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Abstract

Electromagnetic field sensors play an important role in determining emis-
sions and immunity of any kind of electronic device.

In order to establish if the behaviour of the instrument under test is
acceptable, the measurements performed with the sensors must be com-
pared with the current limits and regulations. To ensure that the results
obtained with different sensors in different testing environments are reli-
able and comparable, the sensors must be calibrated by laboratories that
are accredited by a national resource.

TESEO S.p.A. is one of the laboratories in Italy accredited to cali-
brate electric field sensors, and it employs both a TEM and a GTEM
cell, depending on the required frequency range.

A precise procedure must be followed during the calibration, that
requires time and accuracy.

The aim of this thesis is to develop a software able to handle the
calibration procedure of electric sensors in an automated way.

The program was created with the software NI LabVIEW and it can
handle both TEM and GTEM tests. It is able to communicate with all
the instruments involved in the test chain and autonomously set the va-
lues of the input quantities to reach the desired behaviour of the system,
and in the end it produces a report with all the measurements performed.

The program was tested and applied to real calibration procedures.
The results show that the software is able to perform the tests in an
accurate way, optimizing significantly the amount of time needed and
reducing the error factor introduced by human operators, thus obtaining
an automated and reliable calibration procedure.
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Introduction

For the last century the diffusion of electric and electronic devices has
grown steadily in all fields, and with it the issue of electromagnetic com-
patibility arose.

Electromagnetic compatibility (EMC) studies the way in which elec-
trical equipment works in relation to the environment where it is inserted.
It analyzes the generation and reception of electromagnetic energy and
its possible undesired effects, in terms of emissions from the device under
test towards the surrounding environment as well as the immunity of a
device with respect to disturbances coming from other instruments, to
be sure that it will operate as intended [1]. In particular it is essential to
evaluate accurately the exposure of human beings to electromagnetic ra-
diation, both in working environments and in spaces where the exposure
could be accidental.

After the formation of the European Union the harmonization of the
limits and norms regarding EMC was deemed of the utmost importance,
and the member States embraced a series of norms that specify the limit
values of acceptance for electrical and magnetic field intensity, and es-
tablish the testing procedures to be applied for the evaluation of the
exposure.

It is necessary first of all to measure the electromagnetic field pro-
duced by the devices, in order to be able to compare it with the appli-
cable limits and establish whether the instrument is behaving correctly
and the safety of people is guaranteed.

Measurements must be reliable and compatible, so that they can be
easily compared between them and with the law limits, therefore it is
necessary to ensure metrological traceability. To this aim the sensors
used to measure electromagnetic fields must be calibrated by Calibration
Centers, according to specific procedures [2].

TESEO S.p.A. is one of the accredited Calibration centers in Italy
and its accreditation extends to electromagnetic field strength, RF mea-
surements and frequency. In particular in 2003 TESEO worked with IEN
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(Istituto Elettrotecnico Nazionale Galileo Ferraris) and with Politecnico
di Torino to develop a calibration method for electromagnetic field sen-
sors at high frequencies. The resulting procedure is applicable to sensors
in the frequency range from 10 kHz to 3 GHz, using the cell TEM up
to 200 MHz and the GTEM cell for higher frequencies. The cited study
was the first attempt from a calibration center to use the GTEM cell to
calibrate the sensors [3].

The developed procedure is complex and must be performed as accu-
rately as possible.

The aim of this thesis work was to use the software LabVIEW from
National Instruments to develop a program to automate the calibration
of electric field sensors, in order to optimize the time needed for the tests
and more importantly to obtain a higher degree of accuracy.

In Chapter 2 a brief description of how accreditation and calibration
are organized in Europe is given, focusing in particular on the Italian
regulations.

The following Chapter 3 is focused on the basis of electromagnetism
and the description of TEM cells, GTEM cells and electric field sensors.

Chapter 4 deals with the description of the calibration procedure ap-
plied in TESEO for both TEM and GTEM cells, while the following
Chapter 5 lists and describes all the instruments that compose the mea-
surement chain for the tests.

Chapter 6 consists of a brief description of LabVIEW and its main
tools and advantages.

In Chapter 7 the developed software for the sensor calibration will
be described in detail, and finally in Chapter 8 the design of the control
algorithm and the software validation procedure will be analyzed.



Accreditation and Calibration

2.1 Accreditation

Accreditation is the declaration by an unbiased body of the competence,
independence and impartiality of certification, inspection and verification
bodies, and testing and calibration laboratories [4].

Accreditation of a laboratory aims at verifying the proficiency and
reliability of the organism under evaluation, and the conformity of the
testing procedures with respect to national and international norms. In
turn accredited laboratories certify the compliance of the instruments
under test with respect to the standards through inspection, testing and
calibration activities [4].

The accreditation body must be an impartial authority, that gua-
rantees the respect of the standards, protecting the environment and the
health of the citizens.

Worldwide the international standards ISO/IEC 17011 [5] and ISO/
IEC 17025 [6] (both revised in 2018) regulate the accreditation process:
the first focuses on the accreditation organisms, while the second is cen-
tered on the requirements for the competence of testing and calibration
laboratories.

In the context of the European Union, Regulation (EC) 765/2008 |7]
establishes a unified framework of rules for accreditation, and in parti-
cular it states that every member state has to design a national Accre-
ditation Body [4].

In Ttaly the accreditation of the metrological laboratories was origi-
nally performed by SIT (Servizio di Taratura in Italia), but since 2010
the only accreditation body in Italy is ACCREDIA.

Laboratories accredited by ACCREDIA are indicated as LAT (Labo-
ratorio di Taratura Accreditato). In particular TESEO S.p.A. is a LAT
center since 1998 with identification number 103, that is certified to work
with electromagnetic field strength measurements, frequency measure-
ments and RF measurements.
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It is important to underline that accreditation must be renewed pe-
riodically: ACCREDIA inspects the LATs at predetermined time inter-
vals, in order to be sure that the procedures are followed correctly; this
is also useful to ensure that the methods applied are up-to-date and
compliant with the latest norms and regulations.

2.2 Calibration

Calibration has the aim of determining errors in the instrument mea-
surements, to guarantee the accuracy and reliability of the device under
test. Knowing the entity of the errors affecting the instrument is im-
portant to determine whether it respects the operation limits and can
still be used, and also to compensate said errors and estimate the correct
measurement.

The calibration from a LAT is performed according to ISO /TEC 17025
[6] and it consists of a comparison with a reference measurement standard
of a higher level, thus ensuring metrological traceability with respect to
national or international samples [4].

Calibration is generally performed both before the first utilization of
the instrument and periodically during its working life.

Calibration from a LAT results in the production of a Calibration
Certificate, that must be written according to a specific standard format.

There is also another type of calibration report that is not certified by
ACCREDIA, therefore it can be compiled by any laboratory compliant
with ISO 9001 [8], using as reference a transfer standard calibrated by
ACCREDIA. This document cannot be labeled properly as Calibration
Certificate, but rather as ISO Calibration Report.

The choice of the type of calibration needed relies on the owner of
the device under calibration, depending on the instrument usage, the
frequency range and the field of application: instruments used in critical
scenarios or in laboratories should be calibrated following the ACCRE-
DIA procedure, that is internationally acknowledged.

In this work the calibration procedures of electric field sensors adopted
by LAT center TESEO for both ACCREDIA and ISO certificates were
analyzed, and they will be explained in detail in Chapter 4.
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3.1 | Basis of Electromagnetism

Electromagnetism is the science that studies electromagnetic fields, that
are a product of the coupling of time-varying electric and magnetic fields.

Electric fields are produced by electric charges at rest or in motion,
while magnetic fields are produced by moving charges. These fields are
strictly correlated: a variable magnetic field produces an electric field and
a variable electric field produces a magnetic field [9]. Given this mutual
interaction, an electromagnetic field arises, that propagates in time and
space as an electromagnetic wave. The wave propagates in space and
its intensity is inversely proportional to the square of the distance with
respect to the source.

The wave is characterized by many parameters, but the most impor-
tant ones are the velocity v of propagation, that depends on the medium
that the wave crosses (equal to ¢, the speed of light, in free space), and
the wave frequency f; given v and f, the wavelength can be computed
as A =wv/f.

Depending on the frequency of the wave the entire electromagnetic
spectrum can be divided in a number of ranges, characterized by different
emission and transmission properties; from lowest to highest frequency
these ranges include: radio waves, infrared radiation, visible light, ultra-
violet radiation, X-rays, gamma rays [10].

Considering the distance of a point with respect to the source of the
wave, the correlation between the electric and magnetic components of
the electromagnetic wave varies.

In near-field the electromagnetic field structure is not simple and the
relations between the two components are complex [11].

Instead in the far-field area (distance from the source much higher
than the wavelength) assumptions can be made in order to simplify the
analysis: electric and magnetic fields are orthogonal between them and
perpendicular to the direction of propagation (transverse waves) [12| as
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shown in figure 3.1.

D/'/'ec tion

/ Magnetic Field
Electric Field

Figure 3.1: Electromagnetic wave in far-field [11]

This condition is called TEM (transverse electro-magnetic) mode.
The relationship between the fields in this case is expressed by the

following equation [12]:
)ﬁ( —c. ’?) (3.1.1)

Where E is the electric field intensity measured in V/m, B is the magnetic
flux density measured in T, c¢ is the speed of light (= 3-10% m/s), that
is also the velocity of the electromagnetic wave in free space.

In far-field conditions the wave-front, that is almost spherical, can be
approximated as a plane front; the wave becomes a uniform plane wave
with constant wave impedance Z, that is the ratio between electric and
magnetic fields. In far-field conditions the wave impedance is close to the
intrinsic impedance of free space (377 Q) [11].

It is important to review these basic aspects of electromagnetism in
this context, because the TEM mode is the condition recreated in TEM
and GTEM cells, used for the calibration of electric and magnetic sensors.

3.2 TEM cell

A TEM cell (also known as Crawford Cell) is a section of rectangular
transmission line, tapered at each end to adapt to coaxial connectors.

If the cell is terminated on its characteristic impedance (50 §2) on one
end and the other end is connected to a RF generator, it is possible to
create inside it an electromagnetic field that is sufficiently uniform and
whose value can be computed. Since the cell is a shielded environment,
the electromagnetic energy generated inside does not radiate outside the
cell [13].

The wave inside the cell is propagated in the transverse electro-
magnetic (TEM) mode. The wave has a free-space impedance, which

6



Electromagnetism

means that it gives a good approximation of a far-field plane propaga-
ting in free space [14].

The following figure 3.2 shows the structure of a typical two-port
closed TEM cell, as the one used in TESEQO. The external metallic frame
(outer shield) has a door that can be opened when no field is present in
the cell, in order to position the sensors inside. The interior is divided in
two sections by a flat inner conductor (septum), positioned symmetrically
inside the cell, and the sensors are placed on this plate.

Coaxial Load Septum (inner conductor)

Access Door .
Coaxial Connectors

EUT

Figure 3.2: TEM cell structure [14]

The TEM cell is commonly used to calibrate electromagnetic sensors
or small antennas. The physical dimensions of the cell set a limit for the
upper frequency at which the cell can be used, and the size of the sensor
that can be tested [14].

For example the TEM cell used in TESEQ, built by the Center itself
(figure 3.3) has dimensions 72x72x72 cm (central section) and it is used
to calibrate sensors in the range of frequency from 10 kHz to 200 MHz.

Figure 3.3: TESEO TEM cell

3.3 GTEM cell

A GTEM (gigahertz transverse electro-magnetic) cell is a section of asym-
metric rectangular transmission line built on the same principle of the

7
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TEM cell and used as a test chamber; it is a TEM waveguide but the dif-
ferent structure with respect to the TEM cell allows the GTEM to have
the upper frequency limit extended to the GHz range. It is normally
used as a measurement facility for both radiated emission and immunity
measurements [16].

A GTEM cell is shaped as a pyramidal metallic structure. Differently
from the TEM cell, the GTEM has only one tapered section with one
port: the apex of the cell has a standard connector, so a RF generator can
be connected to the feeding port of the GTEM and an electromagnetic
field can be generated inside [15].

The cell structure is shown in figure 3.4.

yll ) ) Septum
Side View (inner conductor)

Load

Chassis
< \  EM-
Usable 3 4 absorber

test volume

Input
port

Figure 3.4: GTEM cell structure [16]

Inside, in the upper part, there is a flat metallic conductor (septum),
as already seen in the TEM cell. The side walls of the cell are bare and
act as a waveguide.

The base is lined internally with RAM (radiation-absorbent mate-
rial, designed to absorb non-ionising radiation, e.g. carbon foam) in the
shape of pyramid pieces pointing towards the inside of the cell; at high
frequencies, the absorbers attenuate the reflected waves (as in an anechoic
chamber): for this reason the GTEM range is extended with respect to
the TEM cell frequency range [14]. The combination of discrete resistors
and RF absorbers allows the cell to achieve a 50 €2 broadband match [16].

The sensor under test (EUT) must be placed between the septum and
the bottom of the cell.

The electromagnetic field intensity in a point is directly related to
both the supplied input power and the distance between septum and
outer conductor [15].

As explained in the previous section, in TEM cells the wave is equi-
valent to a plane wave with vertical electric field between the plates; in
GTEM cells instead the wave has a slight curvature: beside the TEM
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mode also secondary field components are present. Therefore the cell
has to be mapped to identify the uniform area, that is an area in which
the secondary components are sufficiently small and the field intensity is
uniform [17].

The uniform area varies depending on the frequency range. For this
reason in calibration procedures the test volumes in which the sensor has
to be placed vary depending on the frequency range: for each range the
longitudinal position along the main symmetry axis of the cell and the
height of the sensor are defined. The sensor is mounted on a non-metallic
structure to regulate its position in the cell.

GTEM cells are classified based on their size, referring to the maxi-
mum septum height. The GTEM cell used in TESEO is a GTEM 750
and it is shown in figure 3.5.

