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Simulating Crosstalk
and Field to Wire Coupling
- with a Spice Simulator

] here is much interest in using the

SPICE simulator for various calculations re-
lated to the electro-magnetic compatibility
(EMC) of interconnections. EMC is a dis-
-cipline fully recognized by tlie IEEE, with
its own IEEE society, IEEE transactions
publication, and its own symposia around
the world.

EMC problems arise in virtually every
phase of the electronic design process, from
integrated circuit design to system design.
This article focuses on the simulation of the
EMC of interconnections. This topic can be
further divided into three separate areas:

_crosstalk, emiission (also called wire to field
coupling) and.cable pickup (also called field-

" to-wire coupling). We will limit the discussion
to crosstalk and field to wire coupling.

A SPICE model [1] dedicated to the
simulation ‘of crosstaik in Multiconductor
Transmission Lines (MTL) was limited to
lossless lines, and an example based on a
symmetrical 3-conductor MTL with linear
terminations was provided. Similar work
has been repeated in a recent paper [2],
yielding some results for non-linear sources
and loads. Other authors are also currently
interested in this approach [3]. In this article,
we present results using symmetrical and
asymmetrical transmission lines.

The simulation of the action of extérnal
fields on a bundle of conductor is obviously
very important for EMC engineers, but a
calculation yielding accurate values of the
voltages and currents coupled into the con-
ductors is unrealistic. This limitation occurs

primarily because entering all of the
parameters that are relevant to the compu-

-tation -of fields in the vicinity of several

conductors is not feasible; the data required
is extensive, and usually is not available.
Another limitation arises from the com-

- plexity of the calculations involving all of

the parameters.

Our approach for computing the action
of an incident field is based on a MTL model
in which the line is divided longitudinally
into segments. The amplitude and phase of
the incident field are assumed constant [4].
The segments need not be of equal length or
have a maximum size with respect to
wavelength. Ultimately, in the case of a
plane wave impinging on the line with nor-
mal incidence, the line can be considered as
one single segment. The weakest point in
this approach is computing the incident field
itself; accuracy is limited because simple
radiation geometries must be assumed, such
as a plane wave or the far field of a dipole.

An important part of the calculation is
performed with the IsSpice analog circuit
simulation program. This implies that ap-
propriate equivalent circuits have been
found. One of the advantages of the models
described in this article is that they allow the
solving (with acceptable accuracy) of many
complex EMC problems with readily avail-
able hardware and software.

Computing Crosstalk in Lossless MTLs
First, let’s consider a very general multi-
conductor transmission line (MTL), that is,

a set of n parallel conductors with n>2 (Fig.
1). The MTL, of length 1, has n conductors
numbered from 0 to n-1, and the n =0 (zero)
conductor represents a ground plane.

The zero conductor is always the voltage
reference point; however, it is not manda-
tory that this conductor be a ground plane.
When such a ground plane is present, it is
natural to use it as conductor number zero.
It is assumed that we know the geometrical
and electrical properties of the MTL. The
electrical characteristics of our MTL, which
is assumed lossless, can be described with
two square matrices of order n - 1, which are
the per-unit-length inductance matrix [L]
and the per-unit-length capacitance matrix
[C], as defined by:

afi_ .4Vl

dx =[Cl dt m
and

aivl_ -4l

dx =18 dr 2)

where x is the abscissa along the MTL, [I]is
the column matrix of the n - 1 currents
il,-..,in-1, and [V] is the column matrix of the
n - 1 voltages vi,...,vn-1. The numerical
values of the coefficients of these two
matrices can be obtained either by direct
measurements or by calculation [5].
Following a well known procedure ([2],
[6], [7]), and owing to the symmetriéal
properties of [L] and [C], we can now intro-
duce two new real matrices, [T] and [S]. [T]
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1. A muiticonductor transmission line (MTL). The numbers between the quotes indicate the number

of the conductor.

and [S] diagonalize, respectively, the

matrices [C] [L] and [L] [C] as a unique real

diagonal matrix, D. Because of the coeffi-
cients of D are positive, we may write them
as (llci)z, and therefore obtain:.

with

[T LTSI HLNCSI=D  (4)
Once [T] has been computed, a particular
solution for [S] is given by: ,

However, equation (4) has multiple solu-
tions for [S] and [T]; for instance, any
column vector those matrices can be multi-
plied by a non-zero real constant.

