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1. Introduction

Ionizing radiation sources can be found in a wide range of occupational
settings including health care facilities, research institutions, nuclear reactors and
their support facilities, nuclear weapon production facilities, and other various
manufacturing settings just to name a few [5, 40]. These radiation sources can
pose a considerable health risk to affected workers if not properly controlled.

From the point of view of the occupational exposure, the radiation dose
is a very important measure. On the other hand, limiting only to measuring dose,
like it is done in many industrial dosimeters does not necessarily give enough
information about possible hazards. For example safe dose of '*’Cs in one litre
of drinking water is 1 kBq, dose for **Pu on the other hand is only 1 Bq [5].
The second isotope is 1000 times more dangerous. It is not possible to determine
isotopes with a dosimeter [20]. Questions like which isotopes cause the
radiation, is the source in liquid state, could it cause contamination of water,
does it accumulate in tissues etc are best answered by measuring the energetic
spectra of the radiation source under investigation.

In professional spectrometers energy of gamma particles fallen into
sensor is measured and stored into channels. Depending on instruments design,
rapid changes in radiation level can be filtered out. So moments of quickly
passing a highly active material can be left unnoticed.

In case of recording every pulse output by the radiation detector, even
short bursts can be found and analyzed. This method might not be very practical
when investigating a highly active source since it produces too much data.
Environmental research is different.

When studying environmental radioactive pollution, it is essential to
have the measurement data bound to geographic coordinates. This could be
done by measuring in places with known coordinates. Better, more exact and
convenient way is to use a GPS-receiver. Modern GPS-engine is a handy tool,
especially convenient if the data should be collected from a moving vehicle.

Combining geographic coordinates and energy of gamma particles
allows building a radiation map. Also the nature of the process how ordinary
man collects radiation doze can be studied and even geographic maps
characterizing distribution of ionizing radiation could be constructed. Building a
device for such study was the main goal of the present work.

Present thesis describes a prototype gamma spectrometer-data logger
called “Gammamapper” designed, built and tested by the author of present work.
This device is equipped with a CsI(Ti) scintillator probe and spectroscopic
amplifier from Scionix. Every pulse output by the amplifier is captured by a
peak detector, digitalized and stored on a memory card. Instrument's main
processor tracks and stores geographic coordinates received by GPS engine and
pre-filtered by a separate low-power microcontroller that is looking for certain
messages only. This “filter” also keeps track on the validity of geographic data
and double-buffers it [Article I].



The main processor of the spectrometer protects measurement results by
encrypting data [Article II].

The structure of the present thesis is as follows. In the third section an
overview of existing industrial gamma spectrometers similar to the present
design is given. Then a block-diagram explaining work of “Gammamapper” is
discussed.

In the 4-th and 5-hs paragraphs the construction of the instrument is described in
greater detail. These sections are relatively long and important since they deal
with author's work: designing a portable gamma spectrometer. The 6-th section
of present thesis is mainly concentrated on software which was also authors
concern and headache during numerous sleepless nights... More interesting parts
of spectrometer's firmware and an analysis tool written for a standard PC are
discussed.

The 7-th section is concentrated on Gammamapper's properties. Test
measurements and spectra gathered by author thus far are also analyzed.
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2. List of abbreviations

ADC - analog to digital converter
BLR — base-line restorer

DAC — digital to analog converter
FAT - file allocation table

FET — field effect transistor

GPS — global positioning system
GUI - graphical user interface
HP — high purity

MCA — multichannel analyser
OPAMP - operational amplifier
RAM - random access memory
USB — universal serial bus

pP — microprocessor



3. Existing portable gammaspectrometers and MCA-s for
ionizing radiation.

Portative spectroscopic systems were relativelty rare when author started
about 10 years ago his research work in the field of building such instruments.
The majority of instruments were large and expensive although possessed
excellent resolution. Naturally there are also smaller devices like the ones
mentioned in [10,11,12,33,36] but high-resolution detector implemented in
some designs needs cooling with liquid nitrogen. Use of such systems in field
was and is difficult if not impossible. One exception to this tendency was MCA-
8000 of Amptek Inc [34]. Company’s multichannel analyzer was one of the
early birds in field of portable and autonomous gammaspectroscopy instruments.
MCA-8000 is unfortunately an MCA only. Experimenters still have to use a
separate (gamma-) sensor and corresponding spectroscopic amplifier. Detectors
usually need to have a powerful supply which might complicate using the
system in field measurements.

The MCA of Amptek itself only gathers and stores gamma information.
A personal computer is needed to download data from the instrument and run
various analysis tools. Since many devices manufactured by Amptek are used
also by NASA in space exploration, price of MCA-8000 is in the same scale
(about $12.000).

Applications for ionizing radiation are wide. One interesting application
is neutron activation analysis [3,6,15,16] which is used in archeology,
biochemistry, environmental monitoring etc. Spectroscopic system must be
equipped with a high resolution detector for that kind of analysis.

People involved in handling radioactive materials would need an
instrument capable of acquiring high quality spectra of ionizing radiation in field
conditions. Spectrometer should be a compact, autonomous, low-power device
capable of displaying results in graphical form on the fly or at least right after
measurements are completed, preferrably on the built-in display of the device.
Environmental research applications would also need coordinates of
measurement place to be recorded. Additionally, the device should be small
enough to fit into a shirt pocket. Audible alarms presettable for different energy
ranges are desirable. Instruments having all mentioned capabilities did not exist
when present the research work was started.

The need for a somewhat better instrument still holds although there are
many spectrometers with graphic display of results on market nowadays. Some
Geiger counters even use a GPS engine [17]. Unfortunately a Geiger-Mueller
tube does not reveal energetic contence of detected radiation.
Thermoluminescent devices are compact but results could be viewed only after
special processing. Last but not least — designed device should have a
competitive price. Analyzing properties of existing industrial instruments (see
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table 3.2 and literature sources [10,11,12,33,34,36,38] ) I tried to determine
optimal number of channels and other relevant parameters of instrument to be
designed.

Typical multichannel analyzer of a spectroscopic system has 256 to
16384 channels (see table 3.2). This number depends of type of gamma detector
connected to the system. Generally a sensor with better resolution needs an
MCA with more channels (this translates to an ADC with better resolution)
[14,35]. A bigger number of channels is also needed if the device should work in
wider energy range (see table 3.1) [14].

Table 3.1. Properties of selected gamma sensors

Detector type| Typical resolution Optimal energy range | Number of channels
8% (52keV)@662 keV;
Nal(Ti) 2...200 keV 512 or 1024
31 keV @ 122 keV
1,5 keV@122keV;
CdZnTe 0...1 MeV 2048...16384
6,4 keV@662 keV
Si (Li) 180 eV @ 5,9 keV 2...100 keV 512 or 1024
HPGe 0,5keV @ 122 keV 5...2000 keV 2048...16384
Hgl, 1,5keV @ 5,9 keV 2... 60 keV 2048...16384

Table 3.2. Parameters of some industrial designs. Remarks: 1 — if connected
to a computer, 2 — for the MCA only, 3 — depends on the number of channels

which is selectable

Nr. of | Dynamical | Integral | Nr. of | Max. eAnl;[romatlc f:(i‘:irl(;[rllﬁ- Calcula-
Name | Manufacturer | chan- | nonlin- nonli- spec- |nr. of calibég- of iso- tion of
nels | earity nearity tra ROL-s | . activity
tion topes
Easy- |Canberra 1024 +1 +0.3% <90 <5 " " N
Spec | Indust. channel
Nal
Inspec- ﬁgﬂ’;m 2048 |£0,9% | +0,025%” |? ? +1 +! +
tor '
Explo- | American
ror Nuclear 256 |? ? 60/256 | 4 ? ? ?
Systems.
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WA | TCA- 256 |2 ? 4 o

465 Systems

Pros- | American

pector | Nuclear 4096 | +£3% +0,1% |? 64/256 | 2
Systems.

g/(l)g(?_ Amptek Inc. | 16384 |30,6% +0,02% | 128’

An MCA built for a semiconductor-based detector (i.e. HP Ge) would
have too much channels for use in conjunction with a wide-spread lower
resolution Nal detector. Too big a resolution makes finding peaks with lower
energy difficult in a spectra of a high-enery source [14]. Analyzer MCA-8000
overcomes this problem using programmably selectable resolution [12]. This
workaround also helps saving the memory space of the instrument for storing
more spectra. Since the device stores all data into onboard RAM with relatively
small capacity, this could be an issue.

Data in tables 3.1 and 3.2 suggests using a Nal sensor. The choice is
logical since sensitivity of this type of detector is very high although resolution
of Nal detector is moderate.

Work in field conditions dictates using a ruggedized construction and
nonhygroscopic sensor. This requirement leads to using a CsI(Ti) detector [29]
like the one manufactured by Scionix. CsI(Ti) detectors have similar properties
to Nal(Ti) counterparts but are nonhygroscopic and more reliable. The sensor of
Scionix has many attractive features like low power consumption, small size and
built-in spectroscopic amplifier. Detector incorporates also a temperature sensor.
Author selected for his gamma spectrometer sensor 20P25/18-E2-C-X of
Scionix.

Due to CsI(Ti) -sensor's moderate energetic properties resolution of
ADC in instruments signal path may be limited to 10-bits. Described ADC-s are
on-chip in many common microcontrollers. Built-in ADC helps reducing board
space and system price. Usually they also consume less power.

Many of the devices in table 3.2 use relatively low-capacity internal data
storage. Spectrometer designed in present work should be capable of acquiring
and storing data continuously for at least 8 hours. This requires a much bigger
memory device. Author used a cost-effective and handy storage device capable
of storing large amounts of data — a standard memory card.

The majority of instruments in table 3.2 implement a monochrome
display. Geographic maps or ionizing radiation spectra would look much more
compendious when displayed on a color display. Modern techniques makes
using large color displays possible and even simple.

12



3.1. Prototype of autonomous portable gamma spectrometer —
“Gammamapper”

The spectrometer uses Scionix’s off-shelf gamma sensor V10P25/10-
E3-Cs-T-X (1) with built-in spectroscopic amplifier (see figure.3.1). This
Csl(Ti) probe has compact size, improved ruggedness, is non-hygroscopic and
has significantly lower power consumption as compared to standard designs
implementing Nal(Ti) scintillation detectors and PMT tubes. Scionix's state-of-
art sensor provides a bipolar semi-gaussian output signal with total pulse
duration of 15 ps (peaking time is 2 us). Energy resolution measured at 662
keV is 8,7% [29].

Sensor’s output pulses are fed to a peak-detector (2) built around fast
operational amplifiers by Analog Devices [32]. Detector is reset after every
successive digitalization of input pulse.

Successive approximation type analog to digital converter (3) converts
captured pulse’s amplitude to digital form. This signal is handled by unit’s
controller.

Measuring process is controlled and all necessary conversions are
carried out by firmware running on a standard off-shelf microcontroller,
manufactured by Microchip. This microprocessor has low power consumption

Mo— D ] [ 8
7 7T f U

O
O
O

Figure 3.1. Block-diagram of “Gammamapper”. 1 — gamma sensor, 2 — peak detector,
3 — analog to digital converter, 4 — micro controller, 5 — keyboard, 6 — LCD display,
7 — power unit, 8 — GPS engine, 9 — GPS data filter

and a rich set of on-chip peripherals [25].
Control code written by the author also handles storing measurement
data to a standard compact flash or multimedia card.
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Spectrometer uses a “one-wire” temperature sensor from Dallas [8] to
compensate for possible drift of readings [29] due to ambient temperature
changes. Sensor’s readings are stored together with spectral data to the same file.

Embedded microcontroller also keeps track of geographic coordinates
obtained through a prefilter (9) from GPS engine (8). Status of instrument’s
battery (7) is constantly monitored and displayed on main screen (6) in graphic
form. In case of power failure measurements are terminated and all acquired data
is saved to memory card.

In the next chapters of present thesis operation of instrument's various
units will be described in greater detail.
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4. Analog front end of Gammamapper

The purpose of analog front end circuit is interfacing gamma detector's
output to intruments embedded processor's ADC input delivering unipolar signal
stable during acquisition time. Different detectors use different signal levels.
Common options are bipolar and unipolar signals (see figure 4.1).

"

Tek PreVu | [

Mode &
Holdoff

. Auto
1 (Untriggered
Roll)

Normal

Holdoff
{Time)

Holdoff
........................................................... 1| (% of record)
30.00080k%

‘Ch1 1.00V @B 1.00V “~M4.00us A Chl £ 600mv-
: _ _ : _ - N _ _ 1| set to min

31.60% ﬁ

Source | Coupling
Type |
Edge Chi DC

Figure 4.1. Bipolar (dark-blue) and unipolar (light-blue) impulses

Mode
Normal
& Holdoff

Level
600mYy

Slope
ra

Both versions have their main application areas. Bipolar signal is
applicable in high count rate systems where signals baseline tends to drift due to
incomplete discharging of coupling capacitors in spectroscopic amplifier and
other parts of the system [30]. Signal with both negative and positive
components discharges the mentioned capacitors and in some cases a separate
BLR unit (like described in [4] ) is not needed.

In slow count rate environmental instruments like the present
spectrometer, base line (zero level) drift introduced by capacitors is negligible
and may be left uncompensated. In order to reduce possibility of zero level
distortion even more, the circuit has been designed without any additional
coupling capacitors in signal path. One can assume that there are some in
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detector circuit. Unfortunately exact information about detectors construction
was not available. Since detectors output pulse is bipolar, baseline drift will be
compensated anyway.

Zero drift of spectrometer’s signal path depends on several factors:
ambient temperature, stability of power supply etc. In the present instrument the
first attempt to eliminate drift was taken in circuit design. Front end uses
separate stabilized dual power supply. Components were selected with minimal
temperature drift.

4.1. Signal polarity converter.

Scionix's gamma detector V10P25/10-E3-Cs-T-X used in present
spectrometer outputs a bipolar preshaped gaussian pulse with peaking time of 2
ps. Main processors internal ADC used to digitalize impulses, works with
positive signal only. Therefore impulses are fed firstly to a detector built on a
fast operation amplifier AD8034 (U1 on figure 4.2).

10%

. .
— .
gt - , i
o] -
R
] i 5 Chadpan
L
ATFRD 34 ACHRNEA
i IF=labiE 15T =]
-

e

Figure 4.2. Signal conditioner converts bipolar impulses to unipolar for the ADC

According to manufacturers data [32] this amplifier has a voltage slew
rate of 80 V/ us and the device is stable even in unity gain connection. OPAMP
also features low power consumption — 3,3 mA. Second half of dual OPAMP Ul
is used as an inverting buffer with unity voltage gain. In the output of detector
we have unipolar (positive) impulses ready to be converted to digital form.
Conditioned signal measured at converters output is shown with a light-blue
color waveform at figure 4.1
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4.2. Peak detector

During sampling time of an AD converter, signal level on its input must
be held constant. A peak detector on U2 (see figure 4.4) serves this purpose.

Tek Stop | E i ]
' ' ' o i : : : : T Mode &
: ' i ' : : ' Holdoff
Auto
il (Untriggered
Roll)
Normal
Holdoff
(Time)
Holdoff
......................................................... 1| (% of record)
- : : : T : : : i 30.00080Kk%
E:?a-:a‘-mm' it gt o : e L e -
""" ‘Ch1 500my - Ch2 S00mY "7 "M4.00us A Chl -5 S540mVy: .
WE 2.00V i . 3t . . . . 4| Set to Min
. ; : i 32:.20 % : .
. Mode
:‘ Source | Coupling Slope Level
Type Normal
Edge Chi DC ra 340my & Holdoff

Figure 4.3. Input signal (dark blue) is captured by peak detector (light blue). Then a
PDET conversion start signal (magenta) is generated. Rising edge of impulse starts the
cycle.

