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Abstract—A comparison between four crosstalk measurement
techniques is made to investigate the consistency of the results
when the ground plane is highly resistive or missing. The
measurement techniques used are: balanced VNA measurements,
balanced Spectrum Analyzer measurements, balanced EMI Test
Receiver measurements and single-ended measurements con-
verted to mixed-mode. The tests were done on differential pairs
of microstrips. It was found that for groundless boards the
techniques are still consistent, but the results at high frequencies
are greatly dependent on the setup. In case of the carbon fiber
ground, the results show matching results for the balanced
measurements while the mixed-mode results are consistent in
only specific frequency ranges which are dictated by the exact
material properties of the CFRP and the directionality of the
fibers.

I. INTRODUCTION

HE aviation industry is currently involved in the de-
velopment of electrically propelled aircraft as a poten-
tial successor to combustion powered aircraft. As increasing
amounts of electrical wiring are added to aircraft, crosstalk is
becoming an ever growing concern. Furthermore, most modern
aircraft are made partially with carbon fiber. With the use of
composites in aircraft being a fairly new practice, a lot of
investigation is still required to fully understand its effects.
In [1] research was conducted to investigate the effect of
carbon fiber ground planes on crosstalk and it was found that a
CFRP ground has a mixed result on crosstalk levels, which is
frequency dependant and its behavior as a ground plane ranges
between a non-conducting ground and a perfectly conducting
one. In [2], it was shown that single ended S-parameters can
be used to obtain a indication of crosstalk levels under the
assumption that there is perfectly conducting ground plane.
As such, an indication exists as to whether the mixed-
mode transform will yield valid results for a CFRP ground.
In this paper, multiple measurement techniques will be used
to assess the effect of a ground plane on the validity of
the crosstalk measurements. Specifically, four measurement
techniques will be used to measure crosstalk: balanced mea-
surements with a Vector Network Analyzer (VNA) using
Baluns, balanced measurement using Baluns with an EMI Test
Receiver (transceiver), balanced measurement using Baluns
with a Spectrum Analyzer (SA) and lastly the single-ended
measurements using the VNA to perform the mixed-mode
transform. Three different PCB configurations will be used in
order to investigate measurement technique consistency. The
aim of this research is to determine in which applications the
measurement techniques can be used interchangeably and to
examine the effects of the different ground planes.

In Section II the theoretical framework will be presented.
Section IIT describes in detail the measurement setups used
along with the design of the PCB boards while Section IV
demonstrates the obtained results. Finally, in Section V the
results are discussed and Section VI is compromised of the
resulting conclusions.

II. THEORY AND MODELS
A. Crosstalk Definition

Crosstalk is the undesired electromagnetic coupling which
leads to the excitation of a passive line. It is defined as:

Vvictim
V) [dB] (1)

source

Crosstalk = 20logyg (

with Vi;ctim and Viource being the voltages of either end of the
victim line and the voltage at the excited end of the aggressor
line respectively.

B. Common-Mode Pair

In order to simplify the model, the microstrip pair will be
modeled as a single conductor. As such, the relation between
the per-unit-length (PUL) parameters of single microstrip and
the pair has to be examined. The impedance of the pair when
it is driven in common-mode is [3]:

Zeven
Zcomm = 2
‘ : @

with Z.,., being the impedance of a single line in the presence
of the other. It is equal to:

L1+ L2
Leven =\ —=—— €))
eve Cll

with Lq; being the self inductance of a single line, Lo the
mutual inductance of the two parallel lines and C7; the self
capacitance of a single line. In case there is no coupling
between the two lines of the pair, then Eq. 3 would simplify
to:

Zeven = Lo 4)

with Z, being the characteristic impedance of a single line.