Figure 3.5: TESEO GTEM cell

3.4 Electric field sensors

The aim of this thesis is to automate the calibration procedure of electric
field sensors, therefore it is appropriate to present a brief overview of the
operation of this type of device.

An electric field sensor is an electrically small device used to measure
electric fields, causing a minimum perturbation to the field to be mea-
sured. Electric field probes typically have a working range that extends
from a few kHz to tens of GHz, and they are designed to have a flat
frequency response (broadband sensors, the sensitivity does not depend
on the frequency) [19].

The internal structure of the sensor is complex and varies depending
on the model. For example sensor HI-6005 by ETS-Lindgren, used as
a reference sensor in TESEO for GTEM testing, is made up by three
orthogonal mono-pole antennas that measure the electric field. Then a
diode detector circuit is used to convert the electric field into a voltage
signal, that can be measured by the instrument itself. In particular the
advantage of this model is that the three axes of the sensor are individ-
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ually connected to a micro-controller, so the field values are sampled at
the same time on all the axes [27].

The sensors are usually connected to a computer or to a separated
base that handles the collection of the measurements. The connection
is normally implemented through fiber optic cables, because in this way
the transmission of data does not influence the measurement of the field
[18].

The type of sensor to be chosen for a specific application depends
mainly on its bandwidth, that is the frequency working range of the de-
vice. Other relevant parameters for a sensor are: accuracy, that indicates
how close the measurement is to the real value; sensitivity, that is the
minimum variation of the input value that can be measured; dimension
of the probe [18].

As a further distinction, electric field sensors can be isotropic or
monoaxial. Isotropic sensors are the most common and they are made
up by three orthogonal axes that measure the electric field intensity in
one direction each; in this way the measurement is independent from
the orientation of the probe. The total field value is obtained with the
following relation [19]:

Bt = \| B+ B, + E.? (3.4.1)

Normally each axis has a list of linearity correction values associated to
it, depending on the test frequency: these values, also called calibration
factors of the axis, should be taken into account to correct the total elec-
tric field computation, once the single axis measurements are collected

[19]:

Bt = \/(E,- E2) + (F, - E) + (F. - E%) (3.4.2)

For this type of sensor a figure of merit is defined, called anisotropy: it
is the ratio between the maximum and minimum field values measured
rotating the sensor in different positions, aligning the three axes one at
a time with the incident electric field [18].

The other type of sensors are monoaxial (or anisotropic) sensors, that
measure only one field component in the direction of the probe itself. This
means that in order to evaluate the total field, multiple measurements
must be performed, rotating the probe in different directions.

The software developed for the calibration can handle both types of
probe.

10
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Calibration is often performed through comparison of the measurements
of the instrument under test with a reference sample of a higher level.

For electric field quantities there are no reference samples. Therefore
another calibration technique must be used, based on the evaluation of
a reference electric field [2].

In order to calibrate an electric field sensor, it is necessary to use a
signal generator to produce a known electric field (called sample field)
inside a test volume where the sensor is placed [2]; then the field intensity
measured by the device under test is noted and compared with the sample
field value.

The final result of the calibration procedure is a Calibration Factor
(CF) for the sensor, defined as:

E,

CF =
En,

(4.0.1)

where F, is the reference field and F,, is the field intensity measured by
the instrument under test.

The reference field for frequencies between 10 kHz and 40 GHz is
normally generated in TEM cells (for lower frequencies) and anechoic
chambers (for higher frequencies). Since anechoic chambers are expensive
and require a lot of space to be realized, a study was developed in 2003
[2] and it proved that using a GTEM cell the results are comparable to
an anechoic chamber, but with a considerable reduction of the costs and
the space needed.

In particular LAT Center TESEO employs the TEM cell in the fre-
quency range 10 kHz - 200 MHz and the GTEM cell in the range 200 MHz
- 3 GHz, for the calibration of both electric and magnetic field sensors.
In this work, only electric field sensors will be analyzed.

The measurement scheme for the tests is the same in both cases,
except for the different cell used. In figure 4.1 the configuration for the
TEM cell is shown.

11
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Figure 4.1: TEM cell measurement scheme

The main elements of the chain are:

e RF Generator: used to generate the required power that has to
be sent to the cell.

e Amplifier: used to amplify and adapt the power from the RF
generator to the level required for the test.

e Directional Coupler: used to measure the entity of the direct
and reflected waves travelling in the cell, causing only a minimal
loss in the main wave.

e Power meters: two different power heads, used to measure res-
pectively direct power and reflected power at the corresponding
ports of the directional coupler.

e TEM/GTEM cell with the sensor inside.
e 50 2 termination: used only in the TEM scheme.

e Computer: used to gather the data from power meters, genera-
tor, sensor under calibration, and to issue commands to apply the
automatic procedure for calibration.

In the following the calibration procedures applied in TESEO for
TEM and GTEM cells will be analyzed separately, in detail. In both
cases, two different types of tests are described: Frequency Response
and Amplitude Linearity.
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4.1 | Calibration procedure in TEM cell

Due to the defined geometry of a TEM cell, the electric field strength in
the test volume can be calculated. Therefore the calibration procedure
in TEM cell is based on the computed field method: the instrument un-
der calibration is placed inside the cell and a reference field is applied,
controlling the power sent as input to the cell; the value of this field is
computed based on the physical characteristics of the cell and a number
of input parameters that are directly measured.

An Excel file called Laboratory Reference is used to record all the rele-
vant quantities measured during the test and to handle the computation
of the reference values.

The complete procedure is described in TESEO laboratory calibration
procedure documentation [20].

4.1.1 Computed field

The measurement scheme for TEM calibration is shown in figure 4.1.
The theoretical electric field applied E,., expressed in V/m, is computed
according to the formula:

Pnet : Zc

E, =
d

ky + kipos - kg - ka (4.1.1)

where:

e P, is the net power of the TEM wave propagating through the
cell, defined as:
Pnet = F)inc_Prf (412)

P, is the incident power:

Pae = P+ 0 ([~ Daalssf?) - (1~ Daolren’) (413)
It depends on the value of direct power measured by the power
meter Py, corrected considering the incident coupling factor Cj
and the insertion loss «; of the directional coupler, the calibration
factor of the power meter k;, and the mismatch between coupler
and power meters and coupler and TEM cell, obtained considering
the reflection coefficients of the directional coupler at the different
ports.

P, ¢ is the reflected power:

Prf :Prifl'cr ’ (yl_FA4FS4|2)_kD.]DmC (414)

1
k;
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It is computed considering the value of reflected power measured by
the power meter P,;f;, corrected considering the reflected coupling
factor C, of the directional coupler, the calibration factor of the
power meter k,, the mismatch between coupler and power meter,
and the fraction kp of incident power perceived at the reflected
power port (due to non infinite directivity of the coupler).

e 7. is the real part of the TEM cell characteristic impedence (the
nominal value is 50 Q).

e d is the distance between septum and outer conductor of the TEM
cell.

e ky is a corrective factor that takes into account the non-uniformity
of the field in the test volume.

® kyos is a corrective factor due to the perturbation of the electro-
magnetic field caused by the sensor presence.

e kg is a corrective factor that takes into account the repeatability
of the measurement.

e k, is a corrective factor due to spurious frequencies introduced by
the amplifier.

All k factors are assumed unitary in the computation of E, and are
considered after the tests in the evaluation of the uncertainty.

Once E, is computed, it is compared with the value indicated by
the instrument under test and the calibration factor is calculated using
formula 4.0.1.

4.1.2 Test conditions

Instruments must have a warm-up period of 3 hours and measurements
are performed in a temperature controlled environment at 23°C 4+ 5°C
with relative humidity between 30% and 90%.

4.1.3 Frequency response test

For the frequency response test it is necessary to collect the values of
electric field intensity measured by the instrument under test for diffe-
rent frequencies of the signal sent as input to the TEM cell; the desired
amplitude F, of the electric field is kept constant.

The test develops as follows:
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10.

11.

. All the instruments shown in figure 4.1 are connected, making sure

that the output of the signal generator is turned off and that the
electric field sensor is correctly inserted in the test volume.

. If possible, the sensor is zeroed.

. The first frequency of interest is set on the generator and on the

power meters.
The generator output is turned on.

Given the desired theoretical value of electric field E, at which the
test must be performed, as well as the calibration factors of the
power meters and the coupling factors of the directional coupler
at the given frequency, the value of P,.; is computed according to
equation 4.1.2. For simplicity the reflected power is neglected at
first, therefore P,.; = P;,. is the theoretical power that must be
sent to the TEM cell and it is labelled as P,¢ 4, to distinguish this
theoretical value from the real measured one. From this value the
corresponding direct power Py, to be read by the power meter is
obtained with equation 4.1.3.

. The amplitude of the generator output is varied until the measured

Py, is equal to the theoretical Py 4.

Once the desired power value is reached, the values of Py, and
P,;z1 measured by the power meters are inserted in the Labora-
tory Reference. From these quantities, the values of P, and E.
are automatically computed in the Excel spreadsheet according to
equations 4.1.2 and 4.1.1. It is necessary to compute the actual
value of P, according to the measured Py, and Py, in order to
take into account the fact that theoretical value P, ., may not be
reached exactly during the previous step, so that the precise value
of E, can be calculated.

. The actual value of electric field measured by the sensor F,, is

inserted in the Laboratory Reference.

. The calibration factor is computed according to equation 4.0.1.

Points 3-9 are repeated for each of the desired test frequencies.

The generator output is turned off.
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4.1.4

Amplitude linearity test

This test is performed at a fixed frequency, varying the entity of the
theoretical E, at each iteration.
The procedure consists of the following steps:

1.

10.

11.

All the instruments are connected, the output of the signal genera-
tor is turned off and the electric field sensor is correctly positioned
in the test volume.

. If possible, the sensor is zeroed.

. The test frequency is set on the generator and on the power meters;

in this case the frequency will be the same for the duration of the
test.

The generator output is turned on.

Given the desired theoretical value of electric field E, at which the
test must be performed, as well as the calibration factors of the
power meters and the coupling factors of the directional coupler,
P, is computed according to 4.1.2. Reflected power is neglected
at first, so P,e; = P, is the theoretical power in input to the TEM
cell (Pyetsn). From this value the theoretical direct power to be
read on the power meter Py, is obtained with equation 4.1.3.

. The amplitude of the generator output is varied until the measured

Py, is equal to the theoretical Py .

The final values of Py, and P,;z; measured by the power meters are
written in the Laboratory Reference. From these quantities, the
values of P,.; and E, are computed according to 4.1.2 and 4.1.1.

. The actual value of electric field measured by the sensor F,, is

inserted in the Laboratory Reference.

. The calibration factor is computed according to equation 4.0.1.

Points 5-9 are repeated for each of the desired field intensity values.

The generator output is turned off.
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4.1.5 Isotropic sensors

Monoaxial sensors must be positioned with the physical major axis per-
pendicular to the applied field vector. This is valid also for isotropic
sensors in which the three physical axes can be visually distinguished,
when it is required to calibrate a single axis.

Indeed isotropic sensors can be calibrated once for each axis, but it
is also possible to consider the total field value measured by the sensor
(the choice relies on the final client).

When the total electric field is considered, the sensor must be posi-
tioned in the TEM cell in such a way that none of the axes is exposed to
the field considerably more than the others. In this case the ACCREDIA
procedure demands that the previously described tests are repeated with
different orientations of the sensor at all the test frequencies.

In TESEO the tests are performed at 8 different orientations at least:
the angles are obtained in this case rotating the sensor of 45° at each
iteration with respect to the major physical axis of the sensor. The
calibration factor is obtained as the arithmetic mean value of the factors
obtained for each position.

4.1.6 Laboratory Reference

The Laboratory Reference is an Excel file that is used during the test to
record the measurements of the relevant quantities. This spreadsheet is
also set up in order to compute automatically some quantities of interest,
given the inserted test values.

The file consists of a table for the Frequency Response results and one
for the Amplitude Linearity results (in case both tests are performed).

Before the table itself there are a few lines in which the generalities
of the test and the sensor are indicated:

e Certificate number according to the laboratory nomenclature.
e Client that owns the instrument under test.

e Instrument under calibration.

e Manufacturer of the sensor under test.

e Model of the sensor under test.

e Serial number of the sensor under test.

e Date in which the calibration is performed.

e Operator that performed the test.
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Notes

Other data usually inserted in the Reference are: temperature at test
start and test end; Cal Factor, that is a calibration value that can be
manually set in some sensors; RS, that is a sensitivity factor applicable
only to a few sensor models.

The tables for the Frequency Response and the Amplitude Linearity
tests have the same columns, shown in figure 4.2, for a test frequency of
0,01 MHz.

[MHz]

k, Ci C, E,desid | Ppenec | Piynec P Py Pret A
[Vim] [mW] | [dBm] | [dBm] | [dBm] | [dBm] |[vim]| [VIm]

0,01

Figure 4.2: TEM Laboratory Reference format [20]

The entries in the table are:

f is the frequency at which the test is performed, expressed in MHz.

k; is the calibration factor of the power meter that measures direct
power at the given frequency.

k, is the calibration factor of the power meter that measures re-
flected power at the given frequency.

C; is the incident coupling factor of the directional coupler at the
given frequency.

C, is the reflected coupling factor of the directional coupler at the
given frequency.

E, desia is the theoretical value of electric field at which the instru-
ment must be calibrated, expressed in V /m.

Petin (also labeled Pt nec) is the theoretical power that must be
measured in input to the cell, computed according to 4.1.1 and
expressed in mW.

Pyirn (also labeled Pgpe.) is the theoretical power that must be
read on the power meter that measures direct power in input to
the TEM cell, expressed in dBm.

18
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e Py, (also labeled Py) is the reading of the power meter for direct
power, in dBm.

e P, (alsolabeled P) is the reading of the power meter for reflected
power, in dBm.

e P, is the net power entering the TEM cell, computed according
to the actual direct and reflected power with equation 4.1.2 and
expressed in dBm.

e F,. is the value of the theoretical field, obtained inserting the pre-
viously computed P, in eq. 4.1.1, and expressed in V/m.

e F,, is the electric field measured by the sensor under test, in V/m.

e [; is the computed calibration factor, obtained according to equa-
tion 4.0.1.

