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Abstract

This paper deals with the development of the Power Balance approach to estimate high frequency
coupling mechanisms in complex systems. Section 2 is devoted to the general principles of this approach
as found in the scientific litterature, In section 3, an example of the application and validation of the Power
Balance method (under a good shielding approximation) is presenied. Then a network formulation of the
approach is proposed in section 4. Finally, in section 5 the same example is processed with the network
formulation of the Power Balance method by easily adapfing the CRIPTE code (ded;cated initially to

Electromagnetic-Topology).
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1. INTRODUCTION

This note dea!s with the development of the Power Balance methed in order to compute high frequency

" coupling mechanisms in complex systems. Although the coupling of an electromagnetic wave with any
system can be theoretically computed thanks to Maxwell’s equations, this classic approach may become

tedious in the case of high frequency incident electromagnetic environments. Indeed, the use of numerical.
methods, commonly used (such as FDTD, or MoM) can lead to very large meshes and computationnal
ressources which can not be handied by currently available computers. in addition, even if appllcable oneg
day, thoses deterministic methods are likely not to cope with the high sensitivity observed in real cases,

due to the statastlcal distribution of internal geometry configurations.

Therefore, for a few years s0me articles ([1] to [15]) dealing with a method, named Power Balance, are
published in the scientific litterature. The objective consists in developing a simple approach which
provides an order of magnitude of constraints induced by a high frequency threat on any system. This
approach is mainly theoretical and mathematical, and so far, we did not have the chance to find any
reference of appllcatlons of this method on realistic problems.

2. GENERAL PRINCIPLES OF THE POWER BALANCE METHOD

- The Power Balance method qualifies and quantifies from a madroscopic point of view the t.'ransfer of

energy between cavities and it successively characterizes :
-~ the penetration of the external incident electromagnetlc energy inside the structure
--- . the electromagnetic environment within the various areas of the structure,
- the coupling of this electromagnetic environment with cables and electronEc equipment.

This. method is very interesting since it is based on statistical concepts and considers that some
parameters (such as the accurate position of an eqmpment inside a cabin and the exact running of
cables,...) are unknown. The main assumption made is that the system under test must be large
compared to the wavelength of the electromagnetic threat so that mterna! electromagnetrc enwronment
can be modelled by probabilistic laws. : :

: Figure 1 illustrates how the Power Balance method would_solve the problem of RF cOup[ing to an aircraft.

To characterize the response of a system to a high frequency threat, the most |mportant parameters used

) by the Power Balance method are :

- the incident external power density '

- the quality factors and the volumes of the various areas of the system,

- the coupling cross sections of points of entry (POE) such as slots, apertures, windows,..
- the global running of cable networks :

- the quality factors and the volumes of equipment

- . the coupling cross sections of equipement POE .
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2.1 PARAMETERS CHARACTERIZING ELECTROMAGNETIC ENVIRONMENT INSIDE CAVITIES

- Let us assume that the dimensions of a cavity are greater than a few wavelengths of the incident
. electromagnetic interference. We can therefore make the approximation that the cavity behaves as a

* pseudo-mode stirring chamber. In other words, electromagnetic fields at any point inside the cavity
defined by its coordinates (X, y, z) are uniformly distributed random variables of the position. The real and
the imaginary parts of these electric fields. (and magnetic fields) are gaussian random variables with a
mean equal to 0 and with the same variance Vg (and V). The mean electromagnetlc envirchment can be
considered as pseude homogeneous and pseudo isotropic. As seen in introduction, high frequency
-coupling in cavities are charcterized by quality factors and coupling c¢ross sections. In the followmg
_ paragraphs we have derived the theoretical expressions of quailty factors and couplmg cross sections in
generic cases. :

21. 1 Quality Factor of a cawty

A quality factor of a cawty is deflned as:
Q= 2ﬂf — - M

where f is the frequency, Wis the steady state energy available in the cavity and Py is the d|$5|pated
power, .

The steady state energy can be expressed asa functrcn of electromagnetic fields |nS|de the cawty

)

- Visthe cawty voiume

- g, 1 the permittivity and the permeabxltty of the medium inside the cavity,
- Eand H, the peak magnitude of electric and magnetic fields in the cavity at frequency f.

Let us recall that electromagnetic fields inside the cavity are a sum of stationnary waves with a 90 degrees
‘phase shift. Then, at any point inside the cavity, the energy goes alternatly from an inductive form to a
capacitive form and the steady state energy, W, can be written as:

.W_=2£ﬂj—l.dv=gm|}i‘ws|zdv e

If we assume that the cavity is large compared to the wavelength of the incident electromagnetic
interference, electromagnetic fields inside the cavity are random variables. We can write the steady state
energy, W, as a function of the variance of the real or imaginary part of the_cartes;an electric field, V¢ :

W=3eVV, (4)

We can also write the mean power density, S, inside the cavity as (n is the wave |mpedance of the
medlum inside the cavity) : .

