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ABSTRACT

Rapid growth in the sensors and sensor technology introduces a variety of products
to the market. The increasing number of available sensor concepts and implementations
demands more versatile sensor electronics and signal conditioning. Nowadays, signal
conditioning for the available spectrum of sensors is becoming more and more
challenging. In a meantime, there have been rapid advances in wireless technologies and
an importance of a RF communication system is expanding day by day due to its
advantages. With all the new implementation and wireless communications innovations,
this work is devoted to illumination for a measurement system connection between sensors
and embedded system. In this dissertation, we experiment with a measurement system
consists of a classic sensor with modern System in Package system for a wireless
communication. In addition, the thesis deals with the properties of propagation and
penetration of the electromagnetic radiation in the range from 1 GHz to 8 GHz for the
different power levels examined for a reliable communication system for sensors.
Furthermore, the work reveals a test result of the penetration of the signal via a firemen

garment for a further smart suite development.



RESUME

Rychly rozvoj senzorti a souvisejicich technologii pomaha k  rlznorodosti
produkti na trhu. Rostouci poCet dostupnych senzorti, napi. MEMS sensort, jejich
koncepty a implementace vyzaduje vice studia elektroniky a Uprav signalu. V nynéjsi
dobé¢ zpracovani signall pro dostupné druhy senzorii se stale vice rozsifuje. Soucasné se
rozsituji aplikace bezdratovych systémi pro komunikaci. Tento rozvoj potfebuje poznat a
objasnit mnoho problémi, V této praci se pracovalo s méticim systémem se senzory a se
systémem komunikace s elektromagnetickym zafenim a studovaly se jejich vlastnosti.
Cilem také bylo poznat vlastnosti Sifeni a prunika elektromagnetického zafeni v rozsahu
od 1 GHz do 8 GHz pro rizné hladiny vykonu pro spolehlivy bezdratovy systém
komunikace. Specificka ¢ast prace uvadi vysledek testu absorpce signalu pies hasicsky

odév pro vyuziti u budoucich projektli souvisejicich s inteligentnimi odévy.
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1 INTRODUCTION

Looking wider — the importance of measurements has crucial significance for
human civilization. From a beginning of our civilization people tried to understand and
comprehend the surrounding world [97]. There are various explanations and definitions of
the term “measurement” recommended by many sources. The International Organization
for Standards Vocabulary proposes following definitions: Measurement is a process of
experimentally obtaining information about the magnitude of a quantity. Measurement
implies a measurement procedure based on a theoretical model. In practice measurement
presupposes a calibrated measuring system, possibly subsequently verified. Metrology
includes all theoretical and practical aspects of measurement, whichever the measurement
uncertainty and field of application [40]. An expanded definition by [97] is given as: “The
measurement is a cognitive process of gathering the information from the physical world.
On this process a value of a quantity is determined (in defined time and conditions) by

comparison it (with known uncertainty) with the standard value”.

Recently, the field of measurement science has been significantly changed during
last 30 years, due to the development of new internet technologies, micro and nano —

technologies [76], informatics, microelectronics, and mechatronics [97].

Examples of intensive ongoing research and development areas include sensors,
signal processing, data acquisition, data processing, and as well as a communication
interface. For instance, the sensors are becoming more intelligent or smart, which strongly
tend to contain a physical transducer, a network interface, a processor, and a memory core
that can all be fabricated on a single die or chip, including Universal Serial Bus (USB),
RS232, General Purpose Interface Bus (GPIB) or Ethernet [86]. Also, widespread of
computer systems stimulated the development of measurement software, virtual
instruments and intelligent data analysis methods by means of user friendly software which
is enabling to design whole measurement system. The most popular software of such type

is LabVIEW proposed by National Instruments (NILABVIEW).

At the same time, the explosive growth of mobile and wireless communications

has radically changed and an evolution of wireless networking has also taken place during

-13 -



this period [50]. Consequently, behaviors of electromagnetic radiation, in an indoor
environment by means of propagation and penetration of the signal through engineering
materials are becoming an important matter in a telecommunication system as well as in an

application specific measurement system.

The nature of the thesis is stating that the analyses of electromagnetic radiation in
indoor scenario, as well as a penetration through a certain building mediums are examined

for a reliable communication system between the sensors and embedded systems.
The organization of the thesis as follows:

Chapter 2 gives the state of the art of a modern measurement system by means of a
System in Package. Chapter 3 determines the goals of the dissertation work. Chapter 4
reviews the theoretical frame of the measurement system, including sensor, signal
conditioning, and communication system for sensors. In that manner, demonstrates
electromagnetic radiation, spectrum analyzer, apart from that an uncertainty evaluation of
the measurement system. Chapter 5 reveals the experimental part concluding
measurement model, setup, which are used in this work and results of the measurements.
Chapter 6 concludes the limitations and objectives of the work and suggestions for the

improvements.
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2 STATE OF THE ART

At de fact, s measurement is an application oriented system. Recent developments
in measurement technologies and practices—and user needs—are being discussed along

the researchers from every point of view. The objectives of the measurement systems are:

e Process monitoring
e Process control

e Experimental purpose

Today’s increasing demand for a wireless connectivity of electronic devices has
driven toward an advanced technology which incorporates multiple components into a

single package by means of System in Package (SiP).

HCS08 Background
'E Debug Medule
§ RFIC Timers L AS Mo 8-ch, 10-bit
£ oy ADC
'_
= Digital Control 2 x 8CI
= Logic RAM
= FC
Low Voltage
Interrupt 16-bit
Keyboard

IRQ Arbiter RAM Arbiter Interrupt COP
Internal Clock Up to

Fig. 1. Example of SiP (Freescale Semiconductor MC1321X) [24]

A development tendency of modern integrated circuit tends to comprise all units of
the measurement system such as a signal conditioning circuit, digital signal processing,
and communication interface for both analogue and digital interfaces. One of such
technologies is given by Fig 1 as an example of SiP integration with the Zigbee compliant.
The advantages of such an integrated system are low cost, high performance, low power
consumption, and as well as reusable.
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In a Measurement System Analysis, a critical first step that should precede any
data-based decision making, including statistical analysis, correlation and regression

analysis, as well as uncertainty analysis and design of experiments.

Analogue transmission
Primary conditioning Digital Signal Processing Communication interface

' H U R.1 2ii3a §>0-10V/4-20 Allda
n AU Aﬂ Af 0 AU o i1 signal 0-10V/4-20mA

vooAU j; H
' U, log0/logt | Binary signal log0/log1

+ PWM signal log0/logl
Digital signal log0/log1
i1 Frequency signal log0/log1

chemical, optical, thermal)

Stimulus (electrical, mechanical, acoustic,

Fig. 2 Diagram of state of the art

The state-of-the-art has been investigated according to Fig 2, with a regard to
existing classic sensor (1), primary analogue signal conditioning (2) and modern analogue
signal transmission (3a) and digital signal processors (3b) and the communication system
(analogue 4a, and digital 4b) between the constructed sensor and data acquisition system,
in particular, including the uncertainty analysis of the system. Moreover, a propagation and
penetration of the electromagnetic radiation have drawn special attention for the different

signal levels to meet existing needs for modern communication system.
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3 GOALS OF DISSERTATION WORK

In order to investigate a modern measurement system with the innovation of the
new networks and wireless communication system, and the electromagnetic radiation in an

indoor environment, the goals of the research work are:

1. Study the subfields of the sensors including: physical principles,

theoretical base, signal conditioning, trends of a development

2. Setting a laboratory measurement system and testing the characteristics

and functions of the experimental sensor.

3. Study the wireless communication systems for sensors and trends.
4. Measurement of propagation and penetration of a wireless signal
communication.
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4 THEORETICAL FRAME

4.1 Sensor

4.1.1 Introduction

A definition for a sensor can be found from various kinds of literature and from
various aspects. A very broad definition is defined as a sensor is a device that receives and
responds to a signal or stimulus [41]. The term stimulus is the quantity, property, or
condition which is sensed and converted into the electrical signal. These quantities are
electrical, mechanical, acoustic, chemical, optical, and thermal. There are six different
kinds of signals: mechanical, thermal magnetic, electric, chemical, and radiation

(corpuscular and electromagnetic, including light) [78].

Generally, sensors convert physical, chemical, geometrical, optical quantities into
electrical signals. Today’s modern sensors find their field of application in automobile
engineering, house / industry automation, measurement, control, and others. Recently,
application areas for sensor are extensively increasing due to a development of the
technologies. These expanded areas include: military techniques, automobiles, aircraft,
medical science, PCs, consumer electronics, home appliances as well as patient care
techniques. In the middle of 1980s, the term smart sensor has coined. The intelligences
required by such devices are Micro Controller Unit (MCU), Digital Signal Processor
(DSP), and Application — Specific Integrated Circuit technologies. Also, the 1990s should
be noticeable as the decade when a Micro — Electro — Mechanical System (MEMS)
technology accelerated from the laboratory into a production system which means

miniaturization of the system [79].

A development and an adaptation of the sensors are still under the consideration due
to an advance of the technology and an improvement of the performance on demand of the
consumers. For instance, researchers have been focused on MEMS, Chip Embedded
Flexible Packaging technology, and Complementary Metal-Oxide—Semiconductor
(CMOS) — MEMS integration [4, 54, and 55]. Simultaneously, a huge number of research
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works are dealing with the adaptation of the sensors in order to achieve low cost, low

power consumption, and with high accuracy sensors [5, 57, 69, 81, and 96].

4.1.2 Classification

Depending on the classification goal, different criteria may be selected [46].
However, some criterions are very common, for instance, with regard to a power supply
modulating (or active) and self — generating (or passive) [41, 46, and 78], by output signal
an analog and a digital, and for an operation mode deflection and null [78]. However, from
the electronic engineer’s point of view it is preferable to classify the sensors according to
the variable electrical quantity, such as resistive, capacitive, and inductive. In spite of, the

overall sensor classification can be drawn as shown below in Fig 3.

Sensor
classification
o ] [ ][] [Flose] [owiet] [
Active Analogue Null =| Resistance | =] Mechanical |-|C0nductor
Passive Digital Deflection |— Capacitance |— Acoustic | |- Semiconductor
—| Inductance | [=| Electrical | || Dielectric
- Voltage = Chemical | '~ Magnetic
= Charge = Optical
= Current = Thermal

Fig. 3 Sensor classification scheme

4.1.3 Materials and Technology

Major changes in sensors come from new materials, new fabrication technique, or
both. Therefore, materials and fabrication technology are playing a very important role in

sensor science. From the material’s chemical phenomena point of view the sensor material
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can be divided into two classes: organic and inorganic [41]. The chemical and physical
phenomena of the materials affect in the sensitivity, repeatability, electrical conductivity,

thermal expansion and other specifications of the sensor.

Fig 4 shows the different materials used to sensor in 2006/2007 by: Sensors Polls

and Surveys.

11%

B Biomaterials

® Chemical materials

® Electro Ceramics

B Magnetic materials

B Nanomaterials

u Other
Piezomaterials
Porous Silicon
Semiconductors
Thick films

1% Thin films

12%

Fig. 4 Sensor materials and their usage [89]

However, depending on the application purpose and system a different
composition of materials are available. For instance, different dielectric materials for
wireless communication are given by [64]. Recently, nanocomposite materials are
promising a great future for the sensor development, such as PPy-MWCNT
nanocomposite and others [53]. Furthermore, as recorded by Ames Research Center, with
the development of the nano technology the materials for the sensor are narrowing from a

nanotube to a biomimetic material system.

The field of microsensors has grown rapidly during the past 20 years therefore; in
this section semiconductor technology is considered. In the late 1980s, there has been the
enormous effort to fabricate monolithic or integrated chips that can not only sense but also
actuate, which means MEMS [28]. The importances of such devices are: compactness and
sharply increased performances [42]. There are two main technologies for such sensor

system as shown in Fig 5.
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Fig. 5 Comparison of a) Bulk and b) Surface MEMS accelerometers [68]

Bulk Micromachining: is a process for making three — dimensional
microstructures in which a masked silicon wafer is etched in an orientation — dependent
etching solution [33]. Key parameters of this technology include: crystallographic
orientation, etchant, etchant concentration, semiconductor starting material, temperature,
and time [79]. The etch process employed in bulk micromachining comprise one or several
of the following techniques [28]: Wet isotropic etching, Wet anisotropic etching, Plasma

isotropic etching, Reactive ion etching, and Etch-stop techniques

Surface micromachining: allows smaller and more complex structures with the
multiple layers to be fabricated on a substrate [79]. Three main technologies are: sacrificial
layer, integrated circuit and wet anisotropic, and plasma etching. However, a special
deposition process control is required to reduce stresses in the layers that can cause

warping.

A combination of bulk and surface micromachining: a comparison of the two
technologies, including their parameters such as mechanical, mass, capacitance, chip area,
CMOS integration, size and cost can reveal their properties [18 and 27],. Therefore, a
combination of above two technologies can eliminate a disadvantage and compensate the

effects [51].
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Other machining technologies: these technologies are being developed to
overcome the limitations, extend the types of measurement and enhance the capabilities of
former technologies. These are: Lithography, electroforming and molding process, Dry

etching, Micromilling, and Laser micromaching

Recently, the nanotechnology promises a great opportunity not only for the sensor
field but also for many current problems by means of smaller, lighter, faster and better
performing materials, components and systems. Europe invested early with many
programs in nanosciences starting during the mid- to late-1990s [12]. The ongoing
advances in the sensor system, Nano Electro Mechanical System (NEMS) increasingly

important [92].

4.1.4 Principle of sensing

A sensor is a converter of physical quantities into the electrical signals, and that

requires one and more transformation techniques.

JI=0ONR
U=17
U=4q/C 4.1.1)
U:Em(NANDj
q Pyl

Where: 3 is the magnetomotive force (A), ® is the magnetic flux (Wb), and R is
the reluctance (A/Wb), U -is the voltage (V), [is the current (A), Z is the impedance of
the electrical elements (Q). ¢ is the charge (C), T is the temperature (°C), k is Boltzmann
constant, N,, N, are the concentrations of acceptor and donor atoms, n’ = p,n, is the
intrinsic carrier concentration.

All above transformation techniques are based on fundamental principles of

circuits, which are Ohm’s law in an electrical circuit and Hopkinson's law for magnetic

circuit, electrostatic effect, and semiconductor junction, as stated by Equation (4.1.1).
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Nevertheless, there are other sensing methods are also available such as sensors
based of Metal Oxide Semiconductor Field Effect Transistor, CMOS image sensors, fiber

optic sensors, ultrasonic sensors, and biosensors.

However, for the analyzing of an electrical network due to the range of the work a
well-known Kirchhoff’s current and voltage laws are useful, and equivalent mathematical

model of the system units are given below [73, 82, 84, and 91]:

Table 1 Electrical elements and their equivalent equations

Network equivalent equation

Element Complex impedance
Linear operator Inverse operator
Resistive R Ri(7) %U )
.\ 1 L. dUu
Capacitive —-j— — | idt =
P e cl dr
. di 1
Inductive L L— — Ut
/ dr LJvo

Where: o=27 - is the angular frequency (rad/s) U() - is the voltage (V), and () -

is the current (A).

Although, depending on the sensor type, the transformation techniques and
connection of the network to the equation can vary from a simple Ohm’s law to complex

equation. Table 2 shows the main electrical sensors and their equations.
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Table 2 Principle of electrical sensing

Sensor Equation Symbol description
Resistive sensors
. ) is the resistivity, [ is the length,
Potentiometer R=Lq Pe y. . gt .
A A is the cross section « is the length fractional,
RTD R=R,(1+ At +Bt* + Ct*(t —100)) R, - is the reference resistance, 4 , B and C are the constants (for metal sensors)
) o1 R, is the reference resistance (25°), 7, is the corresponding temperature (K), B is
Thermistor R=Re T T e .
0 the characteristic temperature of material.
M . RoR 2z oY R and R are the maximum and minimum resistance,
agnetoresistor = + - - — . . .

g o * (R = R) H, H, > H is the external magnetic field (for rotation 90°).
LDR R=AE" a and A4 are the manufacturing parameters depend on material.

. R, is the reference resistance, G is the gauge factor,
Strain gauge R=R,(1+Ge) . . . se

&1is the applied strain.
Capacitive sensors

. . £,e8 g, and ¢, are the absolute and relative permittivity, Sis the cross sectional area, d

Variable separation =— . . .
d+x is the gap between electrodes, x is the displacement.

. £,8 is the width of the plates

Variable area C=—""2(5 —wx) v . P ’
d x is the area displacement.

1 2 3
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1

Variable dielectric
displacement

Capacitive pressure

c =8j7ww —(&,—&)x]

AC_(I—vz)a4P

C 16Edt’

3

g, and ¢ are the permittivities of dielectric and air, / is the length of plate, x is
the displacement.

vis the Possion’s ratio, ais the radius of diaphragm, E is the Young’s modulus, ¢
is the thickness of diaphragm.

D1ffer.ept1a1 = ) , C,= ) C,and C, are the first and second capacitors of differential capacitor.
capacitive d+x Cod-x i
2re, . . . . . .o

. C=——F=I[l+(e-Dh] 1 is the length of the cylinder capacitor, #is the height of liquid, » and aare the

Capacitive level b . . . .
log, o radius of outer and inner cylinder respectively.
Inductive sensors
Reluctance oL nis the number of turns, %, is the reluctance at zero gap, k =2/ u,m*, dis the gap,
displacement R, +kd 1+ad L, is the inductance at zero gap, a =k /R,
Differential I I
reluctance = . , L= . ais the core separation distance, x is the displacement
di 1+ a(a—x) 1+ a(a+x)
isplacement
1 sis the standard depth of penetration, f is the frequency, 4 is the permeability,
Eddy current 6= . CPRLOTP / queney. # P Y
fuc o is the conductivity,
2fk R, is the resistance of primary winding Z, is the inductance of primary winding, &
LVDT S= N (Z;ﬂ ) is the variation of core (Note: when secondary winding is open), Sis the
‘ ‘ sensitivity.

1 2 3
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Flux — Gate

U = NAB 1-D

3
du, D is the demagnetization factor, B is the external magnetic flux, N is the
dt number of turn, 4 1is the area of core.

Electromagnetic sensors

Hall effect

U=+R,/t)B

R, 1s the Hall coefficient, B is the magnetic flux density, / is the slab current.

Tachometer e = kansin(wt + ¢) nis the angular speed,
Linear velocity e=Blv [ is the conductor length, vis the linear velocity.
Electromagnetic e=kBDv k is the non dimensional constant, D is the electrode spacing.
flowmeter
Active sensors
N
Thermocouples AT = Z aU" a, is the metall coefficient (0-5,13), U is the temocouple voltage (mV)
n=0
pi et E=—(gTl) E is the electric field (N/C), g is the voltage constant (V/pg), T is the strain (pig),
t . . . .
feroetectric 0 =—(dF) Q is the charge (C), d is the charge constant (C/N), F is the applied force (N)
Puroelectrs U =pbAT /¢ p is the pyroelectric coefficient (nC/cm’K), bis the thickness (mm), & is the
t
yroeleetrie AQ = pA,AT dielectric constant, A, is the area of incident radiation (cm”)
x2
Photovoltaic p==— Ide ¢ is the internal potential (V)
& x1
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4.1.5 Sensor characteristics

Behavior of the sensors influences on the characteristics of the whole measurement
system. Therefore, it is important to describe its nature in a significant way by means of a
sensor characteristic. The most common way is to describe their static and dynamic
characteristics. Nevertheless, overall sensor characteristic includes the following concepts

[77].

Transfer function Dead band

Full — scale input Resolution

Full — scale output Special properties
Accuracy Output impedance
Calibration Excitation

Calibration error Dynamic characteristic
Hysteresis Environmental factor
Nonlinearity Reliability

Saturation Application characteristics
Repeatability Uncertainty

It is impossible to reveal all the detailed characteristics of the sensors in this paper

due to dependent of the sensor type and designs.

4.2  Signal conditioning

4.2.1 Introduction

Signal conditioning is one of the most important techniques in measurement and an
automation system [72]. In order to obtain a useful signal, the signal conditioners are
performing any of the following functions: conversion, level shifting, filtering, impedance
matching, modulation, and demodulation. According to some literature [78], the signal
conditioning and signal processing may be indistinct. The signal processing is performed

for various purposes [97]:

Conditioning Conversion

Acquisition Recovery
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Amplification Harmonization

Separation Modulation

Filtering

Some of the signal processes can be performed digitally, but it is better to use a

good quality analogue signal for a further digital processing.