" The coefficients ¢i,...cn1 are the
velocities of propagation for each of the n -
1 modes of propagation along, the MTL.
Two matrices play an important role; the
characteristic impédancér matrix [Zo], and
the matrix of modal characteristics im-
pedance, [zo], as defined by

[Zo}=ICT" [T] diag(1/en... Ven-1) [TT(6)

and
[zo}=IST™" [Zo][TI=diag(z01,...20n-1) (7)

The matrix [zo] is a diagonal matrix

" whose coefficients, z01,...,Z0y-1, are the

characteristic impedances of each mode of
‘the MTL. The matrix [Zo] has the particular
property of being the impedance of an n-pole
which, when connected to an end of the
MTL, would absorb any incoming signal

_ ) X [s1=(c1'n (5)  without reflection.
D=diag {(1/c1)",...( /cn-1)"} (3)
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2. Equivalent circuit for the 3-conductor symmetric MTL,
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‘This short theoretical sketch contains all
that is needed for the computation of the
crosstalk of a MTL; we can now go into the
modal domain, where we know the
velocities of propagation and characteristic
impedances of each mode, and we canreturn
from the modal domain. More precisely, if
i1,...,in-1 are the currents in each mode and if
V1,...,vn-1 are the voltages in each mode, the
transformation into the modal domain is ex-
pressed by: '

m=ist v (8)

and

m=imtn 9)

where []] is the column matrix of the n - 1

modal currents ii,...,in.1; and [V] is the.

column matrix of the n - 1 modal voltages
VigeeosVi-1e

It must be emphasized that in a practical
calculation, we will use a particular choice
of matrix [T] and [S]. This choice will affect
the modal domain voltage and current, and
also the modal characteristic impedance.
Obviously, the propagation velocities of the
modes and the matrix [Zo] are not dependent
upon the choice of [T] and [S].

Crosstalk Model: Symmetrical Case

In order to produce a SPICE model for
crosstalk in a lossless MTL, we only need to
translate the last two equations into an
equivalent circuit, and treat the propagation
in each mode with the two conductor trans-
mission line model provided in SPICE.

This technique can be shown for the sim-
ple (and classical) example of a three con-
ductor symmetrical transmission line. For
example, we assume that the three conduc-
tors are equi-distant and the zero conductor
is in the middle. For the parameter values,
which we assumed in [2] and [4], the induc-
tance and capacitance matrices are givenby:

_[0.8160.270
(L} = [0.2700.816] WH /m

_[48.90-12.1
i ‘[—12.148.90]‘”’7 /m

Or choice of modal transformation is:

1-1
m=[1 1}=[S1

10

Because of the symmetry of this MTL, .

[T and [S] take on the simple form shown

above. Also, for this particular choice of [T]

and [S], the modes traditionally have special
names; mode 1 is called the common mode,
and mode 2 is called the differential mode.
Following that, we have: ¢ = 1.58 x 108 mys,
c2 = 1.73 x 10® m/s; zoj = 172 ohms, zoz =
94.7 ohms. The characteristic impedance
matrix is: ’
13338.6
(o) = 38.6133
The resulting equivalent circuit for the
MTL is shown in Fig. 2 (contact author
Charles Hymowitz for the corresponding
SPICE netlist, as well as for the netlists for
the circuits in Figs. 3,5, 7, and 10). Equation

Q

8 is translated into three voltage dependent
voltage sources on -each side of the line,
which impose the modal domain voltages.
Eq. 9is first inverted and then translated into

three current dependent current sources.

These convert the currents of the modal
domain into the currents on the conductors.