Peak detector constantly samples gamma detectors output. For accurate
digitalization of input signal ADC conversion must be started exactly on the
moment detector's pulse has reached its maximum. In present circuit this is
achieved with a fast comparator LM311 (U4). Comparator also acts as an
interface element between analog and digital parts on spectrometer. Its output is
on a high logical level during input signals positive front. Then voltage on
comparators both inputs rises in nearly equal time. A small differential voltage
introduced due to time constant of integrating circuit R13, C12 helps to keep
comparators output ,,clean* preventing false triggering.
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Figure 4.4. Peak detector’s circuit

After peaking time pulse’s amplitude starts fading and voltage on
comparators inverting input falls. Voltage on positive input coming from peak
detectors output remains constant. The comparator is triggered, it’s output goes
to a low logical level. This event is used to start main processor’s ADC (signal
PDET, see also figures 4.3 and 4.5).

ADC is built on switching capacitors technology. Internal holding
capacitors are charged from input signal after conversion is started. Acquisition
time must be long enough to allow complete charging. Therefore during
acquisition signal on ADCs input must remain constant [2,18,19]. Instruments
main processors ADC unit has an automatic acquisition mode. Conversion is not
started right after corresponding triggering signal but a predefined delay is
automatically introduced. Required minimal delay for a 20 MHz clock frequency
is 2,45 us. This is set during microcontrollers initialization.

18
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Figure 4.5. Signals controlling peak detector and detector’s output
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When conversion completes, a digitalized value is compared by
microcontroller against a preset low level threshold and if it is greater then data
is stored to processor’s gamma data buffer. If not, the impulse is discarded. In
both cases peak detector must be reset (sampling capacitor C10 discharged)
before next gamma event could be recognized. Reset is initiated by a controller
under software control; logic level controllable FET T3 acts as a low impedance
reset switch.

Resistor R15 has a critical role in peak detectors stability during reset
operation. Without this component negative feedback would be cut off causing
circuit’s spurious oscillations. Stability is better when component value is
increased. During normal operation of detector too big resistance of R15 may
introduce additional error in digitalization process. A trade-off value of 470
ohms was found experimentally.

As mentioned earlier, a stabilized and filtered dual power supply is
essential for accurate operation of peak detector unit. +5V power is obtained
from main supply via noise supressing LC-filter L3, C19 (see complete circuit
on figure 4.7). Gamma detector unit has its own filter L5, C28.

Negative supply voltage -5V for OPAMPs is generated by Maxim's
charge pump IC U7 connected in standard configuration. Device is capable of
delivering current up to 20 mA. Spectrometers analog front end consumes about
11mA.
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In order to reduce energy consumption, analog circuitry is activated only
during acquiring spectra.

4.3. Low- and high level discriminators

Many MCA-s implement hardware low- and possibly also high level
discriminators enabling filtering out impulses with unwanted energies. CsI(Ti)
detectors sensititivity is energy dependent with a significant rise in region of low
energies. In many cases theses impulses carry no information, they could be
considered as noise. Unwanted pulses of low energy could be filtered out in
hardware without any software overhead with a simple circuit shown on figure
4.6.

Disable comparator
scL_ Pulzas i . a
)
Control from P Ce BCBATC
SDA 10uF 1
R18
1%
1k
15V i - H19
= R ADE034
~f sDa VE ==
R17
100 84 0 voo |l 5
" REF GND |-
m l
LA4050 11

AD533%

Figure 4.6. Low level filter circuit

Microcontroller sets lowest level for registered pulses with the aid of a
DAC IC1. Comparator IC2 compares incoming pulse’s amplitude with preset by
microcontroller reference voltage and if it is lower, blocks conversion start
signal via transistor Q1. Low threshold (calibrated in energy units) could be
altered via spectrometers GUI. In instruments present realization level
discriminators were transfered to software layer in order to reduce power
consumption. This approach slowed processing of pulses only for 1,2 us.
Firmware sends commands to a hardware discriminator at measurement start
anyway thus enabling a faster responce if needed and if appropriate hardware is
present. Instruments circuit board has places for corresponding chips.

Analog front end of ,,Gammamapper* is realised as a separate unit. It
could be replaced with a more advanced one or with a unit designed for different
radiation sensors. Modular approach should make overall design of
,Gammamapper more flexible.
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Figure 4.7. Complete analog front end circuit of the ,,Gammamapper*



5. Digital part of Gammamapper

The main task of Gammamapper's digital circuitry is controlling all
other units of the instrument and acting as an interface to user. The unit controls
analog front end setting up correct sequence for peak detector, communicates
with GPS prefilter and retrieves geographic data from it if available. Processor
generates all commands needed to initialize and exchange data with a color LCD
display [44]. PWM-signal for screen's backlight is also generated by the
controller. Processor controls a SD-memory card, maintains its file structure and
stores measurement results to it. Presently only a standard FAT16 file system is
supported.

—0 ﬁl B %GI{KS
& o o [ &

(=
@{SD —{USB
of @ v

&

&

/|Gammamapper 15:44 @)/

aJ

Figure 5.1. Block-circuit of digital part of Gammamapper

1 — microprocessor, 2 — memory card for storing measurements results, 3 — color LCD
display, 4 — USB communication interface, 5 — multi-purpose navigation button,

6 — low-power auxiliary LCD display, 7 — real-time clock with back-up battery,

8 — crypto-key, 9 — digital thermometer, 10 — LED torch, 11 — supply for analog front
end, 12 — GPS engine and prefilter, 13 — main power supply unit with battery charger
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Since main processor (1, figure 5.1) of the spectrometer is the ,,heart™ of
the whole instrument and its resources have a deep impact on the capabilities of
the unit, it must be choosen carefully. The controller has to be fast enough to
start measurement cycle after receiving a ,,PDET* signal from front end circuit,
measure peak-detector's output, store data and restart detector for next particle to
be detected.

On the other hand acquiring spectra from low-activity sources as it is
common in envionmental research can take a considerably long time (several
hours). In case of powering the instrument from mains it would not be an issue
but in an autonomous environmental research device low power consumption is
necessary. For field measurements ,,Gammamapper® is equipped with a 1,8 A/h
capacity Li-Ion cell. Naturally the instrument (and its microprocessor) must
implement a low-power design to enable long-lasting measurements. And at last
the controller chip must possess enough I/O-pins for connecting to peripheral
units like navigation button (keyboard analog), display, memory card etc.

Author chose a standard off-shelf micro controller PIC18F4550
manufactured by Microchip. This microprocessor has been designed in nanowatt
technology consuming only 40 mA at maximum clock frequency of 40 MHz
[25,26]. In ,,Gammamapper the processor runs at a 20 MHz clock crystal.
Internal PLL produces faster clock signals for USB [43] interface.

Device features also rich set of on-chip peripherals which simplifies
spectrometer's circuit design and reduces power consumption. Many tasks
requiring usually extensive hardware like generating PWM-signal, measuring
analog signal with an ADC, USB interface, etc are implemented in the controller
chip itself making design faster and simpler.

Controller's relatively large on-chip RAM-memory (3,7kB) increases
units responce to detected particles . Measurement's results could be stored to
on-chip memory buffer with a much faster access time than a SD-memory card.
Data is tranferred from buffer to a SD memory card after every 240 cycles when
buffer is full. This process inserts an additional delay slowing instrument's
responce. Among other parameters delay time depends of data clusters position
on memory card due to the nature of disc access algorithm. Storing data to
clusters addressed by the first sector of FAT takes about 14 ms.

Every 512-byte data sector saved consists of a 32-byte ,header*
containing geographical coordinates (2*8 bytes), time (6 bytes), gamma sensor's
temperature (2 bytes), battery voltage (2 bytes) and live time (4 bytes) (see table
5.1). Remaining 480 bytes are reserved for measurement results. The ADC
present in main processor has 10-bit resolution, so results of 240 cycles can be
stored in one data sector after which the sector buffer must be saved to disc.
Such 512-byte data structure is dictated by the memory card architecture.
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Table 5.1. ,,Header* data structure in every data sector

Bytes Contents Note

1.8 Coordinates — N ASCII text

9..16 Coordinates — E ASCII text

17..23 GPS time ASCII text

24,25 Temperature, sign, marker | Binary, marker=sign.7,
and shutdown bits shutdown=sign.6

26,27 Battery voltage Binary, big endian format

28..32 Live time counter Binary, big endian

The first sector of results file may contain information input by user.
This could be an experiment setup description, name of measurement place etc.
A software timer with 10 ms resolution keeps track of measurement live time.

The first version of Gammamapper used a +5V supply. This was mainly
dictated by parameters of Scionix's gamma sensor. Suitable 5V tolerant memory
for spectral data was a CF-card. Later author decided to use a micro SD card
(also known as a Transflash) in order to save board space and increase memory
capacity. Electrically this change lead to use of simple resistive level shifting
networks (see figure 5.2) since a SD-card's I/O is not 5V tolerant. A separate low
drop-out linear stabilizer for powering the card had to be implemented also. The
next version that is already being tested uses a single 3,3V supply for all devices
on board of the instrument except gamma detector, +5V power rail for it is
generated with a step-up converter.

Unlike many industrial designs ,,Gammamapper” uses a graphical
132*176 pixel color LCD for displaying measurement results and interfacing to
user. Display implements a built-in controller reducing main processor's tasks
significantly.

Parameters of the instrument and measurements can be set via simple
menu. Screen design (buttons, etc) was inspired by Apple's [-phone's approach.
Unfortunately author did not have a touch screen. A status-line shows current
parameters like time, temperature, GPS fix etc . During experiment a count per
second value, current geographic coordinates and results file name are displayed
on main workscreen. Version of firmware presently being tested also shows
current live spectra as ,,seen” by the instrument. Since this feature increases
significantly the processors load and also responce time, it could be disabled
from menu.

LCD display LS020B8UDO06 used in the described circuit is not 5V
tolerant. Simple resistive level shifters interface it to main processor. Display's
LED backlight panel requires a driving voltage of about 11V at current 10 mA
[44]. This voltage is generated by transistor T1 and inductor L1 (see figure 5.2).
Diode D1 is rectifier. Filtering capacitors are built into the display. PWM drive
signal is obtained from processor's PWM unit. This approach enables changing
backlight intensity conveniently under software control. After successful start-up
processor's PWM is configured to generate a 62 kHz and 50% duty cycle signal
to feed backlight LEDs.
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Figure 5.2. Schematic of ,,Gammamapper’s” digital part
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As mentioned above, every effort must be done to reduce instrument's
power consumption in order to prolong battery life. Color LCD's backlight is
one place for conserving power. Display is lit only during menu access by user.
10 seconds after last input a software timer shuts off backlight. Counts of
particles detected and other more important information could still be viewed on
a low-power auxiliary display (6, figure 5.1). This device consumes less than
ImA and is controlled via an I2C bus common to other units in the instrument as
well. Backlight for both displays is restored for another 10 seconds by pressing
the navigation key. Lights are constantly on when the device is powered from
the USB connector.

A real-time clock chip (7, figure 5.1) from Dallas is built into the
instrument. Time information from it is used if GPS fix is not available or
measurements are started without using the GPS-engine. File creation time is
also obtained from the RTC chip. Clock supports daylight saving mode,
correction is done in software and could be disabled. Clock could be
synchronized by correct time information from the GPS engine. Validity of RTC
info is determined by a control byte written into it's RAM memory area. If chip's
back-up battery fails, control byte will be corrupted also.

Electrically the RTC unit [1] consists of the clock chip, a dedicated
crystal resonating on a 32,768 kHz frequency and a 3V back-up battery (see
figure 5.2).

Literature sources [29] suggest possibility of peak energy shifts due to
ambient temperature changes. Spectrometer uses a digital temperature sensor
from Dallas in thermal contact with the detector. Sensors readings are stored
with spectral data to the same file. This approach should enable recalculating
and correcting once measured spectral data later in case a better correction
algorithm is found. Addressable sensor chip DS1820 features low power
consumption and 9 bits resolution [8]. Control and data exchange is done via 1-
wire bus. Several similar thermometer chips can be connected to the same 1-wire
bus if needed.

5.1. GPS engine and prefilter

In many areas of science (as in material science or enviromental
research) it is essential to have the measurement data bound to spatial
coordinates. For example let us consider moisture contents measurements. Walls
of buildings are not even, repeatability of measurements can not be guaranteed
by ordinary means. Cases exist where even 3 coordinates are not enough to
guarantee needed accuracy and repeatability of measurements. A good example
is measuring moisture contents of various materials. Since the 30 cm range
moisture sensor of ,,Moist 200 instrument uses polarized microwave radiation,
it is essential to determine the probe's spatial orientation. If the tested
sample/object has a fibrous structure, results depend much of sensor's rotation
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angle around its longitudinal axes. The described effect is clearly visible when
measuring, for example, moisture of paper. For such cases a more precise 6-
DOF positioning system as described in [Article IV] could be used.

Described above a 6 DOF system was tested on Gammamapper. It was
estabilished that resolution of GPS receiver only was satisfactory for most cases.

Author uses an EM406-type GPS receiver in present gamma
spectrometer's prototype. Combining geographic coordinates and energy of
gamma particles detected allows building a radiation map. Also the nature of the
process how ordinary man collects radiation doze can be studied.

Modern GPS engines have lots of attractive features: they are small and
economic, output data could be read easily. Due to minute power consumption
use of such a receiver in battery powered apparatus is justified. Data from a
standard GPS-receiver is output in form of various so-called NMEA sentences.
In NMEA mode data is presented as a stream of ASCII characters [23,37]. A
»SIRF-Star binary format also exists.

The receiver's output stream combines lot of information divided into
different protocols. Device description is usually also transmitted on engine
power-up. On start-up or in poor visibility the acquired coordinates might not be
valid. For example in protocol SGPRMC (Recommended minimum specific
GPS/Transit data) used in ,,Gammamapper®, a special character — letter "V' or 'A’
indicates fitness of data.
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Figure 5.3. Circuit of GPS prefilter

In ,,Gammamapper’s” prefilter author used Microchip's low-power
microcontroller PIC12F683. This processor is a low-cost, economical device
equipped with lots of peripherials and built using company's NanoWatt
technology. Author described the first ,,release“of geodata prefilter in [Article I].
In a nutshell the prefilter consists of a microcontroller and level shifters (see
figure 5.3) since used in the instrument GPS engine EM-406 output port is not
5V tolerant.
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Processor U5 receives data from GPS engine via level shifting circuit
based on transistor T3. Zener D6 biases transistor's base. Possible uplink to
engine uses more simple level converter at R46, R47 and D7. In present version
of prefilter firmware mentioned uplink is not implemented. In future versions it
could be implemented for issuing configuration commands to the GPS engine.

5.2. Data encryption block

One important feature offered by spectrometer's main processor is
protecting measurement results. This could be done by ciphering data.

A widely used memory chip called an I-button and containing a unique
48-bit unalterable number is used as a crypto-key. According to manufacturers
datasheet this device can operate on “phantom power” derived from data
line. This property is valued in a low-power design. Another attractive feature is
that many devices using the same Dallas' defined command set and bus protocol
could be connected to the same line. Since pin count of “Gammamappers” main
processor was limited, author connected temperature sensor and I-button on the
same data line.

The crypto key is needed only in case encrypting of data is enabled. Key
is inserted only once after starting measurements minimizing thus power
consumption even more. “Gammamapper” allows transferring of encrypted files
to a host device or deleting them only after inserting the key again.

