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Abstract— This paper reports the state of works in 
the development of a wireless, low-cost, inertial-
georeferencial system, designed to evaluate the 
obtainable performance in aerial photogrammetry 
direct georeferencing applications. It integrates an 
advanced tri-axial inertial sensor with a GPS and a 
wireless module. A low-cost camera has been also 
interfaced. The information management is carried 
out by two 8bit microcontrollers; synchronization, 
data handling  and communication between them 
and the functional blocks is managed in order to 
optimize the data transmission throughput. In 
building the prototype, particular effort has been 
spent to minimize size and weight and to increase 
battery autonomy. A PC interface, allowing for 
parameters control and data logging, completes the 
system. The reported preliminary testing results 
point out the system potentialities and let to foresee a 
wide field of applications. 
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I. INTRODUCTION 
Today, in several application fields, it is more 

and more important to real-time monitor the axial 
accelerations, angular rates, position, attitude and 
speed of a moving body. The possibility to do this 
by means of a low-cost, compact, flexible, 
lightweight, highly integrated system is not present, 
to the best of our knowledge, in the market. 

Aerial photogrammetry was the application that 
we started to consider at the beginning of the work. 
Other applications could be high-resolution 
navigation systems and body motion real-time 
analysis. 

Data acquired from an inertial sensor, also called 
IMU (Inertial Measurement Unit), can be processed 
to track position, orientation and velocity of an 
object, relative to a known starting point: this 
navigation technique is called inertial navigation 
and is used in a wide range of applications [1-5]. 

There are two categories of IMU: gimballed 
systems, in which accelerometers and gyroscopes 
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are mechanically isolated from any external 
rotational motion, and strapdown systems, where 
sensors are rigidly attached to the vehicle. The first 
systems are more accurate but mechanically 
complex and of large size and, hence, high-cost; 
the latter, instead, are small, lightweight and 
potentially low-cost, even if require a more 
complex elaboration. As the cost of computation 
has decreased, strapdown systems, like ours, have 
become the dominant type of INS (Inertial 
Navigation System). 

II. SYSTEM ARCHITECTURE 
The system (Fig. 1) is based on an advanced  

MEMS inertial sensor that includes a tri-axial 
accelerometer and a tri-axial gyroscope; it also 
integrates a GPS module and a wireless ZigBeeTM 
transceiver. 

 

 
Fig. 1  Complete system block diagram. 

It is structured in a pile of 3 printed circuit 
boards (Fig. 2), one of them being the development 
kit board of the inertial sensor, and the other two 
being the power and the main boards. The 
management of data coming from different sensors 
has been optimized, through a packets 
organization, in order to obtain the maximum 
performance from the available data link. As a 



complement to the sensors system, a software 
remote Graphical User Interface (GUI) has been 
developed in order to monitor system operations, 
setting inertial sensor parameters, displaying 
variables evolution, tracking trajectories, logging 
data and shooting photos. 

 

 

Fig. 2  System prototype. 

A. Power Board 
Two rechargeable NiMh AA-type batteries are 

used to supply the system. High efficiency 
switching circuits (MAX756) are used to provide 
both 5V and 3.3V voltage, guaranteeing up to 
400mA load current each and an efficiency of 
about 85% with an input voltage level over 2.2V. 
The battery pack has a nominal capacity of 
2650mAh that is a nominal input energy of about 
6.36Wh. The continuous operation required load 
power has been measured to be about 625mW, thus 
allowing a system autonomy (experimentally 
verified) of about 9 hours.  

B. Main Board 
The Main Board hosts two Atmel ATMega8 

microcontrollers (defined, in the following, only as 
Master and Slave), a Fastrax UP500 GPS module, a 
Maxstream XBee transceiver and interfaces the 
development board of an ADIS16350 inertial 
sensor from Analog Devices. It provides the trigger 
signal for shooting photos by means of a digital 
camera. Main features of these devices are: 

1) ADIS16350: is a highly integrated solution, 
providing calibrated, digital inertial sensing. It 
is constituted by one tri-axial accelerometer, 
one tri-axial gyroscope and one tri-axial 

thermometer for thermal compensation. It 
transfers inertial data with 14 bit resolution (in 
the measurement ranges +/-10g, +/- 300°/s), to 
the output registers, accessible via a 2MHz SPI 
interface, at a maximum sample rate of 
819.2Hz (350Hz bandwidth). The inertial 
sensors are precision aligned across axes, and 
are calibrated for offset and sensitivity. The 
module requires 165mW @ 5V. 

