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Using Tensor Analysis of Networks for EMC

Introduction

The purpose of this MOOC is to submit a course for using tensor
analysis of networks (TAN) for EMC. The idea is to construct a
system and to show the technique through examples, presenting
the theory as long as we construct the system, but with some
theoretical preliminaries sometimes. Hoping this approach give
you an easiest way for discovering TAN.

For readers who may want more information and deeper
demonstrations please refer to Maurice, O. (2022). Miscela de
physique, systémique et électronique. AFSCET editor. BOOKELIS
library.

Olivier MAURICE
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A simple circuit

To begin we consider a simple RC circuit. Figure 1 shows the

Probe
3=

R1 R2
RO 1 2 c1
R=1000hm R=tkOhm =L ¢ T, o

5 V1
U2=1v

- T1=0
T2=50 us

Figure: 2: Schematic
(QUCS@)

Figure: 1: Setup 1

(for experiments, the plateform used is Digilent, Analog Discovery
Studio).
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A simple circuit

To make this circuit we use a generator, 2 resistances, 1 capacitor
and a probe. Each of these elements can be modelized by a
Kirchhoff’s edge including a source of potential energy and an
impedance as self property. So we can create an edge space B as
: B ={by, bo,...,bs}. This set is the one you make when you place
your components on the table, before to solder them. Each of
these edge is made of two nodes. The border of an edge is a
couple of nodes, for example: dby = (ny, n2). The set of nodes is

Q.
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A simple circuit

Before to go further, we need to briefly recall the tensor algebra.
First when two indices are repeated, it means that a summation is
realized on this index omitting the sum symbol:

3
D AB & AB' = Aib' + AB? + AsB°® (1)

i=1

The vectors, for example the edge currents vector—l> has

components with index up: 7= IaT))a. This vector has a dual,
called a covector with index down. The dual of current is voltages:

— — L —
V = V,b?2. The product of B base and dual base is b,b? = §2.
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A simple circuit

The dual base makes a correspondance between a vector and a
number (like a compass between its needle and the degrees). A
scalar is a number. A vector (or covector) can be projected on a
base. A tensor of order 2 can be projected on a tensorial product
of bases (for example _b)u and _c>v which explores all the
combinations (b1, 01), (b1, cz), (b,,, cn)). When we inverse
a tensor, index down goes up and reciprocally, and the order of the
indices is reversed. A scalar is a tensor of order 0, a vector (or
covector) of order 1, etc.
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A simple circuit

The only way for transforming a vector in covector or a covector in
vector is to use a metric: a space metric g, an impedance metric
or an admittance metric y.

Xu = gquV, Vo = ((IﬁQﬁ < Qﬁ = y'BaVa (2)

The power P which is a scalar is an invariant: it does not depend
of the graph used for a circuit. £,z is a tensor because it does not

depend on the base ?2)(7 choosen for modeling the circuit.
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A simple circuit

To construct our circuit we can either connect nodes or connect
edges. The graph G of the circuit is shown figure 3.

Figure: 3: Graph setup 1
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A simple circuit

To connect edge we may use the connectivity between edges and
nodes (often called adjacency) A. This leads to the "nodal method”
easy to program (that’s more or less the method used by
SPICE-like softwares). But we prefer another connectivity, difficult
to program but powerfull for theoretical analysis: the edges to
cycles connectivity A. We choose two cycles Q' and Q2 in M, the
edges being oriented. A allows to write the connection I* = A2QF.
When [ and 2 have the same direction, Ay = +1. If they are no
relations between them Ay = 0 and if the directions are opposited
A = —1.
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A simple circuit

For our example this leads to:




Using Tensor Analysis of Networks for EMC

A simple circuit

With the set B and the graph G we can define a vectorial space
%
and its base b,. The scalar product between two base vector
defines a metric:
— -
uv = <bu, bv> (4)

With s: Laplace’s operator, g and the tensor properties of matter
ouv, €% and the edge volume v, an edge property called an
impedance can be defined by:

uull" 1 uul'l"
Ru = Puu S, sCuu = sty
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A simple circuit

Let’s consider Kirchhoff’s equation for an edge (E electromotive
force, z impedance, V potentials difference):

E, = zoplP + V, (6)

Using the connection I* = A%Q“ we obtain:
E, = zsNoQ7 + V, (7)

Let’s multiply all members on the left by AY:

N Ey = NzggNoQ7 + A2V, (8)
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A simple circuit
but
/\gvazygdc-vzo
c

(cycles law and not the cycles space!) With /\‘;zaﬁ/\fi = {,s and
/\‘;Ea = T, it remains:

Ty = {yO'QO- (9)
In this equation, it lacks something: the electromagnetic inertia, or

in other words, the inductances £. Remember the three
fundamental relations:

/ dtif(t) = CKVy, U, = Ryol”,  ®a= L%  (10)
t
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A simple circuit

The two first belong to B while 2 € M and ® € F: the faces space.
Nodal method and all equations written in B CANNOT integrate
inductances rigorously. ¢ = Q and ¢ = e, e € M. In equation (9),
e

— -
?is the impedance metric in M, T the sources in M and €2 the
cycles currents. Finally, the circuit equation in Ml becomes:

T, = 40827 +8L,,Q7 (11)

That's the relation we will use to solve all EMC problems. Spaces
Q, B, M can be complete with the circuit space (or connected
graphs, referential space) R and they obey Euler-Poincaré’s
relation:

dim (B) — dim (Q) + dim (R) = dim (M)
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A simple circuit

Let’s solve our first circuit. The last relation gives5-4+1=2:2
cycles, ok! We obtain for ¢:

Ro+tRi+Re+o  —56
1 1
e E_'_ZP

Ry is the generator self resistance and Z, the probe self
impedance. T = [V4, 0]. Equations (11) are Lagrange’s equations
and we have to solve in Laplace formalism, neglecting £,;, (try to
find the system before to read it):
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A simple circuit

Vi(s) = (Ro+ Ri + Re + 55 ) Q' - 5502
Ty =67 =
0=-50"+ (& +2) 02
(13)

In ¢ each diagonal component represents the own impedance of
each cycle and the extradiagonal components represent the
coupling between cycles. Note the minus signe link with the fact
that Q' and Q2 are of opposite direction in by. It's very important to
have a good understanding of how work these coupling
components.

17/199



Using Tensor Analysis of Networks for EMC

A simple circuit

1. If we supress {»1 and {12, there are no couplings between the
two cycles.

2. If we supress {12 we neglect the influence of the probe on the
RC circuit.

3. If we supress {>1 we neglect the influence of the circuit to the
probe.

Let’s consider the case 1. From (13) as 1/sC # 0 and
Z, # 0 = Q2 = 0. It remains with Ry + Ry + Rz = R:

Vi(s) = (R + S%)Q‘ (14)

18/199



Using Tensor Analysis of Networks for EMC

A simple circuit

RLC components can be defined using their geometrical
properties and the space properties, says:

X $ O] M dC1 'ng
= _— = —_— = —_ Aﬂ — — —_—
R p(¢)’ C E(y), L IJ(Z)’ 4” C1,C2 d(19(21)5)

Depending on the temperature T we have:

p:p(1+apT), e=¢€e(1+acT), /,t:,u(1+a/'uT) (16)
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A simple circuit

All sources and circuits can be solved knowing the step
response Vi(s) = Vi/s, as any signal can be developped like:

x(0) = Y = il )r(t)Am (17)

Here we take Vi(s) = V4/s. If u(s) is the voltage accross C = Cq
we have:

v 1 -
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A simple circuit
Going back to the time domain this gives:

/dt—exp _R_C) = -V [exp (_R_tc)] + Ko (19)

Ko is an integration constant. As for t = 0, u(t) = 0 = Ky = 0, and
u(t) = V4 (1-e7FC) (20)

Now to compute the response to the initial V;(t), we must

remember the initial conditions in voltage and currents. Accross
capacitors, the voltage remaining at the end of I is Uy/s. Accross
an inductance, the emf stored at the end of I" is sLlp/s = Lly. For

this time,
u(T) = Vy (1- e T/AC) (21)
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A simple circuit
For example, if we want to compute the reponse of our first circuit
to a pulse Ti(t) = V1Mo 1160, it means that the source is equal to
0 attime T. To model this source with step functions we write:

Ti(t)=V,(F(t=0)-T(t=T)) 2 % (1-eT) (22

In response to the first step we have u(t) = V; (1 - e"/RC). Then
at t = T we have the response to the second step with an initial
condition u(T), obtain by:

t t
u(t) = Dy, Vi (1 - e R0) 4 Dpr oy [u(T) —vi(1- e—(t—T)/RC)]
(23)
t
Dyiji = 1ift € [i,j[, 0 elsewhere
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A simple circuit

Comparison measurement versus computation. Ry is unknown but
we suppose Ry < R1.

RC response

0 1000 2000 3000 4000 5000 6000
time, [10 nS]

Figure: Measurement of u(t) Figure: Computation of u(t)

Both curves follow the same time profile.
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A simple circuit
The computation program is:

d 3

T 6
N=int(T/dt)+1800
v

T) :

-
ulnl=vi*(1-np.expl-t/{

ulnl=ulint(T/dt)1-Vi*(1-np.exp(- (t-T)/(R*C1)))
plt.plot(u)

Figure: Python listing
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A simple circuit

To evaluate the uncertainties of our result depending on Ry we can
use a simple but efficient method: replacing R by R + 6R gives:

u(t) — Vi (1 . e—t/(RiéR)C) =V (1 . e—t(RJ—r(sR)/(ch))’ SR2 ~ 0
(24)
with e ~ 1 + € this leads to

R
UFou=V, (1 - e"/RC) F V (;Té) ot/RC (25)
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A simple circuit

Conclusion for the "simple circuit”: what to remember.

1.

The graph extract from the circuit schematic defines the circuit
topology and the nodes Q, edges B and cycles M sets.

each circuit has its own referential R and

dim(M) = dim(B) — dim(Q) + dim(R).

{ is an impedance metric, its diagonal components are the

self impedance of each cycle and its extra-diagonal
components are the coupling between them.

The tensor system equation in M is T, = {aﬁQﬁ + sLaﬁQﬁ.

