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Acronym List

BCE Bulk Current Emissions

CE Conducted Emissions

CISPR Comité International Spécial des Perturbations Radioélectriques
CM Common Mode

CMCE Common Mode Conducted Emissions

CS Conducted Susceptibility

CuUT Cable Under Test

EMC Electromagnetic Compatibility

EMI Electromagnetic Interference

EUT Equipment Under Test

GEVS General Environmental Verification Specification
GSFC Goddard Space Flight Center

MIL-STD Military Standard

NASA National Aeronautics and Space Administration
RE Radiated Emissions

RS Radiated Susceptibility
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Overview

* Brief history of common mode conducted emissions (CMCE) measurements
« CMCE, radiated emissions, crosstalk, and net integrated average current

« Cable above ground, transmission line theory, current distributions, standing
waves, peaks and nulls, etc.

« Damping resistance and the absorbing clamp
e Summary
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MIL-STD-462 (1967)

AC Phase 1 AC Phase 2 See Note /

v
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10 UFD Feedthroughs
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Jest Sample — Cable N Gurrént Probe #  Cables
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' Current probe around from Cable
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CEO1/CEO3 on Power Lines CEO02/CEO4 on Signal Lines
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MIL-STD-461C (1987)

2.2 CEOl limits.

2.2.1 AC and DC leads. Electromagnetic emissions shall not appear on AC and DC leads in
excess of the values as shown on Figure 3-1. The limits shall be met when measured with an
effective bandwidth not exceeding the primary power frequency plus 207 of the power frequency
for AC power leads or 75 Hz for DC power leads.

2.2.2 Interconnecting leads. If compliance with this requirement is required for |
interconnecting leads, limits shall be developed on a case-by-case basis considering the |
intentional transmission, its specified power level, necessary information bandwidth, and :

|

pulse rise time. Such limits must be approved by the Command or agency concerned.

3. CEO3

3.1 (CE03 applicability. This requirement is applicable for AC and DC leads, which obtain
power from other sources or provide power to other equipment and subsystems. The requirement

is not applicable for interconnecting leads, unless otherwise specified by the Command or
ageucy concerned,

3.2 CEQ03 limits.

3.2.1 AC and DC leads. Electromagnetic emissions shall not appear on AC and DC leads in
excess of the values as shown on Figures 3-2 and 3-3 for narrowband and broadband emissions,
regpectively. Conducted switching spike emissions (including ON/OFF switching) on AC and DC
power leads shall meet the requirements of CEO7.

! 3.2.2 Interconnecting leads. If compliance with this requirement is required for |

interconnecting leads, limits shall be developed on a case-by-case basis considering the |
| intentional transmission, its specified power level, necessary information bandwidth, and |
I pulse rise time. Such limits must be approved by the Command or agency concerned.

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 5



2019 IEEE INTERNATIONAL SYMPOSIUM ON

M @#S Il P Il 2@1'9 ELECTROMAGNETIC COMPATIBILITY, SIGNAL & POWER INTEGRITY

2019

JULY 22-26

MIL-STD-461G (2015)

50 © Termination on T
Signal Qutput Port Termination Power
Lead Power Cable

(One for Each LISN) \
|;| ol Power
Input m /
° LISN ]
-

50 Q

5 *— LISN
ower EUT
Leads N EUT ] LIEN
— e s T\, NO COMMON MODE
' utpu Attenuat
5|j _’i Current Probe Port e Ii’_:\.;fgr M EAS U R E M E NT O N
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! SIGNAL LINES
Measurement
Measurement Receiver
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Data
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Device

CE101 on Power Lines CE102 on Power Lines
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30 Hz — 10 kHz
Current Measurement Voltage Measurement across LISN
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SL-E-0002, Book 3 — Space Shuttle (2001)
Bulk Current Emission FIGURE 5-29
(BCE) technique defined as > (RE102-2B) BCE TEST SETUP
Radiated Emissions (RE) Signal Bundle
test method below 200 MHz Absorbing Clamp
#ﬁ o
T EUT : REcor_ding
| evice
|
|

Absorbing clamp
(more later) > Absorbing Clamp

i G | EMI

<15 em Receiver

T LISN| |LISN

Power and Return
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NASA/GSFC’s General Environmental Verification Standard (GEVS)