No other instrument presently in the market offers ciphering of results.

5.3. Power supply unit

Power unit of Gammamapper must fit within relatively tight limits. It
must have a small footprint and be highly effective to ensure long battery life.
Additionally a wide input voltage range is required since voltage on battery
terminals alters from about 2,8V to 4,2V in case of Li-lon cell. Charging of
NiMh chemistry batteries used in previous version of Gammamapper produced
even 5,5V at battery pack. Only a buck-boost converter can acommodate with
such input voltage range. A suitable converter chip was present in Texas
Instruments product folio: TPS63000 [31]. The device has efficiency of about
96% and it allows input voltage sweep in range of 1,8V..5,5V. For reliable
startup battery voltage must be at least 1,9V. The device has many useful
features like soft start-up reducing current inrush peak at start allowing thus
boot-up from deeply discharged batteries. Soft start is accomplished by circuit
R1,C2 (see figure 5.4). Converter is enabled by pulling its ENABLE pin (6) low
by instruments multifunctional switch SW1.

Li-Ion batteries used in the instruments present version, need protection
against deep discharge. According to [22] minimum voltage on one cell can be
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as low as 3,0V. Absolute minimum is 2,7V: discharging below that level causes
irreversible changes in battery’s chemistry.

On power-up microcontroller measures battery. If its voltage is found to
be higher than mentioned minimum level, processor holds the converter in active
state via transistors T1,T2 (see fig. 5.4). Battery status is monitored constantly
and displayed in graphical form. If the battery is discharged below 2,8V,
measurement activity is terminated, all opened files closed and the device is
switched off. A special mark is written in datafiles header indicating that
measurements were terminated prematurely due to the end of battery life.

]

_]— To digital part

WEAT S

Battery, charger

m E =

MINA . .

P10 M Sar E'&E«.—
en ep Y

] Guo ponp [

s
I 7B
TREE2002

WEAT,

Figure 5.4. ,,Gammamapper's” power supply circuit

Converters output +5V rail feeds all internal electronic units of the
instrument. Main loads are the microcontroller consuming about 10 mA at a 24
MHz clock fequency, instruments LCD display backlight (10 mA) that is active
only during short periods, GPS engine (consuming about 60 mA) and analog
front end board.

Present version of ,,Gammamapper is capable of at least 7 hours of
continuous measurements.

Analog front end (see fig. 4.7) of ,,Gammamapper* requires its own
stabilized and filtered +/-5V supply. To reduce power consumption this unit is
activated via path An_ON only during measurements. -5V supply for OPAMPs
is generated by a charge-pump topology converter built around a MAX829 chip.
Additional LC-networks ensure filtered ,,clean® supply.

A 4,096V reference voltage for processors ADC is aquired from a
precision reference source LM4250 (see fig. 4.9).
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5.4. Miscellaneous options

A LED torch is built into described spectrometer. Although this device
will not enchance the instruments performance, it adds convenience in usage.
The ultrabright LED (10 on figure 4.8) features high brightness consuming only
10 mA. The torch can be swithed on and off via menu button both during
measurements and the device idle state.

A buzzer device is used to signal various events in the devices operation
(GPS lock achieved, errors etc). Buzzer could be programmed for audible alarms
signalling that energy of detected particles falls into range of interest. Buzzer
can be set to signal accumulation of preset number of counts also. Net R1, C1
filters out glitches in power rail generated by the buzzer.

Instruments battery is charged by a dedicated power management IC Ul
(MCP73833, see figure 5.5) manufactured by Microchip [42]. The device
acquires input power +5V from a standard USB connector. Red LED (LEDI1 at
figure 5.5) indicates charge in progress and green - LED3 signals end of charge.
Complete charging of instruments battery takes about 180 minutes.
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Figure 5.5. Gammamapper's battery charger unit
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6. Software for Gammamapper: firmware and PC utility

The majority of firmware for modern instruments is written in some
high-level programming language. C is perhaps most common of them. Lately
instruments running an operating system (cell phones) have become
common.While high level programming languages shorten significantly
development time, they also need more processing resources like code- and data
memory. In some cases writing firmware in assembly language is more
beneficial since it produces very compact and high-speed code. Also
programmer has exact control over devices resources.

Since control of Gammamapper's front end and later data processing is
implemented in software, it needs to operate at high speed in order to improve
instruments throughput. The firmware for ,,Gammamapper* is written entirely in
assmbly language and compiled with tools of Microchip's free development
environment ,,MPLAB®“. Resulting code file's length is about 70 kB. Source
code is too capacious (about 327 kB of text) to be fully analyzed in this work .
Therefore only more important parts of it will be described in this chapter.

Tasks of the instruments main processor can be divided into two major
categories: system maintaining processes such as testing hardware at start-up,
processing user input and communicating with peripheral devices. Second
category of processes include actual measurement.

It must be possible to change some instrument's parameters (like alarm
buzzer’s sensititivity) during measurements. Battery power must be monitored
and device's display updated constantly. In some particular location (e.g. where
count of pulses rises significantly or an unexplained object is found) the
experimenter may want to flag place's coordinates. In order to inspect some
object in darkness built-in torch must be used. This means that the navigation
button should be queried during measurements as well.

In order to realize this kind of pseudo-multitasking, the device is set to
run system tasks constantly in main flow loop. Measurement processes are run
in background using processors sophisticated interrupt system. Such approach
makes processing detected particles and other important tasks transparent to the
operator. Assembly language code provides speed and necessary computing
power.

6.1. Starting measurement cycle and storing analog values from
peak detector

The work cycle of Gammamapper is started from the main menu selecting the
upmost key. A sub-menu offering various options is then displayed. Then user
can choose to add a short note describing experiment (up to 512 characters),
GPS engine could be switched off for measurements conducted in a fixed
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location. The last option is autostart. This and the use of GPS is remembered and
applied to next measurements as well without the need to select it from menu.
This feature makes the starting of the experiment easy — user only has to press
the navi key for powering on and starting work with previous settings.

After all selections are made instruments processor applies power to
analog circuitry and introduces a 20 second delay. The delay is needed for
stabilizing Scionix's gamma detectors internal bias converter [29]. Right after
powering up signal from the detector contains much noise.

At the same time microcontroller starts looking for a GPS position fix (if
GPS is enabled) monitoring state of prefilter controller's Pos_ OK pin. If GPS fix
is achieved and power-up time has ended, the main processor resets peak
detector, initializes data memory pointers, opens file on SD-disk and enables
vectoring to interrupt Ext Int0 which is generated every time a particle is
detected.

Mass storage media is organized as units of 512 bytes. Data can be
written or read only 512 bytes (one block) at a time. Using a 10-bit resolution
ADC, every measurement occupies 2 bytes. Additional header of 32 bytes
containing geographical coordinates, GPS time, detector temeperature, battery
voltage and measurements live time is inserted at the beginning of each block
(see table 4.1). A memory buffer for described data and results of 240
measurements is set up. As soon as required amount of measurements is
completed, live timer is stopped, interrupts are disabled and contents of data
buffer is transferred to SD disk. As a result we have a file containing ,,raw* data
i.e. all gamma events the instrument has detected. This solution lets researchers
reanalyze data in case more sophisticated processing algorithms are developed.

Constantly updated FAT table of disk is kept in instruments RAM and
stored to disk only when experiment ends or battery is exhausted. Using
controllers RAM instead of updating necessary data on the disk serves two
purposes. Firstly this increases data processing speed (a sector write to disk
takes about 15 ms). Secondly every flash memory (SD-disk is also a flash
memory) has limited number of write cycles. Most commercially available
flash products are guaranteed to withstand around 100,000 write-erase-
cycles, before the wear begins to deteriorate the integrity of the storage.
Updating FAT info only after file is closed helps to increase disks life time.

6.2. Displaying acquired spectra on the fly

Nearly all professional gamma instruments use a separate computer
where acquired spectra can be viewed and analyzed. Sometimes it would be
desirable to have some simple means for viewing acquired data on the fly
without additional equipment. Gammamapper can display measurement spectra
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on its internal color LCD dislay during measurements. Every time a
measurement buffer must be saved to disk, its content is converted to a spectra,
normalized and displayed. Logarithmic and linear intensity (Y-) axis can be
selected for display. The flowchart of the measurement processes algorithm is
displayed on figure 6.1.

The device uses a 132*176 pixel color LCD. Spectra contains of 1024
channels (X-axis) dictated by processor's on-board ADC’s resolution and is
displayed in a 128*128 pixel window. Therefore a conversion is needed to fit
spectra on display. Every channel has a 3-byte counter containing a maximum of
2** = 16777216 counts. This means that a normalization algorithm is needed for
this axis as well. A channel with maximum number is found. Knowing that
display areas max_Y is 128, a normalization coefficient is computed and
contents of every channel is divided by that factor.

For X-axis normalization spectra is divided into groups of 8 channels.
The maximum value of each group is calculated and this value is used in display
routine. The described algorithm is reused in devices normal spectra viewing
mode when measurement is not active. Spectra displaying algorithm is presently
being designed and tested.

6.3. GPS prefilter

As mentioned earlier in the present work, it is highly desirable to have
an automated and accurate means of acquiring qeographic coordinates of
measurement place. In a mobile device like the present ,,Gammamapper” or
other "GPS-aware" embedded instruments traditional solutions like using
compass and other ,manual“ navigation instruments would be extremely
impractical. This is especially true in case continuous measurements are needed
to be carried out from a moving vehicle.

One solution to this problem is using a GPS receiver. Modern GPS
engines are compact and low-power devices making their use in portable
instruments justified. Engines output data could be read easily since most of
them use a standard NMEA protocol [23].

Problems arise when instrument equipped with a GPS engine must
acquire large amounts of data that arrives in a random manner. This is exactly
what happens in a gamma spectrometer since ionized radiation is random by
nature.

A trade-off must be found to ensure that every particle captured by the
detector is digitalized and stored. On the other hand the GPS output stream is
relatively slow. Common engines usually default to a 4800 bps transfer speed. It
is possible to use main processors interrupts to automatically vector to analyzing
GPS stream and then return to processing a possible gamma event but certain
problems still persist. Engine outputs not only needed data (coordinates and
time) but also several other so-called protocols containing data about magnetic

34



variations, land speed, available satellites etc. Instruments own processor would
have a lot of work filtering useful data from raw stream.

On some models unwanted protocols could be switched off but an eye
must still be kept on validity of data (i.e. in case user moves into a location
where radio reception is not good). On start-up or in poor visibility the
acquired coordinates might not be valid. For example in protocol $GPRMC a
special character — letter 'V' or 'A' indicates fitness of data. More information
about protocols used in GPS data transactions and their meanings could be found
from [21,23].

Spectrometes main processor must take this sign in consideration and
replace geodata with the last valid one. This would increase even more
instruments processing overhead and could even lead to skipping valuable
gamma events. Authors experiments with gammamappers first prototype
indicated that this was exactly the case.

One possible solution to enlisted problems would be using a separate
low-power microcontroller dedicated only to analyzing GPS engines data stream
and filtering out needed information. The device should also buffer data for
some predefined time in case of poor reception conditions.

Prefilter's processor constantly monitors GPS-engine's datastream
looking for protocol starting with sequence: ,,$GPRMC® (Recommended
minimum specific GPS/Transit data). Should some other protocol be needed,
one simply has to change it's name in the end of the code block in table
»VastusGPRMC). Sample protocol looks like the following:

$GPRMC,081836,A,3751.65,S,14507.36,E,000.0,360.0,130998,011.3,E*62

After mentioned above start combination is found, the code starts

analyzing incoming data and stores predefined fields into memory.
Firstly it looks for a character in field 3 — the navigation receiver warning. 'V'
means that coordinates are not yet determined. All data will be ignored and the
code returns to protocol search cycle. If the mentioned character is 'A’, data is
considered valid and algorithm will continue selecting coordinate and time info
which will be stored into memory. Other symbols will not be stored.

Protocol ,,$GPRMC* ends with an asterisk "*' symbol followed by
checksum.

First firmware described in [Article I] used relatively slow and simple
datalink to main processor. Data buffering was not very good. In present version
(2.1) prefilter sends data on main processors request in 28 us. The code is
designed to allow other interrupts being enabled during GPS communications.
Double buffering is used. If both coordinate buffers are empty, or data is
considered ,,0ld*“ (after 4 seconds since last request ), chip signals it to the
instrument. This will happen when satellites are blocked from engine's view (e.g.
moving to indoors).

Code for the prefilter is written in assembly language to ensure high-
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speed operation and compact code file (device's code memory is limited).

Good practice suggests thorough testing of firmware against real life
situations to reveal all possible bugs. Since GPS signals were not available in
lab, some kind of test generator is needed. This test device should also be able to
simulate errors in transmission that are always present in real cases. An attempt
to design such test device is described in more detail in [Article VI]. It proved to
be extremely useful for the author in debugging GPS-prefilters firmware. The
test device consists mainly of a microcontroller. Two switches for changing
working modes are also included. Later work added several new and useful
features to the tester. Most important of them is the possibility of defining users
own protocol making use of the test sequence generator in other applications as
well.

6.4. Data encryption unit

Although data, especially scientific one should be freely accessible to
everybody interested, it is sometimes desirable to protect experiment results.
Protection may include disabling accidental erasure of files like in the described
instrument and, sometimes, even restricting access to files in question.

Traditionally protection is carried out in computers, where experiment
data is stored. Cryptoalgorithms are complicated but fast and reliable.

In author’s prototype gamma spectrometer operator can choose to crypt
data (from measurements menu) before starting an experiment . Instrument then
marks the file. Without posessing the key, other operators cannot use
measurement results. Perhaps more important is the fact that they can not
(accidentally) destroy datafile.

There are many ways to generate a crypto key. One could use keypad to
input the key, read it from some kind of external memory etc. The author used a
standard and widely spread memory key producing a 64-bit unique number.
Manufacturer — Dallas — calls it an I-button. This means of inputting crypto key is:

1. convenient — user does not have to remember or write down any
numbers;

2. quick — I-button can communicate with speed up to 16 kBits/s;

3. cheap — I-button is widely used in various electronic (phono-)locks
resulting in low cost and availability of the key-chip;

4. power consumption is reduced to minimum: the button derives power
from data-line and only during reading. In a battery powered instrument
it could be an issue.

Scientific instruments can produce results at high speed. This is also the
case in the author’s prototype. Therefore a crypting algorithm should be compact
and fast. One possible solution is Vernam cipher [27]. Some authors even claim,
it is the only currently known unconditionally secure cipher, provided the key is
truly random .
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Vernam cipher is a stream cipher in which the plaintext (measurement
data) is XORed with a random or pseudorandom stream of data (the key) of the

same length to generate the ciphertext. The algorithm is fast and not very
demanding on hardware (see figure 6.2).

measuring starts Yernam cipher

{

load data lengthcounter /8
lnad databuffer pointer

set flag "vernam" ‘IF“

load key length counter
lnad key data buffer pointer

Y
\ collect data

A

»a
*
¥

fetch databyte @pointer
HOR it with key data
advance key data pointer

¥

- write crypted data back @ pointer
call Yernam cipher routine advance databuffer pointer

decrement key lenght counter

decrement datablock length counter

finished

Figure 6.2. Flow diagram of data encryption algorithm
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In author’s prototype instrument data is saved on a SD-disk with sector
length of 512 bytes. Every time spectrometer’s processor has collected as much
results, a Vernam-cipher subroutine is called (if operator has enabled this option)
and the result is then written to disk. This approach permits carrying out
measurements at full speed introducing an additional small delay due to
ciphering only during disk write operations.

File system of the spectrometer demands inserting a key (I-button) also
in case an attempt is made to delete crypted file. This should minimize the risk
of accidentally erasing valuable data files.

