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Rakenteiden kosteuden hallinta on eräs rakennusalan keskeisiä tavoitteita. Kasvanut
kosteuskuormitus

yhdistettynä huoneen

lämpötilaan

luo

hyvän

kasvualustan

mikrobeille. Aikaa myöten tämä alentaa sisäilman laatua ja saattaa aiheuttaa
terveysongelmia rakennuksessa oleskelijoille. Tämän vuoksi on tärkeää monitoroida
rakenteiden kosteustilaa jotta koijaustoimenpiteisiin voidaan ryhtyä ajoissa.
Diplomityö on osa projektia, jossa pyritään edelleen kehittämään rakenteita
rikkomatonta kosteudenmittausjäijestelmää. Järjestelmä perustuu edullisiin LCresonaattori pii rei hi n, jotka asennetaan rakenteen sisään. Näiden taaj uusominai suudet
voidaan määrittää langattomasi! rakenteen ulkopuolelta sensoriin induktiivisesti
kytkeytyvällä lukulaitteella.
Työssä kehitettiin lukulaiteprototyyppi joka toimii uudella Fourier mittausperiaatteella.
Toteutuksessa tarvittiin kohinalähde ja 8. asteen Chebychew suodatin, muita uusia
ominaisuuksia ovat mm. RFID-lukija sekä Li-Ion akku. Tarvittava elektroniikka
suunniteltiin ja uusi piirikortti valmistettiin.
Testit osoittavat,

että prototyyppi

toimii

kuten oli

suunniteltu ja Fourier

mittausperiaatetta voidaan käyttää anturin taajuusominaisuuksien määrittämiseen.
Avainsanat: kosteus, mittaustekniikka, induktiivinen kytkeytyminen, Fourier muunnos,
kohinalähde, RFID
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1

INTRODUCTION

Humidity in constructions is mainly unwanted but also unavoidable. Humidity (aka.
moisture, dampness) is the moderate degree of wetness caused by water or other
liquid. Relative humidity (RH) is the mass of water vapour present in the air
expressed as a percentage of the mass that would be present in an equal volume of
saturated air at the same temperature. In this book, I refer to humidity as a state
within material, not so much as an atmospheric quantity.
The impact of moisture to indoor climate, and further to health issues, has been under
intense discussion at several forums [Tek03][Hb03]. Moisture related problems are
especially serious in Scandinavia and other Nordic countries, where the climate has a
wide temperature range. To economically cope with these temperature gradients, the
rotation of air inside a building needs to be under control. In other words, to prevent
draft, the windows usually have up to three layers and constructions are air tight.
Often it is the lack of ventilation, combined with large temperature changes and leaks
in the water isolations that lead to serious humidity load in constructions. The
humidity load, or even running water, combined with moderate temperature leads to
microbe growth and eventually to poor indoor air quality. In concrete, RH levels of
85-90% are critical in point of microbe growth on open surfaces [Vii03], It is
estimated that the annual cost resulting from poor indoor air quality is between 20003000 million euros for the Finnish national economy [ТекОЗ].
There are several reasons why the humidity conditions within constructions are
needed. From an owner’s point of view these reasons can roughly be classified by
time basis. Short term benefits arise during construction work. It is important to
know when the concrete is dry enough to be covered by other materials. This
knowledge ensures that favourable growth environment is not created for fungi by
covering wet concrete with floor lamination. Long term benefits include monitoring
the moisture level of walls and floors. For example, in bathrooms excess moisture
combined with warm temperature present a good environment for microbegrowth.
Both the reasons have obvious economical benefits due to increased ability to time
construction stages and renovations optimally. Humidity monitoring also contributes
to the value of the building, making it easier to sell and preserving its value.
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There have been numerous methods for determining the moisture content of a
structure, but they have either been inaccurate, unreliable or simply impractical.
Surface moisture indicator, like Humitest MC-100S or Doser Bd-2 (Figure 1.1),
combines the known properties of the measured substance with the measured electric
field penetration capabilities. The acquired dielectricity is proportional to water
content. However, experience has shown that the measurement result is user
dependent. Alone the geometry of the measurement has an effect to the coupling of
the electric field. It should also be noted that in multilayer structures (as in tiled
walls) it is difficult to determine through which layer the electric field couples.
Nevertheless, the surface moisture indicator is a convenient and affordable tool for
getting an idea how moisture is distributed in the construction, and where more
accurate measurements should be done.
By penetrating the material, more accurate humidity readings are achieved. The most
common method is based on electric capacitance and its dependence on the
insulating material between the capacitor plates, hence air, and its water content.
Vaisala HMI41 indicator with a MHP45 probe (Figure 1.1) utilizes this method.
With proper use it does give reliable readings. Proper use in this context means, that
the probe must be tightly sealed to the measurement hole for several days to let the
humidity of the air within the hole to reach equilibrium with the surrounding
material.
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Figure 1.1: Humidity measurement devices. From left, Humitest MC-100S,
Doser BD-2, Testo 625 and Vaisala HMI41 with MHP45.
If one combines the two presented methods and a skilled operator, an adequate
certainty of humidity conditions within a structure can be achieved. In addition, the
structure is now damaged due to the hole, and several days have been spent on the
topic. A need for a new measurement method is therefore rather self-evident.

1.1 Earlier research
This thesis is a continuation of Jukka Voutilainen’s Thesis “Design of a Handheld
Humidity Measurement Device” [Vou02a]. It was done during the RAKO
(RAkenteiden KOsteudenmonitorointi) project in the Applied Electronics laboratory
in the Helsinki University of Technology during the years 2001-2002. The target was
to develop an non-invasive method to measure humidity within structures.
The developed measurement concept is based on inexpensive LC-resonator circuit
that is placed inside the structure at the time of construction or renovation. The
surrounding material affects the properties of the sensor. These properties can be
determined from outside the material with a reading device. The device needs no
galvanic contact to the sensor, thus the method is non-invasive. The measured
properties are the resonant frequency and the Q-value, which are extracted by a
frequency sweep algorithm. The material surrounding the sensor is pre-defmed, and
its conductivity is known as a function of relative humidity. As a result, relative
humidity can be calculated from the measured properties.
Even though the developed measurement device and sensor are fully operational, and
the measurement method has been proved to be feasible among other methods,
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several areas for future improvement were identified. For one, the reading distance
was restricted to 0-6 centimetres. Another experimental fact was that the current
consumption of the reading device limited the operation time to about two hours.
That is rather unpractical in everyday use. RAK02 project was then launched, and I
was assigned to design the prototype of a new measurement device.

1.2 Aim of the study
The aim of the RAK02 project was to improve the existing functionalities and to
develop new features to the system. The improved version of the reading device is to
implement a novel Fourier measurement method for determining the properties of the
sensor. Totally new quantities to be measured include the temperature of the sensor
as well as ambient humidity and temperature. In order to increase long-term usability
and integration level with building monitoring systems, a memory function is to be
implemented. This implies that the reading device may need to support the wireless
power transportation for the sensor. Additional goals include improved power
economy and compatibility with the first generation sensor technology.
The tasks were divided so that Jukka Voutilainen was in charge of the software
developments as well as the digital circuitry. The pilot measurements will be a part
of his doctoral dissertation. Tuomo Reiniaho was responsible of the new
functionalities within the sensor, namely the temperature measurements and the
wireless power transportation. My task was to design a new circuit board which
would contain all the needed circuitry and which would fit in to the same enclosure
as used in the last project. Namely, all the analog components would to be of my
design. I will also consider different alternatives how to enhance the operation time.

1.3 Structure of the thesis
In the next chapter I will present the essential theory that is concerned with the
resonator circuit. I will also discuss the properties of noise and give an overview on
Fourier Transform, as they are a part of the new measurement method. In chapter 3 I
will present the measurement concept that is accomplished in the system. I will
continue with active filters in Chapter 4 to give some background for major decisions
of my work.
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The design task of this thesis is the new prototype that will be introduced in the
Chapter 5. It will discuss the new printed circuit board and its functionalities as well
as the main design issues. In Chapter 6 I will present the measurement results which
verified the device’s operation. This is accompanied by discussion. In Chapter 7 the
conclusions will sum up the thesis. I hope the reader would bear with me all the way
to the references.
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2

THEORY

In order to understand the measurement concept, one must be familiar with the
underlying theory. The LC Resonators are one of the simplest forms of electric
circuit and in this application their properties are utilized in a new way. Noise will be
needed as a stimulus and thus the classification of noise will be discussed. Although
the digital electronics and software are not on my responsibility, I will present
Fourier transform as the third and final topic of this chapter.

2.1 LC resonators
Let’s us start by looking at the most simple form of a resonator, a circuit composed
of a coil and a capacitor, also known as a tank circuit (Figure 2.1).

Figure 2.1: An LC-circuit
This circuit is in resonance when the imaginary part of its admittance (or impedance)
is equal to zero [Bob96, p.276].
jcoL + —î— = 0
jœC

(1)

Solving this yields to the well known formula
f

1

jres

iTUyfZc

'

(2)

One should also consider the resistive losses that occur in the capacitor and in the
coil, thus the circuit can be presented as in Figure 2.2
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Figure 2.2: An RLC-resonator
Where the resistor includes both the resistive losses. The input admittance for this
circuit is [Bob96, p. 275]
K,y„+yi+yc-l + y(^-¿).

