Uncertainties in coaxial cable transfer impedance
0. Abstract

The Electro-Magnetic Compatibility (EMC) design of aircraft and spacecraft has to consider the
shielding effectiveness of metal braids around wires and cable bundles. The EMC design is usually
supported by modelling and measurement of the transfer impedance of representative samples of
metal braids. In practice it turns out that results of modelling tools and measurements are not
always in good agreement, in particular for the higher frequencies in the MHz region. It appears that
both modelling tools and measurement methods are subject to uncertainties. The objective of the
present paper is to investigate these uncertainties. Therefore, a sensitivity analysis is applied to an
analytical transfer impedance model. Results indicate that the determination of the average height
between the carriers of a braided shield is a critical quantity to obtain accurate transfer-impedance
predictions at high frequencies. Moreover, a multi-conductor transmission line (MTL) model for the
line injection method as set-up for transfer impedance measurements is presented. This MTL model
is used to analyse the sensitivity of termination loads and permittivities, and to show the differences
in resonance effects on transfer impedance measurements caused by impedance mismatches and by
differences in propagation speeds inside and outside the coax under test. Finally, uncertainties in the
measurement set-up are discussed.

1. Introduction

In aerospace structures of aircraft and spacecraft a large number of avionic systems needs to be
installed which requires routing of many wires and cables. Electrical currents in wiring induce electric
and magnetic fields, which can cause electromagnetic interference, and degrade the performance of
avionic systems installed in aircraft and spacecraft. Furthermore, there are environmental threats
such as High Intensity Radiated Fields (HIRF), lightning and solar irradiance, which can disturb the
transmission of signals. In order to ensure the desired reception and transmission of signals, wires
and cables need to be shielded by metal braids. However, such shielding will certainly increase the
weight and costs of aerospace structures. Therefore, the Electro-Magnetic Compatibility (EMC)
design of aircraft and spacecraft has to consider the shielding effectiveness of metal braids in
relation to the weight of the braids.

The shielding effectiveness of braids is governed by the transfer impedance Z, of shields:
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where I, is the current flowing through the shield induced on its outer surface and 8V/62 is the
voltage per unit length on the inside of the shield. This concept was initially introduced by
Schelkunoff [1]. The transfer impedance is an intrinsic parameter whose value depends only on the
geometry and materials of the braid. It allows estimating the electromagnetic effect in the wires
inside the cable produced by an external field or, reciprocally, the radiation leaked from inside the
cable to the environment. A low Z; indicates few coupling between interior and exterior of the
shield, and therefore a good shielding against interfering electromagnetic fields.



For the design of metal braids many analytical models are available: Vance [2], [3], Tyni [4], Kley [5]
and Katakis [6]. These analytical models contain in general two components: a first part (Z,)
representing diffusion of electromagnetic energy through the metal braid, and a second part (jwM)
representing leakage of magnetic fields through the braid:

Z,=Z,+ jooM. (2)

Here U is the number of apertures per unit length and w the angular frequency. The diffusion
component Z; of the metal braid is governed by the DC resistance of the metal braid and diffusion of
waves through the wall of the cylindrical braid. The second term of (2) is governed by the
inductance of magnetic fields through the apertures in the metal braid. The inductance is a local
phenomenon. Expressions for this phenomenon are derived by considering the inductance through
a single aperture and then superimposing the contributions of all apertures. Hence, the interaction
of induced magnetic fields through neighbouring apertures is usually neglected. In general, the
inductance comprises three parts: hole inductance, braid inductance and skin inductance. For high
frequencies, the inductance dominates over the diffusion component and therefore the transfer
impedance will increase linearly with frequency.

