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SUMMARY

Measurement uncertainty (MU) is one of the most important topics in
Electromagnetic Compatibility (EMC) field. MU calculation has been discussed
specifically in many technical articles. However, due to the complexity of MU
characterisation, the way of obtaining a correct and meaningful MU quantity together
with its handling may cause confusion in the industry.

The characterisation of MU aims to provide an appropriate tolerance/budget to the
test laboratories, which is considered as a supplement to the measurement results of the
equipment under test (EUT). The purpose is to make sure the test results of the same
EUT, which are obtained in different laboratories are correlated. Thus, the EUT which
passes the test at one laboratory will not fail at another. It is often time-consuming to
identify MU budget as comprehensive measurements are required to obtain the
individual instrumentation’s uncertainty. Regulatory authorities have taken the effort
to set the MU budgets for commercial product testing standards. Both Electromagnetic
Interference (EMI) and Electromagnetic Susceptibility (EMS) tests have their
respective guidelines to determine the MU budgets for different frequency ranges.
However, not all the testing laboratories have the technical know-hows in interpreting
the standards. Furthermore, some important areas where measurement errors and MU
may seriously affect the measurement results are not clearly defined in the standards.

It is the purpose of this thesis to propose new approaches to further clarify the areas
where not all detailed procedures on characterising MU contributions are available; and
to provide additional knowledge to the existing measurement standards used in the
industry. The main contributions of this thesis include (1) the proposed use of non-
equidistant stirrer positions to improve field uniformity and measurement uncertainty
in the lowest usable frequency region when performing tests in a reverberation chamber,

(2) new findings in EMI test systems where errors and MU are not explained in detail

Vii



in the standards, and (3) the proposed use of FFT-based time domain scan method for
radiated spurious emission test and the finding of its accuracy and consistency.

The results presented in this dissertation provide additional knowledge to the
existing measurement standards used in the industry. They also have important
implications for practical measurements in seeking to fulfill industrial measurement

standards.
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CHAPTER 1 INTRODUCTION

1.1 Background

Electromagnetic Compatibility (EMC) is considered as an important test for modern
electrical and electronics products [1, 2] The test is to make sure the equipment under
test (EUT) shall be satisfactorily functional in the electromagnetic environment where
it is exposed, without introducing substantial amount of electromagnetic emissions
which may affect other products. In general, two main issues are considered in EMC
tests which are emission (Electromagnetic Interference / EMI) and susceptibility
(Electromagnetic Susceptibility / EMS) of the particular product. Emission is the
generation of disturbance signal by the electrical and electronic product to the
environment, whether intentionally or unintentionally. Susceptibility is the tendency of
the equipment to be malfunctioned in the presence of any unwanted interferences. EMC
tests focus on these two issues and verify whether the electrical and electronic product

is compatible, with reference to the respective product standards [3].

Both EMI and EMS activities are categorised into two tests: conducted test and
radiated test. For these two cases, the tests focus on conducting paths and radiating
paths respectively. Thus, as shown in Fig. 1.1, each EMC test can be categorised into

below aspects:

e conducted emission test

e conducted susceptibility test

e radiated emission test

o radiated susceptibility test

Since conducted part is referred as cable paths, the testing frequency range is often
targeted from 9 kHz to 30 MHz, whereas for radiated part, the testing frequency is

normally from 30 MHz to 18 GHz. However, it is worth noting that, different product



standards may have different frequency range requirements. For instance, military and
automotive applications have wider frequency test ranges as compared to residential
and industrial test standards. This thesis focuses on the residential and industrial

product standards. Thus the aforementioned frequency ranges apply.

EMC Test
EMI Test EMS Test
Conducted Radiated Conducted Radiated

Fig. 1.1 The main EMC tests

Each EMC measurement is associated with numerous uncertainties in different parts
of the system. The results obtained are never exactly correct. For most of the time, the
measurement result is only an estimated value of the real quantity which is subjected
to the uncertainty of the measurement equipment. Thus, the measured value is only
meaningful when it is associated with an appropriate quantitative margin of uncertainty.
In 1SO Guide to the Expression of Uncertainty in Measurement (GUM) [4],
measurement uncertainty (MU) is defined as a parameter, associated with the result of
a measurement that characterises the dispersion of the values that could reasonably be

attributed to the measurement.

Measurement uncertainties may be divided into two classes: random errors and
systematic errors, which depend on the precision and accuracy of the measurement
apparatus. A random error is caused by unpredictable variation or fluctuation of the

readings from repeated measurements, and it can be statistically analysed. A systematic



error is often referred as a fixed value for a discrepancy and shall be compensated when
conducting a measurement. Fig. 1.2 shows the graphical illustration of the systematic
and random errors. All measurement systems are prone to systematic errors. They could
arise from imperfect calibration of measurement apparatus, improper observation
methods, etc. For instance, the clock signal used in different measurement apparatus
may vary from one another, causing a slight discrepancy in measurement frequency.
Practically, all systematic errors shall be corrected. Thus the uncertainty related to a
systematic error shall only be considered as the uncertainty of the correction itself. This
correction uncertainty and its contribution to the uncertainty budget may be either Type

A or Type B depending on the evaluation methods used [2].

e K K K = X
X PoX X

\ X X «  Truevalue

Measurement
range

Offset of the mean of the
systematic errors from true
v value

Random errors around
the mean value

Fig. 1.2 System and random errors

Type A and Type B uncertainty evaluations provide similar information. The
uncertainty contributions are categorised differently to indicate the procedures with
which the data are obtained. Type A uncertainties are often introduced by unpredictable
variation in the readings from the measurement apparatus, or in the interpretation of
such readings by the experimenters. The evaluation method is based on statistical
analysis of a series of independent observations. In another word, they should be
evaluated statistically over repeated physical measurements. Type B uncertainties are
those evaluated by other methods, such as information quoted with manufacturer’s
specifications, calibration reports, data from previous measurements or scientific
judgment, etc. The quoted information is normally stated to be a particular multiple of

3



a standard uncertainty. The standard uncertainties are simply the quoted values divided
by the multiplier [4]. However, the quoted information may not always be given as a
multiple of standard uncertainties, but associated with an interval of confidence level
such as 95%. Unless otherwise specified, a normal distribution is always assumed and
used to convert the quoted uncertainty to its standard uncertainty. The dividing factor
in such a case will be corresponding to 1.96 for a 95% confidence interval. As shown
in Fig. 1.3, there are four types of typical distributions used in deriving Type B

uncertainty:

normal distribution

triangular distribution

rectangular distribution

U-shaped distribution

Other than normal distribution, the triangular distribution states that the probability of
the true value lying in the region between two limits which increase linearly to the
maximum towards the center. The best estimation of the value of true quantity will be
guoted information divided by square root of six [4]. For rectangular distribution, the
true value lying between the lower and upper limits is equally probable. U-shape is
applicable when the measured value is unlikely to be the real value. These probability
distributions describe the variations in probability where the measured value is likely
to be the real value. Often, the assumption has to be made based on the prior knowledge

and experiences, to determine which probability is more appropriate to be applied.

To further process the uncertainty contributions, all individual uncertainty
contributions are characterised into their respective standard uncertainties, which are
statistically equivalent to standard deviations. After the standard uncertainty

contributions are obtained, these components shall be combined, by applying root-sum-



square of both Type A and Type B uncertainties. Equation (1) can be used to describe

the combined standard uncertainty [4]:

n 2

w = [y (5) we &

i=1

where u?(x;) is the square of standard uncertainty of the input quantity x; and the

partial derivatives are the weighting factors and often referred as sensitivity coefficients.

(a) (b)

(c) (d)

Fig. 1.3 Graphical illustration of probability for (a) normal distribution (b) triangular
distribution (c) rectangular distribution (d) U-shape distribution

It is worth noting that, the combined standard uncertainty evaluation procedures
described above assume that the input standard uncertainties are not correlated with
each other. It is further described in GUM, Section 5.2, that if the input quantities
(x4 and x,) are correlated with each other, equation (1) will be modified and correlation

coefficient r shall be introduced [4]:



2 2
u(y) = J (52) w2 + (32) w2x) + 25, GGG @

It clearly shows that when the inputs are uncorrelated, where r = 0, equation (2)
will be reverted to the same as equation (1). It is rather complicated when dealing with
input quantities which are correlated. For brevity, the procedures are not shown in this
thesis. A “coverage factor” is often used to multiply the combined standard uncertainty
which indicates the level of confidence of the measurement results. As a common
practice, the multiplying factor of 2 which defines a confidence interval of =~ 95% is

mostly used. With the coverage factor determined, the final expanded uncertainty can

be obtained as twice of the value of the combined standard uncertainty.

1.2 Measurement Uncertainty in the Standards

CISPR (Comité International Spécial des Perturbations Radioélectriques) is a
technical committee of the International Electrotechnical Commission (IEC)
established in 1933 to protect radio reception from interference. The CISPR standards
are structured in three levels, which are basic standards, generic standards and product
standards. These standards are drafted and nominated by CISPR subcommittees which
have different roles in basic and product standards. At the basic level, 16 parts of
CISPR 16 series define the measurement apparatus, MU, test methods and facilities.
Generic standards, referring to IEC 61000-6 series, comprise two parts for both
emission and susceptibility measurements. The standards are applicable for both
residential and industrial environment. Product standards are often more specific and
in detail, describing the test requirements for certain product family. They provide
detailed requirements such as allowable limits, EUT arrangement and test methods for
specific product or EUT. The hierarchy illustration of different CISPR standards is

shown in Fig. 1.4.



Product
Standards

Generic Standards

Basic Standards

Fig. 1.4 The hierarchy illustration of different CISPR standards

Among the basic standards, CISPR 16-4-1 and CISPR 16-4-2 [5, 6] illustrate the
uncertainties, statistics and limit modelling. CISPR 16-4-2 was first published in year
2003. It serves as a specification of the methods for applying Measurement
Instrumentation Uncertainty (MIU, same as MU in this thesis for brevity) when
determining compliance with CISPR disturbance limits. The material is also relevant
to any EMC test when the interpretation of the results and conclusions reached will be
impacted by the uncertainty of the measurement instrumentation used during the test
[6]. The possible MU contributions for both conducted and radiated disturbance
measurements are identified in the standard.

A system level of measurement uncertainty characterisation is always important,
especially those associated with test setup and measurement equipment. CISPR 16-4-
2 states that measurement uncertainty should be taken into account when determining
compliance or non-compliance of an EUT with a disturbance limit. This is also
mentioned in the IEC 61000-4-3 [7] and IEC 61000-4-6 [8] standards for EMS testing.
In the latest product standards update in 2015, a few standards have already started to
adopt the full approach for the MU specified in [6]. Therefore, MU needs to be taken
into account in the determination of compliance. On the other hand, MU is not required
to be accounted for in some product standards during the product compliance

determination; however, it is still required to be calculated and presented in the final



report together with the measurement results. The latest updates on measurement

uncertainty requirements by CISPR/IEC product standards are shown in Table 1.1 [9].

Table 1.1 Measurement uncertainty status update for CISPR standards

CISPR
Standard

Status of Implementation

CISPR Standard

Status of Implementation

CISPR 11:2015
(Ed. 6.0) [10]

Full approach for MIU in
accordance with CISPR 16-4-
2:2011.

CISPR 22:2008 (Ed.
6.0)

Only calculation and
documentation in the test
report is required.
Implementation of full
approach not planned.

CISPR 12:2009
(Ed. 6.1)

New normative Annex H will be
added on the consideration of MIU
in edition 7, publication expected in
2016

CISPR 25:2008 (Ed.
3.0)

No requirement to consider
MIU. Implementation is
under consideration.

CISPR 13:2015

In amendment 1 to Edition 5, both

CISPR 32:2015 (Ed.

Only calculation and

1:2009 (Ed. 5.1)

the determination of compliance,
only calculation, and
documentation in the test report is
required. Implementation of full
approach will be part of Edition 6.
Publication expected in 2016

(Ed. 2.1)

(Ed.5.1) the measurement results and the 2.0) documentation in the test
calculated uncertainty shall appear report is required.
in the test report. But MIU need not
be taken into account in the
determination of compliance.
CISPR 14- MIU not to be taken into account in § 1EC 61000-6-3:2010 | Full approach in

accordance with CISPR
16-4-2:2011.

CISPR 15:2013
(Ed. 8.0)

Full approach for MIU in edition 8,
amendment1, in accordance with
CISPR 16-4-2:2011

IEC 61000-6-4:2010
(Ed. 2.1)

Full approach in
accordance with CISPR
16-4-2:2011.

1.3 Motivation of the Research

The Industrial Postgraduate Programme (IPP) is introduced by the Economic
Development Board (EDB) Singapore to build up a pool of postgraduate manpower
with critical R&D skill-sets for roles in industry through providing postgraduate
training in a corporate R&D environment. The objective of the IPP is to establish a link
between research study and industrial application. Rohde & Schwarz Asia (R&S) is a
leading EMC solution provider in the region, and measurement uncertainty

characterisation in EMC test is one of the important topics to the organization. The



motivation of the research is to provide an insight into the characterisation of the
uncertainties which are not well defined in the standards. Meanwhile, the results
obtained in the research are expected to have important implications for practical

measurements and for the proper interpretation of measurement standards.

1.4 Original Contributions of This Thesis

Existing literature have provided certain additional knowledge to the generic
standards, for instance, uncertainties related to measuring apparatus [11-13],
uncertainties associated with conducted tests [14-17], antenna related uncertainties [18,
19] and uncertainties related to the entire test system [20-22]. However, not all detailed
procedures on characterising MU contributions are available. There are still areas
which require further clarification, especially the way to characterise an instrument’s
MU when the necessary information is not available in the manufacturing datasheet.
Furthermore, a system level MU characterisation is always desired in the industry to
supplement the generic standards and provide a clear picture for the test houses to carry

out uncertainty identification, and subsequently its handling and treatment.

Uncertainty study of the reverberation chamber (RC) has attracted more attention
for EMC test in the past decade. It is of interest in this thesis to improve the electric
field uniformity and reduce the measurement uncertainties in the reverberation
chamber especially at lowest usable frequency range. The characterisation of some
important uncertainty contributions in EMI test systems are conducted and additional
knowledge is provided to the existing measurement standards used in the industry.
Furthermore, the accuracy and consistency of the measurement results using the newly
adopted Fast Fourier Transform (FFT)-based time domain (TD) scan method for
radiated spurious emission (RSE) test has also been investigated in this thesis. The

original contributions of this thesis are as follows:



It is known that at the lowest usable frequency range, the reverberation chamber is
often working at under-mode regime. The performance of the chamber is greatly
affected since not enough independent samples can be collected during one complete
stirrer/tuner rotation. In this thesis, a new mechanical stirring technique using non-
equidistant stirrer/tuner positions is proposed. By applying the new technique, the
reverberation chamber performance can be improved at the lowest usable frequency
range as compared to the conventional method. Better electric field uniformity is
achieved with a smaller standard deviation of electric field of total data set (the average
of three orthogonal electric field components Ex, Ey and E;), thus the intrinsic field

uncertainty is reduced and overall MU is improved.

Some of the important MU contributions in a typical radiated emission test system
have been characterised in this thesis. These areas have not been investigated in depth
either in the current standards or in the existing literature. For instance, the detailed
methods and procedures to obtain pre-amplifier gain variation due to temperature
change are not clearly defined in CISPR 16-4-2 or in other literature. Therefore, further
consideration and characterisation of this MU contribution is necessary to avoid
confusions and measurement discrepancies in the industry. The results obtained in this
thesis have significant contributions to the industry in the MU identifications and

treatments by providing additional knowledge to the existing standards.

The use of FFT-based time domain scan method for RSE measurement is getting
more and more popular in the industry. However, the comparison of accuracy and
consistency using the TD scan method and the conventional sweep method is not
reported in the literature. In this thesis, the performance of both methods is compared
for GSM 900 and GSM 1800 tests. Theoretical background of achieving the
comparable accuracy using TD scan method compared to sweep method has been
provided. The result of standard deviation of repeated measurements is also calculated

and presented. It serves a purpose to provide additional knowledge to the industry on
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the reliability and measurement uncertainty (through repeatability study) of the TD

scan method for RSE measurement.

Some of my research results have been adopted by Rohde & Schwarz Asia and the
development of “Measurement Uncertainty Calculation Software” (MUCS) has been
proposed to the software development team. The purpose of this software is to enable
EMC labs which follow commercial EMC standards to calculate their MU, without the
need for additional manpower from the labs. It will ensure that the test reports adhere
to the standards’ requirements by appending the MU calculation to the EMC
measurement results as a separate chapter or appendix. Important findings in my
research work have been incorporated into the software, such as the preamplifier gain
variation due to temperature change, Artificial Mains Network (AMN) impedance and

the in-depth interpretation of the MU contributions from the standard.

For instance, the AMN used in the conducted emission test is associated with a few
MU contributions, and one of the important uncertainty contributions is AMN
impedance uncertainty 6Zamn. It is often time consuming and computation-intensive to
obtain AMN impedance uncertainty, and some test houses even do not have the

technical know-hows to obtain this value.