(3)

and thus we arrive to the impedance
\\
Z = —(- /1 coC-----R
{
coL J)

jaL
(4)

As the resistance has no imaginary part, the formula (2) still applies in this case.
When at resonance, the circuit acts as a resistance R because the parallel LC-circuit
behaves as an open circuit.
In addition to the resonance frequency, the circuit properties include the bandwidth.
It is defined in the terms of the half-power ( Vm3X /
В = a2-cox,

) frequencies by
(5)

where coi and юг are the corresponding frequencies, as illustrated Figure 2.3 [Bob96,
p.277].
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Figure 2.3: Voltage magnitude versus frequency
Bandwidth can also be expressed by the electrical variables:
B=

1
2nRC

(6)

This is necessary because we still need to define one property, the quality factor Q,
which is closely related to the bandwidth. The quality factor describes the sharpness
of an amplitude response and is defined by
Q = 2л

Í Emax,stored^
E
^lost
y

(7)

Where EmaXyStore(¡ is the maximum stored energy and E¡os, denotes the total losses
during one period. The same expressed with electrical variables is
Q = corRC

-Rfb’

(8)

thus relating the quantities as follows:
B = ^~

(9)

This hold for parallel resonant RLC circuits. It is easy to see that when the bandwidth
is large, Q must be small, and vice versa. This is result helps to understand the
concept presented later in the thesis.
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2.2 Noise in electric Circuits
The word ‘noise’ was derived as a result of the acoustical effects accompanying
spontaneous fluctuations in receivers and is thereafter commonly used even when an
acoustical effect is not involved, as in analog television broadcasts. An electric or
telecommunications engineer is confronted with noise because it represents the
fundamental limit for many signal-processing applications. This is especially true
when one is trying to detect and analyse weak signals. A commonly used measure is
the signal-to-noise ratio (SNR).
Most active circuits process signals as either currents or voltages. In comparison,
bipolar junction transistor (BIT) is a transconductance device: It produces an output
signal current in response to an input signal voltage. To allow ready comparisons
between signals and noise, common practice expresses noise spectral densities in
terms of a voltage per root hertz (V/yßiz) or a current per root hertz (A /*JHz)
[Isr04],
The primary electrical noise sources are thermal and shot noise; others include
partition noise and flicker noise, contact and burst noise at lower frequencies [DorOO
p. 1496]. In semiconductors, noise is classified to thermal noise, shot effect and
generation-recombination noise [Zie54, р.З].
The random motion of electrons in semiconductor gives rise to thermal noise (aka
Johnson noise). The thermal noise derives from the random carrier motion within the
device. For a resistor, expressed as a noise source, thermal noise current is
(10)

where к is the Boltzman constant, T is the absolute temperature, df is a small
frequency interval and R is the resistor [Zie70, p.8]. The equivalent saturated diode
current le is
i2 = 2qledf ,

(11)

where q denotes the electric charge. If an electric field is applied, a drift velocity ltd is
superimposed on the random motion of electrons; this gives rise to the shot effect.
Shot noise (aka. Schottky noise) comes from the quantum nature of electrons passing
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a potential barrier and is thus associated with diodes and BJTs. Shot noise current is
given by
(12)

where В is the bandwidth. Looking at equation (12) it must be noted that shot noise is
proportional to the square root of the forward junction current and independent from
temperature. The temperature independence has special importance in a device that
should work on a wide temperature range, as in construction sites.
Generation-recombination (aka. Burst-, Popcorn-) noise result from the carrier state
transitions between conduction and valence bands. Various trap levels are also
possible. To put it differently: Although generation-recombination noise is not
detectable without DC-current and is thus a function of current, it is not produced by
current. At higher frequencies, as in the scope of this Thesis, generationrecombination noise is not significant.

2.3 Fourier transform
One of the most important events in the development of applied mathematics was the
introduction of Fourier series by Jean Baptiste Joseph Fourier (1768-1830) in 1822
[Ram85, pp.17-18]
,, 4

,

пл

,

.

nu

.

f(x) = a0+2^ («„ cos—x + bn sin—x).

(13)

It was probably the first systematic application of a trigonometric series to a problem
solution. Fourier series allow a time-domain waveform to be transformed to the
frequency domain, but it has a limiting factor: the waveform must be periodic at all
time. This certainly does not fit to the conception of noise.
Further studies and development of Fourier series led to the introduction of Fourier
integral for continuous functions,
(14)
In the same manner the frequency domain function can be inverse transformed back
to the time domain
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*«)= \x(f)e'™df

(15)

For centuries Fourier transform was mainly an academic tool because of difficult and
time consuming calculations. This all changed in the 1960s when J.W. Cooley and
J.W. Tukey came up with a new algorithm called Fast Fourier Transform (FFT). It
calculates the Fourier transform of a set of discrete data values and expresses the data
in terms of its component frequencies. Formula (16) gives the Direct Fourier
Transform (DFT) in a generic form:
(kAf ) = A/]T x(nAt)e~]2’á&fnAt.

(16)

w=0

In this TV is the number of samples being considered and At is the sampling interval.
Af is the corresponding sample interval in the frequency domain and n the time
sample index, к is the index for computed set of discrete frequency components.
x(nAt) defines the waveform to be transformed and X(nAf) denotes the set of Fourier
coefficients obtained by the DFT of x(nAt) [Ram85, p.67], As the number of
individual operations is significantly lower than with an integral, FFT can be easily
and efficiently implemented by software or firmware. FFT is an elementary feature
in most programming languages and measurement systems, one has only to choose
the most effective algorithm for the purpose.
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3

MEASUREMENT CONCEPT

Our environment is full of sensors as parts of a variety of applications and systems.
An individual sensor measures mostly only one variable, such as temperature, but
there is a tendency to integrate more than one sensor in one unit. Regardless of the
application, the measurement result is passed on and processed at a higher
hierarchical level of the system. These days, the transfer media between separate
system blocks tends to be air and the communication is done completely wirelessly,
the reason being not only feasibility but fundamentally economic. In addition to the
wireless transfer of data, for active structures power also must be wirelessly fed to
the sensor.
The central innovation behind this humidity measurement concept is to utilize a
simple LC-resonator structure as an inexpensive sensor that can be placed within
structures with relative easiness. The challenge is how to read the sensor without a
galvanic contact. Earlier this challenge was overcome by a frequency sweep method
and mutual inductance. The sweep stimuli were ignited by a voltage controlled
oscillator and the response was determined from the impedance of the antenna coil.
The new concept is also based on mutual inductance between the reading device and
the sensor, but the reading method is different.
The sensor was developed by my fellow researchers and furthermore it is thoroughly
discussed in the references [Vou02b, Vou03], therefore I will only present it at a
level that is needed for understanding the whole concept. In comparison to earlier
work, the novelty in this thesis is the Fourier method.

3.1 Sensor
As mentioned earlier, the sensor is a LC-resonator circuit composed of a printed
copper coil and a surface mount capacitor on a 50mm x 50mm piece of FR-4 (Figure
3.1). In addition there is a copper shield on the other side of the circuit board. Its
purpose is to direct the moisture sensitivity of the sensor to one side of the board.
The two measured parameters from which the moisture content is calculated are the
resonance frequency fTes and the quality factor Q. Other parameters that are used in
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the calculation are predefined constants, although the knowledge of temperature
would improve the accuracy as we are talking about relative humidity.

Figure 3.1: Sensor types. Top left is the basic sensor that has a copper shield on
the bottom side. On the right is the precast sensor. Below is a new sensor type
with temperature measurement coil and an RFID tag.
The coil couples capacitively with the surrounding material thus adding a resistive
component Rmat to the circuit. When the humidity within the material changes, it
results in a change of conductivity of the material and furthermore to a change in the
electrical properties of the circuit illustrated in the Figure 3.2:

5L

Dr

Dr,

Figure 3.2: Equivalent circuit for sensor inside structure [VouOZa, p.20]
R includes the resistive components of the capacitor, the inductor as well as the
resistance due to vias and soldering. As the moisture level inside the structure
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increases, the amount of electron carriers increases and thus conductivity g increases
as can be seen from Eq (17) [Rei93, pi82]:
g=

Nq2T
m

(17)

where N is the amount of carriers, q the charge, г the relaxation time and m the mass.
It is safe to presume that the material is homogenous, and thus r is constant.
Evidently, the rise of humidity and the resulting increase in conductivity makes Rmat
decrease. The change in Rmat result in a decrease in the resonance frequency and in
the diminishing quality factor, as equations (2) and (8) earlier indicated.
Experimentally we know the behaviour of the sensor in materials of different
humidity. Combining this information with the measurement results, we can
calculate the humidity. One challenge remains: different materials have different
dependencies between conductivity and humidity conditions. The way to solve this is
to assemble standard material next to the sensor, as is done with the precast sensor in
Figure 3.1. There are several other sensor assemblies as well, but they fall out of the
scope of this thesis.
During the project, a method was established to supply power for the sensor. This
makes it possible to implement active structures if needed. The power is provided
inductively in low frequencies between two coils [Rei03], However, this function
was not implemented in this prototype.

3.2 Reading device
The purpose of the reading device is to determine the properties of a sensor and to
present the results to the user. The device has a large coil inside and when it is
brought to the proximity of the sensor, it couples inductively with the coil on the
sensor. In fact, these two coils form a coupled planar transformer illustrated in Figure
3.3 (a). The “T-equivalent” circuit is also shown in the picture (b). As this
transformer has an air-core, only a small part of the magnetic field generated by the
coil passes the sensors coil, thus the coupling coefficient is closer to zero than one
and the transformer is said to be loosely coupled.
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Figure 3.3: Transformer and an equivalent model [Säh99, p.22-23]
This mutual inductance with the sensors affects the properties of the antenna coil and
furthermore changes the currents and voltages in the coil. To measure these changes,
the reading device is equipped with analog and digital signal processing circuitry. By
processing samples of the coils AC voltage, the properties of the sensor can be
calculated. This signal processing takes advantage of the Fourier Transform.