3V (5)
-7

On the other hand, Py is the dlSSlpated power inside the cavity and Is the sum of vanous dlssmatlon
mechanisms : : :

- Lossin the cavity walls (Pp,),

- Re-Radiation via the Point of entries or generahzed apertures (Pap)

- Power dissipated in antennas locaied inside the cavity ( ant)

- - Absoption by inner objects in the cawty {Poyy)

S

For steady state conditions, we require that the power P, transmltted :n5|de the cavity is equal to the
power dissipated in the four loss mechanisms previously mentioned : .



P =P,=P, +P, +P, +P, 8

We. can now express the quality factor of the cavity, Q, as 2 function of elementary quality factor
associated to the four loss mechamsms ' .

1
0= 27"{—“ 11 1 1

: -.“' S N RV S

0. Oy CQm Ou

T LAN Q =22 2 M
" P, . VP,

o W s
Qanr _ZMP Qabj 27er

ant obf

Considering the structure of this sommation, we can already notice that the quality factors behave as
impedances in parallel.

2.1.2 Quality Factor a_sso_ciatéd to objec_ts‘_.ab_sorption

In- general, the absorption cross section of a lossy objéct depends on the incidence angles. and
polarisation of the incident interference and is defined by the transfer function between the dissipated
power by the object and the incident power density on this object

Pobj o-obj (6 495 W) S(e ‘pﬁ W) | (8) )
If we assume that the-cavity containing the object is large compared to the incident electromagnetic
interference, it behaves as a pseudo-mode stirring chamber. Therefore, the object is bathed in an infinity

of plane waves with random incidences and polansatlons We can write the followmg mean dissipated
power ;

j 0y (DS
P {9) 7
Py = <aabj >"‘n"€"

~ <co'b,> is the averaged absorption cross section of the object
- 3 VEln is the average power density in the cavity (see equatlon 5)

The result for the quah’ty factor, Qq;, assocxated to absoption by Iossy objects is:
: 2V
Qobj -

2.1.3 Particutar case of wall losses

(10)

We can find in the litterature [1] different theoretical dévelopments to quantify the power dissipated in
"cavity walls, where the cavity is considered as a mode stirring chamber. In either case the result for the
quahty factor Qp, and the average cross section <g,,> are: :

' 0, = 3V 7?7(#0 el 3. 79?10
" 28 R, 2SN n
" 3ep, 347

1)




- Sis the cavity surface area,

- Vis the volume of the cavity,

~ W is the relative wall permeability,
- . g is the walil conductivity, -

- R;is the wall surface impedance

2.1.4 Particular case of re-radiation through PO.E

An aperture or more generally a POE, is characterized by its transmission coupling cross section, oy,
defined as the transfer function between the power transmitted from area 1 to area 2 (Py) and the power
denSIty in area 1 (S1) (see figure 2).

Area 1 ' ' Area 2

A@.09) - ' ' '
| ‘\%k(a, & | POE .
: . S.0(0, 0. )

2
s, < LIEL
o 7

Figure 2 : Transmission coupling cross section of & POE

=0,,0,0.9)S8, - 12

If we now assume that both cawtles behave as pseudo mode stirring chambers, we can wrlte

jaz(ﬂ)d9—3z (e,)

ap =

- . the factor ¥ is lntroduced in order to take mto account only waves propagatmg from area 1 to
- - area?2.

- <cap> is the averaged transmission coupling cross section, '

- Vg is the variance of the real or imaginary part of a cartesian electric field in Area 1.

Therefore, |ntroducmg (4) and (9) in (7), the result for the quailty factor assoelated to re-radiation via

aperiures is:
C2nV
Qap = - (14)
A(aap> :
In the Ilttera’(ure [‘1] to {4}, we can find some expressions of the coupling cross sections that we will list

later on:

2.1.5 Particular case of losses in antennas

Let us consider the equivalent electric scheme (figure 3) of a receiving antenna where :
- - Risthe input impedance of the receiver connecting to the receiving antenna,
. .- R, the radiation resistance.of the antenna, :
. = X, the reactive impedance of the antenna,
- V,, the valtage generator representing the coupling with the e[ectromagnetlc field,
~ = -V, the voltage induced at the recelver |nput

- 1,




. Equivalent representation of -
Receiver of the antenna The receiving antenna

Figure 3 : Equivalent scheme of a receiving antenna

The power dissipated in the resistance Ris:

R, +jX.—R-
R +jX +R

- S11 is the reflection coefficient of the antenna (referenced to the impedance of the receiver of -

the antenna) identical in receptlon and transmlssmn (when the antenna is only made of
remprocnai medla)

(15)
SI] .

