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Abstrakt

Tato práce se zabývá návrhem a realizaćı autonomńıho systému pro
záznam signál̊u ze senzor̊u pro měřeńı na malých a těžce př́ıstupných
mı́stech. Zař́ızeńı podporuje připojeńı osmi analogových vstup̊u, tř́ı
digitálńıch I2C vstup̊u, čtyř univerzálńıch binárńıch vstup̊u a obsahuje
vestavěný digitálńı akcelerometr. Zař́ızeńı dále poskytuje programovatelné
proudové zdroje pro napájeńı analogových senzor̊u a obvody pro ześıleńı
signál̊u z analogových vstup̊u.

Zař́ızeńı podporuje dva módy. V režimu autonomńıho měřeńı jsou
po uživatelem nastavený čas zaznamenávána data z jednotlivých senzor̊u.
Naměřená data jsou ukládána na interńı microSD kartu. V režimu přenosu
mohou být skrze webovou stránku konfigurovány parametry měřeńı a sta-
hovány soubory s naměřenými daty. Možnost připojeńı indukčńı nab́ıječky
zajǐsťuje kompletńı bezdrátovost celého zař́ızeńı.

Práce se zabývá hardwarovým řešeńım a návrhem firmwaru do
mikrokontroléru STM32F411VE slouž́ıćımu k ovládáńı celého zař́ızeńı a do
mikrokontroléru ESP8266 obsaženém uvnitř Wi-Fi modulu.

Abstract

This thesis discusses the concept and the realisation of the autonomous
sensor signal acquisition system for measurement in small and hardly ac-
cessible places. The device supports eight analog inputs, onboard digital
accelerometer, three I2C digital inputs and four universal binary inputs.
The device also provides programmable power sources for analog sensors
and signal conditioners for amplification of the measured analog signal.

The device provides two modes. In the stand-alone mode, the system
with specified settings records data for given time. The measured data are
stored to the microSD card. In transfer mode, the system can be configured
through the web page, and the files with measured data can be downloaded.
The possibility of using inductive charging ensures the complete wireless
device operation.

This text considers the hardware solutions and the firmware design
for the STM32F411VE microcontroller used to control the device and for
the ESP8266 microcontroller included in the Wi-Fi module.
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Chapter 1

Introduction

Testing devices are needed in many industries. They can be used for testing of engi-
neering products, building materials, in sports and other sectors. These devices usually
include many sensors to measure strain, acceleration, temperature, etc. Some appli-
cations require measuring in remote and heavily accessible places. The application
restricts the device’s implementation. For example measurement in hardly accessible
places disallows frequent physical access. Measuring a moving object (like a wheel) can-
not use wires. The data rate can be high during such testing, caused by high sampling
rates for measuring fast dynamic changes.

The multi-sensors data loggers have a variety of uses. One of them is in research
and development of combustion engines. The connecting rod, which converts together
with the crank reciprocating motion into rotating motion, is exposed to strain. Thus,
it is important to perform strain tests to avoid accidental damage. Another application
can be for the development of forklift trucks. Their wheels are exposed to big stresses.
However, the data logger for such applications has many constraints. The device with
sensors has to be placed into a limited space, so the device’s size is crucial. Another
limitation may come from the device’s materials. The metal objects could cause a loss
in Wi-Fi communication. Therefore, the sensors have to be connected by wires and not
through Wi-Fi. Once the device is installed, all the connectors are usually hardly
accessible. Hence, there is a requirement to operate the device remotely through Wi-
Fi. However, such device is a battery device, so the battery needs to be regularly
charged. As connecting a wire to charge the device could be difficult, inductive charging
is an important feature.

Also, the data loggers are applicable in sports. The inspiration can be a miniaturised
arrow ballistic measurement system [1]. The disadvantage of the presented device is
that it does not allow wireless data transmission. So, the arrow has to be connected to
USB, when the data needs to be read. The data logger can also be used in curling or
ski jumping. The curling broom must have a certain flexibility and strength to sweep
the ice in the path of the curling stone properly. In ski jumping, the ski must be light
and flexible, but also strong enough not to break during the flight and landing. In both
applications, it would be necessary to measure the stressed object with a strain gauge,
as shown in Figure 1. These dynamic signals are not required to transfer and proceed
online. The data can be stored during the measurement inside the memory. The user
can download and evaluate the data after the measurement is completed.
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1.0 INTRODUCTION

Figure 1: Application of strain gauges to measure the stress applied on the ski during
ski jumping.

It is impossible to use the concept where the data from the sensor go directly through
the Wi-Fi module to the central unit if all the requirements mentioned above have to be
met. The existing data loggers usually allow either online data transmission with low
sampling rates or offline data storage without wireless configuration. The devices with
online data transmission usually have a low sampling rate, and they are not suitable for
measurement of dynamic signals. Their use is usually for temperature measurement.
The devices with offline data storing must usually be disconnected before any parameter
change because they do not contain any wireless link. The disconnection is unsuitable
for devices mounted in heavily accessible places. The device introduced in this thesis
has to be able to measure autonomously without physical contact with the user. It is
necessary to measure dynamic effects using high sampling rates. Fortunately, the device
does not have to interact with the environment during the measurement. The measured
data can be stored in the memory and sent to the user after the measurement. Therefore,
the concept with offline data logging was chosen. The device can be placed into hardly
accessible places, and the wireless communication allows to operate the device.

This thesis presents a small unique device, which allows multi-rate processing, offline
data storage with a large memory, support for multiple sensor types, high sampling rate
and user interface accessible through a Wi-Fi. The simplified block diagram is shown
in Figure 2. The device allows a complete wireless operation including the possibility
to charge the battery using the inductive charger.
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1.0 INTRODUCTION

Figure 2: Simplified block diagram of the device.

The following chapter introduces the reader deeper into the issue. Already ex-
isting solutions are presented, and their advantages and disadvantages are described.
The Chapter ”Related work” is followed by the Chapter ”Technology overview” which
summarises the used technologies. The final device concept and selection of the compo-
nents are described in the Chapter ”Realisation”. This chapter also includes an expla-
nation of the components schematics. Two boards are described, the first one was used
for testing the selected components. The second, final board, is a practical realisation
of the proposed device. The important part of the device is firmware, the explanation of
which is also included in this chapter. The following Chapter ”Results” involves mea-
sured results and a user manual. In the attachments, there are complete schematics
and PCB designs for the future production.
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Chapter 2

Related work

2.1 Analysis of existing concepts

The data acquisition system, sometimes called a data logger, is a device for measuring
and recording the measured data. The data can be stored either into memory or sent
through a wireless link to the user. On the market, there are available many various
data loggers using different operation concepts. The selection of possible concepts is
in Figure 3.

Figure 3: Operation concepts of acquisition systems.
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2.2 EXAMPLES OF EXISTING ACQUISITION SYSTEMS

The concepts one and two allow making a small device for measuring dynamic effects
using high sampling rate. However, when the device has to be mounted into hardly
accessible places, these solutions without remote control would not fit the require-
ments. The concepts three and four allow to mount the device into hardly accessible
places, but wireless transmission speed limits the sampling rate. The solution five allows
high sampling rates, but without wireless communication. Hence, the solution number
six allowing two running modes was chosen. The stand-alone mode allows measuring
the data with high sampling rates. In the transfer mode can be the device configured
and measured data transferred to the user’s device.

2.2 Examples of existing acquisition systems

Many different acquisition systems have been developed so far. The systems listed
in the following text are selected based on either their interesting properties or their
similarity to the goals of this work’s device. The devices are firstly introduced, then
their purpose is stated, and finally, their advantages and disadvantages for the goals of
this works are presented.

One of the existing acquisition systems is a miniaturised arrow ballistic measure-
ment system [1]. The system allows measuring an arrow’s in-flight characteristics. This
system is using concept four in the Figure 3, so it is not designed to use wireless com-
munication. It is a miniaturised sensor data acquisition system mounted into the arrow
tip. The main advantages of this system are size, operation from battery and possibility
to record fast dynamic effects on internal memory. The main parts of the system are
3-axis accelerometer, microprocessor and EEPROM memory. The disadvantage is that
the device has to be removed from the arrow tip when the data needs to be read. Due
to limitations of the internal EEPROM memory, the device can record only four shots,
so the inconvenient dismounting is required.

arrows at a Morrell standard bag target. A relatively light 
arrow (23.2g) was selected to provide greater acceleration at 
both launch and impact. Results of data processing are shown 
in Fig. 2 for launch. Seven different shots were processed at 
launch and impact to determine the highest values of impact 
and launch accelerations. From the results, we find that the 
highest acceleration at launch will be approximately 1100 G 
and deceleration during impact to a conventional bag target 
will be approximately 3700 G. From this data, we can estimate 
that for a wide range of compound bows the acceleration at 
launch will be less than 1200G and the deceleration at impact 
will be less than 5000G. Obviously these limit values depends 
on the draw weight of the bow, arrow weight, and also on the 
material and construction of the target. 

. 

B. Mechanical Constraints And Construction 

With those requirements in mind, we created an electronic 
field point configuration where the electronic data acquisition 
system is built into the arrow tip. The most common arrow 
tips are usually the same diameter as the shaft which means 
approximately 8 mm for a conventional carbon shaft. The 
limitation on the length is not that strict since there is no 
standard length of the tip. The system housing has to be 
equipped with industry standard 8/32 UNC thread in order to 
fit standard arrow shaft inserts [10]. Using mechanical system 
modelling software we designed a system enclosure consisting 
of; arrowtip cap with a cavity for the batteries and a helical 
spring, an arrowtip body with cavity for electronic system and 
a standard threaded shaft for connection to the arrow insert. 
The entire system was designed to fit into the cavity of the 
arrow tip. The overall tip body diameter is 9mm and the total 
length of the tip (including cap) is 40mm. The durability of the 
mechanical enclosure and assembled PCB was tested using 
drop tests at 5000G in the axial direction. The inner cavity 
with inserted PCB was then encapsulated for extra protection. 

C. Electronic Construction  

The electronic schematics consists of an ATtiny84V 
microprocessor, an AT24C512 512kB EEPROM memory, 3-
axis digital accelerometer ADXL345 (10 bits, 16G range), 
SQ-ASA-150 shock switch with 150G threshold and a power 
management circuit. The whole system is powered by two 
coin cell batteries. Communication between tip and docking 
station is provided 

 
Figure 3. Electronic Arrow tip construction 

by a custom 1-wire protocol. The tip body is made from an 
aluminium alloy and is used as a negative ground conductor. 
The communication line is fed through the threaded shaft at 
the rear of the tip body. The positive battery contact is a 
custom brass contact which is soldered directly to the PCB. 

D. System Operation 

Once the system is powered up it initializes and goes to 
sleep mode. Each tip is able to capture flight data 
(acceleration, launch and impact events) for up to 4 shots 
which is saved to the internal EEPROM memory. The 150G 
sensitive shock switch is used to trigger a shot recording. 
After the trigger, the microcontroller starts retrieving data 
from the accelerometer and stores this data to EEPROM 
memory. The accelerometer provides information of 
acceleration in all three orthogonal axes. The time stamp of 
any shock switch trigger is also captured and stored. The 
maximal duration of a shot is 800 ms and the sample rate of 
the accelerometer is 3200Hz. This means that for each shot, 
2560 acceleration data points are stored for each of the three 
axes. After 800 ms, the shock switch signal is evaluated using 
a proprietary algorithm. Only real shots are saved and any 
accidental events (drop of the tip on the floor etc.) are filtered 
out and not stored 
The arrow tip with the saved data is then removed from the 
arrow shaft and coupled with a docking station. Two types of 
docking stations were developed. The first docking station 
with LCD is a standalone evaluation system which can 
process data stored in the tip memory, calculate the flight 
parameters without being connected to a PC and perform 
basic tip maintenance. This docking station allows the user to 
view the arrow launch and impact ballistics in text and 
evaluate the data in the field. It can also be connected to a PC 
via USB. A smaller USB docking station used during system 
development, is dedicated to transfer data from the tip 
memory to a connected PC where spreadsheet/.csv files are 
created. The data is processed and the results shown in a 
graphical form. 

IV. RESULTS 

The system processes the data from the tip and calculates 
the following values: 

 Launch and impact velocity (distance to target has to 
be entered) 

 Launch and impact kinetic energy (distance to target 
and arrow weight has to be entered) 

 Launch and impact momentum (distance to target 
and arrow weight has to be entered) 

 Time of the flight between end of arrow launch and 
start of the impact to target (TOF) 

 -Launch time and impact time 

 -Arrow drag coefficient 

In addition the user can see and compare shots in graphical 
form on the PC. Acceleration in axial direction and the 
corresponding shock switch signal is shown in Fig. 4. Even  

Figure 4: Electronic Arrow tip construction (source: [1]).

Another existing device is SensorTag [2] shown in Figure 5. This IoT kit is small,
battery powered, supports various type of sensors, includes amplifiers and comparators
and provides wireless connectivity. However, the device uses the concept five in the Fig-
ure 3, so it does not include the internal memory to measure and save the data with
high sampling rate. Another disadvantage is the missing support for strain gauges.
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2.2 EXAMPLES OF EXISTING ACQUISITION SYSTEMS

Figure 5: The SensorTag (source: [2]).

The market provides plenty of the strain gauges acquisition systems which are stable,
accurate and with selectable parameters. However, these systems are usually very large,
and they are unusable for application in small places. These acquisition systems should
be located remotely from the measured object. These sensors have to be connected
by wires, being a disadvantage for applications in hardly accessible places or rotating
objects. The example of the large acquisition system from Micro-Measurements is
in Figure 6. These devices are using concept five in the Figure 3.

Figure 6: Data Acquisition System 7000 from Micro-Measurements (source: [3]).

There are devices similar to the large acquisition systems mentioned above which
are suitable for measuring rotating objects. The large system size is compensated
by the fast wireless communication, which is shown in Figure 7. These systems use
the concept number four from Figure 3. However, such systems are custom work, so
their price is high.

Figure 7: Technology of the data transfer IR Telemetrics (source: [4]).
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Chapter 3

Technology overview

the device consists of several types of sensors, interfacing circuits and various types of
digital buses. This part introduces these sensors, circuits, buses and other technologies.

3.1 Interfacing electronic circuits

Analog signal usually needs to be adapted. For example, the signal from sensors such
as strain gauges and thermometers has to be amplified before digitalisation. This func-
tionality provides signal conditioners. An analog-to-digital converter then digitalises
the modified signal and sends it into the microcontroller through a digital interface,
such as SPI or I2C.

3.1.1 Signal conditioners

Circuit for signal conditioning is responsible for adapting the signal from the sensor to
format compatible with following device, usually ADC. The signal conditioner must be
compatible with the output signal of the sensor and also the input of the ADC. The input
part is specified by input impedance, offset voltage, input bias current, leakage current.
The input of such conditioner can be AC/DC voltage or current, frequency or electric
charge. The output can be voltage, current, resistance, etc.

3.1.2 Analog-to-digital converters

The analog output of the sensors has to be converted to a digital signal as a microcon-
troller input. The conversion is provided using an analog-to-digital converter (ADC). It
is a system converting input analog voltage (or current) to a digital number. The analog
to digital conversion is a discretization in amplitude and time.