2) UP500: is a low-power (90mW @ 3V) GPS 
receiver module with embedded antenna and 
fix rate up to 5Hz. Communication is based on 
NMEA protocols, via RS232 link up to 
115.2kbps. It supports WAAS/EGNOS 
correction to improve position resolution up to 
about 2m. 

3)  XBee: is a low-power (165mW @ 3.3V) 
2.4GHz transceiver which implements 
ZigBeeTM protocol and has a transmission 
range of about 80m. Transmission and 
reception buffers allow efficient data stream 
packetization, also required to reach the rated 
communication speed because every data 
exchange requires the presence of an about 20 
bytes long header. It is interfaced through 
RS232 protocol up to 115.2kbps. 

The Master is connected to ADIS16350 through 
the SPI interface, to XBee through the USART, to 
the Slave microcontroller through the TWI 
interface and to the camera by means of one I/O 
pin. The Slave is connected only to the UP500 by 
means of USART interface and to the Master as 
said before. An additional signal, implemented 
through I/O pins link, allows the Slave to advise 
the Master that a new GPS answer is ready. 

C. Camera 
We used a low-cost 12,1 Mpixels Canon 

SX200IS camera, with 5 to 60mm lens focus, 12X 
optical zoom and a shutter speed from 1s to 
1/3200s. The firmware has been updated with an 
unofficial version in order to acquire full control of 
the camera functions. In particular, we exploited 
the possibility to remotely shoot photos applying a 
3V pulse to the USB port and to store photos in 
uncompressed format (RAW) instead of JPEG, as 
required for photogrammetry applications. For 
georeferencing each picture, a progressive number, 



corresponding to the file number on the memory 
card, is recorded on the inertial data frame. 

III. SYSTEM OPERATION AND DATA PROTOCOL 
Every system operation is started by host pc by 

means of a remote GUI, as will be explained in 
Section IV. There are three kinds of command 
packets that can be sent to the system:  

1) operation request (GPS/INS data readout, 
photo shooting, offset readout); 

2) configuration setting; 
3) configuration readout. 
The system requirement was to transmit 

synchronized data from inertial sensor, operating at 
100Hz, and GPS module operating at 5Hz. This 
kind of sample rate is important to get a good 
position resolution in trajectory tracking 
calculations. Hence the data stream has to contain 
20 inertial frames plus one GPS frame every 
200ms. 

The inertial data frame is 20 bytes long and 
contains the following fields: supply voltage,  x/y/z 
temperatures, x/y/z angular rates, x/y/z linear 
accelerations. The sensor has to be read by the 
Master every 10ms and this is guaranteed by a 
dedicated timer. 

The most important problem is constituted by the 
verboseness of GPS data: in fact, NMEA sentences 
contain hundreds of bytes. So we have to select 
only the necessary information, otherwise we will 
not be able to reach the specified data rate. 

Because we aren’t interested in all GPS 
information, at the start up the Slave initializes the 
GPS to send only three sentences: 
- GGA: Global Positioning System Fix Data; 
- GSA: GPS DOP and active satellites; 
- VTG: Track Made Good and Ground Speed. 

Moreover, the Slave creams off the received 
sentences and stores in RAM only the information 
to display, as specified in Section IV, i.e. a total of 
72 bytes. 

Even if reduced in this way, the time required to 
send such information is still too high (about 
6.25ms) in order not to compromise the regularity 
of the inertial sensor reading. 

So we decided to divide the GPS answer in 8 
packets of 9 bytes and to send, every 20 ms, two 
inertial frames plus a GPS packet. So, in 200ms, 
we send 8 frames of 51 bytes (frame number, 2 
inertial frames, 1 GPS packet, photo number) and 

last 2 frames of 42 bytes (frame number, 2 inertial 
frames, photo number). 

Data acquired from PC are reconstructed, 
displayed and stored in a text file for further 
elaboration; GPS data are also processed at 
run-time to display the trajectory. The frame 
number is used to identify each frame within a 
second (50 frames/s) and is used for: 

- reconstruction of GPS information; 
- identification of any frame lost in reception. 

Finally, the Photo number allows for the 
association of picture files in the SD card with 
time, position and attitude of the camera. 