The power P is invariant whatever the circuit representation:
2P = gquUQ*V-
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Strings & Homologies
A string g is a functor f between two referential f : R — R’.
Simple strings are obtained as transfer function defined by:

lab = =3 (26)

Let’s look this new graph:

Figure: New graph
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Strings & Homologies

The impedance metric of this new graph is:

F?o-l-F!’1—V—Fl’z—l-s%1 —3171

{= 1 1 (27)
N Cr + Zp

It is completely identical to the one of the previous graph. Both
graphs have the same impedance metric but not the same
topology. The two graphs and the associated circuits are
homologous. In the second graph, the string is
lo1 = {12 = —(8Cy)7". It creates an emf e, in the second cycle
from the cycle current Q' of the first cycle.
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The marvellous fibered space W

The time axis can be separated into intervals of constant duration,

as we did previously with the domains Zt)[O,T[ and Zt)[r,oo[. On each
interval, the computation is conducted under Laplace’s formalism.
For one observable O2 or O,, we can find the peak value of the
time signal O2 (or O,) over an interval by:

02 = Sign- \[(0(s)| 7 |02(s)) = Sign gz 0F 07 (28)

Where Sign is a sign function and ¥ is a functional depending on
the interval duration and spectrum width.
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The marvellous fibered space W
For each time interval a value or function t* € R comes from a
spectrum calculated using Laplace s? € C. The spaces product
C(s?) x R(t*) = ‘W creates the fibered space W.

1Al

Al s 1Al s s
w
Al
[ ]
| |
<l i i t

°
L
T.

|
I

Figure: Fibered Space
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Waveguides

Electronics aside, modeling waveguides give access to all kind of
delayed information exchange between circuits. It gives so the way
for defining far field interactions.

As a preliminary, let’s define the notion of near field: To put it
simply, we consider near interactions as those carried by
longitudinal fields and far interactions as those carried by
transverse fields, in the Coulomb gauge.

Capacitive and inductive interactions are carried by longitudinal
fields, while radiated field interactions in the sense of distant
antennas are carried by transverse fields.
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Waveguides

Figure: Various components of A®

[m]

DA
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Waveguides

>

There are no direct relation between the field and the
EMC disturbances.

We cannot measure or perceive the field. We can only
perceive field-matter interactions.

The transverse field is made up of photons that carry
electromagnetic energy, while the near field stores
electromagnetic energy.

The best model for the electromagnetic field is the 4-vector
potential A% « (W, A).

Three relationships explain it all: the electromagnetic energy
W is qg..v*A7, the continuity equation | = —dq/dt and the
interaction field matter.
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Waveguides

Interaction field matter.

Emission
dQ 17(xP, 0)dx? r
w pr— @ pr— ———— —_— —_— @
dv(r) o dA®(r) = pop yp- exp( sc)ut (29)
Reception
fgaﬁdx G = o (30)

dxdz av
J(r y) = —E#
( ) X,z y dt
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Waveguides
How does field emission work?
A wave surface describing the transverse distribution of A (or | and
V) is created and propagates in the direction of the line of sight
(figure Transverse field mode).

Line of sight

7 ‘ Surface field
Surface field | T B ‘ Mode TWxy
Mode TJxy ‘

Figure: Transverse field mode
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Waveguides

In the case of antennas, the wave surface is a portion of a sphere.
TJ current modes are replaced by TA potential modes. However,
potentials F = F(V, A, J) follow a propagation law of the form

o
- ()

a(z) is a propagation dispersion function that can be written in
general terms as

F(z) = Fxyya(z)exp (—sé), v (31)

a(z) = Z %exp (—o2) (32)
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Waveguides

When should we use a propagation-free model (RLC) or a
waveguide model?

We must compare the circuit dimension d with 1:

1. if d < 4, RLC models should be used.
2. if d > A, waveguide models should be used.

Note the reader may rightly criticize the fact that I'm talking about
guided waves for free radiation, but we’ll see that the equations are
similar and this reunion allows us to synthesize the classification of
the models, which are already quite numerous!
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Waveguides

A criterion justification Let’s consider a wave function
W = Cexp (—ix/*) and the hamiltonian H = —% -2 We look at the

probability to find a photon of energy hv in a cavity of length X:

— 1 * _ 1 * iih i —jX
P[\Il(x)]—X/de\Il HY = X/dec eai( h)Ce L (39)
So that, knowing that h/1 = p, the photon impulse:

ICP?
PV ()] = 5~ () (34)
But Heisenberg’s uncertainty principle says that px > /2 which leads to
px > h/2 = x > /2. For simplifying memorisation we remember x > 1.
In conclusion, being able to locate the photon in X, i.e. to see its
propagation in X implies x > 1. Q.E.D (quod erat demonstrandum)
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Waveguides
How does the waveguide model work? Let’s take a look to
Bergeron’s diagram:

A:T, B:T,

|
space
) *

0 N/ v !
|
=X/v

[08(2X/v) T ad(X/v)|
=X/ I Cas(3X/v) |
T [Lad(2X/v) |

=3X/v .
I,(T)’as(@X/v) //
T (T,)ad@X/v)

I

—

t=4X/v |
(T YT Fos(4X/v)

time (T 2T Fad(5X/v)

Figure: Bergeron’s diagram
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Waveguides

The diagram details the propagation of a wave from point A of one
circuit to point B of another circuit at speed v. At B, part of the
energy is absorbed at time X/v, while another part is reflected and
backpropagates from B to A at speed v. Arriving in A at time
2X/v, part of it is consumed again in A and the other part reflected
back to B, and so on.

On each boundary, the reflected wave V;, is defined as a function
of the incident wave V; in Laplace’s formalism by the relation

V. = I'V;, where I is the reflexion coefficient.
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Waveguides

The model attached to the Bergeron diagram works simultaneously
on two spaces: edge space B and wave space O. We know the
first. The second is based on the incident and reflected potentials
on the boundaries where the waves are measured.

Let’s consider the simple case with two boundaries (i.e. two
branches), which are the two boundary conditions between which
the waves propagate and where the measurements are taken. The
waves propagate in O and the measurements and stimuli are
carried out in B.
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Waveguides

=0 -

]‘3:1"2

& space
N/ﬂ :

=X/v - - - - l

Py

v, X, a I bz s
I, ‘

Edge space
v ‘
—

2
Wave space

Figure: Wave space

Dac
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Waveguides

To understand how these two spaces work in a concrete case, let's
consider a line of propagation impedance 7., speed v and length
X. ltis excited by a generator ey with its own impedance z, at the
input (edge by and ports p1, r1) and loaded at the output by the
impedance z; (edge b and ports po, r2). The ports p; (incident
waves) and r; (reflected waves) belong to O. In O we define a wave
covector V, which components are the potentials on the ports:

Vo :[ pi rnop2 r2 ] (35)

Next, we’ll create a propagator y (a matrix), the operation of which
we’ll understand later.
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Waveguides

To fill in v we create a table in which the rows and columns are the
ports of the system under study. In this table we write the links
between the ports. These are either reflection I'; or transmission t;

coefficients, or propagation functions Gj.

p1

r

r2

p1

I

r

0

G12

p2

G21

0

r2

0

Figure: Gamma matrix tab
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Waveguides

If we look at the box in row 1 column 2: the wave reflected at b,
returning via ry is reflected at by towards p; following a I
weighting. The reasoning goes from the column port to the row
port, in this case from ry to p;.

Now if we look at row 2, column 4: Gy, the wave here propagates
from port r» to port ry via the propagation function (Green’s
function) Gi».

The rest of the table is filled in according to the same principles.
Once the table has been filled in, knowledge of the y propagator is
immediate.
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Waveguides
0 I 0 0
0 0 0 G
Y= (36)
Gt 0 0 O
0 0 I O

Knowing vy, what is the wave vector at the initial time t = 0? The
potential V4 transmitted to the . impedance line at time t = 0 with
the ey, zp generator is :

Vi(s) = (1) en(s) = en(s) @
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Waveguides

Let’s apply the y propagator to the V, wave vector. This operator
modifies the wave vector, which becomes :

P
yV=|0 0 Gaieo(s) 0| (38)
Let’s apply twice the product by y:
P
yyV=[0 0 0 TaGareo(s) | (39)

Then: -
)/)/)/(V :[ 0 G12F2621 eo(S) 0O ] (40)

Let’s continue and look at the evolution of the wave vector.
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Waveguides

ﬁ
YrvyV =| T1Gi2l2Gareo(s) 0 0 O |

&
VVYYWZ[O 0 Go1l1G12l2G2160(S) 0]

&
YyyyyV=[0 0 0 T2GxT1Gr2l2Goreo(s) |

We can go on and on. And if we look at the components obtained
for V, we find the expressions deduced on the boundaries in
Bergeron’s diagram, both the waves that leave the ports and those
that reach them. If gy is a step function, the waves are cumulative
at the ports. Furthermore, the induced emfs on the edges at the
ends of the line have an equivalent pattern of 2 times the value of
the wave arriving at the port, in series with the propagation
impedance in the line.
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Waveguides

The transition from O to B takes place via a A{: connectivity that returns

the j component of $ to the i branch. Finally, we have at both line

extremities (for a step function, that’s why we add all the gamma products
here):

eg=2N; (y+yy+yyy+...)Vo (41)
NJ = =1. Using (1 +x)™" =1+ x +x + ..., it becomes:

e =2/ [(U+y)" - U]V, (42)

U being the unity matrix. ez € B, V, € Q.
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Waveguides

Let’s apply the previous modeling to the case of our line

_—
I " ‘—_.

CircuitR /
L ! \

Edge space

Xv,n, o

+l
.‘e‘

—~

Wave space

Figure: Line example
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Waveguides
We compute the reflexion ccefficients under Laplace’s formalism:
M= 20 e 1o Tp= 20 (43)
Zp +1c ZL +1c
Note that for current waves, I'(J) = —-T'(V).

