Module9:
Radiated Emissions



Overview

The term radiated emissons refersto the unintentional release of eledromagnetic energy from
an eledronic device Theeledronic device gererates the dedromagnetic fields that
unintentionally propagate away from the device s structure. In general, rad ated emissons are
usually associated with non-intentional radiators, but intentional radiators can also have unwanted
emisgons at frequencies outside their intended transmisson frequency band.

Aswas discussed in the EMC Reguationsmodue, theall owald e rad ated emisgons from
eledronic modules are regulated by various organizations and agencies. Eledronic devices that
have significant amounts of radiated emissons may interfere with their normal operation or the
normal operation of other devicesin close proximity. For these reasons, it isimportant to
understand the concepts behind the origins of radiated emissons so tha fundamertal design
techniques can be used to minimizethe emissons.

This module will i nvestigate the origins of radiated emissons, and discussmethods to predict,
measure, and minimizethe radiated emissons from an eledronic device Differential and common
mode currents will beintroduced, and their rolesin rad ated emissonswill be investigated. Using
current probesto measure the differential and common mode currents on current carrying wires
will be discussed. Finally, adiscusson will be given on the role of circuit geometry and device
structure on the radiated emissons from an eledronic device

9.1 Common and Differential Mode Currents

Conductors carying current at frequencies with wavelengths appredable to the size of the
conductors may efficiently radiate elecdromagnetic energy. Therefore agrasp of the types of
current that can eist on smple conductor arrangementsis crucial to an understanding of rad ated
emissons. Inthissedion, two types of current modes that can &ist on parallel conductors will be
investigated.

Currents on parallel conductors can be split into two types: differential mode currents and
common mode currents. A diagram of these current modesis givenin Figure 1. Differential mode
currents are equdl in magnitude but oppositely direcied arrrents on parallel conductors. This type
of current mode is usually assumed in circuit theory. Common mode currents are equd in
magnitude and hawe the same diredion an parallel conductors. This type of currentisnot
predicted by circuit theory and presentsthe largest problems for EMC isstes (Paul 402).



Differential Mode Common Mode
Current Current

Figure 1: Differential and Common Mode Currents

An arbitrary current on aparallel conductor system isin general comprised of differential and
common mode currents. A gereral current, therefore, can ke decomposedinto a differential mode
component, and a common mode component. As shown inFigure 2, the current on thefirst
conductor, |,, can be written as the sum of the common mode current, |, and the diff erential
mode current, I

1 ctlp-

The current on the soond conductor, |,, can be written as the difference of the common mode
and the differential mode currents:

and
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Figure 2: Decomposition of total current into common mode and diff erential mode aurrents

The importance of distinguishing between common mode and diff erential mode airrents
beaomes evident when the radiated emissons from ead type of current is examined. The radiated
eledric field components due to differential mode currents subtrad, producing a small net
radiated eledric field. Theradiated eledric field components due to common mode currents add,
producing amuch larger net eledric field (Paul 404). Thiseffed isdemonstrated in Figure 3.
The eledric field components due to the currentson mnductor 1, E,, areidentica for common
mode and diff erential mode aurrents. The eledric field is observed at apointin the same dane as
the parallel conductors. Since conductor 2is doser to the observation point (by asmndl distarce
s), the magnitude of the eledric field due o currents on onductor 2 ( E ,) isdightly larger than
that due to currents on conductor 1 for both current modes. However, E due to common mode
currentsisin the same diredion as E and E due to diff erential modecurrents isin the opposite
diredion as E Therefore, at dlstancesd much greder than the conductor separation s, the total
eledric field due to the diff erential mode currents is aimost negligible, whereasthe total eledric
field due to the commonmode aurrents is quite apgeciable.



Differential Mode
Current

Common Mode
Current

Figure 3: Demonstration of the differencein the total
eledric field due to diff erential mode and common
mode currents.
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9.2 Approximationsfor the Radiated Electric Fieldsdueto
Common Mode and Differential Mode Currents

In generd, it isdifficult to model complicaedeledronic devices tsng Maxwell’ s equations to
find the eledromagnetic fields radiated from the structures. Howewver, sSmple geometriescan le
modeled to provide approximations to the radiated eledric fieldsfrom common and diff erential
mode currents. This sedionwill present these approximate modds.

