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This paper addresses the modelling of high frequency EM coupling on cables installed in complex structures. It proposes a methodology based on a field to transmission line approach in which the incident EM environment in the structure is solved by PoWer Balance techniques considering the combination of a high frequency coupling model and a cable network model. The originality of the strategy lies in the fact that the application of the theorem of reciprocity enables reduction of computer resources.

INTRODUCTION & MOTIVATION

Although currents and voltages induced on a cable harness by an incident EM environment can be theoretically evaluated by solving Maxwell's equations, the implementation of realistic cable architectures in complex installations in nowadays full-wave numerical schemes such as well-known finite difference numerical scheme in time domain (FDTD) or method of moments is not mature enough and needs unaffordable computing times and computer resources. This is a reason why some methodologies named under "Field-to-Transmission-Line" (FTL) have been developed [START_REF] Tesche | EMC Analysis Methods and Computational Models[END_REF]. All these methods intend to derive a formulation based on the assumption of a weak coupling between the incident EM environment and the cable-harness (no reaction of the current on the incident field). The advantage is that the cable harness is not part of the 3D model. Among FTL models, Agrawal's formulation is the most widely used because of its simplicity of implementation. It consists in two main phases:

-computation of incident electric fields tangent to the routes of the cable-harnesses with a full-wave 3D computer code. Agrawal's formulation does not require any local information of transverse positions of cable bundle geometrical cross-sections versus the structure, -modelling of the cable harness through the Multiconductor-Transmission-Line-Network (MTLN) formalism which has no limitations to consider large and complex cable architectures, -application of the computed tangential incident electric fields as voltage generators distributed along the MTLN network models and -computation of the resulting induced currents and voltages along the harness under test by solving a MTLN equation such as the BLT equation used in EM Topology (EMT) [START_REF] Baum | On the Analysis of General Multiconductor Transmission-Line Networks[END_REF].

Some validations can be found in the literature ( [START_REF] Paletta | Susceptibility analysis of wiring in a complex system combining a 3-D solver and a transmission-line network simulation[END_REF], [START_REF] Ferrières | Application of Hybrid Finite Difference / Finite Volume to Solve an Automotive problem[END_REF], [START_REF] Arianos | Evaluation of the Modeling of an EM Illumination on an Aircraft Cable Harness[END_REF]) addressing EM coupling problems from DC to a frequency domain that includes the first resonances of cable-harnesses (typically a few hundreds of MHz for applications such as aircraft). The process is now applied on problems of industrial complexity with automatization of the preprocessing of the input data required to digest the description of the wiring architectures and the description of the cable routes in 3D models.

Nevertheless, the extrapolation of this process at higher frequencies above typically a few hundreds of MHz, for example for HIRF (High Intensity Radiated Fields) or IEMI (Intentional EM interference) applications on aircraft, must be reviewed and its relevance can be questioned. Indeed, in this frequency range, the size of the systems under test (aircraft, helicopters, buildings) quickly reaches several hundreds of wavelengths. Moreover, one has to consider the multi-scale nature of the EM problem, consisting in bodies that are electrically large but also contain "small" or geometrically complex sub wavelength details, such as holes, rivets, slots. Even if they are identified, such features are often not fully controlled from an EM stand point whereas they are likely to drive the EM response of the system. Consequently the computational resources and the uncertainty of the input data are generally hardly handled with classical deterministic fullwave approaches based on the discretization of Maxwell's equations. Furthermore, these full-wave methods are likely not to cope with the high sensitivity of the EM response. Indeed because of small differences in terms of installation, the internal geometry of various realizations of the same system is subject to dispersion. This is the reason why some modelling and computational techniques have emerged in recent years, based on a statistical representation of EM environment induced in oversized structures such as random plane wave spectra combined with energetic concepts and dissipative mechanisms. These methods are known under the name "PoWer Balance" (PWB) ( [START_REF] Hill | Electromagnetic field in cavities: deterministic and statistical theories[END_REF], [START_REF] Junqua | A network formulation of the power balance method for high frequency coupling[END_REF], [START_REF] Junqua | Application of electromagnetic topology and power balance concepts to radio frequency couplings into buildings[END_REF]). Alternative methods derived from vibroacoustics techniques (such as Statistical Energy Analysis or diffuse field reciprocity) have been also proposed ( [START_REF] Shorter | A reciprocity approach for computing the response of wiring systemsto diffuse electromagnetic fields[END_REF], [START_REF] Flintoft | Evaluation of the diffusion equation for modeling reverberant electromagnetic fields[END_REF]). All these methods have been implemented and have been validated in structures of moderate complexity. They have proved their efficiency to evaluate mean power densities in complex oversized structures in terms of accuracy and limited computational resources.

