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Problem area 

The implication of the recent More Electric Aircraft technology development is that 
more and more functions on board airplanes are being performed by electric 
systems (instead of pneumatic, hydraulic or mechanical systems). As a 
consequence, the amount of cabling increases drastically, up to multiple hundreds 
of kilometers for Airbus A380 types of aircraft. Since the available space for cabling 
is actually decreasing, electromagnetic coupling or crosstalk will remain a very 
important EMC aspect when designing Electrical Wiring Interconnection Systems. 
When the impedances of the systems that are connected are lower than the 
characteristic impedances of the transmission lines, crosstalk will be dominated by 
inductive coupling. This type of coupling can be reduced by using twisted wire 
pairs, instead of straight wire pairs. Simplified expressions of crosstalk between 
twisted wire pairs can assist in the estimation of the effect of application of twisted 
wire pairs. 
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Description of work 

In this paper, a low-frequency analysis is applied to a simplified model for the 
twisting of wire pairs that is applicable under a wide separation assumption. This 
analysis leads to closed-form expressions for crosstalk between two twisted wires 
above a ground plane. The expressions are validated by performing measurements 
of twisted wire pairs manufactured on PCB boards, for which the twists are very 
well controlled. Comparisons are made of crosstalk levels between wire pairs with 
equal twist rates, and crosstalk levels between wire pairs with unequal twist rates. 

Results and conclusions 

From the cascaded Multi-Conductor Transmission line equations, closed-form 
expressions are derived for crosstalk between twisted wire pairs in two specific 
cases, which both comprise two twisted wire pairs above a ground plane. In the 
first case, the twist rate of the two pairs is equal, while in the second case the twist 
rate of one of the two pairs is doubled. 
Both the low-frequency analysis and the measurements show that for the case 
with equal twist rate, the crosstalk behaviour is similar to that of straight, 
untwisted wire pairs. On the contrary, in the case where one twist rate is doubled, 
crosstalk between the wire pairs is completely cancelled up to linear order in 
frequency. Due to the very low level of inductive crosstalk in such cases, a 
connector with pins of a few millimeters length may dominate crosstalk behaviour 
(this also depends on the level of capacitive crosstalk). 

Applicability 

The derived closed-form expressions are useful in understanding crosstalk 
behaviour when replacing untwisted wire pairs by twisted wire pairs. Moreover, 
the two cases that were investigated form a best and worst case scenario. 
Combinations of similar twisted pairs with different twist rates will yield crosstalk 
values in between these bounds obtained by the two cases that were analysed. 
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Abstract 

1 Introduction 

 

LOW-FREQUENCY CLOSED-FORM EXPRESSIONS FOR CROSSTALK BETWEEN 
TWISTED WIRE PAIRS 
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{Jesper.Lansink.Rotgerink, Jaco.Verpoorte}@nlr.nl 

 
ABSTRACT 

Crosstalk between two twisted wire pairs of equal 
and unequal twist rate is analysed and compared. 
Low-frequency approximations to the Multi-
conductor Transmission Line equations are used to 
derive closed-form expressions for near-end 
crosstalk. Such analysis on cable configurations with 
different twist scenarios gives insight into sensitivity 
on relevant twist parameters as well as dependencies 
of crosstalk on all other model parameters. Results 
show that crosstalk between twisted pairs of equal 
twist rate behaves similar to that between untwisted 
wire pairs. On the contrary, an ideal combination of 
twisted pairs, by for instance doubling the twist rate 
in one of the pairs, causes crosstalk to vanish up to 
linear order. The performed analysis and derived 
closed-form expressions agree to measured crosstalk 
results and can lead to good understanding of upper 
and lower boundaries for crosstalk in different cable 
configurations. 
 
1. INTRODUCTION 

Twisting of wire pairs has been considered to be an 
effective way to decrease the amount of unintentional 
electromagnetic (EM) coupling between cables. 
Therefore twisting is widely applied in for instance 
aviation, automotive industries and data networks. EM 
coupling referred to as crosstalk is of high importance 
for the electromagnetic compatibility (EMC) of an 
entire aircraft. Therefore it plays an important role in the 
design rules for installation of cable systems applied by 
cable manufacturers. Guidelines for the routing, 
harnessing and twisting of cables require accurate as 
well as practical relations between crosstalk and model 
parameters. The majority of cables inside an aircraft is 
either shielded, twisted or both. 
 
