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Abstract—For early risk assessment in the design of cabling in
an aircraft, as well as cable bundle optimisation, efficient
crosstalk estimations and dependency of crosstalk with respect to
designable parameters are required. A low-frequency technique
for analysing crosstalk in multi-conductor transmission lines is
presented. The result of this analysis is a closed-form expression
for crosstalk in a specific cabling configuration. The technique
has been validated via measurements and is used in two examples
comprising two wire pairs close to a ground plane and in free
space. Low-frequency closed-form expressions for near-end
crosstalk are derived for both situations, which directly relate
any designable parameter to crosstalk levels. Moreover, these
expressions clearly show differences between the cases with and
without ground plane. Specifically, with ground plane the
decrease in crosstalk when doubling the separation distance is
24 dB for pairs close to ground, while it is 12 dB in free space.
The closed-form expressions are utilized to create an overview of
sensitivities of crosstalk to all designable parameters for both
configurations. Finally, the low-frequency approximations of the
chain parameters are applied to more complex non-uniform
transmission lines, yielding more than 20 times faster
computations when compared to complete MTL simulations.

Index Terms—Crosstalk, low-frequency analysis, closed-form
solutions, multi-conductor transmission lines, parameter
sensitivity

I. INTRODUCTION

Modern airframes and cars include numerous electric and
electronic systems. This requires the routing of a great
amount of cabling throughout the entire structure. Signals
applied to closely spaced cables can cause electromagnetic
coupling, crosstalk. This might lead to malfunction of systems
that are attached to those cables when the interference level is
high or when systems are highly sensitive. Trade-offs have to
be made between protection measures such as segregation of
cables and the application of extra shielding on the one hand,
and the extra weight the aircraft or car has to carry due to such
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precautions on the other hand. Electromagnetic (EM)
simulations can assist in making such trade-offs. Complex,
state-of-the-art solution methods are used to simulate crosstalk
effects in detailed models of practical cable bundles. Several
extensions of the elegant multi-conductor transmission line
(MTL) theory by Clayton Paul [1] facilitate for example in
accurate simulation of twisted wire pairs [2], [3], and the
inclusion of inhomogeneous insulation around conductors by
numerical estimation of per-unit-length (PUL) parameters [1],
[4]. Other advancements make it possible to include more
complex longitudinal non-uniformities that are present in
practical cable bundles, such as meandering of cables [5], [6]
and twist irregularities [7], [8]. Finally, statistical methods
could be considered if uncertainties in cable bundles should be
taken into account [9]-[14]. Combination of the necessary
state-of-the-art models could yield reliable crosstalk
predictions in complex cable bundles.

However, with modern aircrafts carrying several hundred
kilometres of cabling, performing such complete and accurate
simulations for every possible configuration of an entire
Electrical Wiring Interconnection System (EWIS) will be a
computationally huge task, even when quick simulation
methods are used for the computation of a single EWIS [15].
Especially when used in optimisation of cable bundles, in
which numerous realisations of cable bundles and routing
scenarios should be analysed, more efficient methods are
useful to reduce the solution space. Therefore, the effective
application of Electromagnetic Compatibility (EMC) design
rules for cable routing is important, since these allow early
identification of possible risks. The dependencies of crosstalk
on designable parameters such as separation distances are
essential for such design rules. Designable parameters are
those of which the values can be changed by the design
engineer. Quick analysis of the entire EWIS based upon such
design rules can yield both routing for low-risk signals and
EMC bottle-necks for the high-risk signals. Subsequent design
stages could then involve accurate assessment of the routing of
these high-risk signals. The desired design rules can be
obtained by simplified crosstalk expressions as a result of the
lossless and low-frequency analysis of the MTL. Crosstalk for
low frequencies, or electrically short lines, in a lossless case
can quickly be computed by Spice simulations. However,
these do not result in clear dependencies of crosstalk with
respect to designable parameters. Alternatively, circuit
analysis of lossless and electrically short transmission lines is



often used to obtain analytic crosstalk expressions. For
instance, White derives expressions for the coupling between
two single wires above ground [16] and in [17] and [18] Paul
also derives similar expressions for crosstalk between a single
wire and a twisted pair or a shielded wire above ground.
However, circuit analysis becomes tedious for more than 2 or
3 wires above a ground plane, and therefore there is a lack of
such analytic expressions in literature.