We compute the wave covector at t = 0:

(Va:[eo( fe ),o, 0, o]
ne + 2o

And under the assumption of using a lossless line in TWyy mode,

c

Ve

X
G12 = Gg1 = exp (_SV)’ vV =

51/199
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Waveguides
Each circuit (and associated referential) has their own time axis.
On the left, the time domain values 7! are 0, 2X/v, 4X/v,.... On
the right, the time domain values 2 are X/v, 3X/v, 5X/v,.... For
making some numerical application and tracing the voltage curves
on Ry and R> we choose zy = 50(Q], z, = 30[], n. = 75[],
X =100[m] and v = 2.108[m][s]~". Let’s express the potential
difference developed across z;: Vo = z; Q2.
Att=0, Vo =0. Att = X/v, we have

ex(s) = 2N (yV,) = 2.exp (_55) . (L) & (4a)

"4 Nc + Zy) S
or

62(7'2) (:I eg(S)) = (Uc n Zo) 605)(/\/ =1.2 € 5)(/\/ (45)

If we take eg = 2[V], e2(7? = X/v) = 2.4[V].
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Waveguides

If we take eg = 2[V], e2(? = X/v) = 2.4[V]. So that the
equivalent circuit on the right (Rz) for the traveling wave is:

»

e, ' . 068% —_—
24V i 2

2 \eJ| i X/v

Circuit &

L/

X/v ‘o

Figure: Circuit on the right
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Waveguides
Part of the wave arriving at R» is reflected and returns to R;. Let’s
look at the equivalent circuit and the measurable level in Ry at the
generator terminals. Note that each measurement location has a
corresponding circuit. The temporal separation of the guide’s
inputs and outputs is fundamental, as is the impossibility of
carrying out a measurement without disturbing propagation.
Attime t = 2X/v, the emf on cycle 1 issued from the wave coming
on port ry is

e,
61(8) = 2/\?7’}/’}/(170— = 2.(—1).G12F2621 ?O

or

X -0.43e
ei1(s) ~ —2exp (—27)(%7:20) S 0 Tp~-043
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Given finally e{(s) £ —(-1.03)d2x,v [V], and
Q' (7' =2X/v) = (2 +1.03)/(75 + 50) = 24 [mA]. So that
Vi(r!' =2X/v) = -1.03+75-24 1072 = 0.8 [V].

Figure: Circuit on the left
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Where we need to be careful is that the induced emf on the input
cycle is in the opposite direction to that chosen for the cycle
current, in contrast to that on the output cycle. Orientations are
important to calculate cycle currents correctly. In addition, the emfs
induced by the waves arriving at the ports, multiplied by 2 and
every 2nX/v for the input (for example), add up to the previous
amplitude, since the generator ey is a step of infinite duration.
From this point of view, the response to the step is unambiguous.
This addition is translated by the summation over time

eo+e1(2X/v)+e1(4X/v)+... & e+2A] (y+ Y2 +...)V, (46)

Please try computing the next values of V4 and V5 for this first
example. You can verify by comparing with Bergeron’s diagram.
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Waveguides

At this point, we've seen a first example of waveguide modeling. If
we wanted to work with TJy, modes, we'd take '(J) = —I'(¥) and
the reflected current would be in the opposite direction to the
incident current. So :

Vi=Vi+ WV,  Ji=Jd+J (47)

The index t being for transmit, i for incident and r for reflected.

The waveguide model can be used to model waveguides and lines,
as well as cavities, which are short-circuited guides at the input
and output. Let’s take a look at how to make a measurement in a
waveguide.
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/
Zv,m “
f Pdouw YA,
X v
Z/)2
y
Z! TE =T¥, Y
+J ~
(%

Figure: Measurement in a cavity
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Waveguides

How can we calculate propagation impedance? The wave
impedance is uv. Consider two parallel ribbons with the
dimensions of the guide in our figure: the capacitance is ¢ ZY/X.
The inductance is uoZX/Y. The propagation impedance is

ne = VL/C = Juo/eX/Y or upcX/Y. To evaluate the
propagation impedance of a waveguide, we can always refer to
parallel ribbons. Let’'s consider a sine-arched field distribution and
compatre it to a continuous field of width k. We want to equalize :

/2
2/ dxsinus(x) = 2/ dxk & [-Cos (x)]g = k [x];  (48)
=0 x=0

hence: k = 2/n. For a waveguide where X ~ Y with 4o = 2Y and
A= /10/2 we find 770 TW01 \/,U()/€02X/ 7Z'Y 270[9].
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Waveguides

At low frequencies (below c/Ap) the waveguide behave like an
inductance L,,. The waveguide cutoff frequency is fixed by

Ao = wo = n¢/Lw, nc = ne(d << o). This high-pass filter
behavior makes the step response to become:

L
SL +7ec

e t/RC _, gtoll 5 (s 1 po/L] ™" = (49)

The time base for this function can be taken as 3/wy = 3L /n.. We
can also use:
34

6 - s
T 2nc

eo(s) = [s + Ao/ (2rc)] ™
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Waveguides

Let’s calculate the response of the previous half-closed cavity of
length Z, empty of any object. The generator impedance is
matched with the cavity impedance propagation, while its extremity
is a wall acting as a short-circuit. Let’s take a look at how the guide
input behaves when excited by a step. We model this input by an
inductance L in parallel with the propagation impedance. The
incident voltage V;, which is the first component of the wave vector,
is defined by :

-1
€0 neSL nesL
V= [ ] 50

I (Tlc—i-SL)[ +nc—i—sL] (50)
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Ll

Figure: Semi-closed cavity
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Waveguides
Noting
770 ’ ROTIC
Zo=—=2°—  Zl=— _
© ne + Ro ° L(RO+770)
Hence 7
€0 ,
= szé C Zoexp (-Z,t) (51)

The guide acts as a high-pass filter, cutting out the low-frequency
components of the step. The result is a decreasing exponential
shape. This suggests not only that this propagative model is not
suitable for low frequencies, but also that a different base shape
might be more appropriate for high frequencies in this case. Let’s
find the expression for the reflection coefficient on the generator
side (on the end, its value is trivial and equals -1).
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RosL
M — Ro(st ~ e (ncRo)? + (Ro — nc)?w?L2
T~ RysL = Ml = 2 2 272 (92)
Ro?i-SL Tle (1¢R0)? + (Ro + n¢)?w?L

To adapt the generator, we see that w must be high enough and
Ro = n¢. An interesting timeform base for these high-frequency analyses
is that of sines modulated by gate functions: sin(wot)M7.

. (UO _sT o 2kﬂ'
sin(wet)Ny 2 m@ —eT), T= “—.keN  (53)

If wo is high enough and T large enough, this base behaves like a
sinusoidal base, but with a limited time domain, defining the nt samples
of the time axis. Moreover, if we take T < 2Z/v, successive pulses are
decorrelated at the boundaries. This could be an interesting possibility,

depending on the studies to be carried out.
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Waveguides

Taking wg >> Z, we obtain 1 * 0and [ = —1.

1. fT<2Z/v, &1 = 2N\{y"V,.

2. Ifcfy' < Zand T >2Z/vthen e = 2AY (y + ¥ +...) V.
If we send only one pulse under condition (1), then:

le1(s)| = 2exp (—23%) [wg“fsz (1 - e‘ST)]
(54)

|62(S)| = 2exp (—s%) [wgufsz (1 3 e—sT)]

Equivalent diagrams can be drawn for each side.
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Edge space

—

Wave space

Figure: Waveguide response

You will have noticed that eg(2Z/v) = 0.
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Waveguides
We have three time bases to describe all EMC sources:
1. the step s77,
1

2. decreasing exponential (s + a)~',

3. sine modulated by a gate function [ 2+ 5 (1 - e‘ST)].

To work in ‘W, we need to determine the ¥ functional. Let’s
consider the last form.

67/199



Using Tensor Analysis of Networks for EMC

Waveguides
Noting the peak value V; we obtain:

1
V= V(ViITIW)ﬁfza[Sin(w—T)} (55)

2

a is a corrective coefficient coming from the sampling and energy.
The main mode propagating in the cavity depends on the
wavelength and the source. In our case:

Y
TVon, n=int (2;) (56)

We now have all the information we need to code our problem. Note that
in the next listing, we explore the whole frequency band, even if we may
have only compute the time form pseudo-frequency, just to show an
example of complete process.
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“np.pirle-7 #

eros (N, dtyp
eros (N, dtyp

numpy s np
it plt

i e

plt.plot(sinnod) #
)

+

title(u
plt. show()

np.exp(-5+T))

el
plt.show()

*np.pixfor (ndt-2.%2/c)) *np.exp(
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Waveguides

Knowing the peak value and sign of the time waveform extracted
from the Laplace’s one, we can construct the time response of the
measurements, only obtained in M once the projection from O
realized. We continue working in “W.

Temporal source [V] Temporal left response [V]

100 20
075 15
050 10

s 025 5 05
g 000 i 00
& -025 £-05
-0.50 -1.0
-075 -15
-1.00 -20

0 200 400 600 800 1000 0 200 400 600 800 1000
time, [100 ps] time, [100 ps]
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Now we want to insert a probe to take a measurement in the cavity.
If we introduce objects into a cavity, two cases occur:

1. If the objects are < 1 in size, the model is a localized pattern
interposed between two cavities. If the objects are very small,
we can approximate them without modifying the cavity’s
principal modes, but by incorporating these objects into the
propagation losses.

2. If the objects are > 1, they modify the modes and
characteristics of the cavity.
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Different cavity assembilies:

dim(y)=8 dim()=4 [\ .
N ( ) A
[ [ \
i " [ AN
\J \ ) \ [ / \ \
I
) \ "/ J
dim(y)=14 ~— /
A N /
\ | | o
[ \/
\ |
|| |
\ [
a8

dim(y)=28
Figure: Waveguide assembling

[m]
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Waveguides

Let’s look at the first case by inserting an electric field probe
centered at y in our guide. The equivalent diagram of such a probe
is a capacitor C in series with the load R;. Our complete
schematic becomes:

0 Field probe
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The wave space now includes two waveguides in series wy, ws € Q?, with
the same characteristics and 8 ports. The wave covector therefore has 8
components. The two waveguides have a common boundary (R;, C).
Let’s calculate the transmission coefficients f3> and tr3. To do this, let’s
excite ¢,(Q2) with an incident source e,. We measure the input of wy:

(Rc + %)Uc

Zf:R 1 s
c+ 356 T

Vi(ws) = (Zf i’nc)zez (57)

The reflection and transmission ccefficients are equal:

zZf — Vi(w. z
r2:r3:—’ 7]0’ fp = I 2):2( i
Zi + 1 €2 Zr +1c

):1+F2:t23 (58)
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0 rq 0 0
0 0 0 Gy
Gy 0 0 0
0 0 I, o0
,e

0 0 32 0

0 0 0 0

The electric field measurement is obtained through:

E= —grad[é (@2 —QS)], QF = yoo {eg +2n08 ('y...y)"V,;}

Gt = exp (=sZy/v), G2 = exp (-sZ2/v)

Gz

T4

NS

(59)

(60)

Dac
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An electric field probe is a special kind of electronic circuit, but one
that in no way detracts from the mechanisms of field-matter
coupling. So the level measured on the R charge could be a
stress transferred to an electronic circuit by coupling with the
ambient field. Let’s calculate this stress using the narrow-band
hypothesis. The question is “how many iterations should we
perform on y?”.

