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Crosstalk (Chapter 9)
l - .;L‘
Definition:

Crosstalk is the unintended EM near field
coupling between wires and PCB lands.

Disturbing line
RS WS W §

< b W W
X SN OJ

Ground line

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

Crosstalk (Chapter 9)

Definition:

A minimum of three conductors must exist to
have a crosstalk in a system:

Generator (G), Receptor (R), Reference (0). 2

Time

_/:) Generator (aggressor)

Receptor (victim)

» » h

Reference conductor (ground)

‘ ﬁ
loact/

Near End

Far End loads

A \ / X « Crosstalk occurs during Rising/Falling Edges

Sources: Packages, connectors, vias,...

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 2
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Coupling Equations

Victim

/4

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

Consider a three-conductor transmission line of length £: Generator,
Receptor and Reference conductors. The objective in a crosstalk
analysis is to determine (predict) the near-end and far-end voltages V.
and V. given the line cross sectional dimensions, and the termination
characteristics Vg, R, R, Ryg, and Ry.

Crosstalk:
The general three-conductor line

As
Y + Iz, n

Vglz,

source load

Vs(t) (-_D + +'IR(Z' o + §HL

Prne Vae(h) Valz, 1) Veell) Reg
_ _ _ Igan+igz 0

Near Enﬁ Reference conductor Far End

- £ —

| i >
f t :

z=0 z=9 z
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 4
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Some typical three-conductor transmission lines
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Wire-type line cross sections whose reference conductors (0) are :
(a) another wire,
(b) an infinite ground plane, or
(c) an overall, cylindrical shield.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 5

PCB transmission lines

"/ /
source (& S ez ety e

Coupled microstrip lines e ; 0

’7/} //sm/ /au‘/ / /

SOllI‘CQ

Coupled coplanar PCBs

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 6
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Section 9.2: Crosstalk Analysis Techniques

There are two types of analysis:
1. Time-domain crosstalk analysis is the determination of the time
form of the receptor (victim) terminal voltages Vyg(t) and Vgg(t)
for some general time form of the source voltage V(t).

2. Frequency-domain crosstalk analysis is the determination of the
magnitude and phase of the receptor terminal phasor voltages for a
sinusoidal source voltage.

Generator (aggressor)

Receptor (victim)

)

Reference conductor (ground)

loads

Near End — Far End

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

Field == Circuit

Source

Victim

e
Ground

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.
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Time-Domain Crosstalk

Assumption: the transverse electromagnetic (TEM) mode of propagation is
the only field structure present on the line.

LT Icdz+ azl]
Consider a differentﬁi\ - ... enrter snvcir 4"
(& o [T . .
length Az of a lossless {4 l
transmission line as Valz.n C‘mJZ Volz+azf
shown: Igz.0 - lf,uz T R Iglz+ Az
- f-v-m »e
. /\‘ + J' Receptor 100!1604:’(0: -
I S Vg{z.0 cg\z | cgAz Velz+ Azt
__ — —— T P -[ T ‘7.’0 -
— _ - Reference conductor ] o
—>
\ Az J Az -
* The total inductance or i w8

capacitance is the per-
unit-length (pul) value
multiplied by Az

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 9

The per-unit-length equivalent circuit of
a three-conductor transmission line.

Time-Domain Crosstalk (Cont.)

By applying KVL & KCL and taken the limit as the differential length
Az approaches zero, we can show that:

WVe(zt) i dlg(z,1) _ lr(z, 1)
oz 9 o "ot =
Equations are in terms of L’s e
We@n ) de@n) _ r@D) Use two loops
0z ot ot and two nodes ;
ols(z, t WVs(z,t dVr(z,t
Ga( ) — _(CG + Cm) G( ) + Cm Ra( )
< Equations are in terms of ¢’s !
n(zt) Voo VR
aZ — Um a / R m a P

These are known as multi-conductor transmission lines (MTL) equations.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 10
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Time-Domain Crosstalk (Cont.)

The previous MTL equations may 9 9
itten i ‘ : —V(z,t) = —L—I(z.t
be written in a matrix form 11— . V(z, 1) o (z.1)

d d
. V n Z’ J— rd [— JR— rd
Where: Vi — { al f)} PN I(z, 1) C Y V(z, 1)
VR(Za [)
Ig(z. 1)

[ 7 lm Cq + ('Im) —Ci
With: L:[( j| and C—[(( j|
lm LIR —Ciy ((,'R —|— (,'m)

The matrix form is very powerful and can be extended
to lines consisting of more than three conductors.