® Fredio 18 the arithmetic mean of the calibration factors obtained
at the 8 different orientations of the sensor.

In figure 4.2 the cells in grey correspond to values that can be inserted
before the calibration procedure begins, because they depend on the de-
sired test conditions (f, Eyg4esia) or they derive from other instrument
calibration certificates (k;, k., C;, C,) or they can be computed from
the previous values (Pt ); the white cells contain the values that must
be inserted during the test (Puy, Prifi, Em); the yellow cells represent
the values obtained with the automatic computation starting from the
previously inserted values (Pret, Er, Fr, Fpmedio)-

The Laboratory Reference model is the reference file to build all the
Laboratory References for all the calibration procedures: it is a file with
the structure previously described, where the only columns compiled are
the ones in grey, for a number of standard frequencies equally spaced.
This file is always kept updated, inserting the correct values of the cali-
bration factors every time the instruments used are changed or calibrated.
This reference file is the starting point of all testing procedures and it
is used as a model for the Laboratory Reference also in the Calibration
Software.

4.2 | Calibration procedure in GTEM cell

As explained in Chapter 3, the GTEM cell is an asymmetric cell with
lower field uniformity with respect to the TEM cell: in GTEM there is not
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a precise method to evaluate the field intensity in every point inside the
cell |2]. This entails that for the GTEM calibration tests the computed
field method previously described cannot be applied.

Therefore a standard electric field sensor (also called transfer standard
or sample sensor) is used to measure the electric field applied in the
cell before the device under calibration is exposed to it; this method is
called Comparison Method or Substitution Method, and it is very accurate
as long as the position of the sensors in the two phases is reproduced
correctly, the setup and the transmitted power are the same and the two
sensors have approximately the same volume [22].

It is also important to underline that in GTEM cells there is not a
single test volume: the sensors must be positioned in different points
inside the cell, according to the test frequencies considered during the
calibration.

For GTEM calibration as well as for TEM, the Laboratory Reference
is used, but it has a different format, as will be explained later on.

In the following the main concepts of the calibration procedure will be
illustrated. The complete procedure is described in TESEO laboratory
calibration procedure documentation for GTEM |[23].

4.2.1 Comparison Method

In the comparison method a standard electric field sensor is used to
evaluate the electric field intensity inside a defined test volume. Then
the standard probe is removed and the sensor under calibration is placed
in the same test volume; the power sent as input to the GTEM cell is the
same as in the previous step, therefore the electric field is now determined.
The measurement of the device under test is confronted with the standard
probe indication and the calibration factor is obtained.

The equation for the calibration factor C'F' is the same presented at
the beginning of this Chapter and used for TEM cell calibration (eq.
4.0.1). The equation is here reported again for clarity:

E’I"
Em
In this case E, (reference field) is defined as the field measured by
the standard probe, while E,, is the value indicated by the device under
calibration.
Actually the value of E, should be computed starting from the in-
strument measurement as follows:

CF = (4.2.1)

E,=E. ky kg ka-kpos (4.2.2)

where:
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E. is the actual value measured by the device.

e ky is a corrective factor due to the non-uniformity of the electric
field in the test volume.

kg is a corrective factor that considers the repeatability of the mea-
surement.

kpos 1s a corrective factor that takes into account the perturbation
of the field caused by the sensor presence.

In this case the coupling factors, the mismatch between coupler and
power meter, and the insertion loss of the directional coupler can be
neglected and are not taken into account in the computation of E,: tests
on the GTEM cell have shown that the reflected power is constant in
percentage to the incident power, therefore in comparison measurements
it is sufficient to evaluate the incident power, neglecting all the previously
mentioned factors.

Furthermore, since all k factors are assumed unitary in first appro-
ximation and considered only for the evaluation of the uncertainty, it is
possible to consider F, = E., that is the standard probe measurement.

The measurement scheme is shown in figure 4.3.

RF —
GENERATOR ) S —
COUPLER

POWERMETER
POWERMETER

|
I..________:".':.I:.:_:E PC
A

Figure 4.3: GTEM cell measurement scheme

The standard sensor is the reference for the measurement, therefore
its accuracy and precision must be checked periodically by an external
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organization. In particular sensor HI-6005 used by TESEO LAT Center
is calibrated annually by the internationally renowned NPL (National
Physical Laboratory), that is UK’s National Measurement Institute and
has the best uncertainty levels in Europe.

4.2.2 Test conditions

As in TEM calibration, instruments must have a warm-up period of 3
hours and measurements are performed in an environment at tempera-
ture 23°C + 5°C with relative humidity between 30% and 90%.

4.2.3 Frequency response test

The test evolves in two different phases: the first involves the standard
probe, in order to determine the electric field value inside the test volume;
the second is performed with the device under test.
For the frequency response test the devices are subject to electric
fields at different frequencies, while the field intensity is kept constant.
The test develops as follows:

Phase 1: Standard Probe

1. The instruments shown in figure 4.3 are connected, making sure
that the output of the signal generator is off. The standard elec-
tric probe is placed in the test volume corresponding to the first
frequency and it is zeroed.

2. The first test frequency is set on the generator and on the power
meters.

3. The generator output is turned on.

4. The standard probe HI-6005 is calibrated to work at a field level
equal to 10 V/m (indicated as E;). Knowing this value and the
calibration factors of the probe at the given frequency, the field
value to be read on the probe to obtain 10 V/m in the test volume
is given by:

By = —* (4.2.3)

where E; = 10 V/m and Fy is the Z axis calibration factor of the
probe, since the sensor must be positioned with the 7Z axis parallel
to the electric field vector in the cell.
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9.

. The amplitude of the generator output is varied until the stan-

dard sensor measures an electric field intensity equal to Ejg; in first
approximation the total measurement of the probe is considered,
rather than the indications relative to the single axes.

Once the desired field intensity is reached, the measurements of the
single axes of the probe are inserted in the Laboratory Report and
they are used to compute the total field value E,., with the following
equation (already seen in Chapter 3, eq. 3.4.2):

B = \/(F.- B.)* +(F, - E,)* + (F. - E.) (4.2.4)
This value of E, is then used to compute F, (eq. 4.2.2).

The value of P, measured by the power meter is written in the
Laboratory Reference.

. Points 2-7 are repeated for all frequencies corresponding to the

considered test volume.

The generator output is turned off.

Phase 2: Probe under Calibration

1.

The standard probe is removed from the GTEM cell and the device
under calibration is placed inside the test volume in the position
previously occupied by the transfer standard.

. If possible, the sensor is zeroed.
. The first frequency is set on the generator and on the power meters.
. The generator output is turned on.

. The generator output level is regulated until the power read from

the power meter P, is equal to the desired power level P,, 4.s. The
desired power level is the value that ensures that the same electric
field intensity is applied in both tests (with standard and calibrated
probe); this value is usually close to Pp;, measured in point 7 of
Phase 1, except for slight inaccuracies due to the generator finite
resolution.

Once the desired power level is reached, the value of P,, and the
electric field measured by the sensor E,, are written in the Labo-
ratory Reference.

The calibration factor is computed according to equation 4.2.1.
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8. Points 3-7 are repeated for each of the desired test frequencies of
the current test volume.

9. The generator output is turned off.

The whole procedure is then repeated for all the desired test volumes
and relative frequency ranges.

It is important to underline that sensor HI-6005 is calibrated at 10
V/m (E;), but it can be used also to calibrate sensors at a value of
desired reference field E,; that is different from 10 V/m. In this case the
computation of P, 4es (that otherwise is simply equal to Py;,) must be
corrected to take into account this difference:

E
Pm,des = Pdir + 20 - lOg <_d> (425>
E;

According to the previous equation, P, 4, is obtained simply incremen-
ting or decrementing the standard value Py, of the deviation (in dB) of
E4 with respect to the standard value of 10 V/m.

4.2.4 Amplitude linearity test

In this test the frequency is fixed, while the entity of the desired field
E; at each iteration varies. Note that the variation influences only the
probe under calibration: the standard probe is calibrated to work at
10 V/m (E;), therefore the first part of the test is always performed at
that field level and it can be carried out just once; in the second part
the correct power to be sent as input to the GTEM cell P, 4.5 will be
computed considering the deviation of the desired E; with respect to F;
(eq. 4.2.5), therefore different iterations will be needed corresponding to
the required values of Ej.

Since the frequency is kept constant throughout the test, the sensors
are placed in the correct test volume at the beginning of the correspon-
ding phase of the procedure and they are not moved.

The procedure steps are the following;:

Phase 1: Standard Probe

1. The instruments are connected as shown in figure 4.3 and the out-
put of the signal generator is turned off. The standard electric
probe is placed in the test volume corresponding to the test fre-
quency (fixed) and it is zeroed.

2. The test frequency is set on the generator and on the power meters.
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7.
8.

. The generator output is turned on.

Knowing F; and the calibration factors of the probe at the given
frequency, the value of Ej4 is computed according to equation 4.2.3.

. The generator output is varied until the sensor measures an electric

field equal to Ej4; the total measurement of the probe is considered.

Once Ej4 is reached, the single axes measurements of the probe
are written in the Laboratory Report and E. is computed with
equation 4.2.4.

The measured value of Py, is written in the Laboratory Reference.

The generator output is turned off.

Phase 2: Probe under Calibration

1.

4.2.5

The device under calibration is placed inside the test volume in the
place of the standard probe.

. If possible, the sensor is zeroed.

. The generator output is turned on.

The generator output is regulated until P,, is equal to the desired
Py, des; the value of P, 4.5 will be different for each test iteration
because it depends on Ej;, according to equation 4.2.5.

Once the desired power level is reached, the values of P,, and E,,
are inserted in the Laboratory Reference.

. The calibration factor is computed according to equation 4.2.1.

Points 4-6 are repeated for each of the desired electric field values.

. The generator output is turned off.

Observations

The first important consideration valid for both types of tests is that
for the computation of E, the reference equation is 4.2.2, where all &
factors are considered unitary, so E,. = E.. Actually during the tests it is
possible that the direct power measured by the power meter in Phase 2
(Py,) is slightly different from the desired power P, 4.5; for this reason it
is necessary to consider the actual value of P,, and correct the equation
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of E, to obtain the real value of field that the sensor under calibration is
subject to:

E.=E.- 10[(Pm/Pair)ap/20] (4.2.6)

In this way E, is corrected considering the ratio P,, (measured in Phase
2) over Py, (measured in Phase 1), expressed in dB (or the difference
expressed in dBm).

It is also important to highlight that the test procedures previously
described impose that for each test volume the test with the standard
probe is conducted first, then the test with the device under calibration;
once both tests are performed, the test volume is changed. Actually it
is possible to perform first all the testing with the standard probe, going
through all the different test positions, and then all the testing with the
probe to be calibrated. Coherently with the repeatability uncertainty
values accepted by the Laboratory, this alternative is valid if the device
calibration is performed within four hours from the standard probe test.
In this way it is possible to work once with the standard probe, and then
calibrate a number of different devices using the same electric field values
as reference.

4.2.6 Isotropic sensors

The same observations made for the TEM test case are valid also for
GTEM testing.

4.2.7 Laboratory Reference

For GTEM calibration tests as well as for TEM, a Laboratory Reference
is produced.

The first section of the file is the same described in section 4.1.6, with
the data relative to instrument, client and test conditions.

The tables relative to Frequency Response and/or Amplitude Line-
arity tests follow; both have the same column entries, shown in figure
4.4.

[MHz]

Fy

2 | Ea
[Vim]

E;
[Vim]

Eld
[Vim]

[Vim]

EV
[Vim]

E,
[Vim]

E.
[Vim]

P.
[dBm]

P, desid
[dBm]

[dBm]

E,
[Vim]

Ep,
[Vim]

Fe

Fe medio

300

Figure 4.4: GTEM Laboratory Reference format 23]

The labels in the table are the following:
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f is the test frequency, expressed in MHz.

Fx is the calibration factor of the standard probe at the given
frequency, relative to the X axis.

Fy is the calibration factor of the standard probe at the given
frequency, relative to the Y axis.

F7 is the calibration factor of the standard probe at the given
frequency, relative to the 7 axis.

Ey is the desired electric field intensity at which the sensor under
test must be calibrated, in V/m.

E} is the value of electric field intensity at which the standard probe
is calibrated, in V/m.

E), is the electric field value that must be measured by the standard
sensor during the test, obtained from 4.2.3 and expressed in V/m.

Ex is the field intensity measured by the standard probe on the X
axis, when the total field is equal to Ej4; expressed in V/m.

Ey is the field intensity measured by the standard probe on the Y
axis, when the total field is equal to Ej4; expressed in V/m.

E7 is the field intensity measured by the standard probe on the Z
axis, when the total field is equal to Ej4; expressed in V/m.

E¢ is the total electric field measured by the probe, computed
according to eq. 4.2.4, in V/m.

Py (also labelled P.) is the direct power indicated by the power
meter when the field measured with the standard probe is equal to
Eyq; expressed in dBm.

Py, 4es 1s the power (in dBm) that must be measured in input to the
GTEM cell when the standard probe is replaced with the sensor
under test; it is usually equal to Py, but if Fy is different from E,
it must be computed with eq. 4.2.5.

P,, is the actual power measured in input to the cell during the
test with the sensor to be calibrated, in dBm.

E, is the theoretical value of electric field to be measured by the
sensor to be calibrated, computed according to eq. 4.2.6, in V/m.
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e F,, is the actual electric field value measured by the sensor under
test, in V/m.

e [ is the calibration factor computed according to eq. 4.2.1.

® g medio 15 the arithmetic mean of the calibration factors obtained
at the 8 different orientations of the sensor (for isotropic sensors).