" When the MTL is terminated according
to Fig. 3 (the improperly named “matched”
termination), the transmission and crosstalk
versus frequency characteristic of the line
can be plotted (Fig. 4).

The previous results can be obtained
without a SPICE simulation. However, the
SPICE simulator approach makes the study
of a complex circuit (Fig. 5) possible. In this
case, the upper circuit portion (digital) is the

V(5
L®
2

V[1i T
Mol

3. “Matched” termination of the 3-conductor symmetric MTL.
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4. Characteristics of the 3 conductor MTL as plotted by IntuScope: Waveform 2 (upper curve at low
frequencies) is the transmission (VX'’); Waveform 1 is the near end crosstalk (VY); Waveform 3 is

the far end crosstalk (VY').
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source of the disturbances and the lower
circuit (linear) is the susceptor. Figure 6
shows the result of 4 transient simulation run
using IsSPICE. The pulsed source has a fast
(1 ns) rise and fall time.

Crosstalk Model: Asymmetrical Case

The method described in the previous
section can be applied to the case of asym-
metrical lines. Of special interest is coaxial
cable, considered next. Crosstalk through
shielded cable is usually described with a
transfer impedance and a trans fer admit-
tance [8].

Transfer impedance relates the voltage

appearing inside the cable to the common
mode current on the cable. It can be divided
into three terms: a diffusion term, an aper-
ture coupling term, and a porpoising cou-
pling term [9]. For braided shields, such as
the one found on RG-58 coaxial cable, the
diffusion term is negligible, and the transfer
impedance is mostly a resistive term (about
10 m*/m) in series with an inductive term
(about 1 nH/m).

Transfer admittance relates the current
appearing inside the cable to the voltage
between the cable shield and an external
return path. It is a capacitive coupling term,
which should be specified as a through elas-
tance [10], in order to be a property of the
cable only. That is, it is independent of the
measurement set-up. Typical values for the
through elastance for RG-58 coaxial cable
are on the order of 4 x 10’ m/F. By defini-
tion, if one multiplies this quantity by the
product of the internal line capacitance of

the cable and the line capacitance of the .

outer circuit, one obtains the mutual cou-
pling (C12) between the inner conductor and
the external return conductor.

Now, let’s consider a SPICE model for a
shielded cable with the following parame-
ters: .

Characteristic impedance: 50 Q
Propagation velocity inside the cable: 2
x 10% /s

Inductive term of the transfer impedance:
1.6 nH/m

_é['hrouéh elastance = C12/C1C2 = 2.74 x
10" m/F

We consider that this cable is over a
ground plane, the characteristic impedance
of the shield/ground plane line is 183 €, and
the cable’s propagation velocity is nearly 3
x 10% m/s. This structure is a three conductor
transmission line with-the shield as conduc-
tor 0, the inner conductor as conductor 1, and
the ground plane as conductor 2. The result-
ing inductance and capacitance matrices are:

[ 0250 1.60E-3]
[L]_[I.GOE—3 0.610 ]”H/ m

[ 100 499E-3] ,
[C]—[4.99E—3 18.2 ]”F /m

Our choice of modal transformation is:
(7= 1.000 457.0
71 ~85.191.000

_[1.00085.19
[51= [—457.01.000]

DC
R7
100

- R19
150

X4 LIN3

5. The 3 conductor symmetric MTL implemented in a mixed digitalllinear circuit.
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6. Noise produced at the output of the linear circuit: Waveform 2 is the voltage, VX, produced by the

driver stage on the upper conductor of the MTL; Waveform 1 is the noise voltage, VOUT, at the out-

put of the 10kHz low-pass filter circuit.

-1 _| 2.569E-5-2.188E-3
(51 [1.174E—2 2.569E-5 ]

The propagation velocities and modal
impedances are found as c1 = 3.00 x 10® my/s,
c2 =2.00 x 10% m/s, zo1 = 34.11 €, and zop
=268.28.

