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Aerospace industry is moving towards a more electric aircraft (MEA) or even an all-electric aircraft (AEA), which will incite the focus on reducing the total harness mass and complexity, thus employing powerline communication (PLC) technique seems to be a potential solution to be implemented for airborne uses. This paper explores the feasibility to implement PLC technology over aircraft DC powerline, fed by switchedmode power supply. First, a channel characterization and analysis were conducted, also an adaptive stage was discussed and designed to transmit the data over an already existing powerline. Furthermore, the channel capacity was estimated along with the required data signal level. This study investigates also a realcase context with the use of switched-mode dc/dc converter which effect the PLC performance and signal integrity. Eventually, PLC implementation and tests were conducted as well as discussed from latency, bit error rate (BER) and EMC compliance perspective with the RTCA DO-160G standard requirements.

I. INTRODUCTION

Even not made for, the powerline can be relatively convenient for data transmission, depending on its voltage level and noise margin. The various types of harnesses and the presence of different connected branches, such as the powerelectronic devices, will also have an influence. With a beforehand accurate channel characterisation, an early prediction can be made on the best-case scenario for data transmission, and more adequate adaptation can be provided, to avoid impedance mismatches which causes multiple reflections and lead to high voltage standing wave ratio (VSWR), that can affect the data signal integrity by cancelling certain frequencies at the receiver. Furthermore, based on the channel noise characterisa-
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The paper is structured as follows. In the next section, an approach to pursue towards characterizing aircraft DC networks is focused on, along with designing an adaptive solution, to implement powerline communication adequately for airborne use. In section III, we discuss about the channel capacity along with the minimum signal-to-noise ratio (SNR), and the frequency bandwidth (FBW) needed to achieve the desired throughput. In section IV, we present some results we obtain in our implementation tests with regard to the bitrate and latency, as well as the BER and the EMC-compliance. Finally, Section V concludes the paper.

II. CHANNEL CHARACTERISATION AND ADAPTATION

The channel under investigation represent a point-to-point interconnection between a power distribution and conversion module (PDCM) on one end, which represent a dc/dc converter that converts the 270 VDC to 28 VDC. In addition to a remote electronic unit (REU) feeding and controlling an actuator at the other end. For investigation purposes both devices are connected with a 25 m long special cable, either with an unshielded parallel pair (UPP) or a shielded twisted one (STP), where only one pair can operate sequentially.

Each element of the channel represented in Fig. 1, was characterised, modelled and measured in the frequency range from 1 to 30 MHz, to identify a suitable path for the data signal injection, which will be either by transmitting the data signal as a differential mode (DM), or as a common mode (CM) signal where the return path will be through the cable shield along with the PDCM and REU housing.

A. Cable Modelling

The investigated transmission line (TL) cross-section shown in Fig. 2, represent a 25 m long DC cable composed of two pairs, UPP and STP, where both pairs are joined together with protective sleeve to provide mechanical and thermal protection. The reason behind using a multi-optional cable, where only one pair can operate sequentially, is to compare their performance in terms of wave impedance, attenuation and propagation factor.

To reflect effectively the coupling between the operating pair and the floating one, a 3D CST studio frequency domain numerical model of the whole cable bundle was built and analysed based on its geometrical parameters, where the per unit length (p.u.l) RLCG parameters were extracted, together with the propagation constant, as well as the wave impedance. 

B. Wave impedance

To extract the cable p.u.l parameters, two tests are required: the short-circuit to obtain R and L as shown in Eq. [START_REF] Idir | Skin Effect and Dielectric Loss Models of Power Cables[END_REF], and the open circuit determines the C and G in Eq. ( 2), as detailed in [START_REF] Idir | Skin Effect and Dielectric Loss Models of Power Cables[END_REF]. The wave impedance can be then calculated using Eq. ( 3) based on the already obtained results.

Z sc = R + jωL (1) 
Z oc = 1 G + jωC (2) 
Z w = R + jωL G + jωC = Z sc • Z oc (3) 
Both open and short tests along with the wave impedance results over the UPP and STP for DM and CM path are shown in Fig. 3. As it has pointed out in black, the measured wave impedance is not completely flat, but it fluctuates over the frequency. To avoid the cancellation of certain frequencies at the receiver side, the suitable path is the DM one over the STP, which provides less severe peaks and notches as presented in Fig. 3 (a) with a mean impedance value of 53 Ω, compared to the DM-UPP and CM-STP paths as shown in Fig. 3 (b) and (c) respectively. Furthermore, using a symmetric TL DM path is less susceptible to crosstalk, and can handle well electromagnetic interference (EMI) potential attacks. 