We wish to approximate the radiated (far-zone) eledric field from two paralel conductors of
length L for both the common mode currentand diff erertial mode currert cases asshown in
Figure4. Thisisdone by assuming that the gereral currents on the conductors, 1,(z) and
|,(2), could have both common mode and diff erential mode aurrent components. The
approximation will be performed by treaing the system as atwo-element antenna array.
Therefore, asimple introduction to antenna array theory will be given rere.

L A
Z—E"” ffffffff
1,(2) A A 1,(2)
r(r,0,p)
I
ffffffffffffffffffffffffffffffff <€ 3 r,2> >y
X %SAE—b
R
2575 |

Figure 4: Diagram of two parallel conductors modeled as radiating elements.

9-6



9.2.1 Introduction to Antenna Array Theory

As shown in the Antennasmodule, the expression for the radiated el ectric field from an
arbitrary electric current source at an observation point 1 in the far-zone of the antennais

e

(M) = -jo[8A(2) +A (2]
where A(F) isthe magnetic vedor potential. A(F) can be approximatedin the farzone as

P e’jkr -
A(r) = 22 N(o,9)
4 r

where N(8,¢) iscaled the directional weighting function:

N(0,9) = [ J(Fyel gy’
\Y

A genera N + 1 element array configuration is shown in Figure 5. The observation point,

I, isassumed to be in the far-zone of any of the antenra dements. The vedor
r. (i=0,1,2,... N) pointstoalocd origin on the ith antennaelerrent. The \vedor r”/ points

|
from the ith element’ slocd coordinate origin to a source point on the same elenent. Thus the
vedor /=T + r”/ pointsfrom the global coordinate origin to asource pointin the ith element.

Then
— = ikf - A_+A./
N(.9) = [ I(r+r)e" (" av!
\%

isthe diredional weighting function at an observation point . By linea superposition,

N ikf -1 g ikf-r
N®.9) = 3 e [ 3(r) e v/
i=0
V.

or



where

Thusthe

I\_ii (0,9)

represent the directiona weighting functions of each element with respect to their local coordinate
origins. These functions are then weighted by an additional phase shift of

A (rlelqo)
F-F'=F = (F+F")
r
= r').
N f(’)- ) . ' J.
I ri
>y
n
a I
N 2
3% /M
ARE

Figure 5: Diagram of general array configuration



ejkr“ T,
acounting for the locaions of the ith locd coordinate origin with resped to the global coordinate

system. Thetotal diredional weighting function is then the superposition of the locd weighting
functions with adjusted phases.

The general array resultswill now be spedalized to the cae whereall of the antenra dements
areidenticd. We will assume that the current distribution will have the same gatd form on eadh
element and the current densties will differ only by a alar:

- I -

(1) = = Jo(Fy)
I0
where jo(r”o/) isthe current density on array element O excited by an input current |, and |, is
the input current to the ith element. Element O isthen regarded as the referenceelenment. Then
we can write

N(0,9) = N, (0,9) N,(6,9)

where
N

L e
N,(0.9) = Y, "

i=0 IO
iscdled the array factor and

- - epard
N, (6.9) = | J,(ry) € "oavy
V,
isthe element pattern weighting function. i

Now that asmple array theory has bea deve oped, the theory will be applied to the parall el
wire system for both a Hertzian dipole and a rdlf-wave dipole current distribution. The array
fador

N, (6,9)

for the parallel wire structure will be the same for both current distributions on the conductors.
Again referring to Figure 4, the array fador can efoundby
20 L iir
Na(e1(P) _ Z =Iel f r,.
i=1 IO
Using

=

For, = —%sin(e)sin(cp) and f -F, = %sin(e)sin(cp),
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. -jk2snesng I
Na(e1(P) - —Ze ? rZe
lo lo

jkgs'nesin(p

for both a Hertzian dipole and a hdf-wave dipole current distribution.
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9.2.2 Specialization of Array ResultsUsing a Hertzian Dipole Current Distribution

Asasimple model for aradiating structure, a Hertzian dipole current distribution can be used
to approximate the far-zone radiated electric field from the parallel wire system shown in Figure 4.