In this paper, we present a mathematical method to derive
simplified but efficient closed-form crosstalk expressions
directly from the matrix formulations of the MTL equations.
These expressions directly relate crosstalk to all designable
parameters and can be used for design rules to make early
decisions about routing and segregation of low-risk signals.
Application of this method yields such crosstalk expressions
for four and five-conductor transmission lines involving wire
pairs 1) in free space, and 2) above a perfectly conducting
ground plane. A first application of this method, published in
[19], showed fourth-order dependence with respect to
separation distance for crosstalk between wire pairs close to a
perfectly conducting ground plane. In this paper, the method is
also applied to crosstalk between wire pairs where a ground
plane is absent. The derived closed-form expressions for both
situations clearly show the differences in dependencies of
crosstalk on all designable parameters. Finally, it is also
shown that the set of low-frequency equations that form the
basis of the presented methodology is very useful for a quick,
lossless crosstalk analysis of more complex and non-uniform
MTLs. A speedup of more than 20 times is reached when
compared to the global MTL method. The methods and
expressions in this paper also form an efficient candidate for
multiple run optimisation of an entire EWIS.

Section II of this paper presents the mathematical context of
the proposed low-frequency method. In section Il two
examples are given, comprising two wire pairs 1) close to a
perfect ground plane and 2) in free space. Closed-form
expressions are derived and used for the analysis of parameter
sensitivity. The final section presents the conclusions.

II. METHODOLOGY

This section describes the mathematical analysis that leads
to closed-form expressions for crosstalk. Consider a multi-
conductor transmission line with n+/ conductors, including a
reference conductor. Let Vo denote the vector containing the
voltages at the near-end of the n non-reference conductors
with respect to the reference. Corresponding currents are
represented by Io. Since crosstalk is defined as the ratio of
voltage induced in a receptor or victim transmission line, over
that in the generator or culprit line, the near-end crosstalk
(NEXT) yne can be expressed by:
_uv,

Uy,
Here U, and U, are the n-dimensional vectors that select the
necessary voltages from Vo to obtain either common-mode or
differential-mode voltages of victim and culprit in the
numerator and denominator of (1), respectively.

VNE (D

To obtain closed-form near-end crosstalk expressions, the
vector of voltages at near-end is required. For far-end
crosstalk (FEXT) the far-end voltage is used in (1), but the
analysis is completely similar. Therefore, in this paper we
discuss only NEXT. For the analysis of multi-conductor
transmission lines, matrix equations are presented in [1]. One
way of solving these MTL equations involves the use of chain
parameter matrices ®. Suppose that the terminations of the
MTL can be represented by a Thévenin equivalent, then the
boundary condition for the near-end voltages is expressed as:

V,=V,-Z,. 2)

Here Vs is the vector of voltage sources at the near-end side,
and the termination networks at the near and far-end sides are
represented by the impedance matrices Zs and Z. In this case,
the desired voltages can be obtained by solving the
corresponding currents from:

AIo = [q)ll _ZL(DZI]VS _VL

A= [CDIIZS + ZLCD22 _CDIZ _ZL(DZIZS]7

and substituting Io into (2). For crosstalk analysis, we assume
presence of one voltage source at the near-end side, implying:

vV, =V,U,, V, =0, @)

in which Vs controls the magnitude of the voltage source.
Alternatively, suppose that the terminations are given by a
Norton equivalent representation. Therefore, the terminations

are represented by admittance matrices Ys and Y on source
and load side. Then the near-end voltages can be solved from:

AV, = [<I)22 —YL(D12]1S +1, )
A= [CD22YS + YL(DII - (DZI - YLq)leS ]
For crosstalk analysis we now assume one current source at
the near-end side, implying:
Iy =1U,, I, =0, (©)
in which s controls the magnitude of the current source.