Crosstalk between twisted wire pairs (TWPs) is a 
frequently studied problem. Analysis on Multi-
conductor Transmission Lines (MTLs) can be 
performed by the methods described by Clayton R. Paul 
[1]. Paul also introduces ways to include shielding [2] 
and twisting [3] into these MTL equations. By solving 
the MTL equations with exact chain parameter matrices, 
the behaviour of different types of transmission lines 
(TLs) can be computed. Sensitivity with respect to for 
instance twist parameters can be investigated by 
applying statistics to these models [5]. As opposed to 

the use these very accurate models, simpler low-
frequency analysis leading to closed-form expressions 
can be used to gain knowledge on crosstalk in a more 
practical and easier way. Already in [6] and [7] practical 
crosstalk expressions with respect to model parameters 
were derived for unshielded wire pairs and shielded 
wires. The current paper describes the derivation of 
such closed-form expressions that directly relate the 
amount of EM coupling to all model parameters for 
near-end differential-mode crosstalk between TWPs. 
 
Two configurations that might be observed as best and 
worst cases are considered. The first consists of two 
twisted wire pairs with equal twist rate that are perfectly 
aligned. In a second case the amount of twists in one 
pair is doubled. Since twisting is mainly used to reduce 
inductive coupling, the focus of this paper will be on 
that, as opposed to capacitive coupling. All results are 
validated by measurements of twisted pairs constructed 
on a PCB (see Fig. 1). Geometric parameters are very 
well controlled for these PCB twisted pairs, which is 
useful for comparison with models and to increase 
knowledge on crosstalk between twisted pairs. When 
similar low-frequency analysis is performed on the case 
of a single wire above a ground plane versus a twisted 
wire pair, treated by Paul [4], the obtained low-
frequency expressions are equal. 
 
The second section of this paper describes the general 
crosstalk models for our analyses, after which in 
section 3 the low-frequency crosstalk is analysed for the 
different wiring configurations. Section 4 shows results 
of measurements, simulations and analyses. 
 

 
Figure 1. Twisted pairs printed on PCBs used for 
crosstalk measurements. 

 
_____________________________________ 
Proc. ‘2016 ESA Workshop on Aerospace EMC’,  
Valencia, Spain, 23–25 May 2016 (ESA SP-738, May 2016) 
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2 Crosstalk modelling 

2.1 Per-Unit-Length parameters 

2.2 Termination network 

  

 

 
Figure 2. Cross section for modelling of two twisted 
pair PCBs above a perfectly conducting ground plane. 
 
2. CROSSTALK MODELLING 

Near-end crosstalk is defined as the ratio of the voltage 
at the source side on the receptor or victim transmission 
line over that on the generator or culprit line. Hence for 
crosstalk prediction a solution from the multi-conductor 
transmission line equations for the voltage in each 
conductor is required.  
Consider an MTL of length  with n conductors 
parallel above an infinite, perfectly conducting ground 
plane. If V0 represents the vector containing the voltages 
in each conductor with respect to the ground plane, then 
near-end crosstalk is defined as: 

 2 0

1 0

,
T

NE Tγ = U V
U V

 (1) 

in which the vectors U1 and U2 are used to select the 
voltages corresponding to respectively culprit and 
victim transmission line conductors from the vector of 
voltages. The cross section given in Fig. 2 is used to 
model the twisted pair PCBs, in which a voltage source 
is included between wires 1 and 2, i.e. the culprit pair. 

Then ( )1 1,1,0,0 T= −U  and ( )2 0,0, 1,1 T= −U . 
Equation (1) implies that to compute crosstalk levels 
between transmission lines the voltage in each 
conductor is required. This is obtained by solving the 
MTL equations [1]. One solution is to compute chain 
parameter matrices that relate the voltages and currents 
at the end of the TL to those at the beginning of the TL: 

 ( ) ( ) ( )
( ) ( )

11 120 0

0 021 22

.
ˆ ˆ

ˆ
ˆ ˆ= =
Φ Φ

Φ
Φ Φ

V VV
I II

(2) 

Solution of the MTL equations in terms of voltage of 
each conductor with respect to ground plane can then be 
obtained by solving the currents from [1]: 

 
12 11 22 21 0

11 21

ˆ ˆ ˆ ˆ

ˆ ˆ ,S

− − +Φ Φ Φ

− −

Φ =

Φ Φ

Z Z Z Z I

Z V
 (3) 

and incorporating the terminal conditions to calculate 
the voltages: 
 0 0.S −=V V ZI  (4) 

