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Abstract— PLC technology based on an OFDM communication  side), corresponding to a point-to multipoint atebiure. It
scheme is considered for data transmission betweencontrol is also possible to use point-to-point architectureere one

unit and actuators located in an aircraft wing. In order to PLC node transmits data to another PLC node.
optimize some OFDM parameters, transfer function .

measurements have been performed on an avionic tesénch. /,)I
Based on experimental values of the coherence banidith and e
of the channel delay spread, it appears that the bgarrier s !

R X e - Power
spacing can be larger than the spacing specified iHomePlug rd I_ Command
AV, which usually applies for in-house environmentSimilarly, < |

) . ) o 7
the duration of the cyclic prefix can be reduced. Tis will allow d I
meeting the real-time and determinism constraints avionic el ' Control unit
systems. e |
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In future aircrafts, hydraulic flight control systs will be — 540 VDC
replaced by electric systems. The main interestsaabetter ____—-———"'— |
reliability and flexibility, a decrease in maintert& costs, L-—-"" 1 | Main Power Center
but the major problem is the increasing of wiresgld. In | 115 VAC (360 Hz800H2)
order to decrease this length, it has been proptsage Figure 1. PLC system on aircraft wing
power line communications (PLC) technology for lilig
control systems. This technology has proven iigiéity in In order to transmit data over the HVDC network, wee

in-home network with HomePlug AV (200 Mbit/s in the either a capacitive coupler or an inductive couple
[1,30] MHz bandwidth [1]). In addition, there aramerous  transmission being based on the usual Orthogonal
studies concerning PLC in different kinds of vebglike  Frequency Division Multiplexing (OFDM) transmission
cars [2], boats [3], and trains [4]. For aircrafs] and [6] scheme. In addition, one of the major challengeghef
projects investigate the possibility of using PleChnology command of the flight control systems is the rdalet
for the cabin light system. constraints. Indeed, they operate at frequency tabkdz

In the near future, the AC power distribution wile  (fast loop). According to the common practice, caanih
replaced by a high voltage direct current (HVDC)systems must work six times quickly as much as the
distribution network. The authors in [7] studiedeth equipments that they command, which represent 6 ikHz
feasibility of using PLC technology between the pow our case. In addition, we must pay attention thatd are
inverter and the actuator for flight control. Instipaper, we several calculators in the loop, which require time
focus on the PLC link on the HVDC network between aprocessing. That's why we consider that our systenmot
control unit and the power inverter feeding vari@ctive  exceed from 10 % to 20 % of the total time proaegsi
loads. Flight control systems do not require a Highrate  which represent in our case from 17 us to 34 psisThn
link, few Mbit/s being enough, but the communicatioust  analysis of the propagation channel made on abtsth
be highly reliable, deterministic, real time andsthcomply  representative of an actual configuration will alldhe
with the aeronautic standard DO-160 [8]. As showrrig.  optimization of few OFDM parameters to show that is
1, we will consider the link between the controitiand the  possible to have an OFDM duration in compliancehwit
power inverter located near the actuators (spoilesed for  these real-time constraints.
flight control. In this illustration, the PLC mastécontrol This paper is organized as follows. In Section wk
unit side) transmits data to PLC slaves (power iiteve  describe the channel and the test bench, whildtsesu the
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insertion gain are presented in Section Ill. Sectiy,
describes the channel analysis and the optimizaifothe
OFDM parameters is presented in Section V. A s)sithef
the main results and a conclusion are given ini@edfl.

Il.  DESCRIPTION OF THETESTBENCH AND OF THE
MEASUREMENTPROCEDURE

In this test bench, the channel is formed by a éssrand
at least 2 couplers.

A. Configuration

In this measurement campaign, two architecturesewer

studied:
- The point-to-point architecture, with 2 coupléFsg. 2
and Fig. 3)
- The point-to-multipoint architecture with 1 mastad
2 slaves (Fig. 4)

polarity. In the following, line 1 refers to the aimel
between coupler 1 and coupler 2 and line 2 to tiencel
between coupler 1 and coupler 3.

Inductive nductive
coupler 2 coupler2
{ ¢

Inductive
coupler1

Twisted

Power quadrifilar

32m

Figure4. Foint-to-multipoint architectur

The tests have been performed on a test bench whoBe Measurements

active loads (540 V, 5 A) are representative ofualct
avionic loads and with a £ 270 DC power supply.

For this experimentation, the harness of 32 mdterg,
includes one twisted pair, one twisted quadrifdable, and
one wire. The capacitive coupler transmits dataveeh
+270 V and -270 V DC, and is made by a transforemat
two capacitors and use one twisted pair: signahissmitted
on one twisted pair between +270 V and -270 V.