C. The Inductive - Capacitive Model

Crosstalk is calculated with the aforementioned PUL pa-
rameters. The following model is an first order approximation
based on the model for two single wires as it is presented
in [4],[5] and is only valid for common-mode pairs. The
internal parameters of each wire are the ones discussed in II-B.
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Common Mode Pair

I

Common Mode Pair
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Fig. 1: The simplified model for common-mode NEXT

This model can be found in Figure 1. Each of the elements
mentioned in the model have a contribution on the overall
crosstalk levels as described below:
¢ Inductive Coupling, due to the magnetic fields produced
by the aggressor line
o Capacitive Coupling, due to the electric fields produced
by the aggressor line
All of the following work is done based on the assumptions
that the lines are weakly coupled (first order effects are dom-
inant) and electrically short. By solving the multi-conductor
transmission line (MTL) equations the following equations are
obtained:

jw(RneLm + RneRfeRlCm)
(Rne + Rfe)(Rs + Rl)

jw(RneRfeRlCm - RfeLm)
(Rne + Rfe)(Rs + Rl)

NEXT =

S

FEXT =

(6)

With FEXT being Far End Crosstalk and NEXT Near End
Crosstalk. In the above equations, all the parameters are the
summations of the PUL parameters and represent the single
element equivalents. It has to be noted that the above equations
are linear, and not in the form of Eq. 1. From Equations 5 and
6 it can be derived that crosstalk is a linear combination of
the discussed mechanisms. Let the ratio r be defined as:

- R Rye

ch Zcr

With R; and Ry. being the termination impedances and

Zcg and Z., being the characteristic impedances of each line

in the presence of the other. For r, two distinct cases are of
great interest:

)

r<l and r>1 (8)

In the case of r being smaller than 1, then the crosstalk is
dominated by the mutual inductance. In the opposite where r
is greater than 1, then crosstalk is dominated by the mutual
capacitance. It has to be noted that the above model will be
used in order to intuitively judge the results, whenever that
is possible. In some cases that means that it will be used to
describe equivalent phenomena as one of the mechanisms of
the model.

D. S-parameters

A VNA will be used, which produces results in the form
of S-parameters. This is a deviation from the theory presented
in II-C. In contrast, the S-parameter is defined as the ratio of
the transmitted and incident power waves between two ports
of the system as seen in Eq. 9 [6].

Siz = b )
Qg

with b; and a, being:

bi = ——=——x 0
2y/|Re(Zi)| 2y/|Re(Zs)]

Equation 9 is only valid if there are no reflections from
the loads in the system. This occurs when the impedances are
matched (usually 50 €2). At higher frequencies however, when
the terminations do not fully absorb the power signal the S-
parameters will start deviating from the definition mentioned
in Eq. 9. In that case, the S-parameter has to be calculated
through the matrix definition:

b= Sa (11)

It is also worth noticing that the S-parameter also requires the
port local reference conductor in order to be calculated [7].

E. The Mixed-Mode Transform

A useful mathematical transform is the Mixed-Mode S-
parameter transform as it allows for the calculation of the
balanced equivalents using unbalanced measurements. This
is a large benefit, as unbalanced equipment is more easily
accessible and the use of frequency limiting elements such as
baluns is avoided. This can be done as follows [2]:

Som = MS M™! (12)

with M being:

1 -1 0 0
(Mg 0 1 1 0 0
M( 0 M4>’M4 0 0 1 -1
00 1 1

With S being the single-ended S-parameter matrix. Using
the port definition shown in Fig. 4, the mixed-mode transform
matrix mentioned above cannot be used directly. The single
S-parameter is first permuted to ensure correct port transfor-
mation. This is done by:

Snew = PSoldPT (13)

with P being the following permutation matrix:

1 0 0 0 0 0O
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III. MEASUREMENTS SETUP

As mentioned before, the carbon fiber has a behavior that
changes with frequency. As such, the two extremities of that
behavior are considered in addition to the carbon fiber ground:
the case of a non existing ground plane and the case for which
there is a copper ground plane.

A. PCB Configurations

The reference board that was used is composed from two
pairs of PCB traces with a trace-to-trace distance of 0.15 mm
and pair-to-pair distance of 10 mm. The board is 50 cm long
and the height of the dielectric (FR4) is 0.8 mm. The board
was designed to have a common-mode impedance of 25 (2.
Based on this board, three different configurations were made:

o The reference board with a perfect electric conductor

(PEC) ground

o A board lacking a ground plane (Free Space Board)

o A board with the ground plane being a generic unidirec-

tional carbon fiber piece (Carbon Fiber Ground)

An image of the boards can be found in Figure 2.

_ UNNERSITYOFTWENTE. <o}

UNIVERSITY OF TWENTE. _:@)

UNIVERSITY OF TWENTE.