Furthermore, the consideration of the MU associated with the AMN impedance
calibration is also missing in the current standard or literature. A specific model has
been developed to consider the MU associated with the AMN impedance calibration
by evaluating a selected number of combinations of different calibration MU
impedance amplitude and angle with a proper step size. The worst case AMN
impedance uncertainty can be obtained by comparing the results from these
combinations within MUCS. With this work, | hope to continue to contribute to the

industry in the MU field.
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1.5 Outline of the Thesis

The remaining of the thesis is organised into five parts. Chapter 2 introduces
theoretical aspects of the reverberation chamber and establishes the link between theory
and actual EMC measurement in a reverberation chamber. In Chapter 3, the electric
field uniformity and intrinsic field uncertainty in a reverberation chamber is addressed.
Non-equidistant tuner positions as a new mechanical stirring technique is proposed to
improve the reverberation chamber performance when the measurement is carried out
at the lowest usable frequency (LUF) range. Simulation and measurement results have
been obtained and compared, and the good agreement proves that the method proposed
has superior performance compared to the conventional methods mentioned in the
standard at the under-mode regime. Chapter 4 presents new findings on the MU
characterisation in some important areas which have not been addressed in the existing
literature or the standards. Information about the proposed software MUCS which
incorporates some of the results mentioned in this chapter is also briefly introduced.
The comparison of the accuracy and consistency for the use of the TD scan method and
conventional sweep method in RSE measurement is discussed in Chapter 5. Finally,
results presented in this thesis are summarised in Chapter 6, and some suggestions for

future work are given.
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CHAPTER 2 REVERBERATION CHAMBERS FOR EMC APPLICATIONS

2.1 Background

Reverberation chambers (RCs) are often referred to as enclosures with conducting
and electromagnetic reflective surfaces. A transmitting antenna is used as the excitation
source within the chamber, and an arbitrarily-shaped metallic paddle with a function of
“stirring” electromagnetic fields is used to continuously change the chamber's
boundary conditions [23-26]. The chamber behaves like a multi-mode resonator in
which the modes create interference with each other due to the conductive walls, which
results in interference of the electric field within the chamber. By rotating the paddle,
different modes of the resonances are “stirred” and a statistical environment is created
to achieve a time-averaged, spatially homogeneous field distribution within the

chamber [27]. An illustration of a typical RC is provided in Fig. 2.1.

During one stirrer rotation, samples of electric field strength (in volts) or power (in
watts) can be collected. The samples collected are used for statistical analysis and the
number of samples required is determined by the stirrer step size. Typically, the
samples collected are not always independent from each other. It is desirable, however,
to obtain more independent samples, as the uniformity of the electric field in the
chamber is directly affected by the number of independent samples. Only when electric
field uniformity is achieved, the average of the power measured at any position within

the working volume can be considered constant (within a certain tolerance) [28].

The concept of using RCs for EMC testing was first proposed in 1968 [28], and it
has taken some time for the industry to accept such a concept. During the 1990s, the
use of RCs increased rapidly, and their use in various aspects of EMC testing was

studied and established [29-35].
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Transmitting Antenna

Fig. 2.1 Reverberation chamber illustration

In 2003, an international standard was published on the use of RCs for conducting
EMC tests and measurements [36]. RCs are used for both EMI and EMS tests, and have
several important advantages for performing EMS test as compared to the anechoic

chambers. These advantages include:

e low chamber building cost;

o the capability of achieving high electric field strength (often required in
military or automotive test standards) with relatively low input power, which

is typically preferred by the industry as high power amplifiers are very costly;

e abroad operating frequency range (above the lowest usable frequency);

e no requirement for rotation of the EUT; and

suitable isolation/shielding from the external environment.

RCs, however, also have disadvantages when compared to anechoic chambers, such as
the loss of polarisation information from the EUT, and difficulties in interpreting
measurement results. Nonetheless, despite their disadvantages, RCs remain as

attractive alternatives for performing EMC tests.
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This chapter discusses some of the important theoretical background and concepts
which argue well that RCs can be used as EMC measurement facilities. The concepts
discussed will provide the basic guideline for Chapter 3, which investigates RC
performance at the lowest usable frequency range. Prior to the experiment mentioned
in Chapter 3, the actual chamber used for practical measurement in this thesis has been
validated with respect to loaded/unloaded calibrations, the quality factor, and time

constant. The results are presented and discussed in this chapter.

The cavity mode theory is discussed in Section 2.2 of this chapter, including how it
can be applied to the RC for electromagnetic field calculation. The definition of quality
factor and time constant of the RC is introduced in Section 2.3. In Section 2.4, the
important parameters and characteristics of RCs are discussed and presented for a better
understanding of using RCs for EMC applications. The actual chamber validation is

discussed in Section 2.5. Finally, the conclusions are presented in Section 2.6.

2.2 Cavity Mode Theory
Cavity mode theory has been studied in depth in previous literature [37-39]; and
some of the important RC-related results are summarised in this section. In the industry,
most RCs are rectangular-shaped. Thus, this section will focus only on the
electromagnetic properties of a rectangular cavity. For a rectangular metallic cavity, as
shown in Fig. 2.1, the wave numbers (eigenvalues) can be derived from:
Im\* mm\2  nm\2
2 _ 2 _ (= g - 3
klmn—a)lmn,us—<a) +(b)+(d) ©)
where kimn is the eigenvalue; |, m and n are integer numbers, referred to as mode
coefficients; and a, b and d are the width, height and length of the chamber, respectively.

In the mode counting, Transverse Electric (TE) or Transverse Magnetic (TM) modes

are always considered for each eigenvalue. In the consideration of the non-evanescent
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components, when Imn are non-zero values, each eigenvalue will have two types of
modes: the TEm and TMim, modes. When | = 0, only a TEomn mode exists for each
eigenvalue. When m = 0, only a TEjs» mode exists for each eigenvalue. When n = 0,
only a TMimo mode exists for each eigenvalue [40]. In general, for TE modes, the mode
coefficients I, m and n are integers, and either | or m can have a value of 0; however |
=m = 0 is not allowed. For TM modes, the mode coefficients I, m and n are integers

where n can have a value of 0.

When the number of modes are assessed in the cavity using the mode counting
method, the total number of modes with eigenvalues kimn Of less than or equal to k (a

practical limit for the propagation of modes) [41] can be described as:

N:N1+N2+N3+N4+N5 (4)

where Ni represents TMimn modes, N2 (= Ni) represents TEim» modes, Nz represents
TMimo modes, N4 represents TEomn modes, and Ns represents TEjon modes. Equation (4)
can be numerically evaluated; however the computation is intensive. Another method
of mode counting [28] is stated in (5), which is an improved version of the original

Weyl’s approximation:

8  f3 f 1
—_— — _—— - - 5
N=—abd—5—(a+b+d)7+5 )

where a, b and d represent the length, width and height of the cavity. The choice of
chamber length, width and height will affect the degeneracy of the modes — the
fluctuating part of the total number of modes. In a practical design consideration, the
ratio of a?: b?: d? should not be too mutually rational in order to reduce the
degeneracy of the modes and hence increase the uniformity in the resonant modes

distribution.
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A further important chamber design parameter which must be assessed is mode
density, which determines the number of modes which could be presented in a small
bandwidth about a given frequency [28]. By differentiating equation (5) with respect

to f, the mode density can be obtained as:

f? a+b+d

Ds(f) = 8mabd — — (6)

Cc

A graph showing mode density against frequency (from 400 MHz to 1 GHz) is
presented in Fig. 2.2. It indicates that, from around 500 MHz onwards, the Rohde &
Schwarz Asia RC, with dimensions of a = 225 m, b = 195 m, and
d = 2.03 m, has a mode density greater than 1. This implies that spatial field uniformity

may be difficult to achieve below 500 MHz.

8 ; | ‘ . |
= | — /]
E 7 Mode Density / MHz : : 3 /
=6 /
2 9 //
()] :
5 4 .
Q , | /
% s / i
§ 2 o
1/-—/

| | | | |
4?00 500 600 700 800 900 1000
Frequency in MHz

Fig. 2.2 Mode density against frequency for RC used in R&S

The mode count in the cavity has been discussed; and the resonance frequencies
existing in the cavity shall be investigated. For the aforementioned RC, the resonance

frequencies can be obtained based on [28]:

1 1\2 2 2
fimn = Z—JEJ(E> + (%) + (g) (7
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where L and ¢ are the permeability and permittivity of the medium inside the cavity. It
should be noted that equation (7) is a transformation of equation (3). It is always
important to be aware of the modal condition inside the RC. Practically, in order to

achieve spatial field uniformity, different modes need to be excited within the chamber.

2.3 Q Factor
Another important parameter to be considered in the design of an RC is the quality
factor (Q factor), which is intrinsic to the chamber dimensions and chamber

construction material (wall loss). Q factor has been defined in [42]:

_a)U

T h

(8)

where w is the angular frequency, U is the energy stored in the cavity, and Py is the

power dissipated in the cavity. U can be determined by:

u=wv 9)

where V is the volume of the chamber, and W is the energy density. The energy density

depends on the electric fields in the cavity:

W = €0E2 (10)

where g is the permittivity of the medium in the cavity (free space), and E is the root
mean square of the electric field. For steady-state condition, the transmitted power Py

and the power dissipated in the loss mechanisms Py are equal [42]:

If the result shown in (11) is substituted into (8), (9) and (10), then the mean squared

electric field can be obtained as:
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E? ¢

= 12
wegV (12)

The average received power is determined by the product of the scalar power
density E2/n and the effective area 12/4m of an isotropic antenna, multiplied by a
polarisation mismatch factor of one half [43]. Thus, the final representation of the

averaged received power is:

1E% 22
=___ 13
(P 27 I (13)

To further relate the average received power to the transmitted power, the result of (12)
is substituted into (13). The average received power can now be deduced as a function

of the transmitted power, as presented in (14):

/13
(B) = P 14

where n = 1/cy&,, cp is the speed of light in free space, and & is the permittivity of the
free space. It is worth noting that the presence of the receiving antenna will not affect
the validity of equation (11), as power dissipated in the loads of the receiving antenna
has been accounted for as one of the power loss in the cavity in evaluating Pq; and no
additional power is introduced into or removed from the cavity. Thus, to obtain the

chamber Q factor, equation (14) can be re-arranged as:

_167%V (R)
B PR

(15)

Equation (15) is applicable to an impedance-matched, lossless receiving antenna;
however dissipative or mismatch losses can be accounted for by modifying the

effective area of the receiving antenna [40].
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Another assessment of Q factor concluded in [23] has shown that, besides the
frequency domain method described in (15), the Q factor can also be derived from the

chamber time constant 7 [41]:

Q =2nft (16)

In comparison to (15), this method of obtaining the Q factor could diminish the

contribution of the antennas involved, leaving just the effect of the chamber alone.

2.4 EMC Measurement in RCs

The basic cavity mode theories have been introduced in Section 2.2, and the modes
and resonance frequencies which can be excited in an RC have been discussed.
Q factor-related information has been introduced in Section 2.3. These theories and
information are necessary in understanding the basic RC working principles. The

typical RC facility used for EMC applications is presented in Fig. 2.3.

This section introduces further important parameters in carrying out EMC testing in
the RC. Detailed chamber validation methods using RCs are also discussed with respect
to IEC61000-4-21 [36]. The main purpose of this section is to discuss the important

parameters of an RC for EMC applications.

2.4.1 EMC Standards Using Reverberation Chambers

As mentioned earlier, the basic standard for the use of RCs in EMC applications is
IEC61000-4-21 [36]. The standard was first published in 2003 and was later updated
in 2011. It provides a comprehensive coverage of chamber validation, radiated
immunity, and radiated emission applications. It is the most widely adopted standard
across the industry. There are, however, other standards for EMC measurement using
RCs. For example, the manufacturer-specific standards covering radiated immunity

testing of automotive and military applications in RCs are [41]:
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e J551-16: Vehicle-level radiated immunity tests

e J1113-27: Component-level radiated immunity tests

e J1113-28: Component-level radiated immunity tests

e GMW3097/Ford ES-XW7T-1A278-AC: Vehicle-level radiated immunity

tests

e MIL-STD-461F: Military EMC tests

It is worth noting that, at present, RCs have not been widely accepted. With the
development of further technology, however, it is likely that RCs will become more

accepted within the industries.

Tuner/stirrer

Non-conductive asser:nbly
support Volume of |'I
Incoming power \ uniform field |

mains filters \ | f Alternate position

I for tuner/stirrer
!

Drive motor \

Tuner/stirrer
assembly

A4 at lowest
|\ useable frequency
Receive antenna at an
arbitrary position and
orientation within working
volume

Field generating

antenna pointed into

EUT measurement

instrumentation !
Chamber corner with tuner
penetration
Field generation Interconnection
equipment filter

Fig. 2.3 Typical reverberation chamber facility [36]
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2.4.2 Working Volume

The chamber working volume is bounded by eight points within the chamber, which
are of sufficient distance from the walls to avoid boundary effects [36]. Typically, the
working volume is defined by a cubic region at A/4 from the walls, and the EUT is

placed in such a working volume during the actual test.

2.4.3 Lowest Usable Frequency

Lowest usable frequency (LUF) is often referred to as the minimum operational
frequency of the RC. It is determined by several parameters, including chamber size,
shape, and Q factor. In practical consideration, LUF is often defined as 3f; where fsis
the first resonance frequency of the chamber. For the definition provided in the standard,
LUF is the lowest frequency at which the specified field uniformity can be achieved

within the chamber's working volume [36].

2.4.4 Field Uniformity

For this thesis, the field uniformity shall be validated for the first decade from the
LUF in the working volume. An electric field probe shall be placed at the eight corner
locations of the working volume to capture the electric field strength (V/m). At each

location, three orthogonal electric field components (Ex, Ey and E;) shall be recorded

Table 2.1 Field uniformity tolerance requirements [36]

Frequency range MHz Tolerance requirements for standard

deviation
80 to 100 4dB?
4 dB at 100 MHz decreasing linearly to 3 dB
100 t0 400 at 400 MHz ?
Above 400 3dB?

2 A maximum of three frequencies per octave may exceed the allowed standard
deviation by an amount not to exceed 1 dB of the required tolerance.
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over the frequency band for each stirrer step. The data shall then be further processed.
Maximum and average received power, maximum field strength for each axis, and
average input power over the tuner rotation shall be recorded [36]. For brevity, the
detailed procedures for handling the data are not presented in this thesis. The tolerance
requirements of the standard deviation of the individual components E,, Ey and E,, and
the total data combination of the three axes, are specified in Table 2.1. For ease of data
processing, the minimum number of samples to be collected is summarised in [36]. A
typical set of probe data, which is normalised to the mean of the eight maximum probe
readings (x-axis data for clarity) at each frequency, is presented in Fig. 2.4 [36]. The
number of steps used to collect the data shown in Fig. 2.4 was set prior to determining
the values in Table 2.2, and it is shown that the entire validation is conducted through
four frequency subranges, and the minimum number of samples from the lowest usable

frequency is twelve.

10
50 tuner steps
g
l 20 tuner steps

s |
Eg 16 tuner steps
— 12 tuner steps
o 4
=
s
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£
= o
o=
i
B 2
o
-
= —4 4
Z
o
A
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-10

0 100 200 300 400 500 600 700 B00 200 1000

Frequency (MHz)

Fig. 2.4 Mean-normalised data for x-component of eight probes [36]
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Table 2.2 Sampling requirements [36]

Frequency range Min_imum num_ber _of samples ﬁd Numl?er of frequ_enci_es b
required for validation and test required for validation
fsto 3 fs°© 12 20
3f;to6fs 12 15
6 fsto 10 f; 12 10
Above 10 fs 12 20/decade

& The minimum number of tuner steps is 12 for all frequencies. For many chambers the
number of tuner steps will need to be increased at the lower frequencies. The maximum
number of tuner steps is the number of independent samples that a given tuner can
produce. This number varies with frequency and needs to be verified when
commissioning the chamber. In the event that the chamber fails to meet the uniformity
requirement, the number of tuner steps may be increased up to the number of
independent tuner samples.

b |og spaced.

¢ f, = Start frequency (see A.1.3 for LUF)

4 The tuner sequencing used for validation of the chamber shall be the same as for
subsequent testing.

2.4.5 Chamber Loading Effects

The impact of chamber loading on field uniformity shall be checked, and the
maximum acceptable loading of the RC must be determined. The EUT is said to load
the chamber when the energy absorbed by the EUT is no longer able to maintain the
chamber field uniformity. The checking of loaded chamber validation shall be carried
out before the chamber can be used for EMC tests. Chamber loading is verified using

the ratio below:

AVFempty chamber (17)

Loading =
AVFloaded chamber

where AVF (antenna validation factor) is the ratio of the average received power to

input power, and AVF = (M). Chamber loading has been practically discussed in

input

Section 2.5.2, in addition, the detailed information can also be found in [36].
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2.5 Chamber Validation

2.5.1 Unloaded Calibration

The experimental investigations for this chapter were carried out in the R&S RC, as
shown in Fig. 2.5. Prior to the investigations, the chamber was validated in both
unloaded and loaded conditions. For the unloaded validation, the chamber working
volume was cleared, and a receiving antenna was placed at an arbitrary position and
orientation within the working volume of the chamber. The E-field probe was placed
in the eight corner locations of the working volume to capture the E-field strength. The
standard deviation is calculated using data from each probe axis as well as from the

total data set [36]:

o+ (E)
= 18
o(dB) = 2010g10( ) ) (18)

where o is the standard deviation, and (E) represents the arithmetic mean of the

normalised vectors for each probe axis as well as for the total data set.

\\\\\\\
A\

Fig. 2.5 R&S reverberation chamber
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Fig. 2.6 Standard deviation for E-field components of eight probe positions for x, y, z
and total data set with (a) 5% frequency step 400 MHz -1000 MHz (b) 5% frequency
step 1 GHz - 8 GHz (c) 9% frequency step from 8 GHz - 18 GHz for unloaded condition
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The calculated standard deviation of the measured maximum E-field strength in the
eight probe positions for the X, y, and z axes and total data set have been presented in
Fig. 2.6 (a), (b), and (c). Due to the limitations of single power amplifier operating
frequency, the testing was performed in three frequency ranges: 400 MHz - 1 GHz; 1
GHz - 8 GHz; and 8 GHz - 18 GHz. Referring to Table 2.1, the standard deviation of

all axes and the total data set passed the field uniformity requirement.