IV. REMOTE GUI 
The Remote GUI, developed in C language by 

means of LabWindows© development environment, 
allows the user to manage the system. As we can 
see in Fig. 3 we have three graphical panels, one at 
the top and two at the bottom of figure, to display 
respectively GPS trajectory, angular velocity and 
linear acceleration. 

 

 
Fig. 3  Remote GUI. 

In the top-left there are variable boxes in which 
both inertial sensor parameters and GPS parameters 
are displayed; in particular there are: supply 
voltage, x-y-z linear accelerations, angular 
velocities and temperatures, for inertial sensor; 
time, latitude, longitude, altitude above mean sea 
level, height of geoid above WGS84 ellipsoid, 
speed, heading and PDOP for GPS module. Data 
stream can be logged on a text file for post-
processing purposes. In the top of window there is 
a menu in which user can access inertial sensor 
setting mode and manually change gyroscope 



dynamics, number of tapes of Bartlett FIR digital 
filter, sample rate, accelerometer ad gyroscope 
offset or use automatic procedures of  axial 
alignment, offset compensation, calibration, etc., as 
specified by the manufacturer. 
 

V. SYSTEM TESTING 
In order to verify proper operation of 

accelerometers and gyroscopes, two types of tests 
have been conducted: first, the system was placed 
on a strobe speed-controlled turntable with velocity 
of 33 rpm and 45 rpm, to evaluate biases and the 
correct angular velocity measured by gyroscopes; 
then, it was placed on a radio-controlled toy car 
(Fig. 4) to test the performance of the whole 
system. 

 

 
Fig. 4  The prototype mounted on a toy car for testing. 

Moreover, the system was installed on a car in 
order to verify GPS module operation and the 
algorithm of reconstruction of trajectory with GPS 
data, along a closed path. Results have been 
compared with those of a professional differential 
GPS system operating as a reference, showing an 
average error of less than 5m. 

Main features of first prototype are reported in 
the following table. 

TABLE I 
Main Technical Features 

Dimensions : 83x76x55 mm 
Weight : 210 g (450g with camera) 
Inertial frame transmission rate : 100 Hz 
GPS frame transmission rate : 5 Hz 

Position resolution with EGNOS: <5m (experimental)  
Maximum transmission range : 80 m (outdoor) 
Dynamic range accelerometers.: ±10 g 
Sensitivity accelerometers: 2.522 mg 
Dynamic range gyros: ±300 °/s, ±150 °/s, ±75 °/s 
Sensitivity gyros: 0.07326 °/s, 0.03663 °/s, 0.01832 °/s 
Nominal input voltage: 2.4V 
Nominal input energy: 6.36Wh 
Max power consumption : 625 mW 
Max battery autonomy : 9 h (working continuosly) 

VI. CONCLUSIONS 
We have presented a low-cost wireless 

GPS/inertial system designed to maintain a high 
degree of flexibility even respecting the constraints 
to have low weight, high compactness, long 
autonomy and full remote control of its parameters. 
Next development step is to re-design the board 
architecture in order to minimize the weight and 
size, adopting SMD technology and the update of 
the inertial sensor with a new one including a tri-
axial magnetometer. Work is in progress to 
implement real-time Kalman filtering and 
trajectory integration using data fusion techniques. 

REFERENCES 
[1] R. Dorobantu, B. Zebhauser, Field Evaluation of a Low-

Cost Strapdown IMU by means GPS, Universität 
München, Institut für Astronomische und Physikalische 
Geodäsie. 

[2] Oliver J. Woodman, University of Cambridge, An 
introduction to inertial navigation, August 2007. 

[3] Z. F. Syed, P. Aggarwal, C. Goodall, X. Niu, N. El-
Sheimy, A new multi-position calibration method for 
MEMS inertial navigation systems,  Measurements 
Science and Technology, No. 18 (2007), pp. 1897-1907. 

[4] Paul D. Groves, Principles of GNSS, Inertial, and Multi-
Sensor Integrated Navigation System (GNSS Technology 
and Applications), Artech House Publishers, 2007.  

[5] Mohinder S. Grewal, Lawrence R. Weill, Angus P. 
Andrews, Angus P. Andrews, Global Positioning 
system, Inertial Navigation, and Integration,  John 
Wiley & Sons, 2001. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