3

A. Low-frequency approximations

Expressions that clearly give relations between crosstalk and
designable parameters can be obtained by using low-frequency
approximations. Such approximations are usually accurate up
to frequencies at which the electrical length of the
transmission line is short with respect to the wavelength of the
transmitted signals. At such frequencies the chain parameters
can be approximated by:

O, =0, =1,

®, =—jolL-(R 7

D, =—jolC-(G,
where I, is the n-dimensional identity matrix, o is the angular
frequency of the signal travelling down the transmission line
and ¢ the length of the line. The per-unit-length inductance
and capacitance matrices are given by L and C. Conductor
losses can be included in the resistance matrix R. However, by
the low-frequency technique presented in this paper the high-
frequency effects of conductor losses to crosstalk will be
neglected. Low-frequency effects of common-impedance
coupling can be derived in a way similar to how inductive and
capacitive coupling will be computed for the cases in section
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Fig. 1. MTL (green) and FEKO (black crosses) simulations of NEXT

between two wire pairs above an infinite ground plane (see section IILA).
The red dashed line shows the low-frequency approximation. The black line
is the direct solution found from Paul’s matrix equation, given by (3), after
substitution of (7).
IIT of this paper. However, these examples consider crosstalk
between wire pairs in which case there is no common return
conductor. Therefore, in this paper we neglect both conductor
losses and losses in dielectric media, by which R = G = 0.
Moreover, the analysis in this paper presumes weak coupling.
Therefore the usually small secondary coupling effects, as
well as proximity effects, which are small whenever the wires
of a wire pair are separated by isolation, are both neglected.

Substitution of (7) in (3) or (5) gives the basis for the low-
frequency crosstalk analysis. The matrix inversion of A,
needed for the computation of voltages in all conductors, can
be approximated by a Taylor expansion for low frequencies.
Therefore, A is manipulated to be in the following form:

A=1 + jo/B.

Here, for the Thévenin representation B follows from
substitution of (7) into (3) and multiplication by

Z=[2,+Z, ]71 . For the Norton representation we multiply by

Y=[Y,+Y, ]71 after substitution of (7) into (5). For all

frequencies such that @/ ||B|| <1, which usually holds for
electrically short lines, the inversion is then approximated by:

A 21 - jo!B. ®)

We apply this operation to (3) (after substitution of (7)) to

obtain the vector of currents at the near-end side. The vector
of near-end voltages is then computed by (2), resulting in:

V, = VsUl_VsZsZUl

L I 9
+jolV,Z| ZL2+22,CL,Z-1Z,C|U, ©)

If the termination networks on both sides of the transmission
line are equal, i.e. Zs = Z1. = Z, then (9) simplifies to:

v, z%[l +%ja)f(LZ’l —ZC)}UI. (10)

Similarly, for the Norton equivalent representation the
Taylor approximation is applied to (5) to obtain the vector of
voltages at the near-end side:
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Fig. 2. Illustration of the cross-sections for cabling configurations with
a) (top) two wire pairs close to an infinite, perfectly conducting ground plane
and b) (bottom) two wire pairs in free space.

V, ~ [ YU, + joll,[YY,L-YCY-YY,LY,Y |U, (11)

Again, if the terminations on both sides of the transmission
line are equal, i.e. Ys = YL =Y, then (11) simplifies to:
[S -1 1 . -1 -1
Vo [Y +2jwz(L Y'CcY )}Ul. (12)
Once the vector of voltages in each conductor has been
obtained, (1) is applied to compute the resulting crosstalk.
Figure 1 gives an example of the near-end crosstalk
computed between two 1.9 m long wire pairs with 20 mm
separation, situated parallel at a distance of 1.5 mm from an
infinite ground plane, as shown by the cross-section in Fig. 2a.
The values for all other parameters are given in [19] (and
equal to those given later in section III.A). The results in the
figure show that by complete MTL simulation or full-wave
FEKO simulation a detailed description of crosstalk in the
frequency domain can be obtained. In the MTL simulations
analytic and exact expressions for the chain parameter
matrices are used, including all coupling and propagation
effects in all conductors. Full-wave simulations take into
account all EM interactions, but are much more extensive to
set up. By substituting the low-frequency approximations for
® in (7), direct solution of (3) yields a curve in which
resonances disappeared, but the trends of crosstalk behaviour
in the frequency domain are still present (black line). The red
dashed curve represents the low-frequency approximations as
result of the analysis in this paper, which do not give an exact
solution for crosstalk behaviour, but are perfect for
determining relations to all designable parameters.