(r.6,9)

i

v
<<

_jdl

Figure 6: Diagram of general Hertzian dipole arrangement.

To find the element pattern weighting function for a Hertzian dipole, consder the system
shown in Figure6.

- - qerap!
N, (0,9) = [ Jo(rg) €™ ey
VO

9-11



where

o 201,6098(y) .. -J<zcd
Jo(F) = 2 2.
0 ...  otherwise
Then
N’e (61(P) _ f f f 5 IO 6(X/)6(y/) ejk(x/cos(psne+y/sn(psne+z/cose)dx/dy/dz/
-dl/2 - -
di/2
N, (6.0) = 21, [ elkz/e0 g7/,

-dl/2

Now assume that dl is sufficiently small compared to wavelength such that kz’/cos6 ~ 0 for all
z/ from -dl/2 to dl/2 so that

ea)
eij cosh 1.

Then

di/2
N, (0,9) = 2I, [ dz' = 21,d.
-dl/2

Asaiming that the length of the parallel conductors,L, is sufficiently small compared to
wavelength, we canapproximate L = di. Letting |, = I, the magnetic vedor potential becomes
_ jkr
A(r) = £ 2N, (6,9) N,(6,0)
4 r

~jkr -jk=sne sn ik=Ssnesn

el J 0] J [0}
4L L{l,e 2 v le 2
T T

N>

A(r) =
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Now using Z = fcosf - 0sino, the radiated far-zone eledric field from the parallel wire system
using a Hertzian dipole current distributionis

e

(M) = -Jo[8A(F) +A (N]

. .S . . .S . .
. o e,Jkr ) -jk=dn@ sng jk=4gn6 sne
E(r) - 6108 Lsnoll, e 2 +l,e 2
T r
or
B Sink e ik “jkSsnosing kZsino sing
E(F) = 6= Lsné| 1, e +1,e :
4 r

Thisis the same result asfound in Paul.
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9.2.3 Specialization of Array ResultsUsing a Half-Wave Dipole Current Distribution

As L approadies a half-wavelength, a Hertzian dipole current distribution may not be avery
acarate model for approximating the far-zone radiated eledric field. The far-zone field will now
be approximated by usng a hf-wawve dipole current distribution on ead of the parallel
conductors.

From the Antennas module, the elerrent pattern weighting function of a hef-wawve dipole
current distribution is:

ol cos( kil cose) ol
N,(0,9) = -2 12 6= -Z2F(0)8
© K snd K

where

cos[ Kl cose)

F(0) =
() sing
Recdl that for the parallel wire system,
I -jk2sno sing |, jk=snesng
Na(e1(P) = —16 2 + —26 2
ly ly

Therefore, the far-zone radiated eledric field from the parallel wire system assuming a half-wave
dipole current distributionis:

= R . U e’jkr —
E(F) = -JoA; = -Jo——=N.(6,0) N, (6,9)
4 r

oS [ T cose )
2

—jkgs'nes'n(p

jkgs'ne sing
e +1,e

] no efjkr
2n 1 snd

E()

1

Thisresult isalso shown in Paul.
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9.3.1 Specialization of Emissions M odelsfor Differential M ode Currents

Now that models have been developed for the far-zone radiated eledric field due to gererd
input currents, these models will now be spedalized assuming a differential mode current on the
parallel-wire system. Thus, the input currentsto the parallel wireswill be equal and oppste:

and

where | isthe differential mode current on the parallel conductors. In order to appreciatethe
difference between radiated emissons due to differential mode and common mode currents, a
worst-case scenario application of the radiated-eledric field expressons will now be performed for
differential mode currents. The caseusing commonmode aurrentswill be performed in thenext
subsedion.

To develop asmple approximation for thefieldsdue to diff erential mode currents, wewill
asaume a Hertzian dipole current distribution. Thusthis development isonly valid when the length
of the parallel wire system is short enough for the current distribution © becongant over the
length of the wires. Recdl that for a Hertzian dipole current distribution the far-zone radiated
eledric field of the parallel conductor system is

i L, S : S . .
=~ ajnk elk -jk=sino sing ik sine sing
E(r) = 615 Lsne|l,e 2 v e 2 _
nor
Using I, = Iy and I, = -I, thisbecomes
- ~jnk ek —jkgsinesin(p jkgs'nes'n(p
E(F) = 06— Lsne| 1 e -~ e _
47 T

If theterm k%sine sng = 0, then
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Jnk e—jkr

E(r) = 612
(") I r

Lsing| 1,e° - 1,e%| = 06.

