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Direct modelling or
Equivalent methods

3D EM simulation of mixed analog / digital PCB

modeling running memory
time time required
1 week 10 h 3 GB
Difficulties

unrealistic computational resources
and time due to increasingly complex
circuit structure

unknown characteristics of the circuit
confidential reasons
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Equivalent modelling

- not modeling the complete complexity of PCBs
- representing the radiations by equivalent sources
- fast and computationally low-cost

- general for radiators at printed board level

\w"_’)ﬁ ;7=27,-ﬂ Vs

—
/c( /Y ﬁ/ <:> R
Equivalent model

(no information on circuit structure) 1. To find an efficient equivalent
configuration to represent the PCB
?

Jrrs 2. Simple formulation

Enclosure

3. Interactions with packages
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Near Field Scanning

Popular technique for providing EM fields closely surrounding DUTs

Radiating

Reactive Radiating
FF
| L NE_ . NF
I I I I
| | /1 |
1 | FF'i" transformation ¥ algorith |
| I \}ﬁ : I
Antennal ! \ ! Real/equivalent ! : '
o 11nent 1 ! ! !
meesllslls;aece source measurement
surface

NF — FF transformation Source model from NF
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Mixed signal PCBs radiate across a broad frequency
range with a range of correlated and uncorrelated
signals
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Correlation spectrum

( —jot . 1 *
T, (x,x,0)= .[Ch (x,,x,,7)e” dT:llmE<HT (x,,0)H, (xz,a))>
—0 T—

The spectral magnetic energy density is then
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Correlation function

_h(x l‘) for =T <t<T
i (s ) Jorlt|=T

The correlation function:

¢, (x,x,,7)= I}szjh x,t)h(x,,t—7)dt

Obtained from the FT of the correlation function or the
FT of the windowed magnetic field H(x,w) through an
ensemble average,
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Measurement

Experimentally we obtainT,, (r,r,®) using the two probe
arrangement below,

To receiver B f o receiver A
Measuring probe 2 f

(Scanmng) - >
-
% Measuring probe 1

(Scanning)
/ 2y
Then by inverting:

C,(r.o)=&(r,0) T, (rr,0)é&(r, a))*_1
|C 1407 ACCREDIT

-1

e mE DRESDEN, AUGUST 16-22




Procedure

Fourier transform

SOURCE CORRELATICHN ;
in momentum space

Phase—space
= density

Transfer/Shift
Operator

Y

Transport of
density
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Fourier transform
in confiqg space —= DETECTCER COERELATION
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Fields in momentum space

@ Generalized coordinates (x;) live in spatial planes parallel to
source surface

@ Conjugate variables (momenta p;) are direction cosines of the
wave vector

p; = sinq;

Wave/Ray v T(p) =1 p? = cosay

Huygens principle

¥(p,z) = Gov(p,z = 0) + Gy (p,z = 0)

L. Go.1(p,2) = j Gy 1€ KX gy’

withv (p,z = 0) = dv¥/dz|,_,

[Creagh ef al., Journal of Physics A, 2013]
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Correlation in momentum space

0 (p.z) = Gov (p) — Gyt (p)

.- I kz+/1-—p2 1 ikzo/1-p2 |
UV (p,Z) = VI P y(p,z=0)4+ eV P (p.z=0
| 2k/1 - p? ) | 2 |
Go o

Solution of Helmholtz Equation

v (p,2z) = TPy (p,z = 0)

with T (p) = v/ 1 — p? “kinetic” operator for propagating waves

Fields carry fluctuations

[z (p1.p2) = (¥ (p1,2) V" (p2.2)) = e®&(TP-TE(P) g (py. py)

[ measured or inferred.
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Wigner distribution function

W, (x,p) = Jef’“‘q p (p + %..p - %) dq

p(P1,P2) = (¢ (P1) V™ (P2))

®© © ¢ ¢

i (p1,p2) is just the single-particle density matrix p (p1. p2)
(-) ensemble average: necessary in absence of information
WDF of waves in phase-space ' (p)
Enough to predict the flow of energy

IC 1407 ACCREDIT

DRESDEN, AUGUST 16-22




Propertles of WDF

Phase-space configures as (x,p) € R” x R"” [1]. Forn = 1 we get

W, (x,p) = jef"“‘” [, (p+%=p g) dq

I, (D + gzp g) _ jemx"q W, (X!:p) '

Symmetric in x and p!