Capacitive Twisted Capacitive
coupler1 pair Coupler2
|
270 V.
T T T T
L : ! L
1 1 1 1
Power : :@t’]\h : : Vﬁﬁ : Load
1 I 1 1
B I i T
20V . 2m 7T

Figure 2. Point-to-point architecture with capagttoupler

We have also considered another possibility, wiiscto
use a twisted pair for the +270 V, rather thannglsi wire
for the -270 V. In this case, the twisted pairhisrs circuited
at both ends and an inductive coupler can be used
illustrated in Fig. 3: signal is transmitted on dnésted pair
on +270 V. It must be emphasized that, for the s&@e
power, the diameter of each wire of the twisted pan be
reduced for avoiding an increase of the weight.

Twisted
pair

Inductive
Coupler2

Inductive
coupler1

Primary Secondary
coil coil

Power Load

32 m

Figure 3. Point-to-point architecture with induetivoupler

In Fig. 4 we shows the last possibility: the pdiok-
multipoint architecture with inductive coupler. this case

we use three couplers on the +270 V. thus, harigess

compose of one quadrifilar and one wire for the umin
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Measurements have been carried out with a network
analyser in the [1;100] MHz bandwidth with a 5 kHz
resolution bandwidth. For each configuration, thensfer
functions were measured between the input/output\Wy
and \4.

Ill.  INSERTIONGAIN AND CHANNEL IMPULSE RESPONSE

Plots of Fig. 5 give the variation of the insertigain (1G)
versus frequency for the different architecturegjlevthe
cumulative distribution of 1G is represented in .F& For
the point-to-point configuration with an inductie®upler,

IG first decreases linearly (in dB) with the freqag (up to

40 MHz), and varies from -5 to -25 dB. Then, |G e#ns
nearly constant between 40 and 80 MHz and, beydhd 8
MHz, decreases very rapidly. The other plots of Bighow
that this behavior is nearly independent from the
configuration except that we can note that the tgimirpoint
link with a capacitive coupling presents severapamant
fading in the low frequency band while at high freqcy,
(between 70 and 100 MHz), IG takes higher valuas flor
&e other configurations.

==point-to-point capacitive coupler
=+point-to-point inductive coupler
*=**point-to-multipoint inductive coupler line 1
~— point-to-multipoint inductive coupler line 2

&
<

A
<

Insertion gain (dB)

s
-60- i

7 2 4 6 8 10
Frequency (Hz)

Figure 5. Insertion gains for the different configiions

In Fig. 6, probability at 10% is about -40 dB faductive
coupler and about -30 dB for capacitive couplereTh
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probability at 50 % is about -20 dB for point-toHpo IV. COHERENCEBANDWIDTH AND DELAY SPREAD

architecture with inductive coupler and about -B5fdr the The coherence bandwidth (CB) is deduced from the
others configurations. absolute value of the autocorrelation of the complansfer
10— ‘ ‘ ‘ ‘ function [9]. In the following, CB is calculated rfoa
correlation coefficient of 0.9. Delay spread iscoddted
from the channel impulse responses according toj8lay
spread and coherence bandwidth are given in Talig |
considering either a 30 MHz or a 100 MHz transmoissi

g bandwidth.

s 10% == point-to-point capacitive coupler 1 H H

€ +.e:pointto-point inductive coupler It appears that the geometrical architecture aadyipe of
e mlioeint nreive counior e 2 coupler do not have a strong impact, the coherence

bandwidth being of the order 700 — 1000 kHz, whiie
delay spread varies from 78 to 104 ns. These sesul
quite comparable to those obtained for other embedd
B LT Ry 0 systems as shown in Table II.

Insertion gain (dB)

Figure 6. Cumulative distribution function of inSen gain

) TABLE I. COHERENCEBANDWIDTH AND DELAY SPREAD FOR
The channel impulse response has been deducedHem DIFFERENTCONFIGURATIONS
measurements pf the complex transfer f_unctlon Iphyéamg Delay spread (ns)| _ coherence bandwidth
an inverse Fourier transform of 6000 points foB01;MHz 0.9 (MHz)
and 20000 points for [1;100] MHz bandwidth. Theutts ' '
are shown in Fig. 7 and Fig. 8, by consideringegfiency Configurations ['\1/;30] [}\21:')0] ['\1/;30] [}\?Al'_(')‘)]
. z z z z
band either between 1 and 30 MHz or between 1 &d 1 Capaciive couplerin| 104 79 0.70 072
MHz. point-to-point mode
5 Inductive coupler in 83 78 0,91 1,02
o | point-to-point mode
o -10
% Inductive coupler in 99 103 0,72 0,80
g 15 1 point-to-multipoint
%_207 | mode (line 1)
° Inductive coupler in 97 87 0,71 0,77
2 -25) ] point-to-multipoint
3 )
E 20 mode (line 2)
[] - \
é .35 |~ point-to-point capacitive coupler s
= — point-to-point inductive coupler
© 4d | point-to-multipoint inductive coupler line 1 | TABLE Il COHERENCEBANDWIDTH AND DELAY SPREAD FOR
—point-to-multipoint inductive coupler line 2 DIFFERENTVEHICLES
% 500 1000 _1500 2000 2500 3000 References Bandwidth Delay spread Coherence
Time (ns) (MHz) (ns) bandwidth (MHz)
Figure 7. Channel impulse response in the [1;30gMH
5 : [2] car [1-50] [34-200] [0.4-4.8]
— point-to-point capacitive coupler
1 — point-to-point inductive coupler [7] aircraft [1-30] 100 [0,6-0,9]
— point-to-multipoint inductive coupler line 1
1 — point-to-multipoint inductive coupler line 2 [10] car [0.3-100] 130 0.48
2 [11] car [1-70] 380 [0.4-0.7]