60 IR SN S S I 0 Y ,,i,,,,,,,,,,,,,,,,,,,,,,,,,,,‘

50

40

10 kHz-30 MHz - 30 MHz - 200 MHz -
Modified CE03 i Absorbing clamp

,,,4— ¢
30 Hz - 10 kHz

1 (if necessary)

method method

Modified CE101 method

0.001 0.01

0.1 1 10 100 1000

Frequency (MHz)

Equipment must not emit more than

50 dBuUA

100 -

90 _ .............................. S A S O 1 O S O ML I A N S T R

0 Maxiumum injected current onto CUT
L s s s (MIL-STD-461G method) -

e - - - - - - - - - - - - - - -

Precalibrated current limit

20 o R S O O B R S 2 S S S N TN 8 N

Common Mode Conducted Suscptibility (dBpA)

10 e m A e s s 1 S 11 S s

0.01 0.1 1 10 100 1000
Frequency (MHz)

Approximately equivalent to tailored
RS103 limit of 2 V/m
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Space Applications

« Highly sensitive science instrumentation
« Not much use of electromagnetic spectrum below
200 MHz

Below 200 MHz, dominant concern is

CROSSTALK

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 9
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CMCE and Radiated Emissions (RE)

Electric field components:

E, = Ldl 2 1 —] 1 —JBor

r = AT TIOﬁO cosB <B(2)r2 ]ﬁ03r3> e

En = Ldl in® | i 1 + 1 — 1 —JjBor
0= 4 NoBo sin <] Bor ,Bgrz J ) €

E(p:O

Electric
A (Hertzian) Dipole

Zz

Far field:

Idl e JBor
Efaqr =] ETIO,BO sin 6

—

g

r
|Efar| = CONSTANT - Idl

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019

10



v» EMC+SIPI %9]!2 ELECTROMAGNETIC COMPATIBILITY, SIGNAL & POWER INTEGRITY
S

Total Electric Field (Far Field)

At a distance r from the center of a wire of length I:

l l

1
I[(z)dz = CONSTANT -1 - Tf [(z)dz

0

|Efar| ® CONSTANT - jo

Far field emissions are determined by
' net integrated average current,

) -
| £ NOT by peak current

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 11
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Inductive Crosstalk

Coupled potential

(Faraday’s Law): Electrically short cable: Electrically long cable:
dd = BA l l
|Vemf| = |57 — _ Hoh
dt ®=h| B(z)dz =— I(Z)dz
0 21T

CULPRIT ,—--~~\\

b = hle(Z)dZ = "7 J I(z)dz.
0 \

/‘""’"

Inductive crosstalk is also determined by
net integrated average current,
NOT by peak current

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 12
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Wire-Above-Ground Model

Any cable from which we want to measure CMCE must be modeled as a wire-above-ground with:
* h = height above ground plane (5 cm per MIL-STD-461G)
« a = cable/wire radius

a Bond
A Strap
Source Panel
£ N Alj'“" Z 7 LISN: w }E‘Llj
EUT\/ Sh‘mﬂ \% /_4 Interconnecting
h =N e pava. 4 c
LR Pl = 10ems
Ground Plane 1 A o
L 71—
- ‘:c:! 2 > W
80 -80 cm
77777777 l
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Wire-Above-Ground Model (cont.)

Inductance: Capacitance: Characteristic Impedance:
271'50
C= 2
o |n|/n\? Z —eo-ml®4 (B
gt B oft & oy 1)

2 1000 § - 500

400 .
typical

300 +------rmmmmen // __________

200

100 /

10 100 1000 1 10 100 1000
h/a h/a h/a

\ All logarithmic functions of h/a /
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Transmission Lines 101
Typical case wire-above-ground transmission line represents shielded cable with shield
terminated to chassis at both ends...
Zs,Z, — 0
Mismatched impedance — reflections — STANDING WAVES
Reflection coefficient ) I R Reflection coefficient
(source end): ) | g (load end):
F ZS _ ZO ZS —| F ZL _ ZO
s = =
Zs + Z, ! 7, +Z,
_ ) VS ® Zf Z0 : ZL
Standing wave ratio g , Standing wave ratio
(source end): : (load end):
1+ I 51— 1+ ||
SWR¢ = < >! — L
T 1— Ty ¢ : SWRL =11

