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EMC Definition

Electromagnetic Compatibility (EMC) is the ability of an
electrical or electronic device or system to function
satisfactorily in its intended electromagnetic environment
(Immunity)

without introducing intolerable electromagnetic interference
(EMI) to anything in that environment (Emission).
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How does EMI happen?

Power density due to a 100 W transmitter
(isotropic radiator) in 100 km distance:

S P 100
W/m?| 4m?  1.26Y

~08-10° = S = 0.8[nW /m?]

Transmitter

What amount of power will produce the same
power density in a distance of 1 m?

ﬁ =S-42r°~0.8-10°-126=1.10° = P, =10[nW|
P,
Signal power: Py, =V -1 =5-20-10" [VA|=100[mW ] PN°'Se =10~
Signal
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Electromagnetic Basics

James Clerk Maxwell (1831 — 1879), Coulomb (1736-1806), Ampere (1775-
1836), Faraday (1791-1867), Oersted (1777-1851) Volta (1745-1827), Gauss
(1777-1855), Hertz (1857-1894), Marconi (1874-1937).

VxH:J+6—D VxE:—a—B J=okt
ot ot
V-B=0
V-D= Py
V°E,-y°E, =0
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Electromagnetic Principles

Based on experiments by Coulomb (1736-1806), Ampere (1775-1836), Faraday
(1791-1867), Oersted (1777-1851) and others the following observation have
been made, which were then summarized by Maxwell (1831-1879) in his famous
equations. Other names, worth mentioning are: Volta (1745-1827), Gauss (1777-
1855), Hertz (1857-1894), Marconi (1874-1937).

Electric charges are associated with electric fields.
Moving electric charges (currents) are associated with magnetic fields.

Time varying electric fields are associated with changing magnetic
fields.

Time varying magnetic fields are associated with changing electric
fields.

This inter-dependence between varying electric and magnetic fields
yields to wave propagation.
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Magnetostatic Field

Ampere: §H -dl' = lonqosed

loop

One line current: ‘H‘=
27r

' h
A_N,_/,/'y
— > X
/
> v
Two parallel line currents
Al 52t
27-(r-h) 2z-(r+h)
| (r+h)—(r—nh | 2h
:27[( rz)_ﬁz )z27zr2 (for :r >> h)
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Field strength H
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— Single current
—— 2 Currents - Spacing h=0.1
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Field strength H
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N — Single current
| — 2 Currents - Spacing h=0.1 ]
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X —

Magnetostatic Field

2 12 12 12 ® O
O ®

H~1/
r ?ﬁ) ® O

, U4 14 VA 14 .
H~1/r (E ? R O ® O 0 ® H~1/r
d

H~1/r°

d n-1
n

gn1 i1
H(r)~ n| |2
(r) 27r" 1,:1[
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Hertzian Dipole - Principle

i) E(t) it )

+Q

- As the electric charge changes, the electric field strength changes with time.
- A changing electric field is related to a spatial change of the magnetic field.
- As the current changes, the magnetic field strength changes with time.

- A changing magnetic field is related to a spatial change of the electric field.
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Current Loop - Principle
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Intrinsic Impedance in Ohm

Intrinsic Impedance

Intrinsic impedance of Dipole and Loop antennas

10 ————rrr

—— Dipole

— Loop

— Far Field (377 Ohm) ||

Far Field (377 Q) 1

0 i S | T | H I I T | |

10 & ;
107 10™ 10° 10’ 10
Normalised distance
r
—_ rO
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Field strength

Near/Far field behaviour

I\éearlFar field behavior for a Hertzuan Dlpole

: —Electrlc fleld i
~| ~=~Magnetic field ( *377 Ohm) |

10” 10” 10’
Normalised distance: r,"rID

Ngarffar field behavior for a small current Ioop
10 .
e —Electrlc fleld

| ==-Magnetic field ( *377 ohm)f

Field strength

-
o

[£4)

10° 10
Normalised distance: r,*'rO
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Example:

H at 100 MHz in 0.1 m distance: 1 mA/m
What is the electric field in 10 m distance?

Small loop: 0.4 pA/m x 377 Q =150 uV/m

Short dipole: 2 pA/m x 377 Q =750 uV/m

TMA/mMm -\

~1/r2

43 pA/m
N
9.0 uA/m _2uAm
0.4 pA/m ~1/r .
0.1fm 048 m 10m
(A27)

Franz Schlagenhaufer - IEEE
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Maximum electric field in 10m distance for:

Example — Reduction due to Ground Plane (1)

Current loop (0.2m X 0.2m)

& with uniform current of 1mA.

Loop in free space

Loop 0.1m above perfect, infinite
ground plane

Loop 0.1m above finite ground plane
(1Tm X 1m)

Slot in ground finite ground plane.

i

Radiation from a small current loop (0.2m X 0.2m - 1mA

100 . .

©
o
T

80

70

60

50

40

30

Max. electric field strength in dBuV/m (10m distance)

T
it
<

I

20t

—Free space

---Above infinite ground plane
Above finite plane (1m by 1m)

-—-Above finite plane with slot

0 50 100

150

Franz Schlagenhaufer - IEEE

EMCS-DL 2007/2008

200 250 300 350 400 450 500
Frequency in MHz

14



Example — Reduction due to Ground Plane (2)

[Am]
200.0000 MHz

Max 2043*10-3
‘I'Min: 0.0054103

*10-3

0005
0183
0.360

0537
0715
0892
1.069

T 1.247
T1.424

| 1.602

1779

1.956

Current in ground plane (200 MHz) Current in ground plane with slot (200 MHz)
Note the high current density along the
edges of the slot.

Franz Schlagenhaufer - IEEE 15
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Example — Reduction due to Ground Plane (3)

Free space

*10-3

1.102

2858

4614

6.371

8127

9.884

11640

13396
15153
16909

18666

20422

200.0000 MHz

Slotted ground plane

0.755
1.465
2174
2884
3593
4303
5012
5722
T6.432
7141
[7.351
8.560

200.0000 MHz

Infinite ground plane

200.0000 MHz

Finite ground plane

200.0000 MHz

Franz Schlagenhaufer - IEEE
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T6.347

8559

4217

T4.756

6.371
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Example: Fields due to current loop

Excitation in each case:
Current source: 20 mA

2cm
10cm _~ - 20 cm
Small Loop 10cm

Large Loop

S

Large Loop 2 cm
above Ground Plane

EMCS-DL 2007/2008

Large loop Small loop Large loop
(Reference) | (loop size: 10%) | over ground
Magnetic near field 100 % 8% 60 %
Magnetic far field 100 % 10 % 2 %
Electric near field 100 % 9% 30 %
Electric far field 100 % 10 % 0.3 %
Franz Schlagenhaufer - IEEE 17




Magnetic field in A/m

10

107+

10

10

Example: Fields due to current loop

Near Field (Distance: 0.25 m)

20cm

100?%2cm

Small Loop

L

Large Loop 2 cm
above Ground Plane

%10 cm

Large Loop

Far Field (Distance: 10 m)

: . - 10 r e o T
—— Large Loop | — Large Loop
—— Small Loop —— Small Loop
—— Large Loop above Ground Plane 10 || — Large Loop above Ground Plane
i | 10 mis in the far field
, only above ~5 MHz
£ 10° (when A <60 m)
=
o
& 10°
Qo
°
=
8 107
3| =
10° |
10°
-10 ;
1 1 i 10 1 1
10° 10’ 10° 10’ 10° 10 10° 10

Frequency in MHz

Franz Schlagenhaufer - IEEE
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Electric field in V/im

10

10’

—_
o

—
S,

[=]

Example: Fields due to current loop

Near Field (Distance: 0.25 m)

—— Large Loop
—— Small Loop
—— Large Loop above Ground Plane

N

0 1 2

10
Frequency in MHz

Franz Schlagenhaufer - IEEE

Electric field in V/m

20 cm
%10 cm

Large Loop

1ﬂcrchm

Small Loop

L

Large Loop 2 cm
above Ground Plane

Far Field (Distance: 10 m)

10 r r T T
—— Large Loop
—— Small Loop
— Large Loop above Ground Plane

10°

10"

10°

10°

-10 :
10 il 1
10° 10 10° 10

Frequency in MHz
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Current Return Path (1)

Source The return current will usually take
onnn the path of least impedance!

