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Plotting the individual components is shown in Fig. 11.
Adding the pulses gives the solution for V 10, t 2  shown in 

Fig. 12.
All of the results of the above examples were validated us-

ing the PSPICE circuit analysis computer program. Use of 
the exact lossless transmission line model in PSPICE for more 
complicated lossless transmission-line problems is highly rec-
ommended [1].
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Introduction
In our previous paper [1] we described the setup for the mea-
surement of the transfer impedance of shielded coaxial cables. 
We demonstrated that the conventional triaxial setup does 
not allow to reach frequencies higher than 100 MHz, mainly 
due to the onset of propagation phenomena. In fact, for a 
cable sample of 1 m in length, the maximum frequency 
attainable by means of a measurement of the near-end cross-
talk voltage does not exceed 30 MHz. On the other hand, if 
we measure the far-end crosstalk voltage, the maximum 
attainable frequency can grow up to 100 MHz. However, the 
technology of the transfer impedance bench setup must be 
modified, in order to be able to explore the bandwidth 
between 100 MHz and 1 GHz.

It is a known fact that the accuracy produced by a purely com-
putational compensation of propagation phenomena is not ac-
ceptable; hence, a more rational approach to the reduction of the 
propagation effects is the reduction of the physical length of the 
sample under test. The rule of proportionality with wavelength 
teaches us that we need to reduce the dimension by a factor of 

10 (i.e., adopt samples of 10 cm), in order to reliably measure up 
to 1 GHz, without being affected by propagation. On the other 
hand, at higher frequencies, mismatches of the perturbation line 
tend to amplify, especially at the line extremities where the signal 
source and the matched load are connected. The consequence of 
such defects is to produce an uncertain estimate of the perturba-
tion current, which–in turn–results in a non-negligible error of 
the transfer impedance estimate. All the above reasons call for an 
adjustment of the technology of the transfer impedance bench 
setup to the extension of the frequency range [2], [3].

The first Section of this article concerns the description of 
two transfer impedance setups, whose configurations have been 
devised in particular for reducing the mismatch defects for cable 
samples of 10 cm in length. We first describe the wire injection 
method, the construction principle of which resides in a pertur-
bation line made by a thin ribbon conductor glued on the cable 
insulating jacket. Then we introduce the shield discontinuity 
method, by which the sample under test represents the inner 
conductor of a coaxial cavity terminated by a short circuit. The 
second Section deals with the calibration of the above setups by 
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means of samples made by a coaxial homogeneous tube with 
one or more apertures. We will compute the transfer inductance 
of these samples with the aim of determining their transfer im-
pedance in the frequency range 100 MHz–1 GHz. The third 
Section presents measurement results obtained for a calibration 
sample with one aperture, and for a 10-cm long cable with a 
braided shield.

Improvement of the Measurement  
Setups for High Frequency Range
Ignoring propagation phenomena, the transfer impedance is 
generally directly proportional to the ratio between the meas-
ured voltage VcM at the end of the sample under test and the 
current Im, injected into the cable shield with length L0, i.e.,

 ZtM 5
2

L0

 
VcM

Im

 (1)

Since, as we mentioned, several imperfections introduced by 
the injection current measurement are due to propagation phe-
nomena, we can easily correct them using expressions found in 
[1] which include the contribution of the propagation phenom-
ena. Theoretically, the transfer impedance Zt can be obtained by 
means of the following expression, if the near-end crosstalk 
voltage is used in (1),

 Zt 5
ZtM

F0 1v, L0 2
 (2)

while an alternate expression for the transfer impedance Zt is 
needed, if far-end crosstalk voltage measurements are employed:

 Zt 5
ZtM

FL0
1v, L0 2

 (3)

In practice, these corrections are only usable for frequencies 
situated below the first zero of the denominator functions in (2) 
and (3). The functions F0(v, L0) and FL0 (v, L0) as appearing at 
denominators in equations (2) and (3) are developed in [1], 
these fall to zero at the following frequencies fn and fp :

 F0 1vn, L0 2 5 0 S  fn 5
n

a 1
v1

1
1
v2
bL0

 (4)

 FL0
1vp, L0 2 5 0 S  fp 5

p

` 1v1
2

1
v2
` L0

 (5)

We can notice in these formulas that the parameters v1 and v2 
correspond to the speeds of the currents and voltages in the 
disturbing line and the coaxial cable respectively. 