The propagation velocities are not af-
fected by the coupling because the coupling
is very weak. One shouid keep in mind that the
modal impedances are somewhat arbitrary.
The characteristic impedance matrix is:

- 50.0 0.1865
(2o} = [0.1865 183 ] Q

The resulting equivalent circuit for the
MTL is shown in Fig. 7. The explanation
is the same as for Fig. 2, except that due
to the lack of symmetry of the matrix-

“equations, we have four voltage depend-

ent voltage sources and four current de-
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7. Equivalent circuit for the asymmetric MTL.
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8. The 6 FES of a 4 conductor MTL submitted to an external field.

pendent current sources on each side of the
line.

SPICE Model for Crosstalk in Lossy
MTL?

The possibility of having a simple time
domain equivalent circuit in the case of a
lossless MTL . stems from-the fact that the
three matrices, Zo, T and S, are all real, and
frequency independent. Unfortunately, this
is not the case when the line becomes lossy.
This is why the above approach is limited to
lossless lines.

The first consequences of neglecting los-
ses is that we grossly underestimate the cou-
pling at lower frequencies. This is because
the resistive part of the transfer impedance
is lost. This part is simply the resistance of
the zero conductor in the previous examples.
In the case of the coaxial cable example, it
means that we will underesnmate the cou-
pling below 1 MHz.

The second consequence is the lack of
higher frequency losses, as encountered in
two conductor lossy transmission lines.
Other more complex consequences have
been discussed in detail [6].

Field-to-Wire Coupling
Transmission Line Models

An equivalent circuit for the coupling of
an incident field to a 4 conductor MTL is
shown in Figure 8. In this equivalent circuit,
one introduces two field-equivalent-sources
(FES) at each end of each conductor [5] [6].
The amplitudes of the FES for the i-th con-
ductor are given by:

X
L —ei(x;t—")

Ii={ 7o
0

+ji(xt=2)hdx

(19
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L ei(x t_l__)

=] 1

0

g )
)

where ej(x, Y)dx is the voltage induced by
the varying magnetic field in the loop of
length dx formed by the conductor i and
the OV conductor, and where ji(x;Y) is the
displacement current injected into the
conductori on alength dx. These integrals
simply state that the current due to exter-
nal fields is the summation of the action
of those fields on elementary wire seg-
ments along the wire, with an appropriate
delay for each segment. .

Our approach consists in dividing the

line into segments on which the amplitude

and phase of the incoming wave are assumed
nearly constant. On each of these segments,
we can therefore write:

eiixY) = €ix,Y)
JieY) ¥ji(xm7) (13)

where X, is the abscissa of the middle of the

segment. It is then possible to obtain a -

simple equivalent circuit for the integrals of
Eq. 10 and 11 on each segment.

The procedure is now applied to a two
conductor MTL, using the notations of Fig.
1. We will consider the external field
produced by a broadside vertical antenna
(Fig 9).

Assuming far-field conditions, we can
compute the vertical electric field Ey(t)
and the transverse magnetic field Bz(t) for

a given field Eo(t) produced by the anten- .

na at a reference point on the ground plane
as!

12

Eyt)=Eo (t—At)r—: 1

Eo(t;At) To sind

B(n= (15)
where r is the distance to the antenna, 1o is
the distance from the antenna to the refer-
ence point, At is the delay and © is the
appropriate angle. Dropping the unneces-
sary indices, and introducing the height, h,
of the conductor above ground and its
capacitance, C, to ground, we have:

Bz B
e=h ot’ hCaLt

For a given segmeﬁt of the MTL, the
values of FES given by Eqs. 10 and 11 may
now be written as:

- 5in6) [Eo(t—Af)

8
- Eo(t-A=)] an

21im

ANTENNA

MTL

MTL
GROUND PLANE

Tm !O.B_m

GROUND OF SEMI-ANECHOIC CHAMBER

9. A single conductor MTL submitted to an exter-
nal field.
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10. Equivalent circuit for field 1o MTL coupling.

and
_ h To

Im = Zor
&
-Eo(t-At—c)]

(L + sinB) [Eo(t-Az)

(18
where 3 is the length of the given segment.