As the source is matched, and assuming the impact of the probe is
negligible (32 ~ 1), the Bergeron diagram shows us that an order
of 5 (y°) should suffice to correctly evaluate the electric field. But
we can explore various values to see how evolves the electric field
intensity.
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fot+a
c))*etac/(Rc+1./(s*C

ac)/(zf+etac)

)/(0.+etac)
zf/(zf+etac))

V2=np.dot(gamma,np.transpose(V))
\

)
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Sometimes the electric field amplitude is zero, because at these
times, the wave covector component is null. When we search all
values obtained for the various power of y, we trace the curve
shown below.

Electric field intensity [V/m]

004

003

vim]
=
=
5

0.01 .

.
0.00 eee 400 00¢ o060 s00%0ets0ere

0 5 0 5 20 5 30
time sequence

Figure: Electric field module
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We could easily calculate the response for a probe in a different
location, by varying the parameters Z; and Z. The probe’s
equivalent diagram should reflect its spatial and temporal
integration effect. If we had filled the cavity with a printed circuit
board, we could have created two parallel cavities, separated by
the printed circuit board, or one cavity with a symmetrical TV
mode around the printed circuit board acting as a “central septum”.
Try treating this second case as an exercise.
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Crosstalk concerns the coupling between two lines. There are two kind of couplings: the capacitive coupling which refers
to the scalar potential and the magnetic coupling which refers to the vector potential coupling. As always, we study the
models in the two cases: inferior or superior to 1. In the first case, the graph corresponding of two lines coupled is given
figure 4.

Figure: Fig.4: Crosstalk
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[ Ro + z1 + &1 + sLq
Ro
{:

3

—-sM

The impedance metric of this structure is:

Ro &
Ro + ze + z, 0
0 &1+ &+
Zy &

-sM
Za
&

Za+ R+ & + sl

(61)
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Crosstalk

The near-end crosstalk (on the source side) transfer function is
given by (knowing that Ty = e is the only source component
different from zero and with y = ¢~7):

za(y21 +y41)T1 (}/21 +y41)za
Hn = 1 2 n= 12 (62)
Ti = Ro(y" +y2")Ty 1=y +y2")Ro
The far-end crosstalk (opposite to the source side) is:
v 31 41
H, — (é2) o - T HyTE (63)

T e-Ro(Q' + Q2 1 - (y" +y2)R,
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For long lines (x > A1), our purpose is to determine the propagator
v. We work in a 8-dimension wave space as shown below.

Far end crosstalk

Near end crosstalk
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For computing y components, we use both schematics shown
below, making some approximations.

Capacitive coupling Magnetic coupling

Far end crosstalk
Far end crosstalk

Near end crosstalk
7

Near end crosstalk
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7 being the wave propagation delay, the elementary voltage
induced from the capacitive coupling is:

1 UE 1 _
AUy = [ ——=——— | ¥y =~ —12SCydx V™" 64
2= 35 (772 n (stdx)—1) 1 ¥ 5128Cqdx Ve (64)

while from the magnetic coupling we obtain (with sL;dx << 7):

1 v
dV, = +—sMdx— ™57 (65)
2 m
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It remains for us to integrate dW, over the whole line length. At this

level, the two processes are fundamentaly differents. Let’s take a

look to the figure 6.

w1 w1
A A A
\ \ \
! !
! ! !
U / /
r 4 r
~X/v - > » - 1y X
e S22 SE2 P2 8¥2 §W2
dr . — | — dx
70 b >8P | - > 592 /0
: vy
e > 592

Figure: 6: Crosstalk process
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Seeing to this figure we understand that the integration is in the
time domain on the near-end side while it is in the space domain
for the far-end side. The time duration is fixed by the propagation
delay T = x/v that we can integrate from 0 to X/v. So, for the
capacitive coupling we obtain on the near-end side (V is our wave
covector, Wy = V4):

XIv o 1
V(r3) = / dréngstv(V(m)e‘zST = anCdv(1 - e‘zSX/")(V(p1)
0
(66)
On the far-end side it gives:

X A 1
(V(p4):/0 dxéngscd(v(m)e‘s’: EngstX(V(m)e‘sx/" (67)
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Making the same exercise for the magnetic coupling we find for the
near-end crosstalk:

)(/V 1 (1/ (1}
(V(r3) = _/O ESM vdr 7(7?1) 257 _ M% 7(71171) (1 _ e—ZSX/v)
(68)

and for the far-end crosstalk:

V(ps) = - /OX (%sM) o Y P st _ _ (1_sM) xY(P1) g-sxiv

m
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Finally, the whole coupling function including both capacitive and
magnetic couplings leads to the next near-end formula:

1 M
V(r3) = ZV(1 -2 )V(py) [Usz + 77_] (70)
1
and the far-end formula:
1 —sX/v M
V(ps) = 58X V(pr)e 12Cq — - (71)

In the case of harnesses, the previous local schematics of couplings give
the way for establishing the crosstalks inside harnesses. In final the
voltages and currents come from 2A9 (y...y) V, as usual.
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We make a little experience (x < 1) for testing our model and
better understanding crosstalk. The setup is described below:

ADIGILENT

Figure: Crosstalk setup 90/199
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Crosstalk

The lines are 12 cm long. The distance between the lines is 5 mm
and they are 4 mm height. The wire diameter is 1 mm. All the
loads are 100 Q. We consider the resistivy as 107 [Q][m]. Using
sinusoidal source at various fequencies, we obtain the
measurements given in the next tab.

frequency Near-end Far-end Vi
crosstalk crosstalk
100k 2,5 mV 2mV 18V
200k 4 mV 4 mvV 1,8V
500k 4,5 mvV 4,5 mV 18V
1M 7.5 mvV 7,5 mV 1,8V
2M 11 mV 10 mV 18V
5M 15 mV 17 mV 1,2V
10M 15 mV 18 mV 05V
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The phyton listing for computing this case is given below.

2+rho*x/ (np.pi*p
aga edance +5%21+C1*X
p.Log(4. *h/phi)
e zeta=[ [RosR1f+xilés L1x
/(ven1) [xi1,xi1+1

. Log(d/phi))

v .dot(y, T
0*fB.sqrt(L17L2) *x paralin za*0megalind,21)
ho*X/ (1 . pi*phi*+2 =163 2+ (omegalind, 1]+0megalind,2
X/ (B piphi
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This computation leads to the next results, where measurements and
calculation are in good accordance, except in low frequencies. The
difference comes from the signal to noise ratio that becomes very bad as
the frequency decreases.

near and far-end crosstalks

Srce [V] S

10! 4

Level, [mV]

10°

10° 10° 107
frequency [Hz]
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Some remarks on the previous example: the results was obtained
with roughly estimated parameter values. In general we don’t know
the resistivity exact value, the distances are not strictly constant,
etc. What we want are simple and robust models that give the right
orders of magnitude.. This does not mean oversimplifying the
physical relationships involved. Besides in this example, we take
into account the skin effect for the resistances, which is not so
trivial and is not considered by SPICE-like tools for example. Once
the orders of magnitude are known, we must add a margin which
depends on the electronic function failure criticity.
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The EMC risk R for an electronic to remain safe can be defined as:

E-H
R: _
( p ) 72

& is the noise source and H the transfer function between the external
source & and the power p transmitted accross some electronics. The fact
that an electronic function may be disturbed is a probabilistic function. If
n is the level induced accross the electronic, C(n) = H- Eis the
probability that the constraint is higher than a medium level C,(n) and
t(n) is the probability function saying the chance there is for disturbing
the electronic. This probability is equal to 1/2if P(R) = t(n) > ty. C(n)
translates the probability that the source is higher than a given amplitude
n. Under the value Cp,, the probability that P(H- &) > n = 1.
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t is linked with p~': up to a given value t,, the probability to disturb
the electronic is 1, it means that the threshold power is very small.
So, in correspondence with R we have the probability function to
disturb the electronic: C(n) - t(n).

What kind of function may be take for C and t ?

As input data we must recall that almost always we don’t know
t(n) accurately, all the more when we work at high frequencies.
At least, what we can estimate is the threshold t, for which we are
sure to disturb the electronic. After what we can estimate the
speed with which the function t decreases to a probability of 1/2 to
disturb the electronic.
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Many function can be used to model C and t. We choose quite easy
controled functions:

n\?" tn\0]
=[1+{=]| . =1 ﬂ) 7
o-lfa)] - el F] e
We obtain for example:

Probability function and EMC risk

Margin for P=1/2 —
— —
~— Pr(n)*100

0 500 1000 1500 2000 2500 3000
level [mV]
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On this curve we read that the maximum probability P(R) for
disturbing the electronic is 1073.

P(R) = max (C(n) - t(n)) (74)

It is clear that we have a big uncertainty on P(R). But it's not a
blocking point. In fact if your safety target is for example 1076, you
can choose the parameters in order to be sure for obtaining P(R)
maximum. If the result is around or higher than the target

P(R) ~ 1078, you must increase the system robustness
(prevention: decrease & or H or protection: decrease H or
increase p). If P(R) < 1078 then you have reached the
requirement compliance.
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Added to the previous probability calculation, it's often interesting
to take into account the source occurence P(E) during the system
mission. Then:

P(R) = max (C(n) - t(n)) - P(&) (75)
The safety target depends on the function criticity and depends on

the kind of failure. We can have:

1. adisturbance existing during a limited time duration (smaller
margin);

2. adisturbance that implies a reset of the electronics for starting
next (medium margin);

3. a failure implying an electronic repair (higher margin).
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> The EMC tests verify on some functional points and for
various margins/constraints level that the system under test is
robust in front of these environments.