As an example, let us consider a triaxial setup, the length of 
which is L0 5 1 m and the propagation velocities compared to 
the speed of light are v1 5 0.8 c, and v2 5 0.6 c. The first (n 5 
1) near-end voltage zero appears at f1 5 102 MHz, and the first 
(p 5 1) far-end voltage zero at f1 5 720 MHz. Since the mea-
sured voltage “minimum” is not exactly a “zero” (as predicted 
by (4) and (5)), the correction in proximity of these frequencies 
will be affected by a significant error. 

This method is therefore not really usable in this example for 
frequencies lower than 50 MHz; however, the limit of this cor-
rection can be extended to 300 MHz if we use far-end voltage.

To obtain measurements usable up to 1 GHz, it is essential 
to reduce the dimensions L0 of the sample, in order to avoid 
high-frequency propagation phenomena. Thus, a 10-cm test 
sample brings the near-end voltage limit to 500 MHz, and to 
3 GHz for far-end voltage. However, it should be mentioned 
that the previously-described triaxial setup is not recommended 
for samples of small dimensions. Moreover, leakage localized at 
sample cable terminations leads to additional errors (some spe-
cific arrangements involved by use of sample with 10 cm small 
dimension was necessary for reaching reliable measurements). 
The following is dedicated to the description of measurement 
setups with the so called wire injection and shield discontinuity 
methods, that are more suitable for high frequencies than clas-
sical triaxial arrangements.

Measurement Setup  
with Wire Injection Method
Fig. 1 shows the longitudinal section of an impedance measure-
ments bench based on the wire injection method.

The perturbing line consists of a conductor of length L0 tied 
to the external insulating sheath of the cable under test. Fig. 2 
represents a transverse section localized in the median part of 
the measurement device. The width of the self-sticky metallic 
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Fig. 1. Description of the wire injection setup.
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strap is determined so that the characteristic impedance of the 
relevant transmission line is 50 W. A high-frequency source is 
connected to this input line through a coaxial cable of charac-
teristic impedance 50 W.

A second coaxial connection, symmetrical to the previ-
ous one, connects the line extremity with the 50 W matched 
 impedance.

Like in the classic triaxial setup, the injection wire con-
nected with the source voltage produces an electromagnetic ra-
diation in proximity of the measurements bench. It is therefore 
essential to protect the passive terminations of the sample with 
additional shielding. This involves homogeneous copper (or tin) 
pipes providing a uniform electric contact with the shield pe-
riphery, situated at the ends of the perturbed zone. Far-end volt-
age is measured by means of a spectrum analyser connected to 
the end of the cable under test, opposite to the injection point; 
the other end of the cable is terminated on a matched load.

This measurement technique allows for the continuous ex-
ploration of frequencies from about 1 kHz to 1 or 2 GHz. As 
pointed out above, the sensitivity of this method is limited by 
the wire radiation, and in order to reach transfer impedance val-
ues below 100 mW/m we need to adopt the special precautions 
described in reference [1]. 

Contrary to the triaxial setup, the current distribution in 
the transverse section of the shield under test is not exactly uni-
form. Therefore, the measured transfer impedance will depend 
on the angular position of the wire. This phenomenon is partic-
ularly visible when the shield structure departs from a perfectly 
cylindrical shape. For instance, Fig. 3 shows a homogeneous 
shield with a defective coverage, constituted by a slit placed on 
the cylinder generatrix.

Fig. 4 shows the current density throughout the cross section 
of the sample either for: (a) a uniform distribution in the triax-
ial setup, or for (b) a nonuniform variation realized by means of 
the injection wire placed in front of the slit, or (c) opposed to it. 
The shadowed circles under the slit indicate the relative inten-
sity of the magnetic field leakage, which, of course, reaches its 
maximum in the disposition (b) and has its minimum in dispo-
sition (c). Consequently, we appreciate that the test performed 
with the triaxial setup reproduces a global transfer impedance, 
that can be found in this second method by means of an average 
of the measurements realized placing the coupling wire at four 
test points of the cross-section separated by 90 degrees.