3.1.2.1 Architectures of ADCs

The main part of every ADC is a comparator, which is a 1-bit converter. The output
has a high logic value when the input signal is above defined threshold, and a low logic
value when the input signal is below the threshold. Every ADC consists of at least one
comparator. Some of the most important architectures are discussed below.
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3.1 INTERFACING ELECTRONIC CIRCUITS

The Flash ADC is the fastest type of the ADC. Flash ADC is also named as par-
allel ADC because it consists of 2N − 1 comparators arranged in parallel, where N is
a number of bits. There are 2N resistors providing a reference voltage to comparators.
The flash ADC usually has eight bits, and the sampling frequency is in hundreds of
MHz. The disadvantage of the flash converter is a big complexity, higher consumption
and higher input capacity.

The Successive Approximation ADC (SAR ADC) is a compensating ADC,
and its principle is shown in the Figure 8. The conversion is made in N steps starting
from the MSB. The input voltage UX is compared with the UDAC voltage from DAC
feedback. If the UDAC is greater than UX , then the relevant bit in SAR is set to logic
zero. Otherwise, it is set to logic one. This process is repeated until the LSB is set to
a logic value. The SAR ADC has a resolution usually 16 bits or higher, and the sam-
pling frequency is up to 1 MHz. The disadvantage of the SAR ADC is that the input
voltage must be constant during the conversion. For this purpose the sample-hold cir-
cuit (S&H) shown in Figure 9 is used. It is a short time analog memory. The circuit
samples and stores the input signal as an AC or DC voltage for required time. This
converter makes a good compromise between speed and accuracy.

Figure 8: Successive approximation ADC: block diagram and principle (source: [7]).

Figure 9: Sample and hold circuit.
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3.1 INTERFACING ELECTRONIC CIRCUITS

The Dual-Slope/Multi-Slope ADC use the integrator for the conversion. The in-
put voltage VIN is integrated for a fixed time T . After this time is applied a reference
voltage VREF , which has the opposite polarity than VIN voltage. The VREF voltage is
integrated for unknown time tX down until it reaches zero (see Figure 10). The ratio
between input voltage VIN and reference voltage VREF is a ratio between measured
time tX and fixed T and is represented by Equation (1). The advantages of this con-
verter are high resolution (14 bits and more), low cost, low power consumption, low
offset and gain errors, independence of integrating capacitor and resistor, etc. The dis-
advantage is slower conversion because the conversion takes more steps than other
architectures.

VIN
VREF

=
tX
T

(1)

DATA CONVERTER ARCHITECTURES 
3.2 ADC ARCHITECTURES 

3.97 

VREF · tx, then the number of counts relative to the full scale count is proportional to tx/T, 
or VIN/VREF. If the output of the counter is a binary number, it will therefore be a binary 
representation of the input voltage. 
 

 
Figure 3.114: Dual Slope ADC Integrator Output Waveforms 

 
 
Dual-slope integration has many advantages. Conversion accuracy is independent of both 
the capacitance and the clock frequency, because they affect both the up-slope and the 
down-slope by the same ratio.  
 
The fixed input signal integration period results in rejection of noise frequencies on the 
analog input that have periods that are equal to or a sub-multiple of the integration time 
T. Proper choice of T can therefore result in excellent rejection of 50-Hz and 60-Hz line 
ripple as shown in Figure 3.115.  
 
Errors caused by bias currents and the offset voltages of the integrating amplifier and the 
comparator as well as gain errors can be cancelled by using additional charge/discharge 
cycles to measure "zero" and "full-scale" and using the results to digitally correct the 
initial measurement, as in the quad-slope architecture discussed in Reference 65.  
 
The triple-slope architecture (see References 66-68) retains the advantages of the dual-
slope, but greatly increases the conversion speed at the cost of added complexity. The 
increase in conversion speed is achieved by accomplishing the reference integration 
(ramp-down) at two distinct rates: a high-speed rate, and a "vernier" lower speed rate. 
The counter is likewise divided into two sections, one for the MSBs and one for the 
LSBs. In a properly designed triple-slope converter, a significant increase in speed can be 
achieved while retaining the inherent linearity, differential linearity, and stability 
characteristics associated with dual-slope ADCs. 
 

0

T tx

SLOPE = 
VIN

RC
SLOPE = 

VREF

RC

VIN

RC
T

VREF

RC
= tx

tx =
VIN

VREF

T

(CONSTANT SLOPE)

t

HIGH NORMAL MODE REJECTION AT MULTIPLES OF 1
T

Figure 10: Dual-slope ADC output waveforms (source: [6]).

The Sigma-delta (Σ-∆) ADC use a sigma-delta modulator. The input analog
signal is converted to pulses. The oversampled input voltage passes into the integrator,
and the integrated signal is compared with GND and resampled in D-latch. The digital
filter behind the D-latch counts these pulses for a chosen interval N and gives a mean
analog voltage during the interval. The number of bits is typically 12-24, dependent
on the number of clock pulses N . The sampling time is around hundreds or tens of ms.
The advantage of this ADC is a high resolution; the disadvantage is slow sampling due
to oversampling.
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3.1 INTERFACING ELECTRONIC CIRCUITS

3.1.2.2 ADC errors

The analog to digital converters quantise the input signal, which causes some errors.
The most common ADC specifications are discussed below. The essential characteristics
of the ADC are speed, stability, price and ADC errors, which are described further.

Static parameters affect the DC signal conversion accuracy.

Integral Nonlinearity (INL) is a deviation from a straight line passing through
the endpoints of the ADC transfer function.

Differential Nonlinearity (DNL) is the deviation between the actual and the ideal
step width of the one LSB.

Offset error is a difference between the nominal and the actual offset points.
Gain Error is a difference between the nominal and the actual gain points on the

transfer function. It is defined after the correction of the offset error to zero.
Total Error includes INL, DNL, offset error and gain error. It is a maximum difference

between an analog and ideal midstep value.
Temperature, time and voltage reference drifts.

Dynamic parameters in a time domain include sampling time, an uncertainty of
sampling time, collection time and conversion time. In a frequency domain are the most
common parameters following.

Signal-to-noise ratio (SNR) is a ratio of the signal power and the background noise
power.

Signal-to-noise and distortion ratio (SINAD) is a ratio of the total signal power
level including signal, noise and distortion to the power of noise and distortion.

Effective number of bits (ENOB) is a dynamic range of the ADC.
Total Harmonic Distortion (THD) is a ratio of the sum of all harmonic compo-

nents powers to the power of fundamental frequency.
Intermodulation distortion (IMD) is a ratio between the power of fundamental

frequency and third-order distortion products. The IMD quantifies the non-
harmonic frequencies added to the input signal.

Power Supply Rejection Ratio (PSRR) is a ratio of the change in supply voltage
to the produced output voltage.
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3.2 STRAIN GAUGES

3.2 Strain gauges

Strain gauges are sensors for measuring mechanical quantities, which can be transformed
into a change in length, such as bend, torsion, force, torque, pressure, etc. The amount
of strain in the device is in proportion to the strain gauge’s electrical resistance. When
the conductive wire is positively tensed, its length is increasing, the cross-section is
decreasing, and also its electrical resistance is increasing based on the Equation (2).

R = ρ
l

S
, (2)

where ρ is the electrical resistivity of the material, l is the length of the wire and S
the cross-section of the wire.

3.2.1 Classification of strain gauges

The strain gauges can be categorised by material and construction as shown in Fig-
ure 11).

Strain gauges

metal

wire

unbonded
(free-grid) bonded

foil film

vacuum
depositioned sputtered

semiconductor

monocrystalline

bonded
diffused into

the Si-substrate

polycrystalline
(sputtered)

Figure 11: Strain gauges categorisation (source: [9]).

Both, metal and semiconductor strain gauges, have bias resistance 120, 350 or
1000 Ω. The metal wire and foil strain gauges are mostly used for sensors of force
and pressure. Their conductive layer is meandering, as shown in the Figure 12. Semi-
conductor strain gauges use a piezoresistive effect and are mostly made from monocrys-
talline and diffused into the Si-substrate.
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3.2 STRAIN GAUGES

Figure 12: Meandering of the strain gauge.

3.2.2 Strain gauges parameters

The significant strain gauge parameter is the gauge factor (GF) determining its sensi-
tivity to the strain. It is represented by the Equation (3).

GF =
∆R/R

∆l/l
=

∆R/R

ε
, (3)

where ∆R/R is a relative change in electrical resistance and ∆l/l is a relative change
in length, which can be represented by strain ε. The temperature dependence of
the strain gauge sensitivity can be compensated.

The dependence of measured deformation and resistance of the strain gauge is not
linear and is also dependent on the temperature. The temperature dependence is char-
acterised by the temperature coefficient.

Another important characteristic of the strain gauge is a directional sensitivity. It
is defined as a ratio between vertical and horizontal direction. For measuring strains
along different directions is usually used a combination of three strain gauges configured
to strain rosettes, as shown in the Figure 13.
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1.0 Introduction

A strain gage rosette is, by definition, an arrangement 
of two or more closely positioned gage grids, separately 
oriented to measure the normal strains along different 
directions in the underlying surface of the test part. 
Rosettes are designed to perform a very practical and 
important function in experimental stress analysis. It can 
be shown that for the not-uncommon case of the general 
biaxial stress state, with the principal directions unknown, 
three independent strain measurements (in different 
directions) are required to determine the principal strains 
and stresses. And even when the principal directions are 
known in advance, two independent strain measurements 
are needed to obtain the principal strains and stresses.

To meet the foregoing requirements, the Vishay Micro-
Measurements Division manufactures three basic types of 
strain gage rosettes (each in a variety of forms):

• Tee: two mutually perpendicular grids.

•  45°-Rectangular: three grids, with the second and 
third grids angularly displaced from the first grid by 
45° and 90°, respectively.

• 60°-Delta: three grids, with the second and third grids 
60° and 120° away, respectively, from the first grid.

Representative gage patterns for the three rosette types are 
reproduced in Figure 1.

In common with single-element strain gages, rosettes 
are manufactured from different combinations of grid 
alloy and backing material to meet varying application 

requirements. They are also offered in a number of gage 
lengths, noting that the gage length specified for a rosette 
refers to the active length of each individual grid within 
the rosette. As illustrated in Figure 2, rectangular and 
delta rosettes may appear in any of several geometrically 
different, but functionally equivalent, forms. Guidance 
in choosing the most suitable rosette for a particular 
application is provided in Section 2.0, where selection 
considerations are reviewed.

Figure 1 – Basic rosette types, classified by grid orientation: (a) tee; (b) 45º-rectangular; (c) 60º delta.

5X 
(a)

5X 
(b)

5X 
(c)

rectangular

Delta

Figure 2 – Geometrically different, but functionally  
equivalent configurations of rectangular and delta rosettes.

Figure 13: Basic rosette types, classified by grid orientation: (a) tee; (b) 45-rectangular;
(c) 60 delta (source: [10]).

On the terminal between a measurement circuit and strain gauge arises thermo-
electric effect causing a disturbance. It can be compensated by choosing a proper
measurement method.
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3.2 STRAIN GAUGES

3.2.3 Measuring circuits for strain gauges

For measuring small changes in resistance is commonly used Wheatstone bridge circuit.
Depending on the measured subject, one or more strain gauges are connected. For one
active strain gauge is usually used quarter-bridge. However, the resistance can change
with temperature change. Therefore we connect also temperature compensating strain
gauge to a half-bridge circuit as shown in Figures 14 and 15, which is placed in 90
degrees rotation against measuring strain gauge. Equation (4) can describe this half-
bridge configuration and strain resistance change can be expressed by Equation (5).

V0
VEX

= −GF · ε
2

(4)

∆R = RG ·GF · ε (5)

4

Figure 5.  Use of Dummy Gauge to Eliminate Temperature Effects

Alternatively, you can double the sensitivity of the bridge to strain by making both gauges active, although in different
directions. For example, Figure 6 illustrates a bending beam application with one bridge mounted in tension (RG + ΔR)
and the other mounted in compression (RG – ΔR). This half-bridge configuration, whose circuit diagram is also illus-
trated in Figure 6, yields an output voltage that is linear and approximately doubles the output of the quarter-bridge
circuit.

Figure 6.  Half-Bridge Circuit

Finally, you can further increase the sensitivity of the circuit by making all four of the arms of the bridge active strain
gauges, and mounting two gauges in tension and two gauges in compression. The full-bridge circuit is shown in
Figure 7 below.

Figure 7.  Full-Bridge Circuit

The equations given here for the Wheatstone bridge circuits assume an initially balanced bridge that generates zero
output when no strain is applied. In practice however, resistance tolerances and strain induced by gauge application
will generate some initial offset voltage. This initial offset voltage is typically handled in two ways. First, you can use
a special offset-nulling, or balancing, circuit to adjust the resistance in the bridge to rebalance the bridge to zero output.
Alternatively, you can measure the initial unstrained output of the circuit and compensate in software. At the end of
this application note, you will find equations for quarter, half, and full bridge circuits that express strain that take initial
output voltages into account. These equations also include the effect of resistance in the lead wires connected to the
gauges.
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Alternatively, you can double the sensitivity of the bridge to strain by making both gauges active, although in different
directions. For example, Figure 6 illustrates a bending beam application with one bridge mounted in tension (RG + ΔR)
and the other mounted in compression (RG – ΔR). This half-bridge configuration, whose circuit diagram is also illus-
trated in Figure 6, yields an output voltage that is linear and approximately doubles the output of the quarter-bridge
circuit.

Figure 6.  Half-Bridge Circuit

Finally, you can further increase the sensitivity of the circuit by making all four of the arms of the bridge active strain
gauges, and mounting two gauges in tension and two gauges in compression. The full-bridge circuit is shown in
Figure 7 below.

Figure 7.  Full-Bridge Circuit

The equations given here for the Wheatstone bridge circuits assume an initially balanced bridge that generates zero
output when no strain is applied. In practice however, resistance tolerances and strain induced by gauge application
will generate some initial offset voltage. This initial offset voltage is typically handled in two ways. First, you can use
a special offset-nulling, or balancing, circuit to adjust the resistance in the bridge to rebalance the bridge to zero output.
Alternatively, you can measure the initial unstrained output of the circuit and compensate in software. At the end of
this application note, you will find equations for quarter, half, and full bridge circuits that express strain that take initial
output voltages into account. These equations also include the effect of resistance in the lead wires connected to the
gauges.
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Figure 15: Dummy strain gauge
for temperature compensation
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For better sensitivity, we can use the full-bridge circuit, as shown in Figure 16.
The sensitivity of the bridge with four strain gauges is four times higher than the sen-
sitivity of the bridge with just one strain gauge. The full-bridge is described in Equa-
tion (6).

V0
VEX

= −GF · ε (6)
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Alternatively, you can double the sensitivity of the bridge to strain by making both gauges active, although in different
directions. For example, Figure 6 illustrates a bending beam application with one bridge mounted in tension (RG + ΔR)
and the other mounted in compression (RG – ΔR). This half-bridge configuration, whose circuit diagram is also illus-
trated in Figure 6, yields an output voltage that is linear and approximately doubles the output of the quarter-bridge
circuit.
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Finally, you can further increase the sensitivity of the circuit by making all four of the arms of the bridge active strain
gauges, and mounting two gauges in tension and two gauges in compression. The full-bridge circuit is shown in
Figure 7 below.

Figure 7.  Full-Bridge Circuit

The equations given here for the Wheatstone bridge circuits assume an initially balanced bridge that generates zero
output when no strain is applied. In practice however, resistance tolerances and strain induced by gauge application
will generate some initial offset voltage. This initial offset voltage is typically handled in two ways. First, you can use
a special offset-nulling, or balancing, circuit to adjust the resistance in the bridge to rebalance the bridge to zero output.
Alternatively, you can measure the initial unstrained output of the circuit and compensate in software. At the end of
this application note, you will find equations for quarter, half, and full bridge circuits that express strain that take initial
output voltages into account. These equations also include the effect of resistance in the lead wires connected to the
gauges.

