse response. The coherence bandwidtthe
delay spread allow to define the subcarrier spaeimd) the
cyclic prefix duration, respectively.

V. COHERENCEBANDWIDTH AND DELAY SPREAD

The coherence bandwidth is deduced from the alesol
value of the autocorrelation of the complex tran&fi@ction
[23]. The values of both coherence bandwidth anidyde
spread are calculated for 8 different frequencydbadths
for each configuration, from the [0;20] MHz bandttido
the [0;100] MHz bandwidth with a step of 10 MHz. thre
following, the coherence bandwidth is calculated o
correlation coefficient of 0.9. The delay spreadatculated
from the channel impulse responses according t. [24
appears that the values of the values of the cobere
bandwidth and delay spread are quite independerheof
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TABLE Il. COHERENCEBANDWIDTH AND DELAY SPREAD FORDIFFERENT

VEHICLES
Vehicles Bandwidth Delay spread Coherence
References (MHz) (ns) bandwidth (MHz)

Car [15] [1;50] 34-200 0.4-4.8
(pAircraft [16] [1;30] 100 0.6-0.9

Car[25] [0.3;100] 130 0.48

Car [26] [1;70] 380 0.4-0.7

VI.  OPTIMIZATION OF OFDM PARAMETERS

Taking into account the obtained results, the s&ep is
to adapt the OFDM symbol duration to the real time
constraint. The real time constraint is defined the
duration between the moment when a bit enter in the
transmitter and the moment when the same is availab

frequency bandwidth analysis. Fig. 11 represents ththe output of the receiver. We assume that all the

coherence bandwidth versus the inverse of the dsgdagad
for all
Conventionally, the coherence bandwidth is propaogl to
the inverse of the delay spread. In our case, itheard
regression leads to a correlation coefficient af50.This
result has been also noticed for indoor network$.[2

It appears that the architectures and the kindoapler
do not have a strong impact on the channel charistits,
the coherence bandwidth being of the order 700-k200
as the delay spread varies from 60 to 110 ns. Thesdts
are quite similar to those obtained for other endieed
systems as shown in Table Il. The delay spread unecs
for these channels is between 34 ns and 380 nsttend
coherence bandwidth is between 0.4 MHz and 0.9 MHz.

o o PR e
® © B b N g

o
\‘

Cohenrence bandwidth (MHz)

8 10 12 14
Inverse of the delay spread (MHz)

16

Figure 11 Coherence bandwidth versus of the inverse of dglagad

information contained in an OFDM symbol must be

the cases (bandwidths and configurations)completely received to be considered usable. Asalt; the

duration of the OFDM symbol is considered as an
incompressible latency time. Thus, it is necessargnsure
that the OFDM symbol duration is lower than the teae
constraints. It leads to an OFDM symbol duratiobneen
17 pus and 34 us, as explained in Section I. The @FD

symbol durationlp,, is given by the equation:
1

subcarrier spacing

Thus, we need to adapt the sub-carrier spacing thad
cyclic prefix duration (CP).

A. OFDM Sub-carrier Spacing

In order to meet the real time constraints, itésessary
to minimize the processing time for in the physitzjer.
Since fast Fourier transform (FFT) is a time conisigm
process proportional to the number of sub-carrieng can
try to decrease the number of carriers and choasen
common practice, a sub-carrier spacing less thafbolef
the coherence bandwidth. Taking into account theegin
Fig. 10, this leads to a 70 kHz sub-carrier spgoiigch is
about three times the value given in Homeplug Av
specifications (24.414 kHz). To decrease the time
processing, it is better to use a FFT size of powfeP.
Finally, it is possible to switch off sub-carrieis transmit
data on the proper frequency bandwidth. In our daseads
to 428 or 1428 useful sub-carriers for a transroissi
bandwidth over 30 MHz or 100 MHz respectively.

+cyclic prefixduration (1)

TOFDM =

B. Interference Characterization

Using the channel impulse response values, it ss al
possible to compute the inter symbol interfereri&) (and
the inter carrier interference (ICI) according te tcyclic
prefix CP length.
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Then, it becomes possible to choose the optimal CP| Random I_)I Mapping I__)| IFFT H cp
length because the increase of the CP length dssdhe tnput Insertion
power spectral density of ISI and ICI but also ki

spectral efficiency and data rate. The power spkdgnsity

of ISl and ICI can be computed by the equation:[27]

Channel

L-1 |L-1 o 2
o =207 3 S hlex - 2un)| @

I=Lp+1| u=l N |Demapping I(_IEqualization |(_| FFT Hﬁcnlt’)ve
where g7 is the variance of modulated sigrialjs the Figure 13. simulated OFDM transmission and receptimin
channel impulse responde,the channel length expressed o
in number of sampled,,, being also expressed in terms of 10 ‘ ‘ ‘ ‘ = CP=0
number of sample®y the number of sub-carriers, andhe P * CP=5
frequency sample index. 107 = CP=1Q