Voltage sources, assumed only to be present in the near-
end termination network, are represented by the vector 
VS. The matrix Z is the impedance matrix modelling all 

impedances in the termination network. It is assumed to 
be equal for the near- and far-end side. The argument 
for the chain parameter matrices has been dropped to 
simplify notation. 
The chain parameter matrices carry the cross sectional 
information of the transmission lines. Chain parameters 
are constant along the length of cables when their cross 
section is uniform. In case of twisted wire pairs the 
latter doesn’t hold and a cascade of uniform pieces of 
transmission line is applied [3]. 
The above implies that to estimate crosstalk in cables it 
is required to have cross sectional knowledge in the 
form of per-unit-length (PUL) parameters, as well as 
termination matrices modelling the networks at both 
ends of the transmission lines. To incorporate twisting 
also properties along the length of the TL are needed.  
 
2.1. Per-Unit-Length parameters 

All cross sectional information of a specific cable 
configuration is incorporated into per-unit-length 
parameters of a transmission line: capacitance, 
inductance, resistance and conductance. The last two are 
assumed to be zero in this paper, whereas the first two 
are represented by matrices of dimension n. The 
inductance matrix for a cable configuration with 
cylindrical conductors like that in Fig. 2 is given by: 

 23

23

11 12 13 14

12 22 24

13 33 34

14 24 34 44

,

l l l l

l l l l
l l l l

l l l l

=L  (5) 

in which: 

 
( )

( )

0

20

ln 2
2

ln 1 4 .
4

ii i i

ij i j ij

h

h s

r

l h

l
μ
π

μ
π

=

= +
 

Here hi is the height of wire i above the ground plane, ri 
its radius and sij the distance between wires i and j. 
Assuming homogeneous media, by which for simplicity 
the relative permittivity of the PCB dielectric material is 
neglected, the capacitance matrix can be found by 
inverting (5): 
 1

0 0 .μ ε −=C L  (6) 

 
2.2. Termination network 

For the configuration of two wire pairs, either twisted or 
untwisted, terminations of both transmission lines will 
be like illustrated in Fig. 3. By the use of Norton 
equivalent representation techniques the corresponding 
impedance matrix can be derived: 

 
*

* .c

v

=
∅

∅
Z

Z
Z

 (7) 
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2.3 Twisted wire pairs 

3 Low-frequency crosstalk analysis 

  

 

 
Figure 3. Termination network for two wire pairs above 
a perfectly conducting ground plane. 
 
Here: 

 *
, .m m m m

m
m m m m

d m

c c
R

c c
κ κ
κ κ

+ −
− +

=Z  

in which ( ) 1

, , , ,2d m d m c c mm m mc R R R R κ
−

= + +  and 

( ) 1

, ,2 2d m c mm R Rκ
−

= + . Here { , }m v c∈  represents 

victim or culprit. The variable Rd,m is the differential-
mode and Rc,m the common-mode impedance of either 
culprit or victim wire pair. 
 
2.3. Twisted wire pairs 

Besides the termination networks, the chain parameter 
matrix carrying all cross sectional information models 
the entire behaviour of the MTL. The difficulty with 
twisted pair cables is the nonuniformity along the length 
of the line, which implies varying PUL parameters. 
Transmission lines that are uniform along there length 
are a necessity to the presented way of solving MTL 
equations. To incorporate twisting in these MTL models 
twisted pairs are represented by a cascade of uniform 
pieces of transmission line. Specifically, the sections in 
between the twists of a TWP are represented by pieces 
of straight wire pair. The chain parameter matrix 
corresponding to the entire MTL is formed by cascading 
such matrices for each unifom section. 
Consider for instance a situation of two twisted pairs 
above a perfectly conducting ground plane. Assume that 
in between the twists of a TWP the TL is uniform and 
the twist sections have zero length. Then in general the 
total chain parameter matrix equals [3]: 

 ( )
1

,
S

T k S k

n

k =

Φ Φ= ∏P  (8) 

in which nS is the total amount of uniform sections in 
the MTL, S the chain parameter matrix of one such 
uniform section and Pk permutation matrices. The latter 
are used to keep track of the positions of the conductors 
after twisting. 
If these twisted pairs have equal twist rates and the 
twists form in total nL perfectly aligned loops, then the 
corresponding chain parameter matrix can be given by: 