Channel impulse response (dB)
) R \

3

3 V.  OPTIMIZATION OF FEWOFDM PARAMETERS

4 A. OFDM Subcarrier Spacing

a5 ‘ ‘ ‘ ‘ ‘ In order to meet the real time constraints, itdsgssary to
D 500 1000 Timaus) 2000 200 3000 minimize the processing time of the data. SinceFasirrier

Figure 8. Channel impulse response in the [1-10AkM transform (FFT) is a time consuming process, ometigato

_ decrease the number of carriers and choose, asnimon
Coherence baanW|dths and delay spreadg are deducpehctice, a carrier spacing equal to about 10% haf t
from these results in frequency and time domain. coherence bandwidth. Taking the values in Tablett i
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account, this leads to a 70 kHz subcarrier spadhgs

samples (500 ns) for a 30 MHz band, and of 30 sasnpl

about three times the value given in HomePlug AV(300 ns) for a 100 MHz band.

specifications (24.414 kHz). Furthermore, the basdb
complex OFDM symbol will supply an I/Q RF modulator
This allows us to keep the FFT size equal to thaber of
carriers. In our case, the number of subcarriemgisal to
428 or 1428 for a transmission bandwidth of 30 MiHA00
MHz, respectively.

B. Interference Characterization

Using the channel impulse response values, it $& al
possible to compute the Inter Symbol Interferen&é) @nd
the Inter Carrier Interference (ICI) in order toooke the

optimal lengtiL, of the cyclic prefix. A too lond., will
reduce spectral efficiency and data rate. The pepectral

density of (ISI) and (ICl) can be computed as fold12]:

5 Lilh(u)exp{— j ZNﬂun) @

Nissici (n) = 2sz Z
u=l

I=Lg+

In (1), o7
normalized to 1 W)h is the channel impulse responde,
the channel length expressed in number of sam;hlgps,

being also expressed in terms of number of sameghe
number of carriers, anfl the subcarrier index.

Fig. 9 and Fig. 10 give the interferences levepressed
in dBm/Hz for the inductive coupler in point-to-poi
configuration, and calculated in the [1;30] MHz andthe
[1;100] MHz bandwidth, respectivelyN,g.ic; has been
plotted versus the subcarrier number and for varlengths
of the cyclic prefix (CP).

3

Interference I1SI+ICI (dBm/Hz)

150 200 250 300 350 400
Carrier number
Figure 9. Interference in the [1-30] MHz bandwidth

50 100

As expected, the interference decreases rapidly thi¢
length of the cyclic prefix but, beyond a givenualit does
not vary appreciably.

From these curves, which have also been plottedhfor
other previously described network architecturese can

conclude that the CP length,, can be reduce at 15
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Figure 10. Interference in the [1-100] MHz bandwidt
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As a comparison, if the cyclic duration was chosgnoal

is the variance of modulated signal (andto 2 to 4 times the delay spread, as suggesteddh jve

would obtain a CP duration between 200 and 400 ns.

VI.

For the aircraft environment studied in this papsg
have shown that it is possible to reduce the comatif an
OFDM symbol compared to Homeplug Av standard, by
increasing subcarrier spacing and decreasing tlaiccy
prefix duration. In the HomePlug AV standard the
subcarrier spacing is 24.414 kHz, the minimum cyplefix
duration is 5.56 ps, and the OFDM duration is 46.521n
our application, we propose to increase the suiecarr
spacing to 70 kHz and decrease the CP duratio®@ons.
Consequently, the symbol duration will be 14.78nssead
of 46.52 ps (HPAV spec.). These results will hefpta
define the physical layer for a PLC avionics systam
accordance with real-time constraints of a fasfplobhis
study can be applied to other critical avionic eys$
running on a HVDC network like landing gear. A for, it
is possible to use this study for a slow loop onDH/
network like, thrust reversal.

SYNTHESIS AND CONCLUSION
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