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The coupling method used to superimpose and separate the data signal to and from the powerline plays a crucial role concerning the channel frequency response, the coupling efficiency, and also preserving the signal integrity against the peaks and notches caused by reflections, which will cancel certain carrier frequencies at the receiver. Furthermore, the coupling unit should be bi-directional to allow the signals coupling regardless the direction of data flow, likewise it needs to accomplish galvanic isolation together with transient protection, and offers more degrees of freedom to impedance-matching, as well as allocating less space and achieve high bandwidth for broadband coupling. This paper discusses an approach to pursue toward designing a printed-circuit board (PCB)-based planar coil inductive coupler with wide bandwidth for data transfer.

The designed coupler will eventually be used to implement powerline communication (PLC) adequately for airborne use, where a real-case context study was investigated, also PLC implementation and tests were conducted as well as discussed from latency, bit error rate (BER) and electromagnetic compatibility (EMC) compliance perspective with the RTCA DO-160G standard requirements.

I. INTRODUCTION

Replacing the aircraft's existing hydraulic and pneumatic systems via more flexible electrical ones, will notably reduce their operating and maintenance costs. However, this concept leads to an increase of the wiring length, complexity and space allocation, which affects the airborne weight and consequently impacts their polluting emissions.

A potential solution to reduce the total harness mass, is to use PLC technology in order to transmit data over the already The work presented in this paper has been financially supported by Liebherr-Aerospace Lindenberg GmbH, in the frame of the ATIKA research project, and funded from Bundesministeriums für Wirtschaft und Technologie under 20Y1708E.

existing power cables, with a special respect to their voltage level and noise margin, also with regards to the used coupling method which plays an important role on implementing PLC successfully.

Different coupling methods for broadband and narrowband PLC transceivers have been addressed and reviewed in [START_REF] Da | Coupling for Power Line Communication: A Survey[END_REF] and [START_REF] Bilal | Designs of broadband coupling circuits for powerline communication[END_REF].

In this work, we investigated several possible coupling solutions, such as low-cost capacitive coupling by inserting one or more capacitor in direct contact with the powerline for the parallel signal injection as shown in Fig. 1 (a), in addition to the inductive coupling using toroidal magnetic cores for serial signal injection as shown in Fig. 1 (b), which can offer low insertion and return loss along with covering wide frequency bandwidth. Nevertheless, such solutions need a high number of components to achieve symmetrical and reciprocal high bandwidth, also distortion and signal loss can be caused due to the magnetic materials non-linearity, which can be problematic from aeronautic safety and reliability standards point of view. However, a highly effective planar coil coupler with a wide bandwidth seems to be a promising solution to be implemented for airborne uses, and offers more flexibility in terms of geometry shapes, size and turns number. More advantages of the coreless planar inductors can be found in [START_REF] Tang | Coreless planar printed-circuitboard (PCB) transformers-a fundamental concept for signal and energy transfer[END_REF]- [START_REF] Tang | Optimal operation of coreless PCB transformer-isolated gate drive circuits with wide switching frequency range[END_REF].

The planar coupler efficiency represent a major factor in preserving the PLC signal integrity. This efficiency is highly dependable on the position between the transmitting (Tx) and the receiving (Rx) coil, and inversely proportional to the distance between them. Furthermore, an important limiting component of the planar coupler operating frequency bandwidth is the parasitic capacitance, which includes the intertrace capacitance, and the coupling capacitance between the Tx and Rx inductor. Thus, the right compromise need to be found between both coupling efficiency and the parasitic capacitances, with an optimal model for the designed coupler.

The design and prototyping of such a coupling approach for operating at high frequencies will be investigated in this work, while considering the coupling efficiency, along with the inductors parasitic effects. The PLC channel frequency response will be also evaluated, as well as the signal integrity, while being compliant with the DO-160G aeronautic standards.

The paper is structured as follows. In the next section, the standalone planar coil model is described. In section III, we present the inductive coupler optimal design. In section IV, we discuss the coupler implementation into the PLC channel, furthermore we present the obtained results with regard to the bitrate, the latency, as well as the BER and the EMCcompliance. Finally, section V concludes the paper.