3.3 Fourier method
As noted earlier, in the first prototype the measurement parameters were derived with
a frequency sweep algorithm. This gave accurate enough results and furthermore the
required signal processing was rather limited. Thus the needed calculations could be
implemented with a microcontroller (pC). This resulted in a compact design but left
expectations for improvements when it comes to advanced signal processing,
sensitivity and measurement time. Averaging could have been a straightforward
method of improving the measurement distance but unfortunately there was not
enough memory in the old device to study this option thoroughly.
As was explained in Chapter 2.3, the frequency response can be determined with
Fourier transform. In the new prototype, a FFT algorithm was programmed to a
digital signal processor (DSP). As the pC was also changed to a model with more
memory, this gives us more possibilities to enhance the performance by digital signal
processing.
The idea is to digitize the measurement signal with a 10 bit analog-to-digital
converter (ADC). It takes samples of the filtered AC-signal on the antenna coil, and
passes 1024 samples of the signal on to the DSP. Then DSP transforms the signal to
frequency domain with FFT. To improve the signal-to-noise ratio, this process can be
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performed N times and the N result can be summed together. This way the stationary
components are easier to distinguish. From this summed representation the resonance
frequency fres and the quality factor Q can be determined.
A potential hazard to ruin the measurement is aliasing. Aliasing is a phenomenon
when signals at frequencies higher than the sampling rate acquire the identity of
signals of lower frequencies [Mit98, p.67][Ram85, p.115]. An example is shown in
Figure 3.4.

■Aliased Signal

100 ms

-Sampled Point

Figure 3.4: Aliasing example of 90Hz sine wave sampled at 100Hz.
We can avoid this hazard by choosing the sampling rate according to the Nyqvist
theorem and removing the signals outside our measurement bandwidth of 7.25MHz
to 10.5MHz with filters. However, the filters are not ideal and for example the
harmonic components of the crystals might show in the measurement bandwidth.
This is acceptable as long as we can identify them and not confuse them with the
response of the sensor.
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4 ABOUT ACTIVE FILTERS
In this chapter, I will discuss some issues concerning active filters. The prototype has
two large filters that occupy a significant amount of space on the PCB, and there
were several alternatives how they could be implemented. This chapter gives the
background for choosing the right implementation. My purpose is not to give a
complete treatment on the topic of active filters, I only want the reader to have a
feeling on the main options that are available.
Passive filters, composed of resistors, capacitors and inductors, are still popular at
high frequencies, in many situations they are the only choice. Passive circuits do not
need power supply and the high frequency limit is constrained solely by the passive
component parasitic features. The main drawbacks are the losses (attenuation) and
inductor components. Especially at lower frequencies inductors are bulky, inaccurate
and expensive, in addition they have many unideal properties that have to be
addressed. The output impedance of a passive filter leads often to the need for a
buffer amplifier after the filter [Sep04, p. 9-11].
Traditionally active filters have been used mainly at frequencies below 1MHz but the
recent

rapid

development of IC

technology

has

changed

the

situation

[Man02][Sau97], Nowadays operational amplifier based active filters with corner
frequencies up to 100MHz have been built. Active filters need a power supply and
they too have unideal features especially in the active element, which is usually an
operational amplifier [Sch90, p. 198]. Also the maximum signal amplitude is limited
between the supply voltages. The advantage is that active filter circuits are composed
of resistors and capacitors, no inductors are needed. Another advantage is the control
over gain that means that a filter may be used as an amplifier at the same time. The
high input and low output impedance of an operational amplifier allow for a good
isolation of the filter response for variation in source and load impedances [Che82,
р.З]. This gives some freedom of cascading active filter sections to provide tailored
responses.
The design of active filters has many similarities with the design of passive ones. If
an engineer wants to get something done in an instant, he/she can use a ‘cookbook’
style of reference with many useful filter design graphs and charts. Also the filter
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software selection is rather comprehensive nowadays. In case the filter has some
special requirements, one has to be ready to go through some trouble to find the right
formulas.
There are numerous different types of filter responses, but three stands as the most
important ones. They are thoroughly discussed in the references, therefore I will only
state the facts:
1. The Butterworth response maximises the flatness in the pass-band. Therefore
it is often used as an anti-aliasing filter in applications where precise signal
levels are required.
2. The Bessel response has a constant group delay. It is used if the phase non
linearity is to be avoided.
3. The Chebychev response has the fastest roll off to stop-band but present some
ripple on the pass-band. This is why it is popular in filter banks.
Once the specifications are given and the order of the filter is set, the choice is easy
to make. In addition to these mathematical characteristics, a designer must choose
the filter topology as well. Usually the decision is made between these two:
1. Sallen-Key has an accurate DC-gain of 1 and it is non-inverting.
2. Multiple Feedback (MFB) has one component more and it has adjustable
gain. It is inverting but less sensitive to component values.
One more decision must be made: which operational amplifier to use? This is the
moment of truth especially at high frequencies. I will present one more list of the
most important factors:
•

Bandwidth should be at least lOx the highest filter frequency, preferably 20x.
[Sau97]

•

Slew Rate is the maximum rate of change of the output. It gives an idea of the
current drive capabilities of the amplifier.

•

Dynamic range must be suitable to prevent clipping and the resulting
distortion components.
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•

The manufacturer should provide a Spice model for the component. This is
especially important on high frequencies, because the accuracy of the
simulation result is dependent on it.

•

Other considerations include noise figures, gain range, phase linearity, cost
and availability.

There are numerous books and application notes on the topic, and an increasing
variety of design software. During the project, I went through some extra trouble
because I was not aware of all these factors, this gave me motivation to write these
things down.
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5 PROTOTYPE
The new prototype was to meet a variety of expectations. There were the requirement
of a new measurement method, improved operation time, backward compatibility
and support for several new functionalities like the RFID reader and temperature
measurement. One decision in particularly had a major impact on the design effort:
the prototype was to fit into the “Datée Control XS” enclose used in the old
prototype. A second early decision was to fit a rechargeable battery inside the device.
Broadly speaking, these space constraints added a challenging miniaturization effort
to the task list. At some level I was also delighted on this, since it truly challenged
me to concentrate on the mechanical issues as well as to use all the tools in the lay
out software.
The block diagram in Figure 5.1 shows the high-level structure of the prototype. The
most important signal path is the one starting from the noise source. Next the signal
is amplified (Amp) and filtered. The signal then goes through the antenna coil (Ant.
Coil) after which it is again amplified and filtered. After an analog-to-digital
conversion (ADC) the data is processed in the DPS and finally the measurement
result is calculated at the microcontroller (pC). Additional features include user
interface (Keypad and Display), a serial port (RS232) and an RFID-reader unit. The
power section provides the needed voltages across the board. A charge controller
(Charger) charges the battery through a safety circuit (PCM). What are not illustrated
in the diagram are the connectors and few other peripheral circuits, like the real time
clock (RTC) and a logic level converter.
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Figure 5.1: The high level block diagram of the prototype. The arrows represent
the direction of the signal flow. Some peripheral blocks and control signals are
not shown for simplicity.
From the block diagram the design process continues with schematic design. I used
PowerLogic 5.01 for the schematic design and PowerPCs 5.01 for the layout design.
Routing was mainly done with BlazeRouter. These three programs are nowadays
know as PADS 5.01 and it is somewhat an industry standard when it comes to PCB
design. I must say that without these powerful and versatile programs, this PCB
would have never been finished.
The schematic design was done by three parties. The digital circuits were designed
by Jukka Voutilainen, the RF block by Tuomo Rei ni aho and I designed the
remaining circuits. After the schematics had been reviewed, the layout design was
done by Jukka Voutilainen and me, again the division of work being similar. In the
following chapters I will introduce the main blocks of the device.

5.1 Battery
Previous versions of the reading device used a regular 9V battery (6LR61). It was an
easy choice since it was simple to implement, the drawback is that over the years one
spends a lot of money for batteries. In addition, the capacity was adequate only for
about four hours of measurement use. Due to the new features, the total current
consumption of the new prototype was going to increase and therefore I put a lot of
effort on the selection of battery.
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The increasing rechargeable battery usage of today has led to fast development and
furthermore to numerous competing chemistries. Table 1 presents the most important
chemistries and their characteristics.
Types/Chemistries

Characteristic
Average Operating Voltage (V)

PbAcid

NCad

NiMH

Li-Ion

Li-Ion Poly

2

1.2

1.25

3.6

3.6

30-50

45-80

60-120

110-150

120-160

Volumetric Efficiency (WVI)

85

150

180

320

330

Memory Effect

No

Yes

No

No

No

Cycle Life Time

200-300

1500

500

500-1000

300-500

5 to 10

25

20 to 25

10

10

Yes

Yes

No

No

No

Energy Density (WVkg)