(RG, inactive)
Dummy Gauge

(RG + R)
Active Gauge

+
– – +

F

VEX

R1

R2

VO

Gauge in
tension

(              )RG + R

Gauge in
compression
(              )RG – R

RG + R
(compression)

RG – R
(tension)

VO
VEX
---------- GF ε•

2
----------------–=

+
– – +VEX VO

RG + R

RG – RRG + R

RG – R

VO
VEX
---------- GF ε•–=

Figure 16: Full-Bridge circuit (source: [11]).
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3.3 ACCELEROMETERS

3.3 Accelerometers

The accelerometer is a device for measuring linear acceleration, which is the velocity
change of the measured object. The accelerometer senses static and dynamic forces of
acceleration, such as orientation, vibrations, shocks, etc. Acceleration a is dependent
on the initial force F and the mass m of the moving object and is described by the New-
ton’s second law in Equation (7). The acceleration direction is the same as the direction
of the force. The units of acceleration are meters per squared second (m/s2) or G-forces
(g).

a =
F

m
(7)

Accelerometers are typically made with micro-electro-mechanical systems (MEMS)
technology, providing low cost and small size sensor. Accelerometers usually consist
of movable (seismic) mass, which is attached to a frame. The seismic mass is moving
according to applied acceleration and can be measured for example through a capacitive
divider between frame and mass.

The mostly used types of accelerometers and their signal processing are follow-
ing [14]:

Piezoelectric Accelerometers: the piezoelectric sensing element generates a high-
impedance charge signal. The charge amplifier is used to convert the generated
charge into a usable low-impedance voltage signal. The Equation (8) applies for
the inverting charge amplifier in Figure 17.

Figure 17: Inverting charge amplifier.

u2 = − 1

Cg

∫
i · dt = − Q

Cg
(8)
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3.4 TEMPERATURE SENSORS

Piezoresistive Accelerometers: the change of resistance reflects the acceleration.
Therefore, for example, the Wheatstone bridge mentioned in Section 3.2.3 can be
used.

Capacitive Accelerometers: the change of capacitance reflects the acceleration.
They usually consist of a built-in circuit, which converts the capacitance change
into a usable voltage signal. MEMS integrated accelerometers usually integrate
electronics for conversion to digital output.

Servo (Force Balance) Accelerometers: the acceleration is measured directly us-
ing a piezoelectric, piezoresistive or capacitive technology. These types of ac-
celerometers use a feedback current to keep the mass in a default position. A servo
circuit derives an error signal from the mass motion. A current sent through a coil
generates a torque, which is proportional to the acceleration and keeps the mass
in a default position.

3.3.1 Specification of accelerometers

Various use cases need different types of accelerometers, and it is important to choose
the right one which meets the necessary specifications. The following list describes
the most important parameters.

Digital accelerometer Sensitivity is expressed in mg/LSB, and it is the ratio of
acceleration change to change of the output signal.

Measurement Range is expressed in ±g, and it is the maximum acceleration, which
can be measured and represented as an output signal.

Output type can be either digital or analog.
Axis of accelerometers can be either 1-axis, 2-axis or 3-axis.
Noise of accelerometer is a deviation from the ideal output signal and is expressed

in mg −RMS.

3.4 Temperature sensors

Temperature measurement utilises multiple types of temperature sensors. Some of them
measure the temperature using physical contact, and some are remote (non-contact
temperature sensors). In this text will be introduced just one type of the contact tem-
perature sensor – thermistor, and one type of the non-contact temperature sensor – IR
temperature sensor. The temperature is expressed in Kelvins (K), degrees Celsius ◦C,
degrees Fahrenheit (◦F) and degrees Rankine (◦R). Temperature sensors are divided
into two groups: absolute sensors, which measure the temperature referenced to ab-
solute zero or another fixed temperature; and relative sensors, which measure thermal
gradient or the temperature difference between two objects. Absolute sensors are for
example thermistors and resistance temperature detectors (RTDs), a relative sensor is
for example thermocouple.

15/95



3.4 TEMPERATURE SENSORS

3.4.1 Thermistor

The thermistor is a thermally sensitive resistor, so its resistance R [Ω] changes with
temperature change T [K]. The transfer characteristic can be expressed by Stein-
Hart Equation (9).

1

T
= A+B · lnR + C · (lnR)3, (9)

where A, B, C are diagram constants.

Thermistors are usually made from oxides of nickel, cobalt or manganese. They are
split into two categories: with positive temperature coefficient (PTC), so their resistance
is increasing with a temperature rise, and negative temperature coefficient (NTC), so
the resistance decreases with a temperature rise.

Thermistors ability to detect small temperature changes is a significant advantage
over RTDs and thermocouples. On the other hand, thermistors have a strong non-
linearity.

3.4.2 Infrared temperature sensor

We use pyrometers for contactless temperature measurement. They are based on the
radiation observation. The contactless technology can by applied to measure moving
objects, catch fast temperature changes and view the entire surface of measuring object.
On the other hand, there is uncertainty in the determination of the emissivity, and there
are errors due reflection and throughput of some materials.

The infrared (IR) sensors are part of pyrometers. The wavelength of infrared ra-
diation is longer than visible light wavelengths and shorter than microwaves, so it is
invisible to human eyes. The most important pyrometers specifications are the follow-
ing:

Photosensitivity or Responsivity is a ratio of output signal and radiant flux [W]
falling on sensors’ sensitive part Equation (10)).

K =
U

Φ
[V ·W−1] (10)

Noise Equivalent Power (NEP) indicates the radiant flux, when the amount of
output signal is equal to effective spectral density of voltage noise.

NEP = Φ

√
ū2s
U

[W ·Hz−
1
2 ], (11)

where
√
ū2s is a spectral density of voltage noise.
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3.4 TEMPERATURE SENSORS

Detectivity (D, D*) is a photosensitivity per unit area of a detector and can be
written as inverted value of NEP: D = NEP−1. It is often related to the sensitive
area of the radiation sensor and is marked as D*.

D∗ =

√
S

NEP
, (12)

where S si a relative spectral sensitivity.

Temperature measurement with an IR sensor is based on blackbody radiation. All
bodies with a temperature above 0◦K radiate infrared energy. The IR radiation travels
from a source through obstacles, which can partially absorb and partially reflect the IR
radiation. For material effectivity in emitting energy as thermal radiation, we use term
emissivity ε. Different materials with various emissivity emit IR energy with different
intensity at the same temperature. The emissivity is important for IR measurement
because of the differences.

The main equations for contactless measurement are following.

Kirchhoff’s Law of Radiation states that the emissivity ε of a surface is equal to
its absorptance α at a given temperature T and wavelength λ. The reflectivity ρ
is then in relation to emissivity ε by the Equation (13).

ρ = 1− ε (13)

Stefan-Boltzmann Law states that the thermal energy radiated by a blackbody ra-
diator is proportional to the fourth power of absolute temperature (eq. 14). For
non-ideal objects we can rewrite the Equation (14) by Equation (15).

E0 =
P

A
= σT 4 (14)

P

A
= εσT 4, (15)

where σ = 5.67·10−8 W/m2 ·K4 is Stefan-Boltzmann constant, A is the geometry
factor, and ε is emissivity.

Wien’s Displacement Law states that with increasing blackbody radiator tempera-
ture the overall radiated energy is increasing and the peak of the radiation curve
moves to shorter wavelengths. So the hotter the object, the shorter the wavelength
at which it will emit most of its radiation. The temperature can be computed from
the wavelength of the peak of the blackbody radiation curve by Equation (15).

λpeak · T = 2.898 · 10−3mK, (16)

where T is the temperature in K and λpeak is in µm and it is a wavelength where
the most of the radiant power is concentrated.
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3.5 SERIAL BUSES

Planck’s Radiation Law says that the radiant flux density is a power of electromag-
netic radiation per unit of wavelength.

Wλ =
ε(λ)C1

πλ5 (eC2/λT − 1)
, (17)

where ε(λ) is the emissivity of the surface, C1 = 3.74·1012 W ·cm2, C2 = 1.44cm·
K, and e is the base of the natural logarithm.

The IR sensor uses lens to collect the emitted thermal radiation. The detector then
converts the thermal radiation into an electrical signal. The device usually includes
the emissivity correction, effective signal filtering, linearisation and other useful features.

3.5 Serial buses

The serial communication sends the digital data over the communication channel se-
quentially, always one bit per clock. There are multiple advantages of serial buses, such
as that fewer cables decrease the price of the bus, and also remove inconvenience with
synchronisation, as with parallel buses. The serial buses with differential serial links are
less susceptible to noise. Therefore they can transmit information over a longer distance
than parallel buses. With a higher number of pins for the parallel bus also increases
the price of the integrated circuits. Serial buses used in this device are the most com-
mon used and standardised buses and will be briefly described in the text below. All
the mentioned buses can use DMA for data transmission, which allows access the main
memory independently on a microcontroller.

3.5.1 Serial Peripheral Interface (SPI)

The Serial Peripheral Interface is a four-wire synchronous serial bus which allows a Mas-
ter device initiate communication with a Slave device. The SPI communication usually
consists of the following signals:

MOSI (Master Output, Slave Input) is used for data out of the SPI Master device
and data in of the SPI Slave device.

MISO (Master Input, Slave Output) is used for data in of the SPI Master device
and data out of the SPI Slave device.

SCK (Serial Clock) is used to output clock signal for the SPI transfers.
SS (Slave Select) is used to select the Slave device with which the Master device com-

municates. The Slave Select is active low, so it should be coupled to the power
supply to avoid accidental activation of the slave device.

The SPI configuration uses five registers, which are described in Motorola SPI spec-
ification [19]. The data transmission is synchronised by the serial clock, where phase
and polarity should be configured in the Master device registers depending on the Slave
device requirements.
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The SPI bus is usually configured with one Master and many independent Slaves as
shown in Figure 18. SPI Master communicates (receives or sends data) with one Slave
in time by pulling his SS low.

Figure 18: SPI bus with Master and two independent Slaves.

The second option of SPI connection is the Daisy chain configuration. In this config-
uration all the Slaves have the same Slave Select, which is set low before the transmission
start. The first slave output (MISO) is not connected to the Master but to the next
Slave input (MOSI). The MISO of the second Slave is again connected to the MOSI of
the next Slave. The MISO of the last Slave can be connected to the MISO of the Mas-
ter. This configuration is usually used to set parameters in Slave devices. The data
are sent to the first Slave with a group of clock pulses. The first slave shifts the data
to the next Slave with the next group of clock pulses. The process can be likened to
a communication shift register. The data are stored in the Slaves when the slave select
is set high.

The advantages of the SPI bus is the support of the full duplex synchronous com-
munication. The data rate is higher than 1 Mbps (up to 100 Mbps) and has a low noise
sensitivity compare to the I2C bus (see Section 3.5.3). The disadvantages of SPI bus
are an inability of multi-Master communication and a requirement of four wires.

3.5.2 Secure Digital Input Output (SDIO)

The Secure Digital Input Output is an interface for Secure Digital (SD) cards.
The SDIO provides high-speed data rate over 10 MB/s. The SDIO cards can be con-
figured in three signal modes: SPI bus mode, 1-bit SD Data Transfer Mode and 4-bit
SD Data Transfer Mode. For more information about SD and SDIO standards see
the specifications [20], [21]. The four-bit SD Data Transfer Mode cards can have up
to 11 pins, depending on their type (MMC, SD, miniSD, microSD). Four pins are used
for data transmission, one pin as a serial clock, one pin for command response, two or
three pins for power supply and the remaining two pins are reserved and not used.
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3.5.3 Inter-Integrated Circuit (I2C)

The Inter-Integrated Circuit is a two-wire bidirectional serial multi-Master bus. The I2C
bus consists of following signals:

SDA (Serial Data line) is used for data in and out and should be coupled to a power
supply.

SCL (Serial Clock) is used to an output clock signal for I2C transfers.

The I2C standard is described in NXP Semiconductors specification [22]. Each de-
vice is identified by a unique address. The device which initiates the data transfer on the
bus is also generating the clock signal and is considered as Master. Multi-Master bus
configuration is controlled by one Master, who initiates the data transmission and con-
figures all other Masters as slaves until the transmission is completed. When more than
one Master wants to start transmission at one time, the arbitration is required. The ar-
bitration proceeds bit by bit on SDA signal. When one of the Masters tries to send high
on the SDA signal and simultaneously detects SDA level low, he loses the arbitration.

The advantages of the I2C bus are an easy connection of a new device on the bus,
usage of only two pins, multi-Master support and acknowledgement of each transfer.
The disadvantages are low data rate (between 100 kbps and 3.4 Mbps) compared to
SPI bus, half duplex synchronous communication and high noise sensitivity compared
to SPI bus.

3.6 Wireless communication

The wireless communication is used for information transmission on large distances
(between few meters to thousands of kilometres) without physical connection (wires,
cables, etc). Devices, such as a data logger, use for wireless communication mainly Blue-
tooth, Wi-Fi and sometimes also ZigBee. The comparison of mainly used technologies
is in Table 1.

Feature(s) IEEE 802.11 b/g/n Bluetooth ZigBee
Power Profile Hours Days Years
Complexity Very Complex Complex Simple
Nodes/Master 32 7 64000
Latency Enumeration up to 3 s Enum. up to 10 s Enum. 30 ms
Range 100 m 10 m 10 m - 300 m
Data Rate 11/54/600 Mbps 1 Mbps 250 kbps
Stack size 100+ kbyte 100+ kbyte 8-60 kbyte
Security WEP, WPA/WPA2 64 bit, 128 bit 128 bit AES

and Application
Layer user defined

Table 1: Comparison of different wireless technology specifications. Based on [23], [24].
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3.7 Wireless charging

The wireless charging is a technology for energy transfer between two objects using
electromagnetic field and electromagnetic induction. There are two technologies for
wireless transmission, inductive and resonant. The main differences are coil distance
and if the coils are in resonance with each other. The wireless charging is used in many
portable devices such as electrical toothbrushes and modern smartphones.

Inductive power transfer: the transmitting coil is connected to a power source
and creates an alternating electromagnetic field. The field is collected by re-
ceiving coil, where it induces an alternating current. The current is rectified,
filtered to DC and used to power the device. The efficiency of inductive charg-
ers drops with the distance and the coil diameter. Efficiency above 90 % can be
achieved only if the distance is ten times lower than the coil diameter and both
coils have similar size. For more information about inductive charging proceed
to the Wireless Power Consortium website [27]. The Wireless Power Consortium
developed the standard called Qi, which allows transfers up to 40 mm distance.

Figure 19: Inductive charging principle (source: [27]).