Triaxial Setup with Shield  
Discontinuity Method
This technique uses resonance properties of a triaxial setup 
constituted by a short-circuited perturbing line; Fig. 5 shows a 
longitudinal cross-section of such setup.

The sample cable is placed inside metallic pipes which create 
the central conductor of a coaxial cavity; such pipes also have a 
complementary shielding function. In fact, the sample is inter-
rupted in the middle for a short distance L0 that represents a 
“discontinuity”. With this procedure, we partially expose the 
shielded cable under test to the perturbing current produced 
by a high-frequency source connected at the cavity input. The 
equivalent circuit shown in Fig. 6 helps in describing the meas-
urement setup working principle.

The perturbing line, short-circuited at one end, is therefore 
powered by the high frequency voltage source E0 with internal 
impedance Z0, generating a current distribution I1(z) and a volt-
age distribution V1(z). The hatched region indicates the part of 
the shield really exposed to the perturbing current  indicated in 

Insulating
Jacket

Injection Wire

Shield
Under Test

w

Fig. 2. View of the cross section of the cable under test show-
ing the location of the injection wire.

Homogeneous
Shield

Slit

ous

Fig. 3. Cable shield configuration with a slit.

Outer Copper Tube of
the Triaxial Setup Injection Wire

Injection
Wire

p

n

(c)(b)(a)

Fig. 4. Various conditions of the magnetic field leakage 
depending of the current density distribution throughout 
the cable shield cross section. (a) Current density with uni-
form distribution. (b) Current density increased near the 
location of the shield slit. (c) Current density increased at 
the opposite side of the shield slit.

Attenuator
20 dB

Current
Probe

Insulating
Spacers

RF Source
Coaxial Cavity

Receiver

Copper Tube
Short
CircuitFixations

L0

Fig. 5. Description of the setup named shield discontinuity 
method.



45©2011 IEEE

this point by IS(z). The discontinuity is preferably placed in the 
median part of the line (i.e., at z = L1/2), where the parameter 
L1 represents the cavity longitudinal dimension.

The transverse dimension of the perturbing line is chosen 
to produce a characteristic impedance Zc1 close to 50 W, and 
the spacers have a slight influence on the electromagnetic field 
configuration. We assume that the propagation constant g1 in 
the cavity is close to the value in air, that is:

 g1 5 jk > j 

v

c
 (6)

An additional simplification assumes that the geometrical tran-
sition at the discontinuity does not modify the local character-
istic impedance. Under the above hypotheses, a simple 
analytical expression for I1(z) is derived:

 I1 1z 2 5 I0cos 3k 1L1 2 z 2 4 (7)

where the amplitude I0 becomes

 I0 5
E0

Z0cos 1kL1 2 1 j Zc1sin 1kL1 2
 (8)

The measurement principle exploits the current behaviour IS(z) 
observed at the cavity resonance. The following numerical exam-
ple should clarify these phenomena. A coaxial cavity has a longi-
tudinal dimension L1 5 70 cm and a characteristic impedance Zc1 
5 50 W; the propagation velocity of the TEM mode is v1 5 c. The 
source can be connected to the line in two different configurations:
1) Matched source (without attenuator) with voltage amplitude 

E0 5 10 V and impedance Z0 5 Zc1 5 50 V
2) Sources with a 20 dB attenuator and voltage amplitude E0 5 

1 V and impedance Z0 5 Zc1 5 5 V
Fig. 7 shows the current computed in the median part of the 

cavity I1(L1/2) as a function of frequency. The thin line repre-
sents the simulation obtained with the matched source, while 
the thick line refers to the current with the insertion of a 20 dB 
attenuator between matched source and cavity input.