II. STANDALONE SINGLE LAYER PCB INDUCTOR

In this part, the main physical and electrical key parameters to design a standalone planar coil are discussed, from the desired inductance value, together with the stray capacitances. The winding shape and turns number were also evoked, along with the coil outer and inner dimensions, as well as the spacing between traces, in addition to their width and thickness.

A. Inductance value

To reduce impedance mismatching and to decrease the reflection over the PLC channel, an adaptive stage was designed as detailed in [START_REF] Allioua | Aircraft DC networks characterization and adaptive stage design for PLC use[END_REF] and showed in Fig. 2. To avoid effecting the matching network effectiveness, the planar coil inductance value need to be considered carefully, where the coil reactance need to be greater than the matching network impedance value as shown in Eq. (1). Considering that the lowest operating frequency is 1 MHz, the inductance value need to be in the range of 8 to 13 µH at least, this inductance values are possible to achieve with small compact geometries.

B. Coil shape and turns number

In this section, based on Wheeler method [START_REF] Derkaoui | Modeling and simulation of an integrated octagonal planar transformer for RF systems[END_REF] [5] represented in Eq. ( 2), a trade-off between the coils inductance value L s and the number of turns N s was made for different shapes as illustrated in Fig. 3.

L s = k 1 µ 0 N 2 s d avg 1 + k 2 A m (2)
Where d avg is the average diameter, A m is the fill factor, µ 0 is the vacuum permeability, and the coefficients k 1 and k 2 depend on the different coil shapes as shown in TABLE I.

Regardless the coils shape, the used outer and inner diameters in this trade-off were 30 mm and 10 mm respectively. The square shape coil presents a higher inductance value compared to the circular and octagonal coil shapes. However, for prototyping simplicity and to avoid manufacturing constraints, the circular planar coil shape will be chosen to build the targeted prototype.

C. Planar coil electrical model

High-frequency inductors can be modeled as an impedance network [START_REF] Lee | Printed Spiral Winding Inductor With Wide Frequency Bandwidth[END_REF], with the lumped-element equivalent circuit shown in Fig. 4.

The self-resonance-frequency F srf of the inductor is calculated in Eq. (3) as follow. The inductor's self-capacitance C s is computed using Eq. ( 4), where it is divided into C pc the capacitance between two traces through air or coating isolator, and C ps which represent the capacitance through the substrate as shown in Fig. 5.

F srf = 1 2π √ C s • L s (3) 
C s = C pc + C ps = (α • ε rc + β • ε rs ) • ε 0 t s • l t (4) 
ε rc and ε rs represent the relative dielectric constants of the coating and the substrate materials respectively as detailed in [START_REF] Ashraf | Design and Optimization of Printed Circuit Board Inductors for Wireless Power Transfer System[END_REF], and shown in TABLE II.

l t represent the total length of the coil, s is the space between traces and t is the trace thickness. In case of using a ground plane to reduce the noise and interference, C p need to be considered as well among the parasitic capacitances, which represent the capacitance to the ground in a single layer PCB inductor, where the conductor are on one side, and the ground layer is on the other side, as detailed in Fig. 5 and calculated in Eq. [START_REF] Zolog | Characterization of spiral planar inductors built on printed circuit boards[END_REF].

C p = ε 0 ε rs • w • l t t rs ( 5 
)
Where t rs is the substrate dielectric thickness, and w is the traces width.

The AC resistance of the coil R s which takes into consideration the skin effect as detailed in [START_REF] Zolog | Characterization of spiral planar inductors built on printed circuit boards[END_REF], is computed using Eq. ( 6) as follow.

R s = ρ cu • l t w • t eff = ρ cu • l t w • δ • (1 -e -t δ ) (6) 
Where t eff is the effective thickness, δ is the skin depth computed using Eq. ( 7), and ρ cu is the annealed-copper electrical resistivity.