Resonant power transfer the transmitting and receiving coil can be almost ten
times further unlike for inductive power transfer. The resonant power transfer
works on a principle of a magnetic resonance between the transmitting and re-
ceiving coil. The transmitter includes a resonant circuit, which contains a coil,
capacitor and resistors. The alternating current is applied to the resonant circuit,
so the oscillation occurs, and an alternating oscillating magnetic field is created.
The field is taken by the receiving coil, which also consists of a resonant circuit.
The receiver converts the field to an alternating current, which is rectified, filtered
to DC and used to power the device.
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Chapter 4

Realisation

the project’s realisation took place in several steps. The first essential task was to
study the specification and decide what the possibilities are. It was necessary to de-
vise a working solution, which also meets the most requirements. The next step was
a selection of usable components to design the concept of a testing device. Besides,
schematic and the layout were created for the testing board. A big part of the work
on the device is a development of the firmware, such that fulfils the requirements.
The procedure of the firmware development usually required to search for interesting
ways how to solve commonly simple problems. At the same time, it was necessary to
decide, which Wi-Fi module will be used, and how to apply it so that it will be the most
efficient. The module was programmed so it connects to the firmware in the microcon-
troller. After experimenting with the testing device, it was necessary to design the final
block concept and choose the final components usage. Subsequently, the final schematic
and final board layout were created. As a part of firmware finalisation, the firmware was
extended to control all the components, because the prototype board did not contain
all the components from the final board. In the end, it was also necessary to make
the device fail-safe and user-friendly.

4.1 Device concept

The block diagram of the final device is in the Figure 20 and it is divided into
three sections: Analog, Digital and Power part. The core is a microcontroller, which
collects all the data from sensors, saves the measured data to the memory card
and provides the data exchange with a wireless module. The Analog Part consists of
analog components for conditioning and digitalisation of the signals. These signals
come from analog sensors, such as strain gauges and thermometers. The Digital part
includes the microcontroller, universal digital inputs and outputs and digital sensors,
such as an accelerometer or IR temperature sensor. The memory card and wireless
link also belong to the Digital part. All the components need a power supply for
their operation. The Power supply part provides three voltage levels necessary for
the implemented components. This section also covers power for Real Time Clock
and Lithium-Ion accumulator. The accumulator has two possible ways of charging:
a common power source and inductive charger. The following text explains the blocks
in detail and describe the used components and their connection.
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Figure 20: Block diagram of the final device.
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4.2 Components selection

The components selection began with the election of an analog-to-digital converter
and other analog components. Later digital sensors, memory card and Wi-Fi module
were chosen. The selected components have to be controlled by a microcontroller,
and the device has to be powered by a power supply. This section describes the chosen
components and their parameters, advantages and disadvantages.

4.2.1 Analog-to-digital converter

The Analog-to-digital converter has to fulfil strict requirements for sampling frequency,
which needs to be up to 100 kHz. There are eight intended analog inputs, so it was
beneficial to find a multi-channel converter. Three converters have been taken into
account: AD7709, MAX1300 and AD7606.

The AD7709 converter from Analog Devices, Inc. contains a 16-bit sigma delta ADC
with PGA. The sampling rate is from 5.4 ksps to 105 ksps. This converter is inexpensive
in comparison to the others. However, it contains only four channels.

The MAX1300 converter from Maxim Integrated contains a 16-bit successive ap-
proximation ADC. The sampling rate is up to 115 ksps, and it has eight channels.
However, it is difficult to buy this converter.

The final and chosen ADC was the AD7606 [28] converter from Analog Devices, Inc.
It is a successive approximation ADC with eight 16-bit channels and the sampling rate
up to 200 ksps for all eight channels. The price is high compared to converters described
above, but the converter provides many advantages. The component contains analog
input clamp protection, anti-aliasing filter, track and hold amplifier, internal 2.5 V
reference and high-speed serial and parallel interfaces. The functional block diagram is
shown in Figure 21.

The converter is in the 64-LQFP package and has an adjustable, input range (±5 V
or ±10 V), reference selection (internal or external) and type of the interface (parallel or
serial). The internal digital filter can be configured through oversampling pins. Change
of the oversampling ratio yields to better SNR and lower sampling frequency.

The interface selection affects the possible sampling rate of the converter. The par-
allel 16-bit interface can be connected to a parallel interface of the microcontroller, such
as flexible static memory controller (FSMC) [29] included in many STMicroelectronics
microcontrollers. The advantage is possible high sampling rate up to 200 ksps, the dis-
advantage is the occupation of 16 pins of the microcontroller, so it is space consuming.
Moreover, not all microcontrollers have an FSMC bus. The requirement for the sam-
pling rate of the device is up to 100 ksps, so the SPI interface is sufficient. The SPI data
rate is from the AD7606 side limited to 12.5 MHz for VDRIVE above 2.7 V and 15 MHz
for VDRIVE above 3.3 V. In the final device this pin is connected to a 3.3 V power supply.
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FEATURES 
8/6/4 simultaneously sampled inputs 
True bipolar analog input ranges: ±10 V, ±5 V 
Single 5 V analog supply and 2.3 V to 5 V VDRIVE 

Fully integrated data acquisition solution 
Analog input clamp protection 
Input buffer with 1 MΩ analog input impedance 
Second-order antialiasing analog filter 
On-chip accurate reference and reference buffer 
16-bit ADC with 200 kSPS on all channels 
Oversampling capability with digital filter 

Flexible parallel/serial interface 
SPI/QSPI™/MICROWIRE™/DSP compatible 

Performance 
7 kV ESD rating on analog input channels 
95.5 dB SNR, −107 dB THD 
±0.5 LSB INL, ±0.5 LSB DNL 
Low power: 100 mW 
Standby mode: 25 mW 

64-lead LQFP package 

APPLICATIONS 
Power-line monitoring and protection systems 
Multiphase motor control 
Instrumentation and control systems 
Multiaxis positioning systems 
Data acquisition systems (DAS) 

Table 1. High Resolution, Bipolar Input, Simultaneous 
Sampling DAS Solutions 

Resolution 

Single-
Ended 
Inputs 

True 
Differential 
Inputs 

Number of 
Simultaneous 
Sampling Channels 

18 Bits AD7608 AD7609 8 
16 Bits AD7606  8 
 AD7606-6  6 
 AD7606-4  4 
14 Bits AD7607  8 
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Figure 21: AD7606 functional block diagram (source: [28]).

Each ADC is subject to static and dynamic errors, so those parameters are always
listed. They are described in Section 3.1.2.2. Some of AD7606 performance character-
istics are in Figures 22 to 25.
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Figure 11. AD7606 FFT, ±10 V Range 
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Figure 12. AD7606 FFT Plot, ±5 V Range 
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Figure 13. FFT Plot Oversampling By 16, ±10 V Range 
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Figure 14. AD7606 Typical INL, ±10 V Range 
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Figure 15. AD7606 Typical DNL, ±10 V Range 
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Figure 16. AD7606 Typical INL, ±5 V Range 

Figure 22: Typical INL of AD7606
(source: [28]).
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Figure 17. AD7606 Typical DNL, ±5 V Range 
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Figure 18. NFS Error vs. Temperature 
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Figure 19. PFS Error vs. Temperature 
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Figure 20. NFS and PFS Error Matching 
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Figure 22. Bipolar Zero Code Error vs. Temperature 

Figure 23: Typical DNL of AD7606
(source: [28]).
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Figure 23. Bipolar Zero Code Error Matching Between Channels 
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Figure 24. THD vs. Input Frequency for Various Source Impedances,  

±10 V Range 
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Figure 25. THD vs. Input Frequency for Various Source Impedances,  
±5 V Range 
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Figure 26. SNR vs. Input Frequency for Different Oversampling Rates, ±5 V Range 
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Figure 27. SNR vs. Input Frequency for Different Oversampling Rates, ±10 V Range 
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Figure 28. Channel-to-Channel Isolation  

Figure 24: SNR vs. Input frequency for
different oversampling rates of AD7606
(source: [28]).
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Figure 29. Dynamic Range vs. Oversampling Rate 
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Figure 30. Reference Output Voltage vs. Temperature for  
Different Supply Voltages 
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Figure 31. Analog Input Current vs. Temperature for Various Supply Voltages 
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Figure 32. Supply Current vs. Oversampling Rate 
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Figure 33. PSRR 

 

 

Figure 25: PSRR of AD7606
(source: [28]).

4.2.2 Signal conditioner

The main requirement for the signal conditioner was a programmable gain for sig-
nals from strain gauges and thermistors. The MAX1454 [30] signal conditioner from
Maxim Integrated in the 16-TSSOP package was selected and tested on the testing
board. The MAX1454 is a conditioner for automotive application, recommended for
pressure sensors, resistive element sensors, strain gauges and others. The conditioner
provides amplification, calibration and temperature compensation. The overvoltage
and reverse voltage protection are also included. The gain is programmable in 32 steps,
and the power supply for sensors is included. The disadvantage of this component
is a low input signal frequency up to 1 kHz, power supply 5 V without symmetrical
power supplies and complex configuration. Based on the datasheet, the configuration
of the internal registers is complicated, and it uses a serial interface similar to UART.

Therefore, the MAX1454 was substituted by the LTC6915 [31] from Linear Tech-
nology. It was tested on testing board and used in the final device. This conditioner
provides easy configuration through SPI interface, and a ±5 V symmetrical power sup-
ply. It allows measure signals which are altering along zero voltage. The gain can be
programmed to multiply the signal by 0, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048
or 4096. The LTC6915 does not include any protection and does not contain a power
supply for sensors, so more external components are needed. The circuit has internal
sampling frequency 3 kHz, so the frequency bandwidth of the input signal is also low.
The component can be bought in the 12-DFN package or 16-SSOP package. The block
diagram of LTC6915 in the 16-SSOP package is in Figure 26.
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Figure 26: Block diagram of LTC6915 in 16-SSOP package (source: [31]).

4.2.3 Programmable current source

The LTC6915 mentioned above does not provide the power supply for sensors, so the ex-
ternal programmable current source has to be used. The source was made from a linear
regulator XC6206P182MR from Torex Semiconductor Ltd. connected as a current
source. The resistors in the source feedback can be changed using a programmable
switch MAX335 [32] in the 24-TSSOP package from Maxim Integrated. The component
consists of eight separately controlled switches programmable through SPI interface. As
the SPI configuration is the same as for LTC6915, it can be connected with them to
a daisy chain. The switch allows setting the source current to 0.2 mA or 0.5 mA on each
channel.

4.2.4 Infrared temperature sensor

The device is using two temperature sensors. The first of them is infrared, and it is
integrated on the board, while the second is a thermistor, which is external and so it is
chosen by the user. Therefore only the integrated one is described here.

The temperature is measured by TMP006 Infrared Thermopile Contactless Temper-
ature Sensor [33]. It is produced by Texas Instruments Incorporated, and it uses WCSP
Package. The principle of such sensors is described in Section 3.4.2. The advantage
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of this MEMS fully integrated IR sensor is its small 1.6 mm × 1.6 mm × 0.625 mm
DSBGA package shown in Figure 27. The tiny package size makes it possible to place
the sensor in small spaces. The disadvantage is complicated soldering, which requires
a special machine.

Figure 27: TMP006 IR Temperature Sensor from Texas Instruments Incorporated.
A mm scale is for the reference at the bottom of the picture.

The TMP006 communicates through I2C or SMBus serial interface and supports
up to eight programmable addresses. It provides high supply voltage range between
2.2 V and 5.5 V. The current in an active state is typically 240 µA. The operating
temperature is between -40◦C and +125◦C. The wavelengths for absorbing passive IR
energy are between 4 µm and 16 µm.

The TMP006 sensor has integrated temperature sensor, thermopile sensor, 16-Bit
ADC and other blocks, as is shown in the functional block diagram in the Figure 28.
The target object temperature should be calculated from the voltage change across
the thermopile and the die temperature.
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TMP006/B Infrared Thermopile Sensor in Chip-Scale Package
1 Features 3 Description

The TMP006 and TMP006B are fully integrated
1• Integrated MEMs Thermopile for Noncontact

MEMs thermopile sensors that measure theTemperature Sensing temperature of an object without having to be in direct
• Local Temperature Sensor for Cold Junction contact. The thermopile absorbs passive infrared

Reference energy from an object at wavelengths between 4 um
to 16 um within the end-user defined field of view.– ±1°C (max) from 0°C to 60°C

– ±1.5°C (max) from –40°C to +125°C The corresponding change in voltage across the
thermopile is digitized and reported with the on-chip• Two-Wire Serial Interface Options:
die thermal sensor measurement through an I2C- and– I2C and SMBus Compatible SMBus-compatible interface. With this data, the

– TMP006 at 3.3 V target object temperature can be calculated by an
external processor.– TMP006B at 1.8 V

– Eight Programmable Addresses The TMP007 is an enhanced version of the TMP006
or TMP006B. The TMP007 combines all the features• Low Power
of the TMP006 and TMP006B with an additional math– Supply: 2.2 V to 5.5 V engine to perform all of the equations on chip,

– Active Current: 240 μA (typ) allowing the target object temperature to be read
directly from the device. The TMP007 also provides– 1-µA shutdown (max)
built-in nonvolatile memory for storing calibration• Compact Package
coefficients.– 1.6-mm × 1.6-mm × 0.625-mm DSBGA
The Infrared thermopile sensor is specified to operate
from –40°C to +125°C. It is possible to measure an2 Applications
object temperature beyond the device operating

• Noncontact Temperature Sensing range as long as the device itself does not exceed
the operating temperature range (–40°C to +125°C).– Case Temperature

– Laser Printers Device Information(1)
– Power Relays PART NUMBER PACKAGE BODY SIZE (NOM)
– Health and Beauty TMP006

DSBGA (8) 1.60 mm × 1.60 mm– HVAC Comfort Optimization TMP006B
• Gas Concentration (1) For all available packages, see the package option addendum

at the end of the datasheet.• Flame Detection

Simplified Schematic

1

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.

Figure 28: TMP006 functional block diagram (source: [33]).
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The field of view of the TMP006 sensor is almost 180◦. The calculation of the target
temperature is dependent on the ability of the IR sensor to capture the signal from
the target. The IR sensor capture efficiency depends on the angle at which the target
temperature is scanned and the distance. In the Figure 29 is a dependence of the IR
sensor absorption and the angle between IR sensor and target.
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www.ti.com TMP006 Object Temperature Measurement Setup

3.2 Measurement Geometry Setup
The TMP006 can accurately detect signals in almost the entire 180° field of view of the sensor. The final
calculated target object temperature is an integration of all of the signals present in the sensor field of
view. Therefore, the ability of the TMP006 to accurately calculate the temperature of a target depends on
ability of the IR sensor to capture the majority of its signal from the target. This capture effectiveness, in
turn, depends on two factors: the angle of incidence and the distance of the TMP006 from the target.
Figure 2 illustrates the dependence of the TMP006 on the angle of incidence compared to the IR signal
absorption. For this test, the intensity of an input signal was held constant and was moved throughout the
sensor field of view. This figure shows that the majority of the received signal comes from IR sources
located at 0° angles of incidence.

Figure 2. Percentage of IR Signal Absorbed by Sensor versus Angle of Incidence

As a design guideline, place the TMP006 directly underneath the target object with the surface of the
target parallel to the TMP006, so the angle of incidence between them is 0°.
The distance that the TMP006 should be placed from the target is largely dictated by the size of the target.
Smaller targets must be placed closer to the TMP006 to ensure that the majority of the IR signal captured
by the sensor is emitted from the target. A circular target should be placed at a distance less than one-half
of the radius of the target to ensure at least 90% of the IR signal that the sensor captures is from the
target.
As the sensor is moved away from the target, other objects or surfaces enter into the device field of view.
Because the final result is an integration of the entire field of view of the sensor, it is not possible to
determine which captured signals come from the target and which captued signals come from the other
objects (or surfaces).
As a design guideline, then, the target object should be placed at a distance no further than one-half of the
radius of the target from the TMP006.