Self-Discharge Rate (% month)
Environmental Concerns

Table 1: A comparison of rechargeable battery chemistries. The values are
gathered from diverse sources and should be treated more indicative than
definite.
Sealed Lead Acid (Pb Acid) and Nickel Cadmium (NiCad) cells are no longer used
in portable devices because of their large size and environmental and health concerns
that are connected with Lead and Cadmium. Nickel Metal Hybrid (NiMH) is
environmentally friendly but not quite compact enough for lightweight applications.
Lithium-Ion Polymer (Li-Ion Poly) technology is based on Lithium-Ion (Li-Ion)
technology, but there is still the last step to be taken before that technology is mature
for mass-market products.
Li-Ion technology is widely adopted in modern portable devices such as cameras,
players and laptops. Also mobile phone manufacturers are using Li-Ion batteries
because of the two magical parameters: energy density and cost. This led me to the
conclusion, that I should have no worries in the future concerning the availability of
the Li-Ion cells. An illustrative map (Figure 5.2) of the performance says it all.
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Figure 5.2: An illustration of the energy densities of different battery
chemistries [Ion04].
The differences in the energy density result from Lithium’s characteristics. Lithium
(Li) is a highly reactive material and much lighter than the metal alloy of the NiMH
negative electrode. On the other hand, being a highly reactive material, Lithium
electrode requires special circuitry to control charging and to prevent over discharge.
The negative electrode of Li-ion batteries consists of, mainly, carbon or graphite that
can store or release Lithium ions (Figure 5.3). If there is an over discharge voltage,
the Li-ions turn to be Li-metals and deposit on the carbon or graphite surfaces.
Because of the very active nature of the Li-metal, it can bum by any flush or other
reasons. Furthermore the electrolyte contains flammable organic solvent. Therefore,
once the used charger goes wrong and an overcharge exist, say 4.7V, the Li-ion
battery will be overheated and possible burned. Even an explosion is possible as the
recent experiences with forgered cells show.
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Figure 5.3: Chemical reactions in a Li-Ion battery [New04].
Other disadvantages for Li-Ion chemistry include the typical cycle life of 500
charges and limited discharge performance at low temperatures. The cell is also a bit
more expensive than those of some other chemistry, but in this prototype the cost of
extra 10,- € is negligent.
5.1.1 Selected Li-Ion battery
A major constraint was the space inside the enclosure. It is clear that there was not
enough space for the new electrical components unless the PCB would extent over
the battery compartment. Therefore the battery was to be less than 8mm slim to fit in.
After extensive study of the markets, I found a few Li-Ion cells that could be used:
ICP663450-SC (Renata, SA, Itingen/Switzerland), UF653450R (Sanyo Energy,
USA) and ICP063450G (Hitachi Maxell, Ltd, Tokyo/Japan). They are all similar in
dimensions, capacity and usage, the main differences are availability, casing and
price. The energy densities are 315, 316 and 358 Wh/1, respectively, making them
superior to NiMH or NiCad type cells. I found also a cheap Chinese made model
(MaxPower) but among laboratory staff, there were mainly bad expectations of its
quality.
I spent numerous hours alone identifying these options but to check the availability
was even bigger a challenge. Most manufacturers were not in the least interested to
selling small amounts of cells to a university research group, in fact, many did not
even reply to polite enquiries. Finally I got samples from Renata and Sanyo which I
then tested in the laboratory. They both fulfilled the specifications and Renata
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delightfully turned out to have a sales-representative in Finland, so in the end,
ICP663450-SC was a safe choice. It is equipped with a safety circuit (RSC Li-10),
also known as the protection circuit module (PCM).
A Li-Ion battery has to be monitored at all times because the rise of the temperature
increases the pressure inside the cell and may present a safety hazard. The cell can
also be damaged due to over voltage or current and thus shorten its life cycle. The
manufacturers are well aware of this and many of them don’t even offer the cells
without a built-in PCM. It is a small chip on the side of the cell. Conceptually it is
situated between the battery and the load, as can be seen in Figure 5.4. It monitors
the voltages preventing over-charge and over-discharge from reaching the cell by
opening a power switch (SW1). PCM also protects the cell from short-circuit and
over-current situations by opening the power switch (SW2).

Protection IC & circuit

Cell -r-

with CE circuit

Load

Charger

GND

MOSFET

Figure 5.4: Protection circuit module [Syn04]
Some cell manufacturers recommend that dual protection should be used. This means
that in addition the PCM on the cell, there should be similar protection circuitry on
the PCB too. In my design, dual protection is partly implemented by the charge
controller IC.
5.1.2 Charge controller
The charging of a Li-Ion cell differs drastically from other cell chemistries; this is
why a special charge controller is needed. The charge profile has three phases, as
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shown it picture Figure 5.5. The preconditioning phase means that if the cell voltage
is below the precharge threshold of about 3.1V, the controller uses a gentle precharge
current to condition the battery. Once the cell voltage rises over the threshold, a
constant regulation current begins to flow. When the voltage reaches the upper limit
of 4.2V, a constant voltage and charge termination phase begins. The charge is
complete once the charge current falls under the charge termination threshold.
Preconditioning
Phase

Current Regulation
Phase

Voltage Regulation and Charge
Termination Phase

Regulation Voltage-----Regulation Current-------

Minimum Charge
Voltage

Preconditioning
and Taper Detect

Figure 5.5: A typical charge profile of a Li-Ion cell [Т102].
In this application the space was limited, thus I needed to minimize the size of the IC
and the need of external components. As Li-Ion cells are relatively new on
commercial markets, the number of available charge controller ICs proved to be very
small, the only choices I was able to find were BQ2057C (Texas Instruments, Inc,
TX/USA) LTC1731 (Linear Technologies, CA/USA) and MIC79050 (Micrel, Inc,
CA/USA).
None of the models are pin to pin compatible with each other, thus I selected the one
with a trusted manufacturer, BQ2057C. It is an 8-pin linear model with excellent
features when compared with the other choices. In addition, the datasheet gives a
thorough introduction to its usage. Even though the Li-Ion cell would accept a charge
current of 950mA, I decided to limit the charge current with the charge controller to
about 450mA. The reason was that 0.5A is not a limiting factor for most of the wall
outlet adapters, but 1A might be. With the selected charge current it takes only about
three hours to fully charge the cell.
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This implementation of charge circuit also takes advantage of the point that almost in
every Finnish household there is a Nokia mobile phone compatible charger. The
connector is compatible with the one in Nokia chargers. The output voltage of the
charger is however too low, only 3.7V, therefore the battery cannot reach full
capacity. Still, 3.7V is enough to ensure that the device can be operated while the
charger is connected. In conclusion, any wall outlet adapter with DC-output of 5.010.0V can be used, as long as it can provide at least 500mA of current.

5.2 Printed circuit board
The starting point for the lay-out process was the selected enclosure. It dictated the
outline for the PCB, from which a considerable area is occupied by the antenna coil.
The connectors for the battery charger, keypad, display and computer interface
provided some further space reservations. The utilization of a DSP meant that we
should construct the circuit on a four-layer PCB. Four layers made it possible to
provide all the components with a firm ground plane which is essential for them to
operate as specified. A good principle: “Think - where the currents will flow”
[BroOO], This sounds easy but nevertheless, the principle is surprisingly hard to
follow.
The sensitive measurement signal traces benefit from constant impedance which
means that they should be situated above a continuous ground or power layer. The
layer configuration is presented in Figure 5.6 and it is the most popular one with
four-layer PCBs.

1. Signals, top
2. Ground
3. Power

4. Signals, bottom

..
-----------------------------...

-----------------------------

Figure 5.6: Layer configuration of the PCB.
A rough placement for the blocks was easy to do. First we placed the analog signal
processing circuits near to the antenna. Then the noisy circuits were placed as far
from the analog circuits as possible, meaning to the bottom of the PCB. Then ADconverter was added next to the analog circuits and the DSP close to AD-converter.
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All the remaining components were placed in the remaining spots where there was
enough room for them.
The next task was to place the components within the blocks and make the traces.
This was the most time consuming task of the design process, since there are close to
200 passive components typically in 0603 -case, 20 active ICs and 6 connectors on
the board. The minimum width for a trace is 0.25mm and it was mostly used.
0.25mm was chosen because a thinner line width would have increased the cost of
the making of the PCB. Whenever possible, we used the width of 0.5mm or 1.0mm
for the traces carrying larger currents. The final lay-out can be seen in Figure 5.7.

Ant. Coil
Noise+Amp
RF
TX-Filter
ADC
uC
DSP
Power

Figure 5.7: The top side layout of the PCB. The constructed prototype is on the
left and on the right only the PCB. The charger is included in the ‘Power’
section. The RX-filter and the RFID are situated under the PCB and thus not
shown.
As I mentioned, the PCB has four layers of which only the top layer is visible in the
picture. I will next introduce the buried layers because they have a clear effect on the
functionality of the prototype.
5.2.1 Ground and power planes
The ground serves as a reference potential for a circuit system. For a signal, an ideal
ground is a low-impedance path for the current to return to the source. Especially in a
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dense layout the return current paths must be carefully planned. To minimize the
coupling between different blocks, the ground plane was partitioned into analog,
digital and power areas (Figure 5.8). All the ground layers were connected at one
spot only and this spot is the negative pad of the battery.

GND analog

GND digital

-Batt
GND power

Figure 5.8: Ground plane of the PCB. On the left the component side is shown
on top of ground plane for illustration, a part of the outer loop of the antenna
coil is visible on the top (wide red trace). Note the connection point for the
negative pad of the battery.
Just to clarify the picture, the black dots in the picture mark vias and holes. A via is a
metallized hole on the PCB, through which a trace passes from one layer to another.
There are over 211 vias on the PCB, most of them are connections to either ground
or some power layer.
The need of multiple voltage levels led to the fragmentation of the power layer
(Figure 5.9). Furthermore to make sure the DSP would function as planned, I added
two extra surface mount ferrites to produce low-pass filtered power layers for the
component [Sep04, p.9-5]. The lack of space forced some of the traces thinner than I
would have preferred, also the separation of the traces do not follow the 3-W rule.
The 3-W rule states that the separation of the traces should be at least three times the
width of the trace when measuring from center to center.
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+5V

+3.1V analog

+3.1V digital
+3.1V filtered
+1.8V filtered
+Batt

Figure 5.9: Power layer. Again, on the left the component side is shown for
convenience.