S

W, [x,p)—je kps T, (x+§,x g) ds

Needs following change of variables in phase-space/configuration correlation

[2] [3]

q
P =pPt3 7 P2=p— 3 |
X1 =X+5, X=X > 8 = Xy — Xg, X = A2

:r
2

[1] E. Wigner, Phys. Rev., 40, 749759, 1932 [2] N. Marcuvitz, Proc. IEEE, 79-10, 1991 [3] R. G. Littlejohn, Phys. Rep., 138,

193-291, 19886
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Transport of WDF for waves

Given source correlation (z = 0), detector correlation (z # 0) involves Kinetic
operator

Wax,p) = [owe 0T T D) Vo (p+ Lp ) da
h Fz(né,p 7) J
But |
(o Lo D)= [ (x.5) o
allows
Exact

W, (x,p) = jj G (x—x',z:p,p) Wo (x',p) ax'dp

G transports Wigner distribution functions in phase space.

Suggests a scheme for numerical computation (FFT < IFFT)
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Linearization

Taylor series expansion of the kinetic operator (small q)
q
V(P 3)

@ Even-order derivatives equate to zero for propagating waves

2 2"

T(p.q) - \1 (p+3)

@ Linearization of AT &~ LE g results in a good approximation of ¢

V=P
é (X x.rzz:p) ~ jef'k(x X \}G’ 1kz f1 pﬂ dq _ 5 X! :LZ
V1 p?
This yields a Frobenius-Perron equation —£— - tana
LL Vi x
LS f_& :
W, (x,p) ~ Wo [ x — 2—L— p L
.\;1 p ,
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Next (third-) order

Taylor series expansion of the kinetic operator (small q)

69

@ Even-order derivatives equate to zero for propagating waves

2 2"

AT (p,q) = \1 (p+ %)

3

- ~ p p P
@ Up to the third-order AT ~ Ll—pzl q + | A1_p2)372 + 4(1-p2)57

qS

p p 3

A / ik(x—x")q—ikz| —£= |q+ikz b J 3

A (5 5) K23 (kz)23
2 [a(p)]"/ 1ol

4r (k2)" (g (p)]"”
3p 3|p|

a(1-pP)" a(1-pP)"

g(p) =

N. Marcuvitz, Proc. IEEE, 79-10, 1991
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Frobenius-Perron equation

We take the exact propagator

q

é(x X!!Z;pjp!) N 5(p p) jefk(x x'r)q+.sz(.1._.'f| [J-H‘j)z q.,.._-'1 (p %)2&:) "

and we go back to the linear approximation. If we restrict to propagating
waves (x,p) € R” x C,, G can be approximated

Approximate

W, (x,p) ~ j h) (x X Lz) W, (xr,p) dx

V1 p?
P _ tana
Wz (x,p) ~ Wy (Mz(X),p) v pi' i
p f‘f:'f:i o
V1-=p )
o
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Evanescent waves

If we extend the phase-space to (x.p) e R” x (R"/C,)

AT (p.q) = f-\,,.-"""(p n gf —1+ s\ (p- g)z — 1

@ Taylorexpand AT around g =0
@ Odd-order derivatives null for evanescent waves
@ Second-order approximation is

2 2 1 2
AT (p.q) ~ 2y/p2 —1 — — P qu + 2_‘?2
2(p2—1)2 2y/p% — 1
@ Zero-order approximation yields
W, (x.p) ~ e VP T W (x.p)
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Back to correlation function

Propagation law

[ (X, 5] — JJ emp; (:S S;) [j G (x - x’._z;px) o (x!.s’) dx’] ds dp

>

Linear displacement approximation

G (x — xI.z;pI) ~ 0 (x - ﬁ___1p_’ pqz)
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Connection with Zernike’s theorem

Quasi-homogeneous source g (X, S) = lp (X) 10 (S) In far-field

I2mXs

110 L) ez S
27 (x.s) o« (“;ELE lo (E)

Paraxial regime, p << 1
[z (X.s) ~ ff e"® (~$ E) [o (X — ,DIZ‘SI) ds (f}',DI

Substitution of variable

Generalization [1]
M2 (X,8) = po (s)* TZT (x,8) J

IC 1407 ACCREDIT

DRESDEN, AUGUST 16-22




Near-field correlation function:
Gauss-Schell moded

|T'2|; l.'Tx=L=1 .Om; l.'T5=|:|.'|I'I"|Z f=1GHz |W2=D|; l.'TI=L=1 .Um;ﬂ5=D.1m: f=1GHz
1
0.08
05 o.o7
0.06
E 0.05
N = 0 0.04
0.03
0.5 0.0z
0.01
- -
-2 - 0 1 2 -2 -1 0 1 2
x [m] x [m]
Source correlation function
2z P
S X
[0 (X1,X2) = lpexp 5 | exp =
20% 204