5SBOU107–May 2011 TMP006
Submit Documentation Feedback

Copyright © 2011, Texas Instruments Incorporated

Figure 29: Percentage of IR Signal Absorbed by Sensor versus Angle of Incidence
(source: [33]).

The equation for temperature computation is explained in the TMP006 User Guide
SBOU107 downloadable from the TMP006 product page [33].

The Equation (18) represents the sensitivity of the thermopile sensor and how it
changes over temperature.

S = S0

[
1 + a1(TDIE − TREF ) + a2(TDIE − T 2

REF

]
, (18)

where S0 is a calibration factor, which is described in detail in SBOU107 User Guide.
The parameters a1, a2 and TREF are constants: a1 = 1.75 · 10−3, a2 = −1.678 · 10−5,
TREF = 298.15 K. The TDIE parameter is a die temperature read from the sensor.

The offset voltage is represented by Equation (19). This voltage arises due to
the slight self-heating caused by the non-zero thermal resistance of the package.

VOS = b0 + b1(TDIE − TREF ) + b2(TDIE − TREF )2, (19)

where b0, b1 and b2 are coefficients: b0 = −2.94·10−5, b1 = −5.7·10−7, b2 = 4.63·10−9.
The Seebeck coefficients change over temperature is described by Equation (20).

The Seebeck effect, also known as the thermoelectric effect, is a conversion of temper-
ature difference to electrical voltage.

f(VOBJ) = (VOBJ − VOS) + c2(VOBJ − VOS)2, (20)

where c2 is a constant: c2 = 13.4.
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The temperature of the target object can be expressed by Equation (21) and the re-
sult is in Kelvins.

TOBJ = 4

√
TDIE

4 +

(
f(VOBJ)

S

)
(21)

4.2.5 Accelerometer

The chosen accelerometer is LIS2DH12 [34] from STMicroelectronics. The advantage
is its small 2 mm × 2 mm × 1 mm LGA-12 package shown in Figure 30, which does not
occupy much space on the PCB. The disadvantage is complicated soldering, as for IR
temperature sensor described in Section 4.2.4. The LIS2DH12 is a MEMS capacitive
accelerometer. The principle of accelerometers is described in Section 3.3

Figure 30: LIS2DH12 3-axis accelerometer from STMicroelectronics. A mm scale is for
the reference at the bottom of the picture.

The LIS2DH12 communicates through I2C or SPI serial interface. The power supply
voltage range is between 1.71 V and 3.6 V, and the power consumption is down to 2 µA.
The accelerometer has user adjustable full scale of ±2g/±4g/±8g/±16g.

The LIS2DH12 sensor has integrated three accelerometers, each for a single axis, as
shown in Figure 31. It has three modes of operation: low-power mode with 8-bit data
output, normal mode with 10-bit data output and high-resolution mode with 12-bit data
output. The output data rate can be selected from 1 Hz to 5.376 kHz. The LIS2DH12
accelerometer has integrated temperature sensor and two programmable interrupts for
wake-up/free-fall events and reaching of configured position.
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Block diagram and pin description LIS2DH12
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1 Block diagram and pin description

1.1 Block diagram

Figure 1. Block diagram

1.2 Pin description

Figure 2. Pin connections
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Figure 31: LIS2DH12 3-axis accelerometer’s functional block diagram.

4.2.6 Universal inputs and outputs

As specified in the requirements, the device allows to connect up to two more I2C
devices, four binary inputs and four PWM outputs. The I2C devices share the bus
with the TMP006 IR temperature sensor and have to be configured with a different I2C
address. The universal binary inputs are connected to 5 V tolerant inputs of the MCU,
and the applied voltage must fulfil requirements for STM32F411VE microcontroller
inputs. The universal PWM outputs can be configured using an advanced timer of
the microcontroller (TIM1) and can generate the PWM with configurable duty cycle.

4.2.7 Memory card

The first scheme expected to use eMMC as a memory, which is integrated into the de-
vice. The advantage of this memory is a small BGA package and inability to remove
it from the system. However, it was complicated to find where to buy such memory
and also download adequate datasheet with necessary information about it. Therefore
eMMC was substituted by microSD memory card, which is removable and bigger, but
it has enough available documentation, and libraries support this standard.

One of the requirements for the device is a high sampling frequency of the analog-
to-digital converter. Therefore, the memory card has to be fast enough to be able to
save all the data in time. For this purpose the SD memory card class 10 was chosen,
which allows writing speed up to 10 MB/s. The SD card requires a 3.3 V power supply.
The card in microSD form has CMD signal, CLK signal and four data wires. The SDIO
interface explained in Section 3.5.2 was used to obtain the speed as fast as possible.

31/95



4.2 COMPONENTS SELECTION

4.2.8 Wireless link

The wireless interface is used to set the measurement parameters and download files
from the memory card. Firstly was chosen the Bluetooth Low Energy (BLE) module
BlueNRG [35] from STMicroelectronics. The problem was the speed limitation of BLE,
which is just 1 Mb/s. Therefore the Bluetooth was rejected at the expense of the Wi-
Fi. Wi-Fi has higher speed, better range and configuration possibilities, as can be seen
in Table 1.

The available Wi-Fi modules were CC3100 [36] from Texas Instruments Incorporated
and one of the modules based on ESP8266 [37] from Espressif Systems. The CC3100
is shown in Figure 32 and its disadvantages are complicated configuration, a non-
existing library for communication with STM32F4 microcontrollers and higher price.
The disadvantage of ESP8266 modules is that it is from an unknown and potentially
untrusted manufacturer. The advantage is low price and firmware with STM32F4 sup-
port. However, the firmware supports only UART data transmitting between the mod-
ule and the main microcontroller and for SPI communication needs to be developed.
ESP-07 based on ESP8266 was selected for simpler implementation, and it is shown
in Figure 33.

Figure 32: Wi-Fi module CC3100 from Texas Instruments Incorporated.

Figure 33: Wi-Fi module ESP-07 based on ESP8266 from Espressif Systems.
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The ESP-07 supports protocol IEEE 802.11b/g/n with 2.5 GHz frequency band.
There is integrated 32-bit MCU with 10-bit ADC, SDIO, SPI, UART, I2C, I2S, IRDA,
PWM and GPIOs. The ESP-07 has 16 pins in total. The module allows the external
antenna connection. The average operating current is 80 mA and operating voltage
can be set between 3 V and 3.6 V. The MCU can be connected through SPI or UART
interface [38]. The user can use a default firmware, which supports STA/AP/STA+AP
operation modes. If the default firmware is not sufficient, the user can write his own
firmware and flash it to the module using UART interface.

4.2.9 Microcontroller

The microcontroller was elected to meet the requirements. The power consumption,
availability of SDIO interface, the number of available buses and the number of GPIO
inputs and outputs to be able to serve the circuits, were important. Another impor-
tant parameter is a size of the integrated circuit to make the final device as small as
possible. So, in the beginning, the microcontroller STM32F411RE was selected, which
was in the LQFP64 package. This microcontroller eventually proved to be inadequate
with its number of GPIO pins and the number of buses available for simultaneous
use. For this reason the STM32F411VE microcontroller in LQFP100 package was se-
lected. The STM32F411VE microcontroller has ARM 32-bit Cortex M4 core with
FPU, and it provides 81 GPIOs, 16 channels of 12-bit ADC, 5 SPI buses, 3 I2C buses,
3 USART interface, SDIO interface and USB OTG FS interface, 7 Timers and one
advanced-control Timer. The size of the Flash memory is 512 kB and the size of
the SRAM is 128 kB. The maximum CPU frequency is 100 MHz and operating voltage
range 1.7-3.6 V. The power consumption based on the datasheet should be in run-
ning mode 100 µA/MHz [39], and the MCU is recommended for battery applications.
In the Figure 34 is the final pin usage of the STM32F411VE microcontroller created
with STM32CubeMX software [40].

4.2.10 Real Time Clock

The microcontroller STM32F411VE includes a low power RTC [41, page. 423]. It is
an independent counter, which in its register contains information about the real time
in years, months, days, hours, minutes and seconds. RTC also provides a programmable
alarm for wake-up and standby modes. An external power supply is needed to power
the counter when the power supply of the microcontroller is turned off. So, the Lithium-
ion battery CR1220 and external oscillator with nominal frequency 32.768 kHz were used
to provide the clock signal.
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Figure 34: Pin usage of STM32F411VE microcontroller.

4.2.11 Lithium-Ion battery

The used battery is a rechargeable primary cell BAK 18650CA-2P-3J with a nominal
voltage 3.7 V [42]. The nominal capacity is 4500 mAh, the maximum continuous dis-
charge current 2250 mAh and the charge current 1100 mAh. Inside the battery pack
is integrated a small PCB with protection circuit. It includes NTC thermistor, over-
current, overcharge and over-discharge protection, short circuit protection and self-
discharge protection. The battery is charged from a 5 V DC power source through
a TP4056 1 A standalone linear Li-Ion battery charger with thermal regulation [43].
This cheap charger in the SOP-8 package from the Chinese company NanJing Top
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Power ASIC Corp. provides many advantages. It has programmable charge current up
to 1 A, charge voltage 4.2 V, supply voltage range between 4 V and 8 V, temperature
sense pin and easy connection. Red and green LEDs indicate the charge status.

The battery capacity is estimated from the battery voltage measured by the ADC
integrated into a microcontroller. It is assumed that the discharge characteristic is
linear. In the beginning, it was planned to measure the battery charge by an LTC2941
gas gauge communicating through the I2C interface. It was later dismissed because of
unnecessary complexity.

4.2.12 Power supply

All the components mentioned above needs to be powered by power supply required
in their specification. The analog-to-digital converter, signal conditioners and pro-
grammable switch require a 5 V power supply. The signal conditioners and pro-
grammable switch require additional -5 V power supply. The microcontroller, digital
sensors, SD card and Wi-Fi module require a 3.3 V power supply. All the components
have to be powered by the battery, which produces an output voltage between 4.2 V
and 2.75 V depending on the charge. So three regulators have to be used.

The 5 V power supply is generated from the battery output voltage by a step-up
DC-DC converter MP1542 [44] in the MSOP8 package from Monolithic Power Sys-
tems. It is a cheap and high efficient regulator with output voltage programmable
between 3 V and 22 V, switching frequency 700 kHz or 1.3 MHz and input voltage be-
tween 2.5 V and 22 V. The integrated power MOSFET has current limit 2 A, voltage
25 V and RDS(on) = 0.18 Ω.

The -5 V power supply is generated from the 5 V power supply by a step-down DC-
DC converter MP1469 [45] from Monolithic Power Systems. The component has a small
TSOT23-6 package. The converter has a wide operating input voltage range between
4.7 V and 16 V, switching frequency 500 kHz and output range between 4.7 V and Vin-
3 V. The converter is connected in inverting buck-boost topology to get the -5 V output
voltage. The integrated power MOSFET half bridge has a total drain-source resistance
RDS(on) = 0.415 Ω. The explanation of DC-DC converters operation is beyond the scope
of this text.

The 3.3 V power supply is generated from the 5 V power supply by a low dropout
voltage regulator TS1117BCW33 [46] from Taiwan Semiconductor. The low dropout
performance is max. 1.5 V and output current up to 1 A. The regulator has TO-252
and SOT-223 package form.

The power supply for Lithium-Ion battery charger should have the output voltage
between 4 V and 8 V. The battery can be charged through an accumulator or using
wireless power transfer. There are many circuits for wireless charging on the market, for
example from Texas Instruments Incorporated and STMicroelectronics. Most of these
solutions use inductive power transfer and Qi standard described in Section 3.7. They
usually provide many functions including the communication with the microcontroller.
This unnecessary complexity led to a search for an easier solution, so a module from
eBay [47] showed in Figure 35 was used.
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Figure 35: The inductive power receiver and transmitter.

4.3 Testing board

The first experiments were with a breadboard connected to a NUCLEO-F411RE kit,
which includes the STM32F411RE microcontroller. The components described in Sec-
tion 4.2 are mostly SMD; therefore was necessary to place them to a THT reduc-
tion. The first tested component was the AD7606 converter described in Section 4.2.1
and the physical connection is shown in Figure 36. The electrical connection was very
unreliable and disordered, so it was necessary to create a schematic and layout of
the testing board.

Figure 36: The AD7606 connected to STM32F411RE.
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The testing device was split into two parts so that the probability of damaging
a component is lower and smaller parts can be easier verified. The first board serves as
a power supply; the second contains digital and analog components. The full schematics
and layouts are attached in Appendix A.

4.3.1 Power supply board of the testing device

The power supply board showed in Figure 37 includes battery charging circuit, volt-
age regulators, gas gauge and battery connector. It contains power supply connector
and many testing connectors.

Figure 37: Power supply testing board.

The final device needs three voltage levels, as is mentioned in Section 4.2.12. There-
fore there are three regulators. The step-up DC-DC converter MP1542 was connected
according to the recommended application in the datasheet. The step-down DC-DC
converter MP1469 was connected in inverting topology showed in Figure 38. The ground
and the output voltage are swapped so that the buck converter can generate negative
power supply.

The MIC5504 regulator was used to provide 3.3 V power supply. This simple reg-
ulator is not present in the final device because it produces a low output current. All
the voltage regulators and battery charger worked correctly at the first attempt, so no
further adjustments were needed.

The LTC2941 gas gauge with the I2C interface was soldered but lately was dis-
missed because it is unnecessary complex. Instead of the LTC2941 integrated circuit,
the voltage divider was soldered on the back side of the board. The voltage can be
directly sensed by an ADC pin of the microcontroller.

This board verified the reliability and suitability of the components and firmware
implementation. It was possible to test the proposed schematic and consider further
improvements suitable for the final device.
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Figure 38: Schematic of inverting DC-DC step-down converter.

4.3.2 Testing board with analog and digital components

The board for analog and digital components testing is showed in Figure 37. The board
contains these analog components: the analog-to-digital converter AD7606, signal con-
ditioners MAX1454 and LTC6915 and current sources. All of them are described
in Sections 4.2.1 to 4.2.3. The digital components are the microSD memory card,
IR temperature sensor TMP006 described in Section 4.2.4 and accelerometer LIS2DH.
The microcontroller STM32F411VE embedded on 32F411EDISCOVERY kit can be
connected through connectors compatible with the discovery board.

Figure 39: Testing board with analog and digital components.
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The board mainly served for testing the functionality of the AD7606, which was
connected according to the recommended application. The layout and recommended
passive components are strictly complied to ensure the most accurate operation.

The board also includes two types of signal conditioners. Both were tested, com-
pared, and the better one was chosen for the final board. The two MA1454 condition-
ers were connected. Each MAX1454 has to be configured through UART interface,
which multiplexed an eight channel multiplexer 74HC4051. It allows to switch be-
tween the conditioners and to set each one with different parameters. Every MAX1454
provides a current source, so no more components excluding passive ones are needed.
The schematic is showed in Figure 40.
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Figure 40: MAX1454 signal conditioner and 74HC4051 multiplexer electrical schematic.

For comparison were connected two LTC6916 conditioners. Every LTC6916 has to
be configured through the SPI interface. The conditioners allow SPI daisy chaining as
shown in Figure 41, so no more external components for their configuration were needed.
The LTC6915 does not provide a current source, so the external source is necessary for
every channel. Voltage regulator XC6206182MR was connected so it provided 0.5 mA
constant current. Every current source has its regulator. This signal conditioning
solution was selected for the final board due to better component parameters and easier
operation.
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Figure 41: Electrical schematic of LTC6916 signal conditioner.