The transfer impedance of samples of metal braids can be measured by the so-called line injection
method [7]. The measurement set-up is shown in Figure 1. The length of the samples is usually
limited to 1 or 2 meters. A picture of samples of which transfer impedance has been measured is
shown in Figure 2. These samples have also been discussed in [8]. Since the samples are of finite
length, resonances may occur in the measured results if the propagation speed in the injection line
is different from the speed in the sample or if the termination impedances of the measurement set-
up do not match with the characteristic impedances of the samples.
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Figure 1 Far-end measurement set-up according to EN 50289-1-6: 2002 [7]



Figure 2 Overviéw of manufactured samples

Both predicted and measured transfer impedances are sensitive to uncertainties. Possible sources
of such uncertainties in the modelling are inaccurate input data (for instance, the exact size of the
braid diameter or the wire diameter are not known) and imperfections in the computational model.
In the measurements uncertainties can be caused by the mismatch between the characteristic
impedance of the samples and the terminations impedances of the measurement set-up. As a
consequence, it might be difficult to compare transfer impedance results of analytical models and
measurements, specifically in the high-frequency region. However, comparison between simulation
and measurement results is necessary for correct validation of the analytical models for transfer
impedance. Therefore, in this paper such uncertainties in modelling and measurements are
investigated.

The transfer impedances of all metal braids shown in Figure 2 have been measured by the line-
injection method [7], and computed by the models as described in [9] and [10]. Results of
measurements and calculations have been compared. For some samples good agreement is
observed, while for other ones the correlation is poor. The objective of the present paper is to
estimate effects of variations of input data on the calculated transfer impedance and to estimate
the sensitivity of measured data with respect to mismatch between characteristic impedance and
terminations impedances of the measurement set-up.

2. Modelling
2.1 Analytical transfer impedance

In this section the analytical modelling of transfer impedance is concisely described. The metal
braids can be characterized by the following six parameters (see also Figure 3):

e Diameter D of the braid
e Number of carriers Cin the braid
e Number of wires N in a carrier

e Diameter d of a single wire



e Conductivity o of the wires (dimension S/m)

o Pitch angle (or weave angle) a of the braid

Figure 3 Characteristics of metal braid

Transfer impedance is then calculated by (2), of which the diffusion Z, is calculated by:
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The hole inductance M, as part of the inductance in (2) reads:
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with m the magnetic polarizability of a rhombic hole, which follows from:
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with v the dimensionless magnetic polarizability of a rhombic hole (see[3]), and S, is the area of a
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rhombic hole. Furthermore:
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The braid inductance M, is caused by the magnetic flux linkage between the inner and outer braid
spindles at the crossovers. Tyni (see [4]) calculates the braid inductance as follows:
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with /4 the average height between the carriers, which by Tyni’s model equals:
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with b the distance between two adjacent carriers, b= Nd(1-F)/ F .

The mathematical model described above has been implemented in a Matlab code, which will be
referred to in the following sections as BEATRICS [11] (BEtter Analysis of TRansfer Impedance of
Cable Shields). In [12] this BEATRICS analytical method was cross-validated against a numerical
method which solves the full set of Maxwell’s equations in an infinite periodic braided shield with all
its wires isolated from each other. The calculated transfer impedances of the analytical and
numerical method show good agreement, provided that the average height is calculated according
to the distribution of wires between the carriers.

Notice that the magnitude of the braid inductance is directly proportional to the average height h
between the carriers. In references [6],{13],[14] and [15] it has been emphasized that formula (9)
overestimates the average height and the contribution of the magnetic flux linkage. In references
[14] and [15] more accurate formulas for the calculation of the area between the inner and outer
braid spindles have been presented, which yield improved models for the contribution of the braid

inductance and better estimates for the average height h . For braids with high optical coverage the
improved model of [15] can be reduced to:

(1-tan” @) F sin 2a. (10)
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Comparison of (8) and (10) reveals that formula (10) predicts a lower contribution to braid
inductance: its magnitude is decreased by a factor £ sin 2« . When a new average height is
introduced:

f_zzszsinZa, (11)

then formula (10) becomes similar to Tyni’s formula (8) where his replaced by h.
2.2 Modelling of transfer impedance measurement methods

Analytical models of transfer impedance increase linearly with frequency once the inductance terms
start to dominate over the diffusion through the braid. These analytical models are independent of
the length of the coaxial cable. When measuring transfer impedance, this will always be performed
on a test sample of finite length. Therefore, impedance mismatches and differences in propagation



speeds will cause resonances in the measured results. Multiple publications show frequency validity
ranges for different measurement techniques [7], [8]. Moreover, [10] shows a way to simulate the
measured transfer impedance by multi-conductor transmission line (MTL) modelling. This method
includes resonance effects and is quickly adapted to for instance line injection or triaxial methods.