- |S HI is the mlsmatch factor of the antenna.

If we assume lhat the antenna sees an |nC|dent plane wave with an incidence (6, ¢) and a polarlsatlon v,
then we can express VD as a function of the receiving effective height of the. antenna

= (0,0, ¥).E 1 (6, 0,4

A
|h(‘9 (0,W)| WR G(9 G",W)

- hie .(p v) is the effective height in the receiving direction (8,p,y);
- Egrus(8,9,y) is the RMS incident electric field in the direction (8 Q). -
- G(B,cp y), the antenna galn in the receiving direction (8,¢,),

. (18)

‘We can re-write the power dissipated at the antenna output when the antenna is iluminated by a plane

wave ! __
po 2 l-lsuf)

57 120x -G(éfqa,w)-les(G,_qa,w)l o

If we now assume that the antenna is located in a pseudo-mode 'st'irring éhamber (such as in a cavity
targe compared to the wavelength), the antenna will receive plane waves: from any dlrection and
polarisation. Therefore, the mean power d|55|pated at the antenna output is computed as:

1-1s,) frac |EM(9)|

| ant 872.- . T] . r 4% (18)
A e 23 |
Pam - 875 '(‘I |S”| ) ﬂ

- 10
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Flnaliy, the quallty factor associated to the loss in receiving antennas and it coupling cross sectlon are
gwen by :

w __16x'¥ L
B, 2li-ls, ) (g
2 _

(Co)= ; ( |S”|)

Qcm! = 2@(‘

2.2 TRANSMISSION CROSS SECTION OF APERTURE-TYPE POES

In this. section, ‘aperure’ is a general word that includes slots, seams, windows,... Aperture theary has

been developed for apertures in flat, perfectly conducting screens of infinite extent and zero thickness.
Then, we will assume that the shield is locally planar and that the thickness of the shield is small. Aperture
theory can be subdivided into three cases where the aperture dimensions are either small comparable or
large compared to the wave[ength

i) For electrically large apertures the geometrical optlcs approximation yields to

o,0)=4 cos(B) o (20)
- Aisthe aperture area - '

- 6 is the incident elevation angle, that is to say the angle between the propagation vector and .
the normal vector to the aperture.

If this aperture is now illuminated by a sum of plane waves of random mcadence we obtain the followmg
average cross section | .

(o~,,,,)=—~ j dg. j Acos(e)sm(o)da-—- | 1)

i} For e]ectrlcaliy small apertures, po[artzabihty theory siates that the transrnltted fields are those of
induced electric and magnetic dipoles moments. This theory yields a transmission cross section that is
proportionnal to frequency to the fourth power.

s, =c.[?ﬁ] - @

c .
where C depends on incident angle, polarization and aperture size and shape, but Is independent of |

‘frequency. We can find in the litterature [1] to [4] the expression of C and of the average coupling cross

section for specific geometry of apertures. For example, the average coupllng CTOss sectton of a circutar
aperture of radlus ais given by :

(Cw)= ;f[[/l) for f< 5 2

ifi) In the resonance reglon the aperture dimensions are comparable to the wavelength, and the frequency
dependance of 6., depends on the aperture shape. Numerical methods or measurements are generally

- required to determine o, and the average coupling cross section <ggp> for such cases.

3. ANALYTICAL EXAMPLE OF AN APPLICATION OF THE POWER BALANCE METHOD

3.1 SYSTEM UNDER TEST

Let us consider a cylindrical system constituted of two cavities [16j (see figure 4). The lower cavily is
made of aluminium and the upper cavity is partially composite. On the plate separating both cavities, there

is @ small circular hole and there is also a square aperture on the upper cavity.

1t



Upper cavity

Lim

" Circular hole

Radiuz=1.2cm o

™ Square aperture

Lower cavity 0.6m

Y

Fiqdre 4 : Description of the system under-test

The goal of this study is to estimate, thanks to the. Power Balance approach, the electromagnetic

environment in the lower volume, when a transmitting antenna is located in the upper volume. To do this,

we insert in both cavities a waveguide, a transmitting one in the upper volume and a receiving one in the -
lower volume. The experimental configuration consists in measuring the transfer function [Ss] between

these twa waveguides. In order to consider the system as 2 mode stirring cavities, we also install &'

mechanical stirrer-in the upper volume (see figure 5). Therefore the [S;;] parameter is measured at each

stirrer position. We finally process these measurements to extract the average and the variance of [Sy]

over a compiete rotation of the stirrer and compare the measured variance with the estimated one by the

Power Balance simulation, ' '

_Transmitting
waveguide

Motor
oo

Stirrer at  ———
Position i

Network Analyzer

-\'"-u

Acquisition of Si21 :
and computation of

_ ( ( _ o2 . o |
' ( ' — : 2 27 Thy 2
: : " Measurement of 5, : Os21 = E|:|S21| ] = —N—Z 1524
. - -Receiving ¥ _ : - o e

'waveguigie )

Figure 5 : Experimental configuration .