These equations may be solved in time domain.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

Y
=

Frequency-Domain Crosstalk

* For a single-frequency, sinusoidal steady-state excitation (phasor form)
we simply replace time derivatives in the MTL equations with jo,

d

dz

d Jd ~ ~
—V(z.t) = —=L—1(z 7) = —jwlLI(z
Ve =L V() = ~joli)

|| >

9 9 d - o
H_ZI(Z’ N = _CEV(Z’ 1) d_zI(Z) = —jwCV(z)

«  We’ll give later the solution for these coupled differential equations.

» Then the time-domain voltages and currents can be found from these
phasor voltages and currents as:

Vzt) = Re{V(z)e! )

I(z.1) = #{1(2)el™)

* But in order to obtain the final solution, one needs to calculate the
pul parameters which will be presented in the next slides.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 12
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Section 9.3: The Per-Unit-Length (pul) Parameters

For homogeneous medium, the pul parameters matrices are related

LC=CL=puel )

Where, for 3-conductor >
1
[1 0 } )

1o 1

S

Once we know expressions for one of them (L or C),
we can compute the other:

CG + Cm —Cm L 1 lR _lm
—Cm CR + Cm a Uz([(;lR — l]%) _[m [G

More later on how to calculate the PUL (end of this set).

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

Sinusoidal Steady-State Crosstalk
Inductive-Capacitive Coupling Model (9.4)

+ The transmission-line equations in the frequency domain (two 1% order
coupled ODE:s for sinusoidal steady-state excitation, see slide #11) :

15(2) -
4. ("G I
Source ‘ IR:(.Z) : ona:j d
end - -
-~

d d
—V(z,t) = -L=I(z,¢
Ve =-Lol@n

3 ) .
QI(Z’ 1) = —Cav(za 1) I(z) = —jo CV(2)

dz

+ We can get uncoupled

L and C: inductance and capacitance
second-order ODE as

matrices (self and mutual terms)

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

14
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Sinusoidal Steady-State Crosstalk

* in the frequency domain:

d - . [s(2)
V() = —joLiG) ~. > Load
< Source . g, ‘ end
d « - end | H [ ]
—I(z2) = —jw CV(2) E— -

dz I+1,

20 2% \%
ING __ eV & ddl(f) ——&’LCi(z) where V= {VG}
Z

dz*

* The above ODEs can be solved for V or 1.
* Instead, we’ll derive approximate expressions for the near and far

ends coupling

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 15

Approximate Solution for Lossless Lines
in Homogeneous Media: Inductive and
Capacitive Coupling
Assumptions:
— the line is electrically short at the frequency of interest:
&L« A,
— the generator and receptor circuits are weakly coupled
— the frequency of excitation is sufficiently small

Generator (aggressor)

glr Receptor (victim)
Reference conductor (ground)
load
loads

Near End — Far End

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

16
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Inductive and Capacitive Coupling (Cont.)

» We are interested in the voltages
and currents at the end points of
the line: near and far ends

Vg(0) = Ve &
VR(L) = Ve

» Under the previous assumptions, we can deduce a simple
and approximate solution for the voltages.

+ We represent the induced voltages in the receptor circuit

via mutual inductance and capacitance together with the
voltage and current of (isolated) generator circuit.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

17

Coupling

Source

Victim

Ground

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.
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Inductive and Capacitive Coupling (Cont.)

Near End Seneator Far End

Receptor

source

Reference

» For ashort line, and @ low frequencies,

the signal on the generator may be assume to be constant (dc).
» The voltage and current of (isolated) generator circuit are:

generator circuit

R, I
R S Gdc
s Generator
.VS Reference conductor RL; |- ‘Vs L
B . Lo R, -
I, =2 —5——Vs Ve =5—/7Vs
“ T Rs+R “ Rs+ Ry

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 19

Inductive and Capacitive Coupling (Cont.)
Receptor circuit

* We represent the induced voltages in the receptor circuit via
mutual inductance and capacitance together with the voltage
and current of (isolated) generator circuit.