4.2.2 Primary analogue signal conditioning

A primary conditioning is a conversion of output signal from the sensor, mainly
into the function of voltage, frequency, and time. There are many reasons to choose
processing of the analogue signals which are the output signals of most of the sensors are
analogue, such kind of signals theoretically can take an infinite number of values. In spite
of the fact that, the predominant principles by means of primary conditioning of resistance,

inductance, and capacitive sensors into the function of voltage, time and frequency.
Electrical signal to voltage conversion
Voltage divider: commonly used to measure high value resistance and to create a

reference voltage. The equation of the circuit in Fig 6a is given by:

U Z,

=—U, 4.2.1
“Z+Z, ( )

Wheatstone bridges: one of the most common techniques to used measure balance
and deflection measurement for a very small resistance. The configuration of the bridge
can vary as Quarter bridge, a Half bridge, and a Full bridge. The balance of the bridge (Fig
6b) is provided as:

77,=7,Z, (4.2.2)

In general form the voltage difference between both braches is:

_ ZZ Z4
Ur)ut - US - (423)
Z,+Z, Z,+Z,
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Fig. 6 Signal to voltage conversion scheme
Electrical signal to time conversion

Electrical signal to time conversion process is based on a time domain analysis of a
system; by means of step response based methods are most commonly used for system
identification. Especially, in process industries [85], as well as electrical and electronics
engineering. A mathematical expression for the step response of the first order circuit is

yields:
U,=U,(1-¢"") for t>0 (4.2.4)

Theoretically, the output voltage U will take an infinite amount of time to settle its
final value U , however, the standard method for describing a response of the circuit is the

time constant of the system. In one time constant by means of¢ = 7, the step response of

the system reaches 63.2 percent of its final value.
U,=U,(1-¢")=0.632U, (4.2.5)

Fig 7 and Table 4 show normalized step response of the first order system, as well
as its exponential components. As can be seen from the figure, how the elements of the

circuit affects to the external influence as a function of the time.
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Table 3 Characteristics of the first order system

Circuit RC

:
Qa

Scheme U C U U, L U
o —‘7 0 o] o

1 L
T=—" = ==
27t 7 =RC T R

_ 1 1 _ 1 R

Jsas Sn = 27t 27RC S = 27t 27l

P R PR Y,

6db “* " 2nr  27RC “*“ogr 2zl

Where: 7- is the time constant (s), f.- cutoff frequency (Hz), f,,,, f.,- are the
bandwidth frequencies (Hz).

Table 4 Exponential components of the
‘ RL and RC circuit
é Time —t/t  yO)=e" y@)=l-e""
N 0 00 _ 1.0000 0.0000
<
7=RC 1z 1.0 0.3679 0.6321
: r=L/R 20 20 0.1353 0.8647
— 35 30 0.0498 0.9502
0 1 2 3 4 5 6
4z 4.0 0.0183 0.9817
Fig. 7 Generalized Time constant
57 5.0 0.0067 0.9933
R RL circui
Jor RC and RL circuit 6 60 00025  0.9975

Another possible conversion is based on operational amplifier (op — amp) to time
duration conversion. A simple linear resistance to time conversion circuit proposed by [49]
consists of a bridge amplifier, an integrator and a comparator. The time interval of the

circuit shown in Fig &:

(1+4)'(R,R, + RR,)C
1R,

T= (4.2.6)
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Where: u=U, /U,

U

T] TI+T2

Fig. 8 Signal to time duration conversion
Electrical signal to frequency conversion

Voltage to frequency conversion circuits can yield an output frequency or period
proportional to the measurand. An example of a frequency conversion from [78] which

consists of differential integrator is given in Fig 9.

Comp o U fy

Fig. 9 Signal to Frequency conversion

Whent=T,:

"\ R, RC
Tl Z(UO —UO )R +2R TUO (427)
1 2

Where: U, ,U, are the high and low level voltage.
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To switch the comparator back to U at t =7, and

! R RC| 1 1
T, =(U0 ~U, )R L . (4.2.8)
| -i-R2 X U0 Uo

The the frequency of the output signal which is proportional to the electrical signal

1s:

f_iRlJrR2 -U,U,
0

- (4.2.9)
N2
RC R, (UO U j

Pulse Width Modulation (PWM) in signal conditioning

This circuit shown in Fig 10 delivers a rectangular signal with duty cycle varying
between 0 and 100% in response to an input DC signal from [21]. The voltage at the
inverting input swings between the two threshold levels, high and low. If we assume that

R, >> R, ,then the voltage at noninverting input is always very close to U, R,C averages
the signal at U, ,and the DC voltage at inverting input is proportional to the duty cycle
ofU,,, .The closed feedback loop tends to equal inverting and noninverting inputs;

therefore, the duty cycle at U, is proportional to U,, as follows:

T, U
DutyCycle=100——=100—2- 4.2.1
v, 210

An inverse relationship between duty cycle and U, can be useful in frequency
conversion applications, so consider U, as an additional input. The output frequency
follows the relationship:

(Rl + Rz )(UOH UIN N U]N2 )

/= (r,cU,,R)

(4.2.11)
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Fig. 10 Simple voltage controlled PWM
MOSFET transistors in analogue signal conditioning

One kind of field effect transistor, which are commonly used for amplifying, and
converting the signals typically for charge variation sensors such as piezoelectric and

pyroelectric sensors as a shown in Fig 11.

I
-7
o AU
) b

Aq

Fig. 11 MOSFET tansistor appication in signal conditioning

With the output voltage according to the law of electrostatic:

AU~gxRY/ 4.2.12)

Where: g is the gain of transistor

Specific monolithic integration for capacitive sensors

Capacitive sensors suit monolithic integration, consequently has led to the

development of the specific signal conditioners for capacitive sensors. For instance, [51,
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and 52] capacitance measurement by charge integration and switched capacitances

connected to the same voltage level in opposite clock cycles circuit is shown in Fig 12a.

During the charging phase, C_charges and the output is zeroed. In contrast to,
during the integration phase, the difference in charge between C_— C produces an output

voltage:

U,=U0— (4.2.13)

Where: U is the amplitude of the clock signal.

Fig 12b depicts a specific capacitance to the voltage converter (CVC) which is
proposed by [90]. The CVC operation can be divided into the two consecutive phases,
namely, the sensing phase and reset phase. During the reset phase, S1 and S2 are closed,
S3 and S4 are open. By releasing the charge periodically, this switching bias strategy
suppresses the undesirable charge leakage to or from the sensing electrode and eliminates
the bias voltage drift caused by charging. When reset phase is over, S1 and S2 are open
before S3 and S4 are closed to avoid shorting between power rails. A function as a charge
integrator and the output DC voltage is states:
_acu

U =
‘2

(4.2.14)

One of the capacitance to frequency conversion method is the combination of CVC

with voltage to frequency conversion.

The rest of the analogue signal conditioning such as an amplification circuits and

voltage regulator can be seen in Section 5.1.2 in order to avoid duplicity.
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Fig. 12 Capacitance to time duration converters

4.2.3 Secondary signal conditioning

Analogue signal processing

Secondary analogue signal processing refers a circuit that translates the signal into
the 4-20 mA analogue current and a 0 to 10 V analogue voltage output or directly into
binary signals as logic 0/logic 1. The three main amplifiers are commonly used for this
reason those are difference, operational and instrumentation amplifiers. Apart from that, a
conversion directly into the logic values depending on a system requirement (Table 6). The

generalized scheme is given by Fig 13.

- AU —]
AU [ | 0-10V/4-20mA log0/logl
| UHLi

Fig. 13 Generalized analogue signal processing
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Digital signal processing

DSP is an important field of study that has come about due to advances digital
(computer) technology, consumer devices [99], as well as in a measurement and the
analysis [14]. DSP is the post processing of the analogue signals at present executes by the
microcontroller. A reason is obvious to processing signals digitally states that major
advantage is consistency (by means of it is not sensitive to offset and drifts in electronic
components). Second major advantage is very complex digital logic circuits can be packed
onto a single chip, thus reducing the component count and a size and a reliability of the
system [19]. Theoretically, behind the DSP a number of subfields lie, starting from a
discrete time system to the most complex algorithm, but a typical DSP system is often
realized in the following sequence: analogue to digital conversion (ADC), appropriate

DSP, digital to analogue conversion.
Multiplexers

In digital circuit design, a multiplexer is a combination of logic gates resulting into
circuits with two or more data inputs and one output. Main architectures are designed to 2-

tol, 4-to-1, 8-to-1 and 16-to-1. The Boolean equations for 2-tol and 4-to-1 are:

7=(45)+(B)

F=(45,5)+ (855)+ (cs,5)+ (DS, ) (4.2.15)

Digital Filters

Anti-aliasing filters are always analog filters as they process the signal before it is
sampled. In most cases, they are also low-pass filters [19], to remove the high frequency
content which would otherwise be aliased down, ultimately to appear as a lower frequency

signal contamination [75].

Besides, there are two main kinds of linear digital filter that operate in the time
domain; the finite impulse response (FIR) and the infinite impulse response (IIR) filters
variety. Only ever three operations that a processor uses to execute them: time shift,

multiplication and addition.
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R[4]

h[2] a[2]
O ~d 1=

a) FIR b) Typical IIR
Fig. 14 Block scheme diagrams of digital filters

Filter selection and criteria are predicated on efficiency, phase linearity, a
transition zone performance, and stability, ease of design and word length immunity. The

following Table 5 compares the main properties of FIR and IIR filters.

Table 5 FIR versus IIR
Property/Filter type FIR IIR
Unconditional stability Yes No
Phase distortion No Yes
Design ease Easy Difficult
Arbitrary response Easy Difficult
Computational load High Low
Word length immunity Good Poor
Analogue equivalent No Yes
Real time operation Yes Yes

Depending on the architecture (Harvard, Super Harvard, and Von Neumann [93])

DSP can vary for the different sequences of internal components.
Programmable gain amplifier (PGA)

PGA is an electronic amplifier and enabling a new level of signal-conditioning
performance in the sensor interface applications and data acquisition systems, targeting the

industrial and instrumentation markets. On the other hand, PGA is performing the circuits

-37-



requiring nonstandard gains, which mean the gains not easily achievable, the circuits

requiring low cost. An example of PGA can be seen in Fig 15.

I Y
-
=GAIN -
SENSE
-GAIN
DRIVE
+GAIN ,L
DRIVE kl:\"
<GAIN
SENSE I
~
5041 T~
=

+INPUT (1 -

Fig. 15 Functional block diagram of PGA from [3]

Several semiconductor manufacturers produce a range of DSP chips with different
capabilities. Most of the DSP chips are single processor devices. There exist chips that
integrate multiple DSP processors on the same chip such as the Texas Instruments
TMS320C8x, and Analog devices DSP-SHARC. Others combine a DSP processor with a
microcontroller such as the Motorola DSP568xx, and Freescale DSP56XXX [3, 23, 70,
and 95]. Due to capability of the work we have just considered on the main points of DSP
further detailed information can be found, for instance, logic system, gates and their theory
in [98], and more theoretical background and their Matlab examples can be found from

[99].

4.3 Communication system for sensors

4.3.1 Introduction

A communication system organizes not only the transferring of the pure data from
secondary signal processing, but also sending the messages, commands, instructions and
synchronization signals analogically (or digitally). A data to be transmitted in the

communication system can take a one of the following forms in Fig 16.

The four main challenges to the ground sensor communications system are
Operational Suitability (Does the system fulfill the functional requirements for a data

transport of the sensor data?), Robust Performance (a reliable and a robust performance in
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the face of a range of physical and electromagnetic environments and threats), Battery Life
(a energy efficiency), and Affordability (a low acquisition and a support cost, a long useful

life) [8].

[ o re | Ry [(2]Romy ] [Rx/Tx Je—>{Rx/Tx | Rx |l Tx

Tx —» Rx

a) Simplex b) Duplex ¢) Half-Duplex d) Full-Duplex

Fig. 16 Data transmission connection

The four main challenges to the ground sensor communications system are
Operational Suitability (Does the system fulfill the functional requirements for a data
transport of the sensor data?), Robust Performance (a reliable and a robust performance in
the face of a range of physical and electromagnetic environments and threats), Battery Life
(a energy efficiency), and Affordability (a low acquisition and a support cost, a long useful

life) [8].

The most of the communication systems are standardized and such standardized
systems are called an interface. The interface bus is a connection of the subsystem that
transfers the data between computer components [97]. The information or data to be
communicated can exist in either of two forms, whether through air or wire: analogue and

digital.

The process of altering one signal by means of another is known as modulation; an
original information is called the baseband signal, and the signal modulated by the
baseband signal is termed the carrier (because it “carries” the information) [44]. Such
modulation techniques are: amplitude, frequency, and phase, quadrature amplitude
modulation for analogue signals, and frequency shift, amplitude shift, phase shift keying,

pulse position modulation for digital signals.
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4.3.2 Analogue communication system

The most data collected by the sensors are continues and those signals provide
main two advantages: a less attenuation than those digital signals over the same distance,
and can be multiplexed to increase a bandwidth. In industry, the collection of equipment is
known as a measurement loop or a loop. Those loops can be divided into the three groups

such as a two, three, and four wire loop [15].

On the other hand, the analogue signals can be divided as the voltage signals
(voltage loop Fig 17b) and the current signals (current loop Fig 17a). The current signals
are standardized into two ranges: these are 4 to 20 mA, and 10 to 50mA, nowadays the
latter range has been dropped [100]. Sometimes it is enough to amplify the signal to a
level acceptable by the most of ADC, for example, £5V or £10V [97]. The advantage of
such signal is that it is independent of the changes of the resistance of connections (for
example caused by the change of the temperature). Under such assumption the data

transmission at distances up to 2 km is possible by current loop [97].

R
| S—
Ry,
Ru I 4-20 mA R " I R,
© ©
Sensor Receiver Sensor Receiver
a) Current loop b) Voltage loop

Fig. 17 Typical analogue measurement loops
Logic level

Two logical states of the signal are usually represented by two different voltages a
high and a low, but current is used in some logic families. When the signal is below from a
threshold, the logic is "low, (L)' when above "high, (H)". Intermediate levels are
undefined and the behavior of the connected circuits is highly implementation-specific.
Table 6 compares the most common logic levels. However, that level varies widely from

one system to another.
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Table 6 Common logic levels

Technology | L voltage (V) H voltage (V) Specification

DTL <2.7 8.2+15 In voltage

CMOS 0+U,, /2 U,,'2+U,, U ,, 1s the supply voltage
TTL 0+0.8 2+U, Uy, =5£10%

ECL U, +(-14) 1240 U, =-52

4.3.3 Digital communication system

The data represented by the digital bits can be transferred through a serial interface
or through a parallel interface. The advantages of digital communication systems are
numerous, such as reliable, easy for signaling, multiplexing, encryption, and compression

and others.

Serial interface: is the process of sending the data one bit at a time, sequentially,
over a communication channel or an interface bus. The most common serial interface
busses are: Serial Peripheral Interface (SPI) (Figl8a), Inter Integrated Circuit (I12C)
(Figl8b), UNI/O (Figl8c), 1-Wire (Figl8d), RS485 (Figl8e) and USB (Figl8f) [38 and
65].

Moreover, the data in the serial communication system can be transferred as an
asynchronous (or SCI, transmission of data without the use of an external clock signal) and

a synchronous (SPI).

Parallel interface: is a method of sending a data or the signals simultaneously
over the several channels contraversing to Serial interface. Examples of parallel interfaces
for computers are: Industry Standard Architecture, AT Attachment, Small Computer
System Interface, Peripheral Component Interconnect, and others. However, for laboratory

instrumentation a bus IEEE-488 was created by HP-IB, or commonly called GPIB.

GPIB: is a 24 pin, double sided, 8 bits, and electrically parallel bus. The standard
allows up to 15 devices to share a single physical bus of up to 20 meters total cable

length with the maximum data rate of 1 Mb/s.
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Fig. 18 Serial communication busses
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In spite of that, the communication system with their specification for the sensor

data transmission can be found from Table 7.

Table 7 Sensor data communication systems

Signal and Standards Specifications

Voltage signal (V) 0-10 (max 200m, R>2700€2)

Current signal (mA) 4-20 (max 2000m, R<750Q2)

Wired PAN

RS485 MP, M/S, 14254 units, <2MB/s, <1200m, R=120€2, various
protocols (Profibus, CAN, M-Bus, etc.)

RS232 Duplex, <15m, <19kb/s,

USB Plug&Play, <Sm, 1.0 (<12Mb/s), 2.0 (480Mb/s), 3.0 (<5Gb/s)

FireWire Serial bus for high speed transmission, Video, HDD, DVD,
IEEE 1394a (400Mb/s), IEEE 1394b (800Mb/s) , IEEE 1394c
(3200Mby/s)

HART Parallel analogue signal transmission, 100 KHz modulation

WPAN

IEEE 802.15.1
IEEE 802.15.4

Bluetooth, 720 kb/s, ver.1 <10m ver.3 <400 m
ZigBee, <250 kb/s, <100m

Wired LAN
IEEE 802.3 Ethernet 10 Base, 100 Base, 1000 Base
WLAN
TCP/IP protocol based Wi-Fi, VER: a (5GHz,54Mb/s), b
IEEE 802.11 (2,4GHz, 11Mb/s), g (2,4GHz ,54Mb/s), n (2,4/5GHz,

600Mb/s), y (3,7GHz ,54Mbys), ac (2,4/5GHz, 1000Mb/s)

4.4 Fundamental of electromagnetic waves

4.4.1 Introduction

Wireless communication system is becoming a more omnipresent in daily lives

ranging from a mobile communication system to local and personal area networks [6, 30,

58, and 67]. Furthermore, a short — range indoor wireless communication system is playing

a more important role with the emergence of a portable system as well as a prime

significant demand is to reduce the number of wires needed to be connected [88]. Above
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all, it avoids obstacles such as crossing objects owned by others but also in industry, there
was a large dream of generations of designers for wireless connections among sensors
fixed on rotating parts of machines and control systems however, there are many problems
in a realization of wireless communication in industrial applications [104]. The essence of
Maxwell’s equations is that a time-varying electric field produces a magnetic field, and the
time-varying magnetic field produces an electric field. The time-varying magnetic field

can be generated by an accelerated charge [43].

The interactions between a macroscopic material and the electromagnetic fields

can be generally described by Maxwell’s equations [11]:

VxD=p
VxB=0
(4.4.1)
VxH=0D/ot+J
VxE=-0B/ot
With the following constitutive relations:
D=¢E=(e'~ j&")E
B=uH =(u' ~ ju')H (4.4.2)

J=0oF
Where: H and E are the respectively, magnetic and electric field strength vector.
Bis the magnetic flux density vector, Dis the electric displacement vector, J is the
current density vector, pis the charge density, & =(g'— jg”)and ,uz(y'— j,u”)are the
complex permittivity and permeability of the material, and o is the conductivity of the
material.
Equations (4.4.1) to (4.4.2) indicate that the responses of the electromagnetic

material to electromagnetic fields are determined essentially by three constitutive

parameters, namely permittivity ¢ , permeability x , and conductivity o .

For low conductivity materials: the propagation of electromagnetic waves in a

medium is determined by the characteristic wave impedance 77 of the medium and the

wave velocity v in the medium complies:
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- [E
&
| (4.4.3)
V="

HE

Where: n=qu,/&, =376.7(Q), free space impedance, and

v=c=1/4 ue =2.998x10° (m/s) wave velocity in free space.

Sometimes, it is more convenient to use a complex propagation coefficient y to
describe the propagation of electromagnetic waves in the medium for low and high

conductivity materials:

y=a+jf=jo HE=J NME = (4.4.4)

. ) ’ o ) /a) o
y=a+ jf=joue jE:(“_J % (4.4.5)

Where: 7 is the complex index of refraction, @ is the angular frequency, « is the

attenuation coefficient, f =27/1 is the phase change coefficient, and A is the operating

wavelength in the medium.