Figure 4 shows an illustration of the test section for the line injection method. The coax under test is
separated from an injection wire by a distance d. For an MTL model, the shield is chosen as
reference and has radius rs, while the two wires have radii r; and r». In the exterior of the coax, the
current on conductor 1 has its return path via the outside of the shield. In the interior, conductor 2
has its return current on the inside of the shield. Firstly, the multi-conductor transmission line has to
be characterised by per-unit-length-parameters and its terminations. The analytical per-unit-length
transfer impedance model BEATRICS is also included in these parameters. Thereafter, via MTL
simulations the measured transfer impedance can be computed, which can differ from the analytical
results in the high frequency area.

2.2.1 Per-unit-length parameters

Figure 4: lllustration of a model for the test section of the line injection method

The inductance, capacitance, resistance and conductance matrix contain all geometrical information
for the multi-conductor transmission line. Conductance is assumed to be zero, while for the rest
expressions are given in this section. Following Paul [16], the inductance and capacitance matrices
for the line injection method are given by:

L= L, 0 , C— Ho&o&, 0 L, (12)
0 1, 0 Hy&o&,;

where:
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Here the free space permittivity and permeability are given by &, and uy. Homogeneous media with
various permittivities can be modelled by changing €,; and €,., which correspond to the medium
interior and exterior to the coax shield, respectively.

Let the ohmic losses in the two wires be represented by R.; and R.,, while the transfer impedance of
the braided shield is given by Z;. Shield impedances, given by Z,; for the interior and Z, . for the
exterior, are estimated by the shield impedance of a solid copper shield found in [1]. These ohmic
losses and shield properties are all contained in the resistance matrix for the line injection method:

Rcl 0 Zsh e ZT

R= + ’ . (13)
0 Rc2 ZT Zsh,i

2.2.2 Termination circuits

Terminations of the interior and exterior transmission lines are shown in Figure 4. Here R; and R, are
the resistances at the end of the inner and outer transmission line, respectively. Terminations are
equal on both sides of the line, and they are represented in an impedance matrix by:

R 0
Z,=2,=2= ' | (14)

In measurements of transfer impedances the termination impedances are matched to the
characteristic impedance of the transmission line. Measurement equipment usually has 50 Q
impedance, and thus the interior and exterior transmission lines are designed with the same
characteristic impedances. However, in practice it is difficult to create a perfect impedance match.
Therefore, the termination resistances will be given by:

Re=5 lll/cll’ Rizﬂxllzz/czza (15)

where 6 and 8 are equal to 1 if the match is perfect. Mismatched terminations are introduced by
choosing one or both of these values unequal to the unit value.

Finally, the excitation of the exterior circuit will be enforced by a voltage source between injection
wire and the shield. Therefore, the vectors containing voltage sources at near and far-end side, Vs

1 0
Vo=l o Vi=| | (16)

2.2.3 Computation of measured transfer impedance

and V,, are equal to:

The definition of the transmission line properties in the previous section allows simulating the multi-
conductor transmission line voltages and currents. Therefore, the following equations need to be
solved [16]:
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Here the voltages of the injection wire and the coaxial wire at the near and far-end side are
contained in the vectors Vo and V|, respectively. Corresponding currents are given by Iy and I,.
Finally, the ® matrices are the chain parameter matrices. These govern the evolution of voltages and
currents along the length of the transmission lines, and carry all per-unit-length information and all
propagation effects. Once (17) has been solved for the currents and voltages in all conductors, the
transfer impedance can be computed. Measured transfer impedance is derived from the measured
voltage, either near or far-end, divided by the injection current:

Zy = 2Vo,z /flo,l > Ly = 2VL,2/UO,| . (18)

Here for example for V,, the subscripts imply that this is the second entry of the vector V,.

Taking into account all propagation effects as well as impedance mismatches, the computed transfer
impedance from (18) will differ from analytical transfer impedance just as real measurements will.
That is, resonances will occur in the high frequency area. Moreover, it is well-known that near and
far-end measured transfer impedance will also be different. In section 3.2 the introduced MTL model
for the line injection method will be used to investigate sensitivities of measured crosstalk to for
instance mismatches and different media interior and exterior to the coax shield.