5.3 Analog electronics
As stated in Chapter 1.2, my role in the project team was to design the new circuit
board when it comes to analog electronics. They include the broadband noise
stimulus generator accompanied with two filters and multiple amplifiers, as well as
some RF-components. The voltage regulators and the Li-Ion battery charger are
fitted inside the enclosure too. In the following I will go through these blocks.
5.3.1 Noise source
In order to improve the sensitivity of the reading device, the frequency sweep
algorithm used earlier was replaced by an FFT measurement algorithm. The idea is
to invoke the sensor with known broadband stimuli, noise, and to analyze the
response in the frequency domain.
What is considered to be noise depends on the point of view. If we are interested on a
signal, everything else can be considered noise, including the interference originating
from other sources. I should make a clear distinction between noise and interference
because noise is what I want, not interference. Normally a designer of analog circuits
is confronted with the goal of minimizing noise, my goal was partly quite the
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opposite. On the other hand, I want to posses control over the noise, meaning that I
should now where it comes from.
One possibility to make adequate noise is the use the current noise figures in an
active component like operational amplifier. By setting large impedance as a source,
it would be easy to see the component’s own current noise figures in its worse
[Bry02], Another idea is to modulate a clock signal with a spread spectrum (SSP)
clock chip. The only SSP generator I could find for these frequencies was CY25811
but it did not produce uniform spectrum in the required bandwidth. On the other hand
the noise would have been well defined and controlled which naturally is a benefit. It
is a good idea to avoid the use of special components, which are expensive and hard
to be replaced or multi-sourced, and thus I abandoned the SSP idea. The last sketch
included two npn-transistors in common-gate configuration with a floating collector
node. The produced thermal noise would then be isolated with a capacitor and the
resulting noise then amplified and filtered. The expected advantage with this
configuration was that the noise signal level would be quite high already and less
amplification would be necessary. One downside is this floating node to which
external signals might couple and therefore result in unwanted operation.
The realized alternative took advantage of the basic properties of PN junction in a
zener diode to produce shot noise, as implied in Chapter 2.2. This way the noise is
not temperature dependent and it can be controlled by altering the bias current. Again
care must be taken not to let external signals couple to the critical wires. As a starting
point I found a noise bridge from a book for radio amateurs [JES83], and after
modifying it to suite our voltage levels and rescaling the amplifiers, the circuit can be
seen in Appendix П1.
5.3.2 Amplifiers
The level of the shot noise is low and the signal needs to be amplified significantly
(at least 60dB) before it is suitable to drive the antenna coil. Even though the
maximum efficiency of a Class-А amplifier with a resistive load is only 25%, it is a
good choice because of the linearity. In this design the load is however AC-coupled,
thus no DC-current will pass and the efficiency rises to about 30-40% [Rut99,
p. 158]. This efficiency is still poor but acceptable, as the amplifier operates only
during the measurement. Clipping of the signal is to be avoided at all times because
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the stimuli that drives the antenna coil shouldn’t contain other components than
noise. In addition to clipping, non-linearity would result in distortion.
I designed earlier a 2-layer test board that could be used to test the amplifiers and to
compare the zener-diodes. The test proved the functionality and the circuit was used
in the prototype (Appendix III). A second purpose of the test boards was to
familiarize me with the design programs and surface mount technology.

Figure 5.10: Test boards. The left one is configured to test two-stage amplifier
performance and the one on the right is used to compare zener-diodes. The
current can be controlled by the trimmer (blue square).
5.3.3 Filters
Both TX and RX measurement signals need to be filtered to prevent aliasing and
interferences. The Fourier method requires as flat pass-band as possible, on the other
hand the stop-band should be well attenuated to prevent interferences. An ideal filter
would have suited this prototype extremely well.
I chose active filter structure in an early a design stage mainly because of the space
constraint. My thought was that a passive filter with all the inductors simply would
not fit in, especially as we needed two filters. I already discussed some important
parameters of active filters in Chapter 4, here I will discuss the practical realization.
I selected a Chebychev response with 0.5dB ripple because the harmonics of the
crystal frequencies (6.0MHz and 20.0MHz) might show up in the measurement
bandwidth. A Chebychev filter achieves better stop-band attenuation than
Butterworth filter. Furthermore the Monte Carlo simulations that I did and some
experiences that I heard from other researchers pointed out that I should be worried
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about the yield. Passive component are available in many tolerances, and luckily
there was 1% selection of resistors and capacitors in the laboratory. Still I chose the
Multiple Feedback (MFB) topology even though there is an extra component
compared to the Sallen-Key topology.
The selection of high speed operational amplifiers with single supply voltage of 3.1V
turned out to be surprisingly limited. I selected two pin-to-pin compatible quad
operational amplifiers, MAX4454 (Maxim Integrated Product, Inc, C А/US A) and
OPA4354 (Texas Intruments, Inc, C А/US A), with the intention of designing an 8th
order bandpass filter. Both have unity gain bandwidths of 200MHz and Rail-to-Rail
outputs. OPA4354 had the advantage of better Slew Rate of 150V/us and better
current drive capability, MAX4454 had much smaller quiescent current, less than
1mA per amplifier.
The primary technical requirements for the operational amplifier in this use are the
unity-gain bandwidth and slew-rate. A rule of thumb [Man02, p.337] for the unitygain bandwidth is that it should be 40dB above the peak gain of a filter section. This
40dB requirement is rather strict one and both the components fail to meet it.
However, the requirement has been stated in a different form in other reference. As I
wrote in chapter 4, the op amp must have a bandwidth of at least lOx the intended
filter frequency, preferably 20x, under the conditions it is meant to be used [Sau97],
Max4454 has unity gain bandwidth of 200MHz and OPA4354 250MHz and thus
they should perform well enough for the purpose.
The finite current drive capability of an operational amplifier translate into the
following requirement [Sch81,s.207] for the slew rate (SR):
K<

SR
(18)

where Vo is the maximum signal amplitude and (Omax the maximum angular
frequency. In this case Po=l,5V and

úw

=2л 10.5MHz, thus solving from Eq (18):

SR > (1.5*2*л* 10500000) V/us = 100V/us. For OPA4354 the slew-rate is 150V/us
and for MAX4454 90V/us. The MAX4454 circuit seems to be too slow, but due to
it’s limited input common mode voltage range of (F¿w-1.5V)=1.6V, the bias voltage
(signal reference) would actually be 0.75V. Therefore V0 is only 0.75V which
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translates to SR of 50V/us. Thus the requirement is fulfilled for the MAX4454 as
well.
The transfer function could have been extracted from literature but due to high
frequencies it turned out to be somewhat tricky. For example the Manual of Active
Filter Design [НП73] provided parameters only up to 1.0MHz. I tried a variety of
freeware filter design programs but they turned out to be unreliable at these
frequencies. Apparently they use ideal operation amplifier models for the
calculations. I continued the work based on a recent Texas Instruments publication
[Man02],
There was one flaw in my plan: neither one of the manufacturers provided a Spice
model for the component. All the simulation I did with Aplac failed to give accurate
enough results, even though I manually fed the most important specifications of the
operational amplifiers. Finally on 19th of September 2003 Texas Instruments released
a Spice model for OP A3 54 which is smaller version of the OPA4354. The model was
accurate to the extent that it took some extra effort to get Aplac to finish the
simulation (‘PREPARE’ statement had to be used to help the simulator find the
solutions, see Appendix I). With the model now at hand, it was time to do it right.
There are some limiting factors for the passive component values that must be
considered. If too small resistors are used, the output currents get larger and the
unidealities, like SR, take control. Too large values would result in thermal noise.
Thus, I aimed at resistor values between l.Okfí - 50kfl The capacitors rarely end up
being too large but the lower limit must be at least a decade larger than the parasitic
capacitances formed by the pads and traces. Otherwise the parasitic effect start to
show in the performance. I chose the lower limit to be l.OpF. Third decision was not
to take any amplification from the filters, since that might affect the performance.
To make sure that I would stay within these limits, I formed the pass-band filter from
four cascaded 2nd order high-pass (Figure 5.11) and low-pass filters.
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Figure 5.11: Second-order MFB high-pass Fdter
The transfer function for the MFB high-pass is
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In these formulas ^ denotes the comer frequency, Л«, the pass-band gain and a¡ and
b] the filter coefficients. The coefficient can be found from tables [Man02, p.16-58].
With Aœ=l, fc=7.5MHz, a;=2.6282 and Z>/=3.4341 and chosen capacitor values of
Ci=C2=C¡=2.2pF, this results to Rj=\ l.OkQ and R2=2A6kQ.. I calculated the second
stage in the same manner, but naturally with new coefficients a2 and b2 from the
same table.
The work with the 4th order low-pass filter was identical, all the formulas are from
the same reference [Man02, p. 16-18]. After cascading the filters so that the highpass stages where first, I made the simulation with ideal op amp model. The result
proved my calculations to be correct.
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Then I changed the ideal model to the OP A3 54 model. The shape of the filter was
similar but the corner frequencies where over 6MHz too low. I then altered the
component values so that I would reach the intended pass-band with the OPA354
model. After this I constructed the PCB and measured the frequency response with
Rohde&Schwarz ESCS30 EMI Test Receiver. The pass-band had shifted 1,25MHz
lower than simulated but the shape was preserved. I made some minor modifications
to get the simulated pass-band 1,25MHz too high (Figure 5.12) and then fixed the
needed component values to PCB. The measurement result can be seen in Figure
5.13.
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Figure 5.12: Simulated frequency response of the filter.
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Figure 5.13: Measured frequency response of the RX-filter.
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The shape is similar in both the graphs, the attenuated ends differ probably due to
measurement accuracy. The 1.25MHz difference in the comer frequencies may result
from the lay-out, I will explain this more in Chapter 6.4.
5.3.4 Voltage regulators
Before I could start selecting the components, I needed to know how much current
was needed. Table 2 shows the estimated current consumption of the reading device.
It must be noted that all the blocks do not operate at the same time, for example the
antenna coil does not need current while the RFID reader is operating and vice versa.
On the other hand, all the 3.1V components need current simultaneously during
measurement.
Block
uC

Current consumption (mA)
1.8V

3.1V

5.0V

-

5

-

-

DSP

45

30

ADC

-

29

-

Display, backlight

-

1

60

RFID

-

-

140

Antenna coil

-

-

40

Op. Amps (8pcs)

-

50

-

Amplifiers (4pcs)

-

20

-

Logic level conv.