2.5.2 Loaded Calibration

A one-time check of the chamber’s field uniformity is required in order to determine
if the chamber is adversely loaded by EUT, as stated in [36]. A sufficient amount of
absorber material must be placed at random locations within the chamber working

volume, as shown in Fig. 2.7. The absorbing materials typically used are charcoal,

ferrite, and foam.

Fig. 2.7 Chamber with maximum loading material
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Fig. 2.8 Standard deviation for E-field components of eight probe positions for x, y, z
axes and the total data set with: (a) 5% frequency step 400 MHz - 1000 MHz; (b) 5%
frequency step 1 GHz - 8 GHz; and (c) 9% frequency step 8 GHz - 18 GHz, for loaded
condition.
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Similar procedures as outlined in Section 2.5.1 are followed, with field probe and
receiving antenna maintained at a distance of greater than one quarter wavelength from
any absorber. The field uniformity is calculated using the data from the eight locations
of the E-field probe. If the standard deviation exceeds the allowable limits as stated in
Table 2.1, the chamber is said to be loaded to an unacceptable point [36]. The amount
of the absorbing material should then be reduced and the calibration procedure repeated

until the maximum loading is found.

After many trial tests and adjustments to the amount of absorbing material, the
maximum loading condition was achieved for the frequency ranges of 400 MHz - 1
GHz, 1 GHz -8 GHz and 8 GHz — 18 GHz of R&S RC. Similar to the field uniformity
evaluation mentioned in Section 2.5.1, the standard deviation for E-field components
of eight probe positions for X, y, z and total data set has been calculated and presented
in Fig. 2.8 (a), (b) and (c). It is shown that with the given amount of the loading material,
the standard deviation of the x, y, z and total data set fulfil the field uniformity
requirement referring to Table 2.1. The maximum chamber loading has also been
calculated using equation (17) described in Section 2.4.5 for different frequency ranges

and presented in Fig. 2.9.
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Fig. 2.9 Maximum chamber loading of: (a) 400 MHz - 1 GHz; (b) 1 GHz - 8 GHz;
and (c) 8 GHz - 18 GHz.

Maximum chamber loading verification is required only once during the life of the

chamber, or after major modification to the chamber [36]. For this thesis, however, a
load check with EUT and its supporting equipment in place shall be carried out prior

to performing each test. The same procedure for finding the maximum chamber loading

shall be used for the load check with EUT’s presence.

The chamber loading factor (CLF) shall be obtained during the load check while

EUT is in place, by taking the ratio between the average received power measured with
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the EUT in place and with the empty chamber. The maximum chamber loading
previously calculated is then used to compare with the CLF. If the CLF is greater than
the maximum chamber loading, the chamber may have been loaded to the point where
field uniformity is not achieved. In this case, chamber uniformity checks as described
in Section 2.5.1 shall be repeated with EUT in place. It is also worth noting that the

chamber loading effects will affect both radiated and immunity tests.

25.3 Q Factor and Time Constant

The above calibrations, as outlined in Sections 2.5.1 and 2.5.2, are based on
continuous wave (CW) excitation. When using modulated waveforms, the Q factor
must be taken into consideration. Referring to equation (15), when EUT is in place and
taken into consideration with the antenna efficiency factors, the Q factor can be

obtained using [36]:

2
=< len“V ) PAveRec) (19)

nTXnRx/13 Plnput

where n_and ng_are the antenna efficiency factors for the transmitting and receiving
antennas respectively, which can be assumed to be 0.75 for log periodic antennas and
0.9 for horn antennas. V is the chamber volume and 4 is the free space wavelength at
the specific frequency. Payerec IS the average received power over one tuner rotation
and Pyppy¢ is the forward power averaged over one tuner rotation. The measured Q

factor of the R&S RC is provided in Fig. 2.10.
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Fig. 2.10 Measured chamber Q factor of: (a) 400 MHz - 1 GHz; (b) 1 GHz - 8 GHz;
and (c) 8 GHz - 18 GHz.
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The time response of the chamber shall be fast enough to accommodate pulsed
waveform testing. It corresponds to the time constant t of the chamber described in

Section 2.3, and equation (16) can be rewritten as:

T=— (20)

The measurement results of chamber time constant from 400 MHz to 18 GHz are
presented in Fig. 2.11. It is mentioned in [36] that the chamber time constant should
not be greater than 0.4 times any test waveform pulse width for more than 10% of the
test frequencies; otherwise absorbers must be added to the chamber or the pulse width
must be increased.
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Fig. 2.11 Measured chamber time constant of: (a) 400 MHz - 1 GHz; (b) 1 GHz -
8 GHz; and (c) 8 GHz - 18 GHz.

2.6 Conclusion

This chapter has introduced the theoretical background of RCs which, as alternative
facilities for EMC measurements, have important advantages over anechoic chambers.
Such advantages include a low building cost and a capability to generate a high electric
field with low input power. Chamber characteristics which are important for the actual
EMC applications are discussed in Section 2.4. The chamber loading and unloading
calibration, as well as the measured Q factor and time constant, are discussed in Section
2.5. The chamber validation works in this section are crucial to the investigation carried

out in Chapter 3.

This chapter provides an important link between the theoretical background and the
practical use of RCs for EMC measurements. It also provides the basic guideline for

the work in Chapter 3 that investigates RC performance in the LUF range.
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CHAPTER 3 INVESTIGATION OF FIELD UNIFORMITY AND
UNCERTAINTIES IN A REVERBERATION CHAMBER AT

LOWEST USABLE FREQUENCY

Measurement uncertainty (MU) in an RC is generally contributed by the insertion
loss of the chamber and the impedance mismatch between the EUT and the receiving
antenna. A thorough research of MU in an RC has been discussed in [44]. Compared
with other test methods, some MU contributions are also applied to an RC, such as
antenna factor, site imperfection, and ambient (noise) aspects. The major MU
contributions in an RC, however, are generally in respect to field properties and

statistical aspects.

In this chapter, an analysis of field uniformity and uncertainties related to an RC in
the lowest usable frequency (LUF) is discussed. In Section 3.1, the intrinsic field
uncertainty (IFU) of the RC is introduced. An investigation of field uniformity and
uncertainty at LUF is discussed in Section 3.2, where both simulated and measurement

results are analysed and compared. Conclusions are drawn in Section 3.3.

3.1 Intrinsic Field Uncertainty

In addition to the measurement instrumentation uncertainty outlined in [5, 6],
intrinsic field uncertainty is specified as one of the largest MU contributions towards
the total uncertainty budget of the RC. However, the evaluation of IFU is only
meaningful when an RC is in its ideal working condition (over-mode regime). For
typical operational conditions, the magnitude of the MU contributed from IFU is
greater by one or more orders than the measurement instrumentation uncertainty [44].
In general, a characteristic of EMC/EM I testing in an RC is that the contribution of IFU
to the MU is limited only by the number of independent stir states N that are generated

[44]. The standard error of the average received power in the chamber decreases with
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N in accordance with 1/+/N. Thus, IFU can be reduced by improving the stirring
mechanism or by increasing the number of stirrers for a more consistent averaging in

the chamber.

3.2 Investigation of Field Uniformity at Lowest Usable Frequency

Unlike the mode-stirred operation, an RC using the mode-tuned operation has a
mechanical tuner rotating in a discrete stepwise manner [24, 45-47]. The number of
independent samples which can be obtained during one tuner rotation has been
considered as one important factor which may affect the chamber performance with
respect to electric field uniformity and MU. As discussed in the previous section, MU
in the reverberation chamber depends substantially on its IFU. IFU, however, is
determined by the number of independent samples which the stirrer/tuner can generate
in the RC. It has been revealed that, near the LUF, the RC is working in the under-
mode regime. As a result, it is often difficult to achieve field uniformity and the samples
collected in one tuner rotation may be correlated; therefore affecting the measurement

accuracy and reproducibility.

A number of works have been conducted in attempts to improve chamber
performance by analysing the uncorrelated field distributions in the RC. These works

focus on:

1) tuner positions [48-50] and design parameters [51-55]. The effects of different
tuner positions and design parameters have been discussed in the cited works.
However, there is no significant improvement with these technique when the

chamber is working in the under-mode regime.

2) measurement correlations. For instance, effective sample size estimation based
on the spatial degrees of freedom method [56], autocovariance method [57],

autoregressive method [58], and sample differences method [59]. These works
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focus on the assessment of the measurement correlations using different
approaches. The proposed methods are able to effectively estimate the number
of independent samples; however there is no practical method for generating

adequate independent samples as proposed in these works.

Currently, only a small number of works have concentrated on chamber performance
at low frequencies [60, 61]. The method proposed in [60] of adding absorbing material
inside the chamber ensures a better performance at the LUF range; however this method
may increase the chamber loading and is not suitable for a small chamber. The work
mentioned in [61] only provides the validation results in addition to the standard, and

no significant improvement method is proposed.

Chamber validation for the mode-tuned operation has relatively flexible
requirements at low frequencies, e.g., the tolerance requirement for the electric field
standard deviation at 80 MHz is 4 dB and decreases linearly to 3 dB at 400 MHz.
Furthermore, a maximum of three frequencies per octave is allowed to have a standard
deviation exceeding the tolerance required by 1 dB [36]. However, despite the
relaxation of the requirement at low frequencies, it is still desirable to achieve a low
electric field standard deviation, as more accurate measurement results can be obtained

closer to the LUF.

This section focuses on the electric field uniformity and measurement uncertainty
investigation by improving the number of independent samples collected during one
stirrer rotation, at LUF range, for both immunity and emission testing in an RC. The
use of non-equidistant tuner positions is proposed, and compared with the conventional
equal step size method. The main purpose is to reduce the impact of the tuner
symmetries near the LUF. As the use of non-equidistant tuner positions acts as sample
shuffling, periodicity will be disturbed, and fewer correlated samples can be obtained
during one tuner rotation. The investigation is conducted through intensive simulations

based on empirical study.
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Test set up parameters (different transmitting antenna orientations as well as random
sets of discrete, non-equidistant tuner positions), which offer significant improvements
in electric field uniformity compared to conventional equidistant tuner positions, are
selected and discussed. The results are then verified with actual measurements in the

chamber.

3.2.1 Geometry and Test Set-up

The RC performance using different transmitting antenna orientations and random
sets of discrete tuner positions are simulated using CST STUDIO SUITE® 2015, and
the model is shown in Fig. 3.1. The RC’s dimensions are 2.25 m in length, 1.95 m in
width, and 2.03 m in height. Only one tuner is used in the simulation model due to the
chamber's relatively small size. The paddle size is 0.5 m x 0.6 m x 1.5 m, and three
elliptical holes of different sizes are made in the paddle’s upper, lower, and central
elements for better stirring performance. The simulation model's LUF is 400 MHz. A
log-periodic antenna is used as the transmitting antenna, with operating frequencies
from 300 MHz to 7 GHz, and excited by the ideal power source. The transmitting
antenna is placed in the chamber with two different orientations, as shown in Fig. 3.1,
to observe the effects on the electric field uniformity with the use of different incident
angles. Such orientations are: 1) parallel to the x-y plane and pointed to the tuner; 2)

and then, rotated 45 degrees clockwise with reference to the feeding point.

To study the performance of the RC near the LUF with the minimum required tuner
positions stated in [36], twelve tuner positions are chosen in the experiment as the worst
case scenario. In fact, it is not necessary to further increase the tuner steps since both
simulation and measurement results of this investigation fulfil the uniformity

requirement stated in [36].

As mentioned in the previous section, the choice of non-equidistant tuner positions

is based on empirical study, and through intensive simulation of the electric field
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uniformity within the chamber. An initial set of non-equidistant tuner positions is

proposed based on:

P(n) =2n(n+3) (21)

wheren=0, 1, 2...11. The positions are then obtained as 0, 8, 20, 36, 56, 80, 108, 140,
176, 216, 260, and 308 degrees respectively (Set 1 positions). The differences between
two adjacent steps are non-equal, with an increasing factor of 4 degrees. To further
compare the effects of different step sizes, five other sets of non-equidistant positions
are generated by randomly altering the differences between the adjacent steps of Set 1
positions. The chamber performance, in terms of electric field uniformity, using all five
different sets of non-equidistant positions, is then simulated. Together with Set 1
positions, the set of non-equidistant positions (Set 2 positions) with the best
performance among the other five sets of data is selected and compared with the
conventional equidistant tuner positions. For brevity, only the simulation and
measurement results of using equidistant and Sets 1 and 2 non-equidistant tuner

positions (as shown in Table 3.1) are presented in this chapter. Since the LUF range is

Ly

Fig. 3.1 RC simulation model in CST 2015
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of interest, the investigation is conducted in the frequency range from 400 MHz to

800MHZz, with a total of eleven frequency points.

Table 3.1 Non-equidistant tuner positions selected in the investigation

Set 1 positions (degree) | 0, 8, 20, 36, 56, 80, 108, 140, 176, 216, 260, 308

Set 2 positions (degree) | 0, 27, 42, 66, 93, 116, 148, 176, 215, 236, 280, 328

It cannot be guaranteed that the selected non-equidistant tuner positions are the
optimum solution; however it is of interest for this investigation to demonstrate the
superiority of using non-equidistant tuner positions over equidistant tuner positions at
the LUF. It is worth noting that the proposed set of tuner positions may not be generally
applicable for all chambers of different size or with different stirrer structure, and
additional empirical studies should be carried out for different chambers. Thus, the
purpose of this investigation shall be fulfilled if a better electric field uniformity can be

achieved using the proposed non-equidistant tuner positions.

3.2.2 Results and Discussions

3.2.2.1 Simulation Results

(@)
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Fig. 3.2 Simulation results of the electric field distribution using: (a) equidistant tuner
positions; (b) non-equidistant Set 1 positions; and (¢) non-equidistant Set 2 positions,

at 400 MHz with transmitting antenna parallel to x-y plane.

The RC performance is first simulated to investigate the electric field distribution.

Generally, the electric field uniformity can be observed and estimated by comparing
field distribution using different tuner positions. Fig. 3.2 illustrates that, when the

transmitting antenna is placed parallel to the x-y plane and pointed to the tuner, better
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electric field uniformity is achieved at 400 MHz (LUF) by using non-equidistant tuner
positions (Set 1 and Set 2) than by using equidistant tuner positions. However, there is
no significant difference observed between the use of Set 1 and Set 2 positions. The
transmitting antenna is then rotated 45 degrees clockwise with reference to its feeding
point. The electric field distributions are presented in Fig. 3.3. Similarly to the previous
scenario, the field distributions are shown to be more uniform when using Set 1 and

Set 2 positions than when using equidistant tuner positions.
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Fig. 3.3 Simulation results of the electric field distribution using: (a) equidistant tuner
positions; (b) non-equidistant Set 1 positions; and (c) non-equidistant Set 2 positions,
at 400 MHz with transmitting antenna rotated 45 degrees clockwise.

The advantage of using non-equidistant over equidistant tuner positions has been
briefly illustrated in the simulated electric field distribution results. To further validate
the observation, field uniformity is verified based on the standard deviation from the
maximum normalised values obtained at each of the eight probe locations within the

working volume during one tuner rotation using equation (18) described in Section 2.5.

For transmitting antenna parallel to the x-y plane, the results of standard deviations
of both equidistant and non-equidistant tuner positions (using Set 1 positions) from 400
MHz to 800 MHz are presented in Fig. 3.4. It is clear that, near the LUF, e.g.,
400 MHz and 440 MHz, the standard deviations of all three axes are below the required
value of 3 dB for both equidistant and non-equidistant tuner positions. However, the
standard deviation of the total data sets (24 normalised maximum values) exceeds the

limit of 3 dB using the equidistant method at both frequency points.

On the other hand, using non-equidistant tuner positions produces better results. At
440 MHz, the standard deviation of the total data set is less than 3 dB, and the value

only exceeds the limit by 0.06 dB at 400 MHz, as illustrated in Fig. 3.4 (d). The

43



Standard Deviation of E-field

Standard Deviation of E-field

in X-axis (dB)

T T T T T T T

Limit Line

==Equidistant position
05- I~ Non-equidistant position

in Z-axis (dB)

0.5+ 4

0 L
400 450 500 550 600 650 700 750 800

0 1 1 1 1 1 1 1
400 450 500 550 600 650 700 750 800
Frequency in MHz
(a)

3 - . .
- Limit Line
(3]
= 25-
L ~
5= S~
s 2
T 2
S35
o>
= =—Equidistant position v
8 LI Non-equidistant position ]
S
n 05

0 1 1 1 1 1

400 450 500 550 600 650 700 750 800

Frequency in MHz
(b)
[ T T T T T
3

Limit Line

11" [—Equidistant position |

= Non-equidistant position

| 1 | | L 1 |

Frequency in MHz

(©

44



Lo
w

w

~ Limit Line

N
)
I

N
T

-
(4}

==Equidistant position
" |== Non-equidistant position

—_

Standard Deviation of E-field
of Total Data Set (dB)

o
)

0 |
400 450 500 550 600 650 700 750 80(

Frequency in MHz

(d)

Fig. 3.4 Equidistant and non-equidistant positions (Set 1) comparison of standard
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis;
and (d) total data set, with transmitting antenna parallel to x-y plane.

standard deviations when using non-equidistant positions are 0.3 dB and 0.47 dB lesser
than those when using equidistant tuner positions, respectively, for the total data set at
400 MHz and 440 MHz. Meanwhile, the observation of less widely distributed electric
field values across three axes also implies that the use of non-equidistant tuner positions

is superior to the use of equidistant tuner positions.