Fig. 2: The board configurations

B. Instruments Used and Settings

For the VNA, a Keysight E5S061B Network Analyzer was
used. The experiment was performed with the VNA set to 1601
measurement points, 0dBm power and 10 times averaging.
The transceiver used was the Rohde & Schwarz EMI Test
Receiver ESS. The Spectrum Analyzer used was a Siglent
SVA1015X and was set to use a resolution bandwidth (RBW)
of 120kHz and a video bandwidth (VBW) of 100 kHz. The
pre-amplifier was turned on to reduce the effect of noise in
the results. The tracking generator was set to 0 dBm power
in order to be consistent with the VNA. The selected filter
was the EMI filter and the attenuator was automatically set
to 30dB. Lastly, the LCR bridge was the Rohde & Schwarz
HMS8118 LCR bridge.

C. Balun Selection

The baluns that will be used are the ZFRSC-123-S+
common-mode (CM) power splitter. When using baluns, some
limitations have to be considered. In case of the common-
mode adapters, they can operate in the range of DC to

12 GHz, so there are no frequency limitations in the range
of the measurements. However, in measurements setups that
the baluns cannot be removed by calibration then a power loss
will be evident. According to the data sheet of the baluns, the
average loss is 4.3dB per balun. This effect will have to be
manually compensated for post measurement.

D. Calibration of the instruments

In order to isolate the behaviour of the boards, the VNA
has to be properly calibrated. This was done by performing
a SOLT calibration and then using the “Remove Adapter”
setting of the VNA to calibrate post the CM adapters. The
resulting forward transmission (S21) result can be found in the
Appendix A. When using the EMI transceiver the correction
for the balun losses has to be done post measurement. This
is done by subtracting the loss that was measured in a THRU
with the two baluns connected together. The same procedure
was done for the spectrum analyzer, except that the only
area calibrated was the frequency range for which the loss
is constant. The loss measurements can be found in Figure 14
and 15 of Appendix A.

E. Sketch of the Measurement Setups

The measurements setups for the balanced VNA, transceiver
and Spectrum Analyzer are identical with the exception of the
instrument used. The instrument is connected to the CM baluns
which in turn are connected to the ports of the PCB. Non used
ports are terminated with Z, of 50 {2 under the assumption that
Z, is also almost equal to 50€2. This is illustrated in Fig. 3.
In the setup for the single-ended measurements, the VNA is

VNA/EMI/SA

T LX
oN

Fig. 3: Setup for balanced measurements

connected to the port pair of interest and all the other ports
are terminated with Z, of 50 (2. The setup sketch is in Fig. 4.
For both setups, SMA cables and connectors are used.

IV. RESULTS

Common-mode measurements were done with all three
boards for NEXT and FEXT. All measurements were con-
ducted with the lines terminated with their characteristic
impedance (50 (2 for single ended, 252 for common-mode).
The low frequencies (less than 1 MHz) will not be examined
for the Spectrum Analyzer since they are an error due to the
combination of the large RBW, attenuator settings and the
noise floor being at —70dB as seen in Fig. 16.
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VNA
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Fig. 4: Setup for single-ended measurements

A. Near End Crosstalk
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Fig. 5: Reference Board NEXT measurements

Figure 5 clearly indicates the matching measurements from
all four techniques. This measurement is to demonstrate that
the measurement techniques provide matching results in the
ideal case of a perfectly conducting ground plane. This forms
the basis that the measurement techniques should provide
comparable results. The offset in the spectrum analyzer mea-
surements is 6 dB. In frequencies less than 1 MHz the VNA
measurements show a resistive behaviour but in reality this is
the noise floor of the VNA as it was measured in Figure 17.
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Fig. 6: Carbon Fiber Board NEXT measurements

As it can be seen in Fig. 6, the mixed-mode transform
only provides comparable results in the region of 50 MHz to

1 GHz. In order to investigate this, the ohmic impedance of
the carbon fiber slab was measured using a programmable
LCR bridge. The data obtained can be found in Appendix
A. Judging from that data, the deduction is made that the
carbon fiber conducts poorly on lower frequencies. The overall
trend however indicates that the conductivity of the carbon
fiber improves as frequency increases. Comparing this with
the results obtained in Fig. 6, it is possible that from 50 MHz
the carbon fiber behaves as a nicely conducting ground and
before that it is not conductive enough for the S-parameters
to yield reasonable results. In all cases, the extremities occur
on the same frequencies, but there is a large difference in
magnitude (6 dB-18 dB).