2.3 Sensitivity coefficient

The sensitivity of transfer impedance with respect to a certain model parameter is a measure for the
amount of change in output when the input changes. Sensitivity is therefore always computed for
one parameter, while all others are fixed. A normal distribution with given mean p, and standard
deviation o, will be assumed for this random variable X. To obtain sensitivity values the statistical
moments of the resulting transfer impedance are required. Therefore, statistical analysis is

performed, which leads to N simulation results for N sample values of X. The mean £, and standard

deviation &y of these simulation results are computed.

Finally, the sensitivity of measured transfer impedance with respect to a model parameter is
computed by the ratio of Coefficients of Variation (COV) for input and output. This is defined as:

corv o /1
Sensitivity = ouput — y//ly (19)

COV;nput Gx//ux .

In this way, the sensitivity is a ratio of normalized standard deviations for output (transfer
impedance) and input (the uncertain parameter).



3. Theoretical sensitivity analysis

3.1 BEATRICS sensitivity analysis

Sources for uncertainties in analytic transfer impedance models like BEATRICS can be inaccurate
input data and imperfections in the computational model. First, we consider uncertainties in the
input parameters. A set of 19 samples has been analysed, of which the geometrical parameters are
given in Table 1. The conductivity of the metal braids of Table 1is =4.12 107"

Table 1 Overview of geometrical details of metal braids

Sample | D (mm) d (mm) | N C a ()
1 6 0.202 6 24 25
2 6 0.202 6 24 32
3 6 0.202 5 24 38
4 6 0.202 5 24 41
5 6 0.202 5 24 45
6 6 0.16 7 24 32
7 6 0.16 7 24 35
8 6 0.16 7 24 38
9 6 0.16 6 24 41
10 6 0.16 6 24 45
11 8 0.202 6 32 32
12 8 0.202 5 32 35
13 8 0.202 5 32 38
14 12 0.202 8 32 32
15 12 0.202 8 32 35
16 12 0.202 7 32 41
17 12 0.202 7 32 45
18 12 0.16 7 48 32
19 12 0.16 6 48 35

The sensitivities of the resistance Ry, the hole inductance M, and the braid inductance M, were
calculated with respect to uncertainties in the input parameters d (thickness of the wires), the
diameter D of the braid and the weave angle a. To this end, the values of these parameters were
assumed to be normally distributed. The mean values of the three parameters were determined by
the prescribed values of the test set of 19 metal braids given in Table 1.

For the thickness d and the braid diameter D the standard deviation s was assumed to be 5%. For the
weave angle the standard deviation was taken to be 2%. In total 200 samples for the input

parameters were taken from a normal /\/(ﬂ,sz) population. By applying the analytical relations (4)

, (5) and (8) corresponding outputs for resistance Ry, hole inductance M, and braid inductance M,
are computed. From this the standard deviations of these output parameters can be obtained. The
sensitivity was estimated by the ratio of the calculated standard deviations of the output and input
parameters. The resulting sensitivity coefficients of Ry, M, and M, with respect to the wire diameter,
braid diameter and weave angle are shown in Table 2, averaged for all 19 samples of Table 1.



Table 2 Sensitivity coefficients of DC resistance, hole inductance and braid inductance for errors in wire diameter, shield
diameter and weave angle

Sensitivity R M M
coefficient 0 § b

d 2 14.6 3.5
D 0 13.3 3.7
a 0.5 6.1 2.5

These sensitivity coefficients have been used to estimate the total simulation uncertainty due to
uncertainty in the input parameters. The simulation uncertainty for DC resistance is given in Table 3.
This uncertainty is about twice the uncertainty in the wire diameter. The uncertainty for the hole
inductance is shown in Table 4. This value is about 20 times as large as the uncertainty in wire
diameter and braid diameter, caused by the high sensitivity for these parameters observed from
Table 2.