Consequently a logical idea in order to compute currents/voltages induced on cable harnesses by a high frequency EM environment consists in combining the FTL approach and PWB Techniques. Both our MTLN and PWB modelling strategies are based on EM topology [START_REF] Baum | On the Analysis of General Multiconductor Transmission-Line Networks[END_REF] which contributes to the coherence of the procedure. The above mentioned FTL process is thereby modified as follows:

-Step A: computation by PWB techniques of the mean power densities induced by the external EM field environment in the volumes of the structure in which the cable network under study is running, -Step B: generation of several equivalent random plane wave spectra from the previously computed mean power densities and generation of the resulting tangential incident electric fields distributions along the cable network routes, -Step C: computation with a MTLN formalism, via the FTL approach, of the currents and voltages induced onto the cable network for each individual generated equivalent random plane wave spectrum.

The modified FTL procedure has been validated in the context of the H2020 project named EPICEA [11]. The goal of this project is to develop a numerical modelling platform to help the design of aeronautical composite structures with respect to EM-coupling-on interconnected systems, antenna sitting and cosmic radiation constraints. Therefore the objective of this paper is to show how this FTL process, modified for high frequency concerns, has been developed, optimized and implemented in the EPICEA project. Reference results are obtained solving as a whole the entire geometry by a full-wave 3D solver based on a FDTD scheme, which is possible since the cable network is made of one-wire cable only.

Section II of the paper is dedicated to the description of the test case proposed in EPICEA. The EM problem consists in evaluating currents induced by an incident EM plane wave at the extremities of a cable network. The meshed model used for full-wave FDTD reference calculation is presented.

Fundamentals of PWB techniques combined to EM topology (EMT/PWB) are given in section III. The assessment of the high frequency internal EM environment induced in the EPICEA structure by the EMT/PWB modelling technique is also reported and is compared to the reference data base.

Section IV presents the modelling strategy implemented to solve previously mentioned Steps B and C in order to reduce the number of MTLN simulations by using the theorem of reciprocity. The numerical results are finally compared to the reference results obtained by the full-wave 3D modelling approach.

Conclusions and prospects regarding these techniques are given in Section V.

II. EPICEA NUMERICAL TEST CASE (EPICEA NTC)

A. Description of the structure

The test case under study is the Numerical Test Case 2 (NTC2) of the EPICEA project. It is depicted in Fig. 1. It is composed of 3 interconnected rectangular cavities (Cavities 1, 2 and 3) of same dimensions (100cm x 90cm x 70cm) made of the same composite material (σ faces = 2×10 5 S/m and thickness=5 mm). This structure contains 2 metallic structures made of 7.5-cm-wide interconnected metallic strips. One is called "Current Return Network" (CRN) and is embedded in the surfaces of the structure walls. The other is called "Ground Network" (GN) with 5-cm-wide strips installed in Cavity 3 and connected to the CRN through 4 vias. The EPICEA NTC2 contains 4 large apertures: -3 external square apertures (20cm x 20cm): "A1", "A2" and "A3" -1 internal square aperture (25cm x 25cm) called "A1-2"

Absorbing cubes (20cm x 20cm x 20cm) are placed in each cavity in order to simulate absorbing material existing in real cavities. Their relative electric permittivity is arbitrarily set to ε r =2.5 and their electric conductivity is σ=3.7mS/m.

A cable network (WUT1), made of 3 branches reduced to a single wire in this paper (diameter=1mm and per unit length resistance=70mW/m) is running 5cm away from the CRN. The cable network is loaded by 1mW resistance loads at the two wire extremities located in cavity 1 and in cavity 3, and by a 10kW resistance load at the extremity located in cavity 2. WUT1 crosses the 3 cavities through two small square apertures (5cm x 5cm), named H1-2 and H2-3.

A second cable network called (WUT2), unbranched, made of a single wire is running 2.5cm over a branch of the ground network in cavity 3. It is loaded by 50W resistance loads at each extremity. Key figures of each elementary cavity (1m x 0.9m x 0.7m) are listed hereafter:

-frequency of the fundamental mode: F 0 =224 MHz -number of modes versus frequency, derived from the approximate expression of Weyl's formula [START_REF] Liu | Eigenmodes and the Composite Quality Factor of a Reverberating Chamber[END_REF] :

(1) where V is the volume of each elementary cavity and c, the speed of light in vacuum: the number of modes is about 195 at 1 GHz.