C. Power Source and Load Modelling

For the dc/dc converter, a passive two-port representation is adopted as shown in Fig. 4, where its output stage was simulated in CST STUDIO SUITE while considering the parasitic effects of each component, as well as measured using a E5061B vector network analyser (VNA). The DM impedance response was identified between port 1 and 2, however the CM impedance response was done between the two-ports shorted and the ground. The same strategy was used to model the REU input stage with its equivalent circuit in Fig. 5, to identify accordingly the impedance response for both devices in DM (inductive behaviour) and CM (capacitive behaviour) in the frequency band of interest, as represented in Fig. 6.

D. Signal attenuation and reflection coefficient

Based on the REU and the PDCM impedance response, along with the open and short transmission line impedance, the data signal attenuation and reflection coefficient were calculated for both CM and DM using Eq. ( 4) and Eq. ( 5). The results are represented in Fig. 7, and Fig. 8 respectively.

γ = α + jβ = 1 l c tanh -1 ( Z sc Z oc ) ( 4 
)
Where γ is the propagation constant, α is the attenuation constant, β is the phase constant and l c is the cable length. Also Γ is the reflection coefficient, Z w represent the wave impedance, and Z L is the load impedance which is either the PDCM or the REU depending on the wave propagation sense. The attenuation constant refers to the loss of the signal amplitude per TL length, and as represented in Fig. 7, a slightly higher attenuation can be noticed on the STP path compared to the UPP path. This difference is due to the presence of additional insulating material in the shielded case compared to the unshielded one, which leads to a higher conductivity and permittivity that induces more electromagnetic field attenuation [START_REF] Knobloch | Shielded or Unshielded Twisted-Pair for High Speed Data Transmission ?[END_REF]. In Fig. 8, the reflection coefficient Γ fluctuates between -1 and 1, which reveals that the transmitted wave is completely reflected when |Γ|= 1, and leads to a high VSWR as shown in Eq. ( 6), that can damage the source and the load, and also affect the PLC signal integrity.

Γ = Z L -Z w Z L + Z w (5) 
V SW R = 1 + |Γ | 1 -|Γ | (6)
The propagation velocity factor ϑ calculated in Eq. ( 7), refers to the propagation speed of the electrical signal through the cable compared to the speed of light.

ϑ = λ • f c ( 7 
)
Where f is the first resonance frequency when the TL is one quarter-wavelength long, c is the speed of an electromagnetic wave in free space and λ is the 100m wavelength. In TABLE III, a comparison summary is shown between the UPP and the STP, where the wave impedance value, 1st resonance frequency as well as their propagation velocity, the attenuation also along with reflection and VSWR were compared.

E. Channel transfer function

To analyse the channel transfer function (TF) flatness as well as the coupling efficiency, a direct channel TF measurement was done using the VNA over both cable types, when two kind of bidirectional inductive couplers were designed and employed:

• Ferrite (MnZn) core toroidal coupler.

• Nanocrystalline (NC) core toroidal coupler. Each coupler was composed of two toroidal magnetic core with the same geometry, connected in series to improve the coupling efficiency, as shown with more details in [START_REF] Bilal | Design of broadband coupling circuits for power line communication[END_REF].

Fig. 9 (a) represents the measured channel TF for different cable and coupler configuration, where "STP-NC core" refers to the configuration with the STP cable and the inductive coupler with the NC cores.

Fig. 9 (b) shows the cumulative distribution function (CDF) of the channel TF, for example with the UPP-NC configuration the coupling efficiency is higher than -27dB and -31dB over 50 % and 90% of the entire bandwidth respectively. A high coupling efficiency provided by Nanocrystalline coupler compared to the Ferrite one can be observed. However, the channel TF with the Ferrite coupler has relatively less severe notches and peaks, which preserve the signal integrity at the receiver, also they are less sensitive to vibration in harsh environment compared to the Nanocrystalline one.

Regardless the acceptable results shown by the UPP-MnZn coupler configuration, and due to weight and space allocation reasons, also magnetic materials sensitivity and cost, the capacitive coupling will be used to implement and test PLC over the channel under investigation.

F. Matching network

To reduce impedance mismatching, there exist different approaches as detailed in [START_REF] Wang | A Review of Impedance Matching Techniques in Power Line Communications[END_REF] to decrease the reflection and the VSWR.

In order to avoid large electronic components number which leads to large circuit size and cost, the equal impedance matching method was chosen to be used, where an equivalent resistance value to the TL wave impedance was terminated from both sides of the cable. The used matching network is presented in Fig. 10, where decoupling inductors were utilized to block the AC data signal from leaking into the REU and the PDCM, also to improve the matching network performance, where their values must be equal or larger than the inductance magnitude of the REU and the dc/dc converter.

The inductance value effect on the matching network impedance response in shown in Fig. 11, and explained with more details in [START_REF] Grassi | Channel Characterization and EMC Assessment of a PLC System for Spacecraft DC Differential Power Buses[END_REF].