» Asimple equivalent circuit for the -
inductive — capacitive coupling in —Receplor

- .
the receptor circuit (line) is shown. e

Magnetic field coupling: V = { il Vg
9 ping: V= fm or Electric field coupling: 7= ¢m——

— ot

-+

.

Ane YNE

+ In this model, we ignore the induced signals due to self
inductance and capacitance terms.

* Only mutual coupling terms are included.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 20
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« From the equivalent circuit for

Inductive and Capacitive Coupling (Cont.)

the receptor, the solutions for
the near and far ends voltages RN%

+ A\

v e

are expressed as:

o Rve . 5 veRFE 5
Ve = JoLylg, + Jo CpVa,,
Rye + Rpp Rye + Rrp
inductive coupling capacitive coupling
- Rrp . . RyeRre . -
Vie = ———Fp—JoLlulg, + Jw GV,
Rye + Rpg Rye + Rre
inductive coupling capacitive coupling
th e =5 Ve L
Gye — M Fde — h
with “ Rs+ R G TRyt R,

Cn=cn? L,=01,%

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

« Where the total mutual capacitance and inductance of the line are:

21

Coupling

Source

Victim

Ground

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

11
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Inductive and Capacitive Coupling (Cont.)

- The cross talk terms may be e Senerotor Gonductor
exprgssed in terms of tlransfer 0 (L Roceptor Conductor f
functions between the input . Reek?
(source) and outputs (near & =] Refeence Comducror | T~
far end voltages):

-~ 27N
Ve jw( Ryg '\ Lu, RygRpp  RiUCy, /')
Vg Rne + Rpp Rs + R Ryg + Rpp Rs + Ry
~ TS VAR
Vie 'w(— Rpg ‘Lo ) RypgRpe  RACy ,‘)
Vs Rye + Rpg Rs + Ry Ryp + Rpp Rs + Ry,

+ Each can be written in a Ve © W'ND +MC A‘P
form to represent the two Vs =J
types of coupling (inductive }

(IND) and capacitive (CAP): Vie . ,ND\ AP§
= jw ot M FE
Vg Moo
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 23
Coupling
Generator receptor
T T8
——‘||"'"" Far end

e
Ground

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

12
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Inductive and Capacitive Coupling (Cont.)

~

Ve . IND CAP
~ = ]w(M g +Myg ) A
Vg e e Vs

Ve .
E _ joxMBP + ME)

Where the inductive and capacitive coupling terms are given by

Ryg L, R L
Ryg + Rpg Rg + Ry, Rye + Rpg Rs + Rp

IND IND __
My = My~ =

CAP RyeRre  RiCy cap _ n,cap _ RneRpe  RiGC,
My~ = Mpp™ =My =
Rne + Rpg Rs + Ry, RNg + Rrpe Rs + Ry

Cp=cn?d & L, =1,%

Note: > If L,/C,, > R R,, the near end inductive
coupling dominates the NE capacitive coupling.

> If L,/C,, > RyeR,, the far end inductive coupling
dominates the FE capacitive coupling.

»  Capacitive coupling dominates if the above
inequalities are reversed.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 25

Inductive and Capacitive Coupling (Cont.)

« For a homogenous system, the previous conclusions can be
represented in different forms for dominating inductive coupling:

» NE coupling condition:

RFERL RFERL < l Rs Generator Conductor
(Ln/Cn)  ZegZer .
(5 Receptor Conductor Ll

> FE coupling condition: GNZ%:NE - 'QR:%SFE"
= eference Conductor _

RyeRy N RneRr
(Ln/Cn)  ZccZcr

lg ] [ Ig

—
/
[———— Zer = ]

Veg+cep & SorTy CR+ Cm

where: Zcg =

are the characteristic impedances of each circuit (generator (G)
and receptor (R)) in the presence of the other circuit

= Reverse the inequality for a dominating capacitive coupling

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 26

13
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Inductive and Capacitive Coupling (Cont.)
Rs Generator Conductor

\ * +
o I R I + o/ ¥
L
Vg (5 Receptor Conductor \“”:E ) y
o S B S e () he 2o
Vne$ R Vee

NE  Reference Conductor

Let us consider two cases:
low and high impedance terminations:

Case I

For low-impedance loads with respect to the lines characteristic
impedance (high currents, low voltages), the inductive coupling
component will dominate the capacitive coupling component:

; .. R, R IND _ Ryg . =~
in PNE if —L _FE -1 then NE = _"'R R fwim-?lc.,c
ce Zcr vE + Rpg
R, R R
; : L ‘‘NE FE . -
in Vepif —=—F<1 then PR =—— —jol, LI,
c6 Zcr Ryg + Reg
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 27

Inductive and Capacitive Coupling (Cont.)
Rs Generator Conductor

o +
Lo~ + A\ +
0 R
v, Receptor Conductor I R R y A
s ® o feS e @ e S
* Ree $

A
\ R V,
NE: NE  Reference Conductor _FE

Case I For high-impedance loads (low currents, high
voltages), the capacitive coupling component will dominate the
inductive coupling component:

, R; Rpg CAP RyeRpg -~
in Py if ——— > 1 then NE = jwc, LV
NE ZCG ZCR RNE + RFE
. -, RL RNE C RNERFE
i Pppif ~E > 1 then PP = “NETFE Lo 9P
" Zeq Zcg e Rye + RFE} O

Note that for both cases, the induced signals are directly
proportional to the source frequency

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 28
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|

Frequency Response 9
‘s Vg
NDy P
= EEE-EE- 3¢
Ve . IND cap, o &5
\A/ :"'w(MFE +Mr5 ) s
s
VNe . IND CAP
~— = joMyg + Mygg)
S
r
i 5 i i
| Vsl | Vs Vel | Vg
-r:- —-
{a) Low-impedance loads {b) High-impedance loads f
R
Vg‘ED= L. ij .?i(; pear RyeRere . 0
= —NETFE orc, £V,
RNE + RFE " . e NE T FEJCOC,,. O
R R R Ry:R
V[ND= _ FE (1)1 i pear NEA\FE jwc,,,.S?V
FE Ryp + Ry 6o " Ryg+Re O

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

29

Inclusion of losses:
Common-Impedance Coupling

» The assumption of a lossless medium is usually reasonable for
frequencies below the GHz range.

» However, imperfect conductors can produce significant crosstalk at
the lower frequencies known as the common-impedance coupling.

* For an electrically short

Common-Impedance Coupling

line we may lump the

per-unit-length resistance Rs Gangrator Conductor @
of the reference

conductor, 1, as a single Receptor Conductor

resistance R, = r,« The
voltage drop across the
reference conductor is
given by

%:&M:FTFW
S L

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

30
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Inclusion of losses:
Common-Impedance Coupling (Cont.)
The voltage V, appears directly in the receptor

circuit, producing contributions to the crosstalk | 3*¢ \ Rreg
. . NES "NE -V, + .
transfer functions at low frequencies: - ¥ 1,7 -
. Ry -
Vo =45 Vs
cl RyE Ry U It ks (; R.l' . FV
NE = o _ se voltage division of V,
Rye + Rie Rs + Ry for calculating Vg & Vg
yel . Ree Ry
FE Rye + Rpe Rs + Ry,
Then the total Coup”ngs are: o The frequency response of the
F"ﬂ ‘,',:_t cross talk transfer function
~ S S
NE . IND CAP cI @
~— = .I‘"(M ve +Myp ) + My Nt
y wed
S Voltage
? TN T Ccommon Impedonce
VFE \| > ~ / \ Common Impedance
— 3 IND CAP Cl ;c Coupling Contribution
o = JoMp + M) + Mg Eonptae Computon
S Assuming Perfect Conduciors
loqml Frequency )
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 31

Crosstalk Calculations: Summary

For a given configuration, calculate the per unit length parameters

2. For a given source and loads, calculate the inductive and capacitive
coupling transfer terms for near and far ends at the required
frequency.