» Compliance with an EMC test does not constitute a
demonstration of robustness.

> Only the design work in EMC supported by equations and
related justifications can, with the verification that is the
tests, constitute a start of proof and demonstration.
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Shield transfer impedance

Shield transfer impedance is defined by the ratio between the
voltage measured accross an external load, over the current
running on the shield.

Internal wire and load
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Shield transfer impedance

The electromotive force e induced on the internal line is given by:

e(s) = / dxzr(s)J(s) (76)

The transfer impedance zr depends on the shield nature and thickness,
and depends on the shield size and number of holes. We approximate:

X (1 + I)t/k /Jod
_ =—p—[—F Lt ~ n—— 77

S is the shield section, t the shield thickness, k the skin depth

(/mfuc™"). nis the number of hole per meter. Ry and Lt are lineique
parameters. For braids we just take Ry = px/S.
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Shield transfer impedance
Some typical transfer impedance functions'.

ZT (mQ)
10
1
0,1 Aluminium sheet shield
/ Single braid
] |
0,01
Double braid
0,001
2 braids + pmetal
V2 rigid
100 L f [Hz]
10k 100k ™M 10M 100M 1G

Extract from Mardiguian’s EMC book
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Triaxial shield transfer impedance measurement setup
Il

X
; ; |
Ri Tnternal domain - =
_
h
L Extesnal domain v
( i

Short condition x<\/2n
[External domain Internal domain
[ -
{ 1

off @ L

L W
e

T

1
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Braid transfer impedance

10

|ZT| [Ohm/M]

[1.1,f0.
p.linalg.inv(zeta) 2

p. transpose (np.dot(y,T)) 10% 107 10* 10°

egal f, 11/0megal f,01)

Frequency [kHz]
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Case x > 1. The process is similar to the one for crosstalk. We
have for near and far-end crosstalks through the shield transfer
impedance:

1 X/v 1 X
WNE = —/ dTVZT(T)J1 e_ST, \UFE - _5/ dXZT(X)J1 e_SX/V
0 0

2
(78)
if zr(x) = 0, these relations can be simpilfied:

_ 1 1 -sX/v _ 1 1 -sX/v
Une = oovard (1-eXY), Ve = -5 21d'Xe (79)
Using the propagating current J' on the shield line as wave vector,
we can include the shield transfer impedance coupling as
components of y in O.
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Shielding Effectiveness

The shielding effectiveness is another dimension for characterizing braid shields effectiveness, but only in far field
condition. It is less well defined than the shield transfer impedance. The definition | suggest here, is for me the most

accurate one, but not the most usual one. The classical method presents a change in the current modes induced on the
measured line in the two conditions, with or without shielding braid.

X

Matched load Ri

Added braid shield

v, Ay
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Shielding Effectiveness

Let’'s compute the relation between SE and zr in the short case Z < 1.
The electromotive force induced by the external field in both case is:

e — —szx o — —szx N 80
TS = 75 ok (80)
R, being the wire resistance with R,, << Ry and Ry the braid resistance
with Ry << Ry, we have:

e Ro e’
Vi =Ro[——u ], V= 1
m O(SL —|—2R0) m ZTR0+F1’,-(SL’+2RO) (1)
ifX'~X = e ~e, L' ~L,then zr ~ (Ro + R;) SE.
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Shield transfer impedance
Another parameter characterizes the coupling between a wire
inside a braided shield and an environment: the transfer
admittance: YT - x = . It's a near field interaction.

[ il
e
@]
x
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Field to line interaction

Equivalence principle: In Coulomb’s gauge, the transverse far
electric field is defined by

Ez — __Az (82)

but we have also: 3¢, / E; = —grad;(¢;) so that
grad;(¢,) = dA,/dt. Seen from the receiver, a scalar potential
makes the same effect as a potential vector if:

dA
or = / 6% (83)
V4

We will be able to analyze the field to object interactions, including
transmission lines, using this equivalence and all previous relations on
crosstalk.
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Field to line interaction

Conical line

| c(3A[11/50)
o=Ay=Ez6R

o=Ay=—Ez.6R

Dac
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Field to line interaction
It's always possible to create a kind of strip-line in order to have the
same fields and potentials as the ones radiated by an antenna. By
increasing the width of its plate proportionnaly to the radius, it
keeps no = uvG constant. The only difference comes from the
possible near field interaction between the line plates and the
illuminated object. The field amplitude decreases with the plates
distance:

Ey=—-—"=x—= (84)
It keeps the same distance evolving as any antenna electric far field. The

second transverse field comes from the vector potential rotational or
obtained by

B =22 (85)

©: maximum height antenne opening.
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Field to line interaction

A field to line interaction becomes a waveguide to line coupling
(this equivalence is also used in some EMC tests).

Virtual waveguide : environment fields

@, Transmission line i +‘/,,\ i Z
L ?
— wel B B
F——
Yz
f—h?z ns¥z
Z, e—axnc” (86)

Note that f is a 1-form coming from A, and e a 2-form coming from €727V, A,
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Field to line interaction
First we consider the short case, dx = X < 1. We can use the
overlay theorem. Looking to f, the voltage reported on Ry is on
both sides (1/(sCX) >> Ry):

Ro
Y, = hE ~ —sCXR =V 87
g (2(R0/2 + 1/(stx)) S °z ‘pz a (@)
From e (sLdx — 0):
R (—C anx3Pz__
Vo = Fo (2Ro + sLX) > X5z = Ve (88)
Finally:
_ 1 _ 1 S@z
v, = §sCXF1’o 0z + hX2 7’ Vy = ESCXRO hX 2e7

(89)
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Field to line interaction

Long case x > 1. Using the same technique that for the crosstalk
and starting from our previous results with X — dx and integrating
over time or space we find:

1 h 1 vh
g = RoCoezov (1 - e 2Y) 4 2 —— 0 (1 -e2Y) (90)

4 sc
1h _ RoCh _
Vg = 5 —¢aXe ™Y — =g Xe XY (91)

The emf induced on each cycles at the transmission line
extremities are obtained as usually computing
€r =2NL(y...y)V,.
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Field to line interaction

As an example we take a line of 1 mm diameter, 1 m long and h =10 cm above the ground plane. The field coming on its
left, E parallel to h with ¢ colinear with the line wire. We compute both short and long cases. Results are compared with
Smith Coupling of external electromagnetic fields to transmission line, page 25.

[ ——
pylab =c plt

Field to line results

0 —— Omegal0]
Smith

Level [dBV]
!
a
=)

_80 /\
-100 /
-120 /

10° 10° 107 10°
frequency

J eq
plot(fregsmith,s

116/199



Using Tensor Analysis of Networks for EMC

Field to line interaction

naxz- fain2) /n2

xenp. exp(

Level [dBV]

Field to line results

— Omegal0]

frequency
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Field to cavity interaction

We can use the same artefact as for lines, studying the interaction
between a large strip-line and a cavity, neglecting near-field
interactions. This approach has many advantages:
> it gives the way for comparing easier experiments and
computations,
> it simplifies the understanding and use of potentials rather
than fields,
> it fixes clearly the field limit conditions, distribution and modes.
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Field to cavity interaction

9,710 /2 x")

yb
X

(xt, v, zf)

DA
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Field to cavity interaction

For this case we introduce the potential ¢.z3, associated with dA, /0xP (as
said Feynman, there’s always more than one way to do it.

How may we easily evaluate the constraint induced on the internal wire
by the external field, in the case z, < 1?

If we can evaluate the current J2 induced by the field on the cavity walls,
we can compute the internal constraint using the cavity transfer
impedance zr. In our experiment,

a_ Yo _ )
S = i L R (Bab) = Haa 2xb 2

(ID(T
= 92
/Jaa 7TXb T]U-a ( )

s0, knowing (B,) defines

g2 =" (B (93)

aa
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Field to cavity interaction

Knowing J2, the electromotive force e; induced on any link inside
the cavity is given by:
e = (zr), J° (94)

with (e being the cavity walls depth)

2 2
Zp VXE Yy

P50 Lr=po———/——
(2 +2xp)e 612 \[x2 + y2

zr ~ Rt +sLt

Rr(DC) ~
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Field to cavity interaction
What about the long case z, > 2? The couplings between the field
modes inside and outside the cavity only come from the openers. The
openers appear as an intermediate circuit s between the environment
(the external line) and the cavity inside. We see that on the problem
graph.
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Field to cavity interaction

The opener impedance ¢ is in our example
™V =1/R¢ + sCr + 1/(sL¢), with

Xb yre Mo (YiXs
Ri ~ p—-——, Ci = —, L = —(—) 96
f P(yb “ e f 60( X ) =\ (96)

The potential ¢, running on the external line creates a mmf J°
(current source or magnetomotive force) on the opener capacitor
sCexrpq /X. Then, if the wavelength is short enought to respect

A < 2yp, the potential developped accross the opener will be
transmitted to the first potentiel mode of the cavity. This potential is
maximum at the opener resonance.
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Field to cavity interaction

The potential developped accross the opener is transmitted to the cavity waveguide. We may take into account the cavity
influence on ng, but for symplifying this example we do not consider this impact. This would have created a succession of
three waveguides rather than only one. Figure 7 shows how the potential developped accross the opener is transmitted to
the cavity mode.

cavity
JO=s5C px 22
TS
P, p, >
Wl
g PR s -0l =
1 2|
Q r, n.Z,v X Q
—

Figure: 7, potential induced on the cavity
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Field to cavity interaction

The potential distribution inside the cavity depends on the
transverse mode number n given by

n = int (2)’7") (97)

and depends on the limit conditions and y. The potential anywhere
on Z is obtained using the wave coming from ports py and ro
delayed. With the initial condition

Vi(r=0) = Joﬁ (98)
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Field to cavity interaction
A portion dz of the line inside the cavity capture the field like if it was a
sensor which equivalent schematic is a portion dz of T telegraph’s
model, where each load on the edge has the emf coming from p; on the
left and r, on the right.
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Field to cavity interaction

Once we have computed the environment wave V(Nr) (the cavity
potential wave), at any abscissa z; we have:

Z Z-z
e = 2A§’Xi;(va(Nr)exp (—qu), er = 2AZXLL(V(T(NT)exp (—s q)

so that the potential transmitted on both sides is:
Nc
v, = sC,dzE (e1—er) (100)
Each contributor can be operated separately. The wave propagating in
the same direction as the source wave being integrated in the space

domain z, and the opposite in the time domain 7. Same mechanisms
must be realized with ¢.z.
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Field to cavity interaction

Conclusion for H at high frequencies When many cavities (i.e.
equipments, structures, ...) are imbricated at high frequencies (x > 1),
the previous mechanisms seen give the way for solving any situation. It is
important, as the structures behavior are in most cases linear, to write
the system transfer function H, then by convolution, to apply it to various
excitations.