Therefore, in order to adhieve maximum radiation, let 6 = /2 and ¢ = n/2. Then

E_(r) =021

N
a
-
—
=
(28
S
 ~
=~
X7
N

Now an important assumption needsto be made about the distance s between the conductors. We
will assume that this distanceis small compared to the wavelength:

27

K £m S
A2

« 1

=7

N o
>lwn

With this assumption, sin(k%) ~ k%, and then the radiated eledric field becomes

= 5 MoK e Ik s
E ry = 6 — >
max( ) 2 T D79 27 €

or

- ~ -jkr
E_(r)=01317x10%¢2 & |
r

5S.

The magnitude of this result matches the result found in Paul:

f2Ls]|l|

|E, (1) = 1.317x 10 r
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Examining this expresgon for afixed measurement distancer, it is evident that thethree
contributorsto differential mode current radiation are the current magnitude (|1|), the frequency
of the current ( f), and theloop areaof the paralel wiresystem ( A = Ls). Therefore, to reduce
the radiated emissons from differential mode currents, these quantitiesmust be reducel. Note that
the current magnitude |1 ;| isafunction of frequency.

Reducing the magnitude of the current may in gererd be difficult because thefunctiond
performance of the system may be compromised. Howewer, techniques such aslengtheningthe
rise time of digital pulses and lowering the fundamental clock frequencies of digital signalswill
have the effed of lowering the \Alue of the current magnitude at higher frequerncies Redudng loop
areaof the paralel conductor system, A = L s, isanother method used to redice the diff erential
mode current radiation. Shortening the length of the wires, L, or deaeasing the distance between
the wires, s, would help in reducing the emissons (Paul, 409).

As an example problem with differential mode current radiation, consder aloop circuit of area
A that cariesadifferential mode current | . Let the current |, be a trapezoidd waveform such
asthe digital clock waveform studied in the Signals and Spedramodule. The envdope of the
magnitude spedrumof | isshown in Figure 7. From the formula for |E ()] given dove,
noticethat for agiven dlstancefromtheurcwtthe term |E (1] proportlonal to f2. This
term increases at 40 dB per decae of frequerncy, asdsoshown in Flgure7 (E = Emax(r) ). By
multiplying the spedrum for |E /15| with the spedrumof |1 ;], we get the envelopeof the
magnitude spedrum for the radlated emissons |E | due to adlfferentlal mode current from a
trapezoidal waveform. The spedrum of |E | isalso shownin Figure 7. Noticethat the
spedrum of |E | increases at 40 dB per decadeauntil thefrequency 1/xt, and then at 20 dB per
decale until the frequency 1/nt,. After thisfrequency, the spedrum isflat. Thusfor differential
mode currents, radiated emiss';ons problemsfor a trapezoidal current waveform are typicaly high
in frequency, usually past thefreqercy 1/xt, .
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Figure 7: Qualitative plot of the radiated emissonsdueto a
differential mode current from a trapezoidd waveform.
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9.3.2 Specialization of Emissions M odelsfor Common M ode Currents

Now that theemisgons mode for the far-zone electic field has beenspecidlized for differertial
mode currents, themode will now be specialized for common mode currents. All of the same
asuumptions made for the differential mode cas will also be assimedhere (Hertzian dipole airrent
distribution, separation between wires small compared to wavelength) except thesignsof theinput
currents. For common mode current on the paralld wire structure,

1=|c

and

Recdling the results from the general parallel wire development using a Hertzian dipole current
distribution,

() - plk e
4 r

L snd

—jkgsinesin(p jkgs'ne sng
I, e +1,e

Asaiming common mode currents on the conductors, this becanes

E(?) i ém o ikr —jk;snes'n(p
4 r

e + €

_ jkgs'nesin(p
LsnB I,

Asin the development for the differential mode case, we will | ook for the maximum radiated
eledric field from the structure. Thisoccurswhen 6 = n/2 and ¢ = n/2. Then

H -jkr N -jkr
ink e _glnke LI, cos kS 1.
4 r 2 r 2

E_(r) =96
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Now assuming that k% « 1, cos( kg) ~ 1. Thefar-zoneradiated eledric field now becmmes

= ~jnk e Ik
E_ (1) =e‘2L7t — Ll

The magnitude of the eledricfield is then

- < fLI]
|E, . (r)| = 1.257x10° —.