III. APPLICATION OF THE PRESENTED METHOD

In this section, for two situations closed-form expressions
are derived. In [19], the presented methodology was applied to
two single wires above a ground plane. This provided results
that are widely reported in literature. In this paper, the analysis
is applied to crosstalk between wire pairs parallel and close to
a ground plane, as well as without ground plane. For both
cases first a general crosstalk expression is presented, after
which leading-order dependency on designable parameters is
derived with Taylor expansions after some extra assumptions.

A. Two wire pairs above a perfectly conducting ground plane

Consider the cross-section in Fig. 2a, comprising two wire
pairs parallel to a ground plane. The wires are numbered 1 to 4
from left to right and a differential voltage source is included
in the termination of the first pair; differential-mode crosstalk



results. The pairs are separated by a distance d and all wires
are at equal heights 4 above the ground plane and of radius 7.
The wires in both pairs have an intra-pair separation
distance a.
1) Terminations

The terminations for the wire pairs are equal to those used
in [19]. Norton equivalent representation techniques can be
used to obtain the corresponding termination matrices:

7 - Z, 0
Loz, ]

(13)

* cmT + KmT cmT KmT
Z,, :Rd,mT|: ,me{c,v}.
cmT - KmT cmT + KmT

where subscripts v and ¢ represent the victim or the culprit,
-1

for = [2(Rd.mr /RMT - Z)J > Cor = I:R‘L'"T (Rtl.mT /RL‘.mT + 2)/R<.m7 Tl + K,
and the subscript 7 e{S,L} indicates the termination on

source or load side. The variable R, is the differential-mode
and R.,r the common-mode termination of either culprit or
victim wire pair at the load or source side. The common-mode
impedance R is present if the wire pair is also connected to
ground via a certain impedance. In our measurements, wire
pairs are always connected to ground via a balun with known
impedance. Finally, since a differential source was added in
define U, = (—l,l,O,O)T and

the culprit line, we

U, =(0,0,-1,1)". By (4), this

difference of 2V is set and maintained.
2) Near-end Crosstalk
With the given termination matrices (9) can be used to
compute the numerator and denominator of (1):
ViR, K.,

Rd ,cL KcL + Rd S KCS
UTV ~ ng VSRd,vSKvS (113 + lz4 - (114 + 123 ))
P 2 (Rd,cLKcL + Rd,cS KCS )(Rd,vL KVL + Rd,vS KvS )

implies that a voltage

UV, ~

(14)

3 2jolViR, R, (R, K K, K (Cn Ty~ (Cl4 ¢y ))

(Rd,cLKcL + Rd,cSKcS )(RJ,VLKVL + Rd,vSKVS)

Here, /; and c;; are elements of the inductance and capacitance
matrices. These can be computed by for instance the analytic
expressions in [1], or numerical methods [4]. Substituting (14)
into (1) results in the following expressions for capacitive
crosstalk:

R, R K, Ky (Cl4 +Cp3—Cp3 _024)

Vg ey = JOU , (15)
e (RVL KVL + RvS KvS )
and inductive crosstalk:
Rk (ls—1,—1,+1
7/NE’,-,,d ~ ]0) vS S ( 13 14 23 24) (16)

4RCL K(‘L (RvL KvL + RVS K, v ) '

In the next subsection Taylor expansions of the analytical per-
unit-length parameters will be used to obtain the leading order,
closed-form crosstalk expressions.
3) Closed-form crosstalk expression