A skin depth of the high conductivity material is:

2
S (4.4.6)

5=t
a \ouo

X

Because of the skin effect behavior of high conductivity materials at microwave

frequencies are mainly determined by their surface impedance Z g :

. E ou
Z =R +jX,=—"L=(1+j)|— 4.4.7
=R K=y L+ N5 (4.4.7)
Where: R = X = ;)—ﬂ are the surface resistance and reactance respectively.
(o}
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Most wireless systems must propagate signals through the nonideal environments.
Modes of radio wave propagation are given by Fig 19 particularly, the characteristics of

waves depend upon a path and a frequency of transmission [43, and74].

Radio waves

Tonospheric or Ground waves Tropospheric wave:
sky waves
Space waves Surface waves
Direct Reflected

Fig. 19 Electromagnetic radiation propagation

There are a variety of phenomena that occur when an electromagnetic wave is
incident. These phenomena are: Reflection, Scattering, Diffraction, Refraction,
Absorption, and Depolarization [20, and 87]. Path loss is the main constituent of
propagation and is a measure of the average radio wave attenuation experienced by the
propagated signal when it reaches the receiver, after having navigated through a path of

several wavelengths. Path loss is given by [104]:

P
PL,, =10log= (4.4.8)

t

Where: P and P are the respectively transmitted and received powers.

A number of research workers are dealing with RF (Radio Frequency) signal
propagation and penetration due to a development of the communication system. Many
measurements for both single-floor and multiple-floor propagation have been made in the
interest of determining the statistical properties of the propagation. Especially, a
penetration measurement which is based on the electromagnetic theory has drawn much

attention of many researchers [7, 10, 31, 101, and 102].
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4.4.2 RF Propagation models

The goal of propagation modeling is often to determine the probability of
satisfactory performance of a communication system or other system that is dependent
upon electromagnetic wave propagation. Generally, it is a good idea to employ two or
more independent models if they are available and use the results as bounds on the
expected performance. There are number of indoor propagation models are available as
mentioned before. Apparently, there are a number of the propagation model exist. The
most famous or well — known model is Friis transformation equation is states that [43, and

48]:

P =10log,, P +10log,, G, +10log,, G, +

4.4.9
+147.558—-20log,, f —20log,, d ( )

Where: Pand P are the apparently transmitted and received powers respectively.
G, and G.are the correspondingly transmitting and receiving antennas gains, d is the

distance (m), f is the specified operating frequency (MHz).

In spite of the mentioned models, there are several site — specific models proposed

by different resources, which are shown below.

The ITU site-general model for path loss prediction in an indoor propagation

environment is follows [87]:

L,,=20log, f+Nlog,d+Lf(n)-28 (4.4.10)

Where: N is the distance power decay index, f is the frequency (MHz), d is the
distance (m) (d >1), Lf(n)is the floor penetration loss factor and 7 is the number of
floors between the transmitter and the receiver.

The log — distance path loss model is another site general model and it yields [80]:

L, =PL(d,)+Nlog,(d/d,)+X, (4.4.11)

total
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Where: PL(d,)is the path loss at the reference distance, usually taken as
(theoretical) free-space loss at 1m, N/10is the path loss distance exponent X is a
Gaussian random variable with zero mean and standard deviation of o dB.

For frequencies between 800 MHz and 1.9 GHz, COST 231 reports the following

values for the path loss exponent [16]:

Table 8 Exponent function for different environment

Environment Exponent Propagation mechanism
Corridors 1.4-1.9 Wave guidance

Large open room 2 Free space loss

Furnished room 3 Free space loss+multipath
Densely furnished room 4 Non-Los, diffraction, scattering
Different floors 5 Loss of floor (wall)

The COST231-Hata Model is designed for a frequency range from 1.5 to 2 GHz
and is given by [9]:

L,.=%463+399log f —13.82logh, —ah,, +

4.4.12
+(44.9-6.55logh,)logd +C, ( )

Where: f'is the frequency (MHz), d is the link distance (m), 4, is the transmitter
height (m), #,is the receiver height (m), and C, is the 0 dB for soft and suburban areas, 3

dB for dense urban areas.

The path loss model referred in [1], the £FCC-33 model is defined as:

PL=A4, +4,,-G,~G. (4.4.13)

G, and G, are the free space attenuation, and individually

bm >

Where: A/.S, A

defined as:
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A, =92.4+20log,,d +20log,, /

A4, =20.41+9.831log,, d +7.894log,, f +9.56[log,, /1’

G, =log,,(h, 1200){13.958+5.8[log,, d]*}
G =[42.57+13.7log,, f1llog,, h —0.585]

(4.4.14)

Where: f is the frequency (GHz), d is the distance between two antennas (km),

h, is the transmitting antenna height (m), and 4, is the receiver antenna height (m).

As noted by [1], the predictions produced by the ECC-33 model do not lie on

straight lines when plotted against distance having a log scale.

Table 9 contrasts former propagation models.

Table 9 Comparison of propagation models

Model Environment App !1cat1(.)n Consideration
specification
Tndoor (includin 900 MHz-5.2 GHZ, Dependent on the distance power
ITU € Floor penetration 1 to  loss coefficient and floor loss

penetration)

Log-Distance Indoor or densely
populated area

COST231-Hata Orban, suburban,
dense urban areas

ECC-33 Suburban

3

Fading is taken into
account( by Gaussian
random variable)

1.5+2 GHz, up to 20
km

More suit to fixed
wireless system

penetration factor

Dependent on a path loss at the
reference distance (1km or 1 mile)

Requires: the base station antenna
is higher than all adjacent rooftops.

Dependent on the empirical
constants

4.4.3 RF Penetration

In recent years, there has been an increasing interest in using free space techniques

[29] for the measurement of electromagnetic properties of materials and for estimating

plasma parameters of magneto active plasma. The advantages of the free space method are:

inhomogeneous (unwanted higher order modes), nondestructive and contactless.

Fig 19 compares two methods, which are Transmission/Reflection (T/R) and

spread spectrum transmission system used for Non Line of Sight research [101].
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Receiver Transmitter Receiver Transmitter

Antenna Antenna Antenna — Antenna
a1 IR s
a) T/R method b) Schematic of Non Line of Sight Research

Fig. 20 Free space measurement method

As can be seen in Fig 20a, the T/R method requires a spot focusing lens. However,
in the case of wireless sensor signal penetration which is totally impossible. In contrast to,
the method is shown Fig: 20b has not used the lens, if when the antennas are not totally

separated then the diffraction and reflection would occur.
According to [102], the transmission coefficient into the wall is:

2
4.4.1
Itz (4.4.15)

and the transmission coefficient out of the wall is given by:

i_1+\/Z

Therefore, the loss power due to transmission (not attenuation inside the wall) is:

TT:

(4.4.16)

4\¢.
L=20log,|I,T,|=20log, e (4.4.17)

)

The multiple layered structure, According to transmission line theory, the overall
reflection coefficient (expressed in dB) for multilayer absorber at the air-absorber interface

can be expressed as [59] (Fig 21 left hand side):
R=20log(Z, -1)/(Z, +1} (4.4.18)

Where: Z,is the normalized impedance of i th layer.
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Fig. 21 Model of multilayer absorber

Another approach proposed by [47] as a numerical technique called Powell
method, to design radar absorbing materials (Fig 21 right hand side). According to author’s

formulation: The wave impedance Z can be calculated by a recurrence formula given by:

4 x| Ltk tanh(U, 4, )
' K, + Z, tanh(U, B

Z-k, {Zs + K, tanh(U, &, )}

K, +Z, tanh(U,, ) (4.4.19)

etc

Z _ K Zm + Km—l tanh((]m—lhm—l)

" " Km—l + Zm tanh((]m—lhm—l)
Where: K is the wave impedance of the layer m, given by:

U,

K =—"— (4.4.20)

0}7[ + Ja)gm

Where: @=27f is the radian frequency. U, is the propagation constant and:

U, =L +y (4.4.21)

=51 -



With the

L=jy sin@
77 (4.4.22)

2 2,
ym - _lumgma) + Jo-m/uma)

Now, we know the impedance, at the interface between the free-space incidence
regions. And the first layer, we can calculate the reflection coefficient of the layered

media. Itis given by:

R ZKO_ZI

4.4.2
" K, +Z (4.4.23)

Where: K, =377 cos @ is the wave impedance of the incidence region, for an angle

of incidence.

In addition, as noted by this method to design the radar absorption material for

both polarizations, the parallel and the perpendicular are the similar.

It can be concluded that a former model is an only function of the relative
permittivity, and the test was performed under the 0 dBm reference value. In contrast to
the second numerical method is a both functions of the permittivity, the permeability, and

the conductivity.

4.5 Spectrum analyzer, uncertainty evaluation, modeling and
simulation

4.5.1 Introduction

A French mathematician and physicist, named Jean Baptiste Joseph Fourier, who
lived from 1768 to 1830 also started to look at how signals are seen in another format, in
the frequency domain where signals are viewed as a function of their frequency rather than
time. He discovered that any waveform seen in the time domain, there is an equivalent

representation in the frequency domain as depicted by Fig 22 [35].

The main objective of spectrum analyzer or frequency domain analysis is better for

determining the harmonic content of a signal. The specialized application of the spectrum
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analyzer involves the monitoring of radio frequency (RF) interface, electromagnetic

interference, and electromagnetic compatibility.

Ty ~

Time domain Frequency domain
measurements measurements

Fig. 22 Time and frequency domain

There are two main types of the analyzer [36, 37, and 63]: Swept spectrum
analyzer (SSA): based on the superheterodyne principle, and most widely used type. Fast
Fourier transform based spectrum analyzer (FFTSA): use FFT, converting the signals into
digital format and analysis digitally. Both SSA and FFTSA technologies have their own
advantages. The more commonly used technology is the SSA as it the type used in general-
purpose analyzers enabling these analyzers to operate up to millimeter wave frequencies.
However, the SSA is only capable of detecting continuous signals, and they are not able to
capture any phase information. FFTSA technology is able to capture a sample very quickly
and then analyze it. As a result an FFTSA can capture short lived or one-shot phenomena.
They are also able to capture phase information. However, the disadvantage of the FFTSA

is that its frequency range is limited by the sampling rate of the ADC.

Nothing is perfect in the world, at least in the sense of a thing everything has two
sides, a positive (or a disadvantage) and a negative (an advantage). In a same manner, the
error for any particular error source is unknown and unknowable, its limits, at a given
confidence, must be estimated. This estimate is called the uncertainty. It is important to be
able to estimate the overall uncertainty, in particular, the test setup and measurement

equipment uncertainty.

Generally, modeling and simulation is a discipline for developing a level of
understanding and solving a particular problem of the interaction of the parts of a system,

and of the system as a whole.
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4.5.2 Superheterodyne principle for SSA

A simplified block diagram of the superheterodyne SSA analyzer is given by Fig
23.

RF input Log Envelope
attenuator Mixer IF gain IF filter amp detector

, s P K
£t >ty i ;é —>| ) S
. A
A

Y

Pre-selector, or Video
low-pass filter filter
Local
oscillator
Y
Reference
i oscillator |
Sweep .
generator Display

Fig. 23 Block diagram of a classic superheterodyne SSA

A signal flow of the analyzer is following: input signal passes through an
attenuator, then through a low-pass filter to a mixer, where it mixes with a signal from the
local oscillator (LO). Because the mixer is a non-linear device, its output includes not only
the two original signals, but also their harmonics and the sums and differences of the
original frequencies and their harmonics. If any of the mixed signals fall within the
passband of the intermediate-frequency (IF) filter. It is essentially rectified by the envelope
detector, digitized, and displayed. A ramp generator creates the horizontal movement
across the display from left to right. The ramp also tunes the LO so that its frequency
change is in proportion to the ramp voltage. The signal to be wanted to examine is either
above or below the LO frequency by the IF, then the sign of the equation can be either

minus or plus. The general form of tuning or mixing equation is:
fsig :nfLO if]F (4.5.1)

Where: f,is the signal frequency, f,,is the local LO, and f, is the IF

frequency, and nis the number of the LO.
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For a detection of the small signal, a filter skirt is used to determine how far down

the filter skirt is at a given offset, the following equation is useful:

0

H(Af):—lozvlogm[@—fj +1] (45.2)

Where: H (Af ) is the filter skirt rejection (dB), N is the number of filter poles, and
Af is the frequency offset from the center (Hz). f, is the offset frequency (Hz) and given
by:

RBW

fo :W (4.5.3)

The resolution affects sweep time, which determines a time of the measurement. IF
filters are band-limited circuits that require finite times to charge and discharge. In case of

the mixing products stay in the passband of the IF filter, the following relationship holds:

r__ RBW _(RBW)(ST) (4.5.4)
Span | ST Span

Where: T is the time in passband, RBW is the resolution bandwidth, S7 is the

sweep time.

On the other hand, the rise time of a filter is inversely proportional to its

bandwidth, with the constant proportionality & :

k

RT =—— (4.5.5)
RBW
Then if we resolve the sweep time from above equations we have:
k__ (RBW)ST) o7 - k(Spaiz ) gp__ k(Span) 4.5.6)
RBW Span or RBW?* or (RBW \VBW)

For the detection of the value several different detector modes that dramatically
effect how the signal to be displayed. For the optimum analysis, one of the following
detectors can be chosen: Sample, Maximum peak, Minimum peak, Normal, Average, Root

mean square, and Quasi peak. Some of those detectors are well understood, while some of
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them are more complex than that others and detailed study can be found from [2]. Other
important parameters of the spectrum analyzer include accuracy, sensitivity, and noise.
Modern spectrum analyzer producers provide detailed characteristics of such parameters

for instance Agilent Technologies.

4.5.3 Uncertainty evaluation

There are two classification systems are used in uncertainty evaluation. The two

classification utilized are the ISO and the engineering classification [45].

There are two types of uncertainty types for both groups. In the former case, Type
A, data for the calculation of the standard deviation (arises from random effects), while
Type B (arises from systematic effects) based on scientific judgment (previous

measurement data, equipment specifications, calibration, and others).

According to ISO classification method which we will use, the expanded

uncertainty of the system can be expressed by the following relationship:
1/2
UR,]SO = ilf)s [(UA )2 + (UB )2] (457)
Where: *1,, students ¢ for degrees of freedom.

Alternative confidences are permissible such as 99% or 99.7% however, for
uncertainty analysis 95% is recommended, other confidence is possible to obtain by

choosing the appropriate Student’s ¢ [94].

When the result of a measurement is presented, the expanded uncertainty of the
data can inform us a fitness of a result, on the other hand, a parameter associated with the
result of a measurement that characterizes the dispersion of the data that might be

expected.

Type A: standard uncertainty is usually expressed as the standard deviation (or
error) of the mean value of a set of independent measurements using the same instruments.

For normal distribution:

U, =s(g)= sla.) (4.5.8)
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Where: S(q) is the standard deviation (or standard error) of the mean value of a

distribution of data, s(q )is the standard deviation of values of ¢ , and 7 is the number of

i

measurement (or number of values of ¢ ).

Type B: the four most distributions are used, which are normal, rectangular,

triangular, and u shaped distributions. For the calculation analysis:
U,=axF, (4.5.9)
Where: a is the manufacturer-specified tolerance or error, and F;, is the
weighting factor. For normal distribution: F), =2, for rectangular distribution: F, =1/ «/g

, for triangular distribution: F;, =1/ J6 , and for u-shaped distribution: £, =1/ V2.

However, when the data which is provided by manufacturer as a tolerance or error

is unsymmetrical; the further analysis should be required.

4.5.4 Modeling and Simulation

Conceptually, the investigation of complex systems using mathematical models
and simulation may include the following steps where: Problem identification (problem
identification that is to be solved), System analysis (formulation of part of the system
which is relevant to the problem), Modeling (development of a model of the system),
Simulation (application of the model to the problem solution), and Validation (application

into a real system).

Nowadays, Matlab/Simulink provides a possibility of multidomain simulation,
model based design for dynamic and embedded systems, including set of block libraries.
Moreover, computer simulation software COMSOL, CST, and ANSYS are promising a
great opportunity not only for RF modeling, including optimum radiation frequency,
antenna impedance, and radiation pattern but also for the sensors such as MEMS sensors,
Hall, Piezoelectric, Accelerometers and others. The abilities of these products are not

limited by the above mentioned examples.
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5 EXPERIMENTAL PART

Introductory

In order to fulfill the goals of the work the experimental part is divided into the
three sections. In section 5.1, the sensor, analogue and digital signal processing is
analyzed. Next section 5.2 investigates a propagation of the electromagnetic signal in the
different indoor environments. The penetration of the signal trough some construction

medium is studied in a section 5.3.

5.1 Measurement of force in two axes

5.1.1 Introduction

Sensors based on the variation of the electric resistance of a device are very
common. The resistive sensors are used to solve many measurement problems [78]. They
are usually used for force, mass, pressure, torque, acceleration and deformation electric
measurements. Therefore, strain gauge sensor is chosen as an example from the field of

sensors to study and experiment.

Dependence of resistance to deformation and temperature can be expressed as:
R=R,, + Ry |C\(e + (a, — g Nt —25))+ C, (e + (e, — g Nt —25)) (5.1.1)

Where: R, is the resistance to temperature (L2), R,,sis the resistance of free
gauge at 25°C (Q), C,and C,are the constants, ¢ is the strain (m/m), «,and o« are the

coefficients of thermal expansion of material and silicon respectively (1/°C).

In this section, we examine the principle of two channels wireless force
measurement with the solution of, analogue, and digital signal conditioning circuits, as

well as a RF communication interface.
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5.1.2 Experimental model

In order to conduct the measurement process, the experimental model is
constructed as shown in Fig 24. As revealed by figure, that the model consists of two main
parts a sender (strain gauge bridge circuit, analogue signal conditioning, security circuit,

DSP, and antenna), and receiver (antenna, DSP, and USB connection to Data Acquisition

(DAQ)).

Power supply 2.4GHz

circuit
v v
- USB2.0
Strain gauge Analogue signal N Voltage N DSP Antenna R DAO

bridge circuit (By) conditioning circuit regulator Antenna DSp

Fig. 24 Block diagram of experimental model

A. Strain gauge bridge sensor
The semiconductor strain gauges have a very considerable and accurate change of
the electrical resistance with applied mechanical strain. In our case, the sensor is attached

on the two different deformation units as displayed below.

a ] b

L1 [

A S
a) Deformation units b) Acting forces b) Electrical scheme
Fig. 25 Block diagram of experimental model

The acting forces on the deformation units (Fig 25) have following relations:

F?=F!+F;

(5.12)
igp="F,/F,

The applied forces were executed by a force — spring system and calculated by

Hooke’s law:
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F =—kx (5.1.3)

Where: x is the stretched distance (m), and £ is the spring constant (in our case for

X:-930.4 for Y: -881.7) (N/m).

The output signal depends on the applied mechanical stress but also on the supply
current. The special stabilized power supply circuit designed with adjustable shunt
regulator TL431C and NPN small signal transistor BC547. The zero adjustment of the

bridge or the difference voltage is executed via a potentiometer P, and has the following

relationship:

Unut =O:IN,a(R1_aR)_IN,b(R3) (5.1.4)

Where: 7, and [, - are the parts current, a - is the fractional coefficient of the

potentiometer.

B. Analogue signal conditioning
The primary outputs from the sensors were in the range from 0.1 to 1 mV with
respect to the applied force. In this case, the amplification of the signal is obligatory for
further signal processing. According to some literature [78, and 97] chopper and
differential amplifiers are recommended for the very small DC signals. However, in
simplicity of the techniques, it would be of interest to certainly distinguish between the

operational, differential, and instrumentation amplifiers [34].