Source Wigner distribution function

x2 I k2p2 52
Wh (x.p) = lpexp [ 252] \ %JS exp ( ’02 g")
21\
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Propagation of correlation functions
Exact Wigner Approximate Wigner

|'-.|'v.fz=_|:I j_|; 1’5:=L=‘|.|:IIT|; l."r5=D.1 m; f=1GHz |wz=1[l lli 0= L=1.0m; ﬁ5=IZI.‘Im; f=1GHz

1 1

0.08 0.08
05 0.07 05 0.07
0.06 0.06
0.05 0.05
Q 0.04 - 004
0.03 0.03
-0.5 0.02 —0.5 0.02
0.01 0.01

B — 0 1 2 3 B — 0 1 2 3

x [m] X [m]
Exact Correlation Approximate Correlation
|Fz|; l.'T:.:=L=1 Om; 1’55=D.1 m; f=1GHz |F2|; ﬁx=|_=1 Om: “fﬂ-m“ =1GHz

1 0.09 ! 0.09
0.08 0.08
0.5 0.07 0.5 0.07
_ 0.06 0.06
E 0.05 E 0.05
@ 0.04 » 0.04
0.03 0.03
-0 0.02 05 0.02
0.01 001

- -1 0 1 2 3 -1 0 1 2

X [FI"I] x [m]
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Evanescent component

a=0005z=014;f=1GHz; 5=24 v 10"

2.5
g=0005z=204 f=1GHz, 5=24 -
x 10
2
- 2.5
15
2
1 .
1.5
0.5

X [rn]

-y

a=0005z=054;f=1GHz; 5=2 w10

| s @ Significant energy in
. 1 near-field
. 05 @ Disappears in far-field

X [rn]
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Full wave validation
Cable driven by random voltages
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Full wave validation
Near-field distribution

200
~ =200 f Source, x=0 1
= | ——Tm, z=0.12
=400 ".\"'|———f\pprox, z=0.1)\l ]
1 1.2 1.4
P
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Full wave validation
Far-field distribution
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Wigner distribution functions
in reflecting environments

Planar circuit, PCB

& =]
C
:?"l B?A/ Z- D Detector
Y | RN ___ Reflector
Y (p1,2) ”
A

o 5.1 | o (5~ o

+ W (K 2 2 (2L D},E) 2cos (2!(&?(,0)) Wo (5 2 |2L?E)‘

Vi1-|p '
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Wigner distribution functions
in reflecting environments

7—-0 Planar circuit, PCB

Interference pattern

; " r al — | [—Exact I ]
Qrfjj ~ 5 = D Detector [ Lo2poroumae ]
NG z=L_Reflector 2] A AR OA N
| T =-' e II \ f \ 1
‘E__ L 1_||Il II|I || III| I|II |I ||II III II| IIIII.
& 1 1 1.2 D.I.[Am] 1.6 18
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Numerical results
in reflecting environments

Exact Wigner Approximate Wigner
1 2
1.5 0.5 i
1 a 0 / 1
0.5 -0.5 05
D0 5 0 5 ip ©
x [m]
Exact Correlation Approximate Correlation
1 1
20 25
0.5
_ 2 0.5 ,
E ’ - E 15
1 w
05 1
0.5 -0.5
0.5
-1 : 0 : 3
x [m] 5 0 s
x [m]
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Complex source in a
Closed-environments

a
Py
o, /
u'!
b

In either configuration or momentum space

Shift operator | Reflection operator I

[V_) =S|y + 1) [V ) =R[Y-)

Transfer operator defined as

[¥-) = T|p-) + |¢v)

T = SR

[Creagh et al., Journal of Physics A, 2013]
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Correlation Tensor

Form the product

M =1[y-) (¥
=1-T) ") @l @-T)

- i TI]r[}Tﬁ’]‘.w

n.m=0

Then, write the correlation as

M=K+ ) [KT"+ T"K]
n="1
with )
K - Z TITFDTH.w
n=0

Which can be Wigner transformed (approximate propagation through
Frobenius-Perron equation)
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Conclusion

Problem of radiation from complex
sources

Evaluation of field to field correlation in
phase space

Propagation conveniently described as
transformation of Wigner functions

Example near homogeneous, partially
coherent source

Transport of Wigner functions as in billiard
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Questions?
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