δ = ρ cu π • f • µ 0 • µ r (7)

D. Simulation model and measurement results

Based on the equivalent circuit analytical model shown previously in II. A, B and C, a standalone planar coil geometry parameters were identified at first as shown in TABLE III. To validate the analytical model, a lumped element π-model simulation was conducted, for the three different planar coil shapes shown in Fig. 6, using CST-Studio suite. The shown single layer prototype in Fig. 7 was built to verify the accuracy of the calculated characteristics as detailed in TABLE IV, and also to confirm the simulated results as shown in Fig. 8, where both the magnitude and phase of the coils were compared, we can notice that the results were within the same range. Compared to the long computing time of a 3D numerical coupling model, the analytical calculation can provide fast and acceptable accuracy results. Hence, the analytical model will be used next to identify empirically an optimal planar coupler design, which will be verified with experimental results.

III. DOUBLE LAYER PLANAR COIL INDUCTIVE COUPLER

In this section, a double layer planar coupler will be designed, where different geometry arrangements were tested, to identify an optimal geometry combination regarding the turns number, and the coils inner and outer diameters, also a compromise was determined between traces width and space along with the distance between the Tx and Rx coils.

A. Geometry parameters

With respect to the coupling efficiency and the desired operating frequency bandwidth, coil positions, turn numbers, and geometry combinations were investigated, along with the possibility of adding flexible ferrite sheets to enhance the coupling efficiency.

Based on the analytical model, the design parameters of the planar coupler presented in Fig. 9 were empirically optimized, and identified as represented in TABLE V, where 150 µm and 450 µm were chosen as traces width and spacing respectively, to keep C s as low as possible. To ensure a high coupling efficiency between the Tx and Rx coil, the substrate thickness h 2 between them was kept to 254 µm, however C k was slightly reduced, by skewing the Rx coil traces with regards to the Tx ones as shown in Fig. 10. 

B. Electrical parameters

Based on the illustrated π-model in Fig. 4 for the single layer inductor, we propose the electrical model shown in Fig. 11, for the double layer inductive coupler.

The coils inductance L s -Rx/Tx , resistance R s -Rx/Tx , along with the stray capacitances C s -Rx/Tx and C p , were computed using the previous formulas in Eq. ( 2), ( 4), ( 5) and [START_REF] Ashraf | Design and Optimization of Printed Circuit Board Inductors for Wireless Power Transfer System[END_REF].

Furthermore, the capacitive coupling represented with C k was included in calculating the F srf by considering the distance between the two coils, and the overlapping surface area between them. The computed results are shown in The capacitive coupling, along with the open and short circuit inductances were measured using the vector network analyser (VNA) as shown in Fig. 12. Two tests were preformed, the first one by shorting the transmitting and receiving coil as shown in Fig. 12 (a) to identify C k as represented in Fig. 13 (a).

The second one was done to identify L short and L open , by shorting or not P 1 and P 2 , shown in Fig. 12 (b). The results are shown in Fig. 13 (b) and(c) respectively. Both tests, with and without ferrite sheets option were investigated. 

C. Coupling efficiency and transmission gain

The coupling coefficient represents the magnetic strength between the Tx and Rx coils, which corresponds to the induced amount of power in the Rx coil based on the generated electromagnetic field in the Tx coil, and it can be computed as shown in Fig. 14 using Eq. ( 8) with the open and short circuit inductance measured previously [START_REF] Durate | Analysis of the Coupling Coefficient in Inductive Energy Transfer Systems[END_REF].

k = 1 - L short L open (8) 
Fig. 14: Coupling coefficient k of the planar coupler.

The scattering parameter S21, which refers to the transmission gain, represents the ability to transfer power and, the matter of interest, data from one coil to another [START_REF] Lim | Fully Symmetrical Monolithic Transformer (True 1 : 1) for Silicon RFIC[END_REF]. This parameter was measured and the results are shown in Fig. 15. The prototype with the ferrite sheets shows an improvement of the coupling coefficient with k = 0.95, compared to the one without them, where k was 0.84. However, both investigated models were able to reach the same transmission gain S21 < 6 dB over the desired frequency bandwidth.