As previously explained for TEM, in figure 4.4 the grey cells con-
tain values that can be inserted before the calibration procedure begins,
derived from test conditions (f, F4) and standard probe calibration cer-
tificate (Ey, Fx, Fy, Fz) or computed from the previous values (E); the
white cells indicate values inserted during the test (Ex, Ey, Ez, Py,
P,., E,,); the content of the yellow cells is obtained with computations
from the previously inserted values (E., Py des; Ery Fi, Frmedio)-

Also for the GTEM Laboratory Reference a model is stored, with the
calibration factors of the standard probe at different frequencies, and it
is used as a starting point to create all other Laboratory References.

4.3 Certificate of Calibration

After the required calibration procedure is completed, all the test data
are recorded in the Laboratory Reference.

Starting from this test record, the Certificate of Calibration is written,
according to a specific format.

The first page shows the logos of ACCREDIA and TESEOQ, Certificate
number, date of the tests, instrument serial number and other generalities
also indicated in the Laboratory Reference.

The following pages contain: the description of the environmental
conditions of the test and the settings of the instrument during the
calibration; a summary of the calibration procedure; the measurement
results, usually expressed in table form, highlighting the obtained cali-
bration factors and the related uncertainty levels.

Figure 4.5 shows the first page of a sample Certificate of Calibration,
extracted from [20].
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Figure 4.5: Certificate of Calibration, first page example [20]
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4.4 | ACCREDIA and ISO procedures

The previously described procedures are the ones defined by the Center
and approved by ACCREDIA.

It is possible that a client requires a calibration that is not necessarily
certified by ACCREDIA. These procedures are generally defined as 150
Calibration.

They are performed following the same steps previously described,
with only a few differences. The most relevant aspect is that the rotation
of the isotropic sensors over 8 positions is not required in ISO calibration,
therefore for each frequency there will be only one corresponding line in
the Laboratory Reference; instead ACCREDIA Laboratory References
have 8 lines for each test and also a few additional columns dedicated to
the computation of the overall uncertainty over the 8 measured values of
each test.

Finally it must be specified that the previously described procedure
approved by ACCREDIA extends to tests up to 3 GHz (in GTEM), but
the GTEM cell can also be used for higher frequency tests (up to 18
GHz) in ISO procedures, therefore ISO Laboratory References cover a
wider range of frequencies.

It is important to highlight these differences because they influence
the way the Calibration Software deals with the two types of procedures,
as will be explained in Chapter 7.
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The components of the measurement chain for the calibration procedure
of electric field sensors were briefly introduced in the previous Chapter.

Before delving into the description of the software for the automation
of the calibration procedure, it is appropriate to describe more thoroughly
the instruments needed to perform the tests. In particular it is important
to pinpoint the communication protocols of the devices that have to
communicate directly with the developed software.

As shown in figures 4.1 and 4.3, the types of instruments used in the
TEM and GTEM procedures are the same, but it is important to keep in
mind that the two cells work at different frequencies. For each frequency
range the directional couplers and the amplifiers used are different. At
high frequencies also the generator, the power meters and the standard
probe must be substituted, according to their respective frequency range;
for this reason two generators, two electric field probes and two power
meters are used in TESEOQO, depending on the frequency of the tests to
be performed.

Considering that the developed software aims at controlling both AC-
CREDIA and ISO procedures, which extend over 3 GHz, also instruments
that work over that frequency will be described.

In the following each component of the measurement chain will be
analyzed, with reference to the models used by LAT Center TESEO, with
the exceptions of TEM and GTEM cells already described in Chapter 3.

5.1 RF Generator

A signal generator has the task of providing a certain system with the
required input signal. Different types of signal generators exist with
different characteristics.

In particular an RF Generator (Radio Frequency Signal Generator)
is a function generator designed to excite RF circuits; it generates sinu-
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soidal waveforms with frequencies from a few kHz to 50 GHz, with op-
tional amplitude or frequency modulation [24]| (not used in TEM/GTEM
calibration procedures).

The input of the system must be controlled by the software that
manages the calibration procedure, therefore the generator must be able
to receive commands and send feedback to a computer.

5.1.1 HP 8648D

This generator works in the frequency range 9 kHz - 4000 MHz, therefore
it is used for all tests in TEM cell and for all ACCREDIA tests in GTEM
[25].
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Figure 5.1: HP 8648D Signal Generator [25]

e Manufacturer: Hewlett Packard

e Frequency range: 9 kHz - 4000 MHz

e Resolution: 0.001 Hz

e Accuracy: + 3-107% - carrier frequency [Hz]
e Output range: -136 dBm to +10 dBm

e Remote programming interface: TEEE-488.2-1987, also known as
HPIB or GPIB; it is a standard bus for the communication and
control of electronic devices. All functions are programmable.

e Control language: SCPI 1992.0

5.1.2 R&S SMPO02

This is the signal generator employed for tests at higher frequencies [26].
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Figure 5.2: R&S SMPO02 Signal Generator [26]

e Manufacturer: Rohde & Schwarz
e Frequency range: 2 GHz - 20 GHz
e Resolution: 0.1 Hz

e Accuracy: £+ 1.3 dB at +10 dBm; £+ 0.7 dB at -10 dBm (varying
with the output level)

e Output range: -20 dBm to +11.5 dBm
e Remote programming interface: IEC-625 (IEEE 488)

e Control language: SCPI 1992.0

5.2 Electric Field Probes

Standard electric field probes are used in GTEM calibration to evaluate
the reference field inside the cell.

Two probe models are employed according to the considered test fre-
quency. Both need to be connected to a computer to transmit the field
intensity measurement; a custom program is provided by the probe manu-
facturer to be able to communicate, but in this work the probes exchange
information directly with the software developed for the calibration. As
hinted in Chapter 3, the connection is realized with a fiber optic cable, to
minimize electromagnetic interference and avoid influencing the electric
field measurement performed by the sensor.
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5.2.1 HI-6005

The standard electric field probe used for tests up to 5 GHz (therefore
for all ACCREDIA tests) is HI-6005. It is an isotropic sensor with three
distinct axes, characterized by a wide operating range [27|. The working
principle of this probe was already described in Chapter 3.

Figure 5.3: ETS-Lindgren HI-6005 Electric Field Probe [27]

e Manufacturer: ETS-Lindgren
e Frequency range: 100 kHz - 5 GHz
e Measurement range: 0.5 to 800 V/m

e Remote programming interface: Fiber Optic/RS232 Serial

5.2.2 FP4240

Electric field sensor FP4240 is used for higher frequency tests. It is a
broadband isotropic field sensor, but its axes cannot be visually distin-
guished |[28|.
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Figure 5.4: AR FP4240 Electric Field Probe [28]

e Manufacturer: Amplifier Research
e Frequency range: 200 kHz - 40 GHz
e Measurement range: 1.5 to 300 V/m

e Remote programming interface: Fiber Optic/RS232 Serial

Beside the standard probes just described, also a couple of probe
models often calibrated by TESEO have been analyzed, in order to make
their calibration procedure more efficient. The two models are described
in the following.
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5.2.3 PMM 8053B

This sensor model is composed by a compact device for reading the mea-
surements and controlling the settings, plus a number of different probes
(for electric and magnetic field measurements) that can be mounted on
the base, according to the desired application; the technical specifications
vary depending on the probe used [29].

In any case the communication is implemented through the base that
collects the measurement, so the same protocol is applied.

In figure 5.5 probe EP-330 is shown alongside the common base.

Figure 5.5: Narda PMM8053B with EP-330 Electric Field Probe [29]

e Manufacturer: Narda

e Frequency range: DC - 40 GHz, depending on the probe; for probe
EP-330 in figure 5.5 the range is 100 kHz - 3 GHz

e Measurement range: changes greatly depending on the probe, from
a few mV/m up to 1000 V/m; for probe EP-330 the range is 0.3 -
300 V/m

e Remote programming interface: RS232

5.2.4 EMR-300

Similarly to the previous sensor, EMR 300 is made up by a single base
to which multiple probes can be attached, therefore the technical speci-
fications may vary depending on the probe model.

The device is provided with an optical interface that can be used for
remote control [30].
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Figure 5.6: Wandel & Goltermann EMR-300 Electric Field Sensor [30]

o Manufacturer: Wandel & Goltermann

e Frequency range: changes greatly depending on the probe between
100 kHz and 60 GHz; for probe type 9.2, used during the tests, the
range is 3 MHz - 18 GHz

e Measurement range: varies according to probe model between 0.6
V/m and 1000 V/m; for probe type 9.2 the range is 1.2 - 1000 V/m

e Display resolution: 0.01 V/m

e Remote programming interface: RS232

5.3 Power Meters

RF power meters are specifically designed for power measurements in
EMC testing. They need to be accurate, fast and work on a wide fre-
quency range [31].

Since the values measured by the power meters have to be monitored
constantly during the calibration procedure, these devices need to be
able to receive commands directly from the control software, using the
appropriate communication protocol.

5.3.1 RPR 2006 C

For tests up to 6 GHz two RadiPower RF power sensors are used. They
are accurate, fast and very small. They are connected directly to the com-
puter through USB cables and they have their own software for reading
the measurements (RadiMation software) [31].
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Figure 5.7: DARE!! RPR2006C Power sensor [31]

In this work the sensors communication protocol was exploited to
make them communicate directly with the Calibration Software, instead
of using RadiMation, in order to monitor the measurements automatically
inside the control loop.

o Manufacturer: DARE!! Instruments
e Frequency range: 9 kHz - 6 GHz

e Power measurement range: -55 dBm to +10 dBm (usable to -60
dBm)

Resolution: 0.01 dB

Remote programming interface: USB 1.1

5.3.2 PM2002 - PH2010

Model PM2002 is a dual channel power meter with a wide dynamic range.
It works with two power heads model PH2010 [32].

e Manufacturer: Amplifier Research

e Frequency range: 10 kHz - 40 GHz (power head dependent); with
PH2010: 30 MHz - 40 GHz

e Power measurement range: -70 dBm to +44 dBm (power head
dependent); with PH2010: -70 dBm to +20 dBm

e Remote programming interface: IEEE-488

5.4 = Amplifiers

Amplifiers are used to increase the power produced by the generator up
to the appropriate level before it is sent as input to the TEM or GTEM
cell.

The main parameter is the gain, expressed in dB and defined with
the following formula:
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mn

P
G =10-log ( ];’”t> (5.4.1)

In this case no remote control is needed, the device only needs to
be inserted in the measurement chain, without any supervision from the
software.

Given the wide range of frequencies, five different amplifiers have to
be used.

e AR 75A250: tunable gain amplifier, typically employed in RF
susceptibility testing, antenna and component testing [33].
— Manufacturer: Amplifier Research
— Frequency range: 10 kHz - 250 MHz
— Power gain: 49 dB (minimum)
— Power output: 75 W, CW (minimum)
e AR 25W1000: solid-state, air-cooled amplifier with instantaneous
bandwidth and tunable gain [34].
— Manufacturer: Amplifier Research
— Frequency range: 1 - 1000 MHz
— Power gain: 44 dB (minimum)
— Power output: 25 W, CW (minimum)
e AR 30S1G3: solid-state amplifier with instantaneous bandwidth
and tunable gain [35].
— Manufacturer: Amplifier Research
— Frequency range: 0.8 - 3 GHz
— Power gain: 45 dB (minimum)

— Power output: 30 W (minimum)
e TESEO VAO058: solid-state amplifier produced by TESEO.

— Manufacturer: TESEO
— Frequency range: 2 - 8 GHz
— Power gain: 30 dB

— Maximum input power: 0 dBm

¢ BONN BLMA 6018-35: solid-state, forced-air amplifier with
instantaneous bandwidth and tunable gain [36].
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— Manufacturer: Bonn Elektronik
— Frequency range: 6 - 18 GHz
— Power gain: 45.4/50 dB

— Power output: 35 W (minimum)

5.5 = Directional Couplers

Directional couplers are used to monitor direct and reflected power in
TEM or GTEM.

A directional coupler is a four ports component used to collect a
fraction of the signal travelling along a line. Given a coupler with the
functional scheme shown in figure 5.8, the main signal goes from port 1
to port 2; in ports 3 and 4 respectively there is a fraction of the direct
and reflected power propagating between 1 and 2 [37].

Pinc PHEt

DIRECTIONAL <=
COUPLER P

2] 4]

Pdir,meas ﬂ ﬂ Prefl,meas

Figure 5.8: Directional Coupler scheme

The main parameters of a directional coupler are the coupling factor
C, that is the scattering parameter relative to the power extracted at one
of the ports, and the directivity D, that indicates the error separating
opposite waves (component non-ideality) [37].

Also for directional couplers, as for amplifiers, no remote control is
needed (nor possible in this case). Depending on the frequency range,
different components are used.

e AR DC2600: dual directional coupler [38].

— Manufacturer: Amplifier Research

— Frequency range: 10 kHz - 250 MHz

— Coupling factor: 50 dB £ 1 dB (includes flatness)
— Directivity: 25 dB typical
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— Power output: 600 W (10 kHz-100 MHz), 300 W (100 MHZ-
250 MHZ)

e AR DC3001: ultra-broadband dual directional coupler [39].

— Manufacturer: Amplifier Research
— Frequency range: 100 kHz - 1000 MHz
— Coupling factor: 40 dB £ 0.8 dB (includes flatness)
— Directivity: 28 dB typical
— Power output: 100 W, CW (maximum)
e AR DC7144: wide range dual directional coupler with low inser-
tion loss [40].
— Manufacturer: Amplifier Research
— Frequency range: 0.8 - 4.2 GHz
— Coupling factor: 40 dB + 1.3 dB (includes flatness)
Directivity: 19 dB typical
— Power output: 400 W, CW (maximum)

e ATM CH235H-35: high power dual directional coupler [41].

— Manufacturer: L3Harris Narda-ATM
— Frequency range: 4 - 18 GHz

— Coupling factor: 35 dB £ 1.5 dB

— Directivity: 12 dB

— Power output: 200 W
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For this thesis the program LabVIEW (version 2012) was used to develop
an application able to supervise and control the calibration procedure of
the electric field sensors performed by LAT Center TESEO.