Fig 26 shows tested amplifiers as the analogue signal conditioning. As described in
Fig 26a, the main problem of the circuit is very different input impedance for inverting and

non — inverting inputs as known. In case of study the op —amp of OP1177, R, was 22KQ

and R, was 8.2KQ. The amplification is defined in below equation:

Upi=W,, +=U,, )R,/ R, (5.1.5)

inp inp—

The instrumentation amplifier is the IC with differential amplifier, which is attractive
due to its low cost general simplicity of the circuit in Fig 26b. In case of study, AD
620AN instrumentation amplifier is used for G =100, and is evaluated to the following

mathematical expression:

-60 -



UDlt[ = G(U U

inp+ -

i) (5.1.6)

Where: Gis the amplification factor and can be adjusted by a single resistor R,

according to:

o 49400 + R,
R

g

(5.1.7)

The goal of non — inverting connection as shown in Fig 26c¢ is to achieve very high
input impedance for both inputs. The bridge arms are loaded by the equal impedance. The
op — amps TLO71CN and TLO82CP types were used in the circuit. The amplification factor

is defined as:

R R,R
U =|(U -U)—2+U — 1.
out {( a b)Rl Pli| R1R3 (5 8)

R,

¢) Noninverting operational amplifier

Fig. 26 Amplifiers for analogue signal conditioning
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C. Voltage regulator

o—{ ] o
R /74/
U, U
o o

Fig. 27 Voltage regulator

One of the most common signal conditioners is the voltage regulator, which
transforms a varying voltage into a constant voltage either for power supply or for
referenced voltage applications. Voltage regulators are more usually considering an

operation from a single source of unregulated DC voltage source.

For a simple Zener diode voltage regulator as shown in Fig 27, the relationship

holds:

(5.1.9)

D. DSP and RF communication
The Freescale’s ZSTAR3 wireless kit is used to DSP and as the communication
system for the experimental model. The reasons are being that: the MC1321x family is
Freescale’s RF transceiver, which is an IEEE 802.15.4 standard compliant radio that
operates a low power (ImW) in the 2.4 GHz range. For the same frequency band, the
MCI13191 is a short range, low power which contains a complete packet data modem

which is compliant with the IEEE 802.15.4 Standard PHY (Physical) layer.
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A) B)

Buttons PCB Antenna
Mc13213 Mc13191
Crystal Input from Sensor LED Buttons

to the ADC of uC

MCHC908JW32
LED PCB Antenna

A type USB plug

a) a Sender b) a Receiver

Fig. 28 ZSTARS3 kit from Freescale Semiconductor[22]

From the Fig 28a, in the sender, the original accelerometer sensor is removed. The
outputs from primary signal conditioning circuits are connected through the voltage

regulator to the ADC of the microcontroller. The main tasks of the Sensor Board are:

e Periodically wake — up from power saving mode

e Measure all three XY force values from the full bridge circuit
e Compose a data frame using simple The ZSTAR3 RF Protocol
e Use SMAC to send this data frame over the RF link

e Gotosleep

In contrast to there are two main tasks of the USB stick board or the receiver (Fig 28b):

e Receive the data from the MC13191 transceiver and store in the RAM
buffer.

e Handle the USB module communication, decode and provide the data

from the RAM buffer.
Fig 29 indicates a system level block diagram of the MC13213 MCU. RIN_M and
RIN_P are the bi — directional negative and positive RF ports respectively, for the internal
low noise amplifier and power amplifier. PAO P and PAO M are the positive and
negative modem power amplifiers for RF outputs. As suggested by manufacturer those
pins should be connected when internal T/R switch is used to the modem analog regulated

supply output.
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Generator
802.15.4 Modem HCS08 MCU

Fig. 29 MC13213 system level block diagram [26]

The basic system block diagram of the MC13191 MCU is provided by Fig 30 in
an application. Interface with the transceiver is accomplished through a 4-wire SPI port
and interrupt request line. The media access control, drivers, and network and application
software (as required) reside on the host processor. The host can vary from a simple 8-bit

device up to a sophisticated 64-bit processor depending on application requirements.

‘ MC13181 Microcontroller
ROM
Analog Receiver » Contral SPI SRl |'FLath'
Logic and GPIO » L] 5
h T =
. % RAM
| | Frequency |, | Z & 5
Generation E g ‘E E ” e
= < £ U i
‘ r g g || g
Analog I Application
Transmitter
} l Network
Yoltage Power Up | MAC
Regulators Management i FAM
‘ PHY Driver

Fig. 30 MS13191 system level block diagram [25]

For the USB board operation MCHC908JW32 hardware modules are used: 32 kb
flash, 1 kb Random Access Memory, 34 General Purpose Input Output, SPI, as well as

USB 2.0.
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The scheme for one transmission/sleep cycle is used for a typical data transfer:

MC 13213 MCU:

Run Run
Stop| Set up new message Stop Plan next RX Stop
and set RF modem window

Mc13213 RF Modem:

RX Doze X Doze
A N 3 .
< . . » . Time
Transmit time depends on sensor index Sensor being measured >
Received Master Data
Pylon Message transmitted

Fig. 31 Transmission sleep cycle at 30 Hz data rate [22]

As stated in Fig 31, MCU remain most of the time in Doze/Stop modes, by means
of current consumption is very low: in operation mode 1.8 to 3.9 mA, in sleep mode less

than 900 nA.

On the other hand, all data is transferred in so — called Zpacket, which is a simple
time based protocol for an RF transfer of information between sensor boards and the USB
receiver. The ZSTAR Zpacket is contained inside the MC1319x/MC1321x standard packet
structure, which is consistent with the IEEE 802.15.4 Standard.

As has been demonstrated by Fig 32, the Zpacket format includes Network
number, RX strength, Zcommand, and Zdata. MC 13213 packet structure contains Start of
Frame Delimiter (SFD), Frame Length Indicator (FLI), and Frame Check Sequence (FCS).

Preamble SFD FLI Payload Data FSC
N
— = = \‘\
SMAC Packet Structure \
Packet control
Field SMAC Payload

SMAC Packet Structure

RX

Network number Strength Zcommnad Zdata

Fig. 32 Zpacket format for data transmission
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The wireless communication with the sensors through the 2.4 GHz band, data rate
of the sensor is 30, 60 or 120 Hz, and the sensor sensitivity is defined by the strain gauge

bridge circuit.

E. Measurement procedure

Fig. 33 Photograph of experimental model

As can be seen in Fig 33, the experimental model is consisting of strain gauge
bridge circuit (1), force — spring system (2), power supply and analogue signal processing
circuit (3), voltage regulator (4), and DSP and communication interface is used Zstar3 kit

without sensor (5). The unit 5 was communicated via wirelessly with DAQ.

The deformation unit is loaded in two axes by the forces of F, ,Fyand

contemporaneously varied 0 to 25N. The mechanical strain is measured for both directions

by the semiconductor full strain gauge in the bridge circuit. Both output voltagesU , U,

are amplified by amplifiers and regulated by Zener circuit finally connected to the MCU
on the Zsrar3 kit. 2.4 GHz RF communication is established between the sensor and
receiver board. The receiver board is connected to the DAQ by USB, and data are acquired
at 30 Hz rate. In order for study cross sensitivity of two axes the measurement is repeated

when the different amounts of forces were applied to the rest of the axis.
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5.1.3 Result and Discussion

The previous study has revealed that, the instrumentation amplifier gives a more
linear characteristic between the applied force and the output voltage, than those

operational and differential amplifiers [34, and 61].

[}
=}
©
> -100f- B
z
]
T ost B
110r — BN 4
) / —Fy=3.96, N
sl —Fy=925,N | |
) ~ Fy=14.54,N
ol —Fy=19.83,N| |
Fy=25.13,N
125 ; fo 1'5 25 25
Force, N
a) Relationship between F_and X raw value
100 T T
-1051 il
110 /’// B
)
E p
< e
Z 115k e 4
d
< S
E
120+ I —Fx=0, N i
—Fx=3.72,N
/ —Fx=8.37,N
— Fx=13.95,N
T / —Fx=19.53, N
Fx=25.11, N
150 , ‘ , ‘
0 5 10 15 20 25
Force, N

b) Relationship between F,and Y raw value

Fig. 34 Measured data of wireless force measurement
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The tendency of the differential amplifier was unstable, in contrast to the findings
for operational amplifier were both unstable and too high for further application of the
signals. The signal condition for very small change of resistance the instrumentation

amplifier is suitable [34].

As depicted in the Fig 34, both measured results are merely linear. However, X —
axis measurements tend to be more nonlinear than that Y axis in any case of cross channel
of values. The applied forces were acquired as a raw value: which means basic data of the
sensor in general text format over a virtual serial port. On the other hand, raw value is

unprocessed data after wireless transmission.

Table 10 F_dependence analysis

F y >N Voltage (V)  Min Max Average SD

0 0.044 -124.00 -123.90 -123.95 0.05
3.96 0.197 -108.93 -108.88 -108.91 0.01
9.25 0.276 -101.58 -100.91 -101.03 0.27
14.54 0.357 -93.86 -92.82 -93.14 0.44
19.83 0.438 -85.83 -84.81 -85.12 0.45
25.13 0.512 -77.81 -76.80 -77.14 0.49

Table 11 F, dependence analysis

F. N Voltage (V)  Min Max Average SD

0 0.001 -127.00 -127.00 -127.00 0.00
3.72 0.099 -124.08 -124.00 -124.02 0.03
8.37 0.160 -119.00 -119.00 -119.00 0.00
13.95 0.222 -113.00 -113.00 -113.00 0.00
19.53 0.282 -107.00 -107.00 -107.00 0.00
25.11 0.344 -101.91 -101.00 -101.31 0.46
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A maximum cross sensitivity for X — axis is calculated to be -0.037 (raw/N), the
same parameters are evaluated for Y — axis, which is lower that hat former one and found
to be 0.13 (raw/N). The Tables 10 and 11 evaluates the measured results for the final

parameter evaluation for the constructed experimental model as given by Table 12.

Then the summarized sensor model can be expressed with the following standard

evaluation. Detailed statistical analysis can be found from appendix A.

Table 12: Model summery

F_ Model Summary

Model R R Square Adjusted R Square ~ Mean Error of the Estimate

F vsRawvalue 098la  0.962 0.952 2.093

a. Predictors: (Constant), Raw value

F, Model Summary

Model R R Square Adjusted R Square ~ Mean Error of the Estimate

F vsRaw value 0.998a  0.997 0.996 0.624
)

a. Predictors: (Constant), Raw value

As can be seen, Y axis model has more linear results than that rest of the axis case.
The difference may can be eliminated by readjusting the sensor position. One of the
principle benefits of the latest tendency is the strong suggestion that all the uncertainty

contributions should be listed in a table along with their probability distribution.

Usually, but not often the uncertainty distribution is considered to be normally
distributed when the uncertainty disturbance is combined. Estimating measurement
uncertainty, the a-priori distribution would be applied to processes known to produce
tightly clustered centrally located data; so it is called a-priori because the analyst needs
prior knowledge of the process to which it is applied. According to Table 13, the latter
calculation has clearly specified that the uncertainty value of 4.32% corresponds to the
confidence level of 95%. However, it should be noted that the values are only known

uncertainty provided by the manufacturer.
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Table 13: Uncertainty budget of experimental measurement

Source Accuracy Type Eﬂ:ﬁ?ﬁﬁggﬂ }Zf;iogrhting Uncertainty
SD error F, 0.93 A - - 0.93
SD error F, 0.27 A - - 0.27
Sensor

Thermal drift 0.02 B U shaped 1/5qrt(2) 0.01
Sensitivity 0.03 B Normal 2 0.06
Hysteresis 0.05 B U shaped 1/5qrt(2) 0.04
Stability 0.05 B Normal 2 0.10
Power supply

Accuracy 0.5 B Normal 2 1.00
Jomperature 0.02 B Ushaped  1/sqrt(2)  0.01
Multimeter 0.53 B Normal 2 1.06
AD620an 0.3 Normal 2 0.60
DSP 1 Rectangular  1/sqrt(3) 0.57
95% confidence expanded uncertaintyt =2.228 4.32
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5.2  Measurement of RF signal propagation

5.2.1 Introduction

Ubiquitous communication requires anytime, anywhere connectivity, leading to a
spectrum crowded with users seeking reliable, high data rate communications in
potentially dense geographies, especially in indoor environments. The amount of
frequency spectrums available to Wireless Local Area Networks (WLAN) and Wireless
Personal Area Networks (WPAN) is limited, with no relief in sight. As WLAN and
WPAN rise in popularity, they will be required to carry increasingly larger amounts of data
for multimedia and other services, while at the same time, overcrowding of these bands

can lead to service degradation and undermine the goals of ubiquitous computing.

5.2.2 Site description

During the measurement of the propagation three kinds of laboratory rooms and
some corridors are considered as the environments. Each room is equipped by different
devices and equipments. Furthermore, the corridors are differed by its architecture from

each other. Detailed descriptions of the sites are given below.

A. Laboratory room 306
This room is intended to study a classical sensor system and equipped by
corresponding devices. Prevailing equipments are: power suppliers, multimeters, several
personal computers, and the sensor units such as a strain gauge, capacitive sensors,
Proportional Integral Derivative regulator and others. However, all the time during the
measurement the laboratory devices were inactive. A floor plan of the room can be seen in

Appendix B.

B. Laboratory room 309
With compared to the former room this room does not comprise such sensor
devices but, equipped by Laboratories of Integrated Automation, which are new modern
laboratories accessible locally and remotely controllable by an internet. There are about 10

personal computers furnished in the room, floor plan of the room is in Appendix C.
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C. Industrial hall 107
This room is dedicated for production engineering students. Therefore, the
laboratory room is a well equipped with production machines such as CNCs, drilling
stations, laser cutter, as well as one robot. This room is expected to be industrial hall (Fig

35) or environment with a noise Appendix D.

Fig. 35 Photograph of the Room 107

D. Corridors
The corridor has a U — shape. Each sleeve of the corridor is assumed to be a
different environment due to its architecture. For instance, in a Corridor 1 there is a
wireless router, a Corridor 2 is widest, and Corridor 3 leads to spectrum analyzer

laboratory room. The floor plans of the corridors are given by Appendix E.

5.2.3 Measurement setup

In study case, a SMR20 microwave signal generator and FSP spectrum analyzers
are used. For the 2.4 GHz frequency measurement, the same condition applied with a later

description. Photo of the measurement set is given by Fig 36.
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Fig. 36 Photograph of instruments

During the both propagation and penetration measurement, the frequency was
increasing 1 GHz to 8 GHz with a step frequency of 1 MHz, for five different power
levels, which are -10dBm, -20dBm, -30dBm, -40dBm, and -50dBm. In each indoor
propagation scenario, the transmitter and receiver distances were 4m, 5.35m, and 7m. One
measurement with the each setting of the parameter is repeated 10 times for a true

statistical calculation.

The distances between transmitter and receiver were considered to be far — field

measurement, according to Fraunhoffer region [43], which is:

2D’
A

d>

(5.2.1)

Where: d is the far field distance (m), Dis the maximum linear dimension of the

antenna (m), and A is the wavelength (m).

The following Table 14 shows the measurement constants and holds during both

propagation and absorption measurement procedure; even so, the parameters are tunable.
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Table 14: Measurement constants

Constants Value Unit
Step 100 MHz
Span 100 KHz
RBW 3000 -
Sweep Time 10 s

When considering indoor RF propagation, it is apparent in many cases propagation
depends upon reflection, diffraction, scattering and fading by means of multipath, which
individually can degrade and grade the signal. Fig 37 shows a general measurement setup

for propagation measurement.

AGILENT VEE
PRO 7.5
Receiver Transmitter
Antenna Antenna
UFA-147B, lll[li] I:’
USB
Analyzer-FSP40 Obstacles
LMR-195, 1=6.5m
Generator-SMR20
GPIB
Af, and AP

Fig. 37 Propagation measurement setup

The data are acquired in the computer by using a software Agilent VEE Pro
version of 7.5. Illustrations of the source code and user application window are given by

Fig 37 and Fig 38 [83].
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Fig. 38 Source code of software created in Agilent VEE Pro
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Fig. 39 Appearance of user application window
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The actual received power with regard to the existing noise is assumed to be:
P=P-2G,-P, (5.2.2)

Where: P is the received power (dBm) P - is the transmitted (dBm), G, is the gain

of the antenna (dBi), P, is the noise floor level (measured without generator) (dBm)

A measurement with the Zstar3 kit, a setup is accomplished with analyzer and
receiver antenna. The analyzer was calibrated to measure adjacent channel power
measurement configuration. Different types of detectors are used such as: RMS, MAXH,
MINH, and Average detectors. The sender of the kit is located in the same distances as
mentioned former. All the time of measurement the sensor was transmitting the signal to
the receiver which is connected to the laptop in order to avoid from a sleep mode. In a
same channel, the receiver and sender were communicating therefore, the signal of the

receiver should be subtracted from the measured signal, which is:

P =F-G,-F,-P, (5.2.3)

Where: P, - is the measured USB signal level (dBm).

A reference value of the kit is considered to be 0 dBm according to the Federal
Communication Commission rule. Then the total path loss model is computed by using

Equation (4.4.8) with regard to the transmitted power.

5.2.4 Result and Discussion

The Figures 40 to 42 depicts the path loss models for different corridor scenario. In
general case, the path losses were increasing proportionally with regard to the distance
between transmitter and receiver. The measurements in 7m distance, the path losses
resulted in higher value respect to the all measurements. In contrast to, 4m and 5.35m
cases, the path losses were fluctuating by several tens of dB. Appendixes F to H evaluates
the mean path loss values for five different power levels in corridors. During the
measurement in the corridor 1, the noticeable low path loss values are: for 7m range 1.4,
2.1, 2.8, 3.9, and 4.1 GHz and for 5.35m range 3.9, 5.3, and 6.5 GHz, for 4m range 1.7,
2.1,3,3.3,4.1,5, 6.2, and 7.3 GHz frequency bands resulted respectively.
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Fig. 41 Path loss measurement in corridor 2
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Fig. 42 Path loss measurement in corridor 3

In corridor 2, for 7m interval measurement the result was similar with a former
circumstance. In contrast to, in 3.1 and 3.8 GHz frequency bands tend to have similar low
path loss values. However, 5.35 m distance the lowest losses are measured in 5.4, 6.2 and

7.1 GHz occasions.

Throughout the measurement in the corridor 3, in the 4 m distance the lowest path
losses are resulted in 2, 2.9, 6.6, and 6.8 GHz cases. For a 5.35m transmission distance,
1.2, 3.2-3.6, 4.7, and 6.6 GHz frequency bands resulted in a respectively low loss.
Interesting situation is occurred for a 3.6 GHz transmission showed the same low values
for 7 and 5.35m ranges. Mean path loss (five different power levels) evaluations for rooms

are provided by Appendixes, I and J.

The latter Figures 43 and 44 illustrates measured path loss models for the rooms.
For the time of the test in the rooms, in respectively short transmission range by means of
4 m 1.7 frequency bands resulted for a low loss value for the both rooms. However, for the

rest of the measurement, the condition has departed.

-79 -



65 T T

—D=4m

0P|

55

Path loss, dB

)
O

30

25

20 I I I I I I
1 2 3 4 5 6 7 8

Frequency, GHz
Fig. 43 Path loss measurement in room 309

60 T T I
N “\ \ —D=4m
\ = \ —D=535m

—D=7Tm

Path loss, dB

25 1 1 1 L 1 1

1 2 3 4 5 6 7 8
Frequency, GHz

Fig. 44 Path loss measurement in room 306
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Fig. 45 Path loss measurement of zstar3 kit

In order to investigate a hypothesis of measurements with Zstar3 kit the measured
results are given by Fig 45. From the measured result, the path loss models in the corridor
land 3, room 309 tends to decrease with respect to the distance. In contrast to, the
measured results in the industrial hall were increasing. It should be noted that during the
measurement in the industrial hall, a drilling machine was in an operation randomly. From
the compared result, it is clear that FSPL and ITU (with power decay index value of 18)
models were merely suit to the outcome. It should be notable that, the measured values of

Zstar3 kit can fluctuate by +3 dB, due to changing detector of the analyzer.

Above all comparative estimates are possible to be clarified by contrasting the
result to each other as well as with propagation models. Fig 46 compares the measured
results in the corridors. As is often the case, the tendencies of path loss values were merely
similar; a small difference may can be explained by the indoor architecture and sudden
external influence, which means the reflection, refraction and the multipath. However, a
noticeable remark lies in corridor] especially in 4 m transmission distance; the loss values

are measured to be relatively low in some frequency bands.
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Fig. 46 Path loss comparisons in corridors

With comparison to the empirical propagation models, previous contributions [60,
and 62] have revealed that ECC-33 model has much differed from the measured result and
COST231-Hata model is designed for 1.5 to 2 GHz frequency bands. As can be seen in Fig
45, there is very probable to predict the path loss by Log — distance model for a maximum
loss, by neither FSPL nor ITU (corridor) for the 1 to 2.8 GHz frequency bands in the
corridors scenario for 4 m distance. For 5.35m transmission distance the former
assumptions are predicted up to 2.4 GHz and for 2.5 GHz for 7 m range. With
comparability to the COST231-Hata model is predicted to be higher loss values than that

Log-Distance model.