Deciphering of encrypted data is straightforward: one only needs a key
and its reader. For I-button the reader consists of two contacts only. There is no
need for a special decoding program - same encryption function works as a
decrypter due to the symmetrical nature of the algorithm.

There are many methods of breaking code. Since data in described
instrument is in binary form, it should be not so easy to crack the cipher because
it is hard to tell if the result of hacking makes sense or not. Things are much
different with data in ASCII format.

It must be noted that crypted files on disk can still be erased on some
other device (ordinary PC). But then again...the disk itself can also be easily
destroyed if needed.

6.5. PC programm

To support designed system author wrote a small utility for visualization
and data analysis. Figure 6.3 shows utility's working screens. Program uses
Windows platform and allows plotting measured data onto geographical maps.
To save computer memory only needed map quadrants are loaded. As the heart
of utility's map engine, a free GIS environment — Map Window GIS is applied.

Transfer of files to a ,,big" computer is needed not only for archiving
purposes but for better analysis. Gammamappers main processor running at a 20
MHz clock and limited amount of memory is not capable competing with
sophisticated analysis programs like Genie 2000 or even MS Excel. Those
programs have been developed by large teams of specialists spending probably
hundreds of hours for developing code. It seemed to be unreasonable to compete
with them.

On map user can select regions for which gammaspectra will be plotted.
For better visualization on map, waypoints can be colored according to the
energy of gamma particles detected in these points. Defining of Regions of
Interest is done via spectra tools screen.

The spectra viewing tool of the program allows adding or subtracting
spectra (i.e. subtracting background) and format conversions for exporting data.
It is helpful if more powerful analysis programs are used.

During measurements experimenter can place a special mark (flag) to
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underline the importance of some location. Present viewer displays a special
quadrate-shaped mark pointing at emphasized by the operator location’s
coordinates.

Possible notes describing viewed file and entered by the operator are
displayed in a separate small text area. File creation date and time together with
live time are also displayed.

Amongst other tasks program allows deciphering files encrypted by the
instrument.
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Figure 6.3. Main screen of results viewing utility
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7. Measurements with Gammamapper

A prototype of portable autonomous spectrometer for gamma radiation
was designed, built and tested during present work. Photo of the device is shown
on figure 7.1.

Figure 7.1. Prototype of a portable gamma spectrometer ,,Gammamapper*

One important parameter of a (gamma -) spectrometer is its resolution
(without detector because detectors resolution is a known parameter) and
linearity of its analog circuitry. In this paragraph we try to determine the
mentioned parameters. Author used versions of Gammamapper in real field
measurements during 2 years. Results of those measurements and some acquired
spectra are also discussed.

.1. Measurin ammamapper's main parameters
71. M G ! t

In order to measure resolution of instrument's analog front end a test signal
in form of Gaussian pulses was fed to the instrument. Duration of pulses was
40us, frequency 6 kHz and amplitude 0,5V to 2,0V. A gaussian pulse was
selected to immitate gamma detector used in present spectrometer.

In ideal case all measured pulses should fall into one channel giving only
one sharp pulse at the ,,spectra®. In real cases the peaks width occupies more
than one channel. Its maximum falls into one channel, fading pulses could be
observed in previous and trailing channels as well. A histogram describing
distribution of pulses in neighbouring channels is shown on figure 7.2.
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Figure 7.2. Scattering of pulses into neighbouring channels with a 0,5 V gaussian input
signal

A pulse is spread to about 3 channels. Scattering may be caused by
parameters of analog front end and also by the unstability of test generator used.

Results show that a resolution of about 0,6% is achieved. According to
literature sources [14] this can be considered to be a good result.

In order to determine analog parts linearity the abovementioned signal was
applied to input. Pulses amplitude was increased with a step of 0,5V and a
»spectra® was acquired at each step. A graph showing the relation between
channel number of the spectrometer versus amplitude of input signal can be
constructed (see figure 7.3).
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Figure 7.3. Input voltage versus channel number

Ideally this graph should be a straight line but in reality slight deviations
characterized by device’s unlinearity factor are always present. Industrial
instruments discussed in paragraph 1 have unlinearity in range of 0,6%...3,0%.
Gammamappers unlinearity was measured to be +2,2% of maximum signal
level. A sliding scale linearisation method described in [13] should improve
devices linearity. Author plans to use this method in instruments next version.

7.2. Calibration of energy axis

An ionized particle falling into detector crystal causes a flash of light,
amplitude of which is measured by the ADC of device. So a voltage reading
characterizing energy of the particle is acquired. Gammamapper's ADC
measures amplitude of input signal in range of 0..5V. In spectroscopy energy is
the parameter researchers are looking for. So the next logical step was finding a
formula (graph) characterizing the realtionship between channel number
(voltage output by the ADC) and detected particles energy. This was done
acquiring spectra of two samples with well known energies, in our case *“Co
and *Na.

For calibration coefficient calculations a caracteristic peak in spectra of **Na
with 511 keV energy (see figure 7.5) and a peak in spectra of “’Co with energy
1,33 MeV (see figure 7.4) were used.
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Figure 7.4. Spectra of *Co used for calibration coefficient calculations. Live time - 1h.

Detector — Scionix's CsI(Ti)
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Figure 7.5. Fragment of 22Na spectra. Live time - 1h. Detector — Scionix's CsI(Ti)

7.3. Test measurements with Scionix's CsI(Ti) detector

When the energy calibration was completed, it was interesting to test
Gammamapper with some ,real life” samples. Firstly a spectra of KlJ's water
solution was measured (see figure 7.6). Peak of *’K was found to have an
energy approximately 1,46 MeV which agrees well with handbook data.

Next and perhaps most interesting step was finding out contents of street dust
collected from Kiev. This city in Ukraine got a big amount of radioactive
pollution that originated from the Chernobyl nuclear plant disaster in 1986.
Resulting spectra revealed a caracteristic peak at energy of 662 keV (see figure
7.7). This showed that even after 23 years from the accident traces of
radioactive '*’Cs could still be found in samples and probably in the city itself as
well.

Well-defined peak at figure 7.7 made possible determining resolution of
Gammamapper together with Scionix's detector. The resolution at energy 662
keV was found to be 7,5%. The result should be considered good and comes
close to theoretical limit of this type of detector (see table 3.1).
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Figure 7.6. Water solution of KJ. Peak characteristic to *’K at energy 1,46 MeV is
clearly visible
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Figure 7.7. Spectra of street dust sample gathered from Kiev. A peak with energy 662
keV reveals presence of *’Cs
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Now the instrument was calibrated and ready for field measurements.
Author conducted measurements with Gammamapper during two years.
Instrument acquired spectra from locations author was every day for about 7..8
hours (until battery was exhausted). Luckily to the author no suspicious
radioactive samples were found. Typical peak present in some spectras was K.
According to sources [24] this element can be found everywhere. Some typical
spectras are shown on figures 7.8 and 7.9. Geographic map of measurement
locations of one such ,,expedition® is shown on figure 7.10.

Determining activity of samples was not in range of goals set for the present
work but ,,Gammamapper* enables such measurements also, provided we have
sample sources with known activity. Unfortunately department of Physics of
TUT does not posess such sources.
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Figure 7.8. Typical spectra aquired on a small walk after working day
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Figure 7.9. Spectra aquired en route to authors summer cottage
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Figure 7.10. Gammamapper plots measurement paths on a geographical map
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Main parameters of spectrometer prototype built in present work can be
found in table 7.1

Table 7.1. Main parameters of Gammamapper

Property Value

Successive approximation type, resolution:
1024 channels

Conversion in ADC: 1,5 uS, owerall
processing takes about 15 uS

Nonlinearity 2,2%

Realized in firmware, level presettable in
whole range

Analog to digital converter

Pulse processing time

Upper- and lower level discriminators

Memory SD-card with capacity up to 4 GB

Live time Up to 42949672 s, granularity 10 ms

Communcation interface USB 1.0

Power supply One 1,8 A/h Lilon cell (3,7V)

Maximum uptime About 7,5 hours

Measures

Weight

Display 176*132 pixel color LCD

Detector Scionix CsI(Ti) with bipolar output signal

Main processor PIC18F4550 @ 24 Mhz

GPS engine EM-406 with SirfStar 2 chipset

Time to get GPS lock About 1 minute form cold start

Alarms Audible,presettable to needed energy level
or count rate

Navigation, data entrance One multifunction navi key
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8. Summary

Principles of work and schematic design of spectrometers for ionizing
radiation were researched. Possible applications of such devices were discussed
relying on data given in the literature. By analyzing the parameters of industrial
designs the need for a portable spectrometer with somewhat wider possibilities
for specific needs was established. A survey of the parameters of designs from
well-known companies pointed out the minimum needs (linearity, amount of
memory, number of ADC channels etc.) for the ,,Gammamapper described in
the present thesis. As a result such spectrometer with an embedded
microcontroller was designed and built. Tests of the spectrometer built were
carried out and their results were satisfactory. Additionally a program for
downloading data from the device, visualisation of results and preliminary
analysis of spectra was written. Photo of Gammamapper is given in fig. 7.1 and
capture of the main window of the data analysis tool in fig. 6.3.

Although the parameters of Gammamapper are not bad, it must be
pointed out that it is merely a prototype device. Research for improving the
instrument is constantly going on. Not only the accuracy and other electrical
parameters are going to be improved, but also some advanced functions will be
added to spectrometer's firmware (automatic recognition of elements etc.).

Main results achieved in present work

e A compact battery-powered spectrometer for ionizing radiation was
designed, built and tested. The device allows users to watch spectra on a
built-in graphical screen module ,,on the fly* or after the acquiring process is
over.

e Acquired data is automatically bound to geographic coordinates of locations
where research took place. This is especially convenient if work is carried
out from a fast moving vehicle. No known devices of this kind existed when
this work was started.

e All measurement data is stored on a standard memory card. This overcomes
the storage media limit present even in high-end devices like MCA-8000.

e Software written for the embedded microcontroller of the MCA includes
functions of adding necessary measurement data and comments to the
spectra as well as storing data locally and transferring it to a host computer.
Software also enables marking locations of interest in the file and presettable
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audible warnings. For user convenience a small low-power LED light source
is built into the device.

e Gammamapper's firmware has a unique possibility to encrypt measurement
results. This feature is used for protecting files against accidental erasure.

e For users convenience instrument defaults at start-up to a simplified mode
not requiring any user input. Measurements are started with GPS enabled
and data storage uncrypted.

e Utility program for downloading spectra from the instrument and storing
them to a host computer was written. The utility also performs various kinds
of data format conversions to enable importing Gammamapper’s spectral
data to well known spectral analysis programs.

e A simple but unique device for testing GPS reception firmware was
designed as a by-product of this work.

Described in the present study gamma spectrometer - data logger has
been tested in operation for about 2 years. More than 5000 hours of data has
been collected. Instrument showed good stability of parameters during test
period. Figure.8.1 reveals the inside of authors prototype.

Figure 8.1. A glimpse to the inside of “Gammamapper*
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Possible future improvements of ,,Gammamapper” might deal with the
following issues:

scattering of peak voltage (presently about 3..5 channels) results should
be minimized by means of lowering noise level generated by digital part
of the instrument as well as by improving the peak detector circuit;
bigger LCD screen and corresponding software for plotting spectra on it;
possibility to display waypoints and geographic maps on instruments
screen (the device has a built-in GPS receiver);

touch screen instead of navi key to allow more convenient entering of
comments to measurements;

digital signal processor should replace traditional analog front-end
circuitry;

firmware should have a recognition algorithm for at least some
commonly known (dangerous) elements (**’Cs etc.);

device should draw marker lines for nuclides defined by user or fetched
from database [39,41]. Nuclide data should be organised as one file on
disk where device stores measured spetra.

Spectrometer should have an interface for connecting to cellular phone.
In this case it could use phones processor, LCD-screen, GPS engine and
other equipment for better performance.

A new version of spectrometer with indicated improvements is presently

being designed.
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Kokkuvote
Portatiivne ioniseeriva kiirguse spektromeeter ,,Gammamapper*

Kéesolevas viitekirjas on uuritud ioniseeriva kiirguse spektraal-
mootmisteks moeldud mitmekanaliliste spektromeetrite parameetreid, vdimalusi
ja ehitust. On vorreldud mitmete juhtivate firmade valmistatud analoogseid
seadmeid. Vordlustulemuste alusel on valitud sobivad parameetrid ja vélja
tootatud ning valmis ehitatud autonoomse toitega portatiivne gammakiirguse
spektromeeter ,,Gammamapper*.

Erinevalt muudest analoogsetest seadmetest ,,Gammamapper*:

- salvestab kogu mdoteinfo tdotlemata kujul, véimaldadades tulemusi
hiljem uuemate algoritmide alusel teisendada. Lisaks saab nii avastada
lithiajalist viibimist kdrgendatud kiirgustasemega piirkonnas, mis muidu
voiks méarkamata jadda;

- andmed salvestatakse suuremahulisele standartsele mélukaardile, mis
lubab mdota kauem. Seniste spektromeetrite mélu on iisnagi piiratud;

- lisaks spektraalmootmistele salvestab seade GPSilt ka modtmiste toimu-
mise kohtade geograafilised koordinaadid. Vilja tootatud andmete
visualiseerimise programm kuvab eksperimenteerija liikumise maa-
kaardil;

- huvipakkuvate piirkondade kohta saab eraldi lasta kuvada spektri;
- spektri huvipakkuva piigi asukohta saab lasta otsida ja nédidata kaardil;

- on vdimalik lasta andmeid kriiptida, samuti saab sisestada kommentaare
modtmistingimuste jms kohta;

- seade on kaugjuhitav lle interneti, kasutades autori véljatodtatud
protokolli ja juhtprogrammi. Sellest on tdpsemalt juttu artiklis 5;

- Idpetamisel on otse ,,Gammamapperis* spektrite ,lennult” ja hiljem
failist kuvamise tarkvara.

Too lopuosas on toodud omavalmistatud spektromeetri katsetamise
tulemused ning analiilisitud seadme edasise tdiustamise suundi ja véimalusi. T66
kéib hetkel seadme tidiendatud versiooni kallal, mis iihenduks mobiiltelefoniga ja
kasutaks selle vdimalusi.
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Abstract
Portable spectrometer for ionizing radiation ,,Gammamapper*

In the present doctoral thesis parameters, possibilities and design of

multichannel spectrometer for measurementes of ionizing radiation are
discussed. Properties of a number of similar devices from well-known
manufacturers are compared to each other. Relying on this comparison best set
of parameters was chosen for the device and the spectrometer was built.

Prototype spectrometer ,,Gammamapper built in present thesis has the

following unique features:

device records all measurement data in raw (unaltered) form on a
standard SD-memory card. This approach lets experimenters use
gathered data for new analysis using improved algorithms. Using a
standard memory card gives nearly unlimited storage capacity. Earlier
spectrometers stored data in onboard RAM with relatively low capacity;

unaltered data format enables noticing passing areas with possible
higher radiation levels that could otherwise be possibly filtered out;

device records geographic coordinates of measurement plac(es) obtained
from a GPS engine. Visualisation software shows movement of the
experimenter on a geographic map;

spectra could be plotted for the whole experiment as well as for selected
regions of interest;

visualisation software written for ,,Gammamapper” locates peaks
selected from spectra and shows regions where they were gathered on a
geographic map;

,Gammamapper can cipher measurements results using standard I-
button as a key;

device is remotely controllable over internet. A special protocol and
program has been written for this purpose. More details about it could be
found in [Article 5];

firmware update enabling viewing spectra ,,on fly* or from storage
media on ,,Gammamapper’s“ color LCD is presently being worked out.