For a lossy medium, calculate the common-impedance coupling
4. Add up all terms

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 32
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Section 9.5: A Lumped Circuit Model For
Computing Cross Talk in a 3-Conductor Line

A
Rs Generator Conductor I
iM L
Recepior Conductor R_
I] "L
at \ Ree E,
e Rne -V, + -4 FE
— G —
a ANE >
Ro

Reference Conductor

Example: Fig. 9.42

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

A Lumped Circuit Model For a 3-Conductor Line

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

17
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Pspice Model

- 385p 122p . 122p - 385p

1

‘Rfe-

One-Section
Lumped PI o
YT YT N

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

o

Ll J\ |
L\\,,/‘\,,. N A TX1 ‘ New Column... Apply | Display... | Delete Property | Filter by: |< Current properties >
[ID 4]

Color |coUPLING]Designator] Graphic
031578 - XFRM_LINEAR Normal

1 ‘ SCHEMATIC1 : PAGE1 : TX1! Default

VN

XFRM_LINEAR
L1_VALUE|LZ2_VALUE

COUPLING

|_< ¥ |\Parts 4 Schematic Nets 4 Pins £ Title Blocki 4 | | 1] YA |
-—Ir g T7IT

Vs‘”(% 5:)&!”: R %

v“m- %n !x:mm R % T Vpgtn
Nt i ‘ h - Wlmc - 4
0 - fﬁ‘hfw : - i
- ':f b E.xperln_1ental / P | ! ﬁ_
= <1 simulations Results: ! -| Pé
! Frequency Domain -

Cowlimrna "

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.
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Section 9.3: PUL parameters: Wire-Type Structures

Wide-separation approximation: assume that the wires are separated
sufficiently that the charge and current distributions around the peripheries
of the wires are essentially uniform.

The per-unit-length external inductance is defined in terms of the flux
penetrating a unit length surface between the wires as:

Flux due to a current-carrying wire: O
@ W
W, = [ Br-ds where  Br = pyHr
Js & T 1
= = 1
‘HT dl = enclosed \|- Hr :ﬁ —— Area
JC _/ -
RZ
*. Flux per unit wire length
R
1/ — M_Oldr :'U‘_Olln& [:%
Jr—r, 277 27 \Ry I
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.
PUL: Note on flux directions
Two-wire transmission line
Flux per unit length:
(\&Q v, = ,12111 'ln(s_rwz)
\Q) T rwl
QD
\5(\

Wz = MZ .ln(s_rwl]

27 T,
Wtot = Wl + Wz
1

N

Cross Section

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.

19
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The Per-Unit-Length Parameters (Cont.)

General Formulation for three wires:

o —
Cross  section
three parallel wires .
.I g \

Assume that the wires are separated \L ‘
sufficiently large enough that the /
current  distributions  around  the
peripheries of the wires are uniform.
The magnetic fluxes penetrating generator and receptor circuits are:
e = lolc + lnlg
g = lnlc + [RIR

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 39

The Per-Unit-Length Parameters (Cont.)

P
General Formulation for three wires: - iy
A ®vg
The pul inductances can be found by applying I + Vg
a current on one conductor (and returning on
the reference conductor), setting the other
current equal to zero: Area y
U ~

a) self-inductances calculation

g = lgl + Lulg

U

g self-inductance of
IG |j,—g  the Generator

[G —

Apply the current at the generator,
And find flux penetrating the G circuit:
Area between G & O

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 40

20
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The Per-Unit-Length Parameters (Cont.)

General Formulation for three wires: G_ OR &
N1
. . 4 +VYg
b) mutual inductance calculation
The pul inductances can be found by applyinga |
current on one conductor (and returning on the Ve
reference conductor), setting the other current
equal to zero: Area |V
A ~— ~
G ' lpR = Ll + [glR
1@ o l
‘ :
5 I e Mutual
d Ay m I(* . d
\A o 315,=0  inductance
- / Apply the current at the generator (return
reference®-i® through the ground 0),
And find flux penetrating the Area between R & O
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 1

The Per-Unit-Length Parameters (Cont.)

(a) Computation of the self-inductances:
For [;: assume the generator conductor carries I; which returns on the
reference conductor with 7,=0. Coupling area is between the generator
and reference conductors.