Before delving into the description of the software, it is appropriate
to introduce LabVIEW and its main features.

6.1 LabVIEW basics

LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is
a programming environment developed by National Instruments and first
released in 1986.

A program created in LabVIEW is called VI (Virtual Instrument)
and it can be opened and compiled only in LabVIEW.

The programming language is called G Language (Graphical Lan-
guage) and it uses icons instead of text lines to create applications: each
VI is made up by a number of icons of various types connected through
wires; the monodirectional wires connecting the blocks determine the
execution order of VIs and functions (dataflow programming) [42].

6.1.1 Structure of a LabVIEW program

A VI is made up by two parts: Front Panel and Block Diagram.

The Front Panel is the user interface of the program, therefore once
the program is completed the end user only sees and interacts with this
part. The main components of the Front Panel are controls and indi-
cators: controls are the input terminals of the VI, and their values are
imposed by the user; indicators are the outputs, that show the results of
the operations performed by the program. Different types of icons can be
used, depending on the type of object corresponding to the controls and
indicators: numbers, arrays, boolean quantities (represented as buttons
or levers), strings, LEDs, graphs.
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The Block Diagram is the actual code, in graphical format. It has
the shape of a flow diagram, where all the controls and indicators from
the Front Panel (called terminals) are present and connected with all
the other components of the scheme. The Block Diagram is completely
transparent to the user, and it is not normally visible except in the pro-
gramming and debugging phases. Inside this diagram different blocks
are used to implement the required functionalities: constants, formula
nodes, functions, structures of different types (for loops, while loops,
case structures). Each type of block has its own color, to make it vi-
sually distinguishable from all others, therefore the final aspect of the
Block Diagram is quite colorful.

Inside the Block Diagram of a VI there can be also calls to other Vs,
as a part of the dataflow: the VI that is called is then referred to as sub-
VI, and it is simply represented in the Block Diagram with a box that
can contain the VI name. Using sub-VIs is convenient because it makes
the higher level Block Diagrams more clean and easy to read, and it
creates a structured program, organized on different levels; furthermore
it is possible to isolate common functionalities inside a sub-VI, so that
it can be inserted in other parts of the code and reused, simplifying the
updating of the code: a change made in one of the instances of a sub-VI
automatically affects all calls to the sub-VI [42].

In order to make a normal VIinto a sub-VI it is only necessary to build
a Connector Pane, that is a box with a set of terminals that correspond to
controls and indicators, that are the inputs and outputs of the VI. When
the sub-VI is made into an icon in a higher level VI Block Diagram, it
receives the input data through the connector pane terminals, passes the
data to its Block Diagram and finally produces the results that are sent
as outputs to the higher level VI.

An alternative way to pass arguments between different VIs are the
global variables. When a global variable is created a particular VI is
generated automatically, called Global VI: it has no Block Diagram, only
Front Panel, and all other VIs can have access to the data contained in
it; global variables can be written or read, and when they are modified
their value is updated in all instances by default.

6.1.2 Building an Application

Once the program is completed, it can be converted in an application.
This means that the program can be opened and run, but not modified
by the end user, since no access to the Block Diagram is allowed.
Starting from a LabVIEW project, that includes the main VI and all
other connected sub-VlIs, the executable can be built easily. Then the
application can be run on any computer, as long as it has LabVIEW
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Run-Time Engine installed.

6.2 Instrument drivers

LabVIEW is commonly used in industrial automation because in this
environment it is possible to implement the communication with different
types of instruments.

Communication and control of instrument hardware is implemented
through particular VIs called Instruments Drivers. These VIs communi-
cate with the instruments using LabVIEW built-in VISA I/O functions.

Some instruments have their own drivers already built and avai-
lable for download from National Instruments website, in the Instrument
Driver Network (IDNet) [44].

In other cases drivers can be built for the specific instrument, making

use of the VISA functions available in LabVIEW.

6.2.1 VISA

VISA (Virtual Instrumentation Software Architecture) is a standard 1/0
API for instrumentation programming.

LabVIEW instrument drivers usually use VISA functions to commu-
nicate with instruments with different interface types as GPIB, Ethernet
and serial interfaces, among others.

The advantage of using VISA is that the method of operation is the
same regardless of the communication protocol used; VISA makes the
appropriate driver calls depending on the type of instrument, but it is
transparent to the programmer [43].

Given a specific device identified by a VISA resource name, the main
functions of the VISA palette that can be applied to the device (fig. 6.1)
are [43]:

e VISA Open: opens a session to the resource.

e VISA Write: writes the desired data (commands) in the device;
in order to send the proper commands, it is necessary to know the
specific command set for the instrument to be controlled, which
can be found in the device manual.

e VISA Read: returns the response of the instrument to the com-
mand, if there is any.

e VISA Close: closes the session to the resource.
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Another important function, that is only needed in the case of com-

munication through serial port, is the VISA Configure Serial Port. This
function initializes the serial port corresponding to the specified VISA

resource name to the desired settings.

45A

SERIAL

Figure 6.1: VISA functions: Open, Write, Read, Close, Configure Serial Port

6.2.2

Driver example

An example of driver developed ad hoc for this thesis is the driver that
has to communicate with the standard electric field probe model HI-6005.

The probe configuration and control is subdivided in many VlIs.
The initialization VI contains the VISA Configure Serial Port VI,

since probe HI-6005 communicates through serial port, as seen in section
5.2.1.
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The actual driver is shown in figure 6.2.
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Figure 6.2: Extract from Calibration Software Block Diagram:
Driver for Standard Electric Field Probe HI-6005
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clarity, and it is directly converted in the corresponding command DJ,
found in the instrument user manual [27]; this control string demands
that the probe reads the field values over the three axes and returns
them, along with the total measurement E.. Other possible commands
are the ID query, or the short read, that returns the three measurements
but not the total one.

Given the command and the VISA resource name, the VISA Write
function is called, that sends the control string to the instrument.

After a short delay (100 ms), the VISA Read function is called and
the read string is returned.

In this particular case the string must be manipulated to extract the
relevant information: according to the instrument data output format,
each section of the final string corresponds to a measurement, that must
be isolated and converted in numeric format before being sent to the
corresponding indicator (E,, E,, E,, E.).

Finally there is another VI dedicated to closing the communication
with the instrument, and there the VISA Close function is used.

6.3 = Configuration files

Another important feature provided by LabVIEW is the use of Configu-
ration files or Initialization files.

Configuration files (with extension ".ini") are text files divided into
sections, identified with a specific name enclosed between brackets. Sec-
tions contain a number of keys, and for each key there is a corresponding
value that follows an equal sign; the value represents the setting of the
parameter indicated by the key [45].

The structure of the file is shown in figure 6.3:

[Sectionl]
keyl=valuel
key2=value2
[Section2]
keyl=value3
key2=value4

Figure 6.3: Configuration File example

Given a file formatted in this way, LabVIEW can open it, read it and
look for the values of the desired keys.
The functions used for this aim are three (fig. 6.4):
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¢ Open Config Data: opens a reference to the desired configuration
data file.

e Read Key: reads the value associated with a specific key; it takes
as inputs the key name, the type of data and a default value (op-
tional) that is returned in case the required key is not found.

e Close Config Data: closes the reference to the configuration file.

Double ¥

Figure 6.4: Configuration Files functions: Open, Read Key, Close

Two configuration files are employed in the Calibration Software: one
is called "Report_config.ini” and it contains all the relevant informa-
tion regarding the format of the Laboratory Reference to be compiled
by the software during the calibration procedure; the other is called "In-
strument_ configuration.ini” and it contains all the data regarding the

instruments (working range, serial port settings).
Figure 6.5 is an extract from the instrument configuration file, con-

taining the data for Probe HI-6005.

[Standard Probe Settings - low freq:]
;RS232

;Default data refer to HI 6005
VISA_res_name_SProbe=COM1
baud_rate_SProbe=9600
data_bits_SProbe=7

parity SProbe=1
stop_bits_SProbe=10
flow_control_SProbe=0
termination_char_SProbe=13
timeout_SProbe=1000
f_min_SProbe_MHz=0.1
f_max_SProbe_MHz=5000

Figure 6.5: Extract from Instrument Configuration file:
Probe HI-6005 configuration data

Figure 6.6 shows how the parameters of probe HI-6005 are read in
the code.
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Figure 6.6: Extract from Calibration Software Block Diagram:
Reading Probe HI-6005 configuration parameters

In a previous section of the code the configuration file Instrument
configuration.ini is opened; the Read Key function is applied iteratively
to collect the values of all the parameters of interest; the values are stored
in the corresponding global variables (the different colors are due to the
different types of numbers: blue is for integer, orange for double); the
dark green line connecting the blocks in sequence is the error indicator.

Once the values of interest are read from the configuration file they
can be used immediately in the code, or they can be stored into global
variables to be used elsewhere in the program.

It is convenient to store these parameters in a configuration file rather
than save them as constants in the code, because in this way they can
be easily modified if the Laboratory Reference format is varied or if the
instruments used are changed, without the need of modifying the code,
but simply correcting the values in the .ini file.
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The Calibration Software developed with LabVIEW is aimed at automa-
ting the calibration procedure for electric field sensors applied by TESEO
in TEM and GTEM cells.

The Front Panel of the Main VI, that appears when the software is
launched, is shown in figure 7.1.

5 EFEAGE TE M/GTEM Certificate
=ITESEO Electric Field Sensor Calibration 10092019  11:17

TEST INFORMATION: 9 o MONITORING THE TEST
Current State
TEM/GTEM? [\ Initialization

]

ACCREDIA procedure?
il

Type of test

Frequency Response

Type of probe

Isotropic

Desired sequence

Complete sequence

Calibration probe model

=] [PMM 80538 (Narda) J

Figure 7.1: Calibration Software, Main VI - Front Panel
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The Front Panel is divided in two parts: on the left there all the
controls, on the right there are the indicators.

The controls in this Front Panel are all the data that the operator
must insert in order to start the testing procedure, shown under the label
"Test information".

First of all the operator must use the boolean button TEM /GTEM
to select the desired test procedure, choosing from the two described in
Chapter 4. The button below is the ACCREDIA procedure boolean
control: if this button is set to true, the procedure to be followed is
ACCREDIA, otherwise it is ISO.

Under the two buttons, there are a number of controls, that appear as
drop-down lists. The first one is Type of test: the options are Frequency
Response, Amplitude Linearity or Frequency Response+Amplitude Li-
nearity, so that the operator can choose whether to perform only one
of the tests or both in sequence automatically; for GTEM tests there are
also the options Frequency Response 3-6 GHz and Frequency Response
over 6 GHz.

The control Type of Probe gives the options Isotropic or Monoazial,
referring to the probe under calibration.

Desired sequence is a parameter that applies only to GTEM tests.
If the operator selects Complete sequence the tests with the standard
probe and the probe under calibration will be performed in sequence, re-
placing the probes in the cell each time the frequency imposes a change
of position. Otherwise it is possible to select Standard Probe only to
perform the test with the standard probe first, over all the desired fre-
quencies, and then repeat the procedure selecting Test Probe only to test
the probe under calibration; as long as the two tests are performed within
a four hours interval, this method is considered acceptable, as explained
in Chapter 4.

As for the probe under calibration, it was previously mentioned that
two probe models in particular are frequently calibrated by TESEO. The
control Calibration probe model allows to select the probe model
between the two known ones in order to perform a completely automated
procedure, or select Other model if the model is not one of the two; in the
second case the reading of the probe measurement has to be performed
by the operator, as will be explained later on.

There is also a small control that allows to turn on or off the volume
for the acoustic warnings throughout the test.

Finally at the bottom of the panel there are the START button, that
launches the test procedure, and the STOP button, that interrupts the
execution of the program.

On the right of the Front Panel, there is the section labeled "Moni-
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toring the test". There are three indicators: Current State indicates
the step that the program is currently performing; Current Frequency
Range indicates the range of frequencies at which the testing is per-
formed and it is mainly useful in GTEM, where a different range means
a different position inside the cell; Error status has a LED that is green
in the absence of errors, red otherwise, and below it there is a section
where the description of the error appears, if there is any.

The Front Panel also shows a picture of the measurement chain, that
is updated automatically as soon as TEM or GTEM procedure is selected,
showing the correct configuration.

Finally, once the procedure starts, the name of the Certificate and
the date and time of the test start are shown in the upper right corner
of the window, next to the VI title.

Hidden behind this Front Panel there is the Block Diagram of the
Main VI, that has to be described in depth, since it gives the structure
of the entire software.

7.1 Structure of the software

The Block Diagram of the Main VI is structured as a while loop, that
keeps the program running waiting for the START command from the
operator. When the START button is pressed, the automated procedure
begins. If the STOP button is pressed instead, the while is terminated
and the program execution is interrupted.

The procedure can be carried out in TEM or GTEM cell, accor-
ding to the control setting on the Front Panel; a case structure imple-
ments the choice between the two options: depending on the value of the
TEM/GTEM control, a different procedure is executed.

Figure 7.2 shows the appearance of the Main VI Block Diagram, and
in particular the TEM case.

From the figure it is possible to see that inside the case relative to
the selected procedure there is another case enclosed in another while
cycle. The inner case structure is used to implement a state machine
and the while loop ensures that the code goes through all the states
instead of executing only one; the choice on the next state is performed
in the current one and a shift register is used to transmit it as input to
the loop for the following iteration.

Outside the case, but still inside the while there is a block that deals
with errors: if there is an error in the current state, this block causes an
immediate transition to the last state to terminate the test. An acoustic
signal is given to signal the error, if the volume control is activated in
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the Front Panel.
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Figure 7.2: Calibration Software, Main VI - Block Diagram

The GTEM case is structured in the same way as the TEM one. What
changes is the internal sequence of states, due to the different procedure
that has to be implemented. In the following the two procedures and
their software implementation will be described in more detail.

TEM procedure

The TEM procedure case is composed by four states: Initialization,
Calibration Probe Frequency Response, Calibration Probe Am-

plitude Linearity, End test.

in the test chain.