The attempt of mounting accelerometer was unsuccessful, as the package of LIS2DH
and LIS2DH12 differs. Therefore, the ordered LIS2DH12 component did not fit into
the LIS2DH footprint, which was discovered after unpacking.

The IR temperature sensor TMP006 was successfully soldered on a BGA rework
station. The sensor has all the address pins connected to the ground, so the device’s
I2C address is 0x80. The TMP006 was tested and the internal registers including
information about the device, die temperature and voltage were possible to read. Un-
fortunately, the register with the voltage contained an incorrect value. For this reason,
the temperature calculated from the provided values was not correct. The computed
temperature varied between 80◦C and 90◦C in the room. The improper functionality
was due to failure to comply with the recommended layout.

The last component was the microSD card, which worked without issues.

4.3.3 External components connected to the testing
boards

After experimenting with the testing board, additional parts were attached to the de-
vice. The external board STEVAL-MKI105V1 [48] with LIS3DH accelerometer showed
in Figure 42 was connected and tested. The registers of the LIS3DH accelerometer can
be programmed in the same way as LIS2DH12. Therefore, there was no issue with
the code compatibility.

Figure 42: STEVAL-MKI105V1 adapter board with LIS3DH accelerometer from STMi-
croelectronics (source: [48]).
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The 32F411EDISCOVERY board contains a microcontroller, which is linked to
the testing board through a connector and wires. The discovery board does not include
the battery and oscillator for the real-time clock, so they were additionally connected
to the 32F411EDISCOVERY.

The last element connected to the testing boards was a LoLin V3 NodeMCU WIFI
board with a Wi-Fi module ESP-12. The ESP-12 module differs from the ESP-07 only
in antenna type, so the programming and connection were the same. The evaluation
board was connected to the STM32F411VE MCU through UART interface. The final
testing device is shown in Figure 43.

Figure 43: All parts of the testing device connected together.

The testing board allowed both to verify the functionality of the ADC7606 and to
select a suitable signal conditioner as well as to test the footprints of the used com-
ponents. The mutual communication between the components was also tested, and it
showed shortcomings, which were later improved in the final version of the device. Those
were, for example, a new footprint for the accelerometer, better layout for the temper-
ature sensor TMP006, replacing the 3.3 V regulator to the one with a higher output
current, extension of current sources so they can be programmed, etc.
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4.4 Final board

The block diagram of the final device was mentioned in Section 4.1, and it corresponds to
the final board. The only on-board sensor is the accelerometer, so the rest of the sensors
are external. For example, the TMP006 IR temperature sensor needs to be placed
in small hardly accessible places away from the main board. Therefore, a special board
has been designed for it. The schematic and layout strictly follow the instruction in the
datasheet. The complete schematic and layout are attached in Appendix B.

The final manufactured PCB showed in Figure 44 has all the components on a single
124.46 mm × 38 mm board. The board has four layers. The outer layers serve for signal
paths and components, internal for power and ground planes. Multi-layer PCB allowed
a higher level of miniaturisation of the final device. Most of the passive components
are in the 0402 SMD package, which saves much space on the board. The board also
includes many components for the final user. Besides the connector for the battery,
the power adapter and the switch for the device power ON/OFF, the board is equipped
with four test points, a connector for digital sensors and a connector for analog sensors.
Eight LEDs indicate the state of the device.

Figure 44: The TOP and the BOTTOM side of the final device’s PCB.

The layout was designed with care about the interference between the components.
The DC-DC regulators have to be placed as far as possible from the analog components.
Otherwise, the accuracy of the analog components will be affected. Their accuracy
can also affect the Wi-Fi module with RF antenna, which should also be placed as
far as possible from the analog components. The antenna could also affect the DC-
DC converters function. In the Figure 45 is the chosen block diagram of components
position on the board.
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Figure 45: Final PCB’s block diagram.

The following sections will describe the board in detail. During the testing, several
changes were required, and they are mentioned in the description of the relevant parts.
The schematic and layout of the final board including the corrections are attached
in Appendix C.

4.4.1 Power part

The battery charging circuit and converters to ±5 V use the same schematics as the test-
ing board. The battery charger was connected accordingly to the recommended appli-
cation to provide 0.5 mA charge current. The battery can be charged even if the device
is powered off. Therefore, the switch for the device powering ON/OFF and its green
LED indication is placed after the charging circuit. The green and red LEDs connected
to the TP4056 battery charger indicate the charge status when the device is connected
to an adapter. The charge voltage should be between 4 V and 8 V. The schematic of
this part is in Figure 46.
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The Li-Ion battery discharge curve is assumed to be linear. Hence the voltage can be
directly measured and calculated to approximate the battery percentage. The maximum
voltage range of the ADC included in the microcontroller is limited by the power supply
voltage of the microcontroller. The full charged battery has the output voltage higher
than the microcontroller’s power supply. Therefore, the voltage divider was placed
between the battery output and ADC pin to measure the whole battery output voltage
range. the divider is shown in Figure 47 and its output voltage is approximately 0.75
times the input voltage.
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Figure 47: Voltage divider for battery voltage measuring.

The step-up and step-down DC-DC converters were already described in Sec-
tion 4.3.1. Their final schematic does not differ from the testing schematic.

The 3.3 V voltage regulator MIC5504 was replaced by the TS1117BCW33 regulator,
which has a larger output current. The higher current is necessary for the Wi-Fi modules
based on ESP8266, which generates current peaks. They can cause a voltage drop
and affect the function of other components in the circuit. The TS1117BCW33 regulator
was connected according to the recommended application. Additionally, a niobium
electrolytic capacitor was placed to the regulator’s input. It stabilises sudden power
changes because the 5 V converter would not be able to deal with them quickly. It
would affect the analog components accuracy. The schematic is in Figure 48.

The power supply part included the first mistake. The power adapter was not
connected according to the datasheet. The two pins of the connector were swapped, so
it was necessary to swap them using an extra wire.
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Figure 48: Electrical schematic of 3.3 V voltage regulator TS1117BCW33.

4.4.2 MicroSD memory card

The microSD memory card was connected according to the recommended application.
The schematic is in Figure 49. The card is connected in four-wire SD data transfer mode
with the SDIO pins of the microcontroller. The data are transferred through bidirec-
tional D0-D4 pins. The clock signal is generated by the microcontroller and transferred
to the CLK pin of the card. The CMD pin is a bidirectional command/response signal.
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Figure 49: Electrical schematic of the microSD card.

4.4.3 Accelerometer LIS2DH12

The accelerometer LIS2DH12 was connected according to the datasheet,
and the schematic is shown in Figure 50. This accelerometer allows communica-
tion through SPI and also I2C interfaces. The SPI bus was chosen for its higher data
rate and is shared with the LTC6915 signal conditioners. The interrupt pins are not
connected because they are useless in this application.
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Figure 50: Electrical schematic of the LIS2DH12 accelerometer.

4.4.4 Wi-Fi module ESP-07

The schematic of the ESP-07 module is in Figure 51. The supply voltage of the module
is filtered by the LC filter to avoid the interference of the 3.3 V power supply. The mod-
ule has connected both the UART and SPI interfaces. The current module’s firmware
uses UART interface for the data transmission between the module and the micro-
controller. However, the firmware can be replaced by the new one that would allow
SPI data transmission, as the SPI interface has higher data rate. If the SPI is used,
the GPIO15/SS pin should be pulled up.

The module includes two LEDs. The red one indicates that the module is powered
up. The blue one is connected to the TX0 pin of the module and indicates the data
transmission. A green external LED indicates the TX1 data transmission. The de-
fault UART state requires the green LED to be connected to a power supply. In the
beginning, the LED was tied to ground, so it had to be corrected.

The Wi-Fi module is a source of interference, so it should be reflected in the layout.
The final board has a ground plane below the antenna, which decreases the Wi-Fi range.
For the next versions, the layout was fixed.
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Figure 51: Electrical schematic of the ESP-07 Wi-Fi module.

46/95



4.4 FINAL BOARD

4.4.5 Microcontroller STM32F411VE

The schematic of the microcontroller is in Figure 52, and it follows the recommended
application. The battery BAT1 serves to power the real time clock. The JP1 is an
SWD connector for programming and debugging the microcontroller. For an update of
the microcontroller’s firmware, the SWD pins have to be connected to the ST-LINK.
The ST-LINK can be external [49] or embedded on any of STMicroelectronic’s kit.
The SWD pin arrangement on the final board is shown in Figure 53.
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Figure 52: Electrical schematic of the STM32F411VE microcontroller.
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Figure 53: SWD pin arrangement on the final board.

4.4.6 ADC AD7606

The converter and the associated passive components are showed in Figure 54 and they
were connected according to the datasheet. The serial interface is selected by set-
ting the pin PAR/SER/BYTE SEL to a logic one. Therefore, pins DB7/DOUTA
and DB8/DOUTB serves for the transmission of measured data. The converted chan-
nels V1 to V4 appear on DB7/DOUTA pin simultaneously with the channels V5 to
V8 on DB8/DOUTB. If the DB8/DOUTB is not being read, all the data appear
on DB7/DOUTA pin. The DB[6:0] and DB[13:9] pins are present for the parallel
interface, so they are tied to logic zero in this configuration. The RANGE pin is tied
to logic zero, so the ±5V range is set. The REF SELECT pin is set to logic one,
and the internal reference is selected and enabled. The oversampling mode pins OS[2:0]
are shorted together and tied to logic zero, so no oversampling is selected. Therefore,
the maximum throughput is 200 kHz, and SNR is 89 dB.

Part of the AD7606 pins are connected to the microcontroller and can be configured.
They serve to set the beginning of the conversion, read the data and get additional
information about the state of the conversion. Their usage is the following:

STBY (Standby Mode Input) serves to place the AD7606 into the power-down mode
by connecting the pin to logic zero.

RESET (Reset Input) serves to reset the converter after the power on.
CONVST (Conversion Start Input) serves to initiate conversions of the analog in-

put channels. Both channels are sampled simultaneously, so the CONVSTA
and CONVSTB are shorted together. The rising edge indicates the beginning
of the conversion.

RD/SCLK (Parallel Data Read/Serial Clock Input) serves as a clock signal for the SPI
interface.

CS (Chip Select Input) serves as a slave select for the SPI interface.
BUSY (Busy Output) indicates the proceeding conversion. The signal goes to logic

zero when the conversion is finished.
FRSTDATA (First Data Output) indicates the first channel V1 is being read back.
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DB7/DOUTA (Serial Interface Data Output Pin) is a serial output for converted
data.

The network resistors are placed to improve the shape of transmitted signals.
The AD7606 has eight inputs, where six can be in advance amplified by the signal
conditioner, and two goes directly from the connector.
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Figure 54: Electrical schematic of the analog-to-digital converter AD7606.

4.4.7 Signal conditioners LTC6915 and current sources

The six programmable signal conditioners LTC6915 are present on the board to amplify
the AD7606 input signal. Their gain can be programmed through the SPI interface.
They are connected in a daisy chain, so the data output of the first one is the data
input of the next one. All of them have common clock signal and slave select signal.
The schematic of one channel is in the Figure 55. The LTC6915 signal conditioner
does not include any protection. Therefore, protective diodes should be connected
to the inputs to protect the conditioner from voltages higher than the supply voltage.
The diodes are not present in the final device, so the user must be careful not to connect
a voltage higher than the supply voltage of the conditioner.

49/95



4.4 FINAL BOARD

-5
V 0.1uF

GND

GND

0.1uF

GND

+5V

0.
1u
F

-5V
-5V

2k2

+3
V3

-5
V 0.1uF

GND

GND

0.1uF

GND

+5V

0.
1u
F

-5V
-5V -5

V 0.1uF

GND

GND

0.1uF

GND

+5V

0.
1u
F

-5V
-5V

-5
V 0.1uF

GND

GND

0.1uF

GND

+5V

0.
1u
F

-5V
-5V -5

V 0.1uF

GND

GND

0.1uF

GND

+5V

0.
1u
F

-5V
-5V

-5
V 0.1uF

GND

GND

0.1uF

GND

+5V

0.
1u
F

-5V
-5V

SHDN1

IN-2

IN+3

V-4

HOLD/THRU5

CS6

DIN7

CLK8 DOUT 9

DGND 10

P/S 11

NC 12

REF 13

SENSE 14

OUT 15

V+ 16

C50

C51

C
52

R46

SHDN1

IN-2

IN+3

V-4

HOLD/THRU5

CS6

DIN7

CLK8 DOUT 9

DGND 10

P/S 11

NC 12

REF 13

SENSE 14

OUT 15

V+ 16

C47

C48

C
49

SHDN1

IN-2

IN+3

V-4

HOLD/THRU5

CS6

DIN7

CLK8 DOUT 9

DGND 10

P/S 11

NC 12

REF 13

SENSE 14

OUT 15

V+ 16

C53

C54

C
55

SHDN1

IN-2

IN+3

V-4

HOLD/THRU5

CS6

DIN7

CLK8 DOUT 9

DGND 10

P/S 11

NC 12

REF 13

SENSE 14

OUT 15

V+ 16

C56

C57

C
58

SHDN1

IN-2

IN+3

V-4

HOLD/THRU5

CS6

DIN7

CLK8 DOUT 9

DGND 10

P/S 11

NC 12

REF 13

SENSE 14

OUT 15

V+ 16

C59

C60

C
61

SHDN1

IN-2

IN+3

V-4

HOLD/THRU5

CS6

DIN7

CLK8 DOUT 9

DGND 10

P/S 11

NC 12

REF 13

SENSE 14

OUT 15

V+ 16

C62

C63

C
64

AD7606_V1/1.5C

LTC6915_CH1_IN-/4.7C

LTC6915_CH1_IN+/4.7C

LTC6915_CS/3.6C LTC6915_CS/3.6C LTC6915_CS/3.6C

LTC6915_CS/3.6C LTC6915_CS/3.6C

LTC6915_CS/3.6C

LIS2DH_LTC6915_MOSI/4.1B

LIS2DH_LTC6915_SCL/3.5C LIS2DH_LTC6915_SCL/3.5C LIS2DH_LTC6915_SCL/3.5C

LIS2DH_LTC6915_SCL/3.5C LIS2DH_LTC6915_SCL/3.5C

LIS2DH_LTC6915_SCL/3.5C

LTC6915_CH2_DIN

LTC6915_CH2_DIN

LTC6915_CH3_DIN

LTC6915_CH3_DIN

AD7606_V2/1.5C

AD7606_V4/1.5B

LTC6915_CH5_DIN

LTC6915_CH5_DIN

AD7606_V5/1.5B

LTC6915_CH6_DIN

LTC6915_CH6_DIN

AD7606_V6/1.5B

LTC6915_CH4_DIN

LTC6915_CH4_DIN

AD7606_V3/1.5B

LTC6915_CH2_IN-/4.7C LTC6915_CH3_IN-/4.7C

LTC6915_CH6_IN-/4.7C

LTC6915_CH5_IN-/4.7CLTC6915_CH4_IN-/4.7C

LTC6915_CH2_IN+/4.7C

LTC6915_CH5_IN+/4.7CLTC6915_CH4_IN+/4.7C

LTC6915_CH3_IN+/4.7C

LTC6915_CH6_IN+/4.7C

MAX335_DIN/3.5C

IC8

LTC6915

A

B

C

D

E

1 2 3 4 5 6 7 8

A

B

C

D

E

1 2 3 4 5 6 7 8

IC9

LTC6915

IC10

LTC6915

IC11

LTC6915

IC12

LTC6915

IC13

LTC6915

Figure 55: Electrical schematic of the first LTC6915 signal conditioner.