This theoretical result suggests that the current graph can 
be subdivided into three different regions. The low frequen-
cies region spreads from 10 kHz to 30 MHz; here, the transfer 
impedance can be directly determined by the ratio between the 
voltage collected at the end of the sample and the current mea-
sured at the cavity input. The middle frequencies region covers 
in this example the range between 30 MHz and 150 MHz: here, 
the correct evaluation of the transfer impedance needs a math-
ematical correction. The high frequencies region, situated be-
tween 150 MHz and 3 GHz, allows the direct measurement of 

the transfer impedance: this is done at the particular frequencies 
imposed by longitudinal cavity resonances, i.e. for the specific 
frequencies fn  given by the following condition:

 cosak 

L1

2
b 5 61 S  fn 5 n 

c

L1

 (9)

For the example considered above, such frequencies assume the 
values of 428 MHz, 857 MHz, 1.3 GHz, 1.7 GHz, 2 GHz,  
2.5 GHz, etc. Considering the cavity transverse dimensions 
(usually in the range of 7–8 cm), the exploitation of frequencies 
above 3 GHz is not advisable, due to the errors introduced by 
the excitation of TE and TM modes in the cavity.

A zoom of Fig. 8 between 100 MHz and 3 GHz shows de-
tails about resonance selectivity. 

We can see that a matched source produces broad resonances 
because of the high damping of the circuit. We can reduce this 
phenomenon by reducing the source output impedance through 
the interposition of an attenuator, that also helps protecting the 
radio frequency generator from the overload produced by the 
wide range of impedance variations at the cavity input.

It can be shown that in the high frequencies region, the 
transfer impedance can be evaluated by the voltage-current ra-
tio at the resonances, i.e.

 0Zt 0 > 2

L0
` V2 1L0 2
I1 1L1/2 2 ` f5fn

 (10)
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Current I1(L1/2) cannot be evaluated in the central part of the 
sample; hence, its indirect evaluation can be realized by means 
of a current sensor placed at the cavity input. For the previous 
example, the curves of Fig. 9 compare the currents computed at 
the median point and at the input of the sample.

For low frequencies between 10 kHz and 30 MHz, the two 
current values are identical, and a similar observation applies 
for resonance peaks at high frequencies. However, at interme-
diate frequencies between 30 MHz and 100 MHz, significant 
differences are observed and predictions require the application 
of a correction factor.

To evaluate the voltage V2(L1), we can use the longitudinal 
coordinates shift shown in Fig. 10. 

The new coordinate v is defined as

 v 5 z 2
L1 2 L0

2
 (11)

At resonance frequencies, the shield current IBn(v) takes the 
expression:

 ISn 1v 2 5 I0ncos 1knv 2  (12)

where the current amplitude is virtually independent of the 
resonance order, i.e.

 I0n 5
E0

Z0

 (13)

The voltage generated at the sample end in presence of reso-
nances is then expressed by the following integral:

 V2 1L1 2 5 121 2 n1
2

Zt 
I0n e2g2L1/2 3

L0/2

2L0/2

ch 1g1v 2  e2g2vdv (14)

This integral produces a correction function Fn(wn,L0) to be 
applied to the voltage determined at low frequencies:

 V2 1L1 2 5 121 2 n1
2

Zt 
I0n L0Fn 1vn, L0 2  (15)

where the factor Fn(wn, L0) takes the following analytical 
form:

Fn 1vn, L0 2 5
1

2
 

sh c 1g1 1 g2 2
L0

2
d

1g1 1 g2 2
L0

2

 e2g2L1/2

 1
1

2
 

sh c 1g1 2 g2 2
L0

2
d

1g1 2 g2 2
L0

2

 e2g2L1/2 (16)

Using the previous numerical example, correction curves can be 
generated according to (16). The coaxial cavity is characterized 
by a length L1 5 70 cm and a characteristic impedance Zc1 5 
50 W; the TEM-mode propagation velocity on the perturbing 
line is v1 5 c and inside the sample cable it amounts to v2 5 
0.6c. The curves of Fig. 11 show simulations results for two 
discontinuities with different dimensions, as follows: L0 5 10 
cm (the corresponding line is the thicker one) and L0 5 5 cm 
(thinner line).

The intercepts of the curves in Fig. 11 with the 0.9 and 0.5 
levels identify those frequencies for which the error introduced 
by propagation phenomena represents 10% or 50% of the low-
frequency impedance value, respectively, as summarized in the 
following table.

The above errors can be compensated during the measure-
ment by means of the calculation of function (16).