3.2 APPLICATION OF THE POWER BALANCE METHOD

By definition, the variance of 821._0252'1, is the transfer function between the-average power' dissipated in .
the receiving waveguide, P,,, and the incident power at the transmitting waveguide input, Py

. 2 Pcmr s - . :
1‘7521=P. Lo T (24

e

12



Let us call : . R

- Py, the total power transmitted by the waveguide located in the upper cavity,
- 8y4, the reflection coefficient of the transmitting waveguide

- S, the reflection coefficlent of the receiving waveguide.

- 8, the average power density in the upper volume,

- 5, the average power density in the lower volume.

From equations {24) and (15), we can write :

. 2,
P = (1“‘|Su[)2'P' and F,, = ;;r _(1_|S22‘2 )S:

mc

: 2 (25)
2 Pan.! _ (] “|SH| ' )(] _ISzgl )/’{2 'Si' oo
O.SZ.? = -
Fe 8x.F,
We can re-urie the expression Of a cawty quality factor as follows (from equatlons (1) (4) and (5)):
W 2z VS -
2 oo Ty 28) -
0=2 = = P e

- Pyis the total power transmitted in the cavity
“- Vs the cavity volume,
. - Sis the average power densny in the cavity :
If we apply equation (26) to cur problem and if we assume that there is no retro-action of the lower ca\nty
on the upper cavity (in other words, we apply the good shielding approximation [1 8)), we obtain :
S, =~~3—'—Q—"—f’r and §, = ;LQ’ ( ).Su
: 2V, 27rV 2
) : - Qisthe upper cavity quality factor
Ty ' -V, is the upper cavity volume
/ - Qis the lower cavity quality factor
- .V is the lower cavity volume
- S is the average power density in the lower volume:

- .<op> Is the average coupling cross section of the circular hole located on the transition plate '

@n

.The quality factors of both cavilies, Q, and Q are derived from equations (7} to (19):
Fi 1 1 1 1 '

=t —
Qu_ Qwaﬂ Qap = ant Q_h
1 1 1 1

—=—a—t S+
Qn’ Qwa!! Qﬂnt Qh
where ‘

- Qs represents walls loss in the upper volume
- Qap, re-radiation through the square aperture of the upper volume,
- Q. loss inthe transmitting antenna,
= ~Q@"%, re-radiation through the circular hote in the upper volume, -
= Qlas, walls loss in the lower volume, -
- . Q% loss in the receiving antenna, '
- Q'h, re-radiation through the mrcular hole in the lower volume

(28)

By applylng equatlons (21) and (23) to the circular hole and to the square apenure we obtam: L
~ - coupling cross section of the circular hote (of radlus a}, <gp>!

13



' 4
Low frequency formulation -<O-h> = ]_(2_J a’ fs L3

| | . RZAW - 2m (20)
High frequency formutation <o-h> - fz ﬂ '
2
- coupling cross section, <y, of the square aperture (area of the aperture dxd)
. 2
High frequency formulation (o'ow> =— d {30)

2

For.our numerical application, we will consider the fo[lowrng data
- Conductivity of the composite carbon—3 10*s.m™
- Conduotwrty of the aluminium=10"S.m""

In figure 6 we represent versus frequency

- the global and elementary quality factors of the upper volume (composﬂe volume},
- the global and elementary quality factors of the lower volume (metallic volume).