The signal conditioners do not provide any power source for the connected sensors.
Therefore, the external programmable sources were created. Each current source is
obtained from the voltage regulator XC6206182MR connected, so it provides a constant
0.5 mA or 0.2 mA current. The required output current is changed using the MAX335
programmable switch. By switching on a single MAX335 channel, the resistor connected
in parallel to the switch is shorted, so the output current increases. The schematic of
the programmable sources is in Figure 56.

Both LTC6915 conditioner and MAX335 programmable switch have the same SPI
configuration. Therefore they can be configured in a single daisy chain. The data
output of the sixth conditioner is connected to the input of the programmable switch
MAX335. The SPI bus is also shared with the LIS2DH12 accelerometer, whose con-
nection is in section Section 4.4.3. However, the SPI configuration of the accelerometer
is different; therefore the interface has to be reinitialised. The reinitialisation is not an
issue because the conditioners are initialised just once before the start of the measure-
ment. So the reinitialisation during the measurement is not needed and does not affect
the speed of the measurement.
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Figure 56: Electrical schematic of the current sources, which are switched using
the MAX335 programmable switch.

4.4.8 User connectors

On the board three user connectors are available, schematics of which are shown in Fig-
ure 57. The user has to follow the connection to connect his device.

The PWM connector is optional and can by replaced by any 2.54 mm header.
The pin arrangement on the board is shown in Figure 58.

The second connector provides I2C interfaces and universal binary inputs. It is
possible to connect up to three I2C devices with different addresses. All of them share
the same I2C bus, which is connected to microcontroller’s pins PB6 (SCL) and PB7
(SDA). The universal binary inputs are connected to the microcontroller’s pins PD4-
PD7.

The third connector serves for analog inputs and current sources output. Six inputs
are going into signal conditioners, and six outputs of current source are intended to
supply the analog components. Two more inputs are going directly to the analog-to-
digital converter.
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Figure 57: Electrical schematic of the user connectors.

Figure 58: PWM pin arrangement on the final board.

4.4.9 Photo of the final board

The final board was successfully assembled and tested. The necessary changes men-
tioned in the text above were made and corrected in the final schematic and layout.
The assembled board is shown in Figure 59.
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Figure 59: Assembled final board.

4.5 STM32F411VE microcontroller’s firmware

The important part of the device is a firmware programmed for the STM32F411VE
microcontroller. The microcontroller is responsible for the following operations:
• Read the measured data from the AD7606 analog-to-digital converter.
• Set the gain of the LTC6915 signal conditioners.
• Set the state of the MAX335 programmable switch.
• Read the voltage of the battery and compute the approximate battery percentage

from this information.
• Implement the functionality for the digital accelerometer LIS2DH12 and IR tem-

perature sensor TMP006.
• Store the measured data to the card and also read them from the card.
• Delete data from the card.
• Cooperate with the microcontroller inside the Wi-Fi module to allow data trans-

mission and measurement configuration.

The user can extend the code for custom devices and universal PWM outputs. How
to upload a new firmware into the microcontroller is described in Section 4.4.5.

The main flow chart is in the Figure 61. After the device turns on, the microcon-
troller initiates all the components and tries to mount the microSD card. If the mount-
ing is successful, it updates the state on the page, sent to the user by Wi-Fi. The state
consists of approximate battery status and measurement state. In this initial moment,
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the measurement is not processing. If the microSD card mount is not successful, the pro-
gram turns on the red LED and ends. The state on the page indicates the same by
showing a fail message instead of a list of files on the card.

The battery status and state of the measurement is sent in an infinite loop every two
seconds to the user. If the user starts the measurement through the Wi-Fi, the micro-
controller goes to measurement function and runs the measurement. The measurement
flow chart is in the Figure 62.

The data measured by the AD7606 converter are stored in a buffer with a defined
number of rows, denoted as samples in buffer. A single AD7606 measurement consists
of all eight measured channels and is considered as one sample saved in a single row.
The data are stored via a cyclic buffer shown in Figure 60. It consists of two buffers
that are cyclically switched. The actual position in a buffer is passed to the DMA
RX stream. When the first buffer is being filled with new values, the second one is
being saved on the microSD card. The data from digital sensors are measured from
the AD7606 converter and saved just once per n samples.

Figure 60: Cyclic buffer for the measurement.

The code is written in C language using STM32 Standard Peripheral Libraries [50].
Every component has its source and header file, as well as a configuration header file
with GPIO pins definitions. In the following text, the code for each component is
described in more detail.
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Figure 61: Main flow chart.
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Figure 62: Measurement flow chart.
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4.5.1 The AD7606 converter

The AD7606 converter has adjustable sampling frequency, and the measurement can be
enabled and disabled. The data are transferred through the SPI interface using DMA,
and two timers are used for the beginning of the conversion and the slave selection.

The AD7606 converter offers two reading modes: reading after a conversion
and reading during a conversion. It was difficult to keep the desired timing diagram for
the reading during a conversion, so the reading after a conversion shown in Figure 63
is used.

Data Sheet AD7606/AD7606-6/AD7606-4 
 

Rev. C | Page 9 of 36 

 

Limit at TMIN, TMAX  

(0.1 × VDRIVE and  
0.9 × VDRIVE  

Logic Input Levels) 

Limit at TMIN, TMAX  

(0.3 × VDRIVE and  
0.7 × VDRIVE  

Logic Input Levels)    

Parameter Min Typ Max Min Typ Max Unit Description 
t27        Delay from RD falling edge to FRSTDATA low 

   19   22 ns VDRIVE = 3.3 V to 5.25V 
   24   29 ns VDRIVE = 2.3 V to 2.7V 
t28        Delay from 16th SCLK falling edge to FRSTDATA low 
   17   20 ns VDRIVE = 3.3 V to 5.25V 
   22   27 ns VDRIVE = 2.3 V to 2.7V 
t29    24   29 ns Delay from CS rising edge until FRSTDATA three-

state enabled 
 
1 Sample tested during initial release to ensure compliance. All input signals are specified with tR = tF = 5 ns (10% to 90% of VDRIVE) and timed from a voltage level of 1.6 V. 
2 In oversampling mode, typical tCONV for the AD7606-6 and AD7606-4 can be calculated using ((N × tCONV) + ((N − 1) × 1 µs)). N is the oversampling ratio. For the AD7606-6, 

tCONV = 3 µs; and for the AD7606-4, tCONV = 2 µs. 
3 The delay between the CONVST x signals was measured as the maximum time allowed while ensuring a <10 LSB performance matching between channel sets. 
4 A buffer is used on the data output pins for these measurements, which is equivalent to a load of 20 pF on the output pins.  
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Figure 2. CONVST Timing—Reading After a Conversion 
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Figure 3. CONVST Timing—Reading During a Conversion 

 

Figure 63: AD7606 ADC timing – reading after a conversion.

The reset of the converter is done after the device is switched on. When the user
wants to start the measurement, the converter has to measure for a selected time
automatically. Therefore, the following programming methods with the timing diagram
shown in Figure 64 were chosen.

CONVST (TIM2)

BUSY

SPI SCLK

SPI data (DMA) CH1 D15 CH1 D14 CH8 D0

CS (TIM3)

TIM3 counts 128 SCK pulses

IRQ

 conversion starts

Figure 64: AD7606 ADC final timing diagram.

The CONVSTA and CONVSTB signals are shorted, so just one signal is necessary
to generate the start of the conversion. The measurement has to be fully automatised.
Therefore, the beginning of the measurement has to be generated automatically with
the frequency given by the selected sampling frequency. The CONVST signal uses

57/95



4.5 STM32F411VE MICROCONTROLLER’S FIRMWARE

the TIM2. The timer has automatically reinitialised prescaler value and period based
on the sampling frequency.

After the CONVST rising edge, the converter begins the measurement
and the BUSY signal switches to a logic one. The signal is indicating the proceed-
ing conversion. The data can be read back after the falling edge of the BUSY signal.
The slave select signal needs to go to logic zero to read the data through the SPI.
The rising edge of the slave select signal has to come exactly after all the data are
transferred. However, when the data are saved through DMA, no signalisation for data
transfer completion is present. The TIM3 with an external trigger on the falling edge of
the BUSY signal was programmed for this purpose. Therefore, after the BUSY signal
goes to logic zero, the TIM3 forces the slave select also to logic zero. The transmission
takes exactly 128 clock pulses. The timer computes the clock pulses, and after the 128th
pulse, the slave select signal goes back to logic one. The SPI data transfer is executed
in an interrupt generated on the falling edge of the BUSY signal. The data are saved
into a prepared buffer using DMA.

The data are saved on the microSD card as signed 16-bit integer in little endian
format. The value can be transformed to the voltage using the Equation (22).

V =
int16 value

215
· VREF , (22)

where the VREF = 5 V is converter’s reference voltage.

4.5.2 The LTC6915 signal conditioners and the MAX335
programmable switch

The signal conditioners have a programmable gain. Through a programmable switch
the output current for the sensors can be changed. The conditioners and the switch
are connected in a single daisy chain as is mentioned in the Section 4.4.7. Therefore,
the data are sent in a row and all the devices are programmed after the SPI initialisation.

4.5.3 The microSD card

The microSD card is formatted as the FAT32 file system. The existing library for
STM32F4 microcontroller and FAT file system [51] was modified and used. The library
is based on FatFs module by [52]. The library supports following operations: card
initialisation, detection, mounting, writing on the card, reading from the card, etc.
The library’s source code is stored in extern source folder named SDIO.

The card is mounted via a four-wire SDIO interface with DMA configuration. The fi-
nal device implements following functionalities (for the card): creating a new directory
named after the current time, finding existing files on the card and formatting the card.
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4.5.4 The real time clock

The real time clock peripheral is configured only if the previous configuration is not
present. The configuration is stored in the RTC backup register. The device’s configu-
ration consists of the current time and date, and it is stored using the battery and RTC
oscillator connected to the microcontroller. Disconnecting the RTC battery discards
the information about the date and time.When the new date and time needs to be set,
it has to be configured again. The structures for the date and time should be filled
with the current date and time information. These values are stored after the RTC
configuration, setting the backup register as well. The folders and files names created
on the microSD card are derived from the current time.

The RTC alarm is used to determine the measurement ending time. The alarm
invokes an interrupt, and the measurement is stopped.

4.5.5 Battery percentage measurement

The battery voltage is measured through an ADC inside the microcontroller. The mea-
surement is performed via DMA. The approximate battery percentage is derived from
the arithmetic mean of defined number of samples of the voltage. The knowledge of
the maximum and the minimum voltage values and resistors values in the voltage di-
vider are necessary for the battery percentage calculation.

4.5.6 The LIS2DH12 digital accelerometer

The selected accelerometer can use both SPI and I2C interfaces. The SPI interface
was selected for its higher data rate. The accelerometer is configured after the SPI
initialisation. The configuration includes, for example, the data rate, resolution mode
and SPI mode. The user can also specify the range of the accelerometer. The range
is set up in a function, which writes the adequate values into the control register of
the accelerometer. The x, y, and z acceleration axes are obtained by reading the output
registers of the accelerometer.

4.5.7 The IR temperature sensor TMP006

The TMP006 infrared sensor communicates through the I2C interface. The sensor
needs just the I2C initialisation. The manufacturer ID, device ID, local temperature
and sensor voltage can be read from the sensor’s registers. An algorithm for compu-
tation of the temperature from the local temperature and sensor voltage is described
in Section 4.2.4.

The I2C interface uses acknowledgements, which can be a disadvantage. When
the TMP006 temperature sensor is not connected, the code for the registers writing
should not be executed. Otherwise, the program will be waiting for the device’s re-
sponse, which never comes.
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4.5.8 Placeholders for the custom code

Inside the code are present placeholders, where some extra code can be inserted. Every
component has to be usually initialised and in a measuring loop periodically measured.
The measured data can be saved into the microSD card. A recommended example of
the code implementation for more sensors are the source and header files of the IR tem-
perature sensor. The user functions can be called from the prepared parts of the main.c
source file. The parts are specified by comments in the code.

4.5.9 The Wi-Fi module

The Wi-Fi module is intended to provide a user interface for the end user. The current
firmware inside the ESP-07 Wi-Fi module supports the UART interface for the com-
munication with the STM32F411VE microcontroller. On the STM32F411VE micro-
controller’s side, the UART for the Wi-Fi module has to be initialised with the same
parameters, as was initialised in the module. The TinyFrame library [53] for build-
ing and parsing frames over a serial interface was used for the communication. Both
the STM32F411VE microcontroller and the module’s microcontroller include this li-
brary, so they can easily cooperate using the library’s API. The type of the request
from the module is recognised, and the required code in the STM32F411VE microcon-
troller is executed. The communication between both microcontrollers is in more detail
described in Section 4.6.

The communication from the STM32F411VE to the Wi-Fi user interface includes
following messages:
• Battery status: the approximate battery percentage.
• Measurement status: it determines, if the measurement is proceeding or not.

The Wi-Fi module can send the following requests to the STM32F411VE microcon-
troller:
• Set the measurement parameters: the STM32F411VE microcontroller receives

the new measurement parameters, which are saved into a prepared structure
and STM32F411VE sets the components. The STM32F411VE microcontroller
does not respond to this request.
• Start the measurement: the STM32F411VE microcontroller sends back to the Wi-

Fi module the beginning measurements status. The STM32F411VE microcon-
troller sends another measurement status to the Wi-Fi module after having fin-
ished the measurement.
• Get the names of the files on the microSD card: the STM32F411VE microcon-

troller lists all the files present on the card and sends a list as a response to
the Wi-Fi module.

60/95



4.6 THE ESP8266 MICROCONTROLLER’S FIRMWARE

4.6 The ESP8266 microcontroller’s firmware

The Wi-Fi module ESP-07 comes with a default AT-command firmware [54]. The mod-
ule communicates with the microcontroller via AT-commands. The initial implementa-
tion used a finite state automaton to parse the commands together with the HTTP1.1
GET requests for the user control. This solution was later dismissed as it was complex
to maintain all possible commands and the firmware was slow.

The final device required firmware capable of more advanced control. A new
firmware was created in cooperation with Ondřej Hruška, who already tested existing
examples. He created a working solution available from his GitHub page [55]. Ondřej
Hruška also created the TinyFrame library [53] for building and parsing frames that are
being sent over a serial interface.

The necessary modifications were made to fit the Ondřej Hruška’s firmware on this
device. The UART baud rate is set to 460 800, which is the highest value ensuring
reliable data transfer. An appropriate web page was implemented and is shown in Fig-
ure 65. The web page uses the styles from the project example and provides to the user
the following features:

• Wi-Fi configuration (took from the example project).
• Display a project overview page (also took from the example project).
• See the approximate battery percentage. It is not being actualised when the mea-

surement is in progress.
• Set the measurement parameters.
• Start the measurement. It is not allowed if there are more than 30 files on the

microSD card. In such case, the user must erase the card.
• Display files present on the microSD card. The files are displayed only if the mea-

suring is not in progress.
• Delete the files from the microSD card.

The parts of the web page are dynamically changed using JavaScript and JSON,
and the frames are transferred using TinyFrame library. The web page can be visible
on the 192.168.4.1 address after connecting to the ESP-07 Wi-Fi.