Table 3 Simulation uncertainty of DC resistance (low frequency Z,)

Source Quantity Value/range |Unit |Uncertainty Unit | Probability Standard uncertainty |Unit |Sensitivity Uncertainty Unit
distribution coefficient contribution
d wire diameter 2.00E-04[ m 5.00f %|normal (k=2) 250 % 2.00 5.000 %
sigma conductivity 4.00E+07| S 5.00| %|normal (k=2) 250 % 1.00| 250 %
alpha weave angle 4.00E+01| deg 2.00| %]|normal (k=2) 1.00] % 0.50 0.50] %
deltaT/ T combined standard uncertainty (k=1) 5.61|%
combined expanded uncertainty (k=2) 11.22|%
Table 4 Simulation uncertainty of hole inductance (high frequency Z,).
Source Quantity Value/range |Unit |Uncertainty Unit | Probability Standard uncertainty [Unit |Sensitivity Uncertainty Unit
distribution coefficient contribution
d wire diameter 2.00E-04] m 5.00| %|normal (k=2) 250 % 14.00] 35.00 %
D braid diameter 1.00E-02] m 5.00] %|normal (k=2) 250 % 13.00 32.50] %
alpha weave angle 4.00E+01| deg 2.00[ %|normal (k=2) 1.00] % 6.10 6.10] %
deltaT/ T combined standard uncertainty (k=1) 48.15|%
combined expanded uncertainty (k=2) 96.30|%

The main imperfection of the BEATRICS computational model is the inaccurate description of the

average height h between the carriers of a braid. In equation (9) this average height only depends
on the wire diameter d and the distance b between adjacent carriers. The dependence of the
transfer impedance on the average height is shown in Figure 5a and Figure 5b for test samples 3 and
11, respectively. The height is varied between 0.1d and d. As expected, the simulations show that
the transfer impedances increase with 20 dB per decade with respect to frequency. This increase is
compared with the increase of the measured level at intermediate frequencies. For sample 3 the
best fit with measurements is obtained for an average height of approximately 0.3d. For this sample
the average heights calculated by formulas (9) and (11) are 0.8d and 0.6d, respectively. Hence, for
this sample the average height as calculated by (9) or (11) is still overestimated, which results in too
high values of the transfer impedance as is shown by Figure 5a. As can be observed from Figure 5b

the best fit for sample 11 is obtained for h~d .Forthis sample the average heights by formulas (9)
and (11) are 1.0d and 0.8d, respectively. Thus, for this sample Tyni’s formula (9) predicts the correct




average height, while formula (11) underestimates the average height. Since the braid inductance is
directly proportional to the height, the inductance is 10 times as high for h=d than for h=0.1d.
Therefore, it is the large uncertainty in h itself causing poor predictions of transfer impedance, and
not the sensitivity of the braid inductance for variations in h.

The variation in //d across all measured test samples is shown in Figure 6. The values in this figure
have been calculated by equations (9) and (11), and by a more advanced expression for the average
height that was proposed in [6] and [11]. However, as observed from the best fits in Figure 5a and
Figure 5b, the expressions for the average height are still not accurate enough to provide estimates
for transfer induction that are in very good agreement with measured results.
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Figure 5 Dependence on average height for a) Transfer impedance of sample 3; b) Transfer impedance of sample 11;
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Figure 6 Average height h scaled by d, as calculated by Eq. (9), Eq. (11) and by Katakis [6] for all samples of Table 1

For samples 3 and 11 the transfer impedance has been computed by the BEATRICS method as
presented in section 2.1, by Tyni’s method (see [4]) and by the method of Wang [15]. The outcome
of the calculations is compared with data of measurements in Figure 7. It can be observed that the
computational models predict for sample 3 too much transfer impedance, as could be expected
from the above analysis. For sample 11 a fair comparison is observed between computations and



measurements. Moreover, it can be observed that the outcome of BEATRICS and Tyni’s method is
comparable for such braid samples.

Sample nr.3 100 i Samplg nr.11

Beatrics Bea.trics

Tyni Tyni

Wang Wang
Measurements Measurements
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Figure 7: Comparison for two different braid samples between measured transfer impedance, and transfer impedance
computed by three different models

From the above analysis it can be concluded that the magnitude of the average height between the
carriers strongly determines the value of the transfer impedance at high frequencies. For the design
of braids it is therefore recommended to take into account this lack of accuracy. This can be done by
considering plus and minus 50 % of the braid inductance, i.e. by multiplying the outcome of (9) by
either a factor 0.5 or 1.5. Hence the average height is decreased by 50% and increased by 50%. The
results of the transfer impedance calculations are shown in Figure 8. It can be observed that the
measured data is more or less in between the bounds of the calculated transfer impedances.
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Figure 8: Comparison for two different braid samples between measured transfer impedance, and BEATRICS transfer
impedance for three different average heights

The total uncertainty in the braid inductance due to the uncertainty in input parameters is shown in
Table 5. The total uncertainty in braid inductance, just as that in hole inductance, is more or less
proportional to the uncertainty in the height between the carriers.