We divided the 2 m long MTL in Fig. 9
into 3 segments of equal length, which was
thought to be sufficient for frequencies up to
500 MHz. Obviously, those segments are
not electrically short at 500 MHz, but this is
not important because our only assumption
is that the phase and amplitude of the inci-
dent field must be nearly constant. The par-
ticular geometry chosen (almost a broadside
incidence) for the antenna and the MTL
allow for this assumption. '

The single conductor of diameter 16 mm
was 85 mm above the ground plane making
the characteristic impedance Zo = 183 €.
The equivalent circuit for the line illu-
minated by the field, given by Fig. 10, con-

14

tains two terminating resistances of 50 Q
and 47 Q. One volt produced across V1
translates to a field of 1 volt/meter atthe center
of the MTL. The 6 FES (two per segment) can
be seen on the bottom of Fig. 10.

Figure 11 shows the effective length of
the MTL versus frequency up to 300 MHz.
This effective length is defined as the volt-
age, VMES, divided by the field at the ref-
erence point, which is the middle of the

-10.00
TN

-30.0 ; —f 1
- A /N
s v I
m -50.0
h=]
c
= :
g E
2 700 f

90,0 f

2MEG SMEG 10MEG 20MEG  50MEG 100MEG 500MEG
FREQ in Hz

11. Effective length versus frequency, in dB relative to I m. (0 dB = I m)
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12. Time domain response. Waveform 1 (VField) is the incident field (1 kV peak, 10 ns rise time).
Waveform 2 is the voltage VMES, which peaks at 22.9 V. -

MTL. Figure 12 shows the time domain
simulation where a bi-exponential field was
assumed. In order to produce this waveform,

a RLC generator was introduced in the cir- -

cuit shown in Fig. 10.

It is valid to approximate the signal in-
side a coaxial cable due to external fields by
first considering the two conductor problem
of the shield and ground plane in the incident
field; then, to use the three conductor ap-
proach for internal coupling along with the
currents computed in the first step, but with
the external field removed. This approach
could be followed with a simulation using
the models in this section.

Experimental Validation

Our experimental set-up consisted of a
semi-anechoic chamber in which the 2 meter
long MTL was installed. The ground con-
ductor of the MTL was 80 cm above the
conducting: ground of the semi-anechoic
chamber. The source antenna was a conven-

tional EMCO 3109 biconical antenna. From -

the thickness of the tapered absorbers, which
was 60 cm, we expected fields with accept-
able homogeneity at up to 200 MHz. This
homogeneity was not controlled. Measure-
ments of the voltages appearing on the MTL
were made with a Hewlett-Packard 8590A
spectrum analyzer connected at one end of

-10.00 -10.00
30.0 30.0 + 1
. e [ ] ® /
£ 2 * *
2 2
> (<] ] [ ] » e
o 500 z -500 e . P9
©
= i hd
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13. Effective length of the MTL terminated with 47 Q.
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the line (hence the 50 £ termination). The
field amplitude was calibrated with an
electrically short antenna installed 85 mm
above the ground plane and 25 cm away
from the center of the MTL in the direction
of the biconical antenna. This monitoring
antenna was removed for the final measure-
ments. i

Figure 13 shows the calculated and
experimental results for the effective length
of the line terminated with a 47 Q resistor
according toFig. 10 (100 MHz to 200 MHz).
We included a 0.06 pH inductance in our
model, which represents the resistor’s lead

‘inductance. This parameter, however, is not

very critical below 200 MHz,

Agreement between the IsSPICE simula-
tion and the. experimental data is usually
within. 10 dB.and always within 20 dB.
Discrepancies can be explained by field
calibration and measurement accuracy (+3
dB), and to other phenomena that we did not
try to model, such as field non-homogeneity,
standing waves (110 dB), and resonances
caused by the finite size of the ground plane
(£15 dB). Also, Eqgs. 14 and 15 yield only a
very crude estimate of the near field of the
biconical antenna.