Since tubular shields placed on both parts of the disconti-
nuity generally exceed the sample diameter, we can adjust the 
inaccuracy produced by the characteristic impedance transition 
by means of other expressions not given here. 
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Contrary to the coupling-wire setup previously described, 
the discontinuity method adopts a closed coaxial structure con-
fining the electromagnetic energy around the sample under test. 
This configuration reduces the risk of parasitic coupling and al-
lows a sensitivity improvement, attaining a level of mV/m for 
frequencies up to hundreds of MHz. This measurement method 
is recommended for the qualification of high-immunity cables 
or shielded connectors.

Above 3 GHz, the methods discussed above generate sig-
nificant errors due to the appearance oh higher-order propaga-
tion modes in the setup. An alternative approach consists in 
replacing the measurement of the transfer impedance with 
the determination of the shielding attenuation performed in a 
stirred-mode reverberation chamber.

Calibration Method for High Frequency Range
In our previous paper [1] we showed that the calibration of the 
measurement setup for the transfer impedance of shielded 
cables requires a specific sample made of a homogenous metal 
conductor in a form of a tube. In fact, the transfer impedance of 
such sample can be determined by the Schelkunoff’s formula 
[1] which may be also found in the first term of equation (17) 
of this paper. The comparison of the measured value of the 
transfer impedance with the computed result was used in our 
previous work to point out to some imperfections of the mea-
surement setup, in particular the effect of field leakage in the 
contact zone between the sample and the rest of the setup. Also, 
exploiting the fact that the transfer impedance of a homoge-
neous metallic tube monotonically decreases with the increas-
ing frequency, we showed that the calibration sample allows to 
determine the measurements sensitivity, defined as the mini-
mum measurable threshold, usually given by a multiple or 
submultiple of mV/m.

Knowing that the transfer impedance of a copper tube, whose 
thickness is on the order of a tenth of a millimeter, attains values 
below 1 mV/m at frequencies above 70 MHz, we cannot expect 
to use this sample to calibrate a measurement setup in the fre-
quency range 100 MHz–1 GHz. In fact, the increase of frequency 
has the inevitable consequence of increasing the amplitude of 
induced voltages due to leakage, and the sensitivity in this fre-
quency range surpasses the threshold of 1 mV/m, attaining values 
towards 10 or 100 mV/m. The use of homogeneous shields of 
thickness lower than 100 mm would allow to reach an accept-
able threshold also in the frequency range 100 MHz–1 GHz, but 
experience has demonstrated that it becomes rather difficult to 
realise tight contacts at the sample extremities, thus making the 
calibration results too influenced by field leakage.

For the above reasons, at frequencies above 100 MHz, we 
adopt samples having their transfer impedance determined 
by the electromagnetic coupling produced by a small circu-
lar aperture. Fig.12 provides construction details of the this 
sample, which is represented by a piece of coaxial cable, whose 
longitudinal dimension is determined according to the previ-
ously defined criteria. The sample requires a homogenous cop-
per shield of thickness E, whose suggested order of magnitude 
will be specified later on. The magnetic coupling is produced 
by a small circular aperture of diameter d through the shield 
surface [6].

The transfer impedance of such sample takes the following 
expression :

 Zt 5 R0

11 1 j 2E
d

sh c 11 1 j 2E
d
d

1 j Lt 
v (17)

The first term of (17) represents the coupling due to the diffu-
sion of the electric field tangential to the surface of the copper 
shield; in fact, this term contains the shield thickness E, its 
per-unit-length resistance R0 and the skin depth d. The second 
term Ltv expresses the voltage induced by the electromagnetic 
coupling through the circular aperture; it contains the angular 
frequency v of the sinusoidal perturbing current injected along 
the shield and the transfer inductance of the aperture Lt. We 
must realize that, in the frequency range between 100 MHz 
and 1 GHz, a hole of diameter d on the order of a millimeter 
and a copper tube of thickness E larger than 100 mm, give rise 
to a term Ltv that is largely dominant in eq. (17), i.e., 

 d $ 1mm and E $ 100 mm S  Zt > j Ltv (18)

Consequently, the measured transfer impedance of this sample 
with a hole is proportional to the frequency; hence, the graph 
of the amplitude of Zt is a straight line whose slope is deter-
mined by the value of Lt. Therefore, the superposition of the 
theoretical straight line depending on Lt and the measured 
transfer impedance allows us to evidence possible discrepancies, 
revealing calibration defects of the measurements setup. 