: _—ﬁ——--——\-__

—-—.—.—.—.—-—- |_———-——a----—-—

-
— e e e
— dl—

o

\\ ST o i T Load At low frequencies, this path will
depend on the resistance
Feivovionst [anstance characteristic of the structure.

L o J) At high frequencies the impedance
characteristics are dominated by
Source inductances.
v—;: o (At very high frequencies, also stray

capacitances may play a role.)

affs Il Mother Nature sets up the return path
in order to obtain the lowest possible
impedance for the pair.

Path of least inductance

r

p

I

= *‘L*Jj

Franz Schlagenhaufer - IEEE 20
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Current return path

20 cm

e Radius:  r=0.3 mm
G Separation: d = 0.6 mm
3 —> [—

Y'Y r=06mm

—

" 47 Q
Franz Schlagenhaufer - IEEE 21
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Rough estimation to the current return path demonstration

The resistance is given by Ohm’s law:

R= J; (I: length, o conductivity, A: cross section)

For the inductance we use the formula for two thin parallel cylinders (two-conductor

transmission line in free space)

T

We are aware that this inductance formula is not quite appropriate. Requirements for its
use are that he distance between the conductors is much larger than the radius (not true
for path 1) and that the conductors are much longer than their distance (not true for path

2). But lets use it anyway.

Path 1 (long thin wire):

1=(044+0.2+0.44)m=1.08m, r=0.3mm, d=0.6mm

0 =58-10°Sm™, A=ar’~0.28-10"°m’

R =67-10°Q, L =03-10°H (IMHz: X,=aol =1.88Q)
Path 2 (short thick wire)

1=0.2m, r=0.6mm, d=200mm
c=Sm?, A=m?~113-10"° m?

R, = 02 [ TJ:MO*Q,
58-10°-7-(0.6-10°f L Sm™m

_47107.0.44 In( 0.2

L
2 0.3-10°

]:1.14-10*6 H (MHz: X,=al,=72Q)
T

At low frequencies we expect the current to split according to resistance:

L _Ry.

L=—2: 1,=22-1
|2 R1 2 1
At high frequencies the current ratio should be governed by inductances:
L_ L. I,=4-1,
L, L

The frequency with an equal current split is expected at:
R, + joL|=|R, + joL,| = RI!+&’L}=R]+ao’L;

2 _p2 . -3
PR L z\/4'35 10 ot ven000st, =090, o7k
-2 V1210 27

L= ilIn(g] (I: length, 4 permeability, d: separation between conductors, r: radius)
r

Current in mA

Current in mA

15

T 15 T
—— Short path —— Short path
—— Short path —— Short path
10 10 1
<
£
£
1=
g
5
(@]
5 5 |
0 i i i 0 i i i
0 4 6 8 10 0 200 400 600
Frequency in kHz Frequency in kHz
15

i

—— Short path
—— Short path

10"
Frequency in kHz



EM Coupling Phenomena

Coupling path (example)

Signal
processing

Noisy
trace Filter
=—
/Clean /.
trace
%
_

L - Leads

t/ Sensor §
N\
> N

Franz Schlagenhaufer - IEEE
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Capacitive Coupling

General remarks

Coupling due to voltages (electric fields);

Assumption: electrically short conductor (much shorter than a wavelength);
Uniform voltage along the conductors;

Critical parameter: capacitance;

Most effective for high impedance circuits (source and sink).

Franz Schlagenhaufer - IEEE 24
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Capacitive coupling - Model

Iy Per-unit-length capacitances for
‘\O ....... // r, two cylindrical conductors above
\ a perfect ground plane
‘.: O""":"'“ﬂ ......
h = = B
1b = n, C = 2s In(2h, /1,) In(a/a)
y “ In(2h,/1,)-In(2h, /1,)-In*(a'/ a)
SSISS S S
| , Cl = 2 In(2h,/r,)-In(a'/ a)
d In(2h,/,)-In(2h, /1,)—In*(a'/ a)
a=(h—1,f +a? o in(a/a)
2 " In(2h /1) -In(2h, /1,)-In*(a'/ a
a'=\/(h1+h2)2+d2 ( 1 1) ( 2 2) ( )

° J_ =T . C,C, Note: The use of not grounded
Vsl lV eff = ~12 C +c, land can increase the coupling!

Franz Schlagenhaufer - IEEE
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Capacitive coupling - Influence of distance

Capacitance in pF/m

10

10

=N
O,

Capacitance varying with distance between conductors

™ T M, e s Pl Sty Sy e b B R

-
T T TT

Distance in m

Franz Schlagenhaufer - IEEE
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r,=r,=1mm

1) h;=h,=0.1m
2) h;=h,=0.01m
3) h;=0.1m,

h, =0.01 m

26



Capacitive coupling — Asymptotic behaviour (1)

Ro=ZearllZtar

e C — I;] lvg V, _ Z, _ JoC 4R,
i VSource ZZ + le 1+ Ja)(CZ + C12 )R2

1 Vv :
Low Frequency: ﬂﬂ_ [Rz << oC ] = Z,=R, = Y “—~ joC,R,
2 Source

High Frequency: (5“_']';% [RZ >> a)(13 ] = Z, z% — VV2 ~ c ClZC
o0 2 J 2 Source 2 7L

To reduce capacitive coupling:
- decrease C,, (increase distance, decrease cross section)
- increase C, (decrease distance to ground, increase cross section)

Franz Schlagenhaufer - IEEE 27
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Capacitive coupling — Asymptotic behaviour (2)

2

Capacitive Coupling

W e
101 I SUUNY L SO0 012 SO, S RSSO S0 DO 1 UNRUONY OO, SR Gl o
100 - IR V2 = C12
VSource C2 +C12
8 10‘1 bt endpbdid i i
5 i
= :
2 i
>10"F Hia 3
3 V .
10 ‘~ joC,R 3
V 12" 22
Source
= LF apbrokimatioh ‘
v —— RF approximation |-
5| : : A : — exact |
10 H R S | | R T O I A A | | i PR IO N I | | i A A | N P W RN | n n P I
10° 10* 10° 10° 10 10° 10°

Frequency in Hz
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Capacitive coupling - Influence of termination

5 Capacitive coupling: h=0.1m, d=0.01m, r=1mm
10 T . ;

I=05m L bk

V

,,,,,,,,, Near end et
| ——Far end

-
£
@
(o)}
£
(@]
> ;
10-2:“' : e L R M A e
[ Near:RFar:]_OOQ i ]
3 ¥
10 L '
10° 10’ 10°

Frequency in MHz

Franz Schlagenhaufer - IEEE
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Inductive Coupling

General remarks

Coupling due to currents (magnetic fields);

Assumption: electrically short conductor (much shorter than a wavelength);
Uniform current along the conductors;

Critical parameter: inductance;

Most effective for low impedance circuits (source and sink).