B. Configuration of illumination

The EPICEA NTC2 is illuminated by a plane wave for which (see Fig. 1):

-the wave vector k is along the (-Y) axis, -the electric field vector is along the (+X) axis. Its magnitude is constant and equal to E 0 =1V/m between 100 MHz and 18 GHz (HIRF high frequency spectrum).

-the magnetic field vector is parallel to the (+Z) axis.

-the origin of the phases of the plane wave is taken such that the front wave arrives from the right of the testobject (right panels).

C. FDTD Full-wave 3D resolution

As a first step, the EM problem has been solved by a fullwave 3D solver, the FDTD ALICE code developed by ONERA, in order to generate reference results. An analysis of the dimensions of the EPICEA-NTC2, the frequency spectrum under study, a trade off with the computational resources (our willingness was to run the simulations on local workstations) and computational times led to the following modelling parameters:

-Cell size : ∆x=∆y=∆z=5mm, Number of cells= 36.10 6 -Perfectly Matched Layer boundary conditions -Frequency spectrum reduced to 3 GHz.

A zoom of the EPICEA-NTC2 mesh for FDTD ALICE simulations is illustrated in Fig. 2. 

A. Fundamentals on PoWer Balance techniques combined to EM Topology concepts (EMT/PWB)

As previously mentioned, PWB techniques consider that the internal structure under test is large enough compared to the incident wavelength, so that it can be seen as electrically oversized, and complex enough to assume that the exact geometry of the problem is not fully controlled. Consequently, as classically done in Mode Stirring Reverberating Chamber (MSRC), the EM environment induced in the structure can be represented at each frequency by a probabilistic model deduced from energetic concepts and considering EM dissipative mechanisms (as absorption, coupling, transfer between cavities). Relevant observable parameters are reduced to mean power densities and mean dissipated powers induced in internal cavities of the structure.

The originality of our PWB formulation, known as EMT/PWB, is that it is combined to the EM Topology (EMT) concepts. The method consists in analysing the EM problem to be solved and in building the interaction diagram and its related topological model [START_REF] Parmantier | EM topology from theory to application[END_REF]. Topological volumes are defined by considering the system geometry and all possible EM paths of energy. Inside each topological volume, all EM interactions and dissipative phenomena are identified. The resulting network is constituted of tubes seen as connections and carrying incident sources (incident power or incident mean power density) connected by junctions, representing either topological volumes or EM mechanisms. The advantage of a network model is that it includes in its formulation the fact that EM interactions are bi-directional since reactions of one volume to the other are possible; consequently excitation sources can be applied anywhere without changing the network model.

All EM mechanisms are supposed not to significantly change the total average of EM energy stored in topological volumes and are considered independent from each other. This assumption implies that each elementary EM mechanism contained in junctions is entirely characterized by a parameter which is called "coupling cross section" (CCS), defined as the ratio between the mean dissipated power at the junction level over the mean power density available in the volume. Analytical expressions of CCS such as transfer through apertures (loaded or not), loss in low-conductive walls or in antennas can be found in the literature and prove to be very appropriate even for complex systems ([6], [START_REF] Junqua | High frequency coupling mechanisms in complex systems: analysis and assessment by the PoWer Balance method[END_REF]).

In the EMT, the unknowns on the network are defined as incoming and outgoing waves travelling along tubes. These waves are then gathered into three network frequency equations hereafter recalled:

-Propagation equation:

( ) [ ] ( ) [ ] s W L . W 0 W   = Γ   +    
-Scattering equation:
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-BLT equation:

[ ] [ ] [ ] ( ) ( ) [ ] [ ] s I S . . W 0 S . W - Γ   =  
where [W(0)], [W(L)] and [Ws] are respectively, the incoming, outgoing and source wave vectors.

[S] and [Γ] are the scattering matrix and propagation matrix of the network.

In order to match the EMT formalism with the PWB formalism, the two waves applied on each tube represent incoming and outgoing waves at junction level (3). They are defined in the frequency domain as a linear combination of the dissipated power "P" and the power density "S". "A c " is called the "characteristic" CCS; it is chosen arbitrarily as the coupling cross section of a perfectly matched antenna (A c =λ 2 /8π) and is analogous to a characteristic admittance in MTL theory.
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Wsi n Wsi m Fig. 3. Definition of waves on a tube in the EMT/PWB formalism Junctions are characterized by scattering parameter matrices [S] linking incoming and outgoing waves at each junction set of ports. S-parameters are derived from the CCS matrix [A] of the junction [START_REF] Junqua | A network formulation of the power balance method for high frequency coupling[END_REF]. These relevant physical features can be either derived from analytical or theoretical expressions. They can also be extracted from measurements of Q factors in volumes or measurements of transfer functions.