In all these cases, the establishment of O becomes a major step for
obtaining the equations in M. The power of our method comes from the
fact that you only have to know the initial wave vector expression, then to
be able to solve the whole problem, with all the waves round trips.
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Radiated emissions

In near field interaction, emission or radiation is just a choice of
source location in the system graph, the source coming from the
environment or from internal noisy components. But the graph
remains the same (in other words, the impedance metric { remains
unchanged while just the source T changes).
So our pourpose concerns only the radiated emission in far field,
i.e. x > A. The basic relation for this radiation is the vector potential
emitted value in the Coulomb’s gauge:

[*dx“

dZo-(r) = Hoa (4—7”) exp(—sg)t;a (101)

50[ is the base vector in the local direction of the current,
perpendicular to the line of sight.
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Radiated emissions
It’s interesting to work in M rather than B and to evaluate the
radiated emission of a cycle. By equating a cycle with a loop and
with the cycle radius a << r, we find in antenna’s book for an
azimutal referential (r, 6, height, ¢, azimut):

20«
> a Q S _si A -
Axly (r) = HoaB 27 2 g-si Sin(6)dy (102)
4 rc
r is the distance from the observation point to the loop center. We
have also:
Astr(r) =0,  Asly(r)=0 (103)

The radiation resistance of such a loop is®

a 2
R = 320n2F (104)

2see Balanis 2005, page 238
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Radiated emissions

Once the cycles defined for a circuit, its radiated emissions are
implicitely defined also, using relation 102.

For the radiation coming from an unmatched open transmission
line of length X, we already know the emission of the two cycles at
each extremity of the line. In O(J) we know the current at any point
of the line. We can approximate the line as a succession of cycles
of length 2X/A. It remains just to add vectorially the emissions of
these cycles to the one of the limit conditions.
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Ground plane

Perhaps the only EMC rule that must be memorized is:

In EMC conception, | only do what | can modeling.

Knowing this rule, the ground plane role becomes clear. We use ground
planes for being able to model various electromagnetic situations. The
ground plane is an electrical referential giving access to all the models in
relation with waveguides, and there are many waveguides in any
electronics for linking all the functions.

An electronic may be compliant with all the requirements without any
EMC conception study. Let’s looking to that through an illustrative
example.

And remember what said Sherlock Holmes if you do experiments:
correlation does not imply causation. An experiment is not a proof.

132/199



Using Tensor Analysis of Networks for EMC

Ground plane

An engineer has to realize an equipement having one input and one
output. Its mission it to transmitt a signal as perfectly as possible in a
wide frequency range. A first engineer pulls a wire anyhow: option 1. A
second engineer uses a high frequency printed circuit board with a
matched strip-line: option 2.
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Ground plane

In option 1, the conception time was 10 minutes. But:
» the probability for it respects the requirements is near to zero;

> more than all, if it doesn’t reach the requirements target, it's
impossible to understand how it works, and so to repair the
system.

In option 2, the conception time was 1 hour, but:
> the probability for it respects the requirements is near to one;

> if it doesn’t reach completely the requirements target, we have
the model for improving the equipment and to correct its
defaults.

Shields and ground should not be designed intuitively, but on
the base of modeling.
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Components EMC models

The electronic components models are separated in three categories:

> the models "in-band” when the frequency band is in the self
frequency band of the component;

> the emission models, giving the noise emitted by the component
itself;

> the models “out-band” when the frequency band is out off the self
frequency band of the component.

Informations (like the susceptibility threshold) for the first and second
category can be extracted from IBIS and ICEM® models, or datasheets.
In the second case, the information is often unknown.

3Levant, J. L., Ramdani, M., Perdriau, R., & Drissi, M. H. (2005, February).
ICEM model. In 16th International Zurich Symposium and Technical Exposition

on Electromagnetic Compatibility (pp. 631-658). IEEE.
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Components EMC models

The concept of in and out-band is true even for passive
components. Following this principle:

> a resistance becomes a resistance in parallel with a
capacitance (the inductance depends on the whole circuit);

» an inductance becomes an inductance in parallel with a
capacitance and in serie with a resistance;

> a capacitor becomes a capacitance in parallel with a
resistance and in serie with another resistance.

these "high frequency models” must be taken into account for

obtaining correct modeling and comparisons with measurements.
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Components EMC models
In emissions, the global approach consider the waveforms spectra
generated by the components. They can be seen as voltage or current
generators. In parallel to these sources, an impedance represents the
component circuit self impedance, then a network model the component
package circuit including inductances and capacitors. Such a source of
noise is associated with each component output.

Component output

Noise source Package circuit

Example of ICEM model
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Components EMC models

Out-band EMC model.

The detection effect transforms the out-band energy of the
constraint into in-band energy that cna disturb the component. For
modeling this kind of mechanism, the simplest way consists in
adding a non linear layer in front of the functional model. This
added layer wears the energy transformation and filtering.

Ld d Rs
DC from| ;
outband | . (i C t
|z g0 70 Componen
bance Cd‘( 1 T Ls ST Ls
®
Device input  Detection efficiency Package circuit
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Components EMC models

The detection efficiency De is defined by:

V
De = |-2€ (105)
VhrF
Is typically around [10‘1, ,10‘2]. For digital doors, some volts

transmitted on a device input can create a change of state. A lower
level can delay the time of change of state front (see?).

“Maurice, O., & Pigneret, J. (1997, September). Digital circuit susceptibility
characterization to RF and microwave disturbances. In RADECS 97. Fourth
European Conference on Radiation and its Effects on Components and Systems

(Cat. No. 97TH8294) (pp. 178-181). IEEE.
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Components EMC models
Components destruction can come from two effects:

> Joule effect that burn out the junctions;
» overvoltage which creates a spark in the junction and destroy them.

Next curve extract from® shows the power per junction section that
destroy the junction, compared with experiments with standard functions.

PIA (kKW/cne), 10°

1 > Pulse widih (us), 10°

50rvis, W. J., Khanaka, G. H., & Yee, J. H. (1984). A Review of the Physics

and Response Models for Burnout of Semiconductor Devices.
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Components EMC models

Other measurements was done with more modern devices and in
frequency®

Active power limit (W), 10*

1 74HC00
LIN-12V -
-1 TAHCT14
2
BC34
3
LIN LIN

4
S F 107

6 7 8 9 10

8Lafon, F., Ramdani, M., Perdriau, R., Drissi, M. H., & de Daran, F. (2009,
July). An industry-compliant immunity modeling technique for integrated circuits. 141/199



Using Tensor Analysis of Networks for EMC

Components EMC models
The maximum overvoltage supports by a component can be
evaluated reading its breakdown voltage in ESD on the datasheet.

Failure voltage (kV)

2um NMOS »

=

1um LDD+silice

150 300
Device width (pm)
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Components EMC models
Spark Gap Modeling

There are various working modes for spark gap. One we are
looking for fllows next description in impedance depending on the
open voltage and short circuit current accross them:

Spark Gap impedance behavior

Spark low impedance Spark low impedance
‘ X Possible trajectories

capacitor H Spark low impedance
— !

Initial condition

Vb
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Components EMC models

Each of the fourth parts of impedance behavior can be attached
with a combination of domain function for these parameters. We
write (is Rcc is the impedance of the spark gap in active mode, and
C its capacitance in non active mode):

I v 1 I v I v I v
Zsp = Z)<I,,,Z)<Vb (_)+Z)>IWD<VL7 (Rcc)+1)<lm1)>vb (F?cc)JFZ)>I,,,Z)>V[J (Rcc)

sC
(106)
V and | are the open circuit voltage and short-circuit current peak values
in the time domain acquired accross the spark gap but without its
presence.
Diodes and others non linear components can be modeled using the
same principles with parametrized domain function for their impedances.

144/199



Using Tensor Analysis of Networks for EMC

Components EMC models

We can program a spark gap response inside a simple circuit
including the spark gap and the signal generator.
1. Source signal creation in the time domain.

o
> st curve

st[v]

time [[us]
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Components EMC models

2. Signal development as a pulse sequence.

le=6 pulse spectrum

level V]

10° 100 102 100
frequency, [kHz]
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Components EMC models

3. Signal development as a pulse sequence Il, verifying
correspondence and working in “W.

st curve

— s
stc

st[v]

time [[us]
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Components EMC models

4. Spark Gap modeling: time domain functions (sigmoides) for the
spark gap non linear impedance.

Dv DI
10 10
08 08
06 06
04 04
(1.+np.exp(-1E-1#(I-Im))) #*(-1.)
1) 02 02
00 00
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Components EMC models
5. Spark Gap modeling

R IA] Vvt [Vl
1000 750
500
800
250
g S0 = 1000
(dw) ,Frdv))) = <
(dIw) | F*d1w)) ) T 3
T 400 z |10
(iv[n]-vb)))*
pv e ‘:u:h m))e 200
0

000 025 050 075 100 000 025 050 075 100
time [us] time [us]
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Components EMC models

In the previous example we neglect the capacitor voltage memory,
knowing its weak value (1 pF).