A further comparison has been carried out between equidistant positions and non-
equidistant positions using Set 2 data. Similar to the observations using Set 1 positions,
the standard deviations using non-equidistant positions are smaller than when using
equidistant tuner positions for the total data set at 400 MHz and 440 MHz, as illustrated
in Fig. 3.5 (d). Nonetheless, it can be seen that for non-equidistant tuner positions, the
standard deviations for all three axes are comparable using Set 1 and Set 2 data. There
is no significant difference between the two sets of tuner positions while the

transmitting antenna remains parallel to the x-y plane.
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Fig. 3.5 Equidistant and non-equidistant positions (Set 2) comparison of standard
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis;
and (d) total data set, with transmitting antenna parallel to the x-y plane.

The transmitting antenna is then rotated 45 degrees clockwise with reference to its
feeding point. The same testing procedures are followed as aforementioned for both
equidistant and non-equidistant tuner positions (using Set 1 and Set 2 positions
respectively). The comparisons are plotted and presented in Fig. 3.6 and Fig. 3.7. It can
be observed that, when the transmitting antenna is rotated 45 degrees clockwise and
Set 2 positions are used, the standard deviation of the total data set is the smallest of all
the combinations of parameters, as illustrated in Fig. 3.7 (d). The value only exceeds

the limit by 0.03 dB at 400 MHz.

Furthermore, the lowest fluctuation in the standard deviation observed also implies
amore stable averaging of the electric field of the three axes within the working volume.
Thus, it is suggested that this set of parameters could be used as one of the optimal

solutions to improve the chamber performance at the LUF range.
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Fig. 3.6 Equidistant and non-equidistant positions (Set 1) comparison of standard
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis;
and (d) total data set, with transmitting antenna rotated 45 degrees clockwise.
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Fig. 3.7 Equidistant and non-equidistant positions (Set 2) comparison of standard
deviations for E-field components of eight probes for: (a) x-axis; (b) y-axis; (c) z-axis;
and (d) total data set, with transmitting antenna rotated 45 degrees clockwise.

The field uniformity has been verified using the aforementioned non-equidistant
tuner positions. Furthermore, it is also important to observe the tuner efficiency when
using the non-equidistant method. In [36], the tuner efficiency is assessed by the
number of independent samples collected over one tuner rotation. From f; (starting
frequency) to 3f;, a minimum number of twelve independent samples are required. The
independence of the samples is verified using the autocorrelation coefficient. In this

investigation, the critical value p, presented in [62] is employed. p, is defined as the
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upper bound of the integral of the probability density function of the correlation
coefficient, given an error probability (5% for the purposes of this thesis). The value of
the correlation coefficient lies between -1 to 1, where -1 and 1 correspond to completely
correlated data, and O corresponds to completely uncorrelated data. The correlation

coefficient is computed using the equation below:

LN — w0~ wy)

Txy = (22)
\/n 1 12?(% —Uy)? X n 1 12?(% - uy)z

where yi is the same series of data as x;, but is shifted by one sample to the right, e.g.,

Xi = X1, X2, X3, X4 Xn-2, Xn-1. Ux @nd uy are the mean of the

original received power versus tuner position data set, and n is the number of samples
collected during one tuner rotation. To obtain the result, the received power for
equidistant and non-equidistant tuner positions is recorded, for twelve tuner steps. The
number of independent samples is calculated for 400 MHz, 440 MHz, 480 MHz, and
520 MHz respectively. The correlation coefficients for both equidistant and non-
equidistant methods are tabulated against the critical value (with 95% confidence
interval in contrast to 5% error probability). Collected samples are considered to be
independent if the correlation coefficient between two adjacent samples is smaller than

the critical value. Results are calculated and presented in Table 3.2.

It can be observed that, at LUF (400 MHz), both methods are able to obtain only six
independent samples instead of twelve. This provides an explanation for why the
standard deviation of the total data set exceeds the limit at 400 MHz for both methods.
At 440 MHz, the non-equidistant method is capable of obtaining twelve independent
samples; whereas the equidistant method still has its data correlated, and only six
independent samples can be obtained when the transmitting antenna is placed parallel

to the x-y plane. However, when the transmitting antenna is rotated 45 degrees clock
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Table 3.2 Comparison of number of independent samples for equidistant and non-

equidistant methods

Number of independent samples | Number of independent samples
using equidistant positions with using equidistant positions with

Frequency | transmitting antenna transmitting antenna
parallel to x-y rotated 45 degrees | parallel to x-y rotated 45 degrees
plane clockwise plane clockwise
Setl | Set2 | Setl Set 2
400 MHz 6 6 6 6 6 6
440 MHz 6 12 12 12 12 12
480 MHz 12 12 12 12 12 12
520 MHz 12 12 12 12 12 12

-wise from its original position, twelve independent samples can be collected using
equidistant tuner positions. From 480 MHz, both methods are able to generate twelve
independent samples. From the simulation results, it is observed that more independent
samples at frequencies close to LUF range can be generated using the non-equidistant
method, which implies that the samples collected are less correlated. Thus, MU is
reduced since field uniformity is improved. Since a better result can be achieved using
Set 2 non-equidistant positions with the transmitting antenna rotated 45 degrees
clockwise with respect to its feeding point, practical measurement for result verification

has been carried out in the chamber using the mentioned parameters.

3.2.2.2 Measurement Results and Discussion

The simulation results have been verified in the RC, as presented in Fig. 2.5. The
chamber size is 2.25 x 1.95 x 2.03 m, with a working volume of 0.8 x 0.8 x 0.8 m.
Chamber validation has been conducted using the theories and equations as provided
in Chapter 2 in terms of chamber loading, field uniformity, and Q factor. The
transmitting antenna is mounted on the chamber wall and pointed directly to the tuner.
The probe is placed at eight corner positions of the working volume to collect the
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electric field strength data. The testing procedures strictly follow those mentioned in
[36]. During the testing in each corner position, both the probe and the receiving
antenna are placed in a new location (the receiving antenna is always placed within the
working volume). The tuner positions are selected as described in Section 3.2.2.1.
Similar to the simulation procedures, the measured results are processed and presented

in the form of standard deviations of the three axes and the total data set.

Fig. 3.8 illustrates the consistency between the simulation and measurement results.
The standard deviations of the electric field of the three axes and total data set are below
the required 3 dB for both equidistant and non-equidistant methods at 440 MHz. It is
worth noting that, during the actual measurement, the standard deviation of the total
data set is below 3 dB for the non-equidistant method at 400 MHz, in contrast to the

simulation result.

On the other hand, even though the standard deviation of the total data set exceeds
the limit at 400 MHz using equidistant tuner positions, the chamber validation is still
considered as passed. The requirement in [36] indicates that a maximum of three
frequencies per octave may exceed the allowed standard deviation by an amount not
exceeding 1 dB of the required tolerance. The transmitting antenna orientation and non-
equidistant tuner positions selected for the experiment have been validated with the
measurement results, and it is observed that this set of parameters could eventually
improve the chamber performance in the LUF range as compared to its performance

using the conventional equidistant tuner positions.

Another observation is that, during the actual measurement, tuner rotation control
for the non-equidistant method is not optimised as a longer time was taken for the
measurement to be completed. Further work on rotation control should be carried out

if the non-equidistant method is to be implemented.
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Fig. 3.8 Measurement results of standard deviation for E-field components of eight
probes for: (a) x-axis; (b) y-axis; (c) z-axis; and (d) total data set, with transmitting
antenna rotated 45 degrees clockwise.

3.3 Conclusion

This chapter investigates the use of non-equidistant tuner positions in an RC. The
main focus is to determine the chamber performance, in terms of electric field
uniformity and tuner efficiency, using non-equidistant tuner positions as compared to
the conventional equidistant tuner positions. Both simulation and measurement results
have been discussed, and it is observed that better field uniformity at LUF can be
achieved using non-equidistant tuner positions. The standard deviations of the electric
field in x, y, and z directions and the total data set have been calculated, and are below
the required limit of 3 dB using the parameters proposed in Section 3.2.2.1, with Set 2
non-equidistant tuner positions and 45 degrees clockwise-rotated transmitting antenna.
The chamber performance is thus improved and more independent samples can be
generated at frequencies near LUF. The MU in the RC is substantially dependent on
the IFU, which is inversely proportional to the square root of the independent samples
generated by the stirrer. This implies that the MU has been reduced; thus

reproducibility is improved using the non-equidistant method.
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CHAPTER 4 CHARACTERISATION OF MEASUREMENT

UNCERTAINTY IN A RADIATED EMISSION SYSTEM

4.1 Background
The major MU contributions in a radiated emission test system are presented in Fig.
4.1. A number of research works have been carried out on radiated emission tests

during the past decade to identify MUs associated with:

1) antenna design and parameters (e.g., the antenna pattern influence [19],
uncertainty due to different types of receiving antenna [63-65], the ground plane

effect [66], and uncertainty related to antenna calibration [18, 67]);

2) receiving apparatus (e.g., uncertainty evaluation for digital test receivers [68,
69], optical link based receivers [70], uncertainty of measurement time [71],

and test receiver uncertainty overview [17]); and

3) uncertainty related to an open area test site [72, 73] or anechoic chamber [74],

site imperfections [72-75], and test processes [11, 76, 77].
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Fig. 4.1 Measurement uncertainty contributions in a typical radiated emission system
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However, certain practical considerations in relation to the individual component
level are absent from the existing literature. For instance, the performance of RF
adapters is often neglected in measurements; however these adapters are likely to
introduce unexpected errors (high insertion loss, etc.) due to manufacturing defects,

and improper or prolonged use.

During most calibration processes, the entire cable path, together with all the
connectors, is calibrated so that insertion loss of the RF connectors can be properly
compensated. However, if a defective RF connector is used between the reference cable
and the cable under calibration, the resulting errors will be mistakenly counted as part
of the total cable path loss and compensated for when every real measurement is
subsequently performed. Therefore, final measurement results will be affected. Thus,
a proper characterisation, for instance, using a vector network analyser to verify the
performance of an RF connector, should be carried out before it is used for any
connection purpose. Alternatively, at least a few properly working connectors should
be maintained for connecting the reference cable and the cable under calibration during

the calibration process.

Lately, EMI test receivers have been recommended by CISPR, FCC, MIL-STD, EN,
and all other standard-issuing bodies for EMC/EMI applications and tests. These test
receivers usually consist of superheterodyne equipment which has been carefully
designed to accurately measure the amplitude of CW or impulse signals [78]. The
necessary requirements of the radio disturbance and immunity measuring apparatus
and relevant methods have been well defined in CISPR 16-1-1 [79]. Most of the test
receiver-related MU contributions can be retrieved from the test receiver’s calibration

report, e.g., sine wave voltage variation oVgyy, noise floor proximity, and oVy.

However, some sources of uncertainties remain which have not been identified in

the measurement standards. For instance, signal synchronisation is often neglected
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when using the signal generator together with the test receiver for cable calibration. It
may sometimes be assumed that, by performing the normalisation process prior to a
cable calibration, any error caused by the signal generator and the test receiver can be
eliminated as both the normalisation and cable calibration processes are using the same
settings. However, since the filter window of the test receiver may capture the wrong
position for a given resolution bandwidth (RBW), the normalisation process is not able
to eliminate this error. This can lead to either missing the peak value, or capturing the
wrong peak value, with a given RBW setting. In a worst case scenario, the cable
attenuation measurement results can have a difference of more than a few dB, with and
without reference signal synchronisation between the signal generator and the test
receiver. Thus, it is important for test laboratories to ensure that the reference signal is
synchronised between the signal generator and the test receiver before both instruments

are used for cable path attenuation measurement.

In addition to the aforementioned suggestions for RF adapters and reference signal
synchronisation, it is the purpose of this chapter to provide further important insight
into the characterisation of uncertainties, of which some aspects are either absent from
or not practically considered in the actual measurements. The results obtained in this

chapter are intended to supplement the existing standard for the industry.

4.2 RF Adapter

As outlined in Section 4.1, when an RF adapter is used to connect the reference
cable and the cable under calibration, the characteristic of the adapter may not be
properly compensated for in the system. Furthermore, in [6], the uncertainty
contributed by the RF adapter is not practically considered. Thus, in addition to the
suggestion made in Section 4.1, it is of interest in this section to characterise the typical

MU contribution of the RF adapter and to make necessary recommendations to the
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existing standard when the adapter is used connect the reference cable and the cable
under calibration.

The MU of a widely used, high precision N-type to N-type RF connector (working
frequency from DC to 18 GHz) manufactured by SRI Connector Gage Company, is
evaluated. The insertion loss of this RF connector is measured (using a vector network
analyser (VNA) from Rohde & Schwarz, model ZVA 40) in the frequency range from
10 MHz to 40 GHz through R&S Network Analyser Measurement Uncertainty
Calculation software. Thus, the MU of the network analyser is included in the
measurement. The measurement is conducted in a controlled environment at a

temperature of 25 °C and a humidity level of 55% RH.

To obtain the measurement uncertainty associated with the insertion loss, the
measurement is repeated twenty times. The mean value of the insertion loss x is
recorded, and the standard uncertainty us which is equivalent to the standard deviation
at different frequencies can be calculated using the following formula [80]:

Z?=1(xi - JE) (23)
n—1

Us

where n is the number of measurements, x; is the result of the ith measurement; and
the results are presented in Table 4.1. It can be seen that, as expected, the standard
uncertainty increases with an increase in frequency. The value of the standard
uncertainty changes markedly from 13 GHz to 18 GHz. This suggests that the
performance of the adapter is less stable at higher frequencies. The maximum standard
uncertainty occurs at 18 GHz, which is around 0.077 dB; thus the expanded uncertainty

with 95% confidence interval can be obtained as:
Uadapter = 2us = 0.15dB (24)

It is suggested that the regulatory authority consider including the Ugapter in the

current MU budget tables as stated in [6]. Typically, the MU budget tables for EMI
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tests are segmented into different frequency ranges: for instance, 30 MHz to 1 GHz;
1 GHz to 6 GHz; and 6 GHz to 18 GHz. The expanded uncertainties of the RF adapter
calculated from Table 4.1 for 30 MHz to 1 GHz, and for 1 GHz to 6 GHz, are only
0.004 dB and 0.008 dB, which are negligible. Thus, it is recommended that the U,qapter
be included in the MU budget table from 6 GHz to 18 GHz, and that the overall
expanded MU limit for this frequency range be increased by 0.15 dB for the worst case

consideration.

Table 4.1 The measured insertion loss, standard deviation and standard uncertainty of

an N-type to N-type RF adapter

Frequency Mean Insertion Standard Uncertainty

(GH2) Loss (dB) (dB)
1 0.040 0.002

2 0.039 0.002

3 0.045 0.003

4 0.072 0.004

5 0.082 0.004

6 0.082 0.004

7 0.089 0.005
0.092 0.007

9 0.094 0.007
10 0.096 0.009
11 0.096 0.014
12 0.106 0.019
13 0.102 0.025
14 0.110 0.030
15 0.131 0.039
16 0.146 0.051
17 0.164 0.063

18 0.188 0.077
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4.3 Pre-Amplifier Gain Variation

Typically, the pre-amplifier shall be calibrated by the manufacturer, and the
necessary data, such as the instability of the amplifier gain, shall be given in the
calibration report. However, these given values are normally obtained at a single fixed
temperature only. This potentially leads to a larger MU at test sites operating under
different temperatures. It is recommended in the measurement standards that gain
variations/instabilities due to temperature variations be taken into account; however
detailed methods to identify the gain variations are not provided. To address this issue,
measurement campaigns are conducted to characterise the standard uncertainty
associated with gain variations, and a reasonable method is proposed to determine such

uncertainty.

Similarly to the RF adapter measurement carried out in Section 4.2, an R&S® ZVA
40 network analyser is used in this experiment through the R&S Network Analyser
Measurement Uncertainty Calculation software. The EUT used in the measurement is
a pre-amplifier manufactured by R&S: model no. SCU-18D, serial no. 1747093, with
an operating frequency from 1 GHz to 18 GHz, and a typical gain of 33 dB. The

measurement set up is illustrated in Fig. 4.2.

A standard TOSM calibration is performed prior to the measurements, which are
conducted inside an environmental chamber. The EUT (pre-amplifier) is first placed
inside the environmental chamber at room temperature (23-25 °C) and is allowed to be
powered on for at least 30 minutes to warm up completely. The test frequency range is
set from 1 GHz to 18 GHz, the input power level is set at 0 dBm, and the bandwidth
and number of sweep points are set to 10 kHz and 201 respectively. To protect the
VNA as well as the pre-amplifier, the input and output attenuations of the VNA are set
at 30 dBm and 10 dBm. The S-parameters are measured and recorded for room
temperature. The temperature inside the environmental chamber is then set to 40 °C,

and the pre-amplifier is given adequate time (>30 minutes) to stabilise after the
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temperature becomes steady. Another standard TOSM calibration is then performed at
40 °C in order to eliminate the uncertainties contributed, due to the temperature change,
by the part of the cable inside the environmental chamber. The S-parameters are again

recorded. Similar procedures are also carried out at other temperatures.

Environmental
Chamber
Pre-amplifier “Wector Network Analyzer
Port 1 Port 2

lzolated
Through-hole

@)

5| scu-18D |

e ——y
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Input from VNA - — Vi r =
= ]

Output to VNA

Power Supply N
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e F &
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<2
—
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————

(b)
Fig. 4.2 The measurement set up: (a) overview; and (b) inside the temperature chamber,

for the characterisation of the measurement uncertainty associated with the pre-
amplifier gain under different environmental temperatures.
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The measured gain variations at different temperatures are presented in Fig. 4.3.
The pre-amplifiers are mostly designed using discrete components with a different
number of stages depending on the gain. The gain temperature coefficient of an
amplifier is generally about 0.01~0.02 dB/stage/°C [81]. However, a properly designed
temperature compensation circuit should be able to limit such gain variation to a certain

value (for instance, 2 dB) over the operating temperature range.