Test results of the spectrometer built are given at the end of the

present thesis. Possibilities of future improvement of the device are also
discussed. Work on designing an improved version also suitable for use
with cellular phones is presently going on.
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A Simple Data Filter for the GPS Navigator

V. Sinivee
Tallinn University Technology of Instinue of Physics, Ehisajare 1ee 5, Tallinn, 1261 T Estoria
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Abstract—A GPS meceiver—navigator is usad as a data filker when measuring environmental parameters and
meferring them to the coordinates of the measuring point. The receiver is based on a PIC | 2F&29 microcon ol ler

(Microchip).
PACS numbers: 07.05.-t, 07.05.Hd. 07.0.Kf, 07 77.-n
D[RO 1001 13405002044 1206040105

When measunng environmental parameters, e.g..
radiation level, gravitational acceleration, etc.. the
results of measurements must often be refemed o the
coordinates of the measuring point. A conventional
method is to perform measurements on a grid of points
with predetermined coordinates. However, this is some-
tirme s inconvenient. especially when measurements are
taken while moving. A solution to this problem may be
touse a GPS recever—navigator. Modem GPS receivers
are characterized by small sizes and low power con-
sumption and can be easily combined with battery-
powered portable measuring equipment. For example,
using amobile dosimeter and referencing the datato the
coordinates of the locality and to the astronomical tme
allows one to accurately determine where and when a
certain radiation dose has been received.

This work presents a referncing system of this
type. which operates in conjunction with a portable
multichannel wonizing-radiation spectrometer, based on
a Csl Tl scintillation detector (Scionix ). The results of
measurements, coordinates, and time data are recorded
into a CF memory card, from which the data can be
transferred into a personal computer. The spectrometer

uses an RISC processor from Microchip, Since the
RISC processor 1s continuously busy when gathering
data, a sepamte simple and low-cost PIC12F629 con-
troller (Microchip) is used to ensure the GPS functions.

The navigator i= based on a JP-7 GPS receiver from
Falcom (hitpaferarw falcom. defindex. phpTid=214).
This receiver outputs data via the R5-232 interface;
details of the data-transfer protocols are available from
http:fhome. mira.netf~gnbdgps/nmea.htm. A program
filter is used to extract the required data from the data
stream (only coordinates and time are usually of inter-
est). The filter program can be run on the contraller of
the measuring instrument itself, if the instrument's
resource 15 sufficlent, or on a simple additional control-
ler, as in this cose.

ALGORITHM

The PIC12F629 controller monitors the output data
stream from the GPS receiver and extracts messages
starting with the sequence of characters SGPRMC.
Here is an example of a GPRMC-protocol sentence:

SGPRMC. 081836 AJ3T51.65 5,14507.36 E000.0, 360.0, 130998 011.3, E*62

Name time

Upon detection of this sequence, the program
enables writing of the selected fields (coordinates and
time) from the incoming data (on the condition that
character A s present in the third field. which confirms
the data validity). To improve the transmission reliabil-
ity. check summing may be used; however, the experi-
menis showed that this 1s unnecessary.

Pin 2 of the PIC contraller (GPID.S) serves a dual
function: (1} to indicate (with a high level) that the data
are available and {20 to allow (with a low level ) the host

coordinate coordinate

speed  course datemagn.variat, sum

controller 1o disable data transfer if the controller 1s
busy.

Fin 3 of the PIC controller (GPIO4) is used to
restart the GPS receiver afterturning on the power orin
the case of a transmission error.

The filtered data are transmitted via pin 5 of the PIC
controller (GPIO2) at a mte of 4800 bd. The data
sequence contains the start-of-sequence character “§7;

28 bytes representing the coordinates, time, and date;
and end-of- block character 0x0D (hex). Other fields of

511
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Schematic of the GPS data filter: (M) JPT; (M) PICI2ZF629; Q) BCRTC; (D) PRLSELE, and (D) LL4148,

the GPS-receiver output can also be selected when
needed.

CIRCUIT AND COMPONENTS

Since the GPS receiver and the PIC controller
require supply voltages of +3.3 and +3V, respectively,
circulis B— By @) and R— Ry—I% isee the hgume) are
used to adjust the signal levels.

After the GPS recetver is turned on, it may take up
to 45 5 to obtain a new fix: this time will be much
shorter if the coordinates of the previous position are
stared. A storage battery. trickle-charged through diode

INSTRUMENTS AMD EXPERIMENTAL TECHNIQUES

Dy during operation, can be used for this purpose. In the
unit under consideration, no data saving 1s required,
and. when it is tumed on. the PIC controller resets the

GPS meciver.

The use of a double-sided printed ~circuit board and
discrete components allows the unit to be compact and
easily built into portable instruments.

The source code, compiled code. and schematic are
available as a swingle archived file  from
http:#fparsek.yf ttuee/~fele/gps.zip. The program or
pants of it are free under the terms of the GNU General
Puablic License.

Vol 49 Moo 4 2006
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GAMMAMAPPER -

a prototype gamma

spectrometer-data logger
V. Sinives M3c
Depariment of Plysics
Tallinm Ulniversity of Technology
Elitajute toe 5
19086, Talling, Exonia

Eepwords: iomizing radiation, spectrometer, doia logger, encrypiion, , Vaman cipher, GPS, geograplic coordinates, FAT.

Abstract In present study o portabk  sutenomens  gamma
spectrometer-data  lopper is  deseribed.  Deviee  records  all
mignzursd gomma events separntel and binds data ts geographic
coordinates weing o GFS engine. Data is stored on standard
miemary card with FAT fle systens. Device offers dats protectien
by encrypting files. A standord l-button works as o key.

L INTRODLCTION

Iemizing radiation sources can be found in a wide range of
cocupational settings, including health care facilities, research
instwhons, mclear reactoms and their support facilhities, muclear
weapon production facilites snd cther vanous manufacanng
settings. These radintion scurces can pose a considerable health
nisk to affected workers if not properly controlled. Prom the
p-oi'nt of view of the mupnrionﬂ ERpOsure, the mdiation dose
15 a very imp-on:mt measure. But |imiring oc.h- (L] m:min@_
dose does not necessmnly give emough information about
p-o:vaiHo hazards. Messurement of the cnﬂrl_.petic spectra af the
radiation source allows distnguishing  which isotopes cause
the madiation, in what sate & the source, whether the
comtamination of water or Gssues coour, ehe.

Recorded spectra are sometimes filtered. and the avernging
nature of this process may mask short rises of radiation level
(e.g. passage through a stromg source ). Therefore it is desirable
to record separstely every pulse outpmt by the radiation
detector and analyze dat later. This method & not very
suiinhle for the mvestigabion of highly active mdiation source
since it produces oo much data.  In environmental ressarch
p-oﬂiHe radiation sources are different and -mmp.:liHe =]
warked out method.

When :rud.:ﬂ"ng emvironmental radicactive p-o“ulion. it is
essential to have the mesmrement data binded to u;e-ngm_pbic
coordinates.  Mowadiys a GPS-receiver i3 a handy tocl,
cspeci.:"y if the dat should ke collected  from a moviug
wvehicle.

Presemt sudy describes s prototype gamma specmometer-
data logger — “Gammamapper™ — designed and buile i
Department of Physics of Tallinn University of Technology.
The device is equipped with a CaliTi) scintilbtion probe and
spectrascopic amplifier from Scienie Every pulse outpat by
the arnplifier is caphared by o peak detector, digimlized and
stored on o memory card using standard FAT file system.
Instrurnent's mam processor tmcks geographic cocrdinates

received by GPE engire. A sepamte bow—cost micre controller
prefilters GPS's cutput stream locking for certsin messages
anly. This “filter” alsc keeps wack on the walidiy of
geographic data and double-buffees it [1].

The mamn processor of the spechometer protects
measurement results b}' o‘nc:j-pti'ngofdah.

the

II. DATA PROTECTION

Sometimes the results of experiments should be kept
protected.  Protection may include disabling accidental emsure
af files and, even mstrictinl; access to files.

Traditonally protechon & camied cut m computers, where
e:(p-e:imaut data is  stored. Enc:‘_(pting a]gmithl:ns arg
co‘mpﬁca ted but fast and weTy reliable.

Modemn digital instruments offer many side-functions: they
p-crrfotm pceﬁminal:y cm.:|y~:i: aof data, lng msasurernents oo,
Mevertheless these devdces do mat p(wid.e proper data
protection.  This is very important when sensitive resulis are
treated e medical instruments or im:t@atio‘n of a enme
sceme).

Encryption is one solution to this kind of problem.  The best
solution is when the me.:suring device TS all data. In this
case it B possible to protect encrypted fils from accidental
erasure alsc.

Il. BLOCK DIAGRAM OF “GAMM AMAFPER"

5 i
Figure. |, “Gummamappers” block-dagram - gamma sensor, 2 - peak
detecior, 3- analog o Aghial coreerizr, 4 —mioro_coniraller, 5 - leyboand, 6 -
LCC display, 7 — poswer i, 3 - GFE engine, 0 - GFS daia Alter.
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Spectrome ter uses Scionin’s off-shelf gamma sensor (1) with
buili-in spectroscopic amplifier (see Figure. 1), This Cs1iTi)
probe has compact size, improved mggedness and significanty
lower power consumption compared b0 standard  desigees
implementing Mal{Ti) scmtillation detectors and PMT tubes.
Scionixn's state-of-art sensor provides a bipolar semi-gaussian
cutput signal with towml pulse duration of 15 ps. Energy
resclution measured at G52 k% is 8, 7%,

Sensor’s output pulses are fed to a peak-detector () built
arcund fast operational arnplifiers by Linear Techmology.
Deetector is reset after every successive digitalization of input
pulse.

Successive approximation type aralog to digital comverter
(3) comverts captured pulse’s amplimde to digiml form, This
signal is handled by unit's comtroller.

Measring  process is  confrolled  and  all  mecessary
comversions are carmied out by firmware moning on a standard
off-shelf micro contraller (4), manufactured by Microchip,
This microprocessor has low power consumption and rich set
of cerchip periphemls.

Cemtrol code also handles storing measurement data 1o
compact flash or multimedia card. Sandard file operations like
deleting. viewing smd moving are supported.

In order to reduce noise, controller i put ssleep for mast
tirne of acquiring spectra. BEvery captured and digitalized pulse
wakes it up and calls a short routine storing the event. If a
preset coumt of pulses is reached. instruments encrypls data
bleck (if emcryption & enabled). Afber that it is saved on
stomge tnedia. At the same time keyboord (5) is scanned and
information display (6) showing progress of the experiment =
refreshed.

Since spectrometers front end is & classical analog circuit,
specific moethods have to be employed to improve analog o
digital comverters differential snd inegral linearity specs. In
present device a sliding scale linearization method suggested n
[5] has been implermen ted.

Spectrometer uses a temperahore sensor from Dalle o
compensate dnft of readings due to arabient temperature
changes. Sersors readings are stored with spectml dat to the
mme file. This approsch should emable recakulating and
comecting cnce measured spectral data in case a better
cormection algorithrn is found.

When charge level is low Gammamapper's posser unit (7)
automatcally termninates measurements. In that case to prevent
lass of data and cormuption of storage media's file system, all
open files are closed. A special flag is set i fiks
supplementary info area to notify premamre emyination of
rneasurernents,

After every preset amount of hendled gomma events the
spectrorneter eads and stores geogmphic coordinates from a
GPFS engine (8], The engive (memufschored by Faloom) has
beem built on o new generation  SidStwr 11 chipset with low
povwet corsumiption and ewce llent sereitivity.

A seporate Jome-power micro contraller (%) filters GPS's data
stream separating ussful and valid infonmation.

Measurernent data files are trarsferred to o host computer for

APPENDIX 4 CONTINUES

further analysis +ia micre controllers” built-in USE chanrel.
The device has a special working mode where it cutputs a
black of data right after it has been collected. This mede in
conjunction with special program is already used for teaching
purposes.

Gammwrnapper's firmware also permits encrypting every
single arnplibade of incoming pulse “on the fly". High-speed
operation and compact code of the device is achieved by using
assembly programming longuage.

IV, CRYPTING DATA

Scientific instruments can produce results at high speed.
Therefore an encrypting algerithen should be compact and fast.
Ome possible schition is o apply & Vemam cipher [2].
According to some suthors [3, & 7] it is the only cumently
known unconditicnally secure cipher that provides tuly
random key

There are many ways to generabe crypho key. It is possible
to use keypad to input the key, or read it from some kind of
extermal memory ete.  In this work a stndard and widely
spread memary key *T-buttcn™ producing 64-bit unique number
was used [4].

As o result the input cryppto key chitamed following qualities:

convernent — user does not have bo remember or write
deren any nurnbers;

fast — I-button can cormmunicate with speed up to 16
kEits's;

cost-effective — T-button is widely used in vanious
electronic phonolocks and easily available;

pover corsamiption - is reduced to minimuny the bution
derives power from data-lime snd cnly during reading. 1t is
very economic in a battery-powered instument.

I this prototype instrument dats i saved on a CF- or MMC
disk with sector lemgth of 512 bytes. The process of ciphering
data in “Gammwmapper” is presented i Figure.2. While the
processor of o spectrometer has collected a certin smount of
resulis, a Vernam-cipher subroutine i called and the result is
written to disk  This approach permits o camy out
measurements at fall speed.  Omly an additicnal small delay
due o ciphering during disk write operations coours,

File systern of the spectrometer demnands inserting o key (1-
button) every tine a mew measurernent is started (key is stored
inte BAM-memory) and alse in cose if an attempt i made o
delebe emcrypbed file.  This should minimize the risk of
accidental erasing valuable data files.
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Figure. 3. The screzn of Data analysis tool

WI. COMCLUSIoN
i : Described in the present study a Gamma specrometer-data
legger has been tested in opemtion for about a year. bore than

S000 hours of dats has been collected.  Instunwent showed

g\:-o-d -st,:lbi“l'_,- of pararmesters during (b p-erio-d. Figur\e.-l.
reveals the inside of anthors prototype.

Figure. 2. The Vernam cipher Aowchart

W, PC PROGRAM

Ta suppart this system a smoall utility for visualization and
aua|:,*¢i-: has been weritten. :Figur\e.i shoras uli|il'_,-'-: wol:kiug
screems. This progmm  uses Windows platform and allows
plotting measured data onto geogmphical maps. To save
computer mernory only needed map quadmnts are losded. As
the heart of utility's map engine a free GIS ewvironment — Map
Windew GLS is applied..

Cn map user can select regicns- for which Bammaspeira will
ke photted.  For betier visualization on map wappomts can be
colored acconding to energy of gamoma particles what are
detected in these points.

The spectra viewing tocl of the progmm allows to sdd or
subtract spectm (ie. subtracting background) and  format
comversions for exporting data. It is helpful if more powerful
analysis programes ave used.
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| Flgured. A glmpse toihe * Inslde of * Gammamapper.

Testing showed that possible future versions of the device
should e lude:

APPENDIX 4 CONTINUES

bigger LT screem and comesponding  softeare for
plotting spectra on it;

peamibility to display waypoints oo instruments screen
since the device has o built-in GPS receiver;

touch screen mstead of keypad to allow more comvenient
enlering of comments to measurements;

digital signal processor could replace waditional analog
fromt-end citcuitry.