The first state is always executed, because it is necessary to set up the
entire procedure and implement the communication with the instruments

The Frequency Response and Amplitude Linearity cases are executed
or not, depending on the calibration required, according to the value of
the Type of test control in the Front Panel.

Regardless of the desired sequence of tests, the End test state is
always executed to close the communication with the instruments and
save the Laboratory Reference, terminating the test correctly.
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The following scheme in figure 7.3 represents the TEM procedure case
structure.

INITIALIZATION

CALIBRATION

FREQUENCY
RESPONSE

CALIERATION
AMPLITUDE
LINEARITY

. |

Y

END
TEST

Figure 7.3: TEM procedure scheme

Each of the four states composing the TEM procedure is complex
and it is made up by a number of sub-VIs, therefore it is appropriate to
describe them one by one.

7.2.1 Initialization

The Initialization state for TEM testing is shown in the previous figure
7.2.

In this initial state a few graphical arrangements are made as soon as
the START button is pressed, such as updating the picture in the Front
Panel to show the TEM configuration and hiding the Desired sequence
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control that applies only in the GTEM case. Moreover the START and
STOP buttons are disabled, to avoid anomalies in the execution of the
test. It is still possible to stop the test in any phase, since each sub-VI
has its own button to abort the software execution and proceed directly
to the End Test case to terminate the test correctly.

In the Block Diagram of the Initialization case it is possible to see
three sub-VIs, whose order of execution is imposed by the green error
line connecting them.

The first VI to be executed is labeled Paths: it is a pop-up VI and
its Front Panel (shown in figure 7.4) appears as soon as the test begins.
In this VI three folder paths must be inserted by the operator: one for
the folder where the Laboratory Reference model is stored (that is the
starting point to create all other Laboratory References), one for the
folder where the complete Laboratory Reference must be saved at the
end of the procedure, one for the folder where the configuration files are
stored. If one of the fields is not compiled, a message appears to ask the
operator to insert the missing path. The Enter button allows the test
to proceed, while the Cancel button stops the procedure.

D Paths - X

Electric Field Sensor Calibration

Iieseo FILE PATHS

Folder path for Lab reference model:

. =

%
Folder path for final Lab reference file:

=]

%
Folder path for Configuration files:
]
5 ==

Enter L Cancel

Figure 7.4: Calibration Software, Path VI

The second sub-VT1 is called TEM Test Settings, and it handles the
creation of the Laboratory Reference for the current test.

This is also a pop-up sub-VI, since its Front Panel becomes visible to
the operator as soon as it is called, and it is shown in figure 7.5.
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E‘ TEM Test Settings - X

TEM Sensor Calibration Certificate

TEST SETTINGS 10/09/2019  11:20

ICertificate

Figure 7.5: Calibration Software, Test Settings TEM VI

This Front Panel shows a number of controls that must be set by
the operator before the test actually begins. On the left there are all
the data relative to the instrument under test, the client and the testing
conditions, that will fill the first section of the Laboratory Reference, as
explained in Chapter 4. Of these fields only the Certificate and Ey values
must always be inserted; if they are not compiled, a message will appear
to notify the operator.

On the right there is a section for the Frequency Response, that must
be compiled only if the Frequency Response test is selected in the Main
VTI: the desired frequencies can be inserted as a range, specifying the first
and last frequency and the desired step, or as a list; if the list option is
chosen, a message will appear so that the operator can choose whether to
insert the list of frequencies manually, or select them from a pre-compiled
file.

If the Amplitude Linearity test is required, the fields for the frequency
at which the test must be performed and the list of amplitudes must be
filled.
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When the Enter button is pressed, the operator is given the option to
confirm the current settings or edit them. Once the values are confirmed,
the test can proceed.

This Front Panel hides a complex Block Diagram, articulated in dif-
ferent sections.

The software checks first of all that the mandatory fields in the Front
Panel are compiled; if they are not, a message will appear to the operator,
otherwise the test will proceed without interruptions. Figure 7.6 shows
the VI section that handles this check on the compiled fields.
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Figure 7.6: Calibration Software, TEM Test Settings - extract

After this check, the "Report_config.ini” file is read. This file con-
tains the description of all the Laboratory Reference models, divided
depending on the type of procedure (TEM/GTEM, ACCREDIA/ISO),
including the file name and the labels of the columns for each field of
the tables in the Reference. A configuration file is used in order to make
the code more flexible: in case the model file is changed or renamed, it
is only necessary to update the configuration file instead of changing the
code of the program.

Moreover in this section all the control values set in the Main Front
Panel are stored inside the corresponding global variables, and in par-
ticular the desired test procedure is memorized (Frequency Response,
Amplitude Linearity or both).

Once these preliminary actions are executed, the Laboratory Refe-
rence model is opened and a copy is created in order to avoid overwriting
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the original file; the function used for this aim is called "New Report.vi",
therefore in the following this file will be referred to as report, according
to LabVIEW nomenclature. The report is opened in Excel and it will
stay open until the test procedure terminates, so that the operator can
monitor it and see the data appearing on the spreadsheet as the test goes
on.

The protection on the report worksheet is removed and the first data
line is detected, that is the first line of the Frequency Response or Am-
plitude Linearity table.

Then the software implements a check on the desired frequencies and
amplitudes for the test: if the values are already present in the report
model, the indexes of the corresponding lines in the report are stored
in a vector. If the values are not available, a sub-VI called TEM in-
terpolation is executed: for each frequency that is not present in the
original model, this VI interpolates all the data that are needed to fill
the Laboratory Reference before the test begins (k;, k.., C;, C.), based on
the values already in the model. Furthermore for each frequency and
amplitude of the test, the values of the power to be measured at the
input port of the cell (Per s, in mW and Py, ¢, in dBm) are computed
based on the calibration factors and the desired Ej.

At this point all the data that must be written in the report before
the procedure begins are stored inside vectors and the corresponding
indexes to insert them in the Excel file are computed. Before the data
are written in the report, all the rows of the data tables of the original
model are cancelled; in this way the report will contain only the data
relative to the current test, without any residual lines from the model.
LabVIEW offers two functions called "Excel Import Module" and "Excel
Run Macro" that allow to execute simple instructions written in Visual
Basics to operate on Excel reports. In this case a simple fragment of
VBA code is employed to delete the unnecessary rows, as shown in figure
7.7, using as input arguments the controls First line and Last line, whose
values are previously set in the code.

= - . Excel Import Module.vi Excel Run Macro.vi
Sub DeleteRows(intTopRow As Integer, intLastRow As Integer)| report in [[0B1 ¥ T —
Range(Cells(intTopRow, 1), Cells(intLastRow, 1)).EntireRow.Delete Shift:=xIUp = » =
End Sub| Error In |[S5% e
el ?

First Iine@ T3 P =]
Lastline'ﬁ'J_‘
Figure 7.7: Calibration Software, Delete rows VI extract - VBA code

After this operation is performed, the data of interest are written in
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the corresponding cells of the Excel report, using a VI called Set Cell
Value (figure 7.8). The elements in the data vector are considered one
at a time (in a for loop) with the corresponding row and column indexes
and they are inserted in the Excel file with the function "Append Report
Text.vi".

Fa.3f

index arra}r@—::: =l — positien (excel).row

position (excel).column

data |[abcMacsTl

report in [[0BI === E2 "- ¥0B|report out
error in [Etem = = =2t |error out
warksheet |[ibc k
L] P

Figure 7.8: Calibration Software, Set Cell Value VI

Finally another fragment of VBA code is used to apply the format-
ting of the original report to all the new lines just inserted. This is
useful to automatically maintain the same cell colors, font and all other
characteristics of the model.

At this point the TEM Test Settings VI terminates, and if no error
is detected, the software executes the third and last VI of the Initia-
lization phase: the Instrument Configuration VI.

This VI is articulated in two sections: in the first the "Instrument
configuration.ini” file is read, in order to gather all the relevant infor-
mation about the instruments of the test chain, while in the second the
power meters and signal generator are initialized.

The data are read from the configuration file using the Read Key
function described in Chapter 6. In particular the file contains baud rate,
data bits, parity, stop bits for the devices using serial communication, and
the frequency range for all instruments.

The power meters and the signal generator are initialized in this phase
because they can be connected to the computer before the procedure
begins. A pop-up VI appears before the initialization begins, asking the
operator to select the addresses corresponding to each device that must
be connected, as shown in figure 7.9, but in this first phase only the fields
of signal generator and power meters will appear.
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Figure 7.9: Calibration Software, Instrument Address VI

For the signal generator a number of VIs are used to set all the relevant
properties: once the VISA resource name (the instrument address) is
known, the device is initialized, asking for its ID in order to verify that
the connection is working properly; then the amplitude and frequency
are set, using as a starting value the minimum value plus a 10% margin;
frequency, phase and amplitude modulation are disabled and the output
of the generator is set OFF. If any error verifies during this procedure, it
will be notified in the Error status indicator of the Main Front Panel
as "Generator initialization error".

For the power meters the ID is required as well, and a few settings
are imposed regarding the measurement units and the filtering options.
Errors are indicated as "Power meter initialization error".

Once this VI terminates its execution, the Initialization phase is
completed. The next state to be executed depends on the desired test
procedure.

7.2.2 Calibration Probe Frequency Response

If the Frequency Response test is required, the Calibration Probe Fre-
quency Response phase is executed after the Initialization. This case
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is shown in figure 7.10.
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Figure 7.10: Calibration Software, Main VI - TEM Frequency Response Test

First of all, a message appears to notify the user that it is time to
position the sensor to be calibrated inside the TEM cell, in the correct
position. In this pop-up window, the operator has the chance to stop
the test; otherwise if he confirms that the device has been placed, the
procedure goes on.

Before the test actually begins, it is necessary to read the lines of the
Excel report containing the data for the Frequency Response, compiled
in the previous phase.

At this point, if the Calibration Probe model defined in the Main
Front Panel is one of the two for which the communication can be im-
plemented automatically, the Calibration Probe Initialization VT is
executed, to start the connection with the probe. Similarly, when the
test terminates, a VI called Calibration Probe Close takes care of
ending the communication correctly.

If the probe model is not a default one, the reading of the electric
field intensity values must be performed manually by the operator: each
probe model comes with its own software for remote reading of the mea-
surements, that can be opened and used even as the Calibration Software
is running. In this case the Calibration Software does not perform any
initialization, since it does not communicate directly with the probe,
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therefore the two VIs in green on the left and on the right in figure 7.10
are skipped, and the VI in the center is executed directly.

This is the Calibration Probe FR Test VI and it handles the Fre-
quency Response test. The Front Panel of this VI, shown in figure 7.11,
is pop-up, so that the operator has the chance to monitor the calibration
procedure.

{3 Calibration Probe TEM FR Tes
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Figure 7.11: Calibration Software, Calibration Probe FR VI

In the top left corner there are the indicators for the test frequency
and the angular position of the sensor in the current test, and the value
of electric field measured in the previous iteration.

On the right there is the Control settings section, whose function will
be explained in the following.

In the lower part of the panel there are two graphs: the first shows
the evolution of the measured direct power with respect to the desired
value (setpoint), while the second shows the generator output, that is the
input to the measurement chain. These data are also monitored through
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numerical indicators visible beside the graphs and a small progress bar
that fills as the power gets closer to the setpoint.

Finally in the bottom right corner there are the STOP button and
a Timeout indicator.

The VI automatically reads the list of test frequencies previously de-
fined and performs the test one frequency at a time.

First of all the line of the Excel report corresponding to the current
frequency is read, in order to collect all the relevant data for the test.
The correct frequency is set on the generator and the power meters, then
the test begins.

The requirement for the calibration test is that the direct power mea-
sured by the power meter reaches the desired setpoint specified in the
report (with a certain tolerance) with the shortest possible settling time.
To obtain this result a PID controller is used in this VI, as shown in
figure 7.12. The PID produces the command for the generator, varying
the amplitude of its output until the power reaches the desired value.

+ POWER? =

Im‘ ........................... E

Figure 7.12: Calibration Software, Calibration Probe VI - PID controller
The PID block is inserted in a while loop that iterates with a fre-
quency that can be specified by the operator (control Sampling time

in the Front Panel); the default value is 0.5 s. At each iteration the
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power measured by the power meter is collected using the Power meter
driver (built ad hoc), and it is compared with the desired power level:
if the difference between the two is smaller than the required tolerance,
the test stops, otherwise it proceeds.

The PID takes as inputs the process variable (measured power), the
setpoint (desired power), the three PID gains and the range for the out-
put.

For each frequency range and electric field intensity the PID gains and
the generator output range were tuned during the testing phase of the
software, as will be explained in detail in Chapter 8. The values found
in the tuning phase are set by default, but it is possible to modify them
during the test. In the Controller settings area of the Front Panel (fig.
7.11) there are two sections labeled Generator settings and PID settings.
In both sections a boolean button controls the automatic setting of the
data: if it is ON, the default range and gains (shown beside the buttons)
are used; if it is OFF, the values to be used can be specified by the
operator with the controls below.

Once the loop stops, the reflected power is read from the power meter,
and the value of the electric field is collected from the probe in calibration.
If the probe is one of the known models, the reading is handled automa-
tically by the software; otherwise a message will appear to the operator,
requesting to insert the electric field measurement read directly from the
probe.

The control loop stops as soon as the setpoint is reached, but it can be
interrupted also if a user-defined Timeout is reached or if the operator
presses the STOP button visible in figure 7.11. If the timeout is reached
the test at the current frequency is interrupted, but the program goes
on to perform the tests at the other frequencies. If the STOP button is
pressed instead, the entire procedure is stopped.

In any case the measured data are collected and used to compute all
the relevant quantities, such as the calibration factor. Then the values are
written in the Laboratory Reference. If the timeout expired at a certain
frequency, it is notified inside the report, also reporting the power value
measured at the moment in which the test stopped.

If the selected calibration follows the ACCREDIA procedure, a mes-
sage will appear after the first iteration completed, asking the operator to
rotate the sensor so that the procedure can be repeated along all the eight
angular positions required by the procedure, as described in Chapter 4.