Table 5 Simulation uncertainty of braid inductance (high frequency Z,)

Source Quantity Value/range |Unit |Uncertainty Unit | Probability Standard uncertainty [Unit | Sensitivity Uncertainty Unit
distribution coefficient contribution
h braid distance 1.00E-04] m 50.00{ %|normal (k=2) 25.000 % 1.00 25.001 %
D braid diameter 1.00E-02] m 5.00[ %|normal (k=2) 250 % 3.70 9.25| %
alpha weave angle 4.00E+01| deg 2.00| %|normal (k=2) 1.00] % 2.50 2501 %
deltaT/ T combined standard uncertainty (k=1) 26.77|%
combined expanded uncertainty (k=2) 53.55(%

3.2 Sensitivity analysis by MTL simulation

Besides analysing analytical expressions to derive parameter sensitivities, also MTL simulations can
be utilized for a sensitivity analysis. Therefore, multiple run simulations are used for the parameter
under analysis, from which sensitivity can be determined.

Consider the line injection method of which the MTL model was introduced in section 2.2. The
transmission lines interior and exterior to the coax both have a relative permittivity of 2.5.
Therefore, the inner coax is filled with a certain dielectric. Moreover, the injection wire is placed
against the coax separated by only dielectric insulation of the same material. The radius of the
conductor shield equals rs = 3 mm, while the wire radii are r; =0.511 mm and r, = 0.8 mm. The
separation between centre of coax and centre of injection wire equals d = 4.011 mm and the length
of the test sectionis (=1 m.

Sensitivity is investigated with respect to material properties of inner and outer transmission line, as
well as terminations of both lines. Stochastic Reduced Order Models (SROM) are used to efficiently
determine the statistics [17]. This is a multiple run algorithm, like Monte Carlo, though the sample
values for the random variables are determined as an optimal SROM, by which the number of
simulations necessary to obtain converged statistics can be reduced. The optimal SROM is
determined by a pattern classification algorithm. For sensitivity analysis only one parameter is
varied, which implies that 10 simulations would be sufficient for statistical analysis. In our analysis
we have used 16 simulations for the computation of sensitivity. Each simulation leads to a simulated
transfer impedance result, and all 16 results are then used to compute the mean and standard
deviation (for details, see [17]). From these two quantities, the sensitivity can be computed by using
(29).

In the next subsections the sensitivity with respect to termination impedances and permittivities is
discussed. Only far-end measured transfer impedance is given, as this is more frequently used than
near-end measurements. In all simulations, the input transfer impedance is generated by the
BEATRICS model, and is plotted in Figure 9.
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Figure 9: Input transfer impedance for MTL sensitivity analysis

3.2.1 Termination impedances

Firstly, sensitivity with respect to the termination impedances is analysed. Therefore, material
properties and all geometrical properties are fixed to the previously given values. The parameters
and B8 are both assumed to be normally distributed with mean equal to 1 and standard deviation 0.1.

Figure 10 shows both sensitivity and transfer impedance statistics for variations in 8 (and 6 fixed to
1), which governs impedance mismatches in the internal transmission line. As expected, for low
frequencies there is no influence of mismatches to measured transfer impedance. Only for higher
frequencies, where the resonances start to occur, there is an effect of impedance mismatch.
However, for mismatches with standard deviation of 10% of the characteristic impedance of the
interior line, the influence is still small, as is observed from Figure 10b. For 8 > 1 the measured
transfer impedance will be slightly larger than the analytical value, and for 8 < 1 results will be

smaller.
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Figure 10: a) (left) Sensitivity with respect to 8 and b) Transfer impedance statistics for variations in 8