-

-

1

RS232

-

2

-

Table 2: Estimation of the current consumption, all the figures are in
milliampères (mA).
The regulators will be slightly overrated to provide 200mA output current that would
secure the functionality of the reading device in all situations. To avoid the potential
EMC problems concerned with switching regulators, I chose to use linear, low drop
out rate (EDO) regulators to produce the voltage levels. To cut down the number of
different ICs on the board, I selected a MAX884 (Maxim Integrated Products, Inc,
CAZUSA) linear regulator with an adjustable output voltage. With this regulator type
I made both 3.1V and 1.8V with minimal number of external components. I selected
MAXI675 (Maxim Integrated Products, Inc, CAAJSA) DC-DC converter to make
5.0V because of its features: It has a built-in synchronous rectifier which eliminates
the need for an external Schottky diode and makes the whole circuit more compact.
Also the input voltage range is large and efficiency is over 90%. Furthermore, the
availability is good and there are numerous similar ICs on the market.
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You might be asking yourself where the 3.1V comes from, because the usual choice
is either 3.3V or 3.0V. A property of all Li-Ion cells is that its terminal voltage is not
constant. The nominal voltage of a cell is 3.7V, but the actual voltage varies between
4.20V and 2.75V. Thus, if one wants to use the full capacity of the cell, one must
scale the regulators to operate until as low a voltage as possible. The critical
regulator in our case is the one producing namely 3.3 V, therefore to further increase
the operation time, I dropped the Vdd of 3.3V to 3.1V. I made sure from the
datasheets that this will still satisfy the specifications for the DSP and the pC, leaving
0.1V marginal to the critical Vdd limit of 3.0V. Under that the functionality of the
DSP is not guaranteed.
The voltage drop over the LDO regulator varies with the load, but it can be estimated
to being 0.2V [Max99], With the chosen voltage levels and components, the
expected lower limit for the battery voltage is therefore about 3.3V. When the
voltage drops below this, the pC receives a low-voltage signal from the 3.1V
regulator and shuts the device down. 3.3 V is still enough to use up to 95% of the
battery’s capacity (Figure 5.14).
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Figure 5.14: The discharge characteristics of the Li-Ion battery [Ren02]. As the
prototype is functional until the voltage drops below 3.3V, it can use up to 95%
of battery’s capacity.

5.4 Digital electronics
Digital electronics is designed by Jukka Voutilainen who also wrote all the software.
The heart and soul of the prototype is the Atmel ATmegal28L microcontroller
(pC)(Atmel, Corp, C А/US A) and there is a connector on the PCB for downloading
the software to it. By looking at the system from the measurement point of view, the
pC is the last link in the chain.
Referring to the block diagram (in Figure 5.1), after the RX-filter the measurement
signal goes to lObit analog-to-digital converter (ADC) THS1030 (Texas Instruments,
Inc, TX/USA). It transforms the measurement data into digital form with a sample
rate of 7.14MHz and feeds it to the digital signal processor (DSP) TMS320VC5402
THS1030 (Texas Instruments, Inc, TX/USA).
The digital electronics also include a Medio S001 Radio Frequency (Gemplus, SCA,
Marseille/France) coupler module (RFID) that is situated under the PCB. Its purpose
is to read RFID tag that is situated on the sensor board next to the measurement coils
(in Figure 3.1, the RFID tag is the flat coil on the new sensor type). The tag may
contain for example a unique identification number for every sensor and several
dated measurement results. This is a convenient way to keep track on which way the
humidity readings are developing.

48

The Medio S001 is an independent device with its own central processor unit (CPU)
and it is rather easy to connect to the prototype. The challenge is to fit it inside the
enclosure and to tune the antenna coil to work with it. The final result is successful
(Figure 5.15) and the reading distance was measured to be up to 6.0cm. If there is
need, the reading distance can be improved by optimizing the tuning capacitors in the
RF block.

Figure 5.15: RFID module is situated under the PCB.
Based on Tuomo Reiniaho’s work on the sensors [Rei03], Jukka Voutilainen added a
Sensirion SHT11 (Sensirion, AG, Zurich/Switzerland) digital humidity and
temperature sensor near to the display. Its accuracy is ±3.5%RH and ±0.5C
temperature.

5.5 Final tuning
What needed the most fine tuning was the measurement signal chain. This is often
the case in device that has analog signals, digital signals are much less sensitive to
interferences [Sep04 ].
The AC signal that drives the current source needed some extra amplification,
therefore some more gain was taken from the TX-filter by changing the 2.2pF
capacitor (C59 and C60) to 1.5pF. I simulated the changes with Aplac and again I
used the Spice model of the OP A3 54. The simulation indicated that the pass-band
would be preserved with some 6db additional gain. In the simulation results in Figure
5.16 the amplitude is accurate but the frequencies are not truthful for the same reason
that I mentioned in Chapter 5.3.3.
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Figure 5.16: Aplac simulation of the filter. Blue line is the output signal. The
graph on the right shows an improvement of 6dB when compared with original
graph on the left.
I measured the corresponding change with Tektronix TDS3032 digital oscilloscope,
and the gate signals can be compared in Figure 5.17.
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Figure 5.17: Gate signal with different gain. In the right figure, the intensity of
the noise has clearly increased.
Taking gain from the filter is not a good idea, since it emphasises the unidealities of
the operational amplifier. I actually later changed the capacitors back to the original
values to make sure the pass-band was not corrupted. This possibility is still good to
keep in mind since the capacitors are easy to change.
To improve the reading device’s sensitivity to the sensor, the coil needed to be
trimmed to the right frequency range. The inductance of the coil was measured to be
l,06uH, and by using again the formula

50

Les =

(21)

2лл[ьС ’

We can calculate the needed capacitor to be 330pF. As this would result in a sharp
8.8MHz spike to the measurement bandwidth, a resistor was added parallel to the
coil (see Appendix VI, R78). This would bring the level of the spike down to suit our
measurement range better. As can be seen from Figure 5.18, the size of the resistor
had a noticeable effect. Note that the div is 2V/square on the left and 1 volt on the
right.

(b)

i»)

Figure 5.18: The DC coupled coil voltage with l.Okfi (a) and 100Í2 (b) parallel
resistors. The DC voltage is 5V in both cases but the AC level differ extensively.
The signal cuts of in (a) at both ends thus creating distortion products at the
frequency domain. Clipping does not occur in (b), therefore the problem of
optimizing the signal level and avoiding distortion moved onwards to AD-converter.
Its signal level in the input with our configuration (MODE pin tied to ground) is
specified to be between 1.0V <

Vmeas

< 2.1V. From Figure 2.1 can be observed that

although the signal doesn’t seem to be clipping, it is out of the measurement range.
This was actually verified by looking at the Out-Of-Range pin which indicated the
same thing.
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Figure 5.19: The DC coupled signal level at the ADC input with 100Í2 (a) and
82Í2 (b) resistors parallel with antenna coil.
From this picture can also be seen that one measurement takes 600ms with averaging
of ten. The period when the pC programs the DSP is between 100ms and 200ms.
During this time the ADC doesn’t receive clock pulse and is unable to bias the signal
to 1.5V. When the bias rises for the second time, the ADC starts to take samples and
giving the result to DSP, one at the time. With the samples the DSP makes the
Fourier transform and averages the result in the frequency domain if needed.

5.6 Outcome
The outcome is that the new prototype (Figure 5.20) looks like the old one, the user
interface is similar to the old one and from inside it looks nothing like the old one. It
is a stand-alone unit operating with a 4.2V rechargeable battery and it has a graphical
display and a simple keyboard as a user interface. There are two connectors in the
bottom side, one for downloading the measurement results to a computer and another
for the wall outlet adapter.
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Figure 5.20: Humidity Measurement Device 2.0
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6 RESULTS AND DISCUSSION
The main function of this prototype is to test the Fourier measurement method. This
requires that it must couple with the sensor and determine the shape of the sensor’s
frequency response. With this information the humidity reading can be calculated. In
addition, new features were developed and tested. Some of these features can be
simply classified as ‘this works’ or ‘this does not work’, some other require further
studies. In this chapter I will go through the results and discuss some of the
imperfections of the PCB. I will also present some ideas how to improve the
prototype and what I have learned during this project.

6.1 Measurement signal at the analog-to-digital converter
From the analog electronics point of view, the aim was to provide the ADC with a
measurement signal that has the following qualities:
1. A filtered bandwidth of 7.25-10.5MHz with a flat pass-band;
2. A suitable DC-bias of about Vdd / 2, meaning 1.55V; and
3. An AC peak-to-peak value of 1,0V to get the best dynamic out of the conversion.
These demands are met almost perfectly, as can be seen in Figure 6.1. This is a time
scale (X-axis) illustration with 1024 points of the signal with the lObit amplitude
value on the Y-axis. As can be seen, the dynamics is excellent. Few spikes do reach
the bottom of the scale, meaning that they are slightly over the conversion range, but
these few values do not significantly degrade the quality of the Fourier transform.
The DC-bias level is around 1.45V and it could be tuned to 1.55V by changing the
values of two resistors at the buffer. Next let us look at the Out-of-range indicator of
the ADC in Figure 6.2 (b). Sample-rate is 7.14MHz and the average time between
Out-Of-Range spikes is 20us. This means that while a sample is taken at every
150ns, every 130th sample is Out-of-range. This presents no kind of problem, on the
contrary, this fits to the nature of noise perfectly.
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Figure 6.1: The digitized measurement signal after the ADC as seen by the DSP.
This measurement is done with no objects near to the reading device.