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 15
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Standing Waves (Animation)

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 16
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Transmission Line Current Distribution and Input Impedance

Details in backup slides... Matched line, Z, = Z,,I', = 0:

Vs 1—T,e J2Blgi2pz Vs Constant current amplitude
I(z) = L m) (2= P

Zy + Zs 1 — [ e /2B Zy+ Z; determined by Z,

Input impedance of lossless transmission line:

Z, + jZytan(Bl) 2m 300

C
7. = i A==
' OZO +]ZL tan(ﬁl) 'B A f fMHZ
Z§
| = (2”-1)]./4 Zi = Z_ | = ni/2: Zi = ZL
L
Shorted termination looks Shorted termination looks
like open circuit like short circuit
(Current nulls) (Current peaks)

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019.
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Source End Current vs. Frequency = | |

1Q

2 Vims
« At low frequencies (I << A), source end current
= DC current normalized to 1 A (120 dBuA) 140
» At mid frequencies, loop inductance dominates 120 Z;=10Q Peaks at
« Source end current minimum (null):
< 100
@ | = (2n-1)A/4 §
« Source end current maximum (peak): % 80
S
@ | =nA2 s
E 60
Ty
- For 4 meter cable (2 min front of ground ﬁ 40
plane + 2 meter to wall): Nulls at
« Nulls at odd multiples of 18.75 MHz 20 [=(2n-D)1/A
« Peaks at multiples of 37.5 MHz 0
0.0001 0.001 0.01 0.1 1
l/7

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 18
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Current Probe Locations: When Does It Matter?
140 For | <A/10, probe location does ' . .
not matter (“electrically short”) <—i For | > A/10, choosing a single probe
190 ool : . location adjacent to EUT could
--------- : | cause:
“““ I - . -
< 100 e : i i - false positive (test failure due to
,g- “teea I | 8 exaggerated emission level)
~ 80 ¢ 9 ‘.“*E' - 1 % itl- i .
= ~ “Ideal” current ====== SRR v A it » false negative (test passes
S 60 Into matched load VO because method masks a real
= iy : i emission that could pose a
(]
6 40 | °T°°° Load End ‘ E E problem)
“““ Midpoint ol Placing probe at load end raises
20 — ----- Source End nulls to equivalent levels for
0 matched load
0.0001 0.001 0.01 0.1 1 — Still leaves the peaks...

l/2

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 19
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CMCE, Electrically Long Cables (f > 30 MHz)

* |deally, we want a normalized measurement of emissions that is independent
of cable configuration (e.g. matched transmission line)

« This will provide an assessment of frequency content of emissions from EUT
that may be more effectively used to assess compatibility with rest of platform
In the flight configuration

* Remember:

ZZ
|=@n-D)a4: 7, == |=nal2: Z; =7,
Zy
Increasing Z, reduces Z, Increasing Z, increases Z
— Increases current at nulls — Decreases current at peaks

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 20
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Damping at Nulls (I = 2/4 example)

» Added damping resistance increases minimum 01T ; : : ; ; ; | | : !
current at source end while leaving maximum » | | | | | | | | ; ;
current at load unchanged @ i | | | | | | ; ; | |

‘E‘- Z;=300Q : : : : ! ' :
« Load end current equals that for matched line, & 00 Muaichedload Iy =0~ i i
independent of Z, and ', S [ Z,=150Q | ____-i---== foo=sa - . Ve
S - : : : : I ="
. . = | ! ! ! 0 S
 When Z, = Z,, current amplitude is constant across g- 2001 | | | Load end current equal
the length of the cable s i | i to that for matched line,
S : : | independent of Z, , I',

« At null frequencies, damping resistance has no S | | | (math in backup slides)

effect on maximum current, and it makes current O |
- . 0.0001 - ; - - -

more uniform along its length | | | | | | | | |
10 =—2 140 | | | | | |

» Specific position of current probe for CMCE Zo+Zs 1-T, ; ; : : : ;
measurement is no longer crucial £.00001 (math in backup slides) i 5 : | | |