Franz Schlagenhaufer - IEEE 30
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Inductive coupling — Model (1)

Per-unit-length inductances
for two cylindrical conductors above a
perfect ground plane

Lizih']z_hl, L2:i|n2_hz’ M:imi
2r 1 2r T, 2r A
1 ®2 —
H oo Syp 18
M'= In ,
2 &y -y, 2® Q 2
1 ,O O 2’ 1 ’ O
Strongest Weakest
coupling coupling
Franz Schlagenhaufer - IEEE 31

EMCS-DL 2007/2008



Inductive coupling — Model (2)

Coupling model: simple — ideal current source driving circuit 1

V:j oMl 1 L2 Znear+zfar

l, joM
Low Frequency: (R2 >> a)LZ) — 2.J
| , R
2 1 )
I, M
High Frequency: (R, <<wl,) = |_2 ~ =
1 2

Coupling model: considering real current/voltage source driving circuit 1

Franz Schlagenhaufer - IEEE 32
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Inductive coupling - Influence of termination

Gn S

' Inductive coupling: h=0.1m, d=0.01m, r=1mm

! ; T S e I__sgu_rc_gz__zo mA

{--Near end |/
|—Farend | =000

F— . Near :_RFar :- 1 mQ

< : s

£ — —

= RNear - RFar =10Q
o :

= :

O

g RNear _ RFar:: 1000 |

¥ T3 i i F i i 11
10’ 10°
Frequency in MHz
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Inductive coupling: Current at both ends is the same

L, X)H |,

R2near R2far

Capacitive coupling: Voltage at both ends is the same

RS
R2near R2far

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008

V

2near

V2far :VE o RZfar ) IH

:VE + R2near | IH

34



Current in A

Example — Capacitive and inductive coupling

Capacitive & Inductive coupling: h=0.1m, d=0.01m, r=1mm

I Near end

i ~—-Source - Far end [ e

|—Far end e

source

= 20 mA

Frequency in MHz

Franz Schlagenhaufer - IEEE
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EM Coupling (Demo)

Source Terminati
(digital signal) ermination Radio

m /El receiver
o

Wire attached to
passive trace
Termination

Antenna

Variants:Distance between traces
Ground plane: no / yes

Shielding trace: no / yes (not grounded) / yes (grounded)

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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EM Coupling (Demo)

Function

generator Measurement setup Source trace

Ff 1=858 If/lez Oscilloscope
. , R, =50 Q

50 Q Sink trace
Termination Oscilloscope
R, =50Q

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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EM Coupling

Base line

Distance increased

Floating trace

Trace grounded

Base line

Distance increased

Floating trace

Trace grounded

PCB Trace Distance Land fill Reference
No. width between between plane beneath
traces traces, width traces
mm mm mm

1 0.25 0.25 Nothing No

2 0.25 25 Nothing No

5 0.25 25 Floating, 2.0 No

6 0.25 25 Grounded at No

both ends, 2.0

11 0.25 0.25 Nothing Yes

12 0.25 2.5 Nothing Yes

15 0.25 2.5 Floating, 2.0 Yes

16 0.25 25 Grounded at Yes

both ends, 2.0
PCB Rise time for Fall time for Maximum voltage on | Interference to 94.5FM Radio
No. source trace source trace sink trace with the shown setup
Ns Ns mV

1 6.7 7.2 340 Yes
2 6.6 7.0 260 Yes
5 6.5 6.9 275 Yes
6 55 5.6 16 No
11 55 5.8 120 Yes
12 9.5 5.6 35 No
15 55 5.7 48 No
16 54 5.4 4.5 No

Franz Schlagenhaufer - IEEE
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Cable screen termination

Grounding

o
—9
—

—>
—4
—

\L_

—>
—
—

:\H

g

—>
—a
—

I

Franz Schlagenhaufer - IEEE
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Grounding of Cables

Oscilloscope
e

Burst Signal
Burst /\ ey

Generator |

| —

Termination
Box

Franz Schlagenhaufer - IEEE 40
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Grounding of Cables

¥ I
— RGZ223 - Taminatad
oeer " — FiE223 —Open }‘

Q.01 |

f
| i
: 'lfll";\{\'l Illl ||"|| Illrﬁ 'rflll‘ i ﬂ N
B RN Lot
A e WRT LY A%
= [ I U'
=001 W |l|| | ||I |
1
a0zl / i
a SIO 1(;0 150 EIIJU 250
Tima in n=s
” I I — Fﬂ;iEE—TarrnirEltad
—— RG58 - Opsan
i
2 [ \n
: ‘WMW*MW
=
_059 SIO - 1(;0 150 El.’lm 250
Time in ns

RGES — F'ilgiail {Large Locp) ’_
—— RG58 — Pigtail (S mall Loop)

=
31 \
= . s
vi -
")
100 150 200 250

Tima in ns



Grounding

Poar solution Better solution

cable shield cable shield

E Groum\ Pigtail

Very best solution

cable shield cable shield
360° Contact
\

metallic connector

!

Best solution

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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Cable Screen and PCB Grounding

Franz Schlagenhaufer - IEEE
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Cable Screen and PCB Grounding

Shielded cable
subjected to
Burst pules

Shielding enclosure

PCB Ground plane

Coaxial cable
to Oscilloscope

Cable Box Maximum

voltage

Pk-Pk
1 pin Grounded at far end 31V
grounded | 1 near ground connection 17V
2 pins Grounded at far end 25V
grounded | 9 aar ground connection 11V
1 pin 2 near ground connection 16 V
grounded |5 ohort ground connections | 14 V
2 pins 2 near ground connections 9V
grounded | 5 sort ground connections 7V
44

Franz Schlagenhaufer - IEEE
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Grounding of Cable Screen

Grounded to chassis Failed radiated emission test due to

/

/ radiation from data cable!

Electronic

/ circuitry

Data cable: shield not connected

Failed Electrical Fast Transient Test (Burst)!

Electronic

_ -~ cireuitry

Signal ground is connected
to this screw on the inside
of the enclosure.

Data cable: shield connected to same
screw as signal ground inside chassis.

Franz Schlagenhaufer - IEEE 45
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Grounding of Cable Screen

Hypothesis: There is a small impedance
between chassis and the screw. Only the
(major) part of the disturbance flows to
Zground ground, a small portion continues on to
signal ground. This small portion, however,

Chassis
Signal
ground

@ Screw is sufficient to upset to electronic circuitry.

Cable shield
The screw had been chosen as a

— grounding point for convenience.
Chassis is considered | Its primary purpose was the hold
‘ground’. A disturbance the connector. The cable screen
on the cable screen @ was temporarily connected to the
should be diverted to second screw on the connector.
ground and not affect f
‘'signal ground’ on the
inside! —

That confirmed the thesis! In the final version of
the product a dedicated grounding point for
‘'signal ground’ was chosen.

Franz Schlagenhaufer - IEEE 46
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Shielding degradation due to openings

W f W t
a_[dB]~100-20l0 : +20100..| 1+In| — | |+30-—
[dB] glo[mm MHZ) gl{ (b)]+ -

w
Far field reflection term : 100—20Ioglo( : j
mm MHz

‘Fatness’ factor (0 dB for w=b): 20 Ioglo(lJr In(%jj

Absorption term - Waveguide below cut-off frequency: 30.£
(not significant if w >> t): w
Franz Schlagenhaufer - IEEE 47
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Conductors passing slots

\ Acceptable

The direction of current flow is known when the source
is the current along a conductor. A mirror current is
flowing underneath the conductor.

Conductors should never cross slots!