Figure 14 shows the compuited time-do-
main voltages obtained with a causal 180
MHz sinusoidal field-of 76 V/m RMS and
termination which uses the 1N4148 diode.
This simulation uses a very accurate non-
linear SPICE model for the diode.

Simulations \ ]

The determination of the SPICE
parameters to be used in our simulation was
made with dedicated software. The
schematics and simulations were ac-
complished with the Intusoft ICAP/3 pack-
age, which contains SPICENET (a
schemati¢ entry program for SPICE),
IsSPICE (a 32-bit version of SPICE), and
IntuScope (a SPICE graphics post proces-
sor), IsSPICE was run on a 386 based PC
with an 80387 coprocessor, running at 25
MHz. Run times for the various simulations
are given below:

Fig4 250 frequency values 13s
Fig 6 500 time values 395s
Fig 11 126 frequency values 9s
Fig 12 100 time values 617s
Fig 13 200 frequency values 6s
Fig 14 200 time values - 163 s

Note the simulation time for Figure 7 was
3356 s on a 286/8 PC with an 80287 co-

15



30.0 50.0 /\\ /,\ /1
N N |/ /
L pg N
@ 10.00 - -150
o VAEI |
§-10.oo § 4350 T ' V/ (\v,\
g -30.0 § -550 / \ /_/\\ // \ 3
A
E \ L/ N
-50.0 -780 7
2.00N 6.00N 10.0N 14.0N 18.0N\/
TIME in Secs

14. Response of the diode terminated MTL to a high amplitude field. Waveform 1 (VField) is the inci-

dent field (100 V/m per division). Waveform 2 (VDiode) is the voltage across the diode (10 V per
division). Waveform 3 (VMes) in the output voltage VMES (2 V per division).

processor running a 16-bit version of
SPICE. The simulation time on a 486/33 PC
was 44,76 s indicating the tremendous ad-
vances in productivity resulting from cur-
rent PC technology and 32-bit versions of
SPICE.

Not all SPICE simulators perform equal-
ly well in this kind of simulation, We found
out that some other well-known software
programs failed dramatically in the time
domain calculation involving non-linear
devices.

Conclusion

Calculations dedicated to EMC, similar
to the ones proposed in this atticle, were
formerly available only on mainframe com-
puters. An important consequence of our
work is that it demonstrates the feasibility of
these complex. calculations on personal
computers, and therefore, with very low
hardware and software costs.

It is useful to keep in mind some of the
shortcomings of the transmission line
models. The models
» Are only useful when the transverse

separation of the conductors is smaller

_than half a wavelength at the relevant
frequencies

« Do not account for true common.mode

currents, i.e., antenna mode currents

which would appear on a rod in free space

+ Neglect the effect of losses in the lines, and

therefore, the consequences of common

resistance coupling, the increase of this

16

coupling by skin effect, and also the
proximity effects between nearby
conductors

Do not take into account the fact that most
bundles of wire do not run parallel to each

other and to a ground plane. Additionally,

the simulation of non-cylindrical struc-

" tures is not accounted for. These features

can cause the results to be inaccurate due

to the influence of length and frequency

.on couplings in very long bundles of wire

where the relative position of the wires are
random

. In addition, our assumptions concerning
the amplitude variations of the incident field
are not very accurate in many cases. Despite
these difficulties, our approach is very use-
ful as long as the upper frequency limit of
the model is not reached, because true com-
mon mode currents can usually be
neglected.

In review, the new modeling techni-
ques allow calculation in the time domain,
as well as the frequency domain. Non-
linearities, protective devices, and even
complex circuitry can be included at both
ends of the transmission line. Disturbing
voltages can also be studied at any node in
a susceptor network. The possibility of
including arbitrary sources of radiated
disturbances is also very powerful because
it could allow, for instance, the simulation

of aperture coupling in an enclosure.
CD
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