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Abstract—This paper describes a system for environmental
monitoring. The component development and test are
presented especially for monitoring Ammonia (NH3) pollution.
The mobile robot sensing system has self localization capability
and carries an open-path spectrometer. The spectrometer is
low-cost, compact, ruggedized, and is designed for a wide area
survey with measurement distance from 20 m to 1 km. A new
double Fourier transformation procedure is implemented to
remove the effects of 1/f noise and improve measurement
sensitivity. Finally, an active beam alignment technology is
proposed for automatic measurements that allow the mobile
robot moves around the local terrain.
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I.

INTRODUCTION

Environmental monitoring is important to protect the
public and the environment from toxic contaminants or
dangerous airborne chemicals. For example, the toxic gas –
ammonia (NH3) is mainly generated from agricultural
sources. Ammonia pollution causes both acidification of
soils and a decrease in the richness of plant species [1].
Environmental policy-makers are becoming increasingly
aware of the problems posed by ammonia, and now NH3
mitigation is included in several international agreements and
regulations, including the UNECE Gothenburg Protocol and
the Integrated Pollution Prevention and Control Directive
(IPPC). Ammonia is also a reactive toxic pollutant that is
produced by engine combustion. A study by Swiss
researchers identified ammonia as being the combustive
compound that had the strongest effect on air quality [2].
Environmental monitoring is often a highly laborintensive activity and poses a risk to human monitoring
teams in a hazardous environment. Therefore, it is important
to identify complementary cost effective measures that can
help to reduce the impacts of pollution gases. In recent two
decades, advanced robotic and measurement technologies
have been largely applied for the need of mobility and
autonomy of the environmental monitoring [3].
Currently, many monitoring systems consist of a network
of sensors which are placed at key locations or carried by
mobile robotics. Various “electronic noses” are able to detect
the information of gas concentrations at the local position of
the mobile robots [4, 5]. A big disadvantage of the electronic
noses is that they can sense only over a limited range at any
instance in time due to the range of individual sensor. This

paper focuses on rapid, efficient gas detection and source
localization on a single mobile robot platform over a relative
wide region of local terrain, a circle up to 1 km in radius. To
quickly survey a wide area, the mobile robot moves along a
spiral trajectory, approaching a fixed retroreflector as it goes.
A low-cost 2D camera and imaging processing are
implemented to locate the position of the retroreflector.
Our robotic system uses an open-path spectrometer based
on DFB tunable diode laser to make gas readings through the
atmosphere at measurement distance as small as 20 meters to
as long as 1 km [6]. The mobile robot contains a laser diode
and a photo detector. The laser is aimed at a retroreflector,
which reflects light directly back to the detector. The
wavelength of light emitted by the laser is periodically
altered, so that it sweeps through an absorption peak for
ammonia [7, 8]. Any ammonia gas in the atmosphere will
absorb light energy from the laser beam, reducing its
intensity. Signal processing techniques can then be used on
the received light signal to determine the average
concentration of ammonia in the atmosphere. Noise in the
laser is a major factor limiting measurement sensitivity. Due
to their quantum properties, diode laser exhibits a large 1/f
noise spectrum [9]. High frequency measurements are often
used to decrease the effects of 1/f noise on gas
measurements, but the complex instrumentation for these
measurements make them unsuitable for small mobile robot
applications. Instead, we use a Double Fourier Fast
Transformation (DFFT) to reduce the effects of 1/f noise on
measurements made at lower frequencies, e.g., 500 Hz [10].
The next section describes the structure and the operation
of the monitoring system. Section 3 proposes the DFFT
algorithm to measure the concentration of ammonia gas in
the spectrometer. Section 4 illustrates the design of the
automatic alignment and movement control of the mobile
robot.
II.

DESCRIPTION OF MONITORING SYSTEM

A. Oview of Hardware and Software
The air quality monitoring system consists of a mobile
robot, a remote retroreflector and an open-path spectrometer
that acquires measurements by aiming emitted laser light at a
retroreflector mounted on a distant static or moving stage. If
excesses of pollution gases are detected by the spectrometer,
they are assumed to be due to a local source. The robot can

then perform localization routines to pinpoint the main
sources of emissions.

Figure 1. Structure of the monitoring system.
TABLE I.

COMPONENTS FOR THE ENVIRONMENTAL MONITORING

Device
Central Master Computer
Mobile Robot
Telescope
Network Camera
Data Acquisition (DAQ)
Laser pig-tailed with
optical fiber
Laser Driver
Temperature Heatsink
Photo Detector
TABLE II.

Specifications
Asus laptop, I5-2430M
MobileRobots, Pioneer 3-AT
Meade, ETX-125 AT
AXIS, 213 PTZ
NI, DAQ USB6211 with maximum 250
kS/s
NEL Electronics DFB Diode Laser,
NLK1655STG with 20 mW output
Wavelength Electronics, LDTC1020
Thorlabs, LM14S2
Thorlabs, SM05PD5A

and Saphira robotics development libraries under Linux. The
sampled raw absorption data is processed by MATLAB. For
in-situ measurement, a dedicated hardware circuit for
absorption peak detection is being developed to improve
measurement speed.
B. Open-path Spectrometer
The open-path Tunable Diode Laser Spectrometer
(TDLS) is designed for wide area surveys. The major
components of the TDLS includes a diode laser, a photo
detector, a retroreflector, a electronic board, a network
camera and a telescope. The electronic board (Fig. 2)
transfers analog output signals from the NI DAQ to the laser
driver, and sends analog input signals from the photo
detector to the NI DAQ through signal processing, i.e., lowpass filtering, amplification and high-pass filtering. The
diode laser, the photo detector and the network camera are
mounted on the telescope. While the mobile robot is
moving, a camera is used to continually adjust the pose of
the telescope so that it is always align with the
retroreflector. The operation of the TDLS is pictured
schematically in Fig. 3.