Table 15 computes the partial correlation analysis for the measured results in the
corridors. As demonstrated by detailed analyses there are a quite strong positive
correlation between for various indoor scenarios and different power levels with a control
variable of the frequency from 1 to 8 GHz bands. During the test of propagation in -10
dBm power, there was a null hypothesis. However, with a comparison to others, it appears

that it would have been affected by the external unsought influence.
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Table 15 Partial correlation analysis for Corridors Corridor 1

4m 535m 7m

-10 -20 -30 -40 -50 -10 -20 -30 -40 -50 -10 -20 -30 -40 -50
-10 1.000 0.998 0.998 0.960 | -10 0.999 0.997 0.994 09251 -10 1.000 0.998 0.996 0.993
-20 1.000 0.998 0.998 0.960 | -20 0.999 0.999 0.992 0.920 | -20 1.000 0.998 0.996 0.994
-30 0.998 0.998 0.997 0.962 | -30 0.997 0.999 0.989 0.912 ] -30 0.998 0.998 0.999 0.996
-40 0.998 0.998 0.997 0.973 | -40 0.994 0.992 0.989 0.955 | -40 0.996 0.996 0.999 0.996
-50 0.960 0.960 0.962 0.973 -50 0.925 0.920 0912 0.955 -50 0.993 0.994 0.996 0.996

Corridor 2

-10 -20 -30 -40 -50 -10 -20 -30 -40 -50 -10 -20 -30 -40 -50
-10 0.553 1.000 0.999 0.991 [ -10 1.000 1.000 0.998 0.982 ] -10 1.000 0.999 0.998 0.983
-20 0.553 0.557 0.557 0.550 | -20 1.000 1.000 0.998 0.983 ] -20 1.000 1.000 0.998 0.984
-30 1.000 0.557 0.999 0.992 ] -30 1.000 1.000 0.999 0.983 ] -30 0.999 1.000 0.999 0.986
-40 0.999 0.557 0.999 0.995 | -40 0.998 0.998 0.999 0.985 | -40 0.998 0.998 0.999 0.991
-50 0.991 0.550 0.992 0.995 -50 0.982 0.983 0.983 0.985 -50 0.983 0.984 0.986 0.991

Corridor 3

-10 -20 -30 -40 -50 -10 -20 -30 -40 -50 -10 -20 -30 -40 -50
-10 0.999 0.999 0.999 0.992 | -10 1.000 0.999 0.997 0.962 | -10 0.200 0.203 0.197 0.201
-20 0.999 1.000 0.999 0.993 | -20 1.000 1.000 0.997 0.964 | -20 0.200 1.000 0.999 0.994
-30 0.999 1.000 1.000 0.994 | -30 0.999 1.000 0.998 0.967 | -30 0.203 1.000 0.999 0.995
-40 0.999 0.999 1.000 0.996 | -40 0.997 0.997 0.998 0.975 | -40 0.197 0.999 0.999 0.997
-50 0.992 0.993 0.994 0.996 -50 0.962 0.964 0.967 0.975 -50 0.201 0994 0.995 0.997

Control variable: frequency (1+8 GHz), Significance: (2-tailed)<0.0001, >0.05, Degree of freedom 68
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Fig. 47 Path loss comparisons in rooms

Fig 47 depicts the compared results of the measurement in the rooms. A similar
tendency repeated in the range between 1 to 2.9 frequencies bands for the 4 m range. In the
rest of the transmission distance, the hypotheses are predicted up to 2.2 GHz frequency
bands. Controversially, ITU model which has the distance power decay value of 28 tends
to predict close path loss values with the measurement from 4 GHz to 8 GHz frequency
bands. Nonetheless, it has a trend to predict a higher value with respect to an increase of
the transmission distance. = The correlation analyses of the measurement result in the
rooms are displayed in Table 16. The results of the analyses state that there are robust
positive relations for different power levels in varying indoor schemes. In all occasions of
diagnosis of the significance levels were lower than 0.0001. Therefore, from all former
issues it possibly can be concluded that with respect to the change of transmission distance
the path loss tends to be undistinguishable from each other in indoor scenario. Log-
Distance, FSPL models apparently potential to predict a path loss evaluation as boundary
conditions for the sensor communication system up to the 3 GHz frequency bands. In

heavily furnished indoor scenario the ITU (N=28+33) model appears to be convenient.
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Table 16 Partial correlation analysis for Rooms Room 309

4m 535m 7m

-10 -20 -30 -40 -50 -10 -20 -30 -40 -50 -10 -20 -30 -40 -50
-10 0.996 0.997 0.994 0.882 ] -10 0.995 0.995 0.991 0.700
-20 0.996 0.996 0.996 0.892 ( -20 0.995 0.999 0.994 0.680
-30 0.997 0.996 0.996 0.885 | -30 0.995 0.999 0.996 0.680
-40 0.994 0.996 0.996 0.889 | -40 0.991 0.994 0.996 0.690
-50 0.882 0.892 0.885 0.889 -50 0.699 0.680 0.678 0.687

Room 306

4m 535m 7m

-10 -20 -30 -40 -50 -10 -20 -30 -40 -50 -10 -20 -30 -40 -50
-10 0.999 0.999 0.999 0.995] -10 0.999 0996 0.970 0.837] -10 1.000 0.998 0.993 0.957
-20 0.999 1.000 0.999 0.995 | -20 0.999 0.998 0.974 0.845 | -20 1.000 0.998 0.994 0.959
-30 0.999 1.000 0.999 0.996 | -30 0.996 0.998 0.984 0.871 | -30 0.998 0.998 0.997 0.967
-40 0.999 0.999 0.999 0.997 | -40 0.970 0.974 0.984 0.939 | -40 0.993 0.994 0.997 0.980
-50 0.995 0995 0.996 0.997 -50 0.837 0.845 0.871 0.939 -50 0.957 0.959 0.967 0.980

Control variable: frequency (1+8 GHz), Significance: (2-tailed)<0.0001, Degree of freedom 68

As stated in Table 17, the correlation coefficients tend to decrease with -50dBm transmitted power. With comparison to the

evaluation in the corridors the significance level was lower than 0.0001 for all cases.
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The uncertainties of high precision measurement techniques such as the SMR20
signal generator and FSP40 spectrum analyzer from Rohde&Schwarz were evaluated from
the manufacturer company is applicable and used to estimate the uncertainty of these

measurements. In addition, the normal distribution is chosen.

Attenuation or uncertainty of the LMR — 195 coaxial cable for 100m is given by
Equation (5.2.4).

U s = F (1.17086)7 + (0.00154) ) (5.2.4)
Where: the frequency f is in (MHz). In our case 6.5 m cable, and the weighting

factor F,, =1/ x/E for U distribution is used [32].

Maximum cable assembly attenuation for the UFA147B cable can be calculated by

using the following equation:

Uppasrs = Fy (L% (01481 +0.004+ C,[f + C,f) (5.2.5)

Where: Lis the length (f) (1.5), C andC,are the connector constants (0.03 for
straight connector), and the frequency is in (GHz).

The uncertainties diverge for the HF906 antennas can be evaluated by using

Voltage Standing Wave Ratio (VSWR) of the antenna as follows:

U(A+) =F, (20 10g10 (1 +I0T, ))

5.2.6
Uiy =Fy (20 log, (1 -, )) ( |

Where: I’ and T, are the reflection coefficients of the receiving and transmitting

antennas respectively. When considering the same antennas I', =TI, ,and the expression

relative to the VSWR is:
- VSWR —1 (5.2.7)
VSWR +1

Where: VSWR =3is used from 1 to 1.5 GHz range, and VSWR =2 for the rest of

the frequency bands as provided by the manufacturer company.
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A half width of the uncertainty interval of the antenna is regarded as the measure

of the uncertainty:

U, -U
AU, =t (5.2.8)

The uncertainty values such as the analyzer and signal generator were given for

95% confidence level as follows:

U, = U;MR + UI-Z“SP (5.2.9)
Where: Ug,, =1 is uncertainty of the signal generator (dB), U, =0.259is the

uncertainty of the spectrum analyzer.

The rest of the system units supposed to be computed for the same level of the

confidence level which is 95%, the system units are calculated by using Equation (5.2.10).

U,= Z\/Uz + ULZMRIQS + Ulz/FA147B + AU; (5.2.10)

Where: ¢ =1.671 is the Student’s ¢ distribution value for the degree of freedom 68
for the confidence interval of 95%. U is the uncertainty of the measured result or mean
error. This error is chosen to be a maximum value of error along with the same distribution

conditions from Appendixes F to H for corridorsU ., = o and Appendixes I and J

C,max

for roomsU, =o

R,max *

Then the total expanded system uncertainties are estimated for the Room (Ug,)

based uncertainty of corridors (U, ), and for Corridors (U . ) based ona (U ,, ) is:

U, =+JU> +U’ (5.2.11)

For the estimation of uncertainty with ZStar3 kit measurement the following

expression is proposed:

Ug = Iy UlleA + U;sp (5.2.12)

It should be noted that, the uncertainty of the antenna is not included in this
calculation due to a license of the product.
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As has been demonstrated by an uncertainty budget in Appendix K, the
uncertainties of the measurement were ranging from 6.104 to 9.719 dB in the corridors
with respect to the frequency. During the measurement in the rooms, the statements were
almost lower by 1dB, which is 5.303 to 9.702 regarding the frequency ranges. A maximum
uncertainty of ZStar3 kit found to 1.708 dB. However, as mentioned former the antennas

are left behind the estimation.

5.3 Measurement of RF signal penetration

5.3.1 Introduction

In recent years, bringing a reliable communication and transmission in an indoor
scenario via wirelessly due to its advantages, which is the elimination of the electric wire
as well as a conveyance with a moving object is emerging. Considering that the
electromagnetic radiation trough a commercial construction material has been drawing
particular attention. From the sensor communication system point of view a wide
frequency range for an ultra-low power transmission level consideration would be useful
for a further development. Moreover, the fires, accidents, and other unforeseen incidents
are just another day in the life of firefighters; hence the same frequency ranges were tested

with 10 dBm transmission power.

5.3.2 Material and site description

A. Descriptions of the tested material
In order to achieve a reliable connection of the RF measurement system, a property
of the electromagnetic radiation trough a construction material such as concrete, brick, and
glass are paid a special attention here. Mechanical characteristics of the material under the

test are drawn in Fig 48.
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Fig. 48 Tested material and their mechanical dimensions

As can be seen, the wooden door was a fire resistance specific application door,
and a glass door contains 12x12mm metal wire set. The wall is constructed by blocks,
bricks and wooden attachment for the clothes hanger. The relative parameters are in

Table 17 [13, 39, 56, 66, 71, and 103].

Table 17 Relative parameters of the materials

Concrete Brick Glass Wood
Permeability 0.97 0.99 0.99 0.81
Permittivity 6.14 3.58-4.44 5.98 2-4
Conductivity 0.1-0.41 0.12 0.35 0.07-0.87
Loss tangent 0.32 0.07 0.01 0.14

One of a most interesting measurement is carried out with a protective fir —

fighting garment from DEVA F-M. s.r.0. according to EN 469: 2005 standard.

A photograph of the suit and the materials are illustrated in Fig 49, as can be seen
that NOMEX Diamond Ultra fabric is considered to be a composition of the three

materials.
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a) a Photograph of the suite b) a Photograph of the materials
Fig. 49 TIGER Plus — fire fighting garment from [17]

The approximate thickness of the fabrics can be expected from their densities.
However, the necessarily of the accuracy might have a low reliability. The parameters of
the materials are tested in Faculty of Technology for different frequency bands, and the
average value is used. A material composition and their relative characteristics are

provided by Table 18.

Table 18 Material composition and relative parameters of the suit

Material composition Content e (Re) & (Im) LossTan  Thickness, mm
NOMEX Diamond Ultra

210 1.600 0.010 0.005 0.234
(orange, red, dark blue)
GORE-TEX Fiberblocker N 140 1.382 0.020 0.014 0.183
NOMEX Comfort/Aramid Gird 200 1.588 0.009 0.005 0.229

B. Description of the site for fireman suit measurement
The measurement of the penetration trough firemen garment is tested at the gym

rooms of the university. A reason to select these environments was, in order to avoid from
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undesired multipath reflections. The main dimensions of the gym room are: width is

8.35m, and length is17.60 m.

5.3.3 Measurement setup

During the measurement of the penetration trough the construction material is
assumed to be relatively no multipath propagation as shown in Fig 50. The antennas were
located in 250mm from the materials. The rest of the system units is remained the same
with the measurement of the propagation, including the software and measurement

constant as shown in Table 14.

AGILENT VEE
PRO 7.5

Receiver Transmitter
Antenna 250 250 Antenna

UFA-147B, I=1.5m

USB d
Analyzer-FSP40 e
L Material under test
Generator-SMR20
GPIB Af, and AP LMR-195, 1=6.5m

Fig. 50 Penetration measurement setup

However, for the firemen garment penetration measurement, 10m long UFA-147B
cable, and 6¢cm a rod type probe from HZ11 set is used as a sensor. A diagram of the

measurement setup is shown below.

The sensor is attached in the chest of the man (Fig 50) by using a polypropylene material
in order to avoid from absorption of the signal into the body. The same setup is used
including the software, and constants. First, the measurement is carried out without the
garment from 1 to 10 m range. Then, the measurement is repeated with the garment. The

loss due to the garment is considered to be:

PZPl_Pzz(Pz_GA_GP_PlN)_(Pz_GA_GP_PzN) (5.2.13)
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Where: Pand P are the received powers with the garment and without the
garment respectively. G, and G, are the gains of the antenna and probe. P, and P,, are

the noise floor level (with and without garment).

AGILENT VEE . . .
PRO 7.5 With and Without suit
Receiver Q
Antenna Transmitter probe
- T
LMR-195, 1=6.5m - F
-1 X L >
USB g AR
Analyzer-FSP40 “
L d
Generator-SMR20 -
GPIB UFA-147B, 1=10m
Af, and AP

Y
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T"T7]
T o o o o o o o D L L T T T T o o o T T T T D D D D DT

Fig. 51 Firemen garment measurement setup

5.3.4 Result and Discussion

The Fig 52 displays a result of the penetration measurement trough the
construction materials. The loss tendency of the wall and wooden door were solely similar

with respect to the frequency.

However, they were differing by 10 dB in most cases. The penetration losses, up to
3 GHz frequency band were increasing with regard to the frequency in the glass door. In
the rest of the ranges, the tendency of the loss in two doors was found to be closely related.
A minimum loss is culminated in the wall penetration measurement. The same tendency
occurred with the measurement of the ZStar3 kit. However, there are differed by from
2.239 dB to 5.434dB. The difference could be derived by misalignment error and the gain

of the antenna of the sensor board.

The correlation analysis of the result in a Table 19 indicates that the lowest
coefficients incline to be found with the transmission of -50dBm power. In the majority
situations, the coefficient if found to be 1.000. The minimum coefficients performed

during transmission of — 50 dBm power level.
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Fig. 52 Result of penetration measurement

Table 19 Partial correlation analysis for penetration

Glass door
-10 -20 -30 -40 -50
-10 1.000 1.000 1.000 0.890
-20 1.000 1.000 1.000 0.889
-30 1.000 1.000 1.000 0.889
-40 1.000 1.000 1.000 0.889

-50 0.890 0.889 0.889 0.889

Wooden door

-10 -20 -30 -40 -50
-10 1.000 1.000 0.998 0.966
-20 1.000 1.000 0.998 0.966
-30 1.000 1.000 0.998 0.965
-40 0.998 0.998 0.998 0.966
-50 0.966 0.966 0.965 0.966

Wall

-10 -20 -30 -40 -50
-10 1.000 1.000 1.000 0.532
-20 1.000 1.000 1.000 0.534
-30 1.000 1.000 1.000 0.533
-40 1.000 1.000 1.000 0.533

-50 0.532 0.534 0.533 0.533

Control variable: frequency (1+8 GHz),Significance:(2-
tailed)<0.0001,Degree of freedom 68
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The measured result is not only insertion loss but also includes free space loss by
means of penetration loss with respect to the transmitted power. The insertion loss of the

materials can be modeled by using a data in Table 17 and 18.

The uncertainty values for analyzer and signal generator are the same with the

previous analysis according to Equation (5.2.9).

A derivation of Equation (5.2.10) (for uncertainty analysis of penetration) is based

on a standard sample error for the glass door (U, =0o,), for the wooden door (

U,, =0,,), and for the wall (U, =0, ). And the resulting expanded uncertainties (U

WD 2GD

for glass door, U for wooden door, and for wallU ,,, ) are used to determine the system

2WD

uncertainties by using Equation (5.2.11).

20 T T T T T

-20/20 { ; { { 1 }

2m

Y
=]

Path loss, dB

20120 f f f f f f

;
3
|

-20/20 t T t T T T

|
)
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Frequency, GHz

Fig. 53 Result of garment measurement
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Fig. 54 Result of garment measurement

The Figures 53 and 54 reveals the measured result of the garment. The loss due to
garment was randomly varying with consideration to the frequency bands and distances. A
minus loss is the gain, and it could have been affected by a gap which was produced by a
cable connection to the probe. In addition, it should be noted that the trousers of the suit is
not used during the measurement, hence may perhaps be another effect. Uncertainty
evaluation for the garment measurement can be estimated including signal generator,
spectrum analyzer, and 2 cables. Moreover, the uncertainty diverge of the antennas should

have considered.

-95 -



6 DISCUSSION OF THE RESULT

6.1 Contribution to science and practice

The thesis contributes to some theoretical approach of a measurement system as

well as to modeling of experimental setup for a laboratory measurement system.

A real laboratory model, including all necessarily subfield and the analysis of a
measurement system which has been studied by this thesis is applicable both for the

research and pedagogical purposes.

The next experiments of electromagnetic propagation in an indoor scenario and
penetration through a construction medium describe a contemporary state of a reliable
wireless communication system for sensors, in a range from 1 to 8 GHz frequency bands,

and for ultra-low power transmission up to 0.1 mW.

From practical point of view, it is applicable to characterize and predict a reliable
wireless communication system for sensors by estimating the signal loss from the result of

propagation and penetration, for former frequency range of signals.

Moreover, the thesis reports a preliminary result of a penetration measurement
throughout a firemen garment for a development of a further smart suit. However, the
result indicates that a supplementary development and more proper measurements are

necessary.

6.2 Conclusion

Increasing demand of a reliable measurement system with an innovation of the
wireless communication system as a field of growing importance, require a comprehensive

optimization of a measurement system.

In order to meet the supra specified aims, this thesis first studies a modern
measurement system. Particular attention is paid on sensor system covering the sensor
technology, material, sensing principles, and characteristics. The work also overviews the

primary and secondary signal processing as well as a communication system for sensors.
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Moreover, an example of a laboratory measurement system is constructed in order
to experiment and characterize the important parameters of the measurement system
including signal conditioning both analogue and digital, as well as wireless communication
system. The model is based on the strain gauge bridge circuit, and for the analogue signal
conditioning the difference, non-inverting operational, and instrumentation amplifiers are
tested. Digital signal processing and 2.4 GHz wireless communication system is
accomplished with the ZStar3 kit. Evaluations of the statistical analysis specially,

uncertainty estimations for the constructed laboratory measurement system have rated.

The experiment of propagation and penetration are carried out between 1 to 8 GHz
frequency ranges for -50 dBm, -40 dBm, -30 dBm, -20 dBm and -10 dBm power levels.
The propagation measurement in an indoor scenario is conducted in four different
environments, and for the transmission distances of 4m, 5.35m and 7m. The penetration of
the electromagnetic signal has tested for three various construction materials, due to its

predominant existent.

Resulting path loss models have evaluated and compared with well known
empirical models. Corresponding statistical analysis has compromised partial correlation
analysis and uncertainty estimation for both measurement cases, to reveal satisfactorily

confidence of the result.

Due to limited time of period, modeling and simulation of insertion loss of the
construction material, and firemen garment is under the process, which requires a more
collaboration with other professionals. The results of the modeling and simulation of the
sensor signal conditioning and the insertion loss are expected to report at the defense date

of the dissertation work.