The coupled line theory help us to show that the sample 
transfer inductance Lt depends on the diameter D of the shield, 
as follows:

 Lt 5
m0 am

p2 D2 (19)

where m0 5 4p1027 H/m is the magnetic permeability of vac-
uum and am is the coefficient of magnetic polarizability of the 
aperture [5], which, for a small circular hole, can be analyti-
cally determined by means of the plane-wave diffraction theory: 

 d V D and E V d S  am 5
d 3

6
 (20)

It should be pointed out that the validity of the above (19) and 
(20) requires that the hole diameter d is much larger than the 
thickness E but much smaller than the shield diameter D.

By means of several samples with apertures of decreasing di-
ameters, we can observe that the coefficient am–proportional to 
d 3–generates voltages of decreasing amplitudes at the end of the 
samples. This procedure allows us to evaluate the sensitivity of 
the test setup up to very high frequencies. Should the aperture 
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diameter be comparable or smaller than the shield thickness, 
the literature provides a correction coefficient for the polariz-
ability computation [7]. 

In order to appreciate the influence of propagation phenomena 
on the measurement accuracy, we adopt a sample with a series of 
regularly-spaced apertures along the generatrix of the copper tube, 
as illustrated in Fig. 13. The transfer inductance then becomes:

 Lt 5
n

L0

 
m0 am

p2 D2 (21)

where the parameter v indicates the number of identical aper-
tures of diameter d and L0 is the length of the generatrix along 
which the holes are uniformly aligned. It should be noted that 
the transfer inductance of (21) has dimensions of H/m, contrary 
to the case of a single aperture, for which Lt given by (19) is 
expressed in H. 

Examples of Transfer Impedance Measurements 
Carried out within 100 MHz to 1 GHz
This Section presents results of measurements conducted on a 
calibration sample and on coaxial cables with braided shields. 
The calibration sample is made of a copper tube (diameter D of 
10 mm, and thickness of 0.1 mm) with a hole (diameter d of 
5 mm). The braided cables are of commercial types KX 15 and 
KX 4. Comparisons of measurements made on different setups 

(one with shield discontinuity, one of classical triaxial type, and 
one with wire injection method) are proposed in the following. 

Measurements of a Sample  
with an Aperture
The curves of Fig. 14, referring to a setup with shield disconti-
nuity, show the behaviour of the current measured at the setup 
input and of the voltage collected at the output, as described in 
Sect. II. The sample under test is a calibration sample with an 
aperture.

The results of Fig. 14 are shown between 300 kHz and 
2 GHz, but the measurement method is exploitable below 
100 MHz, where we observe a reduction of sensitivity due to 
the reduced dimensions of the sample under test. The vertical 
scale represents the values of S21 (in dB) as given by the network 
analyzer, of which one port is connected to the input of the 
measurement bench and the second port is linked either to the 
current probe installed at the input of the measurement bench 
or at its output where the sample is short circuited.

The red trace on the upper part of the graph shows the be-
haviour of S21 as obtained with the output port of the network 
analyzer connected to the current probe. The comparison with 
Fig. 7 indicates a satisfying agreement with the thin line ob-
tained by simulation of the sample. This condition explains 
the discrepancies of the positions of maxima and minima of the 
current. In fact, the first minimum of the experimental curve– 
actually located at the frequency of 100 MHz–perfectly coin-
cides with the first resonance of the 70-cm long cavity. 

The blue trace shows the behaviour of the voltage meas-
ured at the end of the sample. The change of this curve with 
 frequency suggests a subdivision of the graph into three sepa-
rates zones.