Figure 11 shows the sensitivity with respect to the exterior line terminations. That is, the parameter
6 has been varied and 8 is fixed to one to obtain these results. Again, for low frequencies the
sensitivity is negligible, but for high frequencies these termination impedances do have influence to



the measured transfer impedance. As opposed to the interior terminations, a deviation from the
exterior characteristic impedance causes fluctuations of the measured result around the analytical
transfer impedance, while the slope of the trend with respect to frequency is not affected.
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Figure 11: a) (left) Sensitivity with respect to 6 and b) Transfer impedance statistics for variations in 6

3.2.2 Permittivities

Secondly, sensitivity with respect to material properties is investigated. Therefore, the termination
impedances are now fixed to (15) with 6 = 8 = 1. The interior and exterior relative permittivities are
varied one at the time. Figure 12 gives sensitivity and statistic results for the case in which the
interior material is changed. Clearly, at the point where impedance mismatches and differences in
propagation speeds start to have influence the sensitivity is comparable to that in Figure 10. Indeed,
changing the permittivity also causes a small impedance mismatch. Though eventually the difference
in propagation speeds causes a start of a resonance (see Figure 12b), which makes the increase in
sensitivity larger.

Indeed, from theory it is known that the first resonance in measured transfer impedance occurs at
[8]:

1
fo=———- (20)

—1 -1
‘v, -V, ‘ﬁ

Here v; and v, are the propagation speeds outside and inside the coaxial cable, respectively. Clearly,
when these are equal, there will be no resonance. Moreover, the greater the difference, the earlier a
resonance will occur.
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Figure 12: a) (left) Sensitivity with respect to £,; and b) Transfer impedance statistics for variations in &,;

The sensitivity with respect to exterior permittivity is similar to that shown in Figure 12. However,
sensitivities with respect to permittivities become larger when the initial materials are unequal. In
Figure 12 the average permittivities of interior and exterior are equal. Figure 13 shows multiple
SROM simulations where €,; is varied with mean 2.5, while €, is fixed to 1.5. Clearly, by the mismatch
a resonance is present at lower frequency, and varying the interior permittivity changes the position
of this resonance. This agrees with (20) and causes the sensitivity to increase to nearly 10 at 1 GHz.
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Figure 13: SROM simulations and transfer impedance input (black) for variation in g,; around 2.5, and ¢,, = 1.5

Summarizing, Table 6 gives the sensitivity in MTL simulations of measured transfer impedance with
respect to the four parameters that were investigated. These values are all for a frequency of 1 GHz.
Clearly, the measurement results are more sensitive to a deviation in permittivity of material than
they are for a change in termination impedance relative to characteristic impedance.

Table 6: Sensitivities of transfer impedance at a frequency of 1 GHz

Parameter Transmission line Sensitivity

Termination impedance Interior 0.50
Exterior 0.43

Permittivity Interior 1.31

Exterior 1.31




4. Uncertainties in measurements

As mentioned in the previous sections, several methods exist to determine the transfer impedance
of metal braids (shields) by measurement: e.g. line injection method or tri-axial method. Each of
these methods has its advantages and disadvantages with respect to the frequency range, the
accuracy and the practical use. The line-injection method is often used because it can be used up to
higher frequencies than the tri-axial method and because it is easier to implement in the case of
existing cables (with connectors).

The transfer impedance is a property of the metal braid only. However, in order to measure this
transfer impedance, the shield has to be part of a coaxial cable. The metal braid itself has a certain
(intended) diameter. In order to avoid any impedance mismatches during the measurement, a
coaxial cable has to be made, with the metal braid as shield, which has a characteristic impedance
matching that of the measurement equipment (50 Q). In order to have a 50 Q characteristic
impedance, an inner wire with a proper diameter and an inner dielectric with proper permittivity
have to be chosen. After fabrication of the coaxial cable, the characteristic impedance of the cable
can be checked by using a vector network analyser.

For the transfer impedance measurement a current has to be injected on the shield of the coaxial
cable. The injection circuit that is used for the current injection is an insulated wire close to the
shield of the coaxial cable. This insulated wire, together with the shield, constitutes a wire pair with
two wires with different diameters. The characteristic impedance of this circuit depends on the wire
diameters and on the (average) permittivity of the insulation of the injection wire and the
surrounding air. These parameters are selected in a way that also here the characteristic impedance
is as close as possible to 50 Q. This requires a proper selection of the inner conductor radius and the
permittivity of the dielectric between shield and inner conductor. If air is used as dielectric small
discs should be used to keep the inner conductor at the centre of the sample. This could influence
the permittivity slightly.