Two capacitors were added from both sides of the matching resistor to provide a low pass path for the data AC signal, and to block the 28 VDC across the matching resistor where the data signal will be injected to and separated from the powerline.

An impedance sweep was done and shown in Fig. 11, to confirm the effectiveness of the matching network, from the load and source side.

The impedance response with 3.3 µH and 22 µH blocking inductors reaches the desired impedance matching magnitude starting from 3 MHz and 800 kHz respectively.

The reflection coefficient and the VSWR were reduced accordingly. 

III. CHANNEL CAPACITY

Based on Shannon's channel capacity theorem Eq. ( 8), and the channel conducted noise characterisation shown in Fig. 12, a trade-off was made between the channel capacity and the SNR for different frequency bandwidth,to identify the data signal level and the frequency bandwidth needed to achieve the desired bitrate.

C max = f bw . log 2 (1 + S N ) (8) 
The theoretical channel capacity C max is the maximum achievable bitrate which is susceptible to decrease gradually due to BER. Thus, a safety margin is taken into account during the design phase.

Additionally, these trade-offs holds irrespective of the applied modulation scheme, which means that the throughput can be increased with regards to the used modulation order, or more precisely based on the number of transmitted bits per modulation symbol.

A. Ripple and noise measurement

The voltage measurement at the REU side was done to identify the AC content, the noise level over both the UPP and the STP, in Fig. 12 

B. Signal-to-noise ratio (SNR) and frequency bandwidth trade-off

In spite of the fact that the practically achievable throughput is lower than the theoretical one, reaching 20 Mbit/s channel capacity with 5 MHz bandwidth for instance requires at least an SNR of 24 dB as shown in Fig. 13 (a), or injecting a minimum data signal RMS amplitude of 288 (mV) as detailed in Fig. 13 (b). 

IV. PLC IMPLEMENTATION AND TESTS A. Off the shelf product review

A wide variety of PLC modems exist already on the market, most of them are used mainly for outdoor applications such as energy monitoring, smart grid communication and also to cover the so called 'last mile', as well as smart metering, solar renewable energy management and street light automation and control.

Indoor application modems are also widely used for automation in home, heating ventilation and air conditioning. However, there are still many fields which are not fully covered, such as aeronautic and automotive industry, where existing solutions need to be adapted to the desired application.

In TABLE IV, a summary on the possible suitable solution was made, based on the modems frequency range, data bitrate and modulation method. The two DCB1M narrowband PLC modems which adopting single carrier quadrature phase shift keying (QPSK) modulation scheme were chosen to set the PLC channel, and run the first experiments, in order to get an early overview on the coupling module efficiency, the latency and reliability, as well as the EMC compliance tests. In Fig. 14, a block diagram is shown to present the PLC implementation test bench, where defined data bit-stream will be transmitted from the REU side to the PDCM side, the CM noise will be measured from both sides of the channel using pearson electronics current probe (model 6600) connected to the digital signal oscilloscope (DSO), and also differential probes were used to measure the latency on the modems RXI and TXO pins.

B. Latency and bitrate measurement

To measure the latency and bitrate, a 19.4 MHz carrier frequency was chosen to transmit a PLC Frame of an A2Z ASCII pattern (equivalent to 208 overall bits) from the REU side to the PDCM side as shown in Fig. 15 An amplitude attenuation of the transmitted data signal can be noticed, along with a time-delay of a 446 µs for both idle and operation mode of the REU. 

C. BER Sweep

In this part, a BER Sweep test was done to identify the carrier frequency with the highest BER, where A2Z ASCII pattern was transmitted in half-duplex mode on 250 different carrier frequencies, over 5-30 MHz frequency range, with 100 kHz step.

This mode allows a full sweep BER measurement, performed over the powerline, to identify the carrier frequency over which the data can be transmitted reliably and safely with low BER.

During this analysis, 1344 bytes were transmitted, which is equal to 10752 bits, and leads to a BER of ≈ 10 -5 .

However, transmitting a larger number of bits over a safe carrier frequency can achieve a lower BER.

The tests were performed without and with the matching network on the UPP channel with capacitive coupling as shown in Fig. 17 

D. EMC Pre-compliance assessment

Both conducted and radiated RF emissions measurements require a shielded enclosure, however for the pre-compliance tests, a Lab test rig was built and adapted to the typical one, except for the RF absorbers since only the conducted emissions will be measured.

In Fig. 18 (a) and (b) the EMC pre-compliance measurement was made from both side of the channel over the UPP and the STP, when transmitting the PLC frames as a DM mode signal from the REU to the PDCM, the noise floor was also measured to differentiate the dc/dc converter switching noise.