Per-unit-length parameters characterise the transmission
line. We use Taylor expansions combined with the nice

structure of inductance and capacitance matrices to derive our
low-frequency closed form expressions for crosstalk. The
medium surrounding the wires is assumed to be homogeneous.
Material properties are given bye=¢.¢, and pu=pu y,,
where the subscripts » and 0 indicate relative and free-space
permittivity or permeability, respectively. Following Paul’s
analytical expressions for cylindrical conductors [1], the
induction matrix for the current example is equal to:

L _ |:L000 L12 :|

LZ{Z LOOO ’

where Looo represents the inductance within a pair, given by:
Lo ﬁ[]n(2h/r) In1+y ]

YT ey m(2h/r)|

where f=u/27 and y=4h*/a*. The mutual inductance
between the pairs equals:

ln(1+x) ln(1+x2]
B (I+ @)
2

X
ln[1+(1_a)2] 1n(1+x)

where a=a/d and x=4h*/d*. Suppose a is a small

(17

(18)

L,=

b

parameter, i.e. a << d . Then the inversion of L, which is
necessary for the computation of the capacitance matrix, can
be approximated by Taylor expansions. Therefore, firstly Liz
is expanded in terms of a:

- 11 0 -1 0 1 2
L,= b+ Px . F3x+x 2 (19
11 I 0 |x+1 1 0]2 (x+1)

‘ ‘
LOI Ll LZ
where b= /2-In(1+x). The hat notation is used for Taylor
approximations. Substituting (19) into (17) yields a second-
order Taylor approximation for L:
L =Ly +Ly -b+L,a+L,a>
L
0

L. = L000 0
o 0 LOOO .

This second-order polynomial form for the inductance matrix
can be utilized to compute the inverse of L by the Taylor
expansion of a quadratic polynomial. This is applied to
determine the capacitance matrix:

(20)

C= e 1, - L) La—(L/L, - L/ L L)L )’ |L, @)

It remains to determine the inverse of Lo. Suppose that that the
wire pairs are closer to the reference ground plane than to each
other (4 <d/2+2 ), by which x <1 and thus » «1. In that case:

Ijo1 = [I, _Lz)i)L01 'b]L;)i)-
The structure of inductance and capacitance matrices is
utilized to obtain the final closed-form expression for the near-
end crosstalk between two wire pairs close to ground. For
presentation purpose, suppose that Zs = Zr. = Z (subscript S/L
is dropped for Rg.7). Combining (15) and (16), (20) and (21)
then leads to closed-form expressions for inductive crosstalk:
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Fig. 3. MTL simulations and measurements of NEXT for two separation
distances in the wire configuration given in Fig. 2a.
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Fig. 4. MTL simulations (solid lines) and closed-form expressions (24)

(crosses) of NEXT three different cases of the wire configuration given in
Fig. 2a, in which 4 terminated wires are included in between the wire pairs.

- R
Y NE ind z%[[;,c +2]a2h2j(uld4, (22)
d,c c,c
and capacitive crosstalk:
—247zeR W2 ild™
dw a h” jold 23)

VNEcap Rd,v ’ nl (1_'_1)
R an* o’

c,v

The total NEXT follows from addition of the inductive and
capacitive expressions:
(24)

The dependencies on all designable parameters are clearly
shown by (22) and (23). The fourth-order dependency on wire
pair separation is important. It implies that when d is doubled,
the crosstalk decreases by 24 dB. For most other wiring
configurations this would be 12 dB. This fourth-order
dependency is validated by the results shown in Fig. 3, which
shows both MTL simulations and measurements of crosstalk
between two wire pairs with a length of 1.9 m. Crosstalk

7/NE ~ 7NE,ind +7/NE,cap'

Fig. 5.
Measurement equipment: Spectrum analyser, generator and preamplifier,
b) (top right) at the end of the transmission line wire pairs are separated and
soldered to balun boards that are attached to the backside of the metallic

Pictures of the crosstalk measurement setup. a) (top left)

strip, and c¢) (bottom) foam spacers are used to keep the wire pairs at fixed
separation distances and heights above ground plane along the transmission
line length.