The author’s knowledge acquired at TBU will be shared at home country as a
monograph, and the result of the study will be translated (into Mongolian), and published

in corresponding journals or magazines.

Furthermore, the modeling and simulation of the sensor loops in Matlab/Simulink,
ANSYS, COMSOL, and CST may include sensors, appropriate signal conditioning

moreover, wireless communication system is achievable for a development of the field.
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APPENDIX A

F_ Model Summary

Model R R’ Adjusted R*  SD Error of the Estimate
F _vs Raw value F;; =0 0.981 0.961 0.952 2.100
F_vs Raw value F;; =3.96 0.979 0.959 0.949 2.169
F_vs Raw value F;; =925 0.981 0.962 0.953 2.074
F_vs Raw value Fy =14.54 0.981 0.962 0.953 2.080
F_vs Raw value F;; =19.83 0.981 0.963 0.953 2066
F_vs Raw value Fy =25.13 0.981 0.963 0.953 2.066
F, Model Summary
Fy vs Raw value F. =0 0.999 0.997 0.996 0.579
Fy vs Raw value F, =3.72 0.999 0.997 0.996 0.579
Fy vs Raw value F. =8.37 0.998 0.996 0.995 0.664
F, vs Raw value F, =13.95 0.998 0.996 0.995 0.656
Fy vs Raw value Fy =19.53 0.998 0.996 0.995 0.671
0.998 0.996 0.995 0.664

F, vs Raw value F, =25.11
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APPENDIX B

Floor plan of room 306
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APPENDIX C

Floor plan of room 309

130 330 2080 1360 1130 1800
O < P % .

i < > A
2 900 540 £ X
<

vl =

A = Rx e

20 A
Pl P2 P3 Y - z J
= 1110 ¥ i
2 2000 4 &% “ 600~ 0
= =
600 > ~
! A 710
A
1,=5350 1,,=7040 1,=4000
=)
3 8
= &
j=)
=1
S
y '1 »
4 600
A. TXP3
8 =
N N 600 _
Y.v
< A
2000 2000 1490
g
=
=
[=
=
2
§ o0
X L]
2000 2000 2000 =
Tx,,
w
N
&
4000
> 600 . - 600 4
fe]
I | B O ‘el T
S v v 2 v
A
ki ] v
» - » >
100 5550 300 R45 515

114 -

200

7480

200



APPENDIX D

Floor plan of Industrial hall 107
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APPENDIX E

Floor plan of Corridors
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APPENDIX F

Corridor 1 Path loss evaluation, dB

4m 5.35m 7 m
F,GHz | Mean SD Mean ¢ | Mean SD Mean ¢ | Mean SD Mean ¢
1.0 51.126 0.474 0.212 60.848 0.062 0.028 65.320 0.030 0.020
1.1 51.882 0.122 0.054 59.600 0.079 0.035 60.070 0.160 0.070
1.2 52.222 0.179 0.080 50.292 0.158 0.071 62.410 0.210 0.100
1.3 52.598 0.095 0.042 54.652  0.085 0.038 55.890 0.120 0.050
1.4 61.480 0.028 0.013 49.852 0.174 0.078 50.900 0.380 0.170
1.5 63.938 0.026 0.012 54.620 0.203 0.091 58.900 0.070 0.030
1.6 60.132 0.019 0.009 51.896 0.154 0.069 62.220 0.040 0.020
1.7 43.954 0.176 0.079 53.880 0.156 0.070 59.070 0.110 0.050
1.8 55.722  0.133 0.060 54.536 0.113 0.050 55.250 0.170 0.080
1.9 55.992 0.124 0.055 56.984 0.056 0.025 56.690 0.130 0.060
2.0 54.828 0.238 0.107 57.508 0.064 0.029 55.350 0.260 0.120
2.1 35908 0.444 0.198 55.248 0.059 0.026 45.500 0.180 0.080
2.2 53.300 0.365 0.163 51.414 0.149 0.067 54970 0.200 0.090
2.3 58.872 0.147 0.066 51.552 0.259 0.116 60.240 0.050 0.020
2.4 56.410 0.048 0.022 52.136 0.092 0.041 57.710 0.120 0.050
2.5 47.892  0.099 0.044 43.612 0.107 0.048 49.840 0.150 0.070
2.6 49.952 0.026 0.012 41.458 0.285 0.127 51.320 0.210 0.090
2.7 52.330 0.064 0.028 44.682 0.370 0.166 51.540 0.160 0.070
2.8 55.370 0.074 0.033 45.632 0.130 0.058 40.970 0.220 0.100
2.9 45.990 0.060 0.027 46.268 0.084 0.038 51.310 0.220 0.100
3.0 22.236 5.364 2.399 41.432 0.106 0.047 48.790 0.210 0.090
3.1 43.860 0.064 0.029 43.622 0.128 0.057 48.120 0.120 0.050
32 45.100 0.074 0.033 41.852 0.194 0.087 44.060 0.250 0.110
33 25.748 2.839 1.269 42.436 0.215 0.096 44.170 0.180 0.080
34 46.786 0.072 0.032 41.340 0.162 0.072 42.540 0.230 0.100
35 49.404 0.075 0.034 43.936 0.194 0.087 41.100 0.530 0.240
3.6 46.520 0.111 0.050 42.144 0.143 0.064 45.800 0.210 0.100
3.7 39.978 0.209 0.094 38.652 0.143 0.064 48.310 0.070 0.030
3.8 37.888 0.338 0.151 34.648 0.229 0.103 45.680 0.080 0.030
3.9 41.348 0.343 0.153 21.554 4987 2.230 37.360 0.480 0.220
4.0 38.760 0.473 0.211 32.674 1.533 0.686 43.590 0.110 0.050
4.1 28.728 0.967 0.433 31.652 0.448 0.200 37.740 0.580 0.260
4.2 43.448 0.329 0.147 37.944 0.072 0.032 43.400 0.310 0.140
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43
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52
53
54
5.5
5.6
5.7
5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0

43.790
44.490
40.250
39.598
43.642
44.088
38.630
25.454
39.026
40.192
36.304
37.504
41.380
40.242
38.284
37.782
36.702
37.480
33.170
31.498
34.492
37.462
37.636
37.868
36.458
36.378
37.012
36.870
32.550
32.044
29.312
31.586
34.486
35.328
34.722
36.978
36.168
32.096

0.225
0.307
0.316
0.254
0.300
0.329
0.394
2.094
0.264
0.359
0.313
0.257
0.553
0.521
0.410
0.569
0.397
0.537
0.716
0.795
1.303
0.541
0.481
0.367
0.509
0.172
0.331
0.290
0.302
0.668
0.174
1.863
1.272
0.669
0.529
0.841
0.484
0.343

0.101
0.137
0.141
0.113
0.134
0.147
0.176
0.937
0.118
0.161
0.140
0.115
0.247
0.233
0.184
0.255
0.178
0.240
0.320
0.355
0.583
0.242
0.215
0.164
0.228
0.077
0.148
0.130
0.135
0.299
0.078
0.833
0.569
0.299
0.236
0.376
0.216
0.154

43.062
42.808
42.366
44.050
41.766
41.440
36.898
29.990
34.776
32.568
17.646
35.598
35.072
36.100
35.576
37.734
39.982
38.360
39.978
36.828
37.072
31.410
20.392
28.038
29.652
30.624
33.110
38.384
36.542
33.038
35.364
36.278
34.752
31.092
25.626
26.342
30.078
28.506

0.173
0.215
0.151
0.096
0.042
0.173
0.162
0.222
0.404
0.465
6.773
0.539
0.166
0.164
0.279
0.244
0.258
0.234
0.588
0.144
1.213
0.311
3.230
0.153
1.406
0.382
0.733
0.468
0.924
0.741
0.218
0.182
1.380
0.982
1.566
0.875
0.806
0.208

0.077
0.096
0.068
0.043
0.019
0.077
0.072
0.099
0.181
0.208
3.029
0.241
0.074
0.073
0.125
0.109
0.116
0.105
0.263
0.065
0.543
0.139
1.445
0.068
0.629
0.171
0.328
0.209
0.413
0.331
0.098
0.082
0.617
0.439
0.700
0.391
0.361
0.093

45.800
46.830
42.130
41.630
41.360
39.470
40.110
42.840
44.300
41.380
40.290
39.110
36.540
39.380
42.060
41.820
40.060
38.340
37.830
37.440
39.220
40.340
38.700
38.540
36.740
36.930
37.360
39.010
38.160
38.220
36.990
35.550
34.710
33.490
36.570
36.460
36.980
34.690

0.070
0.210
0.190
0.170
0.240
0.330
0.200
0.170
0.110
0.050
0.070
0.060
0.310
0.340
0.060
0.240
0.150
0.320
0.370
0.100
0.100
0.110
0.080
0.150
0.290
0.210
0.180
0.290
0.060
0.190
0.170
0.230
0.480
0.520
0.180
0.090
0.320
0.370

0.030
0.090
0.080
0.080
0.110
0.150
0.090
0.080
0.050
0.020
0.030
0.030
0.140
0.150
0.020
0.110
0.070
0.140
0.170
0.050
0.050
0.050
0.040
0.070
0.130
0.090
0.080
0.130
0.030
0.090
0.080
0.100
0.220
0.230
0.080
0.040
0.140
0.160
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APPENDIX G

Corridor 2 Path loss evaluation, dB

4m 5.35m 7 m
F,GHz | Mean SD Mean ¢ | Mean SD Mean ¢ | Mean SD Mean ¢
1.0 59.441 2924 1.307 60.311 0.122 0.055 62.428 0.087 0.039
1.1 58932 0.713 0.319 59.850 0.029 0.013 58.548 0.055 0.025
1.2 61.584 0.676 0.302 53.344 0.083 0.037 49.527 0.362 0.162
1.3 56.938 1.348 0.603 56.960 0.090 0.040 52.860 0.102 0.045
1.4 53.404 1.725 0.771 53.951 0.023 0.010 55.997 0.064 0.029
1.5 58.188 0.351 0.157 44.232  0.750 0.335 59.668 0.064 0.029
1.6 59.295 1.691 0.756 51.267 0.092 0.041 59.930 0.022 0.010
1.7 58.395 0.357 0.160 49.593 0.178 0.079 54.553 0.137 0.061
1.8 56.064 0.315 0.141 42.845 0.114 0.051 48.763 0.129 0.058
1.9 53.227 1.715 0.767 53.225 0.035 0.016 53.025 0.096 0.043
2.0 54.278 0.523 0.234 56.448 0.137 0.061 49.786 0.301 0.134
2.1 54.087 4.767 2.132 52.930 0.052 0.023 55.529 0.035 0.015
2.2 58.448 1.231 0.550 43.114 0.627 0.281 55.706 0.104 0.046
2.3 56.933 1.854 0.829 45.984 0.216 0.096 54306 0.017 0.007
2.4 52.351 3.332 1490 50.843 0.082 0.037 49.439 0.091 0.041
2.5 50.433 0.133 0.059 45.754 0.046 0.020 46.308 0.124 0.055
2.6 50.050 0.499 0.223 48.170 0.078 0.035 45.464 0.104 0.046
2.7 52.552 0.462 0.207 49.129 0.140 0.063 51.329 0.100 0.045
2.8 49.851 5.028 2.248 49.607 0.160 0.071 51.852 0.066 0.030
2.9 50.515 0.457 0.205 48.063 0.143 0.064 49.537 0.081 0.036
3.0 43.361 2.980 1.333 39.487 0.144 0.064 41.614 0.101 0.045
3.1 44.868 1.583 0.708 31.054 0.572 0.256 36.855 0.427 0.191
32 45.489 0.569 0.255 34402 0.337 0.151 40.406 0.089 0.040
33 44.939 0.811 0.363 41.235 0.144 0.065 43.355 0.063 0.028
34 41.239 0.833 0.372 44.379 0.094 0.042 44.648 0.125 0.056
3.5 43.052 1.662 0.743 42.994 0.157 0.070 44964 0.076 0.034
3.6 46.068 0.277 0.124 43.188 0.133 0.060 43.203 0.155 0.069
3.7 45.370 1.684 0.753 41.621 0.061 0.027 34502 0.073 0.033
3.8 41.580 2.573 1.151 32421 0.209 0.093 39.737 0.186 0.083
3.9 40.059 1.321 0.591 33.367 0.181 0.081 44.452 0.033 0.015
4.0 42919 0.218 0.097 38.248 0.087 0.039 43.978 0.045 0.020
4.1 44210 4.395 1.966 42.445 0.032 0.014 43.135 0.220 0.098
4.2 43.997 0.495 0.221 42.463 0.173 0.077 40.999 0.128 0.057
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4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52
53
54
5.5
5.6
5.7
5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0

41.182
41.768
42.679
43.626
41.840
40.643
41.082
41.664
43.259
41.839
39.430
38.775
39.603
40.209
41.576
41.348
39.795
39.155
40.523
40.285
38.190
40.031
38.288
39.240
36.927
37.512
38.152
38.155
37.584
37.216
36.277
36.023
36.620
36.585
36.840
37.549
37.172
35.252

2.800
2.590
0.151
0.815
0.468
0.988
0.293
0.819
0.339
0.103
0.214
0.275
2.016
0.138
0.776
0.891
0.460
0.417
1.109
0.974
1.021
0.529
0.197
0.424
0.259
0.397
0.446
0.429
0.660
0.510
0.698
0.459
0.897
1.198
0.211
0.363
0.621
0.288

1.252
1.158
0.068
0.364
0.209
0.442
0.131
0.366
0.152
0.046
0.096
0.123
0.901
0.062
0.347
0.399
0.206
0.186
0.496
0.435
0.457
0.236
0.088
0.190
0.116
0.178
0.200
0.192
0.295
0.228
0.312
0.205
0.401
0.536
0.094
0.162
0.278
0.129

39.404
39.548
33.425
33.741
37.280
38.907
37.280
37.952
37.270
40.117
34.773
28.213
34.104
34.499
37.181
38.307
38.416
33.989
31.816
29.068
32.678
35.197
35.081
34.923
32.695
33.398
35.867
30.958
25.329
32.956
35.025
34.694
30.858
31.701
30.827
29.297
31.719
31.905

0.061
0.085
0.408
0.251
0.146
0.048
0.171
0.107
0.094
0.090
0.414
0.984
0.200
0.398
0.241
0.286
0.253
0.197
0.446
0.238
0.200
0.463
0.052
0.128
0.206
0.082
0.314
0.170
1.858
0.359
0.398
0.356
0.276
1.214
0.553
0.184
0.164
0.410

0.027
0.038
0.183
0.112
0.065
0.021
0.077
0.048
0.042
0.040
0.185
0.440
0.089
0.178
0.108
0.128
0.113
0.088
0.200
0.106
0.090
0.207
0.023
0.057
0.092
0.037
0.140
0.076
0.831
0.160
0.178
0.159
0.123
0.543
0.247
0.082
0.074
0.183

36.308
39.416
39.220
41.789
41.812
40.236
35.809
38.744
40.415
38.324
40.865
39.438
34.102
32.954
37.114
38.904
38.656
37.482
37.850
35.779
33.139
38.839
36.326
36.005
35.278
32.469
36.639
36.455
34.499
33.796
35.785
32.041
32.534
35.108
33.872
34.207
34.317
30.993

0.136
0.155
0.205
0.133
0.114
0.169
0.103
0.158
0.128
0.060
0.040
0.022
0.046
0.659
0.326
0.171
0.624
0.126
0.471
0.684
1.144
0.205
0.148
0.233
0.130
0.390
0.550
0.075
0.804
0.059
0.272
0.389
0.946
0.224
0.202
0.346
0.144
0.054

0.061
0.069
0.092
0.059
0.051
0.075
0.046
0.071
0.057
0.027
0.018
0.010
0.021
0.295
0.146
0.076
0.279
0.056
0.211
0.306
0.511
0.092
0.066
0.104
0.058
0.174
0.246
0.034
0.359
0.027
0.122
0.174
0.423
0.100
0.091
0.155
0.064
0.024
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APPENDIX H

Corridor 3 Path loss evaluation, dB

4m 5.35m 7 m
F, GHz | Mean SD Meane | Mean SD Mean € | Mean SD Mean ¢
1.0 52.815 4.780 2.138 58.611 0.143 0.064 63.159 0.043 0.019
1.1 51.113 4323 1.933 58.098 0.133 0.059 59.211 0.126 0.057
1.2 55.226 6.384 2.855 42.097 0.424 0.190 58.030 0.093 0.042
1.3 56.465 4.166 1.863 48.666 0.304 0.136 60.109 0.045 0.020
1.4 56.666 4.767 2.132 47.800 0.564 0.252 57.105 0.025 0.011
1.5 61.681 5.231 2.339 52.848 0.188 0.084 61.463 0.118 0.053
1.6 61.075 2.298 1.028 56.108 0.145 0.065 59.490 0.075 0.033
1.7 55913 2.626 1.175 50.682 0.089 0.040 56.409 0.055 0.025
1.8 55.863 2.697 1.206 51.042 0.410 0.183 55.935 0.079 0.035
1.9 44.813 3.815 1.706 50.919 0.100 0.045 52.776  0.058 0.026
2.0 40.809 5.776 2.583 51.369 0.129 0.058 52.087 0.066 0.029
2.1 47.553 0.760 0.340 49.438 0.172 0.077 51.771 0.014 0.006
2.2 50.652 0.844 0.378 48.472 0.280 0.125 59.181 0.017 0.007
2.3 52.452 3.518 1.573 47.075 0.354 0.158 58295 0.071 0.032
2.4 55.787 0.820 0.367 54.797 0.049 0.022 59.359 0.035 0.016
2.5 51.060 1.400 0.626 49.208 0.034 0.015 52.212 0.067 0.030
2.6 49.242 0.624 0.279 47.540 0.082 0.037 49.211 0.035 0.016
2.7 51.472 0.357 0.160 51.872 0.018 0.008 44.620 0.085 0.038
2.8 48.490 2.002 0.895 52.806 0.007 0.003 45.104 0.212 0.095
2.9 46.310 2.054 0.919 50.256 0.078 0.035 49.666 0.036 0.016
3.0 36.366 4.080 1.825 43.258 0.091 0.041 46.511 0.056 0.025
3.1 40.207 1.373 0.614 42.614 0.077 0.034 46.721 0.118 0.053
32 38.760 4.635 2.073 31.800 0.321 0.144 47.457 0.410 0.183
33 40.543 2.523 1.128 37.102 0373 0.167 47.878 0.247 0.110
34 45.033 6.340 2.835 33.799 0.214 0.096 44817 0.352 0.157
35 41.324 3.547 1.586 35.534 0.229 0.102 37932 0.230 0.103
3.6 39.062 4.572 2.045 31.386 0.436 0.195 34597 0.202 0.090
3.7 40.301 0.620 0.277 39.184 0.229 0.103 41.576 0.082 0.037
3.8 38.162 2495 1.116 42.728 0.030 0.013 44941 0.085 0.038
3.9 40.354 1.573 0.703 42,946 0.178 0.080 47.818 0.059 0.027
4.0 41.071 4.099 1.833 48.089 0.057 0.025 44.349 0.128 0.057
4.1 45.662 0.492 0.220 46.205 0.059 0.026 43.606 0.155 0.069
4.2 42.043 1.344 0.601 44.395 0.034 0.015 41.525 0.136 0.061
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43
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52
53
54
5.5
5.6
5.7
5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0

42.114
39.881
37.976
38.229
39.599
35.873
39.371
40.984
41.051
38.961
40.228
37.475
35.921
36.043
37.363
34.122
39.232
40.099
38.486
38.866
38.662
36.591
29.142
32.234
29.470
34.745
37.325
38.839
37.812
36.814
35.898
36.766
32.551
31.758
31.219
31.030
36.043
33.952

1.490
0.847
0.558
0.887
4.386
8.154
4.726
0.274
0.344
0.185
0.921
1.001
1.427
1.980
1.116
3.296
2.229
2.357
2.699
1.908
1.382
0.678
0.976
4.736
0.799
1.251
1.606
2.728
2.536
0.388
0.832
1.210
2.523
2.137
1.297
0.814
0.758
1.895