Upper Composite Ca\rity _ _ Lower Metallic Cavity

0* — . — TS
- ' Transmitting )
Wavequide

Re-Radiation via

N 10° . )
. 1wt Circular Hole . Receiving
, . Waveguide
. . 10 Re-Radiation via / .
108 Quality Factor Circular Hole

- Quality Factor 10°

10° o ) Wall josses
Re-Radiation via 10° - ==
- Wall Losses Square Aperure o L
10 o . \
. " Global Quality Factor
- Global Quality Factor 160 ° .ua! Y
.10 . .
2 4. 6 8 - 10 1R o _2 w4 S B 8 .10- ‘.12

Frequency (GHz) - ) ' . Frequency {GHz)

Figure 6 : Quality factor of Upper and Lower Cavities’

Infigure 7, we represent versus frequency : .
- the measured variance of S;, :
- the computed variance Sz {equations (25) and (27)). -
- the global and elementary quallty factore of the lower volume (meta!lrc Volume)

Measured and computed results show quite a good agreement in the whole frequency range. The best
agreement is obtained at high frequency {above 9GHz). In low frequency (between 2GHz and 4GHz), we
can note some discrepancies. They can be explained by the fact that in that frequency range, the system
may not be considered as a pseudo-mode stirring chamber {as we assume in our theoretical
development) and by the fact that we introduce crude "analytical formulas. Let us assume that the
frequency waveform observed on the plots comes from the measurements of S5, and Sy, wavegurdes
which are the only measured parameters mtroduced inthe: Power Balance computatlon

- 14
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P

- o Var[Sz4] between waveg'uides
102 — - :
' Measurement of Var[S21]

Power Balance Computation

- _10-5 L of Var[S21]
10° — —
2 4 6 - -8 10 12
Frequency (GHz)

Figure 7} Apphcaﬂon of the Power Balance method to the cyiindrical. 2—cawtres system — Measurement

and comgutat:on of Var/S»]

4. TOWARDS A NETWORK FORMULATION OF THE POWER BALANCE METHOD
4.1 INTRODUCTION

The previous theoretical developments show that a. network formulatlon could be applled to the Power
Balance method. We already said that the summation rule of the quality factors is similar to the

- summation ruie of |mpedances in parallel (see equation (7)). Equatlon (9) prov:des a linear relation
between the two main unknowns of the problem :.

- the dissipated power, P, and
- the pOWer density, S.

The linear factor is made by the mean of the coupimg cross section <g>.. <c> being proport:onai to the
inverse of Q (see equation (10)), we can make.it analogous to an admittance. Therefore, the dissipated
power, P, becomes analogous to a current and the power density, S, to a voltage. The different analogy_

-are summarized here after

Dissipated  Power P E.'VCurrent I -
Power Density S Voltage V. (31)
Coupling Cross Section ¢ = Admittance Y

P=0c.5 = I=YV
We can see that the quality factor Q is not directly used in the linear equation relating P and S ; however it
is a measurable quantity allowing ane to derive the value of the coupling cross section <g> by
27V
{o)=

AQ :

(32)

I5



Besides the orgamzailon of the calculations may be based on an interaction daagram sequence as done in
eleciromagnetic topology, which follows the running of the power transferred into the cavities. If we
consider our previous example, we can draw the following interaction graph (Figure 8).

'Transrnitting waveguide

Losses in

Upper cavity walls Losses in transmitting wavegnide

Square aper.ture'

Circular hole )
Re-radiation from Lower to Upper cavity

Losses in
Lower cavity walls Losses in

Receiving wavegnide

Figure 8 : Interaction graph of thé cylindrica! structure excited by the wavequide in the upper cavity

At each node, we associate a coupling cross section linking the power dissipated in the component and
the power density. Each branch represents the propagation of the power through cavities and between
different nodes. The unknown of the interaction graph are the dissipated power and the power density at
each node. Note the bi-directed arrows at the level of the circular hole junction related to the possible
retro-action of the Lower cavity to the Upper cavity through the hole. - ‘

4.2 ANALOGY TO THE TRANSMISSION LINE THEORY — NETWORK FORMULATION -
4.2.1 Network Formulation

Let us consider the simpler case of a single enclosuré (with walls of finite conductivity) containing a
transmitting antenna. The only losses to take into account are the losses in the walls and in the antenna.
The corresponding interaction graph is therefore as illustrated in figure 9. :

Let - P, be the mean power dlSSlpated in the walls, '
- P, the mean power dissipated in the mismatched transmitting antenna
- Pue the power delivered by the transmitting antenna,
- 8, the power density in the cavity,
o 01 ; the inverse of the coupling cross section of the walls,
- o,", the inverse of the coupl:ng cross section of the transmitting antenna

~ Node 2 - Node 3 : © Nodel
Branch 2 Pa P4 Branchl
T @ Pee I I B 8 T

Fr'qure 9 : Case of a_cavity with ﬁnite condyéﬁvitv walls and a transmitting antenna

The different equations linking the unknows are :

16
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p——

No_de]:[..l —a;{ij]:[o] ' Node2:[1 -a;{ij]:[o]