This expresson indicaes that the ssparation betweenconductors, s, does not significantly affea
the radiated eledric field due to acommonmode airrent. The parametersimpading the radiated
emissons for afixed distancer are the magnitude of the current |l .| (afunction of frequency), the
frequency f, and the length of the conductors L.

Asdiscusd in the previous subsedion, usnglonger rise imesand lower clock frequencies
will deaease the frequency f and the magnitude of the current at these frequencies. However,
unlike differential mode currents, common mode currents are usudly never needed for the
functional performance of the system. Therefore, methods of restricting |l | may grealy reduce
the common mode radiated emissons. Usng common mode chokes or ferrite bead are methods
of reducing the common mode currents on a paralel wire structure. Reducingthe length of the
conductors, L, also reduces the common mode radiated emissons (Paul, 415).

As an example problem with common mode current radiation, consder aloop circuit of length

L with atotal common mode current of 21, (thewidth of the drcuit is much narrover than its
length). Let thecurrent | beatrapezoidd waveform such as the digital d ock waveform studed
in the Signals and Spedramodule. The envelope of the megnitude spedrum of | isshown in
Figure 8. From the aboveformuafor the meximum radiatedeledricfield due © acommon mode
current, noticethat for a given distancefromthecircuittheterm |E./1.| (E¢ = E (1)) is
proportional to f (recdl that for differential mode currents, the erm |E, /1 | isproportiona to

f 2). Thisterm increases at 20 dB per decaa as shown in Figure 8. By multiplying the spedrum
for |E /1| with the spedrumof |l . |, we get the envelopeof the magnitude pedrum for the
radlated emissons |E | due to acommonmode arrent with atrapezadal shape. The spedrum
of |E | isalso shown in Figure 8. Noticethat |E | isamaximum between the frequencies
1/nt and 1/mt,, where the spedrum isflat. After the frequency 1/znt,, the spearumrolls off.
Thusfor common mode currents, radiated emissons problemsfor trapezoi dal current waveforms
usually occur lower in frequency than they do for differential mode currents. The plateau where
the enwve ope of the radiated emissons spedrum isflat is usudly much higher for commonmode
currents than for differential mode currents.
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Figure 8: Qualitative plot of the radiated emissonsdueto a
common mode current from a trapezoidd waveform.
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9.4 Current Probes

This module has emphasized that the radiated emissonsfrom aneledronic system are gredly
dependent on the common and diff erential mode aurrentsin the syssem. Expressons for the
approximate radiated eledric field at a distance r from current-carrying wires were developed for
both common mode and diff erential mode arrents. However, to esimate the adual differential
mode or common mode currents on wires within aneledrica system ey be difficult to acheve
analyticdly. Thisisespedally true for common mode currents, which are largely dependent on the
geometry of the system an are very difficult to predict. In most case, the commonmode arrents
were not even part of the intended operation of the system. Therefore, an effedive method to
measure the approximate current on aconductor would be teneficial to an EMC enginee trying to
predict the radiated emissons of aneledronic system. This sedion describes adevicecalled a
current probe, which can be used to measure current.

A diagram of a current probeisshown in Figure9. A ferrite coreis wound with thin wire.
Often the core will be sparatedinto two havesand connecied by ahinge so that the probe can be
clamped around awire without it needing to be disconneded from acircuit. The ferrite coreis
chosen such that it has a high relative permeability over the frequency band that the probe will be
used. From Ampere’slaw, aconduction or displacenent current passng through the surfaceof
the hole's core will producea megneticfield H in the ferrite core:

3di = 7 d =
fH-dI —éJd§+as£Ed§.