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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Example — Shielding Enclosure with Slot

A shielding box with a slot (slots) on

its front side is hit by a plane wave
The field inside the box is

0.6 m simulated for four scenarios:

045 m  Short slot (120mm by 10mm)
in front side

* Long slot (240 by 10 mm) in

— front side

04m * Two slots (120mm by 10mm)
in front side

« Short slot (120mm by 10mm)

with 125mm long wave guide
A attached.

E k (propagation vector)

v

Franz Schlagenhaufer - IEEE 49
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Example — Shielding Enclosure with Slot

Shielding in dB

70

50

40+

30

20

10

Shielding degradation due to a slot

1] S, T

—120 mm

-==240 mm

w2 X120 mm

......... 120 mm + waveguide

100 200 300 400 500 600 700 800
Frequency in MHz

Franz Schlagenhaufer - IEEE 50
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Example — Shielding Enclosure with Slot

CONCEPT DATA: Shiclding box with opening: 1 Slot (120mm X 20mm)

CONCEPT DATA: Shielding box with opening: | Shot (120mm X 20mam) + wav

Frequency:
100,00 Mz

CORNER POINTS (IN METERS)

Max,

Pol. ellipse
EMAX (V/m}
a7

MAX . .,

7.12
I 001

8.6%10-2

3 3

¥
'--.- *
[ A

1000, 4140

Frequency:
500,00 MHz

CORNER POINTS (IN METERS)

Max,
Pol. ellipse

EMAX (Vim}

120mm slot — 100MHz (high field strength
concentrated around slot)

120mm slot with wave guide attached — 500MHz

(field is attenuated along the wave guide)

CONCEPT DATA: Shiclding box with opening: 1 Slot (120mm X 20mm)

requency:

Frequency:
560,00 )
CORNER POINTS (IN METERS) R0 M

00100, 40,00 641

Max,
Pol. ellipse

EMAX (Vim}

2.205

MAX .

2.20
_ 5.0*10-1
A*10-

43%10-1

120mm slot — 560MHz
(field distribution governed

by cavity mode)
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Introduction

Simulation is based on modelling, i.e. the transformation of a physical
model into an abstract mathematical equation system which is then
solved by a computer.

This transformation is based on physics, in our case mainly on
Maxwell’'s equations or derivations from them.

Hopefully, the resulting numbers represent physical quantities of the
original model.

Neglecting as many unimportant details as possible speeds up
simulation time and improves numerical stability.

Keeping all essential details ensures usefulness (correctness) of the
results.

Distinguishing between unimportant and essential details makes up

the wisdom of the simulation engineer. -



Introduction

Reasons for a Simulation

Prototype for measurements not available

— Antenna arrangement on ship or aircraft during design phase

Controlled variation of parameters not possible in measurements

— Voltage induced by lightning strokes: comparison of different over-voltage
protection devices

Measurement set up interferes with the physical value of interest

— Radiation from cables masks radiated emission from PCBs

Physical value of interest not (easily) accessible to measurements

— The field between power-ground planes on a PCB, or SAR values in a dielectric
body
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Example: No Prototype Available

Some Electromagnetic Field observation point
characteristics for a new ship

must be known, before the HF whip antennas  / > Broadband
first ship is built. W\ \/ 7 wire antenna

Changing the superstructure
later is not possible, and even
relocation of antennas may
cause major problems (costs).

" VHF whip anfennas

Simulation Results

Active coupling between HF Antennas

HF — VHF antenna coupling

Field strength on selected top-deck areas

Field strength in mast area

Antenna input impedances

Radiation patterns
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Example: No Control Over Parameters

2 km é 1 km 100 m

C
A B
3-phase overhead transmission line 3 x 1-phase cable Transformer:
100 Ohm 1 nF phase-ground
5 kQ Length: 200 m (1 us) 3 nF phase-phase
[ A
° 1 ° 11%)/(?(;/'%8 h=_12 m © r=50 mm
kT .S = h=8 m M
RT (t) =3 i
_ L 6m
Hl(z')'dr
Lightning discharge model
The cables A-B and the Transformer C Overhead transmission line
have to be protected against lightning: Cross section view

* Where to place a surge arrester, at A, B, C, or everywhere?
» What type of surge arrester should be used?
Franz Schlagenhaufer - IEEE 55
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Example: Prototype expensive to manufacture and
measurements not possible without interfering with
the model

CONCEPT DATA: Inductor Modeling - 7-turn Spiral Inductor

 Inductance value of spiral inductor
» Current flow on trace
» Magnetic field distribution around inductor

Franz Schlagenhaufer - IEEE 56
EMCS-DL 2007/2008



Example: Measurement results are difficult to interpret

COMNCEPT-Data: Triple Plate Configuration

Triple plate configuration:
One resonance (1.68 GHz)
changes with size of centre
plane, the other (1.89 GHz)
doesn’t. Why?

Input impedanc (Magniudz) in Ohm

Input impadance (REAL) in Ohm

CONCEPT-Data: Current density - 1.68 GHz

CONCEPT-Data: Current density - I_EQ..Gﬁz

Y



Simulation Procedure

* Input impedance
Prepare Simulation Model « S-Parameters

% * Field at certain observation points

Check Selected Results

Appropriately Modify/Improve Model

a

» Refine meshing

Agreement NO « Add frequency steps
Satisfactory? * Include losses
YES

Use Model For Further
Simulations e Surface currents

« 2D field distributions
- Radiation patterns 58




Simulation Procedure

Generic Model — Empty Metal Box With Slots

* Pronounced resonance effects

* Electrically large openings

* Dimensions: 0.48m X 0.40m X 0.30m
* Interesting frequency Range: 2 GHz

Franz Schlagenhaufer - IEEE 59
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Simulation Procedure

CONCEPT-Data: NED - Antennas at: P1, P2, P4, P7

Input impedance

Indicator for relationship
between electric and
magnetic field and

feeding/load current and

Indicator for

relationship between
electric and magnetic
fields at both antenna

positions.
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Impadanca in Chm

Simulation Procedure

10

10

10

10

1aQ

1aQ

CONCEPT-Data: NED - Antennas at: P1, P2,

P4, P7

Transftar Impadance

i S51-57 h.l'iaasmmant I I I

| — S1-57 Simulation

i S52-57 Maasurmant

I S52-57 Simulation

S51-54 Maasurmant

2 || S1-54 Simulation 1

i |

: '.

: i Al i i

| £, l?-'ﬁ:l,'.

W if &Y

! M“\.x\.-!:-'ll .!I IJ""
T .\'\_/ _3::- R:::H

A

| ¥ .ll | P i

Sl

:x P et F |I _

3 e : Overall quite a good agreement between
B measured and simulated data.

I 61
Q.2 n!z 3!4 05 n!a a!? n!a 0!9 1

Fraqusncy in GH=



, Model comparison

Power Budget

ower in W

Coarse Mesh
+ Antenna refined
4 Slot refined
—+#— Slot and antenna refined
: | | —— Measurement
1 I
2 0.3 0.4 0.5 06 0.7 0.8 0.9 q
Frequency in GHz




Simulation Procedure

CONCEPT DATA: Antenna: 120 mm - position 1 (0/0/150) - Model M1-Var4

Frequency:
4.7°10-1 GHz
CORNER POINTS (IN MILLIMETERS)
{0.00-50.0400.Q

Max.

Pol. elipse

EMAX (V/im)

39473.687
39473.69
1973.68
1691.75
1409.81
1127.88
845.94
564.01
282.07
1.3710-1

b
x
(0.00-50.00.00 (0.00530.00.00

470 MHz: High field strength around slots leads to significant
radiation — this is the dominant loss mechanism and
modeling the box as perfect conductor is perfectly fine.