7.2.3 Calibration Probe Amplitude Linearity

If the Amplitude Linearity test is required, the Calibration Probe
Amplitude Linearity phase is executed.
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This case has the same structure of the previous one (figure 7.10): a
message requires the user to position the sensor inside the cell, if it is not
yet present. The report lines for the Amplitude Linearity test are read
and the probe is initialized (if it is a known model).

The Calibration Probe AL Test VI is similar to the Calibration
Probe FR Test VI. The main difference is that in this VI the iterations
will be dictated by the different amplitudes required, instead of the fre-
quencies, since the frequency is fixed. The control loop, the collection of
data and the compilation of the report are handled in the same way as
the Frequency Response case.

If the probe is known, one last VI is executed to close the communi-
cation with the sensor, then the End Test case is executed.

7.2.4 End test

The final state of the TEM procedure is needed to make sure that the
test terminates correctly and it is shown in figure 7.13.

[4"End Test" 't

Desired sequence STOP START

e w—1] [ m— 7| 7V — %)
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»#Current Frequency range
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The required test procedure is
not valid for TEM tests.

£

Figure 7.13: Calibration Software, Main VI - End Test

In this phase the START and STOP buttons are enabled again and
the internal while loop is terminated.

The communication with the signal generator and the power meters
is closed with the Close Communication VI. This VI is executed even

63



Calibration Software

if an error is present as input to the frame, because the communication
with the devices must always terminate correctly.

Another sub-VI that is present in this frame is the Save Report VI,
but it is not always executed. Indeed if an input error is present in this
state, it is necessary to check if it is relative to the creation of the report
for the test (for example if Cancel is pressed in TEM Test Settings):
if it is, the report does not exist, so there is nothing to save. If an error is
present but it does not involve the creation of the test, a message appears
to ask the operator whether he wishes to save the report or not. If no
error is present, the report is saved automatically.

The Save Report VI renames the report according to the standard
nomenclature used by TESEO: RDL (Report di Laboratorio) + Certifi-
cate name + TEM. If a report with the same name already exists the
operator is given the option to overwrite the existing file or give the new
report a different name. Then the Excel worksheet is protected and the
report is saved and closed.

Finally a message appears for the operator, notifying the end of the
procedure and giving the option to terminate the program or perform a
new test; in this second case another calibration can start immediately
after, without running again the program, simply by setting the correct
values of the controls in the Main VI and clicking START.

7.3 | GTEM procedure

The GTEM procedure case is more complex than the TEM case, since
the GTEM calibration procedure involves two sensors: as explained in
Chapter 4, the test must be performed with the standard electric field
probe at first, in order to evaluate the electric field value, and then the
device under test must be placed inside the cell for the calibration.

For this reason the GTEM case has six states instead of four: Ini-
tialization, Standard Probe Frequency Response, Calibration
Probe Frequency Response, Standard Probe Amplitude Line-
arity, Calibration Probe Amplitude Linearity, End test. If the
Complete procedure option is selected in the Desired sequence control
in the Main VI Front Panel, and the Type of test is Frequency Response
+ Amplitude Linearity, then all the six phases will be performed in se-
quence; otherwise only the first and last states will always be executed,
while the others depend on the type of test and sequence required.

The scheme in figure 7.14 encapsulates the GTEM procedure case
structure.
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Figure 7.14: GTEM procedure scheme
In the following the different states will be described one by one.

7.3.1 Initialization

The Initialization phase is similar to the one already described for the

TEM procedure.
The same preliminary operations are performed, such as disabling the

START and STOP controls.
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The first VI to be executed is the Path VI, that is exactly the same
described in section 7.2.1.

Then the GTEM Test Settings VI is executed. It is similar to the
TEM Test Settings VI previously described, and its Front Panel is the
same shown in figure 7.5. Inside the Block Diagram, the structure of
this VI is similar to the one already described, but only in the cases of
Complete sequence or Standard Probe only tests: in these two cases the
report must be created and compiled starting from the model, therefore
the situation is similar to the TEM procedure; the report model will be
different and also the fields to be compiled in this preliminary phase, but
the VI is structured in the same way.

Instead if the required sequence is Test probe only, it means that a
report is already present in the Laboratory Reference folder, it is already
formatted and contains all the data relative to the standard probe test
(that must be performed first). This partial report will be labeled as the
final one plus the suffix "SP", to indicate that it contains only the stan-
dard probe data. Once this report is found and opened, the only action
to perform is to verify that all the frequencies required by the operator
in the Front Panel of the VI are actually present in the report: if some of
the required frequencies are missing, the calibration of the probe cannot
be performed for those values, since no standard probe reference values
are given; this is notified to the operator and the calibration procedure
will go on with the list of frequencies that are present in the initial report.
The same check is performed on the amplitudes, in case the Amplitude
Linearity test is required.

As for the Instrument Configuration VI, it is the same used in
the TEM test, but in this case it also needs to establish which signal
generator and power meter should be initialized, depending on the desired
test frequencies: if the lowest frequency is higher than the upper limit of
the default devices, the instruments for higher frequencies (described in
Chapter 5) will be automatically selected.

Finally an additional VI, needed only for GTEM testing, concludes
the Initialization phase: Range Check VI. This new VI is important
because in GTEM tests the position of the probe inside the cell depends
on the test frequency. Since the position might have to change during
a test, it is useful to have the software notifying the operator when the
change must take place. It is also convenient to implement a notification
when the amplifiers or other devices in the test chain must be changed
due to their frequency range. In order to implement this functionality,
all the frequency range limits corresponding to the different positions
in the cell are memorized, as well as the maximum working frequencies
of the instruments (read from the configuration file in the Instrument
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Configuration VI). All these data are merged together in order to divide
the GTEM operating range into a number of frequency ranges: the limits
are given by the need to move the probe or to change the instruments in
the chain. Finally the desired frequencies for the current test are analyzed
and subdivided along the different frequency ranges. The result is a 2D
vector in which every column contains the test frequencies relative to a
different GTEM range. This vector will be used in the following to detect
the current frequency range at each instant of the testing procedure.

7.3.2 Standard Probe Frequency Response

In case the Frequency Response test is required, the Standard Probe
Frequency Response phase, shown in figure 7.15, is executed.

1] "Standard Probe FR " b

Range

8l 4
¥ True 't
.o
o =
B>

»#Current Frequency range

[ No Error v (True ~p

9

e FRTEST] CLOSE

Standard Electric Field Probe ID

Figure 7.15: Calibration Software, Main VI - Standard Probe FR Test

The first sub-VI in this phase is the Current Frequency Range
VI: it takes into account the current range (the blue indicator in the top
left corner), it shows the range frequency limits in the Current Frequency
Range indicator in the Main Front Panel, and it stores inside a vector
only the frequencies of the test list belonging to the current range (the
other frequencies will be considered in following iterations).

The sub-VI Instrument check takes as input the current frequency
range and checks that the connected devices are still appropriate for
the test to be performed: if in the new range the frequency limits are
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such that the generator, the power meter or the standard probe must be
substituted, a message appears to notify the operator, the communication
with the previous devices is terminated and the new instruments are
initialized.

These two sub-VlIs are always executed, even if the test with the stan-
dard sensor is not required, since the actions performed are mandatory
also for the test with the probe in calibration.

Before the standard probe test begins, a pop-up VI shows a message
indicating the current frequency range and asking the operator to position
the probe in the correct point inside the GTEM cell, as shown in figure
7.16. Pressing Cancel the test stops, instead pressing OK, the test starts.
If the standard probe test is not required, this message does not appear
and the following case enclosing the test VIs is not executed.

i GTEM Sensor Calibration
Siteseo STANDARD PROBE TEST

CURRENT FREQUENCY RANGE: 2750 MHz - 3000 MHz

CHECK THE MEASUREMENT CHAIN SETUP

(instruments ranges)
AND MOVE THE PROBE IN THE CORRECT TEST VOLUME.

WHEN READY, PRESS "OK" TO START THE TEST.
PRESS "CANCEL" TO STOP THE TEST.

Figure 7.16: Calibration Software, Main VI - GTEM Message

In the test case there are three VIs, as seen for the Calibration
Probe Frequency Response in TEM.

The Standard Probe Initialization VI initializes the sensor and
handles the zeroing, collecting the measurement of the electric field read
when the generator output is off (no power applied to the cell), so that
it can be subtracted to all the future measurements. This VI needs to be
executed every time the probe is connected to the computer, so when the
range is the first (so the sensor is connected for the first time) or if the
test with the probe to be calibrated is enabled (Complete sequence): in
this case the two sensors must be swapped inside the cell every time the
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range changes, so they have to be initialized each time they are connected
again.

Similarly the Standard Probe Close VI is executed when the range
is the last one or if the Complete sequence is selected.

The VI that handles the test is the Standard Probe FR Test VI
and its pop-up Front Panel is shown in figure 7.17.

»
{3 Standard Probe GTEM FR Test

EIFFAGE GTEM Sensor Calibration FREQUENCY 19C061

SITESEO  STANDARD PROBE TEST RESPONSE

23/09/2019 10:36

1200

0

Electric field and Setpoint [V/m]

N
~

AN Gen Ampl [dBm] | |-21,71
Eld Setpoint [V/m] ||10,7527

Ec [V/m] | (10,7603

Generator output [dBm]

Figure 7.17: Calibration Software, Standard Probe FR VI

It is structured in a similar way with respect to the Calibration
Probe FR Test VI Front Panel shown in figure 7.11, with a few diffe-
rences due to the type of test.

The current test data are the test frequency and the three electric
field components along the three axes of the probe, while the data of the
previous test are the direct power and the reflected power.

The Controller settings section is identical to the one used for TEM
tests, with the controls to select sampling time, timeout, and the option
to use the default gains and generator range, or to specify new values.
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The STOP and Timeout section is the same, and beside it there is
the area with the two graphs: the lower graph always shows the signal
generator output, that is the variable controlled by the PID controller;
the upper graph in this case doesn’t show the power level, but the electric
field intensity measured by the standard sensor, and its evolution with
respect to the setpoint.

In the Block Diagram a for cycle is executed, considering the desired
test frequencies one by one. The line of the Laboratory Reference with
the relevant data for each test is read, the frequency is set in the generator
and power meter and the test begins.

Similarly to the Calibration Probe FR Test VI, a PID controller
(figure 7.18) is inserted inside a while loop that goes on until the process
variable reaches the setpoint, the timeout is reached or the operator stops
the test.
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Gains S AutoG
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dt [s]

e |

i
] 32 > .
Timeout [s] [[T5L ¥ i> - B S @} 5

Figure 7.18: Calibration Software, Standard Probe VI - PID controller

In this case the quantity to be monitored is the electric field measured
by the standard probe. For this reason the PID control loop is slightly
different from the one in figure 7.12: the Standard Probe Driver is
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used where the Power Meter Driver was used in the previous case;
the three components of the electric field are read, as well as the total
field (E.); this last value is compared with the desired field level (£),
previously computed and stored in the Excel report: if the difference is
lower than £ 0.01 V/m, the loop stops and the measured field values
are stored; otherwise the generator output is varied according to the
command coming from the PID, to make the system reach the setpoint.

When the loop stops, the direct and reflected power values are au-
tomatically read from the power meters, so that they can be used as a
reference for the test with the probe to be calibrated.

All the measured values are collected and written in the Laboratory
Reference. The test is repeated for all the desired frequencies. If the
timeout expired during a test, it is notified inside the report, indicating
the E. value at the moment in which the test was interrupted.

7.3.3 Calibration Probe Frequency Response

This third phase, shown in figure 7.19, is executed only if the test with
the sensor in calibration is required.
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Figure 7.19: Calibration Software, Main VI - Calibration Probe FR Test

The message VI is pop-up as the one for the standard probe: it
shows the current frequency range and requires to place the probe in the
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correct position. If the operator confirms that the sensor is placed inside
the GTEM cell, the procedure goes on.

The test is structured in a similar way with respect to the TEM case,
with different conditions for the execution of the Vls.

The first operations are reading the lines of the Excel report relative
to the Frequency Response table and initializing the sensor. This two Vs
are executed if the range is the first or if the test with the standard probe
is required as well as the one with the probe in calibration (which means
that the sensors must be swapped in the cell for each range change); in
any case the Calibration Probe Initialization VI is executed only
if the probe is known. Similarly the Calibration Probe Close VI is
executed if the range is the last or if the Complete sequence of test is
required.

The Calibration Probe FR Test VI is similar to the one used for
TEM testing (figure 7.11). The data to be read from the report are
different, due to the type of procedure, and the PID default gains have
other values, but the control loop is structured in the same way: the
direct power is read with the Power meter driver and the controller
varies the generator output until the power reaches the desired value
(the level reached at the end of the corresponding test with the standard
probe).

After the test completed, the current range value is checked: if the
current range is the last one, the next phase to be executed will be the
Standard Probe Amplitude Linearity (if this test is required) or
the End Test; if there are other frequency ranges in the current test,
the software goes back to the Standard Probe Frequency Response
case, notifies the operator to move the sensor and proceeds with the test.

7.3.4 Standard Probe Amplitude Linearity

If the Amplitude Linearity test is required, a check is performed on the
frequency at which the test must be performed: the correct position of
the sensor inside the GTEM cell is obtained and a message appears to
indicate that the sensor must be placed in the specified position. A check
on the instruments connected is performed, to establish if it is necessary
to change the setup and initialize new instruments.

Then the lines of the report relative to the Amplitude Linearity table
are read, the standard probe is initialized and zeroed and the test begins.

The Standard Probe AL Test VI is structured in a similar way
with respect to the Standard Probe FR Test VI, but the loop ite-
rates over the different amplitudes instead of the frequencies, because
the frequency is fixed in this type of test.
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Once the test terminates, the communication with the sensor is in-
terrupted with the Standard Probe Close VI.