 
( )

( )

1 odd

even
,

L

L

n
S S L

T n
S L

n

n

−Φ Φ
Φ

Φ

=
=

=

P

P
 (9) 

in which, since at each interchange section both pairs 
obtain a twist: 

 

0 1 0 0
1 0 0 0

, .
0 0 0 1
0 0 1 0

∅
= =

∅
PP P

P
 (10) 

If the second pair has twice the amount of loops in the 
first TWP, 2L Ln m= , the chain parameter matrix of 
this cabling configuration is given by: 

 ( )1 2
1

1 ,Lm
T f S S S S

−Φ Φ Φ Φ Φ= P P P P  (11) 

in which P2 is equal to P given in (10) and: 

 1
1 1

1

1 0 0 0
0 1 0 0

, .
0 0 0 1
0 0 1 0

∅
= =

∅
P

P P
P

 (12) 

Moreover fP  is the final permutation matrix and 
therefore depends on whether the two wire pairs have an 
even or odd amount of loops. By definition the second 
wire pair will always have an even amount of loops and 
therefore for Lm  is even we have 2f =P P  and for odd 

Lm  we have 1f =P P . 
 
With termination networks and cross sectional 
information contained via the PUL parameters in the 
chain parameter matrices, the entire MTL is 
characterised. This is used in the next section to analyse 
crosstalk behaviour. 
 
3. LOW-FREQUENCY CROSSTALK ANALYSIS 

After obtaining the chain parameter matrix for an MTL, 
(3) can be solved by Taylor expansion to derive closed-
form low-frequency expressions for near-end crosstalk. 
This is similar to analysis performed in [6] for crosstalk 
between straight wire pairs (SWPs). The chain 
parameter for the configuration of two SWPs above a 
ground plane can be approximated to first order for low 
frequencies as follows: 
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3.1 Twisted pairs with equal twist rate 

3.2 Twisted pairs with unequal twist rate 

  

 

 2 , .
Cn jω

∅
Φ ==

∅
−

L
1 A A

C
 (13) 

Here 2 Cn1  is the identity matrix of dimension 2nc. If 
this chain parameter matrix is substituted into (3) 
according to the structure in (2), the obtained low-
frequency expressions for inductive and capacitive 
crosstalk read: 

 
( ) ( )( )

( ) ( )( )

1 1
, , 13 24 14 23

, , 14 23 13 24 .

1
8
1
2

NE ind c d c

NE cap v d v

l l l l

j c c c c

j R

R

γ ω κ

γ ω κ

− −≈ + − +

+ − +≈
(14) 

In the next sections similar expressions are derived for 
configurations involving twisted pairs. Therefore the 
approximation in (13) is also applied to the uniform 
sections of TWPs, represented by S. 
 
3.1. Twisted pairs with equal twist rate 

Consider the situation of two twisted pairs with an equal 
amount of loops nL, that has been introduced in 
section 2.3. The corresponding chain parameter matrix 
is given in (9). If the approximation given in (13) is 
applied to S then the corresponding low-frequency 
first order approximation for T when nL is even equals: 

 

( )

1

0

2 ,

L

L L

C

n
n n k

T S
k

n

k

S

j

j m

ω

ω
=

−
−−Φ

= −

≈

+

P P AP

1 A PAP
 (15) 

in which 2Lm n= . Here it is used that P2 equals the 
identity matrix. Similarly, for odd nL it holds that: 
 ( )( )2 1 ,

CT n S mj mωΦ + −= −1 A PAP  (16) 

in which ( )1 2Lm n= + . 
The obtained total chain parameter matrix should be 
substituted into (3), after which by Taylor expansions an 
approximation for the conductor currents can be found. 
After incorporation of the termination conditions the 
following voltages are obtained for an even amount of 
loops:  

 

( ) ( )
0 1

1
1

2

4

S

S

V

V
jω −

≈

+

+

−+

V U

L PLP Z Z C PCP U
(17) 

By use of (1) this yields the following expression for 
near-end crosstalk: 

 
( )

( )

1 1
, , 13 24 14 23

, , 14 23 13 24

1
4

.