As mentioned in the sensitivity analysis, it is also important that the permittivity of the injection
circuit (the wire pair) and the permittivity of the coaxial cable (with the metal braid) have a similar
value. If this is not the case, resonances may appear in the higher frequency range.

The measurement set-up for the far-end is given in Figure 1. The far-end measurement provides
reliable results up to a higher frequency than the near-end measurement [7], [8]. A generator is
connected to one side of the injection circuit. A measurement receiver is connected to the far-end of
the cable under test. The injection circuit and the cable under test are both terminated with a 50 Q
impedance on the side that is not connected to the generator or the measurement receiver. In this
case the value of the transfer impedance of the shield under test is determined by the ratio of the
voltage measured at the far-end of the coaxial cable (V,,,) and the voltage at the near-end of the
injection circuit (V) [7] (assuming the length of the test section to be 1 m):

Z =100"x. (21)
V

g

This (simplified) equation assumes that the capacitive coupling can be neglected because the metal
braid has a high optical coverage. For loose single braided cables, capacitive coupling cannot be



neglected. The factor 100 is related to two times the load impedance of the injection circuit (50 Q).
The insertion loss of the measurement cable to the receiver has to be measured and compensated
for. Because the shield may not be homogeneous around its circumference, the injection wire is best
attached at 4 different positions along the shield (separated by 90°).

From (21) it can be concluded that if the cables are perfectly matched in impedance and the
permittivity of both circuits is equal, the uncertainty is mainly determined by the uncertainty in the
measurement receiver. If for instance the uncertainty in the amplitude measurement of V,, or V, is
0.6 dB (10), the total uncertainty in the transfer impedance measurement (Zt) is 0.85 dB (10) [18]. In
the frequency range where resonances due to impedance or permittivity mismatch do not occur yet,
the uncertainty of the measurement receiver is the dominant factor in the total uncertainty. In the
resonance range, the mismatches may have a larger influence than the uncertainty of the receiver.

5. Conclusions

An analysis of uncertainties in transfer impedance measurements and simulations has been
presented. A sensitivity analysis was performed on an analytical model for the prediction of transfer
impedance. The results showed that the resistive, low-frequency transfer impedance can be
estimated well. The transfer inductance, dominating in the high-frequency region, contains large
uncertainties. These are partially caused by uncertainties in the input parameters, of which the
average height between the carriers of a braid is most sensitive. Estimations of this height based on
the available models are shown to deviate up to a factor 10, which directly affects the estimated
hole and braid inductance with similar factors. In practice, reasonable prediction bounds for the
high-frequency transfer impedance can be obtained by taking 50% margins on the computed
average height.

Moreover, multi-conductor transmission line models for the measurement set-up of transfer
impedance have been presented. Results of sensitivity analyses with these models indicate
differences between effects of impedance mismatches versus differences in propagation speeds
inside and outside the coax. The first causes the measured transfer impedance to deviate slightly
from the theoretical transfer impedance. However, the increasing trend caused by transfer
inductance is still present, which makes estimation of inductance terms still possible. On the other
hand, the differences in propagation speeds cause clearer resonances and higher sensitivities,
complicating the estimation of transfer inductance. Therefore, in transfer impedance measurements
like the line injection method it would be best to closely match the permittivity inside and outside of
the braided shield.

Finally, also the measurement set-up causes uncertainties in transfer impedance measurements. For
the measurement of transfer impedance attempts are made to match termination impedances to
the characteristic impedance of the coaxial cable. The same holds for equal permittivities inside and
outside of the coax. For instance, the insulation material of the injection wire could also be used to
fill the coaxial cable. In that case, when pressing the injection wire to the cable shield, the effective
permittivity of the outer circuit will be close to that of the interior circuit. In practice however, both
the permittivity and the mismatch requirements are not easy to meet exactly, which causes
uncertainties in the measurement set-up. Moreover, inhomogeneity of the shield around its
circumference implies uncertainties in measured results, as well as uncertainties in the



measurement equipment. The latter are only dominant in the low-frequency results, where

resonances are not present.
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