7.3.5 Calibration Probe Amplitude Linearity

Similarly to the previous case, the Calibration Probe Amplitude
Linearity is made up by a message block to notify that it is time to
insert the probe to be calibrated inside the GTEM cell, then the data
lines of interest are read, the probe is initialized (if it is a known model)
and the test begins, cycling over the list of desired amplitudes at con-
stant frequency in the Calibration Probe AL Test VI. Finally the
communication with the probe is closed and the software proceeds to the
last phase of the test.

7.3.6 End test

The last state of the GTEM procedure is the same as the TEM one
(figure 7.13) and it terminates the test in the correct way.

The Close Communication VI ends the communication with signal
generator and power meter, while the Save Report VI (enabled only if
the report actually exists) handles the report storage.

In the GTEM case the name given to the report will be: RDL +
Certificate name + GTEM ; moreover the suffix SP is added in case the
desired sequence is Standard Probe only, to indicate that the report is
not complete, but only contains the standard sensor test data.

Also in this case, a final message appears, to indicate that the pro-
cedure is terminated with success and to ask the operator whether he
prefers to terminate the program or directly perform another test.
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Before the developed Calibration Software could be employed in a real
calibration procedure, it had to be tested to verify that it worked cor-
rectly.

First of all the PID controllers used by the software needed to be
tuned in order to define the default settings for each frequency range and
to ensure that the software could manage the automatic procedure.

Then the software was tested and validated to assess that its be-
haviour was compliant to the requirements: calibrations were performed
both manually and with the software and the results were compared to
verify that they were consistent.

Finally the Excel report compilation was tested, to verify that the
computations and the formatting implemented by the software respected
the requirements of the procedure.

8.1 | PID tuning

PID controllers are the most used controllers in industry, given their
flexibility and effectiveness [46].

The working principle is simple: given a plant, a process variable is
defined, that is the parameter to be controlled, as well as the desired
final value of the parameter, called setpoint; the controller iteratively
computes the correct output for an actuator in order to make the process
variable get closer to the setpoint; the control loop stops when the desired
value is reached. It is clearly a closed loop control system, since it is
based on the measurement of the current system output to evaluate its
difference with respect to the setpoint and choose the proper control
action time by time.

The term PID stands for Proportional-Integral-Derivative, referring
to the three main components of the controller. The mathematical ex-
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pression of the control function in the time domain is the following:

de(t)
dt

t
u(t) = Kp - et) + K; - / e(r)dr + Kop - (8.1.1)
0
where u(t) is the signal to be sent to the plant, e(t) is the tracking
error (difference between the current value of the plant output and the
setpoint), Kp is the proportional gain, K7 is the integral gain, Kp is the
derivative gain.

An alternative formulation is the following (standard form, used in
LabVIEW PIDs):

u(t) = Kp (e(t) + Til /0 t e(r)dr + TDdZ?) (8.1.2)

where the integral time 77 = Kp/K; and the derivative time Tp =
Kp/Kp are used instead of the corresponding gains.
Each gain has a specific function [47]:

e The proportional gain is used to reduce the rise time of the system,
although it cannot erase the steady-state error;

e The integral gain brings the steady-state error to zero, but it makes
the transient slower;

e The derivative gain reduces the overshoot and improves the tran-
sient, but it is usually kept small in order not to make the system
too sensitive to noise.

In the Calibration Software a PID controller is employed in each test
VI, controlling the standard probe and the probe under calibration tests,
both in frequency response and amplitude linearity, as explained in Chap-
ter 7.

Before the software could be employed for real calibration procedures
each PID was tuned, in order to obtain for each frequency range and
desired electric field intensity the default values of the parameters. In
this way the software is able to handle the calibration procedures auto-
matically and efficiently, without the need for the operator to manually
tune the PID parameters for each test; of course the operator can still
modify the PID default gains if he wishes to, as described in Chapter 7.

The controller tuning was performed first of all on a simulated plant,
to find the starting values for the PID parameters in a safe environment,
without putting the real system under stress during the procedure. In
order to perform the simulation in the same environment used for the
real test, the plant model was created in LabVIEW (figure 8.1).
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Figure 8.1: Plant model in LabVIEW

Given the generator output value and considering the effect of the
amplifier and the directional coupler, the power entering the cell is com-
puted. From this value the direct power and the electric field intensity
inside the cell are estimated, that are the process variables for the PID in
the Standard Probe test and in the Calibration Probe test, respectively.
The electric field intensity is computed according to the theoretical field
intensity equation (eq. 4.1.1, neglecting the corrective factors). This
is an approximated model, obtained considering all components of the
system as ideal, but it is sufficiently accurate for the purposes of this
simulation.

The plant model was inserted in the PID control loops and tested for
all the frequency ranges of TEM and GTEM cells.

The tests were not focused just on the PID gains, but also on two
other tunable parameters: the maximum and minimum values of the
PID output, that are the limits of the generator output in the system
under test. These two values are important because they allow to take
into consideration the restrictions of the real instruments, regardless of
the PID gains: it is possible for example to set the maximum value to 0
dBm, to respect the maximum input power of some of the amplifiers used
in TESEO. Therefore also for the output range the default values were
defined, in order to avoid putting the instruments under an excessive
stress, depending on the frequency range.

Once the response of the simulated system was satisfactory, the same
values were applied to the PID controlling the real system. The following
figures 8.2 and 8.3 show the behaviour of the simulated plant (on the left)
with respect to the real system (on the right), with the same controller
values, for a test with standard probe HI-6005 and a test with a probe
in calibration (model PMM 8083B).
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Figure 8.2: PID tuning Standard Probe - Simulation vs laboratory results
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Figure 8.3: PID tuning Calibration Probe - Simulation vs laboratory results

For each test two graphs are shown: the one at the top shows the
evolution of the process variable (electric field for the Standard Probe
test, direct power for the Calibration Probe test) with respect to the
setpoint; the one at the bottom shows the generator output, that is the
quantity controlled by the PID.

Both in the Standard Probe test and the Calibration Probe test the
simulated and real behaviour are very similar. Small differences can
be noted: the real system requires in both cases one iteration less with
respect to the simulated plant to reach the setpoint; the real direct power
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initial value is slightly higher than in the simulation, while the real electric
field maximum value is a bit lower than the simulated one; the curves
have a slightly different shape.

In a few cases small corrections had to be made on the starting va-
lues of the parameters to adapt the controller action to the real system
dynamics, but in general the PID gains obtained with the simulation
proved to be suitable also for the real plant.

The obtained controller values ensure a short settling time: in the
previous figures 8.2 and 8.3 the setpoint is reached respectively in 15 and
in 14 iterations, that correspond to 7.5 and 7 seconds (the sampling time
was 0.5 s). Over all the frequency ranges the average settling time is
around 6 seconds. This result satisfies the original requirements of the
Center, ensuring a considerable reduction in the time needed to perform
each test.

8.2 Software verification and validation

Given the complex structure of the software, that is made up by many
elementary blocks assembled together on different levels, also the testing
phase had to be performed in a structured way.

For this reason, each block or sub-VI was tested alone once it was
completed, in order to be sure that it produced the expected outputs
given the correct inputs and that it reacted in the proper way (e.g. pro-
ducing the correct error codes) given the wrong inputs. An example of
elementary block to be tested on its own is the Set cell value VI de-
scribed in Chapter 7: it is easy to verify if the VI actually writes in the
correct position in the Excel report or not. Other examples are the in-
strument drivers, tested to confirm that all commands could be correctly
sent to the devices.

Once the behaviour of the individual blocks was verified, the test scale
was enlarged, considering the sub-VIs made up by a number of smaller
sub-VIs. This is the case, for example, of the TEM Test Settings VI,
that handles the creation of the Laboratory Reference for the test. Test-
ing this VI meant verifying that all its internal blocks worked correctly
together and that the Laboratory Reference produced contained the ta-
bles formatted in the desired way, with the correct list of frequencies or
amplitudes of test.

Once all the upper level VIs in the Main VI were tested, it was time
to verify the correct behaviour of the software when applied to a real
calibration procedure. This verification was conducted in two phases, as
described in the following.
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8.2.1 Verification of the measurements

In order to verify that the software was able to handle the calibration
procedure correctly, a number of tests were performed manually by the
operator and then with the Calibration Software and the measurement
results were compared.

The tests were performed both in TEM and GTEM, for frequency
response and amplitude linearity.

In particular the frequencies and amplitudes chosen to be tested were
the values listed in the Laboratory Reference models: in this way the
entire range of frequencies of the two cells was covered, as well as the
most common field intensity values.

The sensors used were the standard probes in GTEM (HI-6005 or
FP4042, depending on the frequency range) and two sensors to be ca-
librated: PMM 8053B with probe EP-330 for tests in TEM and GTEM
up to 3 GHz, and EMR-300 with probe type 9.2 for tests in GTEM over
3 GHz.

The tests were performed positioning the sensor inside the cell in the
correct position, according to the current frequency range. The sensor
was connected to the computer and the test was performed manually,
collecting all the measurement results. Then, without moving the sen-
sor, the test was repeated with the automatic procedure. Avoiding to
move the sensor in between the tests, the differences between the testing
conditions were minimized as much as possible.

This procedure was applied for all the frequency ranges in TEM and
GTEM. The results show that the software performs the tests in the
correct way: as a reference, the maximum difference between the value
of the electric field measured by the sensor in calibration in the automatic
and manual procedures was at most & 0.1 V/m, on a measure of about 10
V /m; the difference in the calibration factor was never higher than 0.02
(calibration factor values are around 1). Considering the time elapsed
between the two measurements and the consequent slight temperature
variations, these small differences can be justified. The software provides
reliable results.

Once again, the great advantage of the automatic procedure is the
time needed to perform the tests. When the procedure is carried out
manually, the operator needs to set the correct frequency on each instru-
ment and then tune manually the generator output until the desired field
intensity or direct power value (depending on the test) are measured: all
these operations are time consuming and sometimes it is difficult to reach
the setpoint quickly with manual adjustments of the generator buttons.
The Calibration Software instead takes care of everything automatically
and it can control the generator in a more precise and effective way, thus
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saving a significant amount of time. As an example, the tests for the
frequency response in TEM covered 46 frequencies: the time required to
perform the tests manually over all the frequencies was about 30 minutes,
while the Calibration Software produced the final Laboratory Reference
with all the measurement results in 5 minutes.

8.2.2 Verification of the Laboratory Reference

The other important aspect of the automatic procedure to be tested was
the compilation of the Excel file containing the Laboratory Reference.

The Laboratory Reference model contains a table for the Frequency
Response and a table for the Amplitude Linearity with all the needed
data to perform the test (the instruments calibration factors at the re-
ference frequencies). Moreover it makes use of Excel Macros to implement
the computation of the setpoints and all the variables of interest in the
corresponding columns, based on the measurements collected during the
test. In this way the file can be used for the manual calibration, since
it takes care of producing the relevant results when the operator inserts
manually the test data.

The Calibration Software makes use of the Laboratory Reference
model only as a starting point to collect the calibration factors of the
instruments at the frequencies of interest. Then the model is closed and
a new report is created and compiled by the software, as explained in
Chapter 7. The program automatically computes all the values needed
for the test, without using the macros of the original file.

For this reason in order to complete the verification of the software, it
was necessary to compare the computations performed by the Calibration
Software with the ones obtained with the original macros.

The following figure 8.4 shows an extract of the tables obtained with
the software and the model macros for a few test frequencies: given the
same inputs (the electric field components measured by the sensor, in
the yellow cells) the outputs (the total electric field at each frequency, in
the grey cells) are the same.
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CALIBRATION SOFTWARE COMPUTATION

E, E, E, E.
[V/m] [V/m] [V/m] [V/m]
1,46 2,79 10,43 10,32
2,32 0,88 10,71 10,34
0,86 2,20 10,67 10,30
ORIGINAL MACRO COMPUTATION
E, E, E, E.
[V/im] [Vim] [Vim] [V/im]
1,46 2,79 10,43 10,32
2,32 0,88 10,71 10,34
0,86 2,20 10,67 10,30

Figure 8.4: Laboratory Reference verification

This check was performed on all the data collected during the tests
described in the previous section, and for all the columns dedicated to
the computation of numerical values. The results show that the software
works correctly and it is reliable not only in the collection of the mea-
surement values, but also in the computation of the relevant quantities
for the test.
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The aim of this thesis was to develop a software to automate the calibra-
tion of electric field sensors performed by LAT Center TESEO.

The calibration is carried out in a TEM or a GTEM cell, depending on
the required test frequencies, and it prescribes both frequency response
tests and amplitude linearity tests.

The procedure is complex and requires a considerable amount of time
when performed manually. The aim of the automation is to reduce the
time needed to perform the tests, at the same time guaranteeing the
accuracy of the results.

The Calibration Software must be able to communicate correctly with
three main elements of the test chain: signal generators, power meters
and electric field sensors. Keeping this requirement in mind, the software
was developed with the programming environment NI LabVIEW | that is
frequently used in industrial automation because it makes it possible to
create drivers to control various types of instruments. The program must
also be able to automatically compile an Excel report inserting the results
of the tests and computing a number of parameters useful to perform the
calibration.

Through the instrument drivers and the data collected from the Excel
file, the software evaluates the current state of the system and compares
it with the desired state. A number of PID controllers (conveniently
tuned) are used to handle automatically the different tests required by the
calibration procedure, making sure that the quantities to be monitored
reach the desired values.

The developed software was tested in order to verify that it worked
correctly. The results of the testing process show that the Calibration
Software is able to handle all the required types of test and communicate
with all the instrument models correctly. It is also able to properly handle
the Excel report compilation.

As for the measurement results, the software proved to be reliable
and accurate as required, and it is truly able to optimize significantly the
time needed for the entire calibration procedure.
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An interesting future development could be to expand the Calibration
Software to handle also the tests on magnetic field sensors: also in this
case the procedure applied in TESEO makes use of TEM and GTEM
cells and it is conceptually similar to the one for electric field sensors.
Expanding in such a way the Calibration Software functionalities, the
calibration of the whole range of electric and magnetic field sensors tested
in TESEO could be automated.
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