Simulation Procedure

CONCEPT DATA: Antenna: 120 mm - position 1 {0/01 50) - Mode! M1 -Vard

CORNER POINTS (I MILLMETERS)

(0.00-50 0400

) M - poslica-=(ererTSTT- Vode

EMAX [Vim]

39473.687

947349

Max
. 1973.48

y

(0.00-50.00.00

'NER POINTS (IN MILLIMETERS)

Powat in W
]

(0.00530.00.00

D855 AT 0A4TS

Freguency in
EMAX (V/m)
168553.984

14447.60
12039.81
9632.02
722423
4816.43
2408.64
8.5°10-1

490 MHz: Low field strength around slots means little radiation — the dominant
loss mechanism is now due to the finite conductivity of walls and is neglected
in the model (note: finer meshing does NOT solve this problem!)

64



Simulation Procedure

51 -2 maasuiement

Electric field strength
Vertical polarisation
Height: h=1.45m
Horizontal distance: 3m

Fizld stiangth in dBuW/'m

h=1.45m Z

hilD
philDagras) Fraquancy(Hz)



Simulation Procedure

=1 -2 maasuremeant =1-52 simulation

Al i
RN
AR
RO
TN
A
Bty

SO
R

Fizld strangth indBuv/'m
Fizld strangth indBuv/m

phiDegiee) Fraquency iz) PP Frequencylha)

Now we have validated the model and can start the simulation in earnest!
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Simulation Procedure

Modelling and pre-processing
Meshing

Calculation

Validation of results
Post-processing

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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Modeling

Computer model and real world structure of German frigate.

#®

Total surface area:
Wavelength at 30 MHz: A=10m
Segments per A n>8

Number of patches: N > A/(A/n)? = 3200

« Some patches at corners and around feeding areas of
antennas have to be significantly smaller.

+ Wire segments for the antennas have to be added.

» Using rectangular patches there are about 2
unknowns per patch.

Estimated number of unknowns: K=10,000
Memory requirements (MoM): Mem = 16°K? = 1.6 GB
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Modeling

Example: HF Antenna System Simulation

—— l CONCEPT-Data: NNF - CONF2 - Field Observation Points (3)

Ship model

Sea modelled as perfect ground plane: : =2 gt m

« Acceptable for antenna input impedances and antenna- " i\'wih ALy i gy gt "I‘m
to-antenna coupling; Field observation points at locations %}

+ Critical for precise propagation analysis close to the sea of VHF/UHF antennas and other =
surface. sensitive equipment. =

Mixing large patches on flat surface areas and tiny VHF and UHF antennas can cause numerical stability
problems. Therefore a two-step approach is used to calculate the impact of HF antennas on small
objects: electric and magnetic fields are calculated at appropriate observation points (neglecting the
sink); then the impact of these fields is investigated. An eventual field distortion due to mounting
structures is taken into account in the second step.
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Meshing

Most numerical field simulation methods, e.g. Finite Smooth current distribution: Linear
Elemente, Finite Differences, or Method of Moments, approximation fits quite well.
are based on meshing of the structure.

This implies that basic electromagnetic quantities, such
as potentials, or line and surface currents, are described
piecewise of simple functions (constant or linear for
instance).

In order to obtain correct results the approximation must

represent the actual distribution ‘reasonably’ good. Rapid spatial variation of current: Finer

The following examples are based on Method of segmentation (meshing) is required.

Moments simulations using CONCEPT II. This code
uses linear basis functions for line and patch currents.

Typical meshing requirements are:

— 8-12 segments per wavelength for large, smooth
surfaces;

— Finer meshing around points where the current is
distorted, e.g. small holes, wires over surfaces,
edges, antenna feed points.

Franz Schlagenhaufer - IEEE
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Current density on a ‘pill box’ with coarse and fine meshing

CONCEPT-Data: Electrical Charge Distribution - 500 MHz CONCEPT-Data: Electrical Charge Distribution - 500 MHz

6.38 5.67999 496999 427 3.56 2.85 2.15 1.44 0.74 0.03 10.0 8.89 7.78 6.67 5.56 4.44 3.33 2.22 1.11 0.0
max=6.38 A/m min=0.03 max=15.11 A/m min=0.0
Franz Schlagenhaufer - IEEE 71
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CONCEPT-Data: Electrical Charge Distribution - Smoothed CONCEPT-Data: Current distribution and field observation line

Careful: Just because a program shows you a smooth
current or charge distribution doesn’t necessarily mean

that the results are more accurate.

Field observation line
just underneath the lid

~ldeally, the field strength inside
~ the box should be zero. The finer
- mesh comes closer to this result.

A&

Further away from the box the
~ results are the same for the two
- meshing variants.

Field strength in Vim
-
o

AT oo

72
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Influence of meshing
EEENEENEENNEEANNAENAENAEE -
® HEENEERRNENNNENENNEN ~
- y ‘lllll__llllllllllllllllll'
= IR -
K EarT
X l 50Q load »
1V source i:
Voltage across 500hm at far end of sink trace B
0.07 : . . : : : .
——Coarse mesh )
——Fine mesh P o )

"/ ' ::ww:
0.06f / i A (=]
0.05- > ,//’/ l:

> 004 . "=
g, './";' | : : [ ' .
= Y T -
m_ ~ Meshing has little influence R - B
F 4 on the voltage across the y
oorp” t5hOQ !Oid on the far end of Surface current density concentrates e
e sink trace. along the edges of the traces. The im
o @ @ e @ W coarse mesh cannot represent this o
behaviour.
Franz Schlagenhaufer - IEEE
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Influence of meshing

.

H 50Q load

The coarser mesh does not give the correct field
strength values close to the traces. Distance of

1V source

field observation points from a surface should be
at least one patch dimension.

CONCEPT DATA: Meshing example (coarse mesh)
CORMNER POINTS (IN METERS)
[ 002,00 [l XL

Frequency

100 00 NHz

Phase
0.0 degrees

H field ( A'm)

Huax

Himax

6110 *10E-3

'f___

CONCEPT DATA: Meshing example (medium mesh)

611.04 *10E-3

CORNER POINTS (IN METERS)

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008

Frequency

100 00 hMHz

Phase
0.0 degrees

H field ( A}

Huax

1.024

Himax

102.37 *10E-3

'f___x
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Meshing - summary

What are the ‘primary results’ for the particular method
(surface current, potential)?

What are the implicit assumption for these results
(typically constant or linear over one patch)?

Can the mesh approximate the actual distribution with
reasonable accuracy?

For Method of Moment:

8 — 12 patches per wavelength along smooth surfaces
Finer mesh size around inhomogeneous parts such as
feeding points, edges, small gaps etc.

Franz Schlagenhaufer - IEEE
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Validation

Sometimes, errors in input data are difficult to spot,
and become obvious only after the simulation.

CONCEPT DATA: What's Wrong

CONCEPT DATA: What's Wrong

\VAVA RS, 777
7SN T ] 7T oY
llp%gﬁ'w‘wwwﬁé >0

[T 3

N\
Tl e naul

i
/|

ST
LR T T

S
S

Frequency:
500.0 *10E-3 GHz

A simulation code might provide the option to test for nodes that are only a tiny bit apart,
and suggest that they should actually be identical: but maybe they these nodes are really
different? How could the program guess what the user wanted to simulate?