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Distance from source (fraction of length)

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 21
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Damping at Peaks (I = /2 example)
. . 10 + . . . V.
Added damping resistance decreases S g - IO=10 =775
maximum current at source and load ends, - 1’ 0 | Source and load end currents equal DC current |
P L ’ -7 (math in backup slides) ~ TT==<__ l

bringing it to “ideal” current for matched
load when Z, = Z,

Current at midpoint (A4 from load) equals

Current amplitude (amperes)

“ideal” current for matched load, 01

independent of Z, and I',

Damping provides more uniform current T e N B SO P T :
: ' R R AT Pt S SRS SRR

alon.g Iength | 3 3000 R P —

Again, specific position of current probe for | Matched load, I', =0 | | U 2+ 7s

CMCE measurement is no longer crucial 0.001 o (maiinadpeldey)

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Distance from source (meters)

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 22
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A Closer Look at Resonant Peaks for | = ni/2

Up to this point, we have considered only the envelope of the current distribution
- Only spatial dependence considered
- Time dependence ignored

For the resonant peaks for which | = n4/2, it is instructive to consider the full time domain representation:

Details in backup slides...
[(z,t) = |I(2)|e/?@ . gj(@t-F2)
RE[I(z,t)] = |I(z)| - cos|wt — Bz + O(z)]

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 23
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)

A Closer Look at Resonant Peaks for | =ni/2 (cont.)

“Snapshot in time”:

1(2)

1 l
Ly = 7] I(xdz=0  Average current =0
0

l
CDNET == hf B(Z)dZ - 0
0

Maximum net
field cancellation

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 24
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)

A Closer Look at Resonant Peaks for | =ni/2 (cont.)

“Snapshot in time”:

Average current =
maximum

1! 2
1) by =7 [ 102047 =2 peas
0 w

l
CDNET - hj B(Z)dZ - MAX
0

Maximum net
coupling

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 25
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A Closer Look at Resonant Peaks for | =n4/2 (cont.)

Vs

Ly (1) = ‘

- sin wt
ZO + ZS nrm

1.5

Current amplitude (amperes)

1.5 ; ‘ ‘ ; ‘ ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Distance from source (fraction of length)

Increasing damping resistance reduces peak
amplitude at “snapshots in time” corresponding to
maximum field cancellation (no effect on coupling)

Average current independent of Z, , I}
Same as average current into matched load
Inversely proportional to n

(Derivation in backup slides)

0.010 -

0.005 - :
Ly =6.7mA
Independent of Z, , I';

0.000

-0.005 -

Current amplitude (amperes)

-0.010 ‘ - - ‘ - ;
0 0.1 0.2 0.3 0.4 0.5 06 07 08 0.9 1

Distance from source (fraction of length)

Increasing damping resistance has no effect on
peak amplitude at “snapshots in time”
corresponding to maximum coupling

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 26
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A Closer Look at Resonant Peaks for | =ni/2 (cont.)

I(Z) n=1

yA Vs

Cancellation

DA N s
z N7

U dax =
\/ avlmax =77

Cancellation

“IN A\, s

Vs
i = - —
‘ \/ \/ ( AV)MAX ZO + ZS

SRR

I = :
(AV)MAX ZO + ZS

Complete cancellation

1(2)

n=2
Z

\/ (Iav)max =0

Complete cancellation

/A NEVA NSNS
‘ \/ \/ (ayImax =0

Complete cancellation

N ANIVANANENE R
‘ \/ \/ \/ Uav)max = 0

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 27
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A Closer Look at Resonant Peaks for | =n4/2 (cont.)

1 _ ]
(6 % ) W () = Sy o pampltudect

Net coupled flux decreases
with frequency along with
average current

Coupled potential _ d®ppr(t) _ Wy t
into victim loop: "V ™ dt g o cosd
2nf
Vy = _TCDO - coS wt

Frequency dependence cancels;
Coupled potential has constant peak
amplitude with frequency

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 28
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Absorbing Clamp

« A matched termination at all frequencies would reduce
the current emissions at frequencies for which | < A/10,
which is not desirable

 Inserting such a connection would require breaking the
shield termination and inserting a 300 Q resistor, which
IS neither desirable nor practical

* Enter the absorbing clamp... 200 o
« Specified in CISPR 16 - / N
« Current probe followed by ferrite ring absorber elements E ’
C s F3%Y,

 Adds resistive impedance above 30 MHz and acts to < VR,
isolate the rest of the cable, minimizing the standing N /,9/__ I
waves associated with signals on an electrically long 40— i X,
mismatched transmission line , 2

- Specified for Space Shuttle program to address radiated 10 g — o’
emissions below 200 MHz Impedance, reactance, and resistance vs. frequency.