Both switching noise level and data signal level exceed the 40 dBµA of the conducted emissions standard limitation, which make the under-investigation solution compliant with the Cat B-interconnecting bundles only, where the interference should be kept to a tolerable level.

The data signal level appearing at the used 19.4 MHz carrier frequency can be reduced to below 40 dBµA, when opting for 1V peak-to-peak instead of 2V peak-to-peak data signal amplitude.

V. CONCLUSION This paper has analyzed several aspects regarding PLC implementation for airborne use, and also demonstrated the necessity of a beforehand channel characterisation and adaptation stage design for avionic networks, to improve the reliability, safety and the compliance with the aerospace standard requirement. The investigated solution was successfully implemented in a lab environment over point-to-point network, to operate with a latency of 446 µs in half-duplex mode up to 1.4 Mbit/s, which is equivalent to 1.4 MHz bandwidth.

Regarding the carrier frequencies with the highest reliability, they were identified using the BER sweep, to avoid the signal loss at the receiver, caused by the channel transfer function non-flatness, which is essentially due to the medium, the used coupling method and the number of paths or the connected devices over the channel.

With special respect to the DO-160G standard, the EMCcompliance is essentially dependable on the power supply noise as well as the data signal level, which can be adjusted in future work to certify the solution for other categories.

Adopting PLC technology on-board aircrafts is highly dependable on the targeted communication systems as well. For example in the case of aircraft lighting systems, such as the branding lights or the wing inspection lights, the achieved results in terms of latency, bitrate and EMC compliance can be sufficient and adequate.

However, for time-critical and real-time aerospace application such as flight control systems (FCS), advanced requirements need to be considered during the design stage in terms of achieving higher bitrate (10 Mbit/s), and ensuring a lower BER of 10 -12 as on the existing avionic data buses such as the Avionics Full-DupleX switched ethernet (AFDX) [START_REF] Larhzaoui | Feasibility Study of a PLC System for Avionic Safety-Critical Systems[END_REF].

As a complementary future work, a more complicated pointto-multipoint network consisting of numerous communication participants or ports, including branching points shall be considered. So we can investigate the probable impedance mismatching which causes reflections and other destructive effects, such as the multi-path propagation with frequencyselective fading, to evaluate the suitability of PLC-technique in a more realistic airborne application scenario.
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 11 Fig. 11. Matching network frequency response with different blocking inductors values.

  (a) and (b) the 109 kHz switching frequency components weight and repetition rate were clearly identified.
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 12 Fig. 12. AC content Measurement with filtered DC voltage.
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 13 Fig. 13. Trade-off between the Channel capacity, SNR and the required signal level.
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 14 Fig. 14. Block diagram of the PLC test bench.

  (a) and (b), where the DCB1M was at 1.4 Mbit/s operation mode which is equivalent to 1.4 MHz bandwidth as shown in Fig. 16.
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 15 Fig. 15. Latency measurement when transmitting PLC frame from the REU side.
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 16 Fig. 16. QPSK bandwidth and carrier frequency.

  (a) and (b) respectively. The matching network effect can be noticed, where the bandwidth over which the BER is low has increased significantly.
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 17 Fig. 17. BER Sweep testing w/o (a) and with (b) matching network while REU in idle Mode.
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 18 Fig. 18. Do-160G Conducted emissions standard compliance when transmitting from the REU side.

TABLE III SUMMARY

 III TABLE COMPARING THE UPP AND STP PARAMETERS AT 10 MHZ

	Cable	Wave	1st resonance Propagation		
	Type	impedance	frequency	velocity	α	|Γ | SWR
		(Ω)	(MHz) b	(ϑ)	(m -1 )	
	UPP Simu	83.50	2.13	0.710	0.0061 0.987 799
	UPP Meas	125	2.14	0.713	0.0040 0.995 445
	STP Simu	53.83	1.85	0.616	0.0086 0.996 512
	STP Meas	56.87	1.83	0.610	0.0151 0.984 128

b when the wavelength λ is 100m.

TABLE IV SUMMARY

 IV TABLE OF THE POSSIBLE EXISTING PLC MODEM SOLUTION

	Product	Frequency	Data	Modulation
		range	bitrate	scheme
	STMicroelectronics	[9-95 kHz]	Up to 128	OFDM-PHY
	ST7590		kbps	half-duplex
				(HDX) mode
	Maxim Integrated	[10-490 kHz] Up to 100	OFDM-PHY
	MAX79356 ZENO™		kbps	HDX mode
	Maxim Integrated [4.49-20.7 MHz] Up to 14	OFDM-PHY,
	MAX2982 ZENO™		Mbps	DQPSK, DBPSK
	EVSYS			HDX mode
	Yamar	[5-30 MHz]	Up to 1.4	QPSK
	DCB1M EVB		Mbps	HDX mode
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