4.6.0.1 The TinyFrame library

The TinyFrame library [53] allows the frame identification using a unique ID. The frames
can be protected against unintended modifications by a checksum (XOR, CRC16 or
CRC32). The frame structure is shown in Figure 66. Every frame consists of:

• SOF (Start of Frame): one bit 0x01.
• ID (Identifier): a unique frame identifier. The MSB is the peer bit.
• LEN (Length): the number of data bytes in the frame.
• TYPE: the message type used for Type Listeners.
• HEAD CKSUM: header checksum.
• DATA: the transferred data consist of LEN bytes.
• DATA CKSUM: checksum, implemented as XOR of all preceding bytes in the

message.
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Figure 65: The web user interface.

The library allows an initialisation as a Master or a Slave device. The data can be
transferred using a sending or a respond function. The three types of listeners can be
created: Generic listener, Type listener and ID listener.
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Figure 66: The TinyFrame structure.

4.6.0.2 Implementation of the TinyFrame library

The TinyFrame library is implemented in both ESP-07 module and STM32F411VE
microcontroller. The ESP-07 module is configured as a Master and the STM32F411VE
microcontroller as a Slave. There are seven message types:
• MSG param: to set the measurement parameters.
• MSG start: to start the measurement.
• MSG SDdelete: to delete the files on the microSD card.
• MSG SDsend: to download the file from the microSD card.
• MSG battery: to get the information about approximate battery percentage.
• MSG measurementEnd: to get information whether the measurement is proceed-

ing or not.
• MSG fileNames: to get a list of files present on the microSD card.

The data are received using three Type listeners. The first is for battery percentage,
the second for information about the measurement (proceeding or not) and the third
for getting the file names presented on the microSD card. If the message from
the STM32F411VE microcontroller comes, it is parsed by the message type and ex-
ecuted by an adequate listener. The adequate part of the web page can be updated by
the listener to inform the user about battery status, measurement status and available
files.

The measurement parameters are set by the (HTTP 1.1) GET method. The param-
eters are proceeded in a httpd function inside the ESP8266 microcontroller and sent to
the STM32F411VE microcontroller. The message is parsed inside the STM32F411VE
microcontroller by the message type and executed by an adequate listener.

The command for the start of the measurement and command for the card erase is
performed by sending a frame that includes just the message type. The adequate code
is proceeded by the type listener inside the STM32F411VE microcontroller.

The request for the file download is sent as a message including the message type
and the file name. The STM32F411VE microcontroller’s listener proceeds the code for
reading the file from the microSD card. The file is sent in parts using the respond
function. The frame includes the message type, data and also an acknowledgement
containing either that there is more data to be sent, or the transmission of the whole
file has finished.

When the web page is loaded, a request for files available on the microSD card is
sent automatically. The listener inside the STM32F411VE microcontroller finds the files
and sends the names in a respond.
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Chapter 5

Results

the final device has been tested, so its full functionality is ensured. The hardware part
required several modifications, mentioned in the text in Figure 59. These modifications
were made and corrected in the schematic and layout for the further production. Several
changes can be further made to improve the device durability. For example, the input
protective diodes can be placed to the inputs of the signal conditioners protecting
them from accidental high voltage application. Another improvement may be rewriting
the WiFi firmware for the SPI communication.

The firmware was implemented to support all the required functionalities of used
components. The device’s power consumption was measured, and it meets the require-
ments for a low consumption. The consumption is around 0.2 A when the measuring
is not in progress, so the battery can last for 21 hours. The final acquisition system is
shown in Figure 67.

Figure 67: The developed sensors acquisition system.

64/95



5.0 RESULTS

The system supports to measure up to eight analog inputs. The analog-to-digital
converter is programmed to allow selectable adjustable frequency from 10 Hz to 20 kHz.
In the future, the code is prepared to support sampling frequency up to 100 kHz.
The current sampling frequency is limited by the speed of the microSD card. Two
of the analog inputs go directly to the converter. Six of the analog inputs can be gained
by a signal conditioner where the gain can be selected from 0 to 4096. The system also
provides six current sources for the analog sensors with the adjustable output current.

The system includes an onboard accelerometer, which communicates through
the SPI interface and its range can be configured between ±2G and ±16G.

The system allows to connect four binary inputs and up to three I2C devices. For ex-
ample, the IR temperature sensor is supported. the PCB layout of the IR temperature
sensor for later manufacturing was prepared, and firmware support created. the pre-
pared board initiates the I2C address of the temperature sensor to 0x80. The user can
add extra I2C sensors and other binary inputs. For this purpose, it is necessary to
write the appropriate code. The places for adding the user code are highlighted in the
main.c file with a comment. These placeholders are located in the initialisation part of
the components and in the part of storing data into the microSD card. The user must
take into account that the I2C bus uses message acknowledgements. Therefore, it is
always necessary to execute the code only when the device is connected. Otherwise,
the system gets stuck while waiting for the data, and the measurement is not performed.
The system also includes PWM outputs that can be configured with TIM1.

The measured data are saved into the microSD card, where the names of the files
and folders are derived from the real time.

The user can control the device using an easy web interface. After connecting
to the Wi-Fi ESP-A270C4, the web page can be visible on the 192.168.4.1 address.
The web page is divided into five sections:

Control part: Contains the Wi-Fi configurations and the project overview page.
Battery part: Displays the approximate battery percentage. It is not being actualised

when the measurement is in progress.
Device configuration: the configuration of the measurement parameters:

• Measurement time in seconds: the minimum measurement time is 30 s,
the maximum 86 400 s, which corresponds to 24 h.
• Signal conditioners gain and current sources: This part allows to configure

the gain of the signal conditioners. This gain can be set from 0 (the output
of the conditioner is off) to 4096. The current sources are present to power
the analog sensors. They can provide 0.2 mA or 0.5 mA output current.
• Sampling frequency of the analog-to-digital converter: the sampling fre-

quency can be set between 10 Hz and 20 kHz. The other sensors are measured
once the cycling buffer with analog values is full. For more information see
the Figure 60. The number of samples in buffer is for different sampling
frequencies shown in the Table 2.
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Sampling frequency Samples in the buffer
10 Hz 100
20 Hz 200
50 Hz 500
100 Hz 500
200 Hz 500
500 Hz 500
1 kHz 500
2 kHz 1000
5 kHz 1000
10 kHz 1000
20 kHz 1000

Table 2: Size of the buffer dependent on the sampling frequency.

• Accelerometer range: the range of the accelerometer can be set to
±2G/±4G/±8G/±16G.

Measurement commands: the start of the measurement can be set. It is not allowed
if there are more than 30 files on the microSD card. In such case, the user must
erase the card. After the measurement started, the information about proceeding
measurement is displayed to the user.

SD card commands: the user can see the names of files present on the microSD
card. The files are displayed only if the measuring is not in progress. The file is
downloaded by clicking on its name. The microSD card can be also erased in this
section.

As the system allows high sampling rate and also wireless communication, there
are two modes available. In the stand-alone mode, the system measures for given time
and with given setting. The measured data are saved into the microSD card, where
the file names are derived from the real time. in transfer mode, the system can be
configured through the web page, and the files with measured data can be downloaded.

The battery can be charged using an inductive charger. The inductive charger’s
transmitting part needs an input voltage between 9 V and 12 V. The device can also
be charged using a normal power adapter with 5 V output voltage. The user has to
take into account the different input voltages and not to connect more than 5 V supply
voltage to the device. Otherwise, the device will be damaged.

5.1 Format of the output data

The measured data format is shown in Figure 60. The data from the analog-to-digital
converter are saved in the 16-bit little endian format. All n samples in buffer contains
all eight channels, and they are stored behind each other. The output example is in Fig-
ure 68. The voltage can be obtained by computing the Equation (22). The data from
all three axes of the accelerometer are saved after the data from the converter. They
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are placed in order x, y, z and they are in 16-bit little endian format. Behind the ac-
celerometer, the values from the IR temperature sensor can be saved. the measured
values are two, the first is the die temperature and the second is the voltage. The values
are saved in float format with two decimal places. The temperature can be computed
from the Equation (21). Following the temperature sensor, the code for more sensors
can be placed. The entry ends with the timestamp including year, month, date, hours,
minutes and seconds. The output file does not include any ending character, such as
a new line.

Figure 68: Example of the measured data.

5.2 LEDs usage

The PCB includes four LEDs (LD1-LD4) shown in Figure 69, which are configurable
by the firmware. The LD1 is blue and is switched on when the measuring is in progress.
The LD2 is red and is switched on when the error occurs. It is usually on when
the microSD card was not mounted or the when it is not possible to write the data
on it. The LD3 is orange, and this LED signals that the device is in transfer mode
by changing its state every two seconds. In the stand-alone mode, the last state of
the LD3 persists. The LD4 is green and is powered on when the measurement has been
successfully completed.

Figure 69: LEDs configurable by the firwmare.
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5.3 Measured data

The device was tested for a strain measurement using strain gauges. The sensors were
attached to a beam, as shown in Figure 70.

Figure 70: Measurement with the strain gauges connected to the acquisition system.

The strain gauges were connected to the full Wheatstone bridge. Two of the strain
gauges were measuring, and the remaining two were compensating. The schematic is
shown in Figure 72. the sampling rate was set to 1 kHz, current source 0.5 mA and gain
of the LTC6915 conditioner was 4096.

Rg

Rg-ΔR Rg+ΔR

Rg

GND

I

IN+ IN-

ε

ε ε

ε

Figure 71: Electrical schematic of the strain gauges connected to the acquisition system.
For the simplicity, the balancing resistor is not present.
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When the beam is deflected, one of the measuring strain gauges is extended
and the second one is shorted causing the bridge’s output voltage change. The mea-
sured data are shown in a Figure 72. It is obvious that the measured values contain
a lot of noise. The reason is a great amplification, which amplifies not only the useful
signal but also the noise. Therefore, averaging the signal for 20 times was applied to
eliminate the noise.
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Figure 72: Measured strain applied on the beam.

69/95



5.3 MEASURED DATA

The second tested sensor was an onboard accelerometer. The device was mounted
on a rotating chair, and all three acceleration components were scanned. The physical
application is shown in Figure 73.

Figure 73: Measurement with the onboard accelerometer.

The acceleration was set to ±2G, and the chair was spun at the highest speed.
The measured data are in Figure 74. The axis x is tangential, axis y radial and axis z
axial part of the acceleration. The fluctuation at the first half of record is related to
the start of the rotating movement.

Additionally, the hand movement was recorded using the accelerometer. This time,
the device was rotated by hand. When the device was moved from up to down, the board
was turned upside down, so it caused the change of the acceleration sign in the z axis.
The measured dynamic effect is shown in Figure 75.
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Figure 74: Measured acceleration on the rotating chair. Fluctuations are caused by
hand initiating the rotation.
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Figure 75: Measured acceleration caused by hand movement.
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Chapter 6

Conclusion

the aim of this work was to create a sensor acquisition system that can be used for
the measurement of the dynamic effects. Such a device can be used, for example, for
testing the connecting rod in a combustion engine or for testing the wheels of the forklift
trucks. The requirements for the device were the following:

• Small size.
• Battery powered device.
• Eight analog channels.
• Signal conditioning of analog signals (strain gauges and RTDs).
• High sampling rate (in tens of kHz).
• Support for digital sensors.
• Internal memory for offline data storage.
• Wireless communication.
• Inductive charging.

The requirements led to the choice of the concept where the device works in two
modes. In the stand-alone mode, the system measures with specified settings for given
time. The measured data are saved into the microSD card. In the transfer mode,
the system uses wireless communication. The device can be configured, and the files
with measured data are available for download.

It turned out that such a device does not exist on the market. Some of the existing
systems do not support wireless communication, while others do not allow offline data
storage. There exist various large systems for strain measurement, which cannot be
placed directly on the measured object. Therefore, the device described in this work is
innovative.

This work went through the device design and implementation. First, it was neces-
sary to design a concept and select the components. An eight channel analog-to-digital
converter AD7606 was chosen to convert the analog signals. This converter supports
high sampling frequency and the choice of both parallel and serial output. The de-
vice is controlled by STM32F411VE microcontroller, providing a sufficient number of
peripherals and a low power consumption.

A prototype device for testing and further design plans was build from the selected
components. The initial schematics and layouts were designed for the prototype boards.
These boards were used to test the selected components and to decide whether they
could be suitable for the final device. The testing boards also served to find the weak
points of the proposed concept. After checking the functionality of the most parts of
the device, the final device’s schematic and layout was designed.

The final acquisition system is designed for a higher level of miniaturisation
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on a four-layer PCB. The used components were selected in as small package as pos-
sible, but big enough to be still soldered manually. The analog components, DC-DC
regulators and Wi-Fi module were placed on a single PCB, so it was designed with care
about the components interference. The proposed PCB required later some modifica-
tions which are mentioned in the text. After these corrections, the device worked as
expected and met the requirements. These changes were corrected in the final schematic
and PCB layout attached to this thesis.

An important part of the device was the firmware which was created simultane-
ously with the hardware design. The firmware for the STM32F411VE microcontroller
had to support all the selected components and allow their cooperation. The micro-
controller also cooperated with the microcontroller included inside the Wi-Fi module
ESP-07 providing a user-friendly interface for the end user. The default firmware inside
the ESP8266 microcontroller included in the ESP-07 Wi-Fi module was not suitable
for this device. Hence, the custom firmware was created.

A web page served as the end user interface. It was visible after logging to the de-
vice’s Wi-Fi. The user could set the measurement parameters through the interface,
start the measurement, see and download the files present on the microSD, erase
the card and see the approximate battery percentage.

The full wireless operation of the device was ensured by the possibility of connecting
an inductive charger. Therefore, it was not necessary to disconnect the device even for
the battery charging.

The device was tested for measurement with the strain gauges and the onboard ac-
celerometer. Some of the tests were mentioned in the Chapter ”Results”. The tests ver-
ified that the device measured at the required sampling frequency, so the measurement
of dynamic effects was possible. Furthermore, the device’s sensitivity outperformed es-
timates. Even with a large amplification of the analog signal, the measured signal was
large enough to be recognised from the noise.
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A TESTING BOARD SCHEMATIC AND LAYOUT

A Testing board schematic and layout

A.1 Power supply board of the testing device

Figure 76: Real-size PCB image of the power supply board.
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A TESTING BOARD SCHEMATIC AND LAYOUT

A.2 Testing board with analog and digital components

Figure 77: Real-size PCB image of the testing board.
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B TMP006 SCHEMATIC AND LAYOUT

B TMP006 schematic and layout

Figure 78: Real-size PCB image of the TMP006 board.
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C FINAL DEVICE SCHEMATIC AND LAYOUT

C Final device schematic and layout

Figure 79: Real-size PCB image of the final board - TOP side.

Figure 80: Real-size PCB image of the final board - BOTTOM side (mirrored).

Figure 81: Final device: the TOP layer of the PCB.
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C FINAL DEVICE SCHEMATIC AND LAYOUT

Figure 82: Final device: the second layer of the PCB.

Figure 83: Final device: the third layer of the PCB.

Figure 84: Final device: the BOTTOM layer of the PCB.
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D Content of the CD

• Datasheets: datasheets of the used components.
• Board: schematic and layout in the Eagle software.
• TMP006: schematic and layout of board for IR temperature sensor in the Eagle

software.
• STM32F411VE: firmware for the STM32F411VE microcontroller (in the AC6

software).
• ESP8266: firmware for the ESP8266 microcontroller.
• Text: the text of the thesis.
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