Finally, a transition can be observed at the frequencies of
10 MHz for the transceiver and CM VNA measurements. This
could be possibly due to the presence of the skin effect on
the carbon fiber, which can be observed at low frequencies
in the cases of carbon fiber [8]. However, it does appear that
the transceiver and spectrum analyzer measurements are more
susceptible to this effect, while the VNA measurements do not
display the same drastic change.

NEXT

Fig. 7: Free Space Board NEXT measurements

Figure 7 indicates that the case of a groundless board has
the highest possible levels of crosstalk. This is to be expected,
as there are no ground planes near the conductors which
in turn maximizes the effect of cable coupling. Regarding
the measurement techniques, the the mixed-mode parameter
method to calculate common-mode crosstalk is valid. This is
due to the fact that it is not necessary for the grounds of
all transmission lines to be the same for the S-parameters to
be correctly measured. In fact, the reference of each line is
always set by measurement equipment [9] when it is measured.
However, in measurements of this type the measurement setup
does have an effect on the results. The same measurement was
performed again, but this time with the board suspended from
the lab table. Figure 8 illustrates the setup.

The results are shown in Figure 9. As it can be seen, the
measurement techniques are in agreement again. At this point,
an observation about the importance of the specification of the
setup can be made. By comparing Fig. 7 and 9 it can be seen
that for low frequencies they are identical (up to 23 MHz).
At the range of the long line effects however the results are
drastically different, due to the different electric permeability
of the boxes under the PCB. Based on this observation, it can
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Fig. 8: Wooden Boxes used to place the board

be stated that the exact measurement setup in terms of board
placement is important to specify the crosstalk levels at higher
frequencies. The techniques themselves are consistent.

Suspended Board NEXT
T

Mixed Mode

VNA with baluns
EMI with baluns
Spectrum Analyzer

-20

.30 -

40 -

.50 |

S31/Voltage Transfer [dB]

10° 10° 107 108 10°
Frequency [Hz]

Fig. 9: Suspended Board NEXT measurement

B. Far End Crosstalk

FEXT - Reference Board

Mixed Mode

VNA with baluns
EMI with baluns
Spectrum Analyzer

S41/Voltage transfer [dB]

108 10°

Frequency [Hz]

Fig. 10: Reference Board FEXT measurement

As seen also in the near end measurements, when using the
reference board the measurement techniques are in agreement
as shown in Figure 10.

FEXT - Free Space Board

Mixed Mode

VNA with baluns
EMI with baluns
Spectrum Analyzer

=)
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=]
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Fig. 11: Free Space Board FEXT measurement
Fig. 11 indicates that n the same fashion as with the
NEXT free space measurements, the four techniques provide

matching results.

FEXT - Carbon Fiber Board

S41/Voltage Transfer [dB]
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VNA with baluns
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Fig. 12: Carbon Fiber Board FEXT measurement

Unlike for two previous boards, the carbon fiber board
demonstrates some large differences between the measurement
techniques not previously seen in the near end crosstalk
case. In Figure 12, the first striking difference is that the
mixed-mode results actually extend to the lower frequencies.
This is quite possibly attributed to the inhomogeneous nature
of the CFRP. However, they still have a large magnitude
difference from the other three techniques. The second point
of interest is the plateau at 8 MHz - 20 MHz. In this region
it appears that the crosstalk level is frequency independent,
thus demonstrating resistive behavior. The reason behind this
is not known, however it could be due to the transition of
the carbon fiber from electrically transparent to conductive at
those frequencies.