D. Channel TF

With the use of a two-port vector network analyzer (VNA) as illustrated in Fig. 16, a direct PLC channel TF measurement was done, to evaluate the channel flatness, along with the coupling efficiency between the transmitting and the receiving side. For investigation purpose, the channel TF magnitude measurement was made with two cable types, the shielded-twisted pair (STP) and the parallel pair (PP), also the effect of adding flexible ferrite sheet on the planar inductive coupler was evaluated. In Fig. 17 We can observe that the STP-PLC channel with the ferrite sheets has -20.78 dB coupling efficiency over 50% of the entire bandwidth, compared to the STP-PLC channel without the ferrite sheets, which has -23.34 dB coupling efficiency over 50% of the entire bandwidth. This leads to a 2.5 dB PLC coupling efficiency enhancement.

IV. PLANAR COIL COUPLER IMPLEMENTATION AND TESTS

In this part, the planar coil inductive coupler was used to test its effectiveness, and to validate its performance. Two narrowband PLC modems, adopting single carrier quadrature phase-shift keying (QPSK) modulation scheme were chosen to set the PLC channel, and run the tests, in order to get an overview on the coupling module efficiency, the latency and reliability, as well as the EMC compliance.

A. Latency and bitrate measurement

For latency and bitrate measurement, a carrier frequency of 19.4 MHz was chosen to transmit a predefined PLC Frame from the load side to the power supply (PS) side.

When the modems operate at 1.4 Mbit/s, the transmitted ASCII pattern, which are equivalent to 208 overall bits, take 419 µs to be received at the PS side, which leads to an actual 495 kbit/s bitrate. This time-delay is due to the approach in which the data is packed and protected before being transmitted over the powerline.

The modulated superimposed PLC signal over the powerline was measured, during the data transmission from the load side to the PS side as shown in Fig. 18 

B. BER Analysis

To identify the carrier frequencies with the highest level of fidelity, a BER sweep test was done, where a defined PLC frame was transmitted in half-duplex mode, over different carrier frequencies, between 5 to 30 MHz frequency range.

This parametric sweep allows a full BER analysis of the PLC channel, to get data error rate for each carrier frequency, which can be manifested as received faulty bytes or as missed bytes at the receiver side. These results are evaluated in order to decide on which frequency range data can be transmitted reliably and safely with a low BER.

The performed tests were conducted over the STP channel, using the planar coil inductive coupling. As represented in Fig. 19, the bandwidths with the lowest BER can be identified mainly between 5 MHz to 11 MHz, 13 MHz to 23 MHz, and from 27 MHz to 30 MHz. 

C. EMC compliance assessment

In this section, only the conducted emissions will be measured, at a lab test rig which was built and adapted to the typical one mentioned in [START_REF]Environmental conditions and test procedures for airborne equipment[END_REF], except for the RF absorbers of the shielded enclosure.

In Fig. 20 the EMC compliance measurements were made from both sides of the channel over the PP cable, using pearson electronics current probe (model 6600) connected to the digital signal oscilloscope (DSO), when transmitting the PLC frames as a differential mode signal, from the load to the PS. Furthermore, the noise floor was measured as well to differentiate the dc/dc converters switching noise.

Both switching noise level and data signal level exceed the Cat B-powerlines of the conducted emissions standard limitation, which makes the setup under investigation 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 a lower peak-to-peak data signal amplitude, which makes this solution susceptible to be compliant with the Cat Bpowerlines, as well as Cat L,M,H-interconnecting bundles with respect to the data signal level effect only. 

V. CONCLUSION

In this paper an optimal PCB planar transformer was designed, to build a symmetrical PLC coupler that can achieve high coupling efficiency and transmission gain, over relatively wide operating frequency bandwidth, with a reduced size and weight, also with less signal degradation and with respect to the previously designed channel matching network.

The PLC planar coupler model was designed, investigated and confirmed with measured results, also it was successfully implemented to operate bidirectionally over point-to-point PLC channel.

The PLC implementation tests using this coupler were conducted within a lab environment in half-duplex mode, to operate with a latency of 419 µs.

Using the BER analysis, the frequency range with the highest reliability was identified.