0.666
0.379
0.249
0.397
1.961
3.647
2.114
0.123
0.154
0.083
0.412
0.448
0.638
0.886
0.499
1.474
0.997
1.054
1.207
0.853
0.618
0.303
0.436
2.118
0.357
0.560
0.718
1.220
1.134
0.173
0.372
0.541
1.128
0.956
0.580
0.364
0.339
0.848

44.652
40.525
37.287
39.606
31.979
23.758
29.534
41.016
40.719
39.075
38.833
39.930
38.126
38.888
40.280
39.637
33.574
35.872
33.403
36.058
37.580
35.802
31.029
25.204
27.116
31.496
32.912
34.118
31.948
35.637
37.580
38.677
37.037
35.523
33.543
32.195
33.571
30.947

0.133
0.090
0.159
0.150
0.298
3.365
0.361
0.065
0.072
0.070
0.072
0.163
0.065
0.321
0.078
0.190
0.578
0.466
0.683
0.747
1.416
0.136
0.490
2.322
0.241
1.128
1.004
0.315
0.123
0.237
0.388
0.079
0.116
0.761
0.516
1.131
0.913
0.423

0.060
0.040
0.071
0.067
0.133
1.505
0.161
0.029
0.032
0.031
0.032
0.073
0.029
0.144
0.035
0.085
0.258
0.209
0.305
0.334
0.633
0.061
0.219
1.038
0.108
0.504
0.449
0.141
0.055
0.106
0.174
0.035
0.052
0.340
0.231
0.506
0.408
0.189

43.894
41.148
39.872
43.600
42.785
40.049
42.495
43.683
44.305
43.660
40.728
39.579
35.416
38.910
42.533
42.983
43.584
41.667
39.623
37.083
36.894
37.038
37.171
40.030
38.833
39.509
38.672
39.548
37.026
39.633
36.955
35.789
36.417
35.373
37.822
37.885
39.112
35.668

0.120
0.076
0.153
0.107
0.122
0.100
0.095
0.068
0.087
0.135
0.122
0.171
0.253
0.175
0.062
0.077
0.027
0.525
0.217
0.227
0.513
0.075
0.512
0.306
0.045
0.050
0.374
0.625
0.646
0.048
0.121
0.207
0.136
0.300
0.431
0.167
0.074
0.390

0.054
0.034
0.069
0.048
0.054
0.045
0.042
0.030
0.039
0.060
0.055
0.076
0.113
0.078
0.028
0.034
0.012
0.235
0.097
0.101
0.229
0.033
0.229
0.137
0.020
0.022
0.167
0.279
0.289
0.022
0.054
0.093
0.061
0.134
0.193
0.075
0.033
0.175
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APPENDIX I

Room 309 Path loss evaluation, dB

4m 5.35m 7 m
F,GHz Mean SD Mean ¢ | Mean SD Mean ¢ | Mean SD Mean ¢
1.0 51.258 2.548 1.139 59.700 1.191 0.533 61.338 1.692 0.757
1.1 52.068 0.737 0.330 61.138 0.877 0.392 60.344 1.138 0.509
1.2 59.092 2.160 0.966 54.528 2.005 0.897 54.026 0.380 0.170
1.3 55.184 0.377 0.168 52.584 0.541 0.242 57.202 0.423 0.189
1.4 48.344 2.162 0.967 49.954 0.942 0421 47.558 1.472 0.658
1.5 44.720 0.619 0.277 50910 2.404 1.075 55.210 1.264 0.565
1.6 48.604 1.675 0.749 52.446 2.190 0.980 55.716 0.377 0.169
1.7 32.616 5.878 2.629 50.180 2.964 1.326 55.338 0.962 0.430
1.8 42.020 0.536 0.240 51.452 0.751 0.336 54.616 0.805 0.360
1.9 39.592 1.730 0.774 51.682 1.928 0.862 56.156 0.084 0.037
2.0 41.708 1.208 0.540 53.152 1.520 0.680 55.314 1.247 0.558
2.1 47.188 2.466 1.103 53.020 0.235 0.105 56.462 0.379 0.170
2.2 47.934 0.909 0.406 52.152 1.486 0.665 54.540 0.352 0.158
2.3 47.650 0.736 0.329 52.346 1.011 0.452 56.304 0.601 0.269
2.4 47.400 0.281 0.126 49.286 2.853 1.276 56.480 0.263 0.117
2.5 46.792 0.810 0.362 46.968 2.992 1.338 53.128 0.379 0.169
2.6 46.912 0.948 0.424 46.924 2.772 1.240 49.668 0.457 0.204
2.7 46.946 0.626 0.280 49.968 1.186 0.530 50.166 0.744 0.333
2.8 51.112 0.509 0.228 51.462 1.003 0.449 51.768 0.731 0.327
2.9 49.542  0.336 0.150 49.720 1411 0.631 51.620 0.541 0.242
3.0 43.108 1.085 0.485 45.286 0.221 0.099 41.874 0.398 0.178
3.1 44.610 0.623 0.279 45.990 0.211 0.094 40.022 1.758 0.786
3.2 43.950 0.486 0.217 41.310 0.677 0.303 44356 0.212 0.095
33 42.570 0.600 0.268 43.578 1.059 0474 41.580 1.193 0.534
34 45.022 0.559 0.250 44212 1442 0.645 42.052 0.917 0.410
3.5 46.144 0.227 0.102 41.664 0.665 0.297 42.828 0.491 0.220
3.6 44.110 0.541 0.242 42.300 1.084 0.485 43.030 3.015 1.348
3.7 41.182 0.287 0.128 43.388 1.561 0.698 40.762 0.516 0.231
3.8 41.662 0.058 0.026 42.522 3401 1.521 41.186 1.164 0.521
3.9 42.438 0.815 0.365 42.238 3.085 1.380 43.876 0.804 0.360
4.0 41.346 0.265 0.119 40.592 2.539 1.136 42.538 1.147 0.513
4.1 39.416 0.447 0.200 44.144 2.129 0.952 43.724 0.293 0.131
4.2 40.256 1.194 0.534 42.652 3903 1.746 43.152 0.578 0.259
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43
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52
53
54
5.5
5.6
5.7
5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0

39.518
39.734
41.256
40.994
42.812
43.408
42.000
40.816
39.494
37.274
39.270
37.862
37.088
35.164
34.772
34.958
36.042
33.114
29.100
31.576
30.082
29.718
29.116
28.130
28.028
29.466
30.906
30.872
26.592
27.278
29.380
29.916
24.476
24.500
28.942
29.018
27.910
25.172

0.699
0.096
0.621
0.283
0.579
1.078
0.776
0.823
0.296
0.584
0.773
0.358
0.506
0.290
0.550
1.263
0.458
0.731
3.041
0.976
1.836
0.774
0.774
2.369
0.873
1.173
1.769
1.061
0.887
0.349
0.854
1.338
1.764
1.839
0.207
1.161
0.379
1.686

0.313
0.043
0.278
0.127
0.259
0.482
0.347
0.368
0.132
0.261
0.346
0.160
0.226
0.130
0.246
0.565
0.205
0.327
1.360
0.437
0.821
0.346
0.346
1.060
0.391
0.525
0.791
0.474
0.397
0.156
0.382
0.598
0.789
0.822
0.093
0.519
0.170
0.754

40.336
39.552
42.306
40.994
40.690
40.842
41.554
39.584
39.744
38.348
41.830
41.032
39.376
39.048
38.498
40.042
37.722
38.692
39.230
39.214
36.592
37.622
34.634
36.888
34.802
35.858
36.544
39.056
37.170
33.770
35.232
37.238
36.204
35.356
35.586
36.850
36.276
33.898

2.839
5.375
4.481
3.855
2.695
2.786
3.318
3.369
3.407
3.443
2.443
1.729
3.174
1.117
0.695
0.399
0.653
0.038
0.056
0.234
0.125
0.774
1.021
0.349
0.212
0.132
0.242
1.217
0.677
0.783
0.311
1.022
0.100
0.754
0.083
0.263
1.659
1.734

1.270
2.404
2.004
1.724
1.205
1.246
1.484
1.507
1.524
1.540
1.093
0.773
1.420
0.500
0.311
0.178
0.292
0.017
0.025
0.105
0.056
0.346
0.457
0.156
0.095
0.059
0.108
0.544
0.303
0.350
0.139
0.457
0.045
0.337
0.037
0.118
0.742
0.776

41.298
42.632
40.974
43.110
42.200
41.074
39.392
41.394
41.164
41.252
41.002
39.624
40.994
40.200
39.404
38.092
39.904
40.448
40.382
39.138
39.118
40.448
37.758
35.934
36.416
38.522
37.938
37.408
37.060
38.104
37.330
37.284
35.698
34.658
38.134
36.896
36.952
37.076

1.528
0.825
0.502
0.224
0.263
0.583
0.338
0.572
0.224
0.169
0.897
0.907
0.158
0.182
0.522
1.180
0.598
1.241
0.427
0.173
0.496
0.183
0.558
0.416
0.453
0.160
0.097
0.922
0.296
0.094
0.270
0.488
0.360
0.285
0.624
0.726
0.266
0.105

0.683
0.369
0.224
0.100
0.118
0.261
0.151
0.256
0.100
0.076
0.401
0.406
0.070
0.081
0.233
0.528
0.268
0.555
0.191
0.077
0.222
0.082
0.250
0.186
0.203
0.072
0.044
0.412
0.133
0.042
0.121
0.218
0.161
0.127
0.279
0.324
0.119
0.047
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APPENDIX J

Room 306 Path loss evaluation, dB

4m 5.35m 7 m
F,GHz | Mean SD Mean ¢ | Mean SD Mean ¢ | Mean SD Mean ¢
1.0 47.995 0.054 0.024 49.640 0.179 0.080 50.138 0.036 0.016
1.1 54.881 0.062 0.028 57.455 0.135 0.061 58.668 0.058 0.026
1.2 48.905 0.055 0.025 56.444 0.110 0.049 57.644 0.014 0.006
1.3 52.674 0.042 0.019 55.165 0.058 0.026 55.218 0.029 0.013
1.4 45.486 0.335 0.150 55.268 0.240 0.108 53.001 0.045 0.020
1.5 44.018 0.837 0.374 53.819 0.119 0.053 58.368 0.032 0.014
1.6 42.492 0.525 0.235 54.611 0.247 0.110 56.518 0.023 0.010
1.7 39.448 0.558 0.249 53.967 0.196 0.088 56.433 0.072 0.032
1.8 45.548 0.332 0.149 52.886 0.240 0.107 56.566 0.015 0.007
1.9 51.000 0.110 0.049 52.608 0.164 0.073 55.208 0.077 0.034
2.0 51.462 0.060 0.027 52.923 0.104 0.046 49.487 0.040 0.018
2.1 50.619 0.091 0.041 55.396 0.114 0.051 55.179 0.123 0.055
2.2 47.722  0.160 0.072 53.923 0.381 0.170 58.428 0.067 0.030
2.3 47.762 0.251 0.112 52.186 0.337 0.151 54.210 0.033 0.015
2.4 51.734 0.096 0.043 50.575 0.312 0.140 53.896 0.052 0.023
2.5 33.482 0.466 0.209 47.842 0.331 0.148 47.458 0.019 0.008
2.6 39.145 0.050 0.022 47.503 0.181 0.081 51.625 0.048 0.022
2.7 39.050 0.324 0.145 49.375 0.266 0.119 51.680 0.045 0.020
2.8 46.117 0.194 0.087 50.516 0.184 0.082 51.541 0.047 0.021
2.9 45.117 0.057 0.025 47.783 0.326 0.146 51.743 0.046 0.020
3.0 37.393 0.195 0.087 44.069 0.364 0.163 42.944 0.088 0.040
3.1 39.680 0.196 0.087 43.228 0.437 0.195 42.285 0.048 0.022
32 39.129 0.085 0.038 40.424 0.778 0.348 43.093 0.100 0.045
33 40.864 0.102 0.046 42.901 0.664 0.297 43.852 0.280 0.125
34 42.565 0.059 0.026 43.664 0.136 0.061 43.052 0.106 0.047
35 41.009 0.159 0.071 42.768 0.168 0.075 43.927 0.174 0.078
3.6 42.442 0.079 0.036 39.966 0.228 0.102 42.722 0.182 0.081
3.7 39.449 0.091 0.041 38.723  0.462 0.207 40.176  0.061 0.027
3.8 35.259 0.252 0.113 38.843 0.557 0.249 41.669 0.322 0.144
3.9 38.352 0.066 0.030 41.513 0.395 0.177 42.250 0.111 0.050
4.0 34983 0.709 0.317 35.224 0.181 0.081 43.054 0.154 0.069
4.1 35.624 0.246 0.110 40.539 0.195 0.087 41.006 0.040 0.018
42 38.203 0.234 0.105 41.019 0.856 0.383 42421 0.147 0.066
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43
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52
53
54
55
5.6
5.7
5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0

39.508
38.855
37.881
40.847
38.695
38.640
40.732
38.002
37.408
38.871
37.146
37.826
37.571
34.102
36.447
38.386
37.603
36.914
33.496
34.411
34.788
35.439
33.940
34.046
34.162
33.512
34.802
35.485
34.884
34.607
34.211
35.454
33.780
31.937
32.322
28.819
30.250
30.562

0.045
0.401
0.741
0.112
0.331
0.242
0.208
0.146
0.429
0.227
0.098
0.192
0.222
0.249
0.093
0.249
0.524
0.807
0.931
0.421
0.852
0.142
0.744
0.636
1.299
0.645
0.150
0.708
0.240
0.303
0.105
0.368
0.493
0.760
0.067
0.262
0.797
0.410

0.020
0.180
0.331
0.050
0.148
0.108
0.093
0.065
0.192
0.102
0.044
0.086
0.099
0.112
0.042
0.112
0.234
0.361
0.417
0.188
0.381
0.063
0.333
0.285
0.581
0.289
0.067
0.317
0.107
0.136
0.047
0.165
0.221
0.340
0.030
0.117
0.356
0.184

38.449
37.715
38.027
43.477
40.496
39.780
41.519
40.482
39.316
39.467
41.507
38.599
36.148
39.153
37.744
36.022
39.887
38.566
37.643
35.113
37.931
37.338
35.622
32.715
35.371
36.982
37.139
35.421
34.254
35.232
33.367
34.571
34.805
34.916
34.609
35.546
33.201
32.930

0.425
0.082
0.509
0.224
1.026
0.084
0.136
0.135
0.319
0.849
0.173
0.455
1.310
0.524
0.569
0.154
0.391
0.952
0.371
0.371
1.268
0.395
0.519
3.054
1.497
2.109
1.494
0.860
1.692
0.143
0.516
0.137
2.145
1.517
2.097
1.771
0.078
0.344

0.190
0.037
0.228
0.100
0.459
0.037
0.061
0.061
0.143
0.380
0.078
0.203
0.586
0.234
0.254
0.069
0.175
0.426
0.166
0.166
0.567
0.177
0.232
1.366
0.669
0.943
0.668
0.385
0.757
0.064
0.231
0.061
0.959
0.678
0.938
0.792
0.035
0.154

41.149
40.015
41.599
42.574
40.922
41.305
41.354
39.852
41.592
41.088
40.848
39.472
40.815
39.421
38.976
40.664
40.891
39.520
39.224
38.546
38.514
40.195
39.763
37.409
37.943
38.798
39.484
39.303
37.487
38.507
36.839
36.925
36.312
35.543
36.837
37.654
36.097
34.991

0.209
0.134
0.048
0.032
0.077
0.052
0.131
0.084
0.199
0.235
0.136
0.140
0.051
0.161
0.133
0.054
0.211
0.123
0.095
0.100
0.206
0.049
0.131
0.434
0.050
0.233
0.203
0.052
0.359
0.116
0.091
0.229
0.175
0.128
0.033
0.334
0.142
0.104

0.093
0.060
0.021
0.014
0.035
0.023
0.059
0.038
0.089
0.105
0.061
0.062
0.023
0.072
0.059
0.024
0.094
0.055
0.042
0.045
0.092
0.022
0.058
0.194
0.022
0.104
0.091
0.023
0.161
0.052
0.041
0.102
0.078
0.057
0.015
0.150
0.063
0.046
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APPENDIX K

Uncertainty budgets for the measurement of the propagations

Type A Type B U, U, Uncertainty, dB (95%)
f: GHZ UCor UR ULMR UUFA Al]A USMR UFSP UI UZC UZR USC USR USZATR
1.0 2.138 1.139 1.773 0.571 2.219 1.000  0.259 1.033 6.016 5.201 6.104 5.303 0.627
1.1 1.933 0.509 1.863 0.600 2.219 1.000  0.259 1.033 5905 5.016 5.995 5.121 0.653
1.2 2.855 0.966 1.949  0.627 2219 1.000  0.259 1.033 6.943  5.297 7.020 5.397 0.679
1.3 1.863 0.242 2.032 0.654 2219 1.000  0.259 1.033 6.013 5.161 6.101 5.263 0.703
1.4 2,132 0967 | 2.113 0.679 2219 1.000  0.259 1.033 6.339 5.487 6.423 5.583 0.727
1.5 2.339 1.075 2.190 0.704 2.219 1.000  0.259 1.033 6.618 5.635 6.698 5.729 0.750
1.6 1.028 0980 | 2266 0.727  0.968 1.000  0.259 1.033 4.624  4.595 4.738 4.709 0.772
1.7 1.175 2.629 | 2.339  0.750  0.968 1.000  0.259 1.033 4.829 6.226 4.938 6.311 0.794
1.8 1.206 0360 | 2.411 0.773  0.968 1.000  0.259 1.033 4957 4.568 5.063 4.684 0.815
1.9 1.706  0.862 2480  0.795  0.968 1.000  0.259 1.033 5.448 4.861 5.545 4.970 0.836
2.0 2.583 0.680 | 2.548  0.816  0.968 1.000  0.259 1.033 6.422  4.889 6.504 4.996 0.856
2.1 2.132 1.103 2.615 0.837 0968 1.000  0.259 1.033 6.029 5.202 6.117 5.303 0.876
2.2 0.550  0.665 2.680  0.857  0.968 1.000  0.259 1.033 5.056  5.095 5.161 5.198 0.896
2.3 1.573 0.452 2.744  0.877  0.968 1.000  0.259 1.033 5718 5.134 5.810 5.237 0.915
2.4 1.490 1.276 | 2.806  0.897 0.968 1.000  0.259 1.033 5.749  5.603 5.841 5.698 0.934
2.5 0.626 1.338 2.868 0916  0.968 1.000  0.259 1.033 5.387 5.738 5.485 5.830 0.952
2.6 0.279 1.240 | 2.928 0.935 0.968 1.000  0.259 1.033 5405 5.770 5.503 5.861 0.970
2.7 0.207  0.530 | 2.987 0954  0.968 1.000  0.259 1.033 5495 5.555 5.591 5.650 0.988
2.8 2.248  0.449 3.046 0972 0968 1.000  0.259 1.033 6.728 5.632 6.807 5.726 1.006
2.9 0919  0.631 3.103 0.990  0.968 1.000  0.259 1.033 5.882 5.775 5.972 5.867 1.023
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3.0
3.1
32
33
34
3.5
3.6
3.7
3.8
3.9
4.0
4.1
4.2
43
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52
53
54

2.399
0.708
2.073
1.269
2.835
1.586
2.045
0.753
1.151
2.230
1.833
1.966
0.601
1.252
1.158
0.249
0.397
1.961
3.647
2.114
0.937
0.181
0.208
3.029
0.448

0.485
0.786
0.348
0.534
0.645
0.297
1.348
0.698
1.521
1.380
1.136
0.952
1.746
1.270
2.404
2.004
1.724
1.205
1.246
1.484
1.507
1.524
1.540
1.093
0.773

3.160
3.216
3.271
3.325
3.379
3.431
3.484
3.535
3.586
3.637
3.687
3.736
3.785
3.833
3.881
3.929
3.976
4.022
4.068
4.114
4.159
4.204
4.249
4.293
4.337

1.007
1.025
1.042
1.059
1.075
1.092
1.108
1.124
1.140
1.155
1.171
1.186
1.201
1.216
1.231
1.245
1.260
1.274
1.288
1.302
1.316
1.330
1.344
1.357
1.371