(s | _ | o (33)
—_ 1] X S
Node3: |t 0 1 OB _|0
01 0 1}si| |o
L7
' s - (s
. B ] ) i ]
Branch I - [0 —101F 10 Branch 2 : L0 -1 0jR 0
0 L 0 1js'| |0 o1 o0 1] st (B
. P ) Y
The resuliing matrix system to-solve is ':_ ' S '
I =gt 00 0 0 0 o |[s] 0]
=1 0 1000 0 0 |P||0O
0 I o1 000 0|50 |
0 0 10100 0 R0 o
0o 0 00 1 0 -1 0 |B|]|oO
1] 0 o0 0 1 ¢ i st |B,
0 0 00 0.0 I -oi|[P] |0

The expected solution of this system is consistent with the Power Balance approach since we can easily

-relate the coupling cross sections 1o quality faciors. As said before, quality factors are only intermediate

parameters WhICh can be easily measured to then estumate coupllng cross sectlons The power densny S

(8=8°=8"=8%=8%) is:

. S: Pl‘nc .
o,+0, |
o, = 27V nd G, = 27 (35)
c AL, AQ,

ﬂ' P . AQ inc

T2 1, 1 2w
g, Qz

where V is the volume of the cavity, Q, and Q, respectively the quality factor associated to losses in the
walls and in the transmitting antenna and Q the total quality factor of the cavity. We are able to derive a
network eguation relating all the unknowns of the network [17]. The BLT formulation of this network

equation presents the advantage of being totally dedicated to an Electromagnetic Topology approach.

4.2.2 Wave definition

As we can see, we can easily make an analogy with the circuit approach where, the dissipated power is
homogeneous to a current, the power density to a voltage and the coupling cross section fo an
admittance. Therefore, at each branch number i, connecting two nodes n and m, we introduce 2 waves,
combining equivalent powers, iliustrated in figure 10, where A, is a reference characierlstic coup!mg Cross
section (homogeneous to an admlttance) to be deflned Iatter on in this document:
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-Figure 10 : Definitiori of waves on each branch { connecting 2 nodes'n and m

Note that, with reference to the usual form of the BLT equation, the W, (z) waves are equwalent fo-
-equivalent combined power {or analogous to combined equwa!ent currems)

4.2.3 Propagatlon equatton _

In the power balance approach, there is no notion of propagatlon asin the transmission Ilne theory and as
in electromagnetic topology (BLT1 form) We can write :

Sﬂ = Sm Pn -P‘m '.
wrn=wr0) o mrelmrol e
wray=wr©) or 1w o= @)

In that case, the propagation matrix on a branch, conimonly named [I'] in the electromagnetic topology {or

- BLT1-equation) [18], is reduced to the identity matrix, [1]. This approach lS equivalent to shrink all the tube
_ Iengths to zero and leads to a BLT2 type network equation. : .

If we apply a source on the branch, such as an incident power generator Pinc (homogeneous to a current
generator) or/and an incident power density generator S, (homogeneous to a voltage generator)(see
figure 11}, the propagation et}uatlon on the branch becomes:

wrol= o] wr =455, 0+,

@)
prol=obrolbr) wleaksdeml T
Wi'(0 | I . WD
L ' S.inc B B
den P < il Node m
Noden - ' ode
T Branchi @ T
Pino Sl
W) CWE©O)
—e

Eigure 11 : Sources applied on a branch

Note the analogy of 5;; and P, with voltage and current generator symbols.
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4.2.4 Scattering at nodes

Let us now cons:der 2 branches i and j, connecting respectively a nodento a node m and a node p (figure
12) . : :
Wi™(0) ' S WD) - W) WF(0)

Branch i Branch j

wiD - . Wiy . Wiy CWR
o Figure 1 2: Def inition of waves at nodes

Let us remember that in the Power Balance approach a node represents any dissipation of power in
cavities. Each node is therefore characterized by a coupling cross section analogous to an‘admittance. At
each node there is nothing preventing us from introducing a scattering matrix linking waves at the input

" and at the output of nodes. Let [E"], be the scattenng matrix {deduced from the coupling ¢ross section and
referenced to a coupling cross section A, which is identical to ’the prevrous charactenstlc couphng cross
section infroduced in the propagation equation) ;

_ [PK"(O)}JEQ[WJM(D} o ' (39)

w7 (0) wra) |
- 4.2.5 Generalization of the BLT equation on a multiple-branch network

If we now gather : . '

- the waves [W"(0)] and [W/{l)] of a global network in super-vectors W{0)] and [W(I}],

- the sources on each branch in a super vector [W.],

- the propagation matrices [T}] {equal to the identity) of branches in a super matrix [I7,

- - the scattering matrices [£"] of nodes in a super matrix [£],
we obtain the well known BLT equation [17,18] which enables to compute any travellmg wave in our
network