Franz Schlagenhaufer - IEEE
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Validation

Surface current density (magnitude and direction)
for coarse and fine mesh

Franz Schlagenhaufer - IEEE 77
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Deck Antenna Arrangement

Top

Example | —

- Model

HF

CONCEPT-Data

VHF-8

annp.m
o0
) ,,b Ui .&m&&.ﬁh
_w.%?h@ﬂ%“%
ﬁc.#a wqq [ m %4“%

%a&@

AN T
AW TN
:ﬂhﬂhﬂ&ﬁﬂnﬁﬁ W\W %@@

ﬁﬂ%ﬂ% 0y
L g :
AT

P ..H.wmﬁmxm“hﬁmm?ﬂmm%
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Input impedance (magnitude) in Ohm

HF Antenna Input Impedance

107

w

N

Input impedance: comparision for HF antennas

-
o

—_
o

— HF- -Aft Poltside

HF-2 - Aft Starboard
HF-3 - Mid Portside

—— HF-17 - Broadband Wire antenna

5 10

|
15

20 25

Frequency in MHz

30

* The ship itself forms an

essential part of the HF
antenna system. The input
impedances for HF
antennas depend therefore
very much on the location
on the platform, not only
on the geometry of the
actual aerial.

In particular at low
frequencies large parts of
the ship form the ground
plane for HF antennas,
and currents induced there
when feeding the antenna,
contribute significantly to
the overall radiation.

Information about HF
antenna input impedances
can be used to design
matching networks, and
are also important input
data for coupling
calculations.
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Comparison of HF Antenna
Input Impedances (Real Part)

Input impedance: comparision for HF antennas
10 :
- —— HF1 - Aft Portside
| —— HF2 - Aft Starboard
I HF3 - Mld POI’tSide ....................................... I

| — HF17 - Broadband Wire antenna} . ™

* Input impedances for
antenna HF-1 and HF-2
are almost identical due
to their symmetric
location;

* Input impedance for HF-3
is similar as for HF-1 and
HF-2 due to the same
dimensions;

* Input impedance for HF-
17 is significantly
different due to the
profoundly different
geometry characteristics.

-
Q
w
TTT]
i

N

Input impedance (real part) in Ohm
o

-
O—\.
TTT]

0 5 10 15 20 25 30 80
Frequency in MHz

10




Voltage (magnitude) in V

10 |

—
OI

-
(@]

HF Antenna Terminal Voltage

I
N

Influence of HF-1 on HF antennas

HF-2 - Aft Starboard
HF-3 - Mid Portside

—— HF-17 - Broadband Wire antenna ||

10

|
15 20 25
Frequency in MHz

30

* Voltages coupled in

nearby other HF antennas
must be known in order to
predict maximum coupling
parameters.

This provides input data
for the specification of
filter requirements and
determines simultaneous
operation capabilities.

Leaving the terminals of
non-transmitting HF
antennas open provides
data for transfer
impedances

Knowing the complete
impedance matrix for
the HF antenna system
allows comprehensive
coupling calculations
without repeating field
simulations.
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VHF Antenna Terminal Voltage

Voltage (magnitude) in V
o

Influence of HF-1 on VHF antennas

VHF-7 Forward starboard) ||

—— VHF-8 - Forward portside
VHF-9 - Aft portside
—— VHF-10 - Centre portside

10

|
15

Frequency in MHz

20 25

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008

30

* Voltages coupled in
nearby other VHF
antennas must be known
in order to predict
maximum coupling
parameters.

* This provides input data
for the specification of
filter requirements and
determines simultaneous
operation capabilities.

* Other than for HF
antennas the termination
of VHF antennas is
typically not varied, and
they should be
terminated with their
nominal impedance.
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Field Strength Values

Field strength values
at observation points
Observation may be used to

points ' ' - [—y=am ]| determine frequencies
—y=4m I for which
' comprehensive 2-D
plots should be
generated.

10"} s

Field strength values
on 2-D planes may be
A F used to determine the
L 10 . , L ; . 0
v /0 2 1°Frequen1c§ " MHZZO 25 30 values for which
points should be used

Field strength in dBV/m < Observation for further analysis.

“.Field strength in V/m

8 ‘ ! | I I . T
b line —
; — 12MHz
1= 4
>
B 2 :
: =
NPy .. -
$-2 | g
w °
§ DR A BE R B
2 & 2" "“s
©s
-40 10° . ﬁ

5 10 15 20 25 30 4 6 -4 =2 0 2 4 6 8 83
Frequency in MHz Observation coordinate: y in m



Superposition of Field Strength

« HF antennas can produce high electric and magnetic fields in their vicinity and
therefore be RADHAZ concern.

« According to most relevant standards the effect of multiple sources must be
considered.

* In most cases, the field produced by HF antennas decreases quite fast with
increasing distance, and the RADHAZ zone around each antenna is only marginally
affected by contributions from other antennas.

 Sometimes however, an influence can not be ruled out and transmission scenarios
involving multiple transmitters must be investigated. This can be done in several
steps:

» For each antenna to be included in the assessment a transmission frequency and
load impedance is selected;

» Based on the termination and source conditions a feeding current for each antenna is
calculated;

» The field strength at an observation point produced by each antenna, due to the
actual feeding current is determined;

» The field strength contribution from each antenna is weighted in accordance to the
limit value for the respective frequency, and all weighing factors are combined.

Franz Schlagenhaufer - IEEE 84
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Superposition
of Field Strength

/

HF-17
HF-2

HF-3 | \

Observation plane for
RADHAZ assessment

Observation point

* A RADHAZ assessment for the indicated
observation plane shall be made.

» For one observation point the field strength due to
each HF antenna is determined (considering the
maximum transmission; limited either by available
power, or maximum feeding voltage).

* A worst case transmission scenario is chosen.

10°% : : :
[ — HF-1 (1kW/2kV)
HF-2 (TkW/2kV) |
HF-3 (1kW/2kV) |
— HF-17 (2kW/4kV)
| s Limit |
E 102:
> [
£
=]
o
[ =
g
»
o
2 4
w10 ¢
0
100 5 10 15 20 25 30
Frequency in MHz
1.4 = -
| — HF-1
HF-2
_ , HF-3
L — HF-17
| — Combined |
1 /
g f \"- .'
© [ | .'u n'lll
&£ | | | |
o 0.8 \ | \ / ||
= |
.‘E’ I| || \ l II|
2 06| | }! A S
: | A \
= [N X,
E A [\ \
\ / v \ \
0.4 f / \ /-/
N ./ N\ W\
02 : .
o- : o _J\ D — ==
0 5 10 15 20 25 30

Frequency in MHz



HF-1 (1kW) Superposition
of Field Strength

HF-2 (1kW)

HF-3 (1kW)
Antenna Power Frequency | Limit
value
HF-1 1 kW 7 MHz 124 V/m
HF-2 1 kW 14.5MHz | 87 V/Im
HF-3 1 kW 5 MHz 174 V/m
HF-17 2 kW 19.5 MHz | 87 V/m
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Model Validation

Results must be critically validated before used for decision
making. Beside some general guidelines, listed below,
results must be constantly interpreted and checked for
consistency:

Surface current distribution is looking ‘smooth’;

Currents and fields concentrate along edges and at corners;

Power budget: input power = radiated power + power loss;

Reciprocity: Z,=Z7; for passive systems;

Electric field perpendicular to perfect conductors;

Results not reacting too sensitive to model variations.
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Surface Current Distribution

* Current distribution (maximum
values) for HF-1 transmitting at
6 MHz.

* The current density is higher
around the antenna feed point
and along some edges in the
vicinity of the transmitting
antenna.

* The current distribution looks
‘smooth’, i.e. The current
direction is uniform and
changes only slightly from
patch to patch.
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Electric Field Strength

HF-1 transmitting at 6 MHz;
Observation plane through
symmetry plane of the ship.

The electric field strength is
checked for an observation
plane cutting through the
superstructure.