Zone A, situated between 300 kHz and 30 MHz, is char-
acterized by a monotonic decrease of the curve with frequency: 
this means that coupling through the sample is dominated 
by the diffusion of the electric field in the copper thickness of 
0.1 mm. Referring to (17), it means that the strength of the 
second term on the right-hand side, i.e. the transfer reactance, 
is negligible with respect to the first term. Zone B, situated 
between 30 MHz and 100 MHz, shows a monotonic increase of 
voltage with frequency: in this case, coupling is clearly domi-
nated by the small aperture and the transfer impedance mainly 
depends on the second term of (17). In zone C, situated between 
100 MHz and 2 GHz, the voltage undergoes amplitude fluc-
tuations more and more correlated to propagation phenomena 
as the frequency grows above 100 MHz. It is ought to be re-
marked that the resonances evidenced by amplitude maxima 
are correlated to maxima of the induction current circulating on 
the sample located in the central part of the cavity.

The transfer impedance above 100 MHz is precisely deter-
mined at voltage maxima. The curves of Fig. 15 allow us to 
compare the transfer impedance measured by means of the dis-
continuity setup with the straight line derived from (17). It must 
be noted that–above 100 MHz–the red curve showing the meas-
urement results is obtained by a linear interpolation of transfer 
impedances determined for each individual voltage resonance. 
The green curve, limited to the interval 1 MHz–1 GHz, is the 
result of the transfer reactance calculation, according to (18), (19) 
and (20): the excellent agreement with the measurement curve 
is evident.
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Comparison of Measurements for Three Setups 
The objective here is to collect on a single plot (Fig. 16) the 
curves of the transfer impedances obtained for a classical triax-
ial setup, the wire injection setup described above in Section II, 
and the shield discontinuity setup. The triaxial setup was made 
according to the description of Fig. 4 of our previous paper [1]. 
The cable used for this comparison is a single braided coaxial 
one (type KX 15 (RG 58)), and the test length of 10 cm, as 
already indicated.

The blue line of Fig. 16 represents the transfer impedance 
obtained by near-end crosstalk voltage measured on a 1-m long 
cable sample by means of the classical triaxial setup. This curve 
is undistinguishable from the results of the other methods up to 
a frequency of approximately 20 MHz. From 20 to 100 MHz, 
this curve presents significant fluctuations that can be corre-
lated to the de contribution of both propagation phenomena 
and setup radiation. The physical origin of such discrepancies 
has been thoroughly discussed in our previous paper [1]. 

The green line of Fig. 16 represents the transfer impedance 
obtained by the method of the wire injection. The quasi-mono-
tonic behaviour of this curve up to approximately 1 GHz proves 
that the technique is well-adapted for the suppression of propa-
gation artefacts. It should be noted that the measurement refers 
to the far-end crosstalk voltage, but the amplitude fluctuations 
between 1 and 2 GHz should be related to the setup radiation 
and to the mismatch of the injection line, both appearing at high 
frequencies. In fact, we should mention that the evaluation of the 
perturbation current for the injection-line method is made by 
taking the ratio of the power injected on the perturbation line, 
assuming that the value of its input impedance is very close to 
50 V. However, this impedance is not rigorously invariant, since 
it depends on the constancy of the characteristic impedance, es-
pecially at the transition to the line made of a ribbon conductor 
glued to the insulation jacket of the cable under test. Also, the 
section under test is transitioned at its input and output to 50-V 
coaxial cables connected to the UHF source and to the load of the 
injection line, respectively. Such transitions locally introduce par-
asitic impedances whose influence can appear in the GHz range.

The red curve is the result of the measurement obtained by 
means of the shield discontinuity technique. With reference 
to the plot of Fig. 14, it appears that the impedance curve is 
known continuously between 300 kHz and 100 MHz, but at 

higher frequencies–from 100 MHz and 2 GHz–the value of Zt 
is only known for those points where the voltage measured on 
the test sample presents amplitude maxima. The graph of Fig. 
16 confirms that, above 100 MHz, the red curve is a linear in-
terpolation of resonance points. 