Usually, from one time t; to the next one b, final voltage accross
capacitances and currents in inductances at end of t;: t; + dt, are
initial conditions for > with:

U(ts, C) = M — %(;—CQ) (107)
U(ts, L) = M - %(SLQ) —LQ (108)
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Reduction & Diakoptic

Al
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Reduction & Diakoptic

We imagine a network where only the first cycle has its own
source. This can be written:

er = 112" + £1.0°
(109)
0 = &1 Q' + Boraf2”

S0, —€,1Q" = B,.2% which leads to Q¥ = —€,1(B8r¢) ' Q" and:

((11 —fmﬁ )Q1 (110)

Then the second equation of system (105) can be solved with
—€,19Q" as source covector.
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System to Graph

When we go from a real system to its representation as a graph,
we consider their similar shapes, in a sense that is much broader
than homeomorphism.

An everyday example is a thick letter, let’s take X and its
corresponding thin one X.

We can shrink X to X by sliding each point of X — X into X along
the line segment that contains it. Points that are already in X do
not move.
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System to Graph

A deformation retraction f, : X — X, X < 1 is a homotopy. If X can
be cutted out using a parameter a: X = {x,}. Then

VXq, A® € R? /X = {® (x,)}

Sothat Vo (x,), dfy : ® (X)) = Xa, Ya, and f, = U,df,,.

Using this homotopy, we can shrink all volumes V repsenting a real
system made of a succession of faces F along a curve L € a graph
G: V = F x L associated with an edge ¢ : L — b € B through the
map ¢. As a consequence, all the other elements of the cellular
topology (chain space) 7 (¢) are defined, in correspondance with
the graph G deduced from the system.
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Complete study of a realistic case

What are we going to do?
1. We will define and test an electronic system as a prototype.

2. Having done this first conception, we are able to define its
environment and mission and requirements.

3. Then we can classify the signals by families., and do the same
for the environment signals.

4. We will construct a major tool; the interaction matrix.

5. And compute the interactions with risks, for deciding of the
final design for a known safety target.
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Complete study of a realistic case
The system we consider includes two electronic functions and a
power supply. It may be embedded in a vehicle, and for this reason
is not shielded. Next figure shows an illustration of this system.

environment

System studied

LDR sensor

Power supply

Digital circuit Analogique circuit
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Complete study of a realistic case

We will make each function step by step, in order to verify it works. Then
we will begin the EMC study itself. It's clear that the good working of the
electronic is a preliminary to any EMC analysis. Let’s begin by the power
supply. Next figure gives its schematic.

Power supply

470uF 210 kQ 470uF | 10nF
Rb
Vss/GND Vss/GND

157/199



Using Tensor Analysis of Networks for EMC

Complete study of a realistic case

Next photography shows a top view of the setup of this circuit on a
breadboard.

The measured input voltage is 11,96 V while the output is 4,91 V.
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Complete study of a realistic case

Digital function

Vee

l [
Cd

12 1

[ B B
14 13

SN74LS00

]’ 10uF

AR
1 2 3 4

10

5

M

9

8

ST T T T
Vss/GND r

50Q (qr)

1
10kQ 100 kQ

Strip line

/jloo ko

This power supply is here for giving energy to the digital circuit:
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Complete study of a realistic case

Once made, our set-up has this appearance:

S EEEEE we e e meeew ~
Busaw wwwew weeww FEEEE MM EEEEE NEEEN EEEEE wE

el
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Complete study of a realistic case

The input and output signals measured

are:

e

Figure: Input

Figure: Output

Dac
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Complete study of a realistic case

The simple digital function we realize creates the complementary
of the input digital signal. If the input signal is:

i(s) = @ (1 — exp (—s7)

—g W(—ST))’ TE[G,T] (111)

As the signal is periodic, the NAND door appears as a simply
delaying door with some losses  and noise n:

o(s) a(1—exp(—37)

T\ .
S :ﬁg T eXp(—ST))eXp (—SE) +n, tele, T] (112)
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Complete study of a realistic case

The analytical function graph is given here below:

vdd

LM318
i Y N
8 7 6 5
‘ / )\ ‘ Cd=
T T
1 2 3 4 22uF
T
5V Fl o) —’
10kQ f- -
GND L g I
Vss
LDR
Analytical function ’—‘
Differential strip line
o F

input
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Complete study of a realistic case
Set-up picture:

estadi | s

Dac
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Complete study of a realistic case

After some minor corrections (inversion of LS74 inputs), the final
circuit is:
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Complete study of a realistic case

The measured analogic function output follows next curve

Voltage output [V]

nnnnnnnnnnnnn L

Figure: Tab 1

Next step for us consists in drawing the graph of each function, for
being able to write the whole problem impedance metric.
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Complete study of a realistic case

For the power supply, using parallel equivalent impedance Zgs for the
regulator output, we obtain a two cycles graph shown below:

Power supply
g \Vee
> a(e) — |
Rofl ! L (o2 R i
» |
70kQ w
vDC Ci ! =Co Z=Chf|
\ ? J IUOHF 2N0k0 —_r 100F |
|
i |
|
’ | Vss/GND
Vss/GND N

The coupling « is bidirectional, including the back capacitive like
coupling, important for conducted emissions.
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Complete study of a realistic case

For the digital function, the delay function transmits the signal into a short
line model loaded by the 100 k2 resistor.

Digital function

100kQ a® Il 100k Q'50Q M vp
10nF L

B.exp(-sT/2)

The coupling beta is here for translating the first cycle current into the
adequate second cycle emf.
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Complete study of a realistic case

The low level signal coming from the LDR component is amplified by the
operational amplifier by what we write symbolically —y(Q"). In fact the
emf transmitted is a function like (a - y.Q‘). The simplest way consists in
reporting the offset voltage Vs on the receiving cycle V.

QY
— —
o ‘ -
LDR(L) l Raop I ‘
l 1kQ 1MQ
Vof f | Vofr f |

GND
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Complete study of a realistic case

Having the functions graphs, we can take a view to our system in
order to evaluate the coupling inside it (note that we don’t take care
of our layout showing a bad example, not to be followed!).

N
g
‘
€

&
:
Q
g
:

Having all this material, next step consists in defining the
environment.
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Complete study of a realistic case

This environment definition should be a customer requirement. For
our example we will consider only one external source: lightning.
One target of the EMC test is to transform the environment
constraint into possible experiments to realize. If our electronic is
submitted to an external lightning field, we should be able to
simulate this by applying a similar field coming from a strip line
located up to the circuit. Using the same electrical reference as the
circuit itself, we just have to apply a voltage V so that for a distance
h to the components, the electric field will be V/h, or in other
words if J is the line current, the magnetic field seen by the
components is uoJ/(27h).
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Let’'s imagine a lightning spark at 1000 [m] with a 200 kA intensity,

it leads to a magnetic field of amplitude 40 [uT]. For example, if we
create a loop of h = 10 cm height on the circuit board, for reaching
|Blg = 40 [uT] we need a current of:

J ~ 2rth|Bly = 0,025 [mA] (113)

It's clear that it's easier to create such a source than the original
one of 200 [kA]!
We can now begin the interaction matrix construction.
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Complete study of a realistic case

The interaction matrix gives the engineer the best way for managing their
EMC conception. It consists of lines wearing the sources of noises,
including the ones of the circuit itself, and rows having the same function
completed by other sensitive receivers. In our case we can list three
functions :

> the power supply;
> the digital function;
> the analogic function.

As emitter we have in more the lightning external source. And as
receiver, we consider one standard radiofrequency receiver. Finally, the
interaction matrix has 4 lines and 4 rows: let’s draw it.

173/199



Using Tensor Analysis of Networks for EMC

Complete study of a realistic case

At the beginning, the matrix is empty and has next appareance:

Power sui pply | digitalF | analogic F_| RF receiver

Power supply
El  digitalF
Pl analogic F
Lightning
(through
Ell added loop)

Our first work consists in coloring in grey teh self interactions for
which we make the assumption that the circuit cannot disturbed
itself, or it won’t work. Then we gray each interaction that we
consider presenting no risk. This leads to the new interaction
matrix:
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The lightning cannot disturb the RF receiver as they both belong to
the environment. As the power supply is a continuous signal, it
cannot disturb the other signals. The analogic signal is a low level,
low frequency signal, for the same reason. So it remains the
interaction between lightning and all the circuit signals, and the
interaction between the digital signal and the power supply
(conducted noise emission risk), the analogic signal (it can induce
noise) and the RF receiver (radiated emissions).
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Finally, our EMC conception work consists in studying 6
interactions: 3 interactions concern the circuit susceptibility. and
three others concern the circuit emissions. We can number the
interactions to organize the work:

A B | ¢ D | E

Power supply

4
1

3 igital F

[l onalogicF |

B Lightning
(through

Bl added loop)
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The objective of the EMC conception engineer is to reach the
requirements defined through the EMC tests and their specifications
include in the customer needs description. By the fact, we must be able
to say how the EMC tests will be conducted. That's why the first EMC
conception task is to write the EMC test plan (ETP). As previously, we
write here a very simplified ETP.