A vew version of spectrometer with indicated improverments

is presemtly being designed.
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COMBINED FOSITIONING SYSTEM FOR MAPPING MEASURED
FROPERTIES OF OBJECTS OF ARBITRARY SHAPE

Simivee, Vg Kurik L. & Kallavas, U,

Abstroct:  fn material  soience  and
ervironmenial research it i essendial fo
have the data binded 1o
spattal coordimates. In indusiry same need
arises in iransferring measired  (gualiy
detarmiming) kev-properties of derails with
complex shape fo @ CAD model 4 GRS
umit cowld be weed for positioming bt
mjorismately in mamy oases the sparial
reschation ir mot safisfaciory or swellite
signals are mot awailable  Resolwion
problem is itical in oase of mapping
matertal parameters of small ohjects where
looation emors even in range of some
cemiimetres are infolorable. In swok case
rhotogrammeric  nEtem for &  DOF
positioning cowld be used Combining GPS
method for derermining exact location of
MEIENrERREN] POinis.

In preseni study handbeld sevvi-auiomaric
combined  GPS and  photogrammetric
positioning sysiem for date collacting and
recording is desoribed.

T eamples of fmplementing desoribed
ider are given. Iw first came expertment
data comes from a microwmee moimure
comfen  measwing  imstnameni “Moist
200", In { ik ! svsiem
s wsed im am  aopaimemial  gmmma
speromelen

Kensords: GPS, & DOF positioning,

phat HRCIT, WP, il

properiies.

L ANTRODUCTION

Lange amount of different specialized
instrurnents exist for measuring parameters
of  matenals. In  troublesome bt

unforhmately frequently met case when
abject of interest is not uriform and spatial
distnbution of some parameter must be
fourd, the exact location of measurernent
peoints mmst be determined. In case of real
workd ol:gia-a-l:l this may not ke a lil:np|e
task.

Warious posiboming systems miplkementing
usually active beacons working in the
ultrasound, rtadic-, or IR-bands are
available. Exact posiion of object of
interest is given as a function of distance
from the beacon. Usimg such systems
means that beacoms exoct position must be
known with high precision. Signal echoes
and ohjcts blanking beacoms are severe
problems  when  working  with  sach
systems. At least 5.6 beocons must be
“visihle™ o the systern to  guamntee
required acouracy. Increasivg tumber of
beacoms is highly recommended.

Ulsing active beacon stticns usually mears
that cost of the positioning systern can not
he VEry attemctive. T:.lp'i-:.:| eu.mp|-e of mach
kind of spstem is GPS (Global Positioning
Systern). GP5 i fauly good developed
systemn and maits well for determiring
objects gecgraphical coordinates,
Unfornmately positicning emor of widely
used GPS-engmes is limnted o 5..20
meters in honzenial divection (resclubion =
even worse in vertical direction .

GPS is useless indoors or in other places
where aatellite signals cam not be received.
Earth-bound transpenders could be added
to GPS systern and they improve overall
resolution snd signal availabalicy but there
are same restnicbioms o their use smd m
some countries tmnsponders are prohibited
due b0 causing meerference to other GPS
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receivers. Abowve mentoned systems are
not able to determine obja-:-l:s sp.:l:ia|
orientation which could be very important
in some case (eg when determining
source of mwisture or some kind of
radiation].

Available laser wacking spstens lock on
chjects followirg constantly their divection
and position. Problem of cther (hig) obpects
veilding our object of intepest  form
macking  system  vemains  however.
Unfortunately  available  lsser  tracking
spsters do not give mfomaton about
tracked abjects spatial crentation.

Close  range  photogramnetny  has
d.ewhp-ed ex.cepl'iom"'_.- m_p'id.|:f' |a|terr|}-
and has becomse popular. It offers good
spatial reschition of objects. Only a digitl
carneta and special sefbware are needed.

I SYSTEM DESCRIPTION

L1 Previously nsed system

A 6DOF photogmmmetmc  positioning
spstern for measurernent probe is described
in paper ['].  Photogrammetric softwsare
locates object's relevant spatinl  points
snalyzing ordinery digital photes  taken
from object of interest. Comnecting those
p-oinl:! with limes  andlor  surfaces &
photorealistic tnodel  suitmble for mest
CAD-programs could ke built. Coded
targets placed om the sceme before taking
smapshot is used to belp sutomation of the
process and improving reschition. Careera
stations  exact  spatial  positon  and
orientation in each image file is reeded for
calculatioms. This fact could be vsed o
detertnine messurement probes positon.
Conmecting carnera and prche
Tua-:-h.mica"}- maloes lather’s p-osil:icrn alsn
fixed ['] Relevant components of the
spstern together with related coondinate
spstern are shown on fig 1.

In many cases measurement probe s
comnected o ifs contral  unit  using
propretary  protocols andior  conpection
scheres  thus malriug aubom.:tica"}-
binding messmrenent results and snapehor
files (for SDOF photogrammetry) difficult.

APPENDIX 5 CONTINUES

ek | ‘l?'\\_‘_‘ll

X YW, &, o, o K

Fig 1. Components of a & DOF  photo-
grammetric syster [']

Madem semsors possess  digital  outpat
making conrectiors hetween prabe and
camem more universal.

Main drawback of the systern is absence
af inflexible associaton between snapshors
taken from the ol:je-:-t ard measurernent
mesults ntroducing  possibality of human
ermors. In case of outdoor measmements
geographic ceordinates of measurernent
place are also relevant. GPE can be used to
determine mesmrement areas coordinates
roughly vsing photcgrammey values for
high-resclution positioning.

2 Improved system

Main idea of the improved &DOF
pesitioning spstem & combining  high
accuracy of photegrammetric positoning
and globality of the GPS system with
autornated sy'n:-hm'n'izing of measurement
results read from probe with comesponding
image files. In order to accomplish abeorve
described  tasks, a  relatively  simaple
controller b been J.mign-ed and built (see
fig. 2} The device plugs in cornera’s
memory card slot. CF-card itself goes nbo
controller’s cormector. Desenbed approach
lets comtraller listen to commumication
between camera and merory card and
makes mtercepting  the card and
readingfwniting data to it possible. For cut-
desor measurements geographic coordinates
af experiment’s place are often needed.
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Fig. 2. Comtroller board

To provide them comtroller board equipped
with a small OEM-GPE engine  buile
around mew SicfStr I chipset featuring
low  power consumption and  excellant
senstviy.

A srnall mformation display and keyhoard
enahles user configure the experiment. For
example one can chaose to save measured
data mto image file's EXIF-dat porton. In
case of only one numerical result per image
the result could also be added to image-
file's mame. Configuration screen also
minkes possible chocsing different fields o
be saved from GPS-engne's dat stream,
The controller has cme SPl-port and ooe
standard RS232 port to read mesmarement
data from wvanous sersom or measuring
devices (se= Fig. 3).
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Fig. 3. Controller's bleck-diagmm.

Measunng process is controlled and all
necessary conversions are carmed out by
firnware Tunning on & standard off-shelf
microcontroller mnanufactured by
Microchip.  This microprocessar  was
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chosen due to its low power comsumption
and rich set of co-chip peripherals.

Control  code  alsa hondles  storing
measurement data b camem's compact
flash card.  Standard file opemtions and
lemyg file narnes are supsporked.
Measurement c_w-|e & mitated I:I_'.r ymsuin,g,
camen's In,g,gu'r It then takes a snapuhot
and stores image to memory card. This
event is recogrized and monitored by
circuits controller chip. Right after camera
has finihed wnting operations, controller
pulls cameras Card Detect line high
arder to get comirol of the card. Accerding
to experiment configuration it then saves
geographical coordmates  recemved  form
GPS engine to image file or, if configured
accordingly, o a sepamte file. Mext step
invelves communicating with measurement
sensons) and reading their results which
will be saved mexct to geagraphic data.
Diescribed process mkes no longer than 1
second  after  which memory card &
released for camera contol again.

1.3 Dara processing

Result of measuremnents & a set of mage
files contiring rumerical valueis) of data
fram pmb-aI:s]. Mentoned values am stomed
in exif-data area of image fikes (or added 1o
the filmame). Possible GP3 data is stored
hkewise. Mext step inclades processing all
image files in crder to moognize coded
targets and find camern smtions. For this
putposes we use comrmercially  availahble
software “Photcbdodeler  Pro. This
sofbware & designed mainly for creating
D models of real world ohjects and for
'imapa hemed measurements [|-eugt|1] baat
suits  well  far  our application.
“PhotcModeler™ combines the image data
and  locates coded mmgets  in three
dimensions. At the sume tme sofbware
calculates image lecation (xi ¥, =) and
spatial onentation (Euler angles 170000
for all camera posihiors. *“Photornodeler™
uses right hand cocrdinate spstem. To
achieve good progect quality one roust take
care that all targets are well binded
together. For  that reason  addibional
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photographes must be ken from different
directions to catch more trgets to ome
picture and to guamntes geod overlapping
of  takem  pictures. Unforhanabely
experiments show that some targets e not
located well encugh by softeare ond we
must marually comect dat processing
routines or delete some poorly defined
cameta stations. Data processing resultis a
table with image filenames. camera
staticns cocrdinates and onentations with
some quality pammeters - number of
reference pomts, largest and RMS residual
ipinels). To find romton mamx  snd
tramsition wector for tmnsforming image
coordinabes bo sensor coordinabes we are
using  photogranmetric method described
in artcle [']. An Excel worksheet is
composed to help autemated caleulation of
ceordinates and  spatial onentatons of
sensors. Previously we st define sersor
ceordinate sysem. If results of material
properties measutements are stored inbo
wnage filenarne, then location nfomustion
snd measured vahies are i the sane Excel
table. For reading Exaf additional softaare
is needed. Results are exportable o CAD
programs  for  vimwslizing  or  further
processing.

3 SAMPLE APFLICATIONS

3.1 Maisture contents measuarements
Using described method in measuring
moisture contents of materials has no
principal restnctions except the fact that
mesmring  probe should  not ke
sigmificantly smaller than camern used for
snapuhoh

First application example is 30 mapping of
moisture content  of  materials  under
imvestigation  with  aquameter  using
microwave  reflections from water
mokeculs. Industrial probe “east 2007
nflexibly attmched to camern & directly
comected o controller  board  (PMoist
200's" mative control unit was expelled
from described setap).

A . Canon PowerShat A95 camera was
used for shootng images due to i's “vary

APPENDIX 5 CONTINUES

angle'” screen. Since the 30 cm range
moishare sensor uses polanzed microwace
mdiation, it is essential o detenmine
prebe's spatial onentaton. For example if
the tested somplelohject has o fibrous
structure, results depend much of sensor's
rottion angle sround s longitudinal axes.
Diescribed effect is clearly visible when
measunng, for example, nwcisture of paper.
Camem's  flmble  viewfinder  grves
opszmtor corvenient control over the sceme.
For testing spstemn  pessibilities  and
accurncy we placed objects with known
geometry into a 30 test-field (see fig. 4).
Accumcy  and  repeatability  of  probes
calculated coordinates X, Y, Zp wes
better then 1 ror for majority of messuring
ymuls Some  points  however had a
positioning emwor even ss large as 1 cm.
#malysis of results showed that reason for
pesitioning errors was too small number of
coded  trgets  in camem's  wiew.
Expenments pointed cut that ot least 7.8
well lecated targets are needed for accurate
ymiﬁouiug, Tangeis should not be pboed.
ten close to each other. Spatial onentstion

uncertainty  was  estimated  indirectly
knowing  camera's viewing  area  and
uncertminty  of target's  posihoning.

Estimated umeertainty was approsimate by
one minute for given camem. Far modsture
conbent mesmrements tis reaalt s very
good — moistire sersors  measurement
volume reaches up to 40 Liters,
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Further improving of positioning accuracy
is possible by using cameras with higher
resalution. Positioning accumcy up o 0.1
mwmm for 3 m cibje-:-l: {acoumcy LR00na)
could ke reached with 11 mega-pinel
camems [*]. Retroereflective tangets could
be wsed o improve comtmst of targets
located far sway from canvera. In described
test GPS daty was not needed. In meal life

st combent rneamrements
geographical coordinates could be very
Irnportamt, Ohtaining ge ographical

coordinates of sensor locations from GPS
mnd then using photegrmmetric neethod
for determnining  coordmates  of
mesamement points i bocal coondmate
spstern, makes caleulabion of onentabon of
local  coordinale  system  relative o
geographical ceordinates possible. Resulis
positiored as described could ke entered
nto sorme bigger geographical mfomation
system (GIS). For examiple cne could shome
moisture content measurerments mesuls of
some building's walls in Google Earth-lke
3D map.

3 Camma mapping

In envircmmenta] research like o feld-
memsurements of gamma radistion, it is
usually encugh to  have geogmphic
coordinates of meamrement p|ace[s]. In
case of finding object that requires farther
exploration, probably with better spatial
resalution,  abowe  described  photo-
grammetric posiboning system is used. Co-
suthor of present thesis uses sioilar ciroumt
and working prnciple to record ganma
radiation o a p-DctaHa AUONOTTHOUE ZATITA
spectometer called “Ganmomapper™ (see
fig.5). In this device amplinade of pulses
cutput by CsliTl) gamma sensor  is
comstamtly measured and results ave written
to memnory card. Additicnally geogrophic
coordimates of meamumement place together
with arnbient ternperature are saved to the
same file. Cornputer saftaare displays path
(if expenment was camed out not in ore
place) smd scquired gomma spectra (see
ﬁg. &l
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Fig. 5. A ghmpse to the “m=ide™
Carmmamappet.

Improved version of the device enables
opemtor b view soquired spectra and
geographic map of the experiment nght on
instrurnents  LCT) screen. Sewveral other
options  like  elementary  analysis  of
acquired spectra and improved grophical
user  interface  are  implemented. A
comTmmeation Ptk for mu'nu-l:iug L=
ahove described SDOF  photogrammetric
pesitioning spstemy has been added. Since
spatial ocriemtsbon of gamma probe =
usually not wery important, system is even
more simpl thon the ore 0 modsture
measurement  example.  Properhes  of
“Gammamapper” were more  thoroughly
discussed in CISSE 2007 conference [

window  of
mapper's”  software shows path where
measurements were comed cut and a

Fig. 6.  Mam “Camra-

spectn omalysis  window  displaying
{lnckilyt) only usual back ground mdiation.
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4. FUTURE DEVELOPMENTS

Universality of conmecting different parts
of described systern should be imiproved.
Widely used USE pont and Bluetcath
dewices could help solving the problem.
Using a coreem with built-in GPS engine
or mobile phone with camera should be a
p-e'r:p-ectiw saluticm.

A software J.we|op'ruent kit (SDE) based
open-source operating systemn Android [
has been developed by Google. This SDE
is specially designed for development of
saftaare For mobile systems

Freely available project called Android
could ease  Further J.m-dop'rua'nt af
posiboning systern described in present
thesis.

Using Eluetooth-enabled sersors makes
spnchronizing rneasurernent results, geo-
coordinates from GPS-engine snd image
files from camem pessible with software

only.
S COMNCLUSIeN

Existing systerns  binding  geographic
ceordinates form GPS engioe with local
coordinate  systern used for measuring
pammeters of objects are either expensive
(mach as towml siation) or lack positioning
accumcy (e.g. various ulrasonic devices).
Use of those sysbems may be resticted in
case of limited space or chjects with
complex  shape. Usually  niessmarement
probe's spatial oremtation can mot be
determined.

Proposed in present thesis solution which
combires  diginl camers, nessmrement
probe and GPS recerver in ome mshament
enahbles mapping of measurement results in
3D-space with high accuracy. At the e
tme it requiees only smplk  widely
available e ares. Omientation af
messrenient probe is alsc determined.

An important  mprovement s saving
results of measurermnents and p-cuiticrn'i'ng
information i cme file thus leaving no
room for Inamem ermors.