As expected, the gain decreases when the temperature increases. To further analyse
the pre-amplifier gain variation, the maximum gain at different temperatures with
reference to the gain at room temperature (25 °C) is shown in Table 4.2. These results
were obtained by taking the maximum difference throughout the frequency range from
1 GHz to 18 GHz, at different operating temperatures, using data obtained from Fig.
4.3. This table shows that, at 0 °C, the maximum gain variation of 1.277 dB is the

largest compared to those measured at other temperatures.
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Fig. 4.3 The measured pre-amplifier gains at different temperatures from 0 to 40 °C
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Table 4.2 The maximum gain variations at different temperatures with reference to

the values at room temperature

Temperature  Maximum Gain Variation  Occurred Frequency

(Celsius) (dB) (GH2)
0 +1.277 2.96
5 +0.961 1.17
10 +0.793 1.94
15 +0.467 12.14
20 +0.406 11.88
30 -0.391 11.71
35 -0.469 11.97
40 -0.505 11.63

In addition to the pre-amplifier model which supports 1 GHz to 18 GHz, similar
evaluations are conducted for four other models: SCU01D, SCU08D, SCU26D, and
SCU40D. The respective frequency ranges of these pre-amplifier models are:
1 kHz - 1 GHz; 100 MHz - 8 GHz; 18 GHz - 26.5 GHz; and 26 GHz - 40 GHz. The
maximum gain deviations of these four pre-amplifiers have been measured and
calculated based on the measurement results, as shown in Table 4.3. The results show
that all four models have a similar gain variation, with a maximum value of 1.327 dB
for model SCU40D. This further implies that, regardless of the frequency which the
pre-amplifier supports, careful measurement is required of the maximum gain variation
of the pre-amplifier as a + 1 dB difference can significantly affect the measurement

accuracy.

Table 4.2 indicates that for operating temperatures of 15 °C or 35 °C, at which many
chambers may often operate, the absolute gain variation is already above
0.4 dB. The measurement accuracy will be greatly affected by this uncertainty

contribution. Due to the significant parameter variations with temperature (for the pre-
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Table 4.3 Maximum gain variation of pre-amplifiers of different frequency ranges with

reference to room temperature

Pre-amplifier Frequency Range Maximum Gain Variation
model (dB)
SCU01D 1kHz -1 GHz 0.968
SCU08D 100 MHz - 8 GHz 1.133
SCU26D 18 GHz — 26.5 GHz 1.076
SCU40D 26 GHz — 40 GHz 1.327

amplifier gain), larger measurement discrepancies are expected at different
temperatures. Thus, to improve the reproducibility of the measurement results obtained
in different climate regions, measurements must be performed in the specific
temperature environment. Since not all chambers are operating in strictly controlled
environments, according to ISO/IEC 17025 [82] and especially those located in cold
regions, it is important that the pre-amplifier gain variation is properly characterised if

the tests are not performed at room temperature.

Detailed procedures for the characterisation of pre-amplifier gain variation have
been provided in this section. The investigation process is expected to serve as a
guideline for the industry to characterise the pre-amplifier gain variation due to
temperature change. The measurement results presented in this section provide
necessary insight to the existing standard. Meanwhile, based on the results provided in
this section, it is recommended that the regulatory authority consider adding to its
standards the necessary details of characterising gain variations due to temperature
changes. In this way, the MU contributed by pre-amplifier gain variation can be
properly characterised by the industry, and measurement results across different test

sites can be correlated.
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4.4 Impedance Mismatch

Impedance mismatch is considered to be one of the largest contributors to the entire
uncertainty budget table. In the previous section, pre-amplifier gain variation due to
temperature change is characterised. This section will further analyse the mismatch
uncertainty contributions, between the pre-amplifier and the rest of the system, due to

the fluctuation of the pre-amplifier’s S-parameters at different operating temperatures.

A typical radiated emission test set up with pre-amplifier in place is illustrated in
Fig. 4.4. The semi-anechoic chamber connection panel (CP) connector, access panel
(AP) connector, cables, and pre-amplifier, are considered to form the two port network,
and their S-parameters can be measured. As shown in Fig. 4.4, the S-parameter of the
entire signal path from the antenna to the test receiver can be broken down into
individual cascading matrices, which are those of the CP connector, AP connector,
Cables 1-4, and the pre-amplifier. Note that the length of Cable 1 is around 50 cm.

Cables 2, 3 and 4 have comparable lengths of approximately 8.0 m.

Antenna >| Cablel >| Pre-amp
>| Cable2 > CP >| Cable3
S AP >| Cable 4 >|  Test Receiver

Fig. 4.4 Block diagram of a typical radiated emission test system with external pre-
amplifier.

The mismatch uncertainty can be obtained from the S-parameter of the two port
network defined above. Specifically, the following formula [6] for the mismatch

uncertainty 6M is used:
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SM* = 20logyo[1 £ (IT,[IS11] + Tl S22 | + [S1211S21 Tl ITe] + |Fa||Fr||521|2)] (25)

where SM* is the extreme value of §M which considers the worst case impedance
mismatch quantity. T, and I are the reflection coefficients of the antenna and test
receiver respectively. Note that the S-parameters in (25) are the congregate S-

parameters for the signal path from the antenna output to the input of the test receiver.

Several measurements have been carried out to obtain the individual S-parameters
of the components which form the two port network. The same EUT (pre-amplifier
SCU-18D) as mentioned in Section 4.3 is used for the investigation. The input and
output VSWRs of the pre-amplifier are measured at different operating temperatures.
The results are presented in Fig. 4.5 and Fig. 4.6; and it can be seen that neither the
input nor the output VSWRs vary to any large degree at different operating
temperatures. Generally, the variations are found to be larger at higher frequencies,
with the maximum VSWR variation being only about 0.1. For mismatch uncertainty
calculation, the S-parameters of the pre-amplifier measured at different temperatures
are obtained from the gain measured in the previous section, as well as from the input

and output VSWRs measured in Fig. 4.5 and Fig. 4.6.
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Fig. 4.5 The measured input VSWR of the pre-amplifier at different temperatures from
0°C to 40 °C.
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Fig. 4.6 The measured output VSWR of the pre-amplifier at different temperatures
from 0 °C to 40 °C.

Most EMC laboratories typically operate at a temperature range from 15 °C to
35 °C. Thus, it is more practical to focus on how the pre-amplifier gain variation will
affect the mismatch uncertainty in this temperature range. Since all the S-parameters
(except for S;, which is negligible for a pre-amplifier) increase with a decrease in
temperature, and the maximum gain variation is almost the same when the temperature
changes from 25 °C to 15 °C or 35 °C, pre-amplifier S-parameters are selected from the
measurement results at 15 °C and 12.14 GHz, which corresponds to the conditions for

the maximum gain variation in the fourth row of Table 4.2:

0.152 +;0.05 —27.7 — j41.08
15 —
Spre-amp = 0 0.245 —j0.05 (26)

A further reason for selecting S-parameters at 15 °C is that, based on the
observations, the chamber temperature control is often not properly implemented when
ambient temperature is cool (15 °C ~ 20 °C), as it is comfortable to perform tasks at
such temperatures. Similarly, with the aforementioned conditions, the other S-
parameters of the individual components which form the two port network are

measured as:

68



S B [0.039 +j0.007  0.598 + j0.69 27)
Cable1.15 = ] 0,598 +j0.69  0.039 + j0.007
S _ [0.047 — j0.016 0.779 + j0.026 28
Cable234.15 = [0.779 +j0.026 0.047 —j0.016 (28)
S _ _ [0.006 +j0.008 0.21 +j0.956] (29)
cp-15 = 2ap.15 7 | 0.21 + j0.956  0.006 + j0.008
Similarly, the pre-amplifier S-parameters at 25 °C can be obtained as:
S B [0.038 +j0.01 0.548 +j0.73] (30)
Cable1.25 ™ 10 548 + j0.73  0.038 +j0.01
S _ [0.048 —j0.013  0.776 + j0.08 31
Cable234.25 = [ 0.776 + j0.08  0.048 — j0.013 (31)
S _ _ [0.006 + j0.008 0.146 + j0.969 3
cp-25 ~ ©ap.25 ~ 10,146 + j0.969 0.006 +j0.008] (32)
s [0.138 +j0.06 —22.04—].41.45] (33)
p p 0 0.235 —j0.05

The above S-parameter matrices can be converted into ABCD transmission matrices,
which can be cascaded together, and the result is converted back to a congregate S-

parameter matrix. The result is shown below:

_ [0.045 +0.18 1.958 +21.40

S15 = [ 0 0.237 —j0.058] (34)
_ [0.008 +j0.11 —8.548 + j18.06

S25 = [ 0 0.233 —j0.056 ] (35)

Substituting (34) and (35) into (25), and assuming that T, = I = 0.2 (VSWR of

1.5), the worst case mismatch uncertainties at 15 °C and 25 °C are calculated to be 0.49
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dB and 0.43 dB, respectively. The difference in the mismatch uncertainties at these two
temperatures is only 0.06 dB. This shows that mismatch uncertainty in the system is
not largely affected by the gain variation, but rather affected by the values of the
congregate S-parameters, especially Si1 and Sz,. It is found that if both |S;4| and |S,,|
increase by 0.1 dB in (34), the mismatch uncertainty will increase to 0.98 dB, which is

0.55 dB higher than the uncertainty at 25 °C.

In conclusion, therefore, to minimise the MU contributed by mismatch, it is
necessary to ensure that the signal path (from the antenna to test receiver) input and
output reflection coefficients do not vary greatly at different operating temperatures.
This can be achieved by using a properly designed pre-amplifier with minimum
|S11land |S,5| fluctuation due to temperature change, and coaxial cables with excellent

temperature stability.

4.5 Measurement Uncertainty Calculation Software

As mentioned in respect to the original contributions of this thesis in Section 1.4,
some of my research results have been adopted by Rohde & Schwarz Asia, and the
development of “Measurement Uncertainty Calculation Software” (MUCS) has been
proposed to their software development team. The MUCS serves as a complete solution
for MU calculation and will be the first MU calculation-aided software in the market
based on CISPR standards. The software will have the graphical user interface (GUI)
of the MU budget table according to [6], and intensive calculation-aided tools can be
triggered from individual uncertainty contributions within the main GUI. The main
GUI of MUCS is presented in Fig. 4.7. Further verification and accreditation of the
software will be carried out by the respective authorities once its development is

complete.
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Fig. 4.7 lllustration of main user interface of MUCS

4.5.1 AMN Impedance Uncertainty Calculation

Some selected features of MUCS are introduced in section, as the development of
the software is bound by intellectual property restrictions. An example, as mentioned
in Section 1.4, is the calculation of AMN impedance 6Zawn. In CISPR 16-1-2 [83], it
is stated that all AMN shall have the impedance (magnitude and phase) versus
frequency characteristics required in the standard (nominal impedance), with tolerance
of £20% for the magnitude and +11.5° for the phase. Thus, MU occurs when the actual
AMN impedance deviates from the nominal impedance due to the tolerance. However,
the detailed treatment of this uncertainty is not described in [6]. Some background
information has been provided in [84], and a circuit illustration has been presented in
Fig. 4.8. Znom Will be replaced by Z.m for a real AMN. For calculation, reflection
coefficients I' relative to a normalised impedance Zo (50 ohm for instance) are used

[84]:
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Znom — Zo Zeut — Zo _ Zamn — Zo

r = , [y = ——, I. = 36
nom = Z om + Zo U Zeut + Zo AN Zamn + Zo (36)

Where Zamn = Znom + @|Znomle’® With 0 < a < 0.2,0 < @ < 2x. Thus, as shown in Fig.
4.8, the voltage across the AMN using nominal and actual impedance can be obtained

as:

Znom — (1 + 1—‘nom)(l - l—‘eut)
Znom + Zeut 0 2(1 - 1—‘noml—‘eut)

Vo 37)

nom —

v _ Zamn _ (1 + Iﬂamn)(l - 1-‘eut)
amn Zamn + Zeut 0 2(1 - 1-‘amnr‘eut)

Vo (38)

The AMN impedance uncertainty will be described as the deviation from Vamn, to

Vnom, Which can be written as [84]:

V;imn

— | 1+ Famn 1- l—‘nomr'eut
1- l—‘amnl—‘eut 1+ l—‘nom

(39)

V;lom

Zeut 1S often unknown, thus the value of Ty is difficult to obtain. However, it is clear

that the magnitude of T'e,t cCannot be greater than unity. Thus, Tew Can be written as:
Feut = pej(p (40)

where 0 < p < 1,0 < ¢ < 2m. Itis suggested that the extreme values of (39) are likely

to be obtained when p = 1 and @ = 0.2 from physical consideration [84].

Z |

eut nom

Fig. 4.8 Circuit illustration of EUT and ideal AMN connection
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Even though some detailed background information has been provided in [84], an
important consideration remains absent from the existing literature. It is known that the
actual AMN impedance magnitude and phases calibrated by the manufacturers are
associated with MUs (calibration uncertainty); however these MUs are not considered
in the standard or in other literature. Thus, it is important to provide a solution to the
industry with an appropriate model of treating the MUs associated with AMN

impedance magnitude and phase calibration.

Based on the analysis described above, an AMN impedance uncertainty calculator
(Microsoft Excel-based) has been developed to perform the computational intensive
calculation as shown in Fig. 4.9. In addition to the information provided in [6], [83]
and [84], a model has been developed for the treatment of the calibration uncertainty
stated in the AMN impedance magnitude and phase calibration reports, which are

discussed and considered in this calculator.

AMN Impedance Uncertainty Calculator

Choice of AN 1 key in here
Frequency 30.000 MHz | key in here List of AN Enter choice Zan Impedance Pl
Nominal Impedance 50.00 Ohm | display only 0ohm / 50uH + Sohm 1 49.9984520901865+0.265249205378222 49.99915568 0.:
Nominal Phase 0.30 Ohm display only 50ohm / 50uH 2 49.9985928009436+0.265250773063634 49.9992964 03
Actual Impedance 46.562 Ohm | key in here 50ohm / 50uH + 1ohm 3 49.9985646585945+0.265250471469352 49.99926825 03
Actual Phase 489 degree | keyin here 150ohm 4 150 150
Impedance Unc +-2.00 Ohm | key in here
AlmpedanceUnc 0.20 Ohm display only Z
Phase Unc +/-1.00 degree| key in here eut
APhaselnc 0.10 degree | display only
Divider 20 fixed
Result ! 0@ Z.
Actual Deviation (Max) 0.1712dB  display only
Actual Deviation {Min) 0.7661 dB  display only
Ilax Dev due to "Unc” 0.0761 display only
Min Dev due to "Unc" 0.3699 display only

L S A

Fig. 4.9 AMN impedance uncertainty calculator main GUI (Microsoft Excel-based)

The actual AMN impedance deviation and calibration uncertainty are separately
considered in the model. First, the actual impedance magnitude and phase deviation

need to be calculated according to equations (37), (38) and (39) for all the frequency
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points stated in the calibration report, as shown in Fig. 4.10. Zey can be obtained from
Tew in equation (40), with p = 1 and 0 < ¢ < 2m. The absolute value of Vamn/Vaom
is calculated for ¢ = 0,1°,2°...359°, and converted into dB format. The maximum
and minimum values provided in Fig. 4.10 are obtained by comparing all 360 values

and used as the two extremes of the actual AMN impedance deviation.

Next, the worst case calibration uncertainty associated with the actual AMN
impedance uncertainty is determined. In the calibration report, different frequency
points are associated with different magnitude and phase uncertainty, and the
calibration uncertainty must be evaluated for all frequency points in order to obtain the
worst case value. For instance, the uncertainty of £2.0 ohm and 1 ° for actual AMN
magnitude of 46.52 ohm and phase of 4.89 ° at 30 MHz is selected as an example for
the selected AMN, as shown in Fig. 4.9. All the different combinations of magnitude
and phase with consideration of the associated uncertainty are evaluated, using the
nominal magnitude and phase of 50 ohm and 0.3 ° at 30 MHz [83] as the reference
value. For instance, a division factor of 20 is used for the AMN shown in Fig. 4.9. Thus,
the step size of the magnitude and phase will be 0.2 ohm and 0.1 ° when the MU of

+2.0 ohm (magnitude) and +1 ° (phase) is considered.