[ calculation Start with: Il = %
G

Ig=0 s @
Note: There are two sources for Y 6 Reference direction
g for I;
dg dg - LY

lo =010 4By, ¥ e

27 e 2 Fwo

de
2
= Fog( e \
27 P 0 (-1

NG Two

2
Similarly for I: lo = Hoqy dg
27 wrPwo

It is very important to determine the correct direction of the resulting flux.
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 42
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The Per-Unit-Length Parameters (Cont.)
(b) Computation of the mutual inductance:
Assume the generator conductor carries /; that returns on the
reference conductor. Coupling area is between the receptor and

reference conductors with I = 0. g
Start with: b =7

Ig=

Note: There are two sources for Yy

G s \ Ko dG dR
‘ [, ==—In “Lin
d\ "?‘i\&w/\d/\ 2m (dGR) 2m (I’no)
_ ;%eference _ Mo, ( dodg )
; n

0 O= 27 \dgrhw
1) the per-unit-length capacitances can be obtained by C = pel”!
matrix inversion of the L matrix.
Lo
2) we can also compute: |, =1/./lc & Z.=Alic =L,—2L
3) the above procedure will be applied to different configurations.
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 43

The Per-Unit-Length Parameters (Cont)

An example:
The three-wire ribbon cable.

By applying the previous procedure,

G 0 R
we can show that: . ‘ ‘

a) self-inductances calculation

|
Apply 1, set Iz=0, with coupling
through generator circuit

Mo, (dY Mo, (d i
Il ="In|l— | +=In|— | Cross section
27 \ry 27 \ry
=CIn(— 4@
m Fy . Ve Is
reference
Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 44

22
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The Per-Unit-Length Parameters (Cont.)

An example: The three-wire ribbon cable.

G 0 R
a) self-inductances calculation . . ‘

Similarly

Receptor self inductance :

d
()
T Ty

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 45

IR reference ®IR

ﬂ[’R — lm]G + [RIR

The Per-Unit-Length Parameters (Cont.)

An example: The three-wire ribbon cable.

b) mutual-inductance calculation

Apply I, set Iz=0, with coupling Yp = lnlc + [RIg

through receptor circuit
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Set#4

Example (Numerical values)

u—u—»,q—d

For the ribbon cable with r,, = 7.5 mils and d = 50 mils @ ‘ .

= We obtain [ = [z =0.759 mH/m and /[, = 0.24 mH/m.

» The per-unit-length capacitances can be computed from these results,
using matrix inversion: as c; = cg = 11.1 pF/m. and ¢, = 5.17 pF/m

—1
C = uelL
»  We can compute the characteristic impedance of each isolated circuit
from (assume air, v, = speed of light)

ZC = Uy !G == U{)!R = 227.7 !)

= We can also compute the characteristic impedance of one circuit in
the presence of the other circuit,

ZC = \/f(;/(C(} —+—Cm) =216}

» The characteristic impedance of one circuit (line) is affected by the
presence of the other circuits (lines).

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.
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Example: Two wires above a ground plane.

Receptor
Generator

Ground (reference conductor) I

Original problem . .
CFOSS section We replace the ground

with the wires images
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The Per-Unit-Length Parameters (Cont.)

Example: Two wires above a ground plane (Cont.)

We replace the ground with the wires images and apply the same procedure:

a) self-inductances calculation reference\_

Apply 1, set Iz=0, with coupling

through generator circuit
ot
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Similarly:
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Example:_two wires above a ground plane(Cont.)
We replace the ground with the wires images and apply the same procedure:

b) mutual-inductance calculation

Apply 1, set I,=0, with coupling
through receptor circuit

_ ( ) Mo, (352
In In
2@ \y e 2 (S'g)

_ Mo In (32)
27 S

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons. 50

25



Set#4

The Per-Unit-Length Parameters (Cont.)

Example: two wires within an overall, cylindrical shield.
Just use the formula, no need for the background theory

Cross section
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Example: two wires within an overall, cylindrical shield.
Just use the formula, no need for the background theory
a) self-inductances

We replace the shield with the wires images.
Each image lies on a radial line from
the shield center: r’q,/dg and r2g/dg.
It can be shown that:

r2, — d>
I = Mo ln( SH G)
2w ISHI'wG

re, — d>3
I = Mo ln( SH R)
2w FSHTWR

b) mutual-inductance

by =210 Ar. (dgdp)® + 1§y — 2dgdrrgy cos Bgr
"2m s\ (dodp)? + di — 2dgdy cos Ok
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The Per-Unit-Length Parameters (Cont.)

Numerical techniques are usually used to calculate the pul for general
cases involving:

e General cross sections
e Dielectric materials
e PCBs

Commercial and other CAD tools are available to determine the pul for
these general practical structures.

Source: P.R. Clayton: Introduction to Electromagnetic Compatibility, 2nd edition, 2006, John Wiley & Sons.
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