NE ind s c d c

NE cap s v d v

m l l l l

m c

j

j c c c

R

R

γ ω κ

γ ω κ

− − + − −

+ − −

≈

≈
(18) 

A similar expression can be derived for an odd amount 
of loops. It turns out that both can be rewritten to: 

 
( )

( )

1 1
, , 13 24 14 23

, , 14 23 13 24

1
8

2
.1

NE ind s L c d c

NE cap s L v d v

j R

j R

n l l l l

n c c c c

γ ω κ

γ ω κ

− − + − −

+ − −

≈

≈
(19) 

These expressions for inductive and capacitive near-end 
crosstalk equal those for untwisted wire pairs in (14) 
when the interchange sections have zero length, by 
which L Sn= . 
 
3.2. Twisted pairs with unequal twist rate 

As opposed to the previous cable configuration, 
consider the situation in which the amount of loops in 
the second pair is multiplied by two, by which the chain 
parameter matrix is equal to (11). 
Define for ease of notation: 

1 2 1 2 1 2 1 2 1 2 1 2 1

1 2 1 2 1 2 1 2 1 2 1 2 1 .

= + +

= + +

+

+

F C P CP P P P P CP P P P P CP

G L P LP P P P P LP P P P P LP
Again a low-frequency approximation can obtained for 
the presented chain parameter matrix, which yields: 
 ,11 ,22 CT T nΦ Φ= = 1  (20) 

and for even mL: 

 
,12

,21

2

2
,

L
T S

L
T S

m
j

m
j

ω

ω

Φ

Φ

= −

= −

G

F
 (21) 

whereas for odd mL: 

 
,12 1 1

,21 1 1

1
2

1
2

.

L
T S

L
T S

m

m

j

j

ω

ω

Φ +

Φ

−= − +

−= − + +

G L P LP

F C P CP
 (22) 

If these expressions are substituted into (3) this leads to: 

 ( )1
0 12

,
2

s L
n

V m
jω −≈ −+V I GZ ZF U  (23) 

for an even amount of loops in the first wire pair mL. 
When this number is odd: 

 
( )

( ) ( )

1
0 1

1
1 1 1 1 1

1
2

.

2

4

s L
n S

s
S

V m
j

V
j

ω

ω

−

−

−+ +≈ −

+ − +

V I GZ ZF U

L P LP Z Z C P CP U
(24) 

 
For both cases it holds that when crosstalk is calculated 
from these estimated voltages as defined in (1), it is 
obtained that near-end crosstalk vanishes up to linear 
order: 
 ( )2 20 .NE SOγ ω= +  (25) 
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3.3 Single wire versus twisted wire pair 

4 Results 

  

 

Thus for ideally aligned twisted pairs of which one has 
double the amount of loops, the crosstalk behaviour 
becomes at least quadratic with respect to frequency. 
 
3.3. Single wire versus twisted wire pair 

The analysis presented in the previous sections can also 
be applied to the simple twisted pair configuration 
presented by Paul [4]. This comprises a single wire and 
a twisted wire pair containing mL loops, above a 
perfectly conducting ground plane. The analysis yields 
the following expression for near-end crosstalk when mL 
is even: 

 
( )12 13 ,

2NE S

c c
j Rnγ ω

+
≈  

in which 2Ln m= . When mL is odd the result is: 

 ( )( ) ( )13 12
12 131

2
.S

NE

lj
R nc n c

R

lωγ
−

≈ + − +  

in which ( )1 2Ln m= + . These results equal the low-
frequency expressions given by Paul. 
 
4. RESULTS 

To validate the low-frequency expressions 
measurements were performed. Therefore both twisted 
pair configurations presented in this paper have been 
realised on PCBs (see Fig. 1). These PCBs resemble 
actual twisted pair behaviour without uncertainties in 
model parameters. Therefore simulation results should 
match measurements closely. 
For simplicity the cross section of the PCBs was 
approximated by that given in Fig. 2. The radius of the 
wires r was taken equal to a quarter of the width of a 
PCB trace: r equalled 0.5 mm. The separation distance d 
was 2.5 mm, whereas the height above ground plane h 
equalled 8 cm. The distance between the traces a on a 
PCB was 16 mm and the length of the sample  was 
50 cm. For the situation involving TWPs with equal 
twist rate, the amount of loops was equal to 25.  
The results of measurement, simulation and low-
frequency analysis for this configuration is shown in 
Fig. 4. MTL simulations with exact chain parameter 
matrices are given in blue and red for respectively 
straight wire pairs and twisted wire pairs. It is observed 
that the crosstalk behaviour between the twisted wire 
pairs is completely similar to that between straight wire 
pairs, caused by the fact that the loops of the twisted 
pairs are perfectly aligned. The only difference in 
crosstalk levels appears from the slight decrease in 
effective length of the transmission line. In between 
twists the sections of TWPs are indeed perfectly 
uniform, but the interchange sections have a non-zero 
length. Therefore crosstalk for TWPs is decreased by 
the ratio of total length of uniform sections and the total 
transmission line length, in this case 14 mm over 