Braided Shield Behaviour for a  
Large Frequency Range
In general, transfer impedance of cables with a shield made of 
a single braid can be modelled by means of the following 
expression:

 Zt 5 R0 1 j Lt v (22)

where the quantity R0 represents the per-unit-length braid 
resistance and Lt is the transfer inductance due to magnetic 
leakage occurring at the junction of the braids composing the 
carrier conductors. For regular cables, the order of magnitude 
of these parameters is R0 L 10 mV/m and Lt L 0.5 nH/m. 
However, some cables depart from the model expressed by (22), 
as in the case of cable type KX 4 (RG 213), whose transfer 
impedance measured by the shield discontinuity technique is 
reproduced in Fig. 17. 
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one aperture deduced from the test carried out with the 
shield discontinuity method.
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Fig. 17. Typical behaviour of the transfer impedance 
 measured on a single braided cable shield with pitch angle 
 lesser than 45°.
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The vertical logarithmic scale of Fig. 17 represents the mag-
nitude of the transfer impedance, and two dotted straight lines 
are added to the measurement curve (in magenta color). A care-
ful analysis of the graph indicates that, for frequencies between 
1 MHz and 10 MHz, the curve agrees with a straight line in 
logarithmic coordinates, meaning that the transfer impedance 
is proportional to the square root of frequency. On the contrary, 
from 10 MHz to 2 GHz, the measured curve is best fitted by a 
straight line with a slope having a double value of the previous 
one, meaning a direct proportionality with frequency. Knowing 
that the shield of RG 213 cables presents a pitch angle smaller 
than 30°, we can argue that the mechanisms of electromagnetic 
coupling in this case are rather different from those activated by 
small apertures, as for the case of the calibration sample report-
ed in Fig. 12. Phase measurements of the transfer impedance 
show that the transfer impedance model best suited for braids of 
RG 213 type agrees rather well with the following expression:

 Zt 5 R0 1 k"v e2j3p
4 2 j Ltv (23)

where R0 is the per-unit-length braid resistance, k is a real coef-
ficient depending on the braid parameters and has positive values 
if the pitch angle with respect to the cable axis is smaller than 
45°. In (23), the first two terms are complemented with the 
transfer impedance of the braid, but–contrary to the model of 
small apertures described above–the term Lt appears with a nega-
tive sign, indicating that the asymptotic phase behaviour tends 
towards –p/2 for very high frequencies. These phenomena reveal 
specific coupling mechanisms described in research work pub-
lished in previous work about twenty years ago [8], [10].

Conclusion
Although the transfer impedance measurement setups dis-
cussed in this paper are specifically designed for the frequency 
range between 100 MHz and 1 GHz, the measurement prin-
ciple they implement allows also to explore frequencies below 
100 MHz. In fact, the minimum frequency of the measurement 
bandwidth is set by the HF signal generator and receiver avail-
able to the user.

The specificity of setups made for the 100 MHz–1 GHz 
bandwidth resides in the length reduction (approx 10 cm) of 
the sample of the shielded cable under test. This means a loss 
of sensitivity on the order of 20 dB with respect to a classical 
measurement performed by means of a triaxial setup on a 1-m 
long cable sample. The sensitivity loss is particularly noticeable 
for frequencies below 100 MHz, where the transfer impedance 
of cables for high immunity can be on the order of mV/m, and 
in some cases attain even lower values. The consequence is, that 
for such very good shields, it may be required to compare the 
measured data obtained by means of the high-frequency setup 
with the classical tests performed in the triaxial configuration.

It should also be mentioned that measurement setups based 
on the injection line or on the shield discontinuity, as described 
in the present paper, are not unique for the frequency band-
width 100 MHz–1 GHz; different techniques have also been 
proposed in the literature [9], [11]. However, the injection line 
and the coaxial discontinuity are likely to be of simpler use.

As far as frequencies above 1 GHz are concerned, it is clear 
that the devices based on the principle of coupled transmission 
line reach their validity limits. In fact, as soon as the wavelength 

approaches the transverse dimension of the metallic tube em-
ployed by the shield discontinuity setup, we reach the limit of 
validity of TEM propagation, and higher order modes appear, and 
give rise to systematic measurement errors with growing ampli-
tude with frequency. For the injection-line method at frequencies 
above the GHz, the increase of common-mode current produces 
additional systematic errors. In both cases, the experience has 
taught us that the compensation of errors via mathematical or 
technological tricks is inefficient. Thus, we turned toward the use 
of shielding effectiveness measurements via electromagnetic field 
illumination, and we demonstrated that the adoption of mode-
stirred reverberation chambers brings interesting insights and 
allows for the conversion of shielding attenuation measurements 
into the conventional transfer impedance characteristic.
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