Field concentrations are noted
around the transmitting
antenna, around both masts,
and to some degree above
the elevated part of the
bridge.

The field strength is
perpendicular to the structure.

The field inside the
superstructure is very small.
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Power in W

Power Budget

(HF Antennas)

 Input power and radiated power are almost identical.
Differences (Input power — Radiated power) are
generally less than 10% of the input power.

* For a small frequency range (27-28 MHz) the
radiated power is slightly bigger than the input
power and is not shown in the logarithmic scale.

HF antennas

“4 ---- Total loss

— Input power
| — Radiated power

- Power difference

* Power loss also occurs
in the termination
resistors: 50 Q for the
VHF antennas, 1 mQ
for the transmitting HF
antenna and 1 MQ for
all other HF antennas.

* These losses are
however much smaller
and are negligible in
this case.

10 15

30 90

Frequency in MHz



Reciprocity

Transfer impedance between two antennas is the voltage at open terminal
of one antenna (V;) divided by the feeding current of the other antenna: (1,).

For passive systems it must be: Z,=Z;:

=/.

IL

V._?Vj
S

limpedance (magnitude) in Ohm

3

HF antennas

10° ¢ .
[ — z12, |
713 |
| — z14
734

10

10

15
Frequency in MHz

20

25

30

* Reciprocity theorem is
fulfilled satisfactorily.

+ Symmetry for the
coupling between HF-1
and HF-2 is very good.

* For the coupling
between HF-1 and HF-
3 and between HF-1
and HF-4 some
differences can be
noted for a few
frequencies.

» The coupling between
HF-3 and HF-4 shows
small differences for
the frequency range
21-26 MHz.
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Detailed Simulation Model

Computer model and real world structure of
German frigate:

Are computer simulation results reliable,
even when many details of the real world
structure are neglected?

 CORVETTE

Franz Schlagenhaufer - IEEE 92
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Model Comparison

« Small changes to the
simulation model should
have only a small impact
on the result.

« The model has a slightly
un-symmetric shape, and
the input impedance of
HF-1 and HF-2 differ
slightly.

10_‘ . - I T I I . . ‘ ‘I

* While removing the upper
section of the aft exhaust
structure the input
impedance of HF-2 is
calculated, and small
changes are noted.

* Modifying the model
again, this time by
removing the forward
mast structure, has only a
very marginal impact.

-
o
N
|

Input impedance (magnitude) in Ohm

|| — HF1 - Aft Portside

—— HF2 - Aft Starboard
HF2 - Variation 2

---- HF2 - Variation 3 .

|
0 5 10 15 20 25 30 93
Frequency in MHz




Model Comparison

* While transmitting with
HF-2 the voltage
coupled in the open
terminal of HF-3 is

VE)Itage in HF-3 (HF-2 transmitting)_:_ comparision - model variation calculated.
' n ' o — Hr2. At Smboad | | Boih modlflcatlor?s have
only a very marginal

HF2 - Variation 2
---- HF2 - Variation 3

impact on the result at
low frequencies.
« Removing the forward
| mast produces a
1 different voltage

2 1 :‘

s

2 ! ] compared to the basic
5 | model and the case

% , where only the aft

8 u' exhaust are modified.
> [ ) « Use meaningful values

{ for checking the

sensitivity — the input
s impedance is not the
] only and often not the
most important one.

| |
10 15 20 25
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Example Il — Hybrid TEM/Reverberation Chamber

Load (50 Q)

(Termination)

P24
P21

P15
P12

P6
P3

Width:

Septum width: 1.83 m

2.33m

P27

P20
P18

P11
P9

P2

P14

P5

P26

P19
P17

P10
P8

P1

Load (2 kO2) (Damping)

P16
P13

P7
P4

x:[-0.2m, 0.0, 0.2m]
y:[-0.2m, 0.0, 0.2 m]
z:[ 0.2m,0.4m,0.6 m]

z

R e

Source
(1 V/50 Q) « Extend frequency range

Design objectives:

for TEM operation by
dampening the first few
resonance frequencies;

 Don’t disturb field
uniformity with introduction
of stirrer;

* Optimize stirrer shape and
location for reverberation
operation.
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Requirements

TEM cell

Field strength varies not too much from one frequency to the next;
E, dominates over E, and E,;

Field uniformity < 6dB.

Reverberation chamber

Field uniformity over one complete stirrer turn;

Cross polarisation: all field components of similar magnitude over
one complete stirrer turn;

Typically this is achieved beyond the first 60 cavity modes.

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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Simulations take preferable:

 Just a few seconds (interactive)

» Up to an hour (during lunch break)
» Several hours (over night)

The simulation of this TEM/Reverb
hybrid cell takes a few hours, but
requires numerous, slightly different
models.

Therefore the simulation task is set
up as a Batch Job using the flow
chart shown on the right hand side.

( START )

* Create TEM cell mesh
* Create Stirrer mesh

« Set up Simulation input file
(excitation, load, frequency etc.)

%,4

Read stirrer next rotation angle
Modify stirrer position

Assemble model (stirrer + cell)
Create subdirectory and copy files
‘CD’ to subdirectory

Run simulation

NO

Last angle?

YES

( sToP

Franz Schlagenhaufer - IEEE

EMCS-DL 2007/2008
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CONCEPT DATA
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Computation Time

3 GHz CPU — ~3 min per frequency;

Transition frequency range: ~ 10 resonances (~200
frequencies);

5-10 degree steps: 36-72 stirrer positions;
CPU time: ~720 hrs;

Price for measurement equipment (signal generator,
spectrum analyser): ~100k$;

Price for 50 state-of-the-art PCs: ~100k$
(8 hrs on 100 CPUs)

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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Field strength in V/m

10

10

10"

10

Example Results

Stirrer in 0 degree position, observation point: 0.2m/0.0/0.4m

Field strength at one point
and for one stirrer angle.
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Frequency in MHz

200

Useful to determine
frequencies where a
closer look is required.
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Field strength in dBV/m {Ez}
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Example Results

Field observation point: -0.2m/-0.2m/0.6m
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Field strength in dBV/m (E Z)

Example Results

Stirrer in 0 degree position, all observation points Results for all observation

| | | | points in one diagram give
| | | | ~ the field uniformity.
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Resonance dampening — improve field uniformity

EMAX (Vim)

1 Field uniformity - Max/Min ratio 80.05 MHz 738
10 ] : : . : ©,00-20,15) MAX
. -
e
e -
= 3
@ Y
: v
1 0 . . . . . EMAX (Vim)
99‘8 799 80 801 802 803 804 80.20 MHz R3 7549

CORMNER POINTS (IN METERS)

Frequency in MHz 0002015

The ratio between maximum and minimum
value at the first resonance is found to be a
factor of 6 (~15 dB).

(0.00.2.00.00)

00.00.-2.0,000)

The electric field has a maximum on the upper part of the TEM cell (between
septum and top) at this resonance. The field in the lower section (working volume)
has a minimum in the centre of the cell just below the resonance, and maximum
just above the resonance. Putting a resistive load between septum and top should

dampen this resonance. 104



Resonance dampening — improve field uniformity




Resonance dampening — improve field uniformity

Field uniformity - R3 varied

——R3=1 GOhm|
— 10 kOhm
—— 1 kOhm

500 Ghm

100 Ohm

R3in Ohm

L 1 1 1 L 1 1 1 1
70 T2 T4 T8 T8 80 a8z a4 86 88 80
80 85
Frequency in MHz

The resistor reduces the field non-uniformity, as expected. A value of 10 kQ has no
significant effect, a 1 kQ resistor gives a better reduction; further reducing the resistor
value increases the field uniformity again. The optimum value is around 1.5 kQ.