B. Application to the EPICEA NTC2 test case 1) Topological analysis

The first step consists in building the EMT/PWB network modelling the plane wave illumination of EPICEA-NTC2 as in Fig. 4. The qualitative analysis of the propagation path of the incident EM energy from the external up to internal volumes is quite straightforward:

-energy can enter the structure through apertures, A1 and A3 in cavities 1 and 3. Considering the incidence/polarisation of the plane wave versus the structure, penetration through A2 is neglected in the illumination configuration under study. -in cavities 1 and 3, the energy dissipates in metallic strips, composite walls and in absorbers. Then it reradiates through apertures A1 and A2, couples onto WUT1 and WUT2 cable networks and reaches cavity 2 via aperture A1-2, H1-2 and H2-3 holes and WUT1. From a quantitative point of view the CCSs assigned to each junction represent each elementary independent EM mechanism and are analytically computed from geometrical and/or materials features [START_REF] Lee | Trends and bounds in RF coupling to a a wire inside a slotted cavity[END_REF]. The junctions respectively numbered 2, 6 and 13 in Fig. 4 represent topological volumes (cavities 1, 2 and 3); they sum all volume EM mechanisms.

2) Analytical resolution of the external problem

The external excitation sources (here the incident external plane wave on A1 and A3) are modelled in the EMT/PWB network as power source generators applied on the tubes coloured in blue in Fig. 4. These generators represent the power transmitted through both apertures. They can be deduced at low frequency from the dipole approximation and at high frequency from geometric optics as in (5); "low" and "high" frequency limits are defined with respect to the dimensions of the apertures:

In Table 1, E i is the external incident electric field of the plane wave; η, the wave impedance; λ, the wavelength; α m , is the magnetic polarizability of the square apertures (A1 or A3); A, their surface area. 

Dipole approximation

Geometric optics

3) Comparison to full 3D reference EM environment

Once the EMT/PWB network is fully characterized, the BLT equation resolution can be launched between 100 MHz up to 6 GHz. The output data are given as mean power density induced at volume junctions from which can be derived the mean electric fields induced in the 3 cavities. Fig. 5 illustrates the comparison, from 100 MHz to 3 GHz, of electric fields induced in cavity 1 for an electric incident field of 1V/m obtained by:

-the reference 3D FDTD ALICE computation (black color) on the whole geometry. The post processed E-field in frequency domain is reduced from the 3 Cartesian components computed at a single observation point in cavity 1, -EMT/PWB (red color); the E-field, is the mean electric field induced in cavity 1. The comparison is fully satisfactory above a few hundreds of MHz. At lower frequency, some discrepancies are observed due to the fact that the EPICEA-NTC2 cavities cannot be considered as electrically oversized. In this frequency range, EMT/PWB assumptions are not fulfilled. Nevertheless, in order to overcome this assumption, one possibility is to post process EMT/PWB data by a high pass filter which cut-off frequency is the cut-off frequency of each elementary cavity (blue-color in Fig. 5). Note also that EMT/PWB data are not hairy as in full 3D computations since all mean coupling cross sections characterizing junctions of the EMT/PWB network are smooth functions derived from analytical expressions.

IV. STEPS B AND C: EVALUATION OF INDUCED CURRENTS ONTO CABLE NETWORK

A. Numerical strategy

Once the EM environment inside over-moded cavities is evaluated by EMT/PWB, the next step consists in computing induced currents/voltages along cables in the structure. At high frequency, with respect to the dimensions of the cavities, the EM field distribution behaves as the EM environment in a MSRC. It can be modelled as a superposition of Random Plane Wave Spectra (RPWS). In order to calculate the responses of the cables, the direct technique consists in applying the FTL approach with a Monte-Carlo process for each of the plane waves of the sets of RPWS ( [START_REF] Hill | Electromagnetic field in cavities: deterministic and statistical theories[END_REF], [START_REF] Musso | Assessment of reverberation chamber testing for automotive applications[END_REF], [START_REF] Junqua | Field to wire coupling in an electrically large cavity: a semi analytic solution[END_REF]). Then the tangential incident electric field along the cable routes can be evaluated and a MTLN modelling of the cable harness including the source terms deduced from each random plane wave spectrum enables the assessment of the induced currents and voltages. At the end of the process, the statistical population of currents and voltages can be analysed. However, this Monte Carlo process requires launching as many MTLN simulations as the number of random plane in the generated RPWS: this leads to a prohibitive number of MTLN calculations. The method presented hereafter overcomes this difficulty by applying the reciprocity theorem and requests only one MTLN simulation.