Fig. 12 gives the normalized PSD interferences, > :g::gg
expressed in dBm/Hz for configuration C11, whicbgants 10°¢
the highest delay spread, and calculated in tH&0[IMHz x
bandwidth. The PSD of the interferences has beettepl wio
versus the sub-carrier index and for various lengththe ~
CP. As expected, the interference PSD decreasddlyrap 107 "
with the length of the cyclic prefix but, beyond 2@mples,
it does not vary appreciably. Thus, it is not neeegto use 10°% \\,
al, value higher than 20 samples. N\
o s
0 : : : : : : , , 10, 5 10 15 20 25 30
—CP=0 SNR [dB]
-10 —CP=5 Figure 14. BER for different cyclic prefix length

72:2;;8 The time and frequency synchronization are assumed
be perfect. Each useful sub-carrier transmits otite b
corresponding to a BPSK symbol. In the following
simulations, the configuration C11 is tested ovéie t
[0;36] MHz bandwidth and all the sub-carriers ineth
[30;36] MHz bandwidth are turned off. The SNR idicled
as the ratio between the received power and thsenoi
1N ‘ _ power. Fig. 14 shows the influence of the CP len@th
m q(mﬂ (\ e number of samples) on the BER. In this configuratithe
[AVITENY P sub-carrier spacing is equal to 70 kHz. The dedialaf
Al “ Il the BER increases when the CP length decreasesc@ne
‘ ‘ VRN W.m”\ R observe that a CP length of 20 samples allows $orabthe
50 100 15c‘:)arri2£0nurflggr 300 350 400 interference due to the multipaths, as expressedhén
) ) ) Section VIB. Taking into account the interferences and the
Figure 12. Interference in the [1-30] MHz bandwidth BER calculations, we propose a CP duration of 20pes,
C. Smulation Results which correspond to 666 ns on the [1;30] MHz barttlwi

To show the influence of the CP length on the hiore As a comparison, if the cyclic duration was choegnal to

rate (BER), an OFDM transmission chain has beer [0 4 times the delay spread, as suggested in [26]
simulated using Matlab. The simulated transmissiomin is ~ Would obtain a CP duration between 220 and 44@high

presented in Fig. 13. The first block of the traittemis a IS Not sufficient in our case as observed in Fig.14

-20r

-30r

Interference ISI+ICI (dBm/Hz)
A
o

random binary data generator. The generated daga ar VIl Sy sis CONCLUSIO
mapped using binary phase shift keying (BPSK) matiturh ) | NTHESIS AND ] NCLUSION o
and an IFFT is then applied. The CP is then addethe In this paper, we have studied the feasibility &fCP

OFDM symbol in the time domain. The channel inckide transmissions  for —avionic ~safety critical ~systems.
both the complex channel impulse response anddtiiéiee ~ hroughput measurements with Homeplug Av. modems
withe Gaussian noise (AWGN). At the receiver, theerse N@ve been done and show a sufficient throughputtfer
process is realized and an equalization is used t6CS: In addition, the channel measurements proaeitiis
compensate the distortion effect introduced bydhannel, Possible to reduce the duration of an OFDM symbol,
For theses simulations, the channel estimatiosssraed to  compared to the Homeplug Av standard, by both aireg
be ideal and the zero forcing equalization is aap[PR8]. the sub-carrier spacing and decreasing the cyaleixp
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duration. In fact, in the Homeplug Av standard, gub-
carrier spacing is 24.414 kHz, the minimum cycliefjx

duration is 5.56 ps, and the OFDM symbol duratisn i

46.52 ps. In this PLC application, we propose teréase
the sub-carrier spacing up to 70 kHz and to deeréas CP

duration to 666 ns. Consequently, the OFDM symbol

duration is 14.94 us. These results will help uddfine the
physical layer parameters for a PLC avionics system
accordance with real-time constraints of a fastrobhoop.
This study can be applied to other critical aviosystems
running on a HVDC network like landing gear. Itatso
possible to use this study for a slow control laopHVDC
network like thrust reversal.

In the next steps, we will continue to define thEDD/A
parameters (constellation and frequency bandwialtid) the
channel coding to ensure a sufficient quality of gervice
for the FCS. In addition of the real time consttaithe
quality of service that is defined by the usefutrdie
(10 Mbit/s), the bit error rate (0 as on the AFDX), and
the respect of the DO-160 gauge in conducted eomssi
may be taken into account in the parameters oplttysical
layer.
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