Ideally, a larger division factor is always preferred since a smaller step size will
ensure more combinations and have a higher probability of finding the largest
uncertainty value. However, the computational work will be much more intensive.
With the selected division factor of 20, the magnitude will vary from 48 ohm to
52 ohm, with a step size of 0.2 ohm. Similarly, the phase varies from -0.7 ° to 1.3 ° with
a step size of 0.1 °, and both magnitude and phase have a total of 21 values. An example

of the magnitude and phase combination evaluation is provided in Table 4.4.
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Nominal Value _ENV216(sn101128)

Mominal | Nominal | Actual | Actuall Abs(Van/V/
Mag (Q) |Phase ()| Mag (Q) |Phase (°)| |Znom | Zan Z0 [eut Zeut Van/\Vnom nom) (dB) [ Max Min
5000 | 030 | 4652 4389 49 99845346 350674 5000 [1 NUMI ENUMI #NUMI 0.1712_| 0.7661

50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674

50.00 |09999+0 01|-17 3480049631068+50 926887435980554+0 0] -0 63205184
50.00 |0.9994+0.03{-0.753876080333152+]0.926355652668488+0.0] -0.63748533
50.00 |09987+0 05|-2 68339733207265+10 925527833493824+0 0] -0 64288765
50.00 |0.9976+0.06|-0.797490672025103+0.925317498178126+0.0] -0.64813177
50.00 |09962+0 08|-0 119974587439293+]0 924817765052994+0 0] -0 6532818
50.00 |0.9946+0.10{-0.776276352923522+]0.924324961891046+0.0] -0.65836955
50.00 |09926+0 12|-0 383422162652791+]0 923849386211454+0 0{ -0 66330038
50.00 |0.9903+0.13|-0.181631608059681+]0.923384185290658+0.00 -0.66813827
50.00 |09877+0 15|-0 0883395810829103|0 922929292366471+0 0{ -0 67288359
50.00 |0.9849+0.17|-0.328457188722267+]0.922484224149438+0.0 -0.67753584
50.00 |09817+0 19{-0 241586613627279+]0 922052885196657+0 0 -0 63206498
50.00 |0.9782+0.20{-0.159170575437526+]0.921634805776913+0.0¢ -0.68647054
50.00 |09744+0 22|-0 0783535841012026(0 92122990831312+0 06) -0 69075287
50.00 |0.9703+0.24|-0.0387662165839603/0.920834950482476+0.00 -0.6949445
50.00 |0966+0 258|-0 135813910377346+]0 920449513250848+0 00 -0 69904467
50.00 |0.9613+0.27]-0.0697861825680858(0.920080590179866+0.00 -0.70299161
50.00 |09564+0 28|-0 113685875491077+]0 919721073223556+0 0{ -0 70684769
50.00 |0.9511+0.30{-0.0684236182685993/0.919374736245056+0.0¢ -0.71058352
50.00 |09456+0 32|-0 0801653814756337]0 919040876858774+0 0 -0 71419692
50.00 |0.9397+0.34/-0.0283835466588224/0.918720052587149+0.00 -0.71769084
50.00 |09336+0 35/-0
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50.00 0.30 46.52 4.89 49.99845246 350674
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50.00 |09064+042{-0
50.00 [0.8988+0.43-0.0083916991049120{0.917050545999742+0.0{ -0.73618771
50.00 [0.8911+0.45{0.0401903500861381(0.916813290855106+0.0 -0.73887205|

n
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50.00 030 46 52 489 49 99845246 350674 28 [ 5000 |0883+0 469)-0 0254677904529369)0 91€ . 74|
50.00 0.30 46.52 4.89 49.99845246 350674 29 [ 50.00 |0.8747+0.48)-0.0454693572018391/0.91€ Feut = pe](p 509]
50.00 030 46 52 489 49 99845246 350674 30 | 5000 |08661+0 5i|-0 0241127124586353)0 91€ 122|

50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674
50.00 0.30 46.52 4.89 49.99845246 350674
50.00 030 46 52 489 49 99845246 350674

w

50.00 |0.8572+0.61|-0.0209733415441656|0.91599984539097+0.051 -0.74830004
50.00 |08481+0 53|-0 0285567553051665(0 915826649867681+0 04 -0 75036049
50.00 |0.8387+0.54{-0.0179383852875042/0.915668760089933+0.04 -0.75227139
50.00 |08291+055 -ﬂ,D1EQQSDTQSWSTTHH,Q15522754191573+O,ﬂ -0 75406323
50.00 [0.8192+0.57|0.0145975069227603(0.91538876341579+0.04{ 076573833
50.00 |0.8091+0.58[-0.0198519591195692[0.91526660308466+0.04] -0.75729468
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Fig. 4.10 Actual impedance magnitude and phase deviation calculation

The first row of the data is substituted into equations (37) - (40), to replace the actual
impedance magnitude and phase. The same evaluation procedures for finding the
uncertainty of actual impedance deviation are followed to obtain the uncertainty values
for ¢ = 0,1°,2°...359°. The 360 values are then converted from linear to dB format,
and a maximum value and a minimum value are obtained. Similar calculations are
performed for the other 20 rows of data, and the maximum and minimum values for a
magnitude of 48 ohm are obtained by comparing all 21 sets of data. The same
evaluation is applied to magnitudes of 48.2 - 52 ohm with phase variation from -0.7° to
1.3° The obtained maximum and minimum uncertainties for different magnitudes are
then again compared to generate the final set of maximum and minimum values for the
particular frequency point which, in this case, is 30 MHz. The entire process is
applicable for all the calibration frequencies stated in the calibration report, and the
maximum and minimum values are obtained for all the frequencies as shown in Fig.
4.11. The mean value of the actual AMN impedance deviation and calibration

uncertainty for each frequency point is then obtained by taking the average of the

75



Table 4.4 An example of the evaluation of AMN impedance magnitude and phase

with consideration of uncertainty at 30 MHz

Nominal Nominal Phase | Nominal Impedance = Nominal Phase
Impedance (Ohm) (degree) (ohm) (cont’d) (degree) (cont’d)
48.0 -0.70 48.0 0.4
48.0 -0.60 48.0 0.5
48.0 -0.50 48.0 0.6
48.0 -0.40 48.0 0.70
48.0 -0.30 48.0 0.80
48.0 -0.20 48.0 0.90
48.0 -0.10 48.0 1.0
48.0 0 48.0 11
48.0 0.1 48.0 12
48.0 0.2 48.0 1.3
48.0 0.3
Actual Calibration
Calculate | Deviations | Uncertainty
Deviations | (max, dB) (max, dB)
—_ | 0.4340 0.8609
Frequency Impedance Uncertainty - Phase Uncerainty LISN Actual Actual Uncertainty Uncertainty Mean: Actual Mean:
(MHz) Q) Impedance ) -Phase (*) Type Deviations Deviations (max, dB) (min, dB) Deviations uncertainty
Q) (max, dB)  (min, dB) (dB} deviations (dB}
0.009 5.64 0.3 29.93 3.0 1 0.9621 -0.0059 0.7412 -0.7427  0.484 0.74195
0.015 6.24 0.3 38.40 3.0 1 0.0262 -0.0037 0.7935 -0.7764 0.01495 0.78495
0.02 7.24 03 4501 25 1 0.0069 -0.0162 0.7480 -0.7299 0.01155 0.73895
0.025 8.39 04 48 89 25 1 0.0205 -0.0971 0.8709 -0.8508 0.0588 0.86085
0.03 9.59 04 51.74 2.5 1 0.0325 -0.1195 0.8728 -0.8429  0.076 0.85785
0.05 14.66 0.5 55.39 20 1 0.1526 -0.2299 0.7790 -0.7531 0.19125 0.76605
0.07 19.10 0.5 54.05 2.0 1 0.0487 -0.3087 0.6821 -0.6550 0.1787 0.66855
0.08 21.32 06 52.73 20 1 0.0689 -0.3138 0.6795 -0.6552 0.19135 066735
0.1 25.11 0.7 49.70 15 1 0.0413 -0.3214 0.5325 -0.5236  0.18135 0.52805
0.15 32.43 0.9 41.85 1.5 1 0.0205 -0.3060 0.4562 -0.4515  0.16325 0.45385
017 34.44 1.0 368.94 1.5 1 0.0110 -0.3428 0.4444 -0.4413 0.1769 0.44285
02 37.02 1.1 35.16 15 1 0.0081 -0.3389 04243 -0.4226 0.1735 0.42345
0.25 40.09 1.3 30.14 1.5 1 0.0033 -0.3166 0.4156 -0.4165  0.15995 0.41605
0.3 4215 1.3 26.20 1.5 1 0.0016 -0.3030 0.3835 -0.3844  0.1523 0.38305
0.35 43.64 1.4 23.07 1.5 1 0.0015 -0.2818 0.3794 -0.3814 0.14165 0.3804
04 44 55 14 20.59 1.0 1 0.0004 -0.2033 0.3239 -0.3291 0.14685 0.3265
05 4584 14 16.88 1.0 1 0.0002 -0.2847 0.3070 -0.31189 0.14245 0.30945
0.7 4711 14 12.43 1.0 1 0.0001 -0.2665 0.2903 -0.2951 0.1333 0.2927
09 47.64 1.4 9.85 1.0 1 0.0006 -0.2644 0.2824 -0.2872 0.1325 0.2848
1 47.81 1.5 8.92 1.0 1 0.0007 -0.2621 0.2959 -0.3017 0.1314 0.2988
15 4823 15 6.20 1.0 1 0.0025 -0.2548 02888 -0.2946 0.12865 0.2917
2 48.39 1.5 4.85 1.0 1 0.0045 -0.2521 0.2857 -0.2015  0.1283 0.2886
2.5 48.49 1.5 4.06 1.0 1 0.0065 -0.2475 0.2840 -0.2808 0127 0.2869
3 48.53 1.5 3.54 1.0 1 0.0083 -0.2485 0.2829 -0.2887 0.1284 0.2858
4 48.58 1.5 3.00 1.0 1 0.0145 -0.2515 0.2816 -0.2875 0.133 0.28455
5 48 61 1.5 274 1.0 1 0.0216 -0.2557 0.2809 -0.2867 0.13865 0.2838
7 48.63 1.5 2.55 1.0 1 0.0363 -0.2685 0.2800 -0.2860  0.1524 0.283
10 48.57 1.5 265 1.0 1 0.0608 -0.3033 0.2795 -0.2854 0.18205 0.28245
15 48.47 1.5 3.09 1.0 1 0.1030 -0.3602 0.2790 -0.2850 0.2316 0.262
20 48 30 15 298 1.0 1 0.0990 -0.3877 02788 -0.2848 0.24335 0.2818
30 46.52 2.0 4.89 1.0 1 0.1712 -0.7661 0.3579 -0.3699  0.46865 0.3639

Fig. 4.11 Complete AMN impedance uncertainty presentation with actual impedance
deviation and calibration uncertainty
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maximum and minimum uncertainties respectively, and the largest mean is used as the
final actual deviation and calibration uncertainty. The completed AMN impedance
uncertainty 6Zamn Will be the root sum square of the actual AMN impedance deviation

and calibration uncertainty.

The calculator developed and based on Microsoft Excel has been adopted by R&S,
and will be a plug-in of MUCS. The actual impedance, actual phase, and their
respective uncertainties for each frequency point from the AMN calibration report, can
be imported into the calculator. Final AMN impedance uncertainty can be immediately
obtained with the backend processing of the data. Thus, tremendous effort can be saved
while using the software to obtain an accurate MU result. An AMN calculator plug-in
prototype has been developed by me based on the Microsoft Excel version, and the

GUl is shown in Fig. 4.12.

Artificial Mains Network [&MN)
& ENY o
& &

Input Values [AMN Impedance]

Frequency 0.15 MHz
Magnitude /26 O
Phase 5495 deg

Results

Maximum Deviation 361 dB
Phase of EUT 268.14 deg

Calculate Import Exit

Fig. 4.12 Prototype GUI of AMN impedance calculator plug-in
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4.5.2 Mismatch Uncertainty Calculation

Impedance mismatch is considered one of the biggest contributions towards the
entire uncertainty budget table. It is quite computation-intensive, however, for the
industrial laboratories to obtain this contribution. Thus, it is desirable to have an
automated calculator which can provide all required quantities for the calculation, with

minimal effort required from the laboratory end.

Fig. 4.13 shows the GUI of the automated impedance mismatch calculator.
S-parameters of the entire cable path (from antenna to the test receiver) can be obtained
using this calculator with the VNA MU associated by correctly selecting the VNA
settings. The impedance mismatch can then be calculated using the measured
S-parameters and the reflection coefficients of the antenna and test receiver, according
to equation (25). A number of repeated measurements are also supported by the
calculator, with the repeated measurements able to be individually processed. The final

mismatch uncertainty will be the average of all the repeated measurement results.

No. of repeated measurement

Frequency sub-range Hz to Hz

VNA Settings Tick the S-parameter(s) need to be measured

Calibration Kit

RBW setting

Input power v

4

Sweep point w

4

Fig. 4.13 Prototype GUI of automated impedance mismatch calculator



4.6 Conclusion

The measurement uncertainties and possible errors associated with the RF
connectors, test receivers, and pre-amplifiers, have been investigated in a radiated
emission test which provides additional knowledge on the existing measurement
standards used in the industry. It is suggested that the uncertainty of the RF connector
used to connect the reference cable and the cable under calibration be considered for
inclusion in the existing standard, since the uncertainty is not compensated for in the
system. The MU associated with the pre-amplifier gain variation is found to be as large
as 0.47 dB when the temperature changes from room temperature (25 °C) to 15 °C;
therefore it is important for EMC laboratories to ensure that the tests are performed in

the controlled environment according to ISO/IEC 17025 [82].

Furthermore, it is recommended that test laboratories obtain characteristics of the
pre-amplifier gain under the actual operating temperature instead of using the pre-
amplifier gain specified in the manufacturer's datasheets directly. The investigation
procedures stated in Section 4.3 may be considered for inclusion in the existing
standard as a guideline for the industry. Mismatch uncertainty of the radiated emission
test system is also determined when the pre-amplifier is operating at different
temperatures. It is shown that, as long as the input and output reflection coefficients of
the pre-amplifier do not vary greatly with temperature changes, the mismatch

uncertainty of the entire system will not alter significantly.

The development of the MUCS has been proposed to software team of Rohde &
Schwarz Asia with the adoption of some of my research results. Some features of the
software have been introduced in Section 4.5. The MUCS serves as a complete solution
for MU calculation and will be the first MU calculation-aided software in the market
based on CISPR standards.

The results obtained in this chapter have important implications for practical

measurements and proper interpretation of measurement standards. Table 4.5 presents
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the summary of the MU contributions discussed in this chapter, together with their

impacts and possible treatments.

Table 4.5 Summary of MU contributions, their impact and treatments discussed in

this section

Error or MU
contribution
RF adapter

Pre-amplifier gain
variation due to
temperature change

Mismatch uncertainty
due to pre-amplifier
S-parameter
fluctuation

Impact

Uncertainty contributed by RF
adapters used to connect
normalisation cable and cable
under  calibration is  not
compensated for in the system.
Large measurement uncertainty
due to pre-amplifier gain
variation will occur at test sites
operating under different
temperatures.

Significant mismatch uncertainty
will occur if there is a large
fluctuation of the pre-amplifier’s
S-parameters at different
operating temperatures.
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Treatment

It is recommended that 0.15 dB
uncertainty be considered for
inclusion in the existing
standard.

The pre-amplifier gain variation
shall be characterised and
accounted for at different
operating temperatures.
Detailed characterisation proce-
dures shall be included in the
current standard.

To minimise the measurement
uncertainty  contributed by
mismatch, it must be ensured
that the signal path (from the
antenna to test receiver) input
and output reflection co-
efficients do not vary greatly at
different operating temper-
atures.



CHAPTER 5 MEASUREMENT UNCERTAINTY AND ACCURACY USING
TIME DOMAIN SCAN METHOD IN RADIATED SPURIOUS EMISSION

MEASUREMENT

5.1 Background

There is a growing interest in the use of Fast Fourier Transform (FFT)-based time
domain (TD) scan technique for radiated spurious emission (RSE) measurement in the
industry [85-88]. This technique demonstrates an ability to perform measurements over
a frequency range in just a few seconds, as compared to hours using the conventional
sweep/stepped-frequency scan methods. With the publication of Amendment 1 to the
third edition of CISPR 16-1-1 [79], the use of FFT-based measuring instruments has
been permitted for EMI compliance measurements. Some product standards have
included this method in their latest modifications, e.g., CISPR 13, 15 and 32 [89-91].
Other standards, such as CISPR 11, 12 and 25, will follow in 2016 [10, 92, 93].
Fundamental work on the use of TD and FFT regarding EMC emission, and compliance
with the requirements of several standards, has also been reported by Braun and Russer

[94].

Although the TD scan method has proved its capability to drastically reduce the test
time, a practical comparison of accuracy and consistency using the TD scan method
and the conventional sweep method in RSE measurement is not reported in the existing
literature. It is important to determine the reliability of using the TD scan technique in
the actual RSE tests. In this chapter, the performance of both methods is compared for
GSM 900 and GSM 1800 tests, and the standard deviation of repeated measurements
is calculated. This section investigates the measurement accuracy of the FFT-based TD
scan in carrying out RSE measurements, while also exploring its MU. Meanwhile, the
work undertaken in this section also serves the purpose of providing additional

knowledge to the industry.
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5.2 FFT-Based TD Scan

A block diagram of a typical test receiver with FFT-based TD scan [95] is provided
in Fig. 5.1. The first stage is a pre-selector, which protects the input circuit of the
receiver from overload or damage due to high out-of-band signals. The pre-selector
also plays an important role in ensuring a correct measurement of weak disturbance
signals in the presence of strong signals. The following stages of the receiver consist

of a wideband IF filter, and an analogue to digital converter (ADC).

Typically, the IF filter bandwidth is limited to a maximum of 30 MHz, which helps
to lower the analogue to digital conversion demands. Together with the first two stages,
the ADC must provide an adequate dynamic range to fulfil the CISPR 16-1-1
requirement for quasi-peak measurements of pulse signals with low pulse repetition
frequency (PRF). FFT computations are then performed to return the frequency spectra.
Often, the FFT can be up to 16,384 frequency bins in length, which is written as 16k-
FFT [95]. One of the biggest advantages of the test receiver equipped with the FFT
function is that multiple frequencies scanning can be performed simultaneously at a
given measurement time, as compared to the conventional test receiver which can only

scan for a single frequency.