Propagation Equation : [W(l)]= [T‘][W(O)]+ [WJ .
Scattering Equation: - [W(0)]= Elw®] : (40)
BLT Equation (1 - [El[l"})[W(O)] = [El[Ws]

Finally, by combining these waves, we obtaln any. dissipated power, P, and power den5|ty, S in our
network {in other terms in cavities) (see equatlon (36)): '

[P]= 5.([W(f)] ~[w)
(41)

)= @l+ )

c

: 4 2.6 Characteristic coupling cross section, A

g As we mentionned before in the network formulation of the Power Balance approach, we need to .-
L introduce a characteristic coupling cross section, A;, which is homogeneous to an admittance. To be

‘consistent with our theoretical development, we can choose it to be the coupllng cross sectlon of a
matched receiving antenna: : _

ﬂ)
42)-
‘ 87:_ @2
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5. NUMERICAL APPLICATION OF THE NETWORK FORMULATION OF POWER BALANCE APPROACH

5.1 INTRODUCTION-

For this numerical application, we considered the same test case as in paragraph 3 . The aim is now to
compute with the network formulation the mean power dissipated at the receiving waveguide located in
the lower:ivolume of the cylmdrlcal mock-up (figures 4 and 5) and to compare the computed dissipated
powers to the measured one (¢ 5;_.-,) :

"Any network orlented computer code may be used to solve the network method presented in this
document. However, with the idea of extending this approach with Electromagnetic-Topology concepts, a
code so[ving the BLT equation is more appropriate. This is the reason why we have chosen the CRIPTE
code in our application. The CRIPTE code, initially devoted to compute coupling mechanisms on
transmission lines, has been developed and validated at ONERA for about 10 years ({191).

5 2 NETWORK REPRESENTATION OF THE TEST CASE

In the CRIPTE code, each junctlon (or node) may be described by {S), [Y], or [Z] parameters So we
choose to characterize each junction of our problem by an admittance ([Y] parameters) equal to the
coupling crass section of the loss component of the problem. Since there is no propagation on'tubes, they
are defined as zero-length tubes. The source (power -transmitted by the antenna) is applied as an
equivalent current generator on a zero-length tube. The electrical circuit correspond_ing to our test case is
as follows (Figure 13) where AG represent the various coupling. cross sections :

=( —1SI.I| ) inc

" Transmitting 2
. 7V,
Waveguide AI:/’LQ} ] IS,_,l !ll—-———@-lh
A[ . . ant
Cavity el ’?Qmu; _compo
Aucm;n;'m; '
Circular Aumetal A" 2R.Vu )
Hole metal,
Ay \ ‘;['Qwalk meral
: y 2V, 2a¥,
. oy . ===
Lower . v Square . f h
Cavity e Aperture
1 : A .
Alyaits_metal ) ’ . A = L
. wells_metel AQ! 0
walls _meral-
Receiving '
Waveguide
Az

Figure 13 : Flectrical circuit representing the test case

- . Ayisthe coupllng cross section of the transmlt’ung antenna,

- A'cmpo 18 the coupling cross. section representing Iosses in composﬂe walls of the upper .

volume;
- ‘A’ is the coupling cross section representing losses in metallic walls of the upper volume,
- ..Aap, is the equivalent coupling cros section of the square aperure located in the upper volume,
- Ay, is the equivalent coupling cross section of the circular hole on the intermediate plate
~ connecting both cavities,
- A'wans metal 15 the coupling cross sectlon representing losses in metallic wails of the iower
volume,
- A is the coupling cross section of the receiving antenna,

© 20
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The CRIPTE — code network modelling the electromagnetic problem is drawn in figure 14, where (see

- .equatlons (24) to (309"

Junction 1(AEf.s) represents the dlssmatlon of energy in the transmimng wavegunde by a
: coupl:ng cross section Ay,
- . Junction 3 (Mur_compo.s) represents the d:se:patlon of energy in the cornpos:te walls of the
upper volume by a coupling cross section Agamgo »
- Junction 4 (Mur_metal.s) represents the dlSStpatlon of energy |n the metallic walls of the upper
volume by Aneta
- Junction § (TRAPPE.s) represents the re—radlatlng power through the square aperture by the
coupling cross section A,
- Junction 2 (VC_ideale.s) represents the upper ideal cavity,
- Junction 6 (TROU.s) represents the circular aperture between both cavity by An,
- Junction'7 (VM_ideale.s) represents the lower ideal cavity, _
- Junction 8 {ARf.s) represents the dissipation of energy in the receiving waveguide by Ag,
- Junction 9 (Mur_meial_ metal s} represents the dISSIpatlon of energy in the metallic walls of
. the lower volume by Apetal,
.- - All the branches have a null length in order to represent the fact that the propagation matrix is
the identity matrix,
- . On tube 1, we apply an incident power generator equal to the |n0|dent _power transmltted by
"~ the transmlttlng waveguide in the upper volume, P,

t&:u langth .