APPENDIX 5 CONTINUES

Flexibility of photogrammemc method
makes mno  constrmimts  bo TN of
experimment provided the coded tngers hunve
suitable dimensions. Size of digital camera
could be important in some cases.

Results of measurernents can easily be
exported to CAD-progmms.
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Spatinl coordinibm of nmsumment sewon s swded o
wiap meassrsnent relts One sletion Tor delsrmising
coardinates i photogrammetric method usag o cell phoss
with geod mechiion digitl samer rigdly atmched 1o
scnsar. Phatug, ric sofiwars cakalate
enardinaizs ard patial srientation of o) from ke
photagraphs. [n order io achior pocd sccemey and
automation coded mrpsts ars asd.

Sinndard olf-ahed lcomponesis that are rdilg arvailabls
wsmrky in svery slicirosic stors sre ward in described ryasn
in arder tn g imphaemision of propsd necked and
reduce  cain. By and nmin anit el pho) talk o axch
other vin Blastooth radio link Acquirsd messuremsnt
raaulin am binded o memnramen poit's coordinaiss and

conM b proseased latsr with varioes CAT program.

L. Introduction

Detzmining exact coordinabes of experiment: place when
measwing properties of materials is always a Gddly bt
necessary  addifional job. I a simple cass, when
Mmeaswement sensors spatial orieniation is noi important,
coordinates of sznsor could be deiermined with several
altermative ways liks various riangulition methods, by
measwring rignal propagation time from reference signal
rources ete. [n mor: complex silabions orientmtion of
measwement sensor must be accounbed. 1t is the case of
serpors using polarized madisfion or when properties of
inbzrest shoukd be memsured from cenimin dirsction anly.

Coondinaies of the least threz poinis rzlaved 1o sensor
must be given with high sccumcy o determine sensors

ial onentation Uncerainty of coordinalzs muwt be
synificanily smaller than disance beiwesn mentionsd
poinis, Therefore we nesded ke mnimum four reference
poinis md three poinis assocdaied with sznsor o build up
& DOF positioning system Commonly all those points ane
mare or e complicabed slecironic devicss which mmt
work ingether. Muin drowhack of deseribed spstem is
spatial szparation of ils sctive component.

one poseible solubion i deierminng messwrement
serpors  poskion  and  spafial | onenbsfion  wih
photogrammziric method like dezscribed in authors earkier
Papers.

In that care passive coded treeiz would bz refzrznce
poinis and pixels on the image sensor of diginl cmera,

attached 1o sensor oould be uszd as points associated with
mELurzmenl 520500

Soltions fond earlier researching implemenitions
of described sysem were nol universal snough [1]. [2],
131

Zolition proposed @ pre:ent thesis uzing Blustoath
radic Ik for bty
sensors and  system’s main uni, mokes the ADOF
photogrammetric  posifioning  spstem more  flexible.
Sensar: wih buili-in Bluetcoth mdio are akesdy in
production Using such offshel devices makes sysem
even simpler allowing intreduction of new sensors 1o
system with programmatic means only.

L 6D posidening system

PFropossd €D0F posilioning system consisis of a mobile
device e quipped with digial camera (2.g cell phone) thai
is attsched fimly 1o m=asurement sensor, coded fargsis
primied on and sofiware ize2 Fig.1.).

To elimingiz the nesd of connscting wires and
I)m.u'hlr problems arising of corroded contmcis Blustooth
ink is wed for communication betwezen sensor and the
cell phone. User muwt only guaranbze thai camera and
sensor ar: securzly atmched.

¥ rT- ‘,"-T

Mo Yo I, B K

e

Fig.1. BMain componenis of o & DOF positioning sysizm
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Coded fargeis in cameras fied of view oe
photographed and comesponding sensors coordinabes (3.
¥ &) md Euler angles g &, x; for detemining
orienation in user dzfined coordinabe sysiem (X, ¥, &)
are cakulaiel in each measurement point. Measurement
resulis ars srved i camera's image file o assre thae
reaulis mnd coordnabes are n gocd corraspondeznce and
alsa b ease later processing of resuks

Anahysiz of remlis s caried ot with a
photogrammeiric scdiware “Photomodzler Pro™ minning
on an ordinary BT,

e -
! | ' |
: 1| smemsor : 1
1 1 i [
[—— [P—
_""-}u AT
! ﬁ L
A
S - e ] i
L i ! 1
I 1 SF1 I | P er
| y || imerface | | umif
! 1 ! I

g 0

Bluetooth '
el I

cell phane with | digital
Elsetoath camera

ir

phiogrammelsic software on PC

Fig.2. Block-diagram of Bleicoth photogrammetric
positioning xysiem
# cell phone with digital cimera is used @ sysim's
ceniral mit Modern mobile phones have powerful

APPENDIX 6 CONTINUES

procestors, are equipped with Blusiocth miio and digital

Imag e sensore with resclutions up o 10 megapixels. Such

camen could be swily calibraizd ibe comect geometrical

disiortions on the digiml mag: caus:d by optical and

elzctrical parts of the camera) and used @ shori range

E::u rammery [4] Rzcent models of cell phones also
arge enough memory devioes fo stons images.

Majority of sensors sl lack  the  ability o
mmmuniciiz s Bluswoth  Therefore o sepambe
conircller unit must be bailt to maks use of such sensors.
Conraller must b miversal snough o scoommedats as
much as possible existing (oosily ) sensors.

In order 1o accomplish above described tasks, a
relatively simple yet versatile and powerful conroller has
bzen dzsigned and buili(se: Fig 2 and 3.3

Design wmr lead of concept that in  minimum
onfiguration  circuk  musl  guamnize  some  baio
funciicmality cnly includinF communication wih semsor
and mainhining Bluetooth fink with main umit.

Laber improvemeni: should inclode diginl image
sensor and GPS engne thus giving sensar siation ahility
for sond-alne dzlermining of position using above
described methed and operation as well Firsi profotype of
conircller uses of a Blustcoth module for radio link.
This small oA -module i buik sround Emricts produoci
Featuring rzlatively low power consumption and excellzni
sensitivity. Contmoller “szes” Bluztooth engin: as a
modem that coul be conirollsd by means of a dedicaizd
set of AT-commands. Communication gpeed is selscinble
wizlding high baud raies up to 8&1 kbps.

Blectooth mudale

microcontroller

ey Gard

VRH sensar
opfional camern module

Fig 3. Protoiype sznsor mit with Blustcoth comm's Ink
and humidity semsor

Controller has i own migque “network™ address.

4 small information screen displaying sensors cumeni
activiies is ncluded bo the crouit. If not nesded, it could
bz rzplaced by a LED indicaior or omited from the
cireuil.

The coniroller has one SFl-port mnd one standard
FS5232 port for iterficing to vanous semsom or
mzuring devices (s2e Fig. 2.
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In authors setup the AU channd is wed for
comecling @ RF - humidily sensor “doist 2007 for
experimenis like describzd in paper |IL].

10 channzls of FIC microconinol ler's built-in analog bo
digital comverter arz availablz for senzon: with amlog
outpul only. The converter has 10 bit resolotion. Cne
channz| i wsed bo monitor unik's power sopply. Warning
i 1enk bo main it in case batlery nesds replacsment.

Zinoe nearly every sxperimeni usss aimcepheric daia
likz amhient temperaurs and passibly lumidity, 2 simple
temperaiore- and homidity semor from Sensirion @
included to cirzuil.

Sinos processar has the abiliy to reconfigure it pine
far digital 10, co-suthor of the paper imlzrfaced the system
to his portable gamma  sproiromeier - datalogesr
“Gammamapper. Zinc: spatial orisnilion is not very
important  in envionmeniml  gamma mdiation
measwement:, poskion fix Tom GPS engine is adusted
with photogrammetric method only if needed (if naiure of
fond  ohjsct  Tequires more  exact  positionngl
“Gammamapper” can cipher resulis on the fly and siore
them on a gandird memory crd.  This introment i
described in greater detail in paper 2] (=22 Figd.L

Fig.d. On the photo: new prolotype of “Gammamapper
partly wsemhled

Passible extensions like image seroor and GPS enging
arz shown on Fig 2. with dashed linzs. They ars present n
the cirouit but are not yet implemenied in firsi projoiype
wETSION.

mdemuring process ix controlled and uplink © main
unit is maintainzd by firmmwar: rnning on a sandard ofF
shelf microconiroller manufactored by Microchip. Thix
microprocessor wir chosen due b0 i low  power
coreumption and rich set of cn-chip peripharal.

Firmwarz is wrillen entirzly i wsembly languags to
improve speed of opemtions

Contml code also handles soring measirement daia to
conboard Flash memory if the device is set for Jong fime
measwements when radic lick to main wit s not
ancassible.

APPENDIX 6 CONTINUES

Control softwars rnning on main wi (cel phone in
oW protoiype system) establishes connection with all
sensors and configures them for the speriment. It is
peasible to st every mezsurement cycle by command
from main unit bui seeor could abo be configured 1o
inifiste  measuring ol predetemmined time and  for
determinzd period or mmber of cycles. Delays beiwesn
each cycle and various other parameters of sensor could
alzo be 5=l via network

A Blusiooth remctz conirol iz incorparsied 1o the
sysiem bo improve ergonomic: and convenience of
miELsurEmeEnis.

1t should bz noted that snother simpl: mean of 10
poattioning exisis

A large variety of cell phone models are available.
Many have builkin sensors (2. thermometer, somd level
mezier, etc). Usually spatfial onzntation of those sersors is
not i':l‘;:lnart s limiting to 3D postioning ooly is
justifi

Using phone's build in semor is smighiforward. One
should only taks 1 snapshot of =ach measwrement paini
taking care that there wre enough mded bresis in view.
Binding imags files to s2nsors readings could be done in
numeroie ways, even with il and piece of mper.

Photogrammetric softwars can generaiz a 3D map of
sensors readings using capiured imags fil=s

Toking a smapshot of measurement plic: & 1 good
idza even i cas: oo ooded targsis are wvailable.

For sxample, if a nscesky arisss o measwe noie
peliution with a Mokia 5140 cell phone, one should caly
take a phoio and write down noie level. Fhotcgrammetric
mzthods allow d ining sznsors coordinates amalyzing
inatural) objects on the scene. Acurcy of mondinates is
not 50 brilliant in this sz, Coordinales detzmined by
cenires of codsd frgets coul be auiomatically caloulaizd
with acoumoy of 0.1 pixels whersas accuracy of marks
mads by user can not be determined with betier accuracy
than 1.2 picels.

A First results
Paositioning sysiem was fested on izsi fizld that was made
of different kind of objects with wellknown gzometry. It
helped monducting accumbe direct measurements of semor
Incations and spatial orienfations. Coordinale sysbem was
marked with conded targets. Under the test were two cell
phones — Sony Ericsson POOO with simple 0.3 megapicel
ViEA camera and  Mokia €238 with more advanced 2
mzgapixz| camera.

Imporiant parameiers for phologrammetric pesitioning
of these oell phones and their cameras wens as foll ows:

Somy Ericsson Paod — FOVy (fidd of view in
horizonial direction) 4257, FLyuzy 44 Smm (focal length
35mm equivalent), pictur: dimensions &40-450 pixels,
exif version 2.1, Bletocih,

wokia 6238 - FOVy 5157, Flag,
1= 1 200 pieels, Exif V2.0, Blusicoth.

35.5mm,
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With both calibmizd cameras (calbmtion mad: by
standand  awomated  routines incuded o sofieare
Fhotomodzler Fro on pictures mken from the calibration
grid) was mads GDOF positioning of the mmem and
measiwing sznsor and compared with directly measured
coordinates by vernier calliper and Laser distance meier.

Far Zony Ericsson P00 the RME residual for
different measuring poinis was betwesn 0,6 .. 1.2 pixels
1t means that for 1 2 m dmemsionl tesi fizld scoumcy @
about 2 o 4 mm. Orientmtion mcsrtsinty was beiier than
@07 deprees.

For Mokia 6222 the B35 residual wme n interval 0,25
to 1 pixel 05 b0 LS mm for 2 m tesi field) and
orieniation uncertainty = 0,047,

Drirect orientation meauramenls were nol mads due bo
ladk of nevessary equipment. The posilioning acoumcy i
not wery good (5 bo 10 times les than theoretically
possiblz)

rumerow rzasone coukd expliin lower than expected
accuracy. Firstly, the quality of marking coded e
mq:\omhas w:bmt I:-e?l.I poasible due ﬁ poar Iit;ﬁin,g
condiions.  Sscondly  cell phones  softwars  uses
propriciary and unknown akiorthms for compressing
pictres which inroduces additional marking errors
Orptical system of tested phones was not very good eio.

Epecial software for the cell phone doss not et exist
in ime of wriling this paper. Dab we transferrsd using
cell phone's own softwarz, 11 means thal measuwrement
aulomation is not yel very good and real measurement
positioning for prdtical purposes i difficull. n near
fulwre we plan to wee the *Android ™ cell phone platform
1t is an opzn sowros operating sysbem for mobile devices

with well' developed support for periphenl devices. Finst
zéll phanzs runming “Andraid” should be svailable in this
vear already.

Fig.5. Moisture contznl in differzni poinis of the wall
in percentmgss measwed with mi crowave aquameter
“dois 204

APPENDIX 6 CONTINUES

For an applicition =ampk  photcgmmmericalty
peeitionsd results of moisiure comlenl mensmrzmenis of
thz wall in 5t John's Lutheran Church in Tariu (Tarto
Jami Elirik in Estonian) ore on the figore 5.

4. Conclusions

Firg experimenis demonsirbed the possibility of using
cell phones with digitml camera for phobcgrammetnic
peetioning of the mzmuring semor. Accoracy of resulis
wih even a simple 0,2 megapixe cameras @ poceptable
for many applications. In ordsr o achieve betler
poeiioning acauracy on: mut use a camem with betier
resolution. Using Elusiooth mdio link for communication
bztwezn sznsor and main unk maker possbls seiting up
diffzrznt applications for mapping measurement resulis
wihonl mn;] oonnzcting cables. Rapid development in
sensors archibsciur: makes available big nomber of
sensors with buili-in Blustooth inerface. Using that type
of semary makss possblz limiting 10 using ealy & cell
phone, s=nsor mnd rpecial software for GDOF positioning
of the sensors. For iraditional sensor types o coniroller
deseribed in this paper could be wad
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CEHRMH H IEVME AHAESTOREIME

EpoaaTh Talwep. Coalimcues off mes-

8 TAE®T

MENEE CSCTEATNN BLOSAS Mar¥T STIRINATELE ﬂ'!l:llli.';ﬂ"‘llﬂj. NG ST BLIDanEIeTiE TANLES Kds
ML, DMAIANNLG € WIOKTROMNLMIE AZPOTdE. VYESJANHHE DOIRIOEITT M. TJaronorex WA K TR

THER M MONEG FESARLICRATE EAK a8k,
FACS:

asto CHUp IKCUUPHMUETAILHEIE SRUNBE ILTH
NEEOCRERCTICIENDE SpOSEALENE oI Alki=
T MIEET VA EHMA TR MEQDD BpeMciE, Hanpauep, no-
NG CNCETRE © XOPOIDGH PayprIDamumiiil o=
COBROCTRE OT AEREKTA € EINE0S AKTERNDCTRID MO
HET BANEMATE MAEM, 3 UHDINE B EHAMHTENRSO
fonumze speaene. B cayiss oTETHIMCHIA aNcETRi=
HECKGR CETH Baine Cal BENNON0 YREROMETE JHCHEHH-
MPETATOPS O TOM, 41T IKENUPEMEET IPOR0TEaTEH
© NP0 alapiimnre AcTomKa neTamid. o
CEGIRLY HEROTORRIE TYRCTERTEARERIE H IOpOreeTo-
EUED pEGIPLT MOTYT O QIETCILHOM OTCYTCTRER
METLARA BRIETH WS CT[0E, NODSTR0 HMSTE TAKRE AH=
thopsaumr: @ COCTONNEN (BENOMOUATCNLUOIG] BE-
TOTINER TUTANE, & TAXKE IOTYTATE NPTy TIpekTe-
WIS 0 CEOR0M RETANIEENE S10 3ATE0A.