The ETP must include:

1. how the test must be applied;
2. the levels ot be applied in immunity, and the limits in emissions;

3. the conditions of work of the electronics, and the electronics failures
definitions and measurements.
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In our case, we use a loop, able to create a 400 T magnetic field,
and through a radio receptor, we will appreciate the noise emitted
by the electronic. It’s clear that real facilities are many more
complex, complete and expensive! The failure criteria consists in
loosing the capacity to measure the LDR state correctly (we may
specify a limit value), or to loose the digital function working. In
emission, the electronics working should not disturb the radio
receptor receiving sound. This last material gives us all what we
need to begin the EMC conception tasks.
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As we said we are only concerned by immunity on this case. Having the
power supply equivalent graph, we just have to value the parameter
depending on the layout, and add the emf coming from the lightning
magnetic field. For this exercize, it is important to remember the
fundamental relations on capacitance, inductance and resistance given
previously on slide 123. The approach remains always the same: by
computation we determine the EMC conception of our electronics
including margins, then the EMC tests should confirm that the EMC
requirements are reached. Making a test is never a proof. When
people says I've made a measurement which proof that ... it's completely
false! A measurement has meaning only if it comes as a verification of a
result obtained with a theory and a numerical application.
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The final objective of the EMC conception is to solve the equation
To = [dup + SLap] . After some evaluation and adding inductances, we

complete the power supply graph for immunity:

Power supply : immunity test
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Inductances L; and L, belong to the circuit, coming from the loops created with the wires on
the board. Inductance L, is the loop made for creating a 400 4T magnetic field applied to
the circuit, and Vo, Ry are the generator power supplying this loop. Lty and M;. are the
mutual inductances between the injection loop and the circuit loops. Note the difference
between L, which is a component with L; or Lo which are undesired loops associated with
the circuit layout. For evaluating the circuit inductances, we need approximate dimensions:

2
o
=
I

nv
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For determining the circuit inductances, remember that for a loop of typical dimension 2r,
L ~ (unr)/2. On another side we have to make a probe for generating the field. At a height
h from a loop plan (r, 8), the vertical magnetic field in (r, 6, z) is (Biot & Savart law):

B, = / dé)/,to SmArct( h) (114)
r’+ h2)

So for N loops:
B, = NyolirzsmArct(%) (115)

2(\r2+h?)
We verify that with 20 loops, a radius of 2 cm with 100 mA at a distance of 1 cm from the
circuit, the magnetic field reaches is 44 u T, which is a little more than the requirement. The

associate inductance is Lp ~ 0,70 [uH], while L; = 39 [nH] and L, = 59 [nH]. We evaluate
(by the reluctance method) that Mt1 ~ 5 [nH] and Mt2 ~ 11 [NH].
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Circuit immunity computation. As we said, for the equipment conception,
only the EMC test results has meacnings. For immunity, we have to compute the graph
presented slide 178, with Vpo ~ 5[V] for Ry = 50 [§2]. Taking Q3 for the generator we
obtain the impedance metric (considering that the component schematics are wide band
ones, i.e. covering the lightning frequency band):

Ro + S%, + sL; a(w) —SMy4
Lop + SLaﬁ = [l(w) sko + Zeps —sMy2 (116)
—sMy —SsM;o Rg + sLp

The CW source covector including the reports of final to initial conditions is given by:

T=[-2 G vy, | (117)

S s

Our purpose is to solve QF = ({aﬁ + 313,15)71 Ta, then to look if the power supply Zeps Q22 is
significantly disturbed or not. We take in dynamics, a(w) = —1/(sCy), Co = 1 [pF].
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ros (N, dtyp

n in range(N)
dt=Tig/N
abst[n]=n*dt

L6[n]=5.%( -n*dt/150E-6)-np.exp(-n*dt/106-6

np..
plt.plot(abst, L6, "x', 1abel
plt.grid(
plt.xlabel(
plt.ylabel(
plt.title(:

n-1000
LGr=np. zeros (N, dtype=F1
p.zeros (M, dtype=conplex)
range(1,1)

2.%np.pi*qrdf

pS[ql=1./5*(1.-np.exp

ps[1]

E6/abs (np. . conj
print(u’ F : ‘45

n in range(N

for q in range(M)
plt.plot(abst, LGr, label
plt.grid(True)

plt.legend()
plt.sh

Obs=np.zeros(N, dtype=Floa
mega=np.zeros((M,3),dty
ResF=np. zeros (M, dtype=

n range(N

q in range(1,m):

df=1./Tlg
*2.*np.pi*q*df

ps)))

LGr[n]=abs(np.sqrt (np.dot (LG[n]*np.conj(pS[ql),np.dot (F, LG[n]*pS[q])

1/5,-Qohf/s, LG

ot
Rh+Rb) /(1. +5* (Rh+Rb)*(Co+Chf

[Ro+1./(s*Ci),

n]*ps(al]

1./(55Ca). %1 24 7ens

5*Ca), -s"ME
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n in range(N
N ran

e(np.dot(y,T))
Omega[q,1]
)*Omega[q.8]

(ResF),

Qohf+0bs[n]
Qi=Qi+abs(np.sqrt(np.dot(np.conj{Qfi),np.dot(F,Qfi)}))

1(

ylabel(
plt.title(
plt.show()
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The source form and output signals computed are:

Source form Temporal noise on PS
40
* origin 0035
3511 from W
| % 0030
3014 %
X
| % 0025
25 <
v 3
& = 0020
g20 ' %
25 g oo1s
10 } 0010
05 0005
00 l 0000
00000 00002 00004 00006 00008 00010 00000 00002 00004 00006 00008 00010

ime

The induced noise being far less than 1% of the functional power supply,
remains acceptable (the conclusion is evident and we don’t need any
safety calculation here for confirming the safety risk level). Note that we
consider the order of amplitude, not the value strictly by itself (i.e. 0,035
pV is similar to 0,1 pV!).
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Corresponding EMC test plan. The EMC test plan must describe
accurately:

1. what is the test principle, see standard reference;

2. how the equipment is located and how it works;

3. how the constraint is applied;

4. how the electronics is spied for verifying that it is not disturbed.

So, in our example the test was inspired by NF EN 61000-4-9. The
electronics is located on a table, as for functional tests.
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The power supply is connected with the wire leaving the electronic board rightly, at 5 cm
from the common ground plane. The electronics are power supplied at their nominal voltage
(x12[V]).

The constraint was defined previously by a declension of the lightning environment. A
current of 100 mA lightning biexponential form is applied in a loop of 2 cm diameter and 20
turns, at 1 cm height from the circuit. The loop axe is located up upon the circuit loops
made by its wires. An oscilloscope is used for measuring the signal on the power supply
output (5 [V]). The added noise should be < 0,1V.

This is an illustration: in "real life” the EMC test plan must be many more detailed, with
pictures for describing accurately the setups and not only copy-paste of the standard
drawings. Both validated by the customer and the supplier, the EMC test plan is the
reference for all computations and discussions around the equipment or system EMC
conception.
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We have conduct the immunity test following the EMC tes plan
requirements. We power supply one loop made as required for
generating the desired B field.

Figure: Test view Figure: Source signal

The level of noise was less than 1 [mV] as waited by the conception.
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Now we take a look to the emission case 6.

The digital signal has its own temporal form with a time rise of 100 ns. The line output of
this function is 7,5 cm long with 1 mm between each wire. The far field radiated emission
coming from such a waveguide can be computed using the potential vector:

dQ¥ [ur x dx X ur] r
—— —exp (—sf)

11
4xr (118)

dA? = po
From dA® we can obtain de® which is a normalized (for 1 meter):

@
SdQ [ur x dx x u/] exp(—sg) (119)

de” = —sdA® =
S Ho 4nr

From de® we can compute the emf induced on any receptor, including the antennas used
for the EMC radiated emission test. That’s the configuration we will consider for analyzing
the radiated emission of the digital function.
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EMC test plan for emissions

Knowing the signal rise time, we are looking for radiofrequencies between 100 kHZ and 26
MHz. At these frequency we remain with an antenne at 1 meter far, in near field. The
receiving antenne should be parallele to the digital signal emitting line. At the end of the
computation, we will determine some frequencies to be tested in the band. The 7,5 cm line
is short compare to the wavelength. Let's compute the emf induced on the receiving
antenna. As y = 7,5 [cm] << r = 1 [m] we have at the antenna feet level:

ViZi 2 ViZi2

exp(—s%) exp(—s e exp(—sg) exp|-s 5t
~ - Q - - h - 120,
ex ~ =Syuo - N = {xq * ~SyHo - N (120)

€ being the distance between wires. The emf created by ey, h being the effective height of
the antenna, is simply hey. At this level we have all the knowledge for establishing the
graph of our emission EMC test.
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Digital function

RI Rsp
) L5000 () v
100kQ I 1001<Q | Ju ) ve
Rix : T
L 10nF Ll } ‘Rl |
,,,,,,,,,,, < S
Zxs B.exp(-sT/2)
G
o
Vmeasured Rol l Ro Radio receptor

As the EMC emissions are measured entirely in frequencies, we can calculate the circuit
also entirely in the Laplace’s domain.
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The impedance metric for this circuit is:

Rsp + Ry 0 0
{=|pexp(-s3) Ri+Zs+sl 0 (121)
0 ng 2F"O

and the source covector:

T:[ %[1 —exp(—s%)] 00 ] (122)
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We write the computation of the emissions in Python, in the frequency domain only.

Level measured at antenna foot

=200

-300

-400

Vm [dBuV]

-500

-600

(] 5000 10000 15000 20000 25000 30000
Frequencies [kHz]

Figure: Antenna foot
Figure: Listing measurement
Despite a resonance (partly involving the coupling with the probe), the level is everywhere

under 30 [dBu V] which is the standard limit for radio receiver. We can conclude that the
interaction 6 presents no EMC risk.
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We made the experience, locating a radioreceiver near the
electronics working. No added loise was heared in all the AM and
SW bands.

| QERSITY SN |

‘N Electronics working
58
7

Oscilloscope for verifying the functional signal

> *
4 y - EERN " )
e radioreceiver
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Each time an interaction is studied, its case is painted of grey,
showing that the task is made.

A & |

B | C | D ‘ E |
il | Powersupply | digialF
Power supply

Lightning
(through 3
N added loop)

Once the matrix is completely covered, the EMC work is done!
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There are some simple rules that help to solve any EMC problem:

1.

we always start with the simplest model as possible. This implies for x < 4, then if
necessary (depending on the sources), to work with models for x > 1.

Working under the interaction matrix user’s guide, once a result is validated with a
first level model we stop the study. This means that the result is far less or far over
the limits accepted, with a factor 2 or 3. The unique condition is to demonstrate that
the first order model gives results worse than a more accurate one.

If observables and limits are close, then we must work with more accurate models,
and so on.

What must never be forgotten in EMC is that we are seeking to demonstrate the
absence of risk, not to accurately reproduce measurements. Measurements should

only confirm the prediction, and therefore necessarily fall below the calculated levels.
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When EMC design work begins, a lot of information is missing.
Nevertheless, the EMC test plan must be written, even if this
means leaving certain details pending and making assumptions.
However, the initial fundamental elements, such as the validation
test configurations, can be expressed. At the same time, the
document detailing the analyses conducted (the EMC design
report), with its interaction matrix and related calculations, will
gradually feed into the test plan. The two documents are enriched
and converge after a few weeks or months into their final versions,
reflecting a well-executed EMC design.
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| hope that this course has provided you with a solid foundation for
your EMC design and inspired you to further explore tensor
analysis of networks for EMC.

Olivier Maurice
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