20 mm, in comparison to SWPs. When low-frequency 
approximations of the chain parameter matrices are used 
the yellow line is obtained, of which the corresponding 
crosstalk expressions coincide with those of SWPs. The 
obtained closed-form expression (19), shown in purple, 
is also similar to that of SWPs (14). Most importantly, 
measurements given in green indicate that the modelling 
of the twisted pairs is correct. 
Crosstalk can be greatly reduced by taking an ideal 
twisted pair combination in which for instance the 
amount of twists in the second pair is double the amount 
of the first pair. This is regardless of the alignment of 
the TWPs. Fig. 5 shows the results for the situation 
where the second TWP contains 50 loops. The result of 
MTL simulations with exact chain parameter matrices is 
given in red. Indeed crosstalk levels are much lower 
than that of straight wire pairs, given in blue. Moreover, 
as predicted by (25), the linear behaviour of crosstalk 
with respect to frequency disappeared. Measurement 
results still show both higher and linear crosstalk for 
this ideal combination of twisted pairs. This indicates 
that between the TWPs crosstalk reduction is so high, 
that the tiny traces underneath the solder at both ends of 
the TL (used to connect to measurement equipment, see 
Fig. 1) become dominant. These traces together form 10 
mm of straight wire pair and after inclusion in the 
simulation, crosstalk results indeed coincide with 
measurements (yellow respectively green line). The 
closed-form expressions of SWPs (purple) of 10 mm 
length (14) therefore become applicable to this cable 
configuration. 

 
Figure 4. Simulation results for near-end crosstalk 
between two PCB twisted pairs with equal twist rate. 
Numerical solution of the MTL equations with exact 
chain parameter matrices for straight wire pairs (SWP, 
blue line) and twisted wire pairs (TWP, red line) are 
given. The yellow line illustrates the solution when 
using low-frequency approximation in (13). The closed-
form expression for this cable configuration yields the 
purple line. Measurements are also included in green. 
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Figure 5. Simulation results for near-end crosstalk 
between two PCB twisted pairs, in which the second has 
a doubled twist rate. Numerical MTL simulations for 
straight wire pairs (SWP, blue line) and twisted wire 
pairs (TWP, red line) are given. The yellow line 
incorporates the 10 mm connection SWPs at both ends. 
These dominating pieces lead to a simple closed-form 
expression for this cable configuration (purple line). 
Measurements are also included in green. 
 
5. CONCLUSIONS 

Low-frequency approximation methods have been used 
to analyse crosstalk between two twisted pairs with 
equal and unequal twist rate. These linearisations yield 
closed-form expressions for different cable 
configurations that directly relate crosstalk levels to all 
model parameters. Such analysis is less accurate than 
direct MTL simulation and covers only low-frequency 
behaviour. On the other hand application to different 
twist scenarios gives insight into dependencies and 
sensitivities on all model parameters. Therefore 
derivation of such expressions is especially relevant for 
engineers in for instance aerospace industry, for creating 
design rules for cable installation. 
 
Validation of theoretical results has been performed by 
the measurements of PCBs that resemble twisted pairs. 
Comparison between measurement and simulations 
reveals a good match. Moreover results show that 
crosstalk between twisted pairs of equal twist rate 
behaves similar to that between straight (untwisted) 
wire pairs. On the contrary, an ideal combination of 
twisted pairs by for instance doubling the twist rate in 
one of the pairs causes crosstalk to vanish up to linear 
order and crosstalk in wire pairs for connection to 
measurement equipment becomes dominant. This 
illustrates the applicability of the derived closed-form 
expressions. Appearance of the two presented extremes 
seems quite unlikely in practical cable bundles with 
TWPs., though the performed analysis and derived 

closed-form expressions can lead to good understanding 
of upper and lower boundaries for crosstalk in different 
cable configurations. Combinations of twisted pairs 
with different twist rates will always imply crosstalk 
levels in between these bounds. 
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