Frontend i
Preselection ~ Wideband «
Mixer IF Filter

D 28 b ADC ef  FFT L Detectors

/
*ﬁ‘u"‘l Display

T

X,

Fig. 5.1 Block diagram of using FFT-based TD scan for a test receiver [95]

Fig. 5.2 presents the concept of the TD scan based on the FFT technique [79]. The
receiver can be illustrated to incorporate a filter bank, i.e., several thousand parallel

filters. A large number of parallel measured values, covering the frequency range of
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several thousand measurement bandwidths, can be obtained simultaneously. The total

scan time can be estimated as:

Tscan = TmNsegment (41)

where Tn is the measurement time for each segment, and Nsegment IS the number of
segments. For RSE measurements, the Tr, selected must be the same as, or longer than,

the measurement time/period as specified in the test standards, e.g., GSM, WCDMA,

:

LTE.

g SIf] & I
Segment 1sm ‘ 1 T ? > Ta
Segment 2
egme o - TTIT . 2Ty
Segment 3 I t T T . 3T,
t
SIf &
Final Result YT,ITTTIITTT

Fig. 5.2 Concept of FFT-based TD scan [79]

5.3 Test Set Up and Methodology

Fig. 5.3 shows the actual test set up for this investigation. The EUT, a test mobile
phone, is subjected to RSE measurements based on relevant standards listed in ETSI
EN 300607-1 Oct_2000 V8.1.1 [96]. The chamber environment is well controlled at a
temperature of 24 °C and a humidity level of 57% RH. An R&S® CMW500 Wideband

Radio Communication Tester is used to establish a connection between the standard
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signal source and the test mobile phone, i.e., uplink or downlink. Two types of RSE
measurements are carried out for GSM 900 and GSM 1800 bands. The first
measurement is based on the conventional frequency sweep, while the second

measurement is carried out using the FFT-based TD scan.

In the sweep mode, a specific number of measurement points are defined for each
frequency subrange to meet the RBW requirements. According to the standard ETSI
EN 300607-1, the measurement time at any frequency shall be such that it includes the
time during which the Mobile Station (MS) receives a TDMA frame containing the

paging channel, i.e., 4.6 milliseconds. Hence, the sweep time of each subrange is set

such that the measurement time of each frequency point is at least 4.6 milliseconds.

Fig. 5.3 Actual investigation set-up in a semi-anechoic chamber

In the TD scan mode, frequency segments are processed in parallel configuration,
depending on the RBW of each subrange. Similarly to the conventional sweep method,
the measurement time for each segment is set based on the test time requirements
specified in the standards. In this investigation, the measurement time of each segment

is set as 20 milliseconds. The tests performed are:
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«  auto-test using sweep for preview (R&S® FSV40) and single measurement in zero

span mode (R&S® FSV40) for the final measurement.

auto-test using TD scan for preview (R&S® ESR26) and stepped frequency scan

(R&S® ESR26) for the final measurement.

The settings of both sweep and TD scan measurements (i.e., RBW, sweep time, etc.)

are based on GSM 900 and GSM 1800 standards [96], as shown in Table 5.1 and Table

5.2.

Table 5.1 R&S® FSV40 parameter specifications in sweep mode

E-GSM: 880 to 915 MHz;
DCS: 1710 to 1785 MHz,
and the RX bands:

925 to 960 MHz;

1805 to 1880 MHz.

Frequency range Frequency offset Filter bandwidth Approx video
bandwidth
100 kHz to 50 MHz - 10 kHz 30 kHz
50 to 500 MHz - 100 kHz 300 kHz
excl. relevant TX band:
GSM 450: 450 .4 to 457.6 MHz;
GSM 480: 478.8 to 486 MHz,
and the RX bands:
460.4 to 467 6 MHz:
458 .8 to 496 MHz.
500 MHz to 12,75 GHz, 0to 10 MHz 100 kHz 300 kHz
== 10 MHz 300 kHz 1 MHz
excl. relevant TX band: == 20 MHz 1 MHz 3 MHz
P-GSM: 890 to 915 MHz; == 30 MHz I MHz 3 MHz

(offset from edge
of relevant TX band)

relevant TX band:

GSM 450: 450.4 to 457.6 MHz
GSM 480: 478.8 to 486 MHz
P-GSM: 890 to 915 MHz
E-GSM: 880 to 915 MHz

DCS: 1710 to 1785 MHz

1.8to 6,0 MHz 30 kHz 100 kHz
= 6,0 MHz 100 kHz 300 kHz

(offset from carrier)

Table 5.2 R&S® ESR26 parameter specifications in TD mode

Sampling rate
Resolution
FFT length
FFT window

FFT overlap factor

128M sample/s
16 bit

16 384
Gaussian

>80 %

Spectrum (FFT) processing rate 250000/s (Span =40 MHz)
Minimum detectable signal duration = 25 ns (nom.) (span =40 MHz, SNR > 60 dB)
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5.4 Results and Discussions

5.4.1 GSM 900 Test Result

Fig. 5.4 and Fig. 5.5 present the RSE measurement results for GSM 900 (TX Mode)
from 30 MHz to 6 GHz. Due to a change in receiving antenna set up, the measurements
are divided into two different frequency ranges: 30 MHz to 3 GHz (using a hybrid
BiConiLog antenna), and 3 GHz to 6 GHz (using a horn antenna). Table 5.3 presents
two repeated final measurements for each test (Run 1 and Run 2). As shown in the table,
the final measurement data of the two methods are comparable, with a maximum
deviation of 2.42 dB at the first harmonics of the uplink frequency (i.e., 1804.8 MHz).
The measurement deviations at other harmonics are within 1.5 dB. These deviations
could be attributed to the sporadic nature of the emission signals at these harmonic

frequencies. Further explanation is provided in Section 5.4.3.
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Fig. 5.4 RSE preview measurement for GSM 900 TX Mode (30 MHz to 3 GHz)
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Fig. 5.5 RSE preview measurement for GSM 900 TX Mode (3 GHz to 6 GHz)

Table 5.3 Measurement data for GSM 900 RSE TX Mode

Run 1 (Sweep) Run 2 (Sweep)

Frequency (MHz) Max Peak (dBm) Frequency (MHz) Max Peak (dBm)
1804.942 -38.61 1804.653 -37.09
2706.914 -36.45 2707.352 -36.63
3609.183 -39.65 3609.498 -39.52
4512.099 -42.57 4512.438 -43.65
5414514 -38.30 5414.487 -39.54

Run 1 (TD Scan) Run 2 (TD Scan)

Frequency (MHz) Max Peak (dBm) Frequency (MHz) Max Peak (dBm)
1804.639 -36.19 1804.993 -36.14
2706.575 -36.91 2707.576 -36.17
3609.977 -38.92 3609.298 -39.64
4511.667 -43.14 4511.805 -42.92
5414.208 -39.46 5413.977 -39.62
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As shown in Fig. 5.6 to Fig. 5.10, the preview measurement results are comparable
for the conventional and TD scan methods. It is noted that the noise floor of the sweep
method is higher than that of the TD scan method at certain frequency ranges. This is
primarily due to the different measurement bandwidths (IFBW) of the two methods.
For instance, at frequencies between 500 MHz to 850 MHz, and between 945 MHz to
6000 MHz, the IFBW of sweep and TD scan methods are 3 MHz and 1 MHz,
respectively.

In ETSI’s GSM standard, an IFBW of 3 MHz is required to conduct the
GSM 900’s RSE measurements for the aforementioned frequency ranges. In this
experiment, the maximum IFBW that an R&S® ESR26 can achieve when operating in
the TD scan mode is 1 MHz. Nonetheless, the use of a smaller IFBW in the TD scan
approach lowers the noise floor; thus increasing the measurement sensitivity for

detecting lower spurious emissions of the signals.

40
45

50

Levelin dBm

-55

17956 1800 1805 1810 1815 1819.2

Frequencyin MHz

— SWEEP(FSV40) ETSIGSM Tx TD SCAN (ESR26)

Fig. 5.6 RSE preview measurement for GSM 900 TX Mode (zoom at first harmonics
of uplink frequency: 1804.8 MHz)
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5.4.2 GSM 1800 Test Result

The RSE measurement results for GSM 1800 (TX Mode), from 30 MHz to 6 GHz,
have been presented in Fig. 5.11 and Fig. 5.12. Similarly to GSM 900, the preview
measurement results of GSM 1800 are comparable for the conventional and TD scan
methods. For brevity, the zoom-in measurement results at each harmonic of the uplink
frequencies of GSM 1800 are not provided.

Two repeated final measurement results (Run 1 and Run 2) are presented in Table
5.4. As illustrated in the table, the final measurement data of the two methods are
comparable with a maximum deviation of 2.01 dB at the fourth harmonic of the uplink
frequency (i.e., 10486 MHz). An exception is observed for the second harmonic, in
which a deviation of 9 dB is observed in Run 1 of the TD scan compared to Run 1 of
the sweep. It can be assumed that this measurement is a one-off reading due to the
intermittent nature of the emission signals. To validate this assumption, further
investigation is carried out using a stable noise source. Relevant details of this

investigation are provided in Section 5.4.3.
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Fig. 5.11 RSE preview measurement for GSM 1800 TX Mode (30 MHz to 3 GHz)
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Fig. 5.12 RSE preview measurement for GSM 1800 TX Mode (3 GHz to 12.75 GHz)

Table 5.4 Measurement data for GSM 1800 RSE TX Mode

Run 1 (Sweep)

Run 2 (Sweep)

Frequency (MHz) Max Peak (dBm) | Frequency (MHz) Max Peak (dBm)
3495.807 -45.32 3496.015 -46.02
5243.457 -37.57 5242.938 -43.21
6990.805 -30.35 6991.415 -30.19

10487.025 -41.60 10485.655 -39.59

Run 1 (TD Scan)

Run 2 (TD Scan)

Frequency (MHz) Max Peak (dBm) | Frequency (MHz) Max Peak (dBm)
3495.730 -45.38 3495.784 -45.24
5242.753 -46.60 5243.523 -40.55
6991.290 -29.47 6991.030 -29.34

10486.475 -39.77 10486.681 -40.63
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5.4.3 Result Verification using Stable Noise Source

In Section 5.4.1 and 5.4.2, it is postulated that the emission signals at the harmonics
of uplink frequencies may be intermittent, and that this may cause certain deviations
for the measurements using the sweep and TD scan methods. For verification purposes,
additional RSE measurements are carried out using a stable noise source. The selected
stable noise source is a comb generator emitter, model CGEO1C, which has a step size
of 50 MHz and operates from 50 MHz to 18 GHz. It is found that the measured signal
levels using both methods are comparable, with a maximum deviation of around 0.5
dB. This minor deviation could be due to the different IFBWs implemented by the two
methods. Nonetheless, when the IFBW settings are the same for both methods, i.e., 1
MHz, the detected signal levels using the sweep and the TD scan methods are fairly

consistent, as shown in Fig. 5.13 and Fig. 5.14.
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Fig. 5.13 RSE measurement using stable noise source based on IFBW of 1 MHz —
zoom in measurement at 4850 MHz
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Consistent with the results discussed in Section 5.4.1 and 5.4.2, the TD scan method
is proven to be capable of achieving a degree of measurement accuracy which is
comparable to the conventional sweep method. The IF bandwidth requirements for the
measuring apparatus (e.g., test receiver) stated in [79] is often achieved using a
Gaussian-type filter characteristic in the frequency domain. Consequently, the TD scan
technique uses Gaussian-type windowing in the time domain when calculating the FFT,
since the Fourier transform of a Gaussian function in the frequency domain is also a
Gaussian function in the frequency domain. Thus, the IF bandwidth requirement in the
frequency domain is perfectly met in the time domain. Furthermore, the leakage effect

can be minimised to a negligible level [97].

The step size between two adjacent frequency bins in the TD scan method is selected
to be one quarter of the IF bandwidth, which is the optimum value in terms of the
amount of the sampled data and amplitude error due to the picket fence effect. Since
the conventional sweep method typically uses a step size of one third of the IF
bandwidth, the amplitude when using the TD scan method is often lower. The overlap

of the Gaussian-type window in the TD could be as high as 90% for broadband-
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impulsive or mixed signals. With the high degree of window overlap, only minimal
measurement error is expected; and the worst case amplitude error is 0.4 dB between
the lowest and highest points of the amplitude ripple [97]. For a minimal pulse width,
the theoretical average amplitude error is only 0.09 dB. The practical error which

depends on the pulse duration is typically even smaller.

5.4.4 Uncertainty through Repeatability Study

Another area which has been explored is the MU contribution by the FFT-based TD
scan method, as compared to contribution by the conventional method through
repeatability study. Both methods use the same set up and measuring equipment, with
the exception of the receiver (i.e., spectrum analyser and EMI test receiver). MU using
the TD scan method has been briefly discussed in [98]. The discussion reveals that the
MU is substantially dependent on the overlapping of the window of single impulses
during dwell time. A larger MU can be introduced if there is no overlapping in the
measurement system.

In this section, a system level uncertainty comparison is conducted, through
repeatability evaluation, between the TD scan method and the conventional sweep
method. Repeated measurements are conducted using both methods for the GSM 900
and GSM 1800 band tests, using the same test set up. For the GSM 900 test, the average
of the peak value, as well as the standard deviation of the peak value, for repeated
measurements is presented in Table 5.5 and Table 5.6. Due to time constraints, only
ten repeated measurements are conducted. If time had allowed, additional
measurements could have been conducted in order to achieve a more accurate result.

It is observed that the average value (over ten repeated measurements) for the sweep
and TD scan methods has a maximum deviation of approximately 1 dB at the first
harmonic. This indicates that the TD scan method's accuracy is consistent with that of

the conventional sweep method. Furthermore, the standard deviation of the TD scan
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method is also comparable to that of the conventional sweep method. These results

imply a comparable consistency and repeatability for both methods.

Table 5.5 Average peak value for ten repeated measurements for GSM 900 test

Sweep (ten repeated measurements) TD Scan (ten repeated measurements)
Frequency (MHz) | Average Peak (dBm) | Frequency (MHz) | Average Peak (dBm)
1804.942 -37.88 1804.653 -36.89
2706.914 -36.52 2707.352 -36.68
3609.183 -39.70 3609.498 -39.89
4512.099 -43.44 4512.438 -43.52
5414514 -39.28 5414.487 -39.47

Table 5.6 Standard deviation of peak value for ten repeated measurements for GSM

900 test
Sweep (ten repeated measurements) TD Scan (ten repeated measurements)
Frequency (MHz) Standard Deviation Frequency (MHz) | Standard Deviation

(dB) (dB)

1804.942 0.34 1804.653 0.10

2706.914 0.11 2707.352 0.19

3609.183 0.09 3609.498 0.22

4512.099 0.21 4512.438 0.08

5414514 0.18 5414.487 0.12

A similar study is also carried out for the GSM 1800 test; with the average of the
peak value of ten repeated measurements presented in Table 5.7, and the standard
deviation of the peak value presented in Table 5.8. The same conclusion can be
obtained for the GSM 1800 test as for the GSM 900 test; the accuracy when using the
TD scan method is acceptable, with a maximum difference of 1.38 dB when compared

to the sweep method.
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Table 5.7 Average peak value for ten repeated measurements for GSM 1800 test

Sweep (ten repeated measurements) TD Scan (ten repeated measurements)
Frequency (MHz) Average Peak Frequency Average Peak
(dBm) (MHz) (dBm)
3495.807 -45.89 3495.730 -45.69
5243.457 -41.90 5242.753 -43.28
6990.805 -30.40 6991.290 -29.59
10487.025 -40.44 10486.475 -40.32

Table 5.8 Standard deviation of peak value for ten repeated measurements for GSM
1800 test

Sweep (ten repeated measurements) TD Scan (ten repeated measurements)
Frequency Standard Deviation Frequency Standard Deviation
(MHz) (dB) (MHz) (dB)
3495.807 0.29 3495.730 0.11
5243.457 0.49 5242.753 0.63
6990.805 0.11 6991.290 0.10
10487.025 0.18 10486.475 0.21

5.5 Conclusion

The data presented in this chapter provide important contributions to the industry
by proving that measurement results obtained using the TD scan method are
comparable to those of the conventional frequency sweep method, given the same
IFBW settings for RSE measurement. For verification purposes, additional
measurements are carried out using a stable noise source, and it is found that the
measured signal levels using both methods are comparable. The reasons the received
frequency spectrum in the TD scan method matches the spectrum detected with the
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conventional method are briefly analysed and discussed, and the discussion supports
the measurement results obtained in this chapter. Furthermore, it is demonstrated,
through repeated measurements, that the consistency and repeatability of using the TD

scan method are also comparable to those of the conventional method.
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CHAPTER 6 CONCLUSION AND FUTURE WORK

6.1 Conclusion

In the first part of the thesis, an RC is introduced as an alternative EMC test facility.
Some important theories and parameters of the RC have been discussed to ensure the
feasibility of using RC for EMC applications. These parameters are also important for
the characterisation of measurement uncertainty in the RC. A new approach of using
non-equidistant tuner rotation in an RC is also presented. The main focus is to find out
the chamber performance in terms of electric field uniformity and uncertainties with
reference to the conventional equidistant tuner rotation method. Simulation and
measurement results have shown that better field uniformity at LUF can be achieved
using non-equidistant tuner positions. The standard deviations of the electric field in x,
y and z directions as well as the total data set have been calculated which are smaller
as compared to the conventional method. With the increased number of the independent
samples generated by the stirrer at the frequencies near to LUF, the measurement
uncertainty which substantially depends on IFU has been reduced thus reproducibility
is improved. However, it is realised that there is a disadvantage using the proposed
method in the industry as most of the system control software have yet to be optimized

for ease of using non-equidistant tuner rotation as compared to the conventional method.