With special respect to the DO-160G EMC-compliance standard, it is mainly dependable on the data signal level as well as the PS noise.
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 1 Fig. 1: (a) Parallel signal injection (b) Serial signal injection.
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 2 Fig. 2: Matching network with the PCB planar coil coupler.
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 3 Fig. 3: Trade-off between the inductance and the turns number for different coil shapes.
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 4 Fig. 4: π-model of a single layer PCB inductor.
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 5 Fig. 5: Side view of the PCB single layer inductor.
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 6 Fig. 6: CST-models of the tested planar coil shapes, (a) Square (b) Octagonal (c) Circular.

Fig. 7 :

 7 Fig. 7: Top view of the planar coils PCB-prototype.
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 8 Fig. 8: π-model simulation and measurement of the single layer inductors.
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 9 Fig. 9: Top view of an optimal circular shape double-layer planar coupler.
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 10 Fig. 10: Side view of the double-layer planar coupler.
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 11 Fig. 11: Double-layer PCB coupler equivalent circuit.
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 12 Fig. 12: Measurement setup for (a) capacitive coupling and (b) open and short circuit inductance.

Fig. 13 :

 13 Fig. 13: Measurement of the coupling capacitance, open and short circuit inductance.
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 15 Fig. 15: Transmission gain-S21 of the planar coupler.
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 16 Fig. 16: Block diagram of the PLC test bench.

Fig. 17 :

 17 Fig. 17: (a) PLC channel transfer function with planar coupler over the STP and PP (b) CDF on the PLC channel transfer function.

  (a), we can notice less severe peaks and notches over the STP case compared to the PP one. The cumulative distribution function (CDF) of the measured transfer function was computed and represented in Fig.
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  (b), to easily compare the results based on their coupling efficiency, so a decision can be made regarding the use of the ferrite sheet.

  (a) and (b) respectively, while the DC voltage was filtered.

Fig. 18 :

 18 Fig. 18: Latency measurement when transmitting a PLC frame from the load side (a) to the PS side (b) using the planar coupler.

Fig. 19 :

 19 Fig. 19: BER Sweep testing.

Fig. 20 :

 20 Fig. 20: Do-160G Conducted emissions standard compliance when transmitting data from the load side.

TABLE I :

 I Empirical values of the coefficients k 1 and k 2 [4] [5].

	Form	k 1	k 2
	Square	2.34	2.75
	Octagonal 2.25	3.55
	Circular	2.35	3.25

TABLE II :

 II Physical parameters.

	Parameter Value
	εrc	1
	εrs	4.3

TABLE III :

 III Geometry parameters of a potential compact design.

	Dimensioning parameters	Values
	Outer diameter dout	30mm
	Inner diameter d in	10mm
	Thickness of traces t	35µm
	Conductor's skin depth δ	20.6µm
	Width of traces w	273µm
	Space between traces s	150µm
	Total length of coil lt	1.83m
	Turns Number Ns	24
	Substrate thickness h	254µm

TABLE IV :

 IV Comparison of the measured and calculated parameters. Shape Calc Meas Calc Meas Calc Meas Calc Meas Square 14.26 14.36 3.31 3.72 5.05 3.22 18.80 23.61 Octagonal 11.73 12.68 3.31 2.29 5.05 2.88 20.75 26.31 Circular 12.96 12.71 3.31 2.48 5.05 2.23 30.18 29.28 a Measured/calculated at 10 MHz.

Parameters Ls(µH) a

Rs(Ω) a Cs(pF) a F srf (MHz)

TABLE V :

 V Geometry parameters of the double-layer planar coupler.

	Dimensioning parameters	Values
	Outer diameter dout	30mm
	Inner diameter d in	2mm
	Thickness of traces t	35µm
	Conductor's skin depth δ	20.6µm
	Width of traces w	150µm
	Space between traces s	450µm
	Total length of coil lt	1.41m
	Turns Number Ns	24
	Substrate 1 thickness h 1	254µm
	Substrate 2 thickness h 2	71µm
	MnZn sheet thickness h 3	200µm

TABLE VI below .

 VI. 

TABLE VI :

 VI Calculated electrical parameters.

	Parameters	Calculated Values
	Ls	8.22 µH
	Rs	4.59 Ω
	Cs	4.10 pF
	C k	52.74 pF
	F srf	27.38 MHz
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