(Representative)

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 29
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Measured Results: Comparison of Standard Current Probe to Absorbing Clamps
) I=4m
Signal
Generator
s P i
Qofsdoﬂ;]"’;mz 1 Ground plane (return path) T
Current measurements Shorted termination
made at source end at load end
100 100 """"""'""'""""""':’"""""""""'"""""'T"""""'""""""""""E""""""""""""""""i
= JO N S S ) P o o 90
T e T 80
70 e e A B 70
< < :
@ 60 [T NN e ::l:ll. 11 T Y
i @ :
~ 50 SN - = 50 b
E Below ~10 MHz, | g ; , ;
“:= 40 - apsorbing clamps TNyl 2 40 bl N
© 39 | reducemeasured ' e 1 s e e S S MR 3 80 ottt f ! f
cgrrent <+— Below ~30 MHz, peaks | Above 30 MHz, peaks and nulls “detuned”
20 —F-65 source end - and nulls shift 20 |- ——F-65 source end ~ due to added damping resistance
10 || ——FCC clamp shorted termination | downward due to 10 |- ——FCC F-201-23mm ~ — Measures closer to desired average
o —R&S clamp shorted termination increased inductance —R&S MDS-21 current instead of peak current
0.1 1 10 100 1000 0 0 50 100 150 200

Frequency (MHz) Frequency (MHz)

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 30
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Absorbing Clamp on 2 m Wire, Shorted vs. Open Terminations

Current (dBuA)

20

10

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019.

0.1

------- No AC, shorted termination
— R&S AC, shorted termination
_______ No AC, open termination

— R&S AC, open termination

10
Frequency (MHz)

Above 30 MHz, termination
Is insignificant

Absorbing clamp provides
iIsolation from rest of cable

1000
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Summary

« CMCE measurements on cables provides excellent tool for assessing risk of radiated emissions and
crosstalk at system level

« For typical case of shielded cable with shield terminated to chassis at both ends, cables must be
considered as wire-above-ground transmission line with shorted termination at each end

« Current distribution will exhibit predictable pattern of peaks and nulls
* Nulls at odd multiples of A/4
« Peaks at multiples of A/2

» For frequencies for which | < A/10, current is constant over length
« CMCE measurements may be performed with current probe at any location

» For f <30 MHz, current probe should be placed at “load end” to ensure that peak current is captured

« For f> 30 MHz, absorbing clamp should be used to measure approximate average current and to get
closer to ideal normalized measurement of EUT emissions independent of cable configuration

32
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QUESTIONS?
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(for the mathochists)
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Inductive Crosstalk Revisited (Electrically Short Cables)

Coupled potential increases —p Victim cable impedance
with frequency: mostly inductive — also

’ o Increases with frequency:
Faraday’s |V | — |=—| = jwBA « f -1
Law: Vemfl = 7| =7

/

Constant culprit
current over
frequency

Zy = jwly < f

\

Constant victim
current over
frequency

CULPRIT
VICTIM
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Wire-Above-Ground — Shorted at Both Ends

Typical case is shielded cable with shield terminated to chassis at both ends
« At very low frequencies, wire/shield resistance dominates

« At “midrange” frequencies for which cable is “electrically short” (I < A/10), inductance dominates

» When cable is “electrically long” (I > A/10), characteristic impedance dominates

TRANSMISSION LINE 10000

22— N EANcE Z,
I\/V\l YTV g 160 / é\,
wWIRE R/2 L/2 caBLE £ / N
RESISTANCE p, { /2 INDUCTANCE : —
VWA—1_ianu R

N

1E+01 1E+02 1E+03 1E+04 1.E405 1.E+06 1.E+07 1.E+08 1E+09
Frequency (Hz)