The measurement uncertainties and possible errors associated with the RF
connectors, test receivers, and pre-amplifiers in a radiated emission test have been
investigated. Additional knowledge has been provided to the existing measurement
standards used in the industry. It is suggested that the uncertainty of the RF connector
used to connect the reference cable and the cable under calibration be considered for
inclusion in the existing standard, since the uncertainty is not compensated for in the
system. The measurement uncertainty associated with the pre-amplifier gain variation

is found to be as large as 1.277 dB when the temperature changes from the room
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temperature (25 °C) to 0 °C. Mismatch uncertainty of the radiated emission test system
is also determined when the pre-amplifier is operating at different temperatures. It is
shown that as long as the input and output reflection coefficients of the pre-amplifier
do not vary much with temperature, mismatch uncertainty of the entire system will not
change significantly. The results obtained in this study have significant contributions
to the industry by providing important implications for practical measurements and

proper interpretation of measurement standards.

The development of “Measurement Uncertainty Calculation Software” has been
proposed to the industrial partner Rohde & Schwarz Asia. The purpose for this software
is to enable EMC labs which follow commercial EMC standards to calculate their MU,
without the need for additional manpower from the labs. It will ensure that the test
reports adhere to the standards’ requirements by appending the MU calculation to the
EMC measurement results as a separate chapter or appendix. Important findings in my
research work have been incorporated into the software, such as preamplifier gain
variation due to temperature change, AMN impedance and the in-depth interpretation
of the MU contributions from the standard. This software also serves a purpose of

establishing a link between the research work and the industry application.

The use of an FFT-enabled TD scan method for RSE measurement has been
discussed in this thesis. The comparison of accuracy and consistency using the TD scan
method and the conventional sweep method is conducted for GSM 900 and GSM 1800
tests. It is proved that measurement results obtained using the TD scan method are
comparable to that of the conventional frequency sweep given the same IFBW settings.
The consistency and repeatability of using the TD scan method is also comparable to
the conventional method through repeated measurements. This work serves a purpose
to provide additional knowledge to the industry on the reliability and measurement

uncertainty (through repeatability study) of the TD scan method.
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6.2 Future Work

The results demonstrated in this thesis provide additional information for the
characterisation measurement uncertainty to the industry. Some of the important
parameters have been discussed which are not clearly defined in the standards.
However, it is believed that there are still areas which need to be taken care of, such as
uncertainty contributions which test labs are not familiarized with. In addition,
automotive and military standards still have not yet adopted measurement uncertainty
as part of the requirements. This could come from the below two factors: 1) there is
less stringent requirement in some test equipment, e.g. transducers leads to bigger
measurement uncertainty. Thus it is difficult to set an uncertainty budget. 2)
Automotive and military tests are sometimes more complicated than commercial tests
and tremendous effort is required to provide comprehensive coverage on the
uncertainty contributions for the test standards. However, it is still of interest to look
into these undefined areas and be able to provide some insightful knowledge to the

industry and the regulatory authorities in my future works.

Furthermore, during my research work towards the uncertainty characterisation,
certain limitations regarding workmanship, hardware and software capability has been
identified. It is hoped the works done can further educate the lab operators so as to
reduce the potential measurement errors and uncertainties in their day to day
measurement routines. Meanwhile, it is hoped that further assistance can be rendered
to the industry to improve some of the hardware and software limitations, thus adequate
functions may be available in the tests. After all, it is the principle of the Industry Ph.D.
Programme to solve the existing industry problem, provide in-depth knowledge to the

industry and establish a link between the research works and industry applications.

As mentioned in Section 1.4, my research work has been adopted by Rohde &
Schwarz Asia, and a new software named ‘“Measurement Uncertainty Calculation

Software” is in the midst of development. The software has adopted some of the results
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and findings from this thesis as the foundation of the uncertainty database. It will
greatly reduce the time and resources for the test houses to identify their measurement
uncertainty. Future works are still needed to further interpret the standard and provide

comprehensive information to the software development team.
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reproduced other than in full,
Callbration certificates without
signatures are not valid.

The user is obliged to have the object
recalibrated at appropriate intervals.

Dieser Kalibrierschein dokumentiert, dass
der genannte Gegenstand nach
festgelegten Vorgaben geprift und
gemessen wurde. Die Messwerte lagen im
Regelfall mit einer Wahrscheinlichkeit von
annghernd 95% im zugeordneten
Werteintervall (Enveiterte

Performance

Place and Date of Calibration
Ort und Dalum der Kalibrierung

Scope of Calibration
Umfang der Kalibrierung

Statement of Compliance
{Incoming)
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Statement of Compliance
{Outgolng)
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Standard Calibration
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Measurement results within
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Normale der PTB/DKO oder anderer
nationaler/internationaler Standards zur
Darstetiung der physikalischen Einheiten
in Ubereinstimmung mit dem
Internationaten Einheitensystem (SI).
Wenn keine Normale existieren, erfolgt die *
Ruckfihrung auf Bezugsnormale der R&S-
Laboratorien.
Grundsalze und Verfahren der
Kalibrierung beziehen sich auf und
entsprechen EN ISO/IEC 17025, ANSI/
NCSL 2540.1-1994 und ANSYNCSL
2540.3-2006.
Das angewandte Qualititsmanagement-
System ist zertifiziert nach EN ISO 9001.
Dieser Kalibrierschein darf nur volistdndig
und unverandert weiterverbreitet werden.
i ine ohne Si i
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ROHDE &SCHWARZ

Calibration Certificate

Kalibrierschein

Certificate Number 20-560014

Zertifikatsnummer

Unit Data

item NRP-Z91 POWER SENSOR 6GHZ
Gegenstand

Manufacturer ~ ROHDE & SCHWARZ

Herstetler

Type NRP-Z91

Typ

Material Number 1168.8004.02

Materialnummer

Asset Number
Inventarnummer

103164

Serial Number
Seriennummer

This calibration certificate documents,
{hat the named item is tested and
measured against defined
specifications.
Measurement resulis are located
usually in the corresponding interval
with a probability of approx. 95%
{coverage factor k = 2).
Calibration is performed with test
equipment and standards directly or
indirectly traceable by means of
approved calibration techniques to the
PTB/DKD or other national /
international standards, which realize
the physical units of measurement
according to the International System
of Units (S1).
in all cases where no standards are

bl are

Order Data

Customer
Auftraggeber

Order Number 0000320107
Bestelinummer
Date of Receipt  2015-09-17

Eingangsdatum

referenced to standards of the R&S
laboratories.

Principles and methods of calibration
correspond and are conformant with
EN ISO/IEC 17025, ANSIINCSL
2540.1-1994 and ANSI/NCSL
Z540.3-2006. The applied quality
system is certified to EN 1SO 9001.
This calibration certificate may not be
reproduced other than in full.
Calibration certificates without
signatures are not valid.

The user is obliged to have the object
recalibrated at appropriate intervals.

Dieser Kalibrierschein dokumentiert, dass
der genannte Gegenstand nach
festgelegten Vorgaben geprift und
gemessen wurde. Die Messwerte lagen im
Regelfall mit einer Wahrscheinlichkeit von
annahernd 95% im zugeordnsten
Werteintervall (Erveiterte

Performance

Place and Date of Calibration
Ort und Datum der Katibrierung

Scope of Calibration
Umfang der Kalibrierung

Statement of Compliance
{Incoming)
Konformitatsaussage
{Anlieferung)

Statement of Compliance
(Outgoing)
Konformitatsaussage
(Ausiieferung)

Extent of Calibration Documents
Umfang des Kalibrierdokuments

Memmingen, 2015-09-17
Standard Calibration

New device

Measurement results within
specifications

2 Pages incl. this

Messunsicherheit mit k = 2).

Die Kalibrierung erfolgte mit Messmittein
und Normalen, die direkt oder indirekt
durch Ableitung mittels anerkannter
Kalibriertechniken riickgefihrt sind auf
Normale der PTB/DKD oder anderer
nationalerfinternationaler Standards zur
Darstellung der physikalischen Einheiten
in Ubereinstimmung mit dem
Internationalen Einheitensystem (S1).
Wenn keine Normale existieren, erfolgt die
Ruckfiihrung auf Bezugsnormale der R&S-
Laboratorien.

Grundsétze und Verfahren der
Kalibrierung beziehen sich auf und
entsprechen EN ISO/IEC 17025, ANSYH
NCSL 2540.1-1994 und ANSI/NCSL
2540.3-2006.

Das angewandte Qualitatsmanagement-
System ist zertifiziert nach EN ISO 9001.
Dieser Kalibrierschein darf nur volistandig
und unverdndert veiterverbreitet werden.
Katibri ine ohne Signifizit g

sind ungiittig.

Fir die Einhaltung einer angemessenen
Frist zor Wiederhotung der Kalibrierung ist
der Benutzer verantwortlich.

Rohde & Schwarz Messgeratebau GmbH

Date of Issue
Ausstellungsdatum

2015-08-17

Head of Laboratory
Laborleitung

Person Resgonsible

Franz Schragner Page 1/2
ver2815/MB0707

Rohde & Schwarz Messgerdtebau GmbH -
Telefon national: 08331/10-80; international: 0049 &:

Poslfach 1852 D-87686

331/10-80; Fax: 08331/10-811 24

. 10-87700

< Rotand Steffen

Jirgen
Sitz der :Manchen -

Mianchen HRB 1059
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ROHDE & SCHWARZ

Calibration Certificate

Certificate Number 17-548099

Zertifikatsnummer

Kalibrierschein

Unit Data

item SMB100A SIGNAL GENERATOR
Gegenstand

Manufacturer ~ ROHDE & SCHWARZ

Herstetler

Type SMB100A

Typ

Material Number 1406.6000K02  serial Number

Materialnummer

Asset Number
Inventarnummer

110183

Seriennummer

This calibration certificate documents,
that the named item |s tested and
measured against defined
specifications.
Measurement results are located
usually in the corresponding interval
with a probability of approx. 95%
(coverage factor k = 2).
Callbration is performed with test
equipment and standards directly or
Indirectly traceable by means of
approved calibration techniques to the
PTB/DKD or other national /
international standards, which realize
the physical units of measurement
according to the International System
of Units (SI).
In all cases where no standards are
ilabl

Order Data

Custonter
Auftraggeber

Order Number 0000313779
Bestellsummer
Date of Receipt 2015-06-29

Eingangsdatum

are
referenced to standards of the R&S
laboratories.
Principles and methods of calibration
correspond and are conformant with
EN ISOfIEC 17025, ANSHNCSL
Z540.1-1994 and ANSHNCSL
Z540.3-2006. The applied quality
system Is certified to EN ISO 9001.
This calibration certificate may not be
reproduced other than in full.
Calibration certificates without
signatures are not valid.
The user is obliged to have the object
recalibrated at appropriate intervals.

Dieser Kalibrierschein dokumentiert, dass
der genannte Gegenstand nach
festgelegten Vorgaben geprift und
gemessen wurde. Die Messwerte lagen im
Regelfali mit einer Wahrscheinlichkeit von
annahernd 95% im zugeordneten

Performance

Place and Date of Calibration
Ort und Datum der Kalibrierung

Scope of Calibration
Umfang der Kalibrierung

Statement of Compliance
{incoming)
Konformitatsaussage
(Anlieferung)

Statement of Compliance
(Outgoing)
Konformitétsaussage
(Austieferung)

Extent of Calibration Documents
Umfang des Kalibrierdokuments

Vimperk, 2015-06-29
Standard Calibration

New device

Measurement results within
specifications

2 Pages incl. this

Messunsicherheit mit k = 2).

Die Kalibrierung erfolgte mit Messmitteln
und Normalen, die direkt oder indirekt
durch Ableitung mittets anerkannter
Katibriertechniken riickgefiihet sind auf
Normale der PTB/DKD oder anderer
nationater/internationaler Standards zur
Darsteliung der physikalischen Einheiten
in Ubereinstimmung mit dem
internaticnalen Einheitensystem (S).
Wenn keine Normale existieren, erfolgt die
Riickfuhrung auf Bezugsnormale der R&S-~
Laboratorien.

Grundsétze und Verfahren der
Kalibrierung beziehen sich auf und
entsprechen EN ISOHEC 17025, ANSY
NCSL 2540.1-1994 und ANSUNCSL
2540.3-2006.

Das angewandte Qualitdttsmanagement-
System ist zertifiziert nach EN SO 9001.
Dieser Kaliprierschein darf nur volisténdig
und unveréndert weiterverbreitet werden.
Kalibrierscheine ohne Signifizierungen
sind ungitig.

Firr die Einhaltung einer angemessenen
Frist zur Wiederholung der Kalibrierung ist
der Benutzer verantortlich.

Rohde & Schwarz zavod Vimperk, s.r.o.

Date of Issue
Ausstellungsdatum

2015-06-29

Head of Laboratory
Laborleitung

adek Bartusek

Person Responsible

Bearbeiter
{ O
) v eN

&

Tomas Rysanek

Page 112
verg8s 15/RSVMOB08

ROHDE & SCHWARZ 2avod Vimperk, s.r.0. - $pidrova 49 - 38501 Vimperk, tel. 00420 388452 111, fax. 00420 388 452 113
Obchodni vedeni: Konrad Bart! jednatel

Dafové identifikaéni &islo (DIC): 226034441

tdentifixaéni &isto(IC):26 03 44 41

Krajsky soud v Ceskych Budéjovicich oddil C, viozka 9587
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ROHDE&SCHWARZ

Calibration Certificate Certificate Number 20-548776
Kalibrierschein Zertifikatsnummer

Unit Data This calibration certificate documents,
" ESR26 EMI TEST RECEIVER that the named item is tested and
Srsirs 26.5GH2 s g i

Measurement results are located
usually in the corresponding interval

with a probability of approx. 95%
Manufacturer ROHDE & SCHWARZ (coverage factor k = 2),

Herslalier Calibration is performed wih test
equipment and standards directly or
iype ESR26 indirectly traceable by means of
w approved calibration techniques to the
N N PTBIDKD or other national /
m:{:;';m:‘m:re' 1316.3003K26 z::i‘:r‘n:‘u‘:nmn?:rr 101361 international standards, which realize
the physical units of measurement
Asset Number according to the International System
{nventarnummer of Units (Si).
In ali cases where no standards are
available, are
Order Data referenced to standards of the R&S
laboratories.
Customer Principles and methods of calibration
Auftraggeber correspond and are conformant with
EN ISOJIEC 17025, ANSINCSL
2540.1-1994 and ANSI/NCSL
Z540.3-2008. The applied quality
system is certified to EN I1SO 9001.
This calibration certificate may not be
reproduced other than in full,
Calibration certificates without
signatures are not valid.
The user is obliged to have the object
recalibrated at appropriate intervals.
Dieser Kalibrierschein dokumentiert, dass
Order Number 0000313987 der genannte Gegenstand nach
Bestelinummer festgelegten Vorgaben geprift und
gemessen wurde. Die Messwerte lagen im
Date of Receipt  2015-07-02 Regelfall mit einer Wahrscheintichkeit von
Eingangsdatum annahernd 95% im zugeordneten
Werteintervall (Enweiterte
Performance Messunsicherheit mitk = 2).
. Die Kalibrierung erfolgte mit Messmitteln
Place and Date of Calibration Memmingen, 2015-07-02 und Normalen, die direkt oder indirekt
Ort und Datum der Kalibrierung durch Ableitung mittels anerkannter
Kalibriertechniken riickgefiinrt sind auf
Scope of Calibration Standard Calibration Normale der PTB/DKD oder anderer
Umfang der Kalibrierung nationalerfinternationaler Standards zur
Darsteilung der physikalischen Einheiten
. . in Ubereinstimmung mit dem
Statement of Compliance New device Intemationalen Einheilensystem ().
(Incomlr’q) Wenn keine Normale existieren, erfolgt die
Konformitatsaussage Rickfihrung auf Bezugsnormale der R&S-
(Anlieferung) Laboratorien.
Grundsatze und Verfahren der
r Kalibrierung beziehen sich auf und
Statement of Compliance Measurement results within ﬁncisprechen EN lsom:ﬁ L gfﬁggrssw
(Outgoing) P : SL 2540.1-1994 un
Konformitatsaussage specmcatlons 2540.3-2006. _
{Auslieferung) Das angewandte Qualitdtsmanagement-
System ist zertifiziert nach EN 1SO 9001.
Dieser Kalibrierschein darf nur volistéindig
Extent of Calibration Documents 2 Pages Calibration Certificate und unverandert "‘:"e“’,erl?'e'.(e' vierden.
Umfang des Kaiibrierdokuments 51 Pages Outgoing Results sind ungiiltig. e

Filr die Einhaltung einer angemessenen
Frist zur Wiederholung der Kalibrierung ist
der Benutzer verantwortiich.

Rohde & Schwarz Messgeratebau GmbH

Date of Issue Head of Laboratory Person Responsible
Ausstellungsdatum Laporieilung Bearbeiter
2015-07-02 Andreas Aumann Page 1/53
verg815/MB0707
Rohde & Schwarz Messgerdtebau GmbH - Postfach 1652 D-87686 i - Rohde-und-Sch: tr. 1 D-87700
Telefon nalional: 08331/10-80; international: 0049 8331/10-80; Fax: 08331/10-811 24
5 Jirgen Steigmiiller - Roland Steffen
Sitz der Kdnchen - Regi : ichl Minchen HRB 1059
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Industry Achievement:

My research work has been adopted by Rohde & Schwarz Asia, the proposal of the
development for a new software named “Measurement Uncertainty Calculation
Software” has been approved by the board of directors. The software currently is in the
midst of development. I’m the project leader engineer (PLE) and currently leading the
software development team to provide them with necessary information such as
standard interpretation, uncertainty contribution  formulation, uncertainty
characterisation methods which are not stated in the standard in detail, etc. The software
has incorporated some of the results and findings in my research work as the foundation
of the uncertainty modelling as well as to enrich its database. With the availability of
the software in the industry in the due time, it will greatly reduce the time and resources
for the test houses to identify their measurement uncertainty. | am proud that the

research work can be applied to the industry.
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