+ o

Figure 9: Current Probe
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A diagram showing the application of ampere’slawisshownin Figure 10. The surfaceSis
taken to be the hole in the ferrite core, and the contour C is an imaginary contour within the ferrite
core. At frequencies where the conduction current, J, is much larger than the displacenent
current, d/dt (¢ E), Ampere'slaw can be approximated as:

Hdl = [Jds=1 .
A

Thus the magnetic field is diredly proportional to thetotal current | passng through theholein
the ferrite core.

Figure 10:Applicaion of Ampere’'sLaw

A new surfaceS’ bounded by anew contour C’ can ke defined as a crosssedion of the ferrite
core, asshown in Figure 11. By Faraday’slaw, atime changing magnetic field through the
surface S’ producesa retcirculation of aneledricfield around the contour C’:

E-di’ - -9 [B.d8 .
AT

Asaiming that the ferrite core isa linearmaterial (B = p p, H = pH),



Recdl that the ferrite core is wound with thin wire, andthatthe contour C/ follows the path of
eatwinding. Thetota emf for N turnsof wireisthen

Contour

C 1

QH +V=emf

Surface

SI

E <

Figure 11: Applicaion of Faraday's Law
Thusthe total frequency domain voltage read at the probe’s terminas (asshown in Figure9) is
V(o) = emf(0),, = —Njoof Hok, (0) H(w)-dS" .
S/

Sincethe magnetic field H(w) isdiredly proportional to the current J(w) from Ampere’slaw,
the probe’ sterminal voltage V() isdiredly proportional to the total current | (w)passng
through the hole in the ferrite core. A transferimpedancecan then be defined as

V(w)

(o)

By applying aknown current at ead frequency of interest and measuring a current probe’s
terminal voltage, the transfer impedance of a particular current probe can ke determined. When

Z, (0) =
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the current probeis then used to measure an unknown current, the amplitude of the measired
voltage is divided by the transfer impedanceto determine the current:

V(o)
Z,(0)

I (0) =

If the currentisdesredin dB, this expresson becomes

1 () lggpa = V(@)lggpy — 1Z7(0) |geq

or

20Iog(M) = 20Iog(M) - 20I09(M) :
1pA 1pV 1Q

Oncethe transfer impedance of a current probeis measured, theabove equations areonly goad
for measuring currents when the measurement device has the same input impedance as the cevice
that measured the transfer impedance. Most measuring devices, such asmost spedrum ardyzers,
havea 50Q input impedance If ameasurement devicewith adifferent input impedanceisto be
used to measure unknown currents, the transfer impedance of the current probealso must be re-
measured.

The transfer impedance of a current probefrom a nanufadurer is usidly given by acdibration
curve. An example of acdibration curvefor acurrent probe can be found in Paul (pg. 418)

Current probes are excellent diagnostic tods that endle one to estimatethe maximum radiated
emisgons from awire within an eledronic system without having to make a difficult cdibrated
absolute field strength measurements in a semianedhoic chamber. Since commonmode arrent
radiation usually dominates differential mode current radiation, usng acurrent probe to measure
the common mode current on a group of wires provides a good esimate of the total radation from
the wires by using the formula for radiation due to acommonmode arrent. Whentryingto med
aregulatory limit at acertan frequency, theformuafor common mode current radation,
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= fLII
|Ec ma(F)| = 6.285x 1077 M

can berearanged as

I | = 1591x 106 -1 |E_ (1]

meas, max fL

5o that the maximum dl owable commonmode aurrent can be found. Thus when measuring a
voltage on aspedrum analyzer at a certain frequency usng acurrent probe, this approximate
method can be used to determine whether the regulatory emisson limits have been exceaded. In
the above gguation for the maximum all owale field strength, |Ec, max (1) |, the measured current

has been divided by two because the common mode current is haf of the total measured current:

=21

meas Cc-

It should be emphasized that thisisonly an approximate method of measuringthe rad ated
emisgons from adevice, and to med most regulations, the device must be measured in a
semianedoic chamber under spedfic measurement guidelines. However, this approximate method
isasmple and effedive way to estimatetheemissons before an adual regulatory test is

appropriate.
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