Franz Schlagenhaufer - IEEE 106
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Resonance dampening — improve field uniformity

Field uniformity - R3 varied
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Post Processing

In many cases, the raw results are not the ultimate goal
of the simulation but must be post processed further.

Field simulations are almost always time consuming,
and predicting the effect of variations without repeating
the calculation is desirable:

« Variation of HF antenna terminations;

« Maximum coupling between HF antennas;
« HF-to-VHF antenna coupling;

« Scaling results;

« Superposition of field strengths.

Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008
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Variation of HF Antenna Terminations

A platform with several HF antennas can be considered as an

N-port network, with each of the antenna terminals an
accessible port where load impedances and sources can be
changed.

« Sources are put at transmitting antennas, and load impedances

are connected to the antenna terminals in the form of matching
and tuning networks.

« Each HF antenna is excited individually during n field
simulations while all non-transmitting antennas are open circuit.
» The field simulation provides values for input and transfer ( = )

impedances. Transfer impedances are calculated as ratio of
open-circuit voltage and feeding current.

- With the knowledge of the complete impedance matrix for the Z. =T (Z1aa10 Zioad 2 L Loadn)
N-port network, port currents can be calculated for a new
load/source scenario by inverting an n-by-n matrix.

=12+ Zeem ™ Voo

« Based on port currents it is possible to compute input
impedances and coupling factors.

Franz Schlagenhaufer - IEEE 109
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Port Voltages and Currents

- Linear N-Port: Vv

lﬁvi fivz j] VI=[z}]  Zy=—

J
Port terminations — Source and load:

Linear system jivg E] [V ] = [Vsource]_ [ZTerm ] [I ]

under

Investigation Terminated N-Port:
| Zo [I ]= :Z +Z ]_1 : [V

Term source ]
Il

The radiation behavior of the system does not change
when the port terminations are replaced by equivalent Linear system

under
current sources. Investigation

ot et

This implies that radiation is only due to currents and |
charges on the system — Source and load elements
do not contribute to radiated fields.

o

Franz Schlagenhaufer - IEEE 110
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Port Currents and Field Strength

Exciting port i while

Full wave field simulations leaving all other ports
i open gives:
Porg_ _Oportz O—> Feeding current | and voltage V.
O_
:Eli Voltages for other open ports V,
V.,
= Zij =7
O |i
Ao Electric or magnetic field
strength at arbitrary Foos_i

n simulations give a complete description for a
network with n accessible ports including
relationship between port current and field

strength:
Franz Schlagenhaufer - IEEE
EMCS-DL 2007/2008

observation point
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Port Currents and Field Strength

Principle of superposition Field due to current on segment/patch j
when feeding port i with I.:
Fo Fobs—i—j - fj -l pi—i fj '(pji ) Ii)
Portq_ _OPort2 - ; ; co
O—| Total field when feeding port i with I.:

| —O
R Ii npatch
®:2E F"bs—i:Z<fj°pji)'|i:ai'|i
j=1
—O

The current on each segment/patch can
Port n be expressed as superposition of
contributions from all ports currents:

n port

'pj:;pji‘li
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Port Currents and Field Strength

Principle of superposition

Port 1

O_
O_

ij-i

x>

5 o

Port 2

Port n

n port

Total field: F, = Za_ 1,

i
i=1

~ Fosi Known from initial
! | field simulations.

New port currents I, can be computed for
varying source/load scenarios from:

[1=1Z+ Zeem ] Veouree

No need for repeating field simulation when changing port terminations!

Franz Schlagenhaufer - IEEE 113
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Procedure

4 N N-PortZ-matrix  z ="
Excite each port N-Port Z-matrix s

individually, leaving the
other ports open.

j—x
_ P field factors’ @] PJ _

[ Calculate new port currents.} [1=[Z + Zrern I Veouree ]

values

[ Obtain new field strength J Foos = Za,lI

Franz Schlagenhaufer - IEEE 114
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Example

I'e . N-Port Z-matrix Zy =—
Excite each port ¥
individually, leaving the o Fops_x
S other ports open. ‘field factors’ & i~y | = | Fobs-y
j-z J I:obs—z
p— Observation points
far
1 field
1000 r;;
T mm
Z
Y
X




EanWHEfLﬂ ““““““““ 7 10 10pF 0.1nH

Input Impedance —
) = = .——1 Port 283
[I ] = [Z + ZTerm] ' '[Vsource] LA 7 Ok /ci:aen
[V ] = [Vsource ]_ [ZTerm ] [I ] ”’/f
Termir!‘la’ficrn 1 fermination 2 —f Termination 3
\ £ / 7 a
\ N / /

-
A

i N ~ = \\
7 p——— / g \

/ /V/'/'\ \ pd \
/N \| / \

Input Impedance (Magnitude) in O
3 3.
LN
gy
A
el
N \
N _—T

;/

)

Calculate new port currents.} 1=[Z + Zrerm | Meource )

AA 0 0.2 0.4 0.6 0.8 1 12
B Frequency in GHz




WATR

Ingut Impedance (Real part) in Ohm

10

s

——k
o

Field strength in VV/m

10

10"

Input impedance

(Real part)

Near Field - 2

o.6
Freqguency in GH=

0 mA Source

—— Open

—— Termination 1
[l —— Termination 2 [
Termination 3

Termi_now

A

Termination 2 |
u

e

o o C
e
o

Electric near field
(Source: 20 mA)

Field follows real
part of input

impedance in
general, especially
around peaks.
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e Inputimpedance
LN 32/’ A B (Magnitude)
;§: — o — A\\ ““ A /
= = N 3\ v
= N \ /
= \ / \/
\/ L
v
Near F;Z]ZQ-UT r\‘f'cgtlzr;u:'?:Fefz(ideai)
—— Open I . .
Al Termination 1 Electric near field
10 Termination 2 [k | . ——1 Port 2&3 ——
Termination3 || | open | (Source: 1V)

Termination 1
’\ Termination 2

S Field follows input
£ admittance in

8 general, especially
; around minima.
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Input power in VW

Example .
Input power and radiated power

Input power - 20 mA Source ; Radiated power - 20 mA Source
I I | T 10 g I I ] I
. ‘— Open |
| — Impedance 1 (1 Ohm) Port 283 ] ) Port 283
Impedance 2 (0.01 Ohm) open | 10 f open
s 001Q+0.1nH+10pF
0.010+0.1nH+10pF 10 ¢
\ gm.e |
10:+0.1nH+10pF T
010" |
Q
Q
810° |
g
g
n:w.g I 1040.1nH+10pF
Increasing the resistance 10"t | A bigger resistance also
5| | reduces the peaks in the | | reduced the peaks in the
input impedance and 10"'. | radiated power, and for the
there in the input power. | maximum field strength. ~ |nce {1 0hm)
/ L | I | | | 10'12 / l | | l \””rw it 2\ (001 Ohm)
0.2 04 0.6 0.8 1 12 0 0.2 0.4 0.6 08 1 12

Frequency in GHz Frequency in GHz



Example

Table 1. Computation times

WATRI\

Process Time Repetition

Field simulation (25 frequencies) 200 Min | For each port
Field strength at 762 observation points 4 Min For each port
for each frequency
Interpolation (25 =1200 frequencies) 5 Min | For each port
Reading all interpolated field data 10 Min | Once

(~ 8.3-10° complex numbers)
New port currents and new field strength 6 Sec | For each new excitation
values (762 points) and termination scenario

Franz Schlagenhaufer - IEEE

EMCS-DL 2007/2008
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