Figure 6.2: Out-Of-Range indicator of the ADC (blue) and the 3.1 V_Analog net
(yellow). The left picture (a) shows that the measurement time is 400ms and
during it the Out-Of-Range indicator goes high several times. The right picture
(b) is with a shorter time-scale.
Based on these pictures and having measured the pass-band of the filter, I am very
satisfied with the result.

6.2 Fourier method
Unfortunately the measurement algorithm was not quite ready before this thesis had
to be submitted, therefore a frequency scale representation of the measurement signal
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in Figure 6.1 is not available. However, I can present some earlier results that show
the functionality of the Fourier method. During these measurements the measurement
signal was not yet optimal.
The FFT data from the DSP was downloaded to a computer and sketched with a
Lab View program (Figure 6.3). The first spike at 7.14MHz results from the sampling
rate. The two sharp spikes at 8.30MHz and 9.45MHz are harmonic components of
the 6.0MHz crystal and they show that the transform is accurate. The wider
resonance at 7.9MHz is due to the resonance of the antenna coil.
30000-1

26000-1
24000-

2000018000-1
16000-1
1400012000-1

8000-1
60004000-

Figure 6.3: Data after the FFT. The measurement is made far from any objects.
The Y-axis marks the amplitude and X-axis the frequency. The mirrored
response in the upper frequencies is a feature of the Fourier transform, not a
second resonator.
The harmonic components were removed by changing the crystal frequency to
3.58MHz. Figure 6.4 represents the FFT result with a sensor close to the reading
device. This picture shows that the Fourier method works.
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Figure 6.4: Data after the FFT. The sensor is 2.0cm away from the reading
device, and its resonance response can be observed as a downwards spike at
8.1MHz.

6.3 Other features
The tuning of the RFID reader to work with the antenna coil was pretty straight
forward procedure. The outcome is that the reader can communicate with a tag over a
6.0cm distance. The read and write operations work.
The integrated sensor for ambient humidity and temperature is functional. The
measurement accuracy is mainly limited by the mechanical placement above the
display, where no problems should arise due to the operator’s hand. During big
temperature changes, for example when entering a building from cold weather, it is
necessary to wait for some minutes for the temperature inside the enclosure to reach
the ambient temperature.
The power regulators work as specified, although the automatic shutdown feature did
not work straight away. After minor modifications (reported in the next chapter) it
started working. The charge controller is connected in a way that the prototype can
be used while charging, and it does not interfere with the frequency response in any
way. What came as a surprise was the fact, that the Aluminium case of the battery is
connected to the positive terminal. This was of course mentioned in the datasheet but
I learned it only after doing some work on conductive table. I suppose the PCM was
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broken due to the long lasting short-circuit condition. Otherwise the battery has met
all the expectations.
So far we have no field experience with the prototype, therefore it is premature to say
anything definite about the current consumption. In the laboratory the prototype stays
operational for weeks, and in measurement use the battery seems to lasts up to four
working days (32hours). But as I said, these are only preliminary result.

6.4 Known errors
As I was the one to design the board, I feel obligated to reporting also all the major
design flaws that I created and that have been found. I must say that using the PADS
software for the design did help in many ways, for example the positioning of the
parts, vias and traces was 100% successful and thus the board was easy to assemble.
It would have also been easy to use a wrong package size for an IC but these pitfalls
were avoided by careful auditing.
However, a novice PCB designer is doomed to make a couple of harsh mistakes on a
board with over 200 components. The bitterest one was mixing up the pins of the
operational amplifiers. It is still a mystery how this was possible, but one factor is
that the voltage pins were correct and the signal-ground network appeared to be
correct. A second filter-related mistake was the missing buffer at the bias network.
This is a beginner’s mistake and it could have been avoided just by adopting a tested
design from a circuit collection. Fortunately I was able to correct these bugs on the
board, the added operational amplifier is LM7131A.
Some inconvenience is related to the voltage regulators. First of all, none of the
regulators have an ‘ON’ led. This may sound like a minor detail but especially as the
device has no ON-OFF switch, it is easy to forget the powers on. Another error was
that the battery really drains to 2.8V and then the safety circuit on the cell cuts off the
supply, like it is supposed to. This resets the RTC clock that was meant to keep time
even when the battery is low. The reason for the drainage is that the regulator keeps
on operating even when the input voltage is under the specifications. I corrected the
situation by changing the 3.1V regulator MAX884 to MAX882 model that goes to
stand-by when the voltage drops below 3.3V. In addition, I rewired the LowBatt-pin
of the 3.1V regulator to the OFF-pins of the 1.8V and 5V regulators. This way when
the battery voltage drops below 3.3V, the regulators stop working but the 3.1V goes
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the Standby and wakes up when the battery is recharged. This way the RTC stays
operational a long time because it consumes only 300nA of current. This correction
is commented in the circuit schematics at Appendix III.

6.5 Sources of interference
Electromagnetic interferences (EMI) could be classified in many ways but in this
case it is enough to discuss the interferences coming from inside and outside the
device.
When two conductive layers overlap, they form a capacitor. The larger the area, the
larger the capacitance. This can be advantageous especially when a voltage and a
ground level are on top of each other. The formed bypass capacitor helps to keep the
DC-voltage level constant. Unfortunately this capacitor passes AC-interferences, that
is especially a problem when a sensitive layer overlaps a noisy layer. Particularly
noisy layers are the digital and the power supply layers because of fast signal level
changes and pulsed return currents. An example of this kind of interference was seen
in Figure 6.3 where the harmonic frequencies of the 6.0MHz crystal are seen in the
measurements signal. The tight lay-out of the prototype forced us to make some
compromises. Different ground and voltage areas partly overlap, as can be observed
in Figure 6.5, and this explains the problem with the crystal.
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+Batt
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Figure 6.5: The outlines of the ground (blue) and power (red) layers of the PCB.
The yellow circles mark the areas where unwanted but unavoidable overlapping
of digital and analog planes occur. These areas give a route for interference
signals.
Switching voltage regulators are known to cause interferences, but the only
switching regulator on this PCB is the 5V step-up DC-DC converter (MAXI674).
The switching frequency is dependent on the load, and it varies up to 500kHz.
Luckily I didn’t observe any interference from this source, I suppose the lay-out and
separate ground layer for the regulators worked as I planned.
External interferences tend to couple to loop formations and long traces, especially
the area of the loops should be minimized [Sep04, p. 1-16]. Faraday’s law [SEH96,
p.8-10] states that the change in the magnetic field causes currents to conductive
loops. This is why I avoided loops at all cost but there is at least one unavoidable
loop on the PCB: the antenna coil. The interferences can and did couple to it, but by
tuning the coil to the measurement frequencies, those interferences were minimized.
A second loop that was found is formed by the DC current of the antenna coil: the
5V net and GND ANALOG. This is a large loop and it gives an opportunity for
interferences to couple to the circuit. This loop is unfortunate as it includes the
measurement signal and it should be eliminated in the next prototype.
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In conclusion I would like to say that although there were some problems with
interferences, they are pretty much under control. I gave a lot of thought in order to
minimize all interferences, and in the end, they do not seem to be a limiting factor for
this device.

6.6 Future improvements
One can study the shortcomings of the Humidity Measurement Device Ver 2.0 at
least in two different perspectives. On the other hand there is the measurement to be
made with qualities like accuracy, speed, repeatability and versatility. Then there is
the construction of the device including durability, manufacturability and cost. The
improvements I have in mind can be classified by the amount of needed work. I will
start with the easy ones.
Optimizing the signal dynamics at different parts of the circuit shouldn’t take too
long, in fact this is done almost completely. The AC-signal should always be as large
as possible, especially in the antenna coil, but no clipping is allowed to take place
anywhere in the circuit. Clipping produces numerous strong components in the
frequency domain making it difficult to distinguish them from the sensors response.
The gain in a Class-А amplifier is easily controlled by the size of the emitter resistor.
If extra amplification is needed in the receiving side, there is already place for an
amplifier that is bypassed at the moment. Attenuation of the signal might also turn
out to be necessary, this can easily be done in the active RX-Filter.
Another moderately easy experiment would be different pass-band characteristics of
the filter. After all the fine tuning of components, the filter response looks to be
closer to Butterworth than a Chebychev. Both types of operational amplifier are fast
enough for the purpose but the scaling of the components and especially the layout
leave room for improvements. A Chebychev filter with a pass-band ripple of 1.5dB
would definitely improve the pass-band attenuation. The fact that many of the traces
are now done with bonding wires makes the filter far from ideal. Just by correcting
the pin order in the lay-out should present a clear improvement. If there would be
room on the circuit, I would add simple passive LC-filters for coarse filtering.
The configuration of the AD-converter would also be easy to improve. The inputbias is already set but using stable reference voltages would give more control over
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the conversion. Still, the continuing work on the digital signal processing chain in the
near future may prove that the existing ADC circuit needs no modifications.
Another a bit more troublesome improvement is the tuning of the antenna coil. We
would like the coil to be sensitive at 7.25-10.5MHz (7.25-14.0MHz with additional
temperature measurement), but now it seems to receive a disturbance for example at
the frequency of 25.0MHz. At the moment the coil is tuned to around 8MHz. Even
though the performance seems promising, the spike at 8MHz is much sharper than
we would prefer. It might be that simply by finding the right values for the RFblock’s resistors, the performance would improve, but it is likely that the whole RFblock should be redesigned.
Removing the display from the top of the antenna coil would make the magnetic
field more uniform. Also increasing the size of the antenna (more coil turns) and
completely separating it from the measurement instrumentation would provide many
advantages. First of all, one could direct the magnetic field to penetrate deeper into
the structure. Secondly, this would improve the usability because the display would
not be attached to the antenna, now at some positions the user has trouble seeing the
display because of the orientation of the device. The downside is that the device
would now require the use of both hands. This could present a problem, for example
if measuring on ladders.
Now that there is a DSP on the circuit, one possibility would be to generate the
stimulus noise digitally with an algorithm. Such algorithms are available and this
would make the noise extremely well controlled. However, DSP is needed to make
the FFT conversion and it might be that it lacks the computing power to manage both
the tasks at the same time. The DSP does offer more possibilities to explore some
other advanced algorithms to increase sensitivity, and this the most tempting area of
development at the moment.
One of the larger scale improvements, to which I referred to in chapter 6.5, would be
a new layout on a bigger PCB or the utilization of extra layers. This way the
unfortunate overlapping of noisy and sensitive layers could be avoided. Good
isolation for the power Ics, in addition to proper ground and power layers with wide
traces, would minimize the on-board interferences. Also a worthy improvement
would be the adaptation of the 3-W rule. It states that to avoid crosstalk, the distance
separation between traces must be at least three times the width of the trace. In the
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prototype the 3-W rule was obeyed whenever possible, but especially near to the
digital ICs there simply was not enough space. The utilization of a six-layer PCB
would help to minimize the loops and protect the sensitive signals.
The current consumption can be further optimized by using more settings for
different operating modes. Additional 3.1V nets or the use of ‘enable’ pins would
increase the number of traces, but at the same time it would give more control over
the number of active components. Experience with the older prototype showed that
the search mode uses the most power, especially if the location of the sensor is not
well documented. In this prototype, the search mode takes the same constant power
as the measurement, and this problem should be confronted.