0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259

1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033

7.028
5.985
6.893
6.412
7.756
6.771
7.184
6.529
6.772
7.560
7.333
7.504
6.903
7.221
7.256
7.086
7.184
7.941
9.518
8.190
7.629
7.550
7.628
9.211
7.806

5.830
6.012
5.988
6.116
6.235
6.250
6.708
6.512
6.972
6.971
6.928
6.932
7.427
7.230
8.065
7.826
7.712
7.508
7.602
7.795
7.880
7.962
8.043
7.909
7.877

7.104
6.073
6.970
6.494
7.825
6.849
7.258
6.610
6.850
7.630
7.405
7.575
6.980
7.295
7.329
7.161
7.258
8.008
9.574
8.255
7.699
7.620
7.697
9.268
7.874

5.921
6.100
6.076
6.203
6.320
6.335
6.787
6.593
7.048
7.047
7.004
7.008
7.498
7.304
8.131
7.894
7.781
7.579
7.672
7.863
7.947
8.029
8.109
7.976
7.944

1.040
1.057
1.073
1.090
1.106
1.122
1.138
1.153
1.169
1.184
1.199
1.214
1.228
1.243
1.258
1.272
1.286
1.300
1.314
1.328
1.341
1.355
1.368
1.382
1.395
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5.5
5.6
5.7

5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5

7.6

7.7
7.8

7.9
8.0

0.901
0.886
0.499

1.474
0.997
1.054
1.207
0.853
0.633
0.303
1.445
2.118
0.629
0.560
0.718
1.220
1.134
0.331
0.372
0.833
1.128

0.956

0.700
0.506

0.408
0.848

1.420
0.500
0.311

0.565
0.292
0.555
1.360
0.437
0.821
0.346
0.457
1.366
0.669
0.943
0.791
0.544
0.757
0.350
0.382
0.598
0.959

0.822

0.938
0.792

0.742
0.776

4.380
4.424
4.466

4.509
4.551
4.593
4.635
4.676
4.717
4.758
4.799
4.839
4.879
4.919
4.959
4.998
5.037
5.076
5.115
5.153
5.191

5.229

5.267
5.305

5.342
5.380

1.384
1.397
1.410

1.423
1.436
1.449
1.462
1.474
1.487
1.499
1.512
1.524
1.536
1.548
1.560
1.572
1.584
1.596
1.608
1.619
1.631

1.643

1.654
1.665

1.677
1.688

0.968
0.968
0.968

0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968

0.968

0.968
0.968

0.968
0.968

1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000

1.000
1.000

1.000
1.000

0.259
0.259
0.259

0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259

0.259

0.259
0.259

0.259
0.259

1.033
1.033
1.033

1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033

1.033

1.033
1.033

1.033
1.033

7.988
8.056
8.035

8.432
8.306
8.396
8.522
8.472
8.488
8.507
8.895
9.328
8.763
8.817
8.917
9.134
9.168
9.054
9.125
9.275
9.426

9.437

9.439
9.469

9.520
9.664

8.196
7.962
8.009

8.120
8.152
8.261
8.586
8.383
8.533
8.511
8.595
8.927
8.771
8.908
8.934
8.949
9.059
9.056
9.126
9.224
9.374

9.402

9.496
9.523

9.576
9.647

8.054
8.122
8.101

8.495
8.370
8.459
8.585
8.535
8.550
8.569
8.955
9.385
8.823
8.878
8.976
9.192
9.226
9.113
9.183
9.332
9.482

9.493

9.495
9.525

9.575
9.719

8.260
8.029
8.075

8.185
8.217
8.325
8.648
8.446
8.595
8.574
8.657
8.987
8.831
8.968
8.993
9.009
9.118
9.115
9.184
9.282
9.430

9.458

9.552
9.579

9.631
9.702

1.408
1.421
1.434
1.447
1.459
1.472
1.484
1.497
1.509
1.522
1.534
1.546
1.558
1.570
1.582
1.593
1.605
1.617
1.628
1.640
1.651

1.663

1.674
1.685

1.697
1.708
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APPENDIX L

Penetration loss evaluation, dB

Glass door Wooden door Wall
F, GHz | Mean SD Meane | Mean SD Mean € | Mean SD Mean ¢
1.0 56.117 2.383 1.066 77.146 1.044 0.467 70.998 0.765 0.342
1.1 56.631 0.076 0.034 73.070 0.408 0.183 71.852 0.065 0.029
1.2 52.621 0.749 0.335 73.136  0.088 0.040 67.308 0.188 0.084
1.3 61.153 0.831 0.372 72.436 0.287 0.128 67.408 0.458 0.205
1.4 59.066 2.291 1.025 71.742  0.083 0.037 68.480 0.392 0.175
1.5 62.981 0.342 0.153 74.348 0.776 0.347 66.546 0.254 0.114
1.6 64.372 0.098 0.044 72.238 1.531 0.685 68.618 0.438 0.196
1.7 64.323 0.977 0.437 71.540 0.962 0.430 67.370 0.326 0.146
1.8 62.150 0.437 0.196 70.930 0.225 0.101 65.044 0.468 0.210
1.9 63.183 0.048 0.021 69.442  0.139 0.062 65.028 0.219 0.098
2.0 59.692 1.718 0.768 68.580 0.789 0.353 64.236 0.998 0.446
2.1 64.293 0.374 0.167 69.350 0.304 0.136 64.360 0.805 0.360
2.2 65.942 0.085 0.038 69.586 0.181 0.081 64.102 0.570 0.255
2.3 66.117 0.102 0.046 68.626 0.119 0.053 62.768 0.745 0.333
2.4 66.489 1.127 0.504 68.350 0.204 0.091 62.334 1.015 0.454
2.5 61.372 0.539 0.241 65.382 0.138 0.062 60.114 0.490 0.219
2.6 63.662 0.416 0.186 64.180 0.170 0.076 58.360 0.433 0.194
2.7 64.485 0.543 0.243 64.818 0.194 0.087 58952 0.116 0.052
2.8 65.510 0.306 0.137 65.980 0.212 0.095 60.720 0.565 0.253
2.9 64.363 0.567 0.254 64.106 0.155 0.069 57.944 0.494 0.221
3.0 57.231 0.089 0.040 55.880 0.098 0.044 50.590 0.049 0.022
3.1 56.775 0.348 0.155 58.320 0.399 0.178 51.374 0.328 0.147
32 56.669 0.105 0.047 55.750 0.269 0.120 48.978 0.944 0.422
33 57.086 0.498 0.223 54.288 0.185 0.083 49.196 0.272 0.122
34 58.319 0.171 0.077 56.742  0.123 0.055 50.434 0.232 0.104
3.5 58976 0.125 0.056 55.900 0.120 0.054 49.376 0.447 0.200
3.6 56.309 0.064 0.028 54938 0.104 0.046 46.054 1.682 0.752
3.7 54926 0.115 0.051 53.220 0.554 0.248 43.904 2414 1.080
3.8 54.241 0.051 0.023 52.894 0.352 0.158 46.494 1.353 0.605
3.9 55.873 0.189 0.085 54930 0474 0.212 47.552  0.905 0.405
4.0 57.377 0.145 0.065 55.848 0.449 0.201 48.438 1.284 0.574
4.1 55.996 0.863 0.386 55.602 0.325 0.145 47.288 0.494 0.221
4.2 56.503 0.169 0.076 55.618 0.074 0.033 47.888 0.105 0.047
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43
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52
53
54
5.5
5.6
5.7
5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0

55.560
54.418
55.436
56.517
54.580
54.322
51.046
51.618
55.722
55.310
51.578
48.870
52.931
54.212
52.087
51.223
51.328
52.112
50.267
50.835
52.233
49.918
48.487
50.633
49.858
50.303
50.727
49.398
49.853
50.441
48.656
51.449
50.864
49.197
49.942
50.834
50.223
49.873

0.354
0.540
0.035
0.659
0.954
0.075
0.618
0.559
0.192
0.157
0.858
0.968
0.181
0.068
0.126
0.272
0.493
0.060
0.799
0.555
0.050
0.789
0.083
0.135
0.300
0.305
0.057
0.752
0.317
0.241
0.199
0.248
0.385
0.192
0.280
0.395
0.093
0.340

0.158
0.242
0.016
0.295
0.427
0.034
0.276
0.250
0.086
0.070
0.384
0.433
0.081
0.030
0.056
0.122
0.220
0.027
0.357
0.248
0.022
0.353
0.037
0.060
0.134
0.136
0.026
0.336
0.142
0.108
0.089
0.111
0.172
0.086
0.125
0.177
0.042
0.152

54.652
54.112
54.408
55.752
55.474
53.922
52.958
52.824
55.436
55.328
53.668
52.366
52.440
52.612
53.660
52.282
52.360
52.774
51.580
50.306
50.698
51.336
47.718
49.294
48.532
47.640
49.172
49.534
45.388
47.290
47.728
45.488
46.748
47.736
46.664
45.586
48.238
45.928

0.263
0.137
0.114
0.093
0.273
0.213
0.170
0.056
0.203
0.122
0.065
0.323
0.519
0.370
0.158
0.440
0.372
0.400
0.226
0.444
0.390
0.156
0.375
0.110
0.282
0.389
0.205
0.457
0.426
0.405
0.457
0.154
0.377
0.562
0.566
0.655
0.206
0.061

0.118
0.061
0.051
0.041
0.122
0.095
0.076
0.025
0.091
0.055
0.029
0.144
0.232
0.166
0.071
0.197
0.166
0.179
0.101
0.199
0.175
0.070
0.168
0.049
0.126
0.174
0.092
0.204
0.190
0.181
0.205
0.069
0.169
0.252
0.253
0.293
0.092
0.027

45.246
43.002
44.870
45.320
42.988
42.736
42.962
41.930
45.840
45.686
42.680
41.884
44.634
44.138
44.172
42.986
46.020
44.974
42.992
44.398
45.264
44.832
43.382
44.338
44.462
44.232
44.194
42.748
41.074
40.806
40.442
40.026
40.102
40.018
40.584
41.000
40.326
40.414

0.466
0.909
0.509
0.109
0.302
0.232
1.969
6.026
8.698
6.745
7.424
5.906
7.040
7.467
4.625
5.437
4.092
4.230
4.614
4.734
3.027
2.752
2.785
2.135
1.757
1.483
0.998
0.025
0.423
0.715
1.415
1.570
1.487
0.740
0.300
0.409
0.158
0.416

0.208
0.407
0.228
0.049
0.135
0.104
0.881
2.695
3.890
3.017
3.320
2.641
3.149
3.340
2.068
2.432
1.830
1.892
2.063
2.117
1.354
1.231
1.246
0.955
0.786
0.663
0.446
0.011
0.189
0.320
0.633
0.702
0.665
0.331
0.134
0.183
0.070
0.186
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APPENDIX M

Uncertainty budgets for the measurement of the penetrations

Type A Type B Ul U2 Uncertainty, dB (95%)

f, GHz Usp Unp Uy Umr Uvrs AUy Usur ~ Ursp U, Usep Uswp Usw Usep Uswp Usw
1.0 1.066 0.467 0.342 | 1.773 0.571 2219 1.000 0.259 | 1.033 | 5.158 4.903 4.874 | 5.260 5.010 4.982
1.1 0.034 0.183 0.029 | 1.863 0.600 2.219 1.000 0.259 [ 1.033 | 4.944 4.953 4.944 | 5.050 5.059 5.050
1.2 0.335 0.040 0.084 | 1.949 0.627 2219 1.000 0.259 [ 1.033 | 5.076 5.045 5.047 | 5.180 5.150 5.151
1.3 0.372  0.128 0.205 | 2.032 0.654 2219 1.000 0.259 | 1.033 | 5.182 5.149 5.156 | 5.284 5.252 5.259
1.4 1.025 0.037 0.175 | 2.113 0.679 2.219 1.000 0.259 | 1.033 | 5.516 5.244 5.252 | 5.612 5.345 5.352
L.5 0.153 0.347 0.114 | 2.190 0.704 2219 1.000 0.259 [ 1.033 | 5.347 5.372 5.344 | 5.446 5.470 5.443
1.6 0.044 0.685 0.196 | 2.266 0.727 0.968 1.000 0.259 | 1.033 | 4.293 4.443 4305 | 4.416 4.561 4.427
1.7 0.437 0430 0.146 | 2.339 0.750 0.968 1.000 0.259 | 1.033 | 4.472 4.470 4.419 | 4590 | 4.588 4.538
1.8 0.196 0.101 0.210 | 2.411 0.773 0.968 1.000 0.259 [ 1.033 | 4.540 4.532 4.542 | 4.657 4.648 4.658
1.9 0.021 0.062 0.098 | 2.480 0.795 0.968 1.000 0.259 [ 1.033 | 4.643 4.644 4.646 | 4.756 4.757 4.759
2.0 0.768 0353 0.446 | 2.548 0.816 0.968 1.000 0.259 | 1.033 | 4.925 4.791 4.813 | 5.032 4.901 4.922
2.1 0.167 0.136  0.360 | 2.615 0.837 0.968 1.000 0.259 | 1.033 | 4.872 4.870 4.901 | 4.981 4.978 5.009
2.2 0.038 0.081 0.255 | 2.680 0.857 0.968 1.000 0.259 | 1.033 | 4.972 4.974 4.990 | 5.079 5.080 5.096
2.3 0.046 0.053 0.333 | 2.744 0.877 0968 1.000 0.259 | 1.033 | 5.078 5.079 5.108 | 5.182 5.183 5.212
2.4 0.504 0.091 0.454 | 2.806 0.897 0.968 1.000 0.259 [ 1.033 | 5.250 5.184 5.237 ] 5.350 5.286 5.338
2.5 0.241 0.062 0.219 | 2.868 0916 0.968 1.000 0.259 [ 1.033 | 5.299 5.285 5.297 | 5.399 5.385 5.397
2.6 0.186 0.076  0.194 | 2.928 0.935 0.968 1.000 0.259 [ 1.033 | 5.394 5.386 5.395 | 5.492 5.484 5.493
2.7 0.243 0.087 0.052 | 2.987 0954 0968 1.000 0.259 [ 1.033 | 5.499 5.486 5.485 | 5.595 5.582 5.581
2.8 0.137 0.095 0.253 |3.046 0972 0968 1.000 0.259 | 1.033 [ 5.586 5.584 5.598 | 5.681 5.679 5.692
2.9 0.254 0.069 0.221 | 3.103 0990 0.968 1.000 0.259 [ 1.033 | 5.694 5.679 5.690 | 5.787 5.772 5.783
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3.0
3.1
32
33
34
3.5
3.6
3.7
3.8
3.9
4.0
4.1
4.2
43
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
52

53
54

0.040
0.155
0.047
0.223
0.077
0.056
0.028
0.051
0.023
0.085
0.065
0.386
0.076
0.158
0.242
0.016
0.295
0.427
0.034
0.276
0.250
0.086
0.070

0.384
0.433

0.044
0.178
0.120
0.083
0.055
0.054
0.046
0.248
0.158
0.212
0.201
0.145
0.033
0.118
0.061
0.051
0.041
0.122
0.095
0.076
0.025
0.091
0.055

0.029
0.144

0.022
0.147
0.422
0.122
0.104
0.200
0.752
1.080
0.605
0.405
0.574
0.221
0.047
0.208
0.407
0.228
0.049
0.135
0.104
0.881
2.695
3.890
3.017

3.320
2.641

3.160
3.216
3.271
3.325
3.379
3.431
3.484
3.535
3.586
3.637
3.687
3.736
3.785
3.833
3.881
3.929
3.976
4.022
4.068
4.114
4.159
4.204
4.249

4.293
4.337

1.007
1.025
1.042
1.059
1.075
1.092
1.108
1.124
1.140
1.155
1.171
1.186
1.201
1.216
1.231
1.245
1.260
1.274
1.288
1.302
1.316
1.330
1.344

1.357
1.371

0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968

0.968
0.968

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.000

0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259

0.259
0.259

1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033

1.033
1.033

5.773
5.873
5.960
6.062
6.143
6.231
6.319
6.407
6.493
6.580
6.664
6.777
6.831
6.917
7.005
7.074
7.171
7.268
7.312
7.404
7.479
7.545
7.621

7.722
7.804

5.774
5.874
5.963
6.053
6.142
6.231
6.319
6.420
6.498
6.588
6.671
6.751
6.830
6.914
6.994
7.074
7.154
7.236
7.313
7.391
7.467
7.545
7.620

7.695
7.774

5.773
5.872
6.001
6.054
6.144
6.240
6.443
6.656
6.571
6.613
6.731
6.757
6.830
6.920
7.026
7.084
7.154
7.237
7.314
7.535
8.720
9.958
9.136

9.487
8.936

5.865
5.963
6.049
6.150
6.229
6.316
6.403
6.490
6.574
6.660
6.743
6.856
6.908
6.993
7.081
7.149
7.245
7.341
7.384
7.476
7.550
7.615
7.690

7.791
7.872

5.865
5.965
6.052
6.140
6.228
6.316
6.403
6.502
6.580
6.668
6.751
6.829
6.907
6.991
7.070
7.149
7.228
7.309
7.386
7.462
7.538
7.616
7.690

7.764
7.842

5.865
5.962
6.089
6.142
6.230
6.325
6.525
6.735
6.652
6.693
6.810
6.835
6.908
6.997
7.102
7.159
7.228
7.310
7.386
7.605
8.781
10.011
9.195

9.543
8.995
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5.5
5.6
5.7
5.8
59
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7

7.8
7.9
8.0

0.081
0.030
0.056
0.122
0.220
0.027
0.357
0.248
0.022
0.353
0.037
0.060
0.134
0.136
0.026
0.336
0.142
0.108
0.089
0.111
0.172
0.086
0.125

0.177
0.042
0.152

0.232
0.166
0.071
0.197
0.166
0.179
0.101
0.199
0.175
0.070
0.168
0.049
0.126
0.174
0.092
0.204
0.190
0.181
0.205
0.069
0.169
0.252
0.253

0.293
0.092
0.027

3.149
3.340
2.068
2.432
1.830
1.892
2.063
2.117
1.354
1.231
1.246
0.955
0.786
0.663
0.446
0.011
0.189
0.320
0.633
0.702
0.665
0.331
0.134

0.183
0.070
0.186

4.380
4.424
4.466
4.509
4.551
4.593
4.635
4.676
4.717
4.758
4.799
4.839
4.879
4.919
4.959
4.998
5.037
5.076
5.115
5.153
5.191
5.229
5.267

5.305
5.342
5.380

1.384
1.397
1.410
1.423
1.436
1.449
1.462
1.474
1.487
1.499
1.512
1.524
1.536
1.548
1.560
1.572
1.584
1.596
1.608
1.619
1.631
1.643
1.654

1.665
1.677
1.688

0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968
0.968

0.968
0.968
0.968

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000

0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259
0.259

0.259
0.259
0.259

1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033

1.033
1.033
1.033

7.846
7.919
7.992
8.067
8.145
8.209
8.302
8.362
8.422
8.512
8.562
8.631
8.702
8.771
8.836
8.921
8.974
9.039
9.105
9.172
9.240
9.302
9.368

9.435
9.495
9.563

7.854
7.923
7.993
8.071
8.142
8.214
8.282
8.358
8.427
8.493
8.566
8.631
8.702
8.772
8.837
8.910
8.976
9.042
9.110
9.170
9.240
9.310
9.376

9.443
9.496
9.559

9.446
9.688
8.707
9.031
8.693
8.797
8.969
9.070
8.720
8.737
8.811
8.777
8.798
8.837
8.867
8.903
8.976
9.053
9.165
9.245
9.302
9.317
9.369

9.436
9.496
9.564

7.913
7.986
8.059
8.133
8.211
8.274
8.366
8.425
8.485
8.575
8.624
8.693
8.763
8.831
8.896
8.980
9.033
9.098
9.163
9.230
9.298
9.359
9.425

9.492
9.551
9.618

7.922
7.990
8.059
8.137
8.207
8.279
8.346
8.421
8.490
8.555
8.628
8.693
8.763
8.833
8.897
8.969
9.035
9.101
9.168
9.228
9.297
9.368
9.432

9.500
9.552
9.615

9.502
9.743
8.768
9.090
8.754
8.857
9.029
9.128
8.781
8.798
8.871
8.837
8.858
8.898
8.927
8.963
9.035
9.112
9.223
9.302
9.359
9.374
9.425

9.492
9.552
9.620
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