V. DISCUSSION

It has to be noted that some elements that would be useful
for drawing further conclusions for the CFRP ground were
missing as the € and p are unknown. This is also one of the
points of deviation from the model presented in II-C, which
only considers a PEC ground. Also, the impedance of the slab
varies depending on the directionality of the fibers. This adds
an uncertainty since in the mixed-mode transform measure-
ments the return paths will not have the same properties for
each port pair. It might be possible to obtain a model for the
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impedance of the slab for a given frequency by measuring the
impedance between two opposing corners and a diagonal one
and using linear interpolation to get a picture of the complete
laminate. One of the most troubling results was the fact the
carbon fiber slab demonstrates a frequency independent FEXT
on a specific range of frequencies. A possible explanation
is that the € and p of the CFRP are greatly dependant on
frequency in such a manner that a counter effect is observed
between the mutual parameters. A useful future consideration
would be to determine the mechanism that makes the NEXT
measurement at low frequency completely incorrect, especially
since this is not observed in FEXT. The suspicion that this is
caused by the directionality of the fibers could be tested by
repeating the measurements with a CFRP whose fibers run in
the perpendicular direction.

When examining the consistency of the measurement tech-
niques for groundless board measurements, there was a con-
cern that since they is no fixed global reference conductor
the S-parameters would yield incorrect results for crosstalk.
After investigation it was concluded that the port voltages are
referenced to the internal RF ground of the VNA, thus ensuring
that there are no floating voltages. Another topic of interest
is the single-ended measurement case. Future attention needs
to be given to the possible creation of ground loops and their
impact on crosstalk measurements.

It could be debated that the Spectrum Analyzer measure-
ments are redundant. By using the tracking generator that is
perfectly synced with the analyzer, the setup resembles closely
that of an EMI receiver. A more in depth study could be done
in the cases that an external source is used, which would most
likely result in slightly different results. In addition, a lower
RBW setting could be used to get accurate low frequency
results at the expense of measurement times.

The last point of interest is the equivalency of the S-
parameters and the crosstalk as defined in Eq. 1. Despite the
fact that they are used interchangeably in this paper, they
are different quantities. In case of matched impedances the
S-parameter can be also written as:

V3 —Z1;3
- WV+Z0
As it can be seen, the incident voltages and reflected voltages

determine the S-parameter. The direct relation between Eq. 1
and 14 is a topic where future research would be required.

S31 (14)

VI. CONCLUSION

It is apparent that for PEC ground planes all measurement
techniques are equivalent and can be used interchangeably.
When applying those techniques to groundless circuits, they
will also be consistent. In high frequencies however, the effect
of the setup can clearly be seen. As such, the measurement
setup has to be well defined according to set standards and
reproduced in order to obtain consistent results and to ensure
that the measurements are comparable. Lastly, in cases of
CFRP ground planes it is difficult to assess the quality of
the results. The balanced measurements are consistent but
the mixed-mode transform provides questionable results in
lower frequencies but are a good measure of crosstalk in

high frequencies. Those frequency ranges in which the mixed-
mode measurements are valid are believed to be determined
by the electrical properties of the CFRP. As such, an extensive
understanding in the nature of the CFRP is also required.

APPENDIX A
ADDITIONAL MEASUREMENTS

S21 Calibration for the VNA

0.04

S21 [dB]

-0.02
10° 108 107 10° 10°
Frequency [Hz]

Fig. 13: S21 after calibration

Balun Loss in EMI

Voltage transfer [dB]

-16 .
10° 10* 10° 108 107 108 10°
Frequency [Hz]

Fig. 14: CM balun loss measurement

Balun Loss in Spectrum Analyzer

Voltage transfer [dB]

24
10° 108 107 108 10°
Frequency [Hz]

Fig. 15: Balun Effect in the Spectrum Analyzer

Frequency ZGround [Q]
1 kHz 372
10 kHz 325
100 kHz 300
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Noise Floor of the Spectrum Analyzer
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Fig. 16: Noise Floor of the Spectrum Analyzer

70 Noise Floor of the VNA
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Fig. 17: Noise floor of the VNA

APPENDIX B
MODEL SIMPLIFICATION

The original model for the common-mode pairs can be
found in Fig. 18. The mutual inductance and capacitance are
excluded from this, as the main point of interest is the tran-
sition from two pairs to the equivalent two single conductors.
It can be seen that the resistances can be substituted by their
equivalents as they are parallel to the ground.

R_balun Common-mode Pair

R ne balun

R_balun Common-mode Pair

Fig. 18: Model before additional simplifications
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