6.7 Lessons learned
As trivial it may sound, I definitely learned that all analog circuits should first be
simulated, then tested and only then added as a part of a bigger system. If I would
have made a small prototype of the filter, I would have found most of the errors
rapidly. Now a lot of time was spent on locating an error from a bigger system. I did
simulate the circuit and I did discuss the schematic with more experienced designers,
but that was not enough to avoid the mentioned problems.
Using one sided voltages does seem to simplify the circuit somewhat, this is because
one voltage less has to be created. The reality is that one has to make a signal ground,
thus adding extra components and complexity to the circuit. Choosing the voltages is
always a compromise, and if I would start over right now, I would probably go with
the same set-up as I did.
In bias nets one has to see if an impedance conversion is needed or not. Otherwise
you might end up seeing the bias components alongside the filter components,
adding poles on the Smith chart and messing everything up. A bias buffer amplifier
may be needed if large currents are taken from the net. It is a common practice to use
published circuits in the designs, but small modifications may totally corrupt the
functionality.
Designing an electronic device for consumer markets has many phases from which
the selection of components is one of the most time consuming. This was also the
case for me in this project, alone the search and the study of possible charge
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Controller ICs took two weeks. If I would have realized from the start that the main
focus in the project was only to make a prototype to test the new functions, I would
have always chosen the first component to fulfil the need. Now I did a lot of
unnecessary work going through all the manufacturers and suppliers of ICs.
However, not all of that work was useless, because the selected components
performed very well and I now have a good experience how to go manage the
selection process effectively.
One thing that might have saved time and effort is a table version of the device. Now
an exhausting effort went into fitting all the components to the enclosure, whereas a
practical solution would have been to make a huge PCB. My lack of experience
prohibited me from seeing this right from the start, but that would have made it
easier to find solutions for lay-out problems, as well as repairing the errors we found.
The lack of board space really made it difficult to do all the fine tuning that was
needed to make the device work.
During the lay-out design phase, a couple of methodical mistakes were made. The
biggest mistake was to assume that the PCB factory would be able to make ‘blind
vias’, which they were not. They would have been able to make buried vias due to
the simple fact that they manufacture the 2nd and 3rd layer first, similarly as a simple
two-layer pcb, then they add the top and bottom layers. Only when all the layers are
combined, do they drill the holes and apply metal to them. Luckily it took only two
working days to correct all the 150 clearance errors, resulting from a blind via being
too close to a trace or a pad.
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7 CONCLUSIONS
In this book I have presented the design and construction of a new handheld reading
device for inductively coupled sensors. The work includes the selection components,
the design of circuit schematics, the design of the PCB layout, the construction and
the testing of the prototype.
The PCB was verified to be operational although some more effort and fine tuning is
needed before all the requirements are fulfilled. The design of the PCB was
successful when it comes to avoiding many of the typical errors made by novice
designer. For example, the PCB could be assembled and it perfectly fitted to the
enclosure together with all the other components. On the other hand, I did make a
couple rather time consuming mistakes. On system level, all the blocks worked with
each other. That can be regarded as a victory considering the blocks were designed
by multiple parties. Furthermore, internal and external interferences are not a limiting
factor for the prototype, even though several compromises had to be made due to
space limitations.
The new prototype has proved to being a potential tool for both, measuring relative
humidity inside construction, as well as the ambient humidity. The development
effort shows that many of the essential measurement constants can be combined to
one unit. This makes it an economical and attractive alternative among other
humidity measurement methods. Even if the new Fourier measurement concept
would not find its way to a commercial product, many of the presented features can
be implemented in the frequency sweep version with reasonable effort.
Based on this, I would like to state that the new prototype has already fulfilled most
of the goals. It is a handheld device with numerous features that are useful in
humidity monitoring during construction, renovation and regular maintenance. The
usability of the device is good. In addition, new experience is gathered on the
possibilities of Fourier Transform based measurement method for inductively
coupled sensors.
There are a number of decisions made during this thesis work that I now afterwards
would make differently, but I suppose this is a typical feeling among other students
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too. I am happy to have gained all the experience on PCB design and prototyping all
together. As it is now, the PCB is not suitable for mass production, but that was not
within the scope of this thesis either. In the industry many of the aspects have
different weight when compared to academic world, I would say this work lies
somewhere in between these two worlds.
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9 APPENDIX
I.

The Api ас simulation code for the filter, 1st page

П.

The Aplac simulation code for the filter, 2nd page

Ш.

The circuit diagram of the Power section

IV.

The circuit diagram of the Charger section

V.

The circuit diagram of the Noise generator

VI.

The circuit diagram of the RF-Block

VH.

The circuit diagram of the Receiver

I

$------------------------------------------------------------------------------------------------------------------------------------------

$ File
:
U:\JAPARTAN\DIPLOMITY0\APLAC\140104\JVP_TX_KALUSTETTU_TOIMIVA_140104
.I
$ Schema file :
U:\JAPARTAN\DIPLOMITY0\APLAC\140104\JVP_TX_KALUSTETTU_TOIMIVA_140104
.N
$ Generated with AP LAC Editor version 2.6.0
$ Sun Feb 01 14:35:46 2004
$------------------------------------------------------------------------------------------------------------------------------------------

Prepare RMAX=10T
+ RMIN=1
+ U=0.1
#library "C:\\PROGRAM FILE S\\APLAC\\APLAC 7.62
FLEXLM\\LIB\\LM7131A.I" LM7131A/NS
»library "C:\\PROGRAM FILES\\APLAC\\APLAC 7.62
FLEXLM\\LIB\\OPA354.I" ОРАЗ54

OPA354 ICI nodel node2 VDD GND HP1
Cap Cl node3 node4
+ 1.8p
Cap C2 HP1 node4
+ 2.2p
Cap C3
+ 1.8p
Res RI
+ 20k
Res R2
+ 5. lk
OPA354

node4 node2
HP1 node2
node4 nodel
IC2

nodel node5 VDD GND HP2

ОРАЗ54 IC3

nodel node6 VDD GND HP3

OPA354 IC4

nodel node? VDD GND HP4

Cap C4 HP1 node8
+ 1.8p
Cap C5 HP2 node8
+ 2.2p
Cap C6 node8 node5
+ 1.8p
Res R3 HP2 node5
+ 33k
Res R4 nodeS nodel
+ 3.3k
Res Ril node9 HP2
+ 1.8k
Cap Cll node9 nodel
+ Юр
Volt VI node3 GND
+ AC=1
Cap C31 nodelO GND
+ lOOn
Res R12 node9 HP3

II

+ 2.2k
Res R13 node6 node9
+ 2.0k
Cap C12 HP3 node6
+ 2.2p
Res R14 nodell HP3
+ 750
Cap C13 nodell nodel
+ 68p
Res R15 nodell HP4
+ 820
Res R16 node? nodell
+ lk
Cap C14 HP4 node?
+ 1.8p

Res R17 nodel HP4
+ 10k
Volt V2 VDD GND
+ DC=3.1
Res R30 VDD nodelO
+ 10k
Res R31 nodelO GND
+ 10k
LM7131A/NS IC5 nodelO nodel VDD GND nodel
+

Sweep "JVP: Pass Band OK"
+ LOOP 1001 FREQ LIN 10k lOOMeg
+ W=0

+ X "f" "Hz" 1000k 2OMeg
+ Y "Mag" "dB" -40 5 $AUTOSCALEY
Show W=0 DB Mag(Vac(HP4))
Show W=0 DB Mag(Vac(HP3))
Show W=0 DB Mag(Vac(HP2))
Show W=0 DB Mag(Vac(HP1))
EndSweep
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