B. Application of the theorem of reciprocity

Let us consider the EM problem illustrated in Fig. 6 for which the objective is to compute the current, I, at a wire extremity induced by an EM incident environment. The two EM states involved in this reciprocity formulation are:

-State 1: "emission state"(Fig. 7); a voltage source generator, V 0 , located at the extremity where the current I must be evaluated excites the cable. The current distribution Js induced by the excitation along the wire is computed by a MTLN computer code. We chose the CRIPTE code developed by ONERA because of its EMT description of the cable networks and the perspective of application of the method to cable harnesses. Typically the discretization of computation of Js along the wire is a tenth of a wavelength.
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V 0 Fig. 7. State 1: emission state -State 2: "incident state"(Fig. 8); the tangent electric fields distributed along the route of the wire, in presence of the ground plane, are evaluated. In this state, the cable is not modelled as in FTL. However, the difference with FTL is that the field distribution can be analytically derived since the EM environment is modelled as a finite number of plane waves derived from the RPWS as in [START_REF] Arianos | Evaluation of the Modeling of an EM Illumination on an Aircraft Cable Harness[END_REF] where the angular spectrum F(W) is a random variable:

(5)

Consequently, tangential incident electric fields E inc along the wire route are derived analytically from (5) and from the local position of the route with respect to the ground plane (in order to consider local reflections for each set of generated random plane wave spectrum). For each elementary plane wave of state 2, the application of the theorem of reciprocity to our problem allows us to link state 1 and state 2 and to derive the following integral expression of the current, I, at the cable extremity under consideration [START_REF] Fiachetti | Electromagnetic random field models for analysis of coupling inside mode tuned chambers[END_REF]: [START_REF] Hill | Electromagnetic field in cavities: deterministic and statistical theories[END_REF] This strategy is implemented in a sub-module of the CRIPTE code named "RANDOMOP". It consists in:

-solving only the emission state with CRIPTE as in Fig. 7, -computing analytically the incident state for each sample of random plane wave spectrum (5) -computing the integral of reciprocity ( 6) for each sample of random plane wave spectrum At the end of the process the current I, induced at the extremity of the cable is evaluated for each random plane wave spectrum and a statistical analysis can be carried out.

C. EPICEA NTC2 Test Case -Comparison to full 3D reference simulations

As a first step, it is necessary to model the emission problem via CRIPTE on the cable network under study; an excitation point (voltage source generator) is applied where the final current evaluation is wanted. In this paper, we will focus on the extremity of WUT1 located in cavity 1. The CRIPTE topological network modelling the emission state for the evaluation of high frequency induced currents is presented in Fig. 9. The simulation is running between 100 MHz and 6 GHz and currents induced by the voltage source generator located on tube 1 are stored all along WUT1, every 5mm (sampling λ/10 at 6 GHz). This simulation takes only a few minutes for 100 frequencies of computation. The next step consists in launching the RANDOMOP submodule which intrinsically:

-computes the "incident problem" by generating different random plane wave spectra with given power densities (computed by PWB in the three elementary cavities, see section III.B) and derives the tangential electric fields along the WUT1 path, -solves the integral of reciprocity (6), -stores the statistical characteristics of induced currents over the whole set of generated random plane wave spectra for further statistical post-processing. In Fig. 10, the normalized currents computed by ALICE FDTD (hairy black curve) up to 3 GHz and computed by EMT/PWB/RANDOMOP (smooth red curve) as an average current over the set of random plane wave spectra are overlaid. As mentioned before, in the low frequency band below 300 MHz, the EPICEA-NTC cavities cannot be considered as electrically large. Note that the previously mentioned high pass filters taking into account the first cut-off frequency of the cavities (as blue curve) solve the limitation of notoversized cavities below 300 MHz. Above 300 MHz, for which cavities can be considered as electrically large, the comparison between ALICE-FDTD and EMT/PWB-RANDOMOP computations is very satisfactory.

V. CONCLUSION

The modelling and numerical strategy proposed in this paper to evaluate high frequency couplings onto cable harnesses installed in complex structures and combining macroscopic, statistical and MTLN techniques has been validated and has proved its efficiency in terms of computational resources and accuracy. Additional prospects of the proposed strategy concern applications to cable-harnesses and extension of the methodology to multiple points of observation by introducing a multi second member resolution of the BLT equation.

Other prospects concern the resolution of the external problem by an asymptotic modelling technique in order to evaluate incident EM fields onto external points of entry of energy from the exterior to the interior of the structure. Such an approach is required when the external shape of the structure becomes complex enough to modify the plane wave structure of the incident field at the levels of the points of entry.
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