levels are shown for two separation distances, namely 10 and
20 mm. Values for other parameters are: ¢ = 2.5 mm, » = 0.49
mm, A= 1.5mm, & =2, Rgc=Rqv=112.5Q and R.. = R., =
450 Q (equal load and source side terminations). Indeed, in
both measurements and simulations the difference between the
results for the two separations is approximately 24 dB.
Moreover, the measured crosstalk results agree with those
from MTL simulations. Finally, Fig. 4 shows similar results of
MTL simulations and closed-form expressions for the case
where 4 extra wires, terminated with 50 Q to ground, are
arbitrarily placed in between the two wire pairs. Three
variations of the parameters d and 4 are shown, while other
parameters are equal to those presented before. Simulated
results illustrate that extra conductors slightly affect the levels
of crosstalk, but the parameter dependencies roughly remain
the same. Situations with other terminations show that it is
actually only the capacitive coupling between the wire pairs
that is influenced by nearby conductors.

The measurements were performed between two wire pairs
that were fixed to the given distances along the entire length of
the cables by using moulds of rohacell foam (see Fig. 5 for
pictures of the setup). Moreover, in the case that includes a
ground plane foam spacers were used to keep the wires at
fixed height above ground. The aluminium ground plane had a
width of 1 m, which is enough to avoid edge effects. Baluns
were used to connect the balanced pairs to the unbalanced
coaxes that are connected to the measurement equipment. The
frequency dependent transmission of these baluns is calibrated
from the measurement results. The frequencies for which
results are shown in this paper are determined by the
applicability of these baluns. This frequency band includes
only little effect of ohmic and dielectric losses.
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Fig. 6. MTL simulations and measurements of NEXT for two separation
distances in the wire configuration given in Fig. 2b.

B.  Two wire pairs in free space

As a second example, consider the previous configuration
without ground plane. An illustration of the cross-section of
this case is shown in Fig. 2b. All properties remain the same,
including the termination impedances. However, in this case
the fourth wire is taken as the reference. The other victim wire
is numbered 1, and we finish by labelling the culprit wires 2
and 3. Impedance matrices Zs and Zx. can be derived similar to
the previous section (not shown here). Finally, a differential
voltage source is included in the culprit pair, by which we can

define U, =(0,~1,1)" and U, =(1,0,0)" .

1) Near-end crosstalk
Again (9) is used to compute the numerator and
denominator of (1) for this wiring configuration:

—2V (Vg + 2K, )

Y, + Y 42K, +2K

JolV (ZL +2’?¢)(zs +2ECS)(ZL +2K, )(112 _113)
2(Y, + ¥ +2k, +2&, ) (¥, + ¥ +25, +2K,)

Uy,

Q

vV,

Q

N 4jolVy (Y +2i)(26, =26, +¢y = C3y)
2(21 +Zs +2ECL +2ECS)(ZL + ZS +2EVL +27?v5)'

_ _ -1 .
Here Y . = R;’lmT and x,; :(4RC’mT) are entries from the

admittance matrices, in which again the subscript m is either
culprit or victim, and T denotes either load or source side.
Substituting this into (1) yields the following expressions for
capacitive and inductive near-end crosstalk:

2¢,, —2¢; + ¢y ¢y
(Y, + ¥ +2K, +25,)

(ZL + 2’?4 )(zL + 2’?% )(113 _112)
(Y, +Y5+27, +25)

}/NE,cap ~ Ja)é
(25)

Veina = J ol

2) Closed-form crosstalk expression
Following Paul’s expressions for inductance between
cylindrical conductors in free space, the inductance matrix for

Near-end Crosstalk in dB
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Fig. 7. MTL simulations (solid lines) and measurements (dashed lines) of
NEXT for three values of the height above a ground plane in the wire
configuration given in Fig. 2a. For 4 = 3 mm (purple, dotted line) only MTL
simulation data is available. One result for the situation without ground plane
(Fig. 2b) is given (red).

this case equals:

L=L,+L,
211 000

L,=|12 1|{p+|0-1-1]qg (26)
112 0-1-1

0 -fIn(l-a) phn(l+a)
. =|-AIn(l-a) 0 Bin(1+a) |,
Bn(l+a) pn(l+a) 28n(1+a)
where  p=fln(a/r) and ¢(d)=2pfIn(a/d). Taylor

expansion of the inductance matrix with respect to the small
parameter « leads to:

L, =L -a+L, &

=
Il

011 0 1 -1
A, 27)
=101 p-a+| 1 0 -1|-=—a".
112 -1-1-2

The capacitance matrix is approximated as before by (21). The
inverse of Lo has to be calculated explicitly in terms of p and
g, since it cannot be expressed in terms of a small parameter:

: 3-2¢g -1 -1
L) =—— -1 3-2g -l+2g/|,
Hp-9)
-1 -1+2g 3-2g
where g=gq/p. The above approximations for the

capacitance and inductance matrices can be used to obtain a
closed-form expression for near-end crosstalk for wire pairs in
free space. Again we assume for simplification of the formulas
that the terminations on both sides of the transmission lines
are equal (and drop the source/load subscripts on
terminations). Then (25) with low-frequency approximations
of inductance and capacitance yields the desired closed-form
expressions for near-end crosstalk:



TABLEI
NEAR-END CROSSTALK BETWEEN WIRE PAIRS: SENSITIVITY TO MODEL PARAMETERS
GROUND PLANE TYPE d a h r Z S l € u
Yes Inductive -4 +2 +2 0 -1 +1 +1 0 +1
Yes Capacitive -4 +1° +2° >+] +1 +1 +1 +1 0
No Inductive -2 +2 - 0 -1 +1 +1 0 +1
No Capacitive -2 +1 - >+1 +1 +1 +1 +1 0

1: In general, all orders of dependency hold for 2a < d and d > h'2\/§ . The only extra assumption is needed for *, in which the complex logarithm of (23) is simplified assuming @ < 2/ .
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Again, the sum of inductive and capacitive coupling gives the
total NEXT. The relation between crosstalk and all designable
parameters is shown by these equations. The dependency on
the separation distance is quadratic, as opposed to the fourth-
order behaviour of the previous section. This is confirmed by
the comparison of two measured and two simulated results for
separation distances of 10 mm and 20 mm, as shown in Fig. 6.
All simulation parameters are equal to the previous case. The
difference in crosstalk between these traces is roughly 12 dB.
Moreover, there is again a good match between measurements
and MTL simulations.

In addition to separation dependency, Fig. 7 shows MTL
simulations and measurements of near-end crosstalk that focus
on the height above the ground plane. Results are given for
varying heights of wire pairs above a ground plane, as well as
for the situation without a ground plane. Measurements and
simulations are in good agreement. Moreover, the 12 dB
difference between the simulated results for % is 1.5 mm and
3 mm confirms the quadratic dependency found from (24).
Finally, both measured and simulated results in Fig. 7 indicate
that when moving wire pairs away from the ground plane the
crosstalk levels approach those for wire pairs in free space.
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C. Parameter dependencies

Closed-form expressions for low-frequency crosstalk are
useful to extract the dependencies of crosstalk on designable
parameters. Table 1 gives an overview of all leading-order
dependencies for both inductive and capacitive crosstalk, with
a plus or minus sign showing if crosstalk increases or
decreases with an increase of the parameter value. The
sensitivities have been derived from (24) and (28), which were
obtained under the assumption that a < d , as well as h < d

in case a ground plane is involved. Specifically, when 2a < d

and d >2h2 hold, nearly all dependencies given in Table 1
hold. For inductive coupling these sensitivities are simply read
from the exponents in (22) and (28). For capacitive coupling
logarithms complicate the dependencies on a, 4 and 7. For the
case with ground plane, the logarithm in the denominator of
(23) can be simplified when a <2/, which is a reasonable
assumption when the wires of a pair are separated only by
some insulation. In that case it can be derived that the

dependency on height is quadratic. The dependency on intra-
pair separation is then such that the increase in crosstalk is
roughly 5-8 dB when «a is doubled, hence the dependency
stated by Table 1 is roughly first-order. Similar intra-pair
separation dependency holds for the case without ground
plane. Note that when any of the given assumptions is
violated, the order of dependency for certain parameters might
change. However, the trend of crosstalk behaviour with
respect to that parameter will usually remain equal.