To be presented John McCloskey at the 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal & Power Integrity, New Orleans, Louisiana, July 22-26, 2019. 36



v EMC+SIPI | 2019 ELECTROMAGNETIC COMPATIBILITY, SIGNAL & POWER INTEGRITY

JULY 22-26

Current Distribution, DCto | = 42

Current amplitude (amperes)

10 + : : : : : : : : ; ! 10 ————————— Source and load end currents equal to DC current , !
i : : : : : : : : : : > . i el (math in backup slides) ‘\;\\ ;
"DC | : | i | i | i i i o ) | ' Z | | ' | LA
1 ! f ! f 4 f ! ! } ! [\ 1 } { | !
; ' : ' : ' : ' : ' ' Q ' :
i | ; Current approximately constant . : g , 5
01 - along length through | = /8 — g o
: | - W (“electrically short”) : : S | !
r ; ; ; ; : B : |
0.01 — , , , , , € o014 '
: . : : © :
T T 1 H :
I : . ! . ! . . : B o i :
| | | | | | | | Vo bt '
0.001 : : : : : : : : = 5 o0.001 | :
g | i | ? | ? | i B o g | i
[/ 1=#4  __. Currentnull at source end L _ | i
0.0001 - et Load end current =-----= = : : 0.0001 | ' E
i et ! equal to that for matched line ! ' i
! (math in backup slides)
0.00001 . : : : 0.00001 : 1 : h . . : . . ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance from source (fraction of length) Distance from source (fraction of length)
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Current Distribution, |=42tol =4
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)

o 1
8

g

\

o 0.1
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S

g' 0.01
(1}
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o

|,

S 0.001
5

Q
0.0001
0.00001
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L 1=5)/8 : \/ : i
et : ' : !
o=z S N\ [
I : : : 4 : : ;
Current nulls at (2n-1)A/4 —=r==== -
from load Tteea v
0 01 02 03 04 05 068 07 08 09

Distance from source (fraction of length)
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10 +
g _. Current peaks at n4/2 from load _
I 1 ' 1 I

l 1
v ! !
T

o
—

0.01 +
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0.001

Current amplitude (amperes)

0.0001

0.00001 : : : : : : :
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Distance from source (fraction of length)
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CMCE, f < 30 MHz

Cable shields terminated
" at access panel
Access
Panel Current probe
10,000 {5 sccess cane
gtond Power 17 as possble
a Source For f <30 MHz, use standard
\ﬂ [] @ current probe placed as close
2 =" —— )
Non-Conductive Standolf to access panel as possible
£e e & L 7. (“load end”) in order to
| o ‘ '
. L —~ = capture peak current at a
— 4 \ frequencies
/,/’ e ,’/ tha’ns;m
o /’ 80-90 cm mm%lsa al
- 2m - conductive table
(Power &
signal cables)
Y o | Y
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Current Distribution on Mismatched Transmission Line, | =(2n-1)i/4

VS 1 — FLe—j(Zn—l)ﬂejZ,BZ

i = ' -j@n-1)m _ —1
(Z) ZO + ZS 1-— FsrLe_](zn_l)T[ = e
Vs 1+ I} cos(2Bz)
1(z) = :
Zy + Zg 1+ IsTy,
For Zg — 0,
FS — '1
v 14T |4 1-T 1%
I(Dr—— "t Dt =
Z0+ZS 1_FL ZO+ZS 1_FL ZO+ZS
ForZ, —0,I| — -1: Load end current same as
I00) — 0 current into matched load
Current null at source end (Independent of I', )
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Current Distribution on Mismatched Transmission Line, I = ni/2