Henp, 4T0 B EAVYAE IECOSPEMENTOR, DpoEan-
HILIX BENPEDLIBNG B TEUEIE QUed, KCNCpHEMEDTas
TOf, KAK MPASHND, HE MIRET HATOATRES BiE BpEua
¥ anmapaTYpeL B aToM cEvian K14t N0 BMETE
BOIMOENOCTE AYMEMSINA JaRTENSINY TapakeTRan
NP, IBETARIROHED [HANDHMES, WE GO}

KOMMYHIEATTHOHHEI
H [MPOTPAMMA

st 13 maEfionor parIpOCTRANINEMT Kalkas
NGk CEOH ARMACTCE ARTENRET — Eille ThAas @O pas
Goraxman uo pagmogamany ¢ete. B Gonsmmscac
DOIIECTES ML MECT EHEIDTCE Takke Wisd iwyemyrm.

Erogrse, meped Sored PRcNpOCTRAN: EHRTR Kas
pazom apaactTer GSM-cem Miooassys obe corm,
SILT IOV EM KallaX TR © 0'emL BonLmmns pamis
woo [EBETRAA. O DenaenasT CEanTs 34 AR fiH-
SDETON, NDOBoAHsL & TabupeTopeEn (2 Takme 3a
OPYTHME FOTROACTIAMN, IYRIAISIEMECE 3 [ECTalls

EAHAIL

UMOUISOM YIS AENGEIIL], I EIMCHETL §10 X0S IpasTi-
AECER OTORCINOY.

ClschIRacun: HILES ¥TpolrTsn oTeic&nRasT
cocToAme 50 B aXogos, NoqoociEncumL, Danpie
MER, K Taf0paTaRHRI MEAGI[6M, RITOURKAM TORA
u 7.3 CorTosnse SLIXDIOE YETPOSETED MOEND TAK-
W MIMETETL IEcTammenme. E onyiae nepfyonmens
ETH B eAeMy MOEES DalaReTh 19 IRYE AHENaTakEE

BN, cofpamiLix, HANPUMED. Ha MHEDOCEOME
MAXSTE (armapaTEs kekne Bankie, O TRorphsie

vin MOETCH R T Boka TONREO ke KRIXETE )

Grarofapd oTHOCHTEILED CTON CXERED, o=
AR IS ARG VETPORCTRE B IPEICTARIRET TR IE0-
&Tuik

CImees EEMMYHEAE FETpOHCTRG
copmune TR wepos alfsrmsd O0M-nopT sacrane-
ik oamnioTepme. [lpa TN DT MO
NAEEATE Bpechparararens USE-COM

VOpasTANNsiA NpOrpAMEE B KOMILKITERE lit=
TMECERIEAG COEFAT Bk RENTAMT JOTHORITRA M £00 0=
sroanuce Bet mucscmua VUNTEBAMITEA,. H OpPE HE-
oExoENMOCTE NocLIaeTeR confmeme 06 asapum.

Herge{ib YeTpOiiTes MeEnG s Ipel pasMapesaTh
i DEpSEOIISINE TR DOMOIE TIEMERD YIPLIEL-
Tl ORCTEAMME! (e LD cOBRITIR B NERR); EME MOXK=
HE VIPASALETE BYEVES KN UPE USMGOIN KGramg,
NECLITACMEIX I8 30EKTRONI0E NATE.

Jind MoK EoMaEl MOEBO (0fiaTh OTHEAR-
HLIE MOCITORAIH EIped, N NOEOSNT B VIS M=
mEiLE nedTaakid gnpec nonkiokaTend. Ilporpands
PECBCTRHPYET BOE DOAVIEHENE NpEKate, Trofu 5o
IAXTAMOATE DOUTCELIN AISHE, NOCTE ILDIDENCIE
ECMAHT] CHlIE[RATE: BN RNEETRIHHRIE NHCRMA CTH-
PANITER. FEETROERLE  Goofmpss
TNpOTpEMMG BE TROTAET, BREMOTIEICTIE TOTRKS MRl=
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V. Sinivee. Simple yet efficient NMEA sentence generator for testing
GPS reception firmware and hardware.
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Simple yet efficient NMEA sentence generator for
testing GPS reception firmware and hardware,

V. Sinives MSc
Deparimest af Pleesics
Tallien University of Techraloge
Ehbligiate tee §

19088 Talling, Exionla

Eepwords: GPE, binding data fo peographic cooraingies, posilioning, speciromeder, NMEA, SRFSiar, tent pattern, tent

sequences peneraior, fesiing, DUT

Absraci- A smple device for genernting MMEA sequences for
tsting embedded CFS receplon firmware ond herdwore Is
described. Device can work In standalone mode and olsa In
conjunction with control seftware. Configuration pregram can be
used to generate test strings withoul tester harcware as well.

1. INTRODUCTION

It is often desireabls to bind measured (field-) data with
eact time and coordinates, egpevially in handheld mohile
emvirnmental instnaments. Geographic dat is wsmally obtained
from a GP3-receiver. Modern GPE engines have Jotz of
atfractive features: they are small and economic, output data
could be read easily. Due to minute power consumption wse of
such recsiver in battery powsred apparahas is justified.

GPE is very useful mean of posifioning in 4 simple case
when measurement sensors spatial crizntation is net iportant.

Casee exist where 3 coordinates are not enough to guarantze
nesded accuracy and repeatahility of measurements. A geod
example is measuring moisture contents of various maberialks.
Since the 30 cm range meistere sensor of | Moeist 2000
instrument uses polarized microwave radiation, it is sssential fo
defermins  prebe's  spatial  crientation,  If  the  tested
samplelobject bas a fibrous siructure, results depend much of
sensor's rolation angle arcund its longitudinal axes, Described
effectis clearky visible when measuring, for exampls, moistiene
of paper. For such cases a mare precise 6-DOF positioning
sysbem like described in [6] conld be used.

Author of present thesis wsed GPE engine 1o bind speciral
data from an ewperimental portabl: gamma speciromster-
datalegger GammaMapper® with geographic coordinates. In
this device coordinatzs from the GP5 receiver are stored
iogether with every presst amount of pamma events thus
allowing the experimenter build radiation maps of hisher
evervday snvironment [3].

Data from a standard GP3.receiver is output in form of
various so-called MMEA sentences. In KMEA mode daa is
presented as a stream of ASCH characters. & SIRF-Star”
binary format also exiss.

Receiver's cutput stream combines lot of informaticn
divided into different protocols. Device description is usualby
also transmitted on engine powerdap.
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On start-up or in poor visihility acquired coondinates could
be net wvalid. For example in protocel BGPRMC
{Recommendesd minimum specific GPS Transit data) a special
character - letter V' or 'A' indicates fitness of data. More
information about protocols wsed in GF5 dan transactions and
their meanings could be obtained from [1,5,8].

Fart of designing process of state-ofeart instniments with
srmhedded GPS engine emvolves writing routines for decoding
receivers oufput siream. For testing those roulines cne must
have some kind of test data source. Unfortunately GPS dam is
usually not available indeors,

Anather problem is simulating validity of data and srroneous
streamn reception. Good firmware must be able to handle errore
ccurred due to poor signal level, problems in link between GPS
sngne and main processor of instnament under test | profocel
and hardware errars) 2tz Using data output by standard GP3-
recefver aven with many satelites in visw dees not offer means
for tasting all mentioned situations.

MNumerous excellsnt programe  have besn written for
decoding NMEA and binary messages of GPE recefvers,

Thers are nol so mamy reverse comverters i, programs
simulating a GPS receiver. JGPESIMUTLY [9] & a poed
freeware (Miday tral version) NMEA sentznce simmulaier that
could prove to be prachical in many cases. Unfortunateby it
{like multiple other programs auther could find)  simulates
cnly coresct and only MMEA sentences,

In some sitaations a stand-alens configurable (low-power)
test generalor with a wide range of supply vollage and
possibility to simulate errors is more preferrable.

Present thesis describes a prototyps GPS data simulator
designed and buili in Depariment of Physics of Tallinn
University of Technology. Fimt wemion of the device was
limited 1o generating onty one WMEA message and enabled
simulation of communication sroors (see fig.d.). Laber versions
were developed to a more universal device with control via a
GUT running on an ordinary PC.

11. SIMULATOR HARD'WARE



Fimt solution of described problem was writing a simnple
firmwars for a low-cost and readily available microcontroller
generating cnby needed MMEA sentences (s22 fig.1.).

'ﬂ.’
‘@

Fom PC
| |

s
%, output

K |. OFS simuktars hlack-disgnm | —cpiiosal USE or RE112 intecfuce,
2 — micrezcaiecller, 3 caniral butions, 4 — opticnal sdjoriskle pewse mipply.

Core of the circuait is a small micreconemller (25 Twao
medifications of the output dam siream were mads available
via jumper‘pushbutton (3) seitings: simulation of a ..position
not valid® flag and erroneous sentemce (one that was
prematurel ¥ trrminated).

Optionally an adjustable power supply (4) could be added to
circuit for using it with processore with a non 5V supphy
woltage.

Far configuration the board must be connected to a PC via
ISR or s=rial interface (1),

Fig. . Teni seqmncan goenices aketrical siei.

Prototype of the GPE testzr was built on Microchip's popular
PIC series processor [4] due to it's awailabilicy, low powsr
consumplion, wide rangs of supply voltages and also due to
aithor's experience in wriling software for them.

Heart of the simulator is [T {see fg.2)). Microcontrallze
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generates all needed test profocols. Data is outpae from a bit.
banged serial port [ 7] wia pin GPO.

Above mentioned jumpers wers replacsd in present version
with butions. Extemal pull-up resistoms wene not used since PIC
micro contreller can ke configured to use internal pull-ups.

Capacitor C1 is a siandard mean of suppressing noise
ernerated more or less in all digital circuits.

Transistor 0] fogether with BL and B2 form a level shifter
cireuit 1o connect the device with a PC via standard seial port.
If the device will be uzed in standalone mode only, mentionesd
components except resistor B2 may be omited.

Zince PICIZFEEE used in described circuit lacks int=mal
USART, reception of contrel commands is realized wia a “hit-
bang" softears serial port [7] wodking at a fixed baud rate of
4300 k4.

A standard USE port is a very convenient and handy mean
for powering the device and communicating with PC since
serial ports are nearhy extinet. One could use an off-shelf USE
to RE212 converter together with a MAX232 level shifter [C or
buaild one en oa special chip - FT2EIRL manufactured by
FIDkhip [10].

Powering the PIC microcontroller form a separate adjustable
aipply allows using the tester circuit for debugging handware

waltage regulator (net shewn on circuit) could be used For this
purpase.

Full digital comirol of devices feafures might include
adpmsting supply wollage, A BMANSIE digital to analog
converter s suitable for this  purpese since the FPIC
microcantroller operates in nancwalt power mede,

The V& chip could get it's instructions form PIC
microconirollers cutputs dedicared normally to switches (since
contrel commands and button press events wadally do not ocour
simulianeosushy) or a controller with differsnt 180 count could
bz uzad.

Author of present thesis implemented 'C comirel of the D-
to-4 chip using memioned switch outputs (G0 and GF1 on
figure Z)

PIC -microcontrollers int=mal brown-oul conirol's woleags
threshold should be set below mininmwm operational woltags in
that cass {30V iz recomendsd i

Figure 4 showing the control program does not vet reveal
possibility of supply voltage contral of the board.

L. SMUTLATOR FIRMWARE

Main work mode of the GPS simulator described in presem
thesis is a standalone mede without control from PO. At first
sart there will be no saved test sequences in device's
EEFROMmemory. Therefors the device defaulis 1o emmilating
only a correct “BGPRMUCT sentence every second.
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Fig. }. Tewt seqmnzan geoarsicr’s wark Hew.

Pressing button 1 sets flag “position not fixed™ in cutput
message and pressing bution 2 terminales next message
prematurely.  Normal messages will be generated if both
buttons are relzased (see fig.d

High-speed operation and compact code of the device is
achiewved by using assembly programming language.

IV, CONTROL G

In order o maks described dewvice more universal. major
changes wers made io it's firmwar: and a small contral
Program was writlen.

Figume.3 shows wility's working screen. This program uses
Windows platform and allows sending  differsnt NME&
protoccels to the simulater micro comtroller. One can select
nurmber of simultanzcusly generated differsnt sentences. Also
a device [0 could be sent on sartup. Since it differs from
ordinary data gream, it could cause crashing of firmware of the
device under test. Device 1D could be of arbitrary length and
cantents.

Pausz  between
canfigurable,

emifting  different  protoccls & also
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Fig. 4. Main sereen of conirel wiliy.

Bandrate of the GPS-engine simulated is selectable hatwean
4500 bd up to 115200 bd. Other parametars of communication
part could be configursd as well.

Comeral GUI lets user define differsnt acticns undertaksn on
button press event on the simulater board. & cioms could be
selecied form a dropedown list. Both butions could be
configursd separately.

Selecticons ars:

sending selected standard protocod,

switching output of f or om again,
simulating ewor in communication,

changing port spesd {simmulation of error case)
sending a device 1D e,

It muast b2 noted that user composed messages or device [D-s
could be sent to DUT form the “Output™ text boo, IF thers is a
message in text hox, corresponding option appears to all
melevant drop-down selection lisis.

Fresty composable nessages make the device maore
universal not limiting it's use to the field of GPS systems only.

Comm's options menn conirols connecting the simulater
baard to PC. Simulators own inpue baud rate is fixed o 4800
bd due to lack of resources for auichauding in wsed
MiCPOprocessor.

Burton *download to PICT sends configuration data to the
simulator board where it is saved to comirollers on-chip
EEFROM memary. Seitings are applisd immediately for the
next message generated.

For users having no resources to build described simularer
baard, option of genemaling test strings straight from PC's own
comm port was added to the GUI code,



W, COMCLUSIMN

Described in pressnt thesis simple GP5 signale simulator
proved to be practical and useful. It has already saved auhor
hours of debugging time in writing firmware for his partable
spectrometzr, the “Cammabdapper”™ [3]. This was 2specially
true while debugging the device described in [2].

Thue to very compact hardware the device could be useful o
other programmers working in field of insiruments malking use
of embedded GPS engines.

In order to improve precision of timing of ouipul ke string a
crysial resonator could be added to the circuit.

Author plans to wirite a newt firmware wersion which
supports S[RF binary format messages as well.

Custom messages typed into the cutput box enables using
the device a5 1 universal test pattern gensrator not limiting o
GF'S applications anly.

Parameters of described GPE-simwlator's beard are as
follows:

= power consurnpiion: 0,8 IOAG W

= power supphy range: 2,755V

= ouiput port speed: 43001 15200 bd;

= output format: NMEA;

= standard NMEA sentences simulabed (in present fimmwane
versiont SGPGGA. SGPRMC, EGPGLL, SGPGRT,
SGPEMB, BGFFDA;

= option of custom messages;

= option of simulating emrors in output stream;

- EGEIIEELI.I.'!.I]LE wia control program mnming on an ordinary
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APPENDIX 8 CONTINUES

Fig 5. Finni protobype <f ihe siowleiar boand.
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