Clearly, the parameter with highest sensitivity is the
separation distance between two pairs close to a ground plane.
Wire radius does not affect the inductive crosstalk at all, while
the dependency of capacitive crosstalk still involves a
complex logarithm. Therefore its sensitivity on  is such that
crosstalk increases roughly 10 dB when 7 is doubled, implying
slightly more than linear behaviour, hence the >+1 in the table.

The impedance parameter Z given in Table 1 refers to the
differential mode impedance between either the victim or
culprit pair for capacitive or inductive crosstalk, respectively.
For both types of crosstalk, the dependency on termination
impedances is of order one, but inductive crosstalk is always
inversely proportional to culprit terminations, while capacitive
crosstalk is linearly dependent on victim impedance.

IV. NON-UNIFORM TRANSMISSION LINES

Apart from its use in the derivation of closed-form
expressions, the set of equations given in (7) can also be
applied to non-uniform transmission lines. For instance, to
compute crosstalk in a bundle of twisted pairs the most
common solution is to use a sufficient amount of Uniform
Cascaded Sections (UCS) and to multiply the chain parameter
matrices for each section [2], [3]. Using the exact form of the
chain parameter matrices involves performing eigen
decompositions for each uniform section. However, each
section is usually small in terms of wavelengths. Therefore,
when quick computations are desired above the inclusion of
high-frequency losses, the approximate low-frequency form
(7) can also be used for each segment.

Figure 8 shows simulation results for a bundle of seven 1 m
long twisted pairs that are separated 3.4 mm from each other
and are enclosed by a bundle shield. Near-end crosstalk
between the centre pair and one of the surrounding pairs is
considered. More details of this bundle are given in [20]. The
results for full MTL simulation including finite wire
conductivity (¢ = 6e7 S/m) are compared to those of a lossless
MTL simulation and a simulation in which (7) is used for the
chain parameter matrices of each uniform section. This
approximate result exactly matches that of lossless MTL
simulation, while the difference with respect to the full MTL
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Fig. 8. Simulated NEXT for a bundle of 7 twisted pairs. Results are
compared for full MTL simulation (green), lossless MTL simulation and the
low-frequency approximation in (7) applied to each uniform segment.
simulation obtains a maximum of only 0.86 dB in the
resonance area. The computation time of the full MTL
simulation, on a single core of a simple laptop with Intel i5
processor and 8GB of RAM, is more than 20 times higher than
the time needed for the approximate solution, while this is 10
times when compared to the lossless MTL simulation.
Therefore, the solution that utilizes (7) forms a better
candidate for cable optimizations and early risk assessments
than the usual MTL simulations.

V. CONCLUSION

Efficient crosstalk design rules are required to optimize
cable bundles and to yield early routing of low-risk signals as
well as early risk identification for high-risk signals. We have
presented a mathematical methodology to analyse crosstalk in
multi-conductor transmission lines. With the proposed low-
frequency technique closed-form expressions that directly
relate crosstalk to designable parameters are derived.

For two cable configurations involving wire pairs close to a
perfectly conducting ground plane and in free space, the low-
frequency analysis has resulted in expressions for near-end
crosstalk that clearly show the differences between all
designable parameter sensitivities. For instance, in the
configuration with ground plane the crosstalk decreases up to
24 dB when the inter-pair separation distance is doubled.
However, when the height of the wire pairs above the ground
plane becomes large compared to the inter-pair separation
distance, the crosstalk behaviour approaches that of wire pairs
in free space. In that case, crosstalk increases with a more
familiar 12 dB when doubling the separation distance.

Using the efficient low-frequency approximations of the
chain parameter matrices leads to accurate lossless results
when analysing more complex non-uniform MTLs with
uniform cascaded sections. However, the computation time
becomes more than 20 times smaller when compared to the
usual MTL simulations. Therefore, in this case, the low-
frequency approximations can well be applied to perform
quick analysis of cable bundles that involve twisted pairs,
meandering of cables and other complex non-linear

phenomena.
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