Vs  1—T e /2mel2hz jom _ 1 —T;, cos(2Bz)
&) = 7 T 1=Lle e = =1 mp () =7 +zs 1- L,
Forz=0andz =1 (endpoints) : For z = 1/2 (midpoint):
Vs  1-T1y Vs 14T
I(O) - I(l) - Zo + ZS 1 _ FSFL I(l/Z) B ZO + ZS ' 1 —_— FSFL
Z,—Z :
v 1-(22”3) ForZg— 0, I's — -1, || <|T'4 :
C Zo+Zs 4 _ (Zs—Zo\ . (ZL—Zo Vs 1+0, Vs
! (Zs+Zo> (ZL+ZO> 1(1/2)~ZO+ZS 1+T,  Zo +Zg
(Z,+Zo) —(Z, — Zy)
=Ve-
S Zo +Z5)(Zy + 20) — Zs — 20) (21 — Zo) 1(1/2) ~ Vs Sameas current
7+ + 7. into matched load
- ZoZy +ZE + ZsZ + ZsZy — (ZsZy — ZsZo — Z1Zo + Z§) ForI'' =TI's =-0.99:
.. 27, 1(1/2) ~ 0. !—Ialf of current
27071, + 2237, Zy + Zs into matched load
100) = I(D) = Vs Same as DC current 1(1/2) ~ Vs Same as current
Zs+ Z; (Resonant peak) Zy + Zs into matched load
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Current Distribution on Mismatched Transmission Line

Envelope of current amplitude on mismatched transmission line of length | as function of distance z from source:

VS 1-— FLe—jZ,BlejZﬁZ

I(2) = , .
“ Zo+Zs 1-—TcI e J2B1
1(2) Vs 1 — T e /2Blei2Bz 1 _ [ I, e)2B!
Z - ) - ° .
Zo+Zsg 1—TsI e /2Bl 1 —TIIel2h
I(z) = Vs 1+ FSFLFLeJ'ZBz _ FLe—jZBlejZBz _ FSFLejZ:Bl

Zo+Zs (TsI,)% — 2IT, cos(2BD) + 1

NUMg, = 1 + I} * cos(2Bz) — I} cos(2Bz — 2B1) — I} cos(2B1)

NUM,,, =TI} *sin(2z) — I sin(2Bz — 2B1) — TsT;sin( 2B1)
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Current Distribution on Mismatched Transmission Line (cont.)

Magnitude: Phase:
2 2 NUM
1)) = Vs A (NUMre)? + (NUMim) 6(2) =tan_1< zm>
Zo+ Zs (IsI)2% — 2I6T; cos(2B1) + 1 NUMpg,

Full time domain representation:
I(Z, t) —_ |I(Z)|e]9(z) . ej(wt—,[?z)
RE[I(z,t)] = |I(z)| - cos|wt — Bz + 0(z)]
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Average Current as Function of Time, | = ni/2

— Jj2Bz jwt
I(Z t) = VS . 1 FLe ej(wt_ﬁz) = VS . € (e_jﬁz — FLejBZ)
T Zo+Zg 11—l Zo+7Zs 1-T4l,
Z—0,Ts— -1 Vs e itz 1ot
— — -1 I(z,t) = . e IPZ —T,elP?
S TS @8 =7+ 7 1+FL( ve/”)
Average currentas | .y _ Vs et f (787 — T, 67)dz Vs et 1 eib7 _ T, eib7]'
function of time: ‘4" Zo+7Zs 14T, 1 Zo+2Zs 14T, ]ﬁl o do
Vs elot 1 . ni nodd: e /T = eJnT = _1
— [—e Pl —T /Pl + 14T, == 1= | =nn . .
Z0+Z5 1+1; ]ﬁl ¢ L€ L] » k /1 2 » g neven: e /" = /M =1
dd: Ly (t) = s e 1 14T +1+T1] Ly (6) = s e 1 [=1 r+1+r]
oo v = v Ze 14T, jnm L L eV LA = g Y2 14T, jnm L L
VS ej“’t 2 .. .
=Zo+Z 14T, jun [1+T1;] Average current=0 when I is integral multiple
0 S L .
Vi 2 141, of full wavelength (full cancellation)
= . Jwt
Zo+2Zs nw 141, [=re]
S 2 ()
ZO + ZS nm
Vs 2 Average current independent of Z, , I'|
e[y (t)] = - — - sin wt | Same as average current into matched load
av Zo+Zs nm :
0 S Inversely proportional to n
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Experimental Results — Standard Current Probe (F- 65)

90
80

e
o o

Current (dBuA)
3

_________________________________________________________________________________________

__________________________________________________________________________________________

30
—Source End
20
—— Midpoint
10 (-
—Load end
0 -
0.1 1
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