@mw s -
F s=- ..
. Y .
\\ b (1 ‘,,‘,;;:—""C)ﬁR
000 if
agﬂq_lereth . ";,:;;Eﬁf o0 n
Y ) ,,‘,;;,‘: zero_length
'::'l‘l'_’i‘dule .
A
A7

/7 0.00m
/¢ zero,length

@j};w,net.el,mtal.s
Fiqure 14 : Network representation of the fest 'cas

By solving analytically the electrical cwcwt we obtain the following power densities in the upper and Iower
volume (S,, 5) and the following dlSSlpated power by the recewmg wavegmde Pant :
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We see that the resolution of this electrical circuit gives a power density in the upper volurme which is -
slightly different from the one we oblained previously (see equations (26) and (27)). indeed when we

applied the power balance approach with the good shielding approximation (paragraph 3), we did not
consider the fact that the upper volume was loaded by the lower one. In other words, we neglected the

-1 .

: ' 1 .

retro-action term [ + Q—] beyond Q. Therefore. we expect that the netwark formulation of the
melm! ant

power balance approach will give more accurate results than in figure 7 since it takes into account the
whole retroaction between different cavities.

In figure 15, we have drawn versus frequency:
- the measured variance of Szq, which is the mean power. d|551pated by the receiving wavegmde

- the computed mean power dissipated by the receiving waveguide thanks to the network |

formulatlon of the power balance approach {CRIPTE code)

Indeed we ‘observe a very good agreement in the whole frequency range between measurement and
computation of the dissipated power at the receiving waveguide. We must not forget that we |ntroduced
analytical formula usually available for generic geometries:

- to mode! radiation through the square aperture and through the circular hole ,

- to model the losses via the walls of the mock-up.

Remember also that the only measurements we had to take into account in our computation were the

reflection parameters (Sq1 and Sz) in free space of the transmitting and receiving wavegmdes Besu:les
the oscnlatlons in figure 15 are due to the variations of these parameters.

22

: [
Ji
-\l-_,-'"



Var [S] between waveguides

102 : \
S W Measurement of Var[821]
. 10—3 : jf ‘ . .
21
0% :
Power Balance — Network
. Formulation of Var[S]
-0 .
10 ’ — ; —
2 4 6 8 10 12
Frequency (GHz)

Figure 15 . Network formulation of the power balance approach applied to the tesf case — Measurement

and computation (via Network Formulation) of VarfSs,]

6. CONCLUSION .

In this work, we have shown the capability of the power bdlance approach to estimate high frequency
coupling mechanisms. Furthermore, we proved how easy it is to implement this technique by using a
network formulation. The great interests of this technigue are its rapidity of computaﬁon and because it

does not require an accurate description of the system geometry and fi nally because it is only based on
analytical formulas.

Nevertheless, fundamental research are essential to ;

evaluate the limits of application of this technique, for example the lower and upper frequency
limits compared fo the systems dimensions, Further experimentation must be performed in
order to analyze if we can still consider that an equipment filled with electronic cards behaves
as a pseudo-mode stirring chamber.,

take into account the coupling of the internal electromagnetic environment with bundles and
cables, and investigaie how this coupling must be introduced in the network formulation,
obtain a complete data bank of coupling cross sections of POEs. So far, we only have
analytical expressmns for generic apertures. We must also analyze specific cases, such as
cables running through apertures

Those different topics will be |nvestigated in the future. From the ponnt of view of CRIPTE development
‘the work should therefore focus on :

validations with more complex configurations,

improved models for tubes and junctions,

the reduction of the actual CRIPTE version (transmission line oraented version) to a more
specific Power Balance oriented version.

introduction of original Electromagnetic Topology formalism in the network approach.
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The efficiency of this technique and the encouraging results we obtained on this eirhple geometry example

must not make us forget that the approach is based on statistics and probability. Therefore, its application
- depends on the type of objective aimed when solving the electromagnetic problem. For example, this
“method can not be directly applied for system vulnerability since we can not compute the worst case from
a deterministic point of view. However, it is not obvious that there is a clear and commonly accepted
definition of the *worst case’ |n the scientific community.

Nevertheless, this promising approach will be very interesting for analyzing high frequency coupling in
complex systems especially as long as no determlnlstlc method is currently available to perform such an
analy51s : .
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