SYSTEM CONTROLLER AND PROGRAMMING

Controller
Central Master
Computer

Operating System
Windows 7

NI DAQ

Windows 7

Telescope
Network Camera

Windows 7
Windows 7

Mobile Robot
Controller

Linux Fedora 16
with RTAI 3.8

Programming Tool
Visual C++/C# 2010,
MATLAB 2010b for
digital signal processing
Visual C++/C# 2010 with
NI-DAQmx 9.4 for NI
DAQ device
Visual C++/C# 2010
Visual C++/C# 2010 with
OpenCV 2.3.1 for realtime imaging
GCC 4.6.2 with
ActivMedia Saphira
robotics libraries

Figure 2. Prototype of electronic board.

Fig. 1 is the hardware structure of the monitoring system.
The top tier is a computer to control the operation of the
whole system, collect and analyze data. It has three kinds of
communication methods: Wi-Fi, RS232 and USB. The
middle tier includes several subsystems, each of which has
its own controller. The bottom tier contains peripheral
sensors and actuators, such as the photo detector and the
diode laser. A summary of the components is listed in Tab. I.
The programming tools and their operating systems are
listed in Tab. II. The programming tool in the central master
computer is Visual C++/C# 2010 with respective hardware
driver and libraries to operate subsystems. Autonomous
control programs for the mobile robot are furnished by GCC

Figure 3. Illustration of the operation of the spectrometer.

The TDLS begins with a diode laser whose emission
wavelength corresponds to an absorption wavelength of one

of gases needed to be monitored. For ammonia, the
absorption wavelength chosen is 1531.68 nm [11]. A
spectrum of the ammonia peak at this wavelength can be
obtained by taking advantage of the fact that diode lasers can
be tuned over a very narrow range of wavelengths by varying
the current through the laser. For the laser selected (NEL,
NLK1655STG), the wavelength tuning span is from 1527.7
to 1570.6 nm which corresponds to a current span through
the laser from 8.1 mA to 225 mA. The threshold current
above which lasing occurs is 17.5 mA, with a safe maximum
current is 225 mA. In order to tune the laser over the range
between the threshold and maximum current, the sampling
controller, NI DAQ USB6211, is programmed to deliver a
Tuning Sine Voltage (TSV) with typical offset 200 mV,
amplitude 100 mV and frequency 500 Hz. In order to exploit
the full resolution of the 16 bit Analog to Digital Converter
(ADC), a large amplitude sine wave is produced to cover the
maximum range output of -10 to +10 V. Through a voltage
level shift circuit (the electronic board in Fig. 2), the big TSV
is reduce from ±10 V to the range of 0 to 0.45 V and sent to
the laser driver. The sine voltage signal matches the
requirement that the laser current controller needs to supply
the 17.5 mA to 225 mA to the diode laser. The laser current
controller provides other features, such as monitoring diode
current, measuring laser output light power and controlling
the laser temperature.
C. Remote Retroreflector

prism reflectors (Fig. 4c) produced a sign of 60 mV.
Although the yellow retroreflector has the biggest reflection
signals at 6.0 meters, it has a large, wide angle diversion
angle. This makes the material unsuitable for use in this
application since the photo detector would need to have its
location moved farther from the laser as measurement
distances increase. Therefore, the array of prism reflectors is
always used for the TDLS because of its small reflection
diversion angle.
D. Mobile Robot
The robotic vehicle (MobileRobots, Pioneer 3-AT) that
carries the TDLS moves around the local terrain to detect
and monitor the gas concentration. The vehicle is powered
by four 12VDC motors with max speed 0.7 m/s.
Execution of commanded mobile monitoring surveying,
trajectory tracking control, basic vehicle movement and
obstacle avoidance are directly handled by the embedded
robot controller. Other tasks, such as beam alignment,
telescope pose adjustment, data acquisition and path
planning are handled by the central master computer. At the
same time, human operators are able to monitor the
operation status by wireless communication with the master
computer. The challenges for autonomous mobility for wide
area monitoring include: regulation and alignment of diode
laser beam path; effective path planning; mobility hazard
avoidance and subsequent failure diagnosis and recovery;
localization and mapping of gas source upon detection of
highly concentrated signals.
Executable surveys are primarily constrained by robotic
vehicle kinematic limitations, instrument maximum ranges,
and terrain topography in the survey region. Remote
commanding of the mobile monitoring system relies on an
operation architecture comprised of software on the mobile
robotic vehicle(s) designed to execute command sequences
received from a remote operator. The surveying functionality
resides at the core of the architecture enabled by subsystem
and behavior components depicted in Fig. 5.

Figure 4. Retroreflectors: 3M yellow retroreflector (a), 3M white
retroreflector (b) and array of 30 prism reflectors(c).

A good reflectance is of the utmost importance in our
method of measurement. Three reflectors (Fig. 4) are
compared with the TDLS instrument placed 6.0 meters from
each of the reflectors. The 3M yellow (Fig. 4a) and white
(Fig. 4b) reflective material, used commercially for highway
signs and manufactured by 3M Corporation, produced
signals of 50 mV and 70 mV respectively. The array of 30

Figure 5. Control architecture of the mobile robot. Tasks marked by pink
directly handled by the controller of the mobile robot.

The open-path configuration of the TDLS enables
detection of gases in the near-surface atmosphere that is
between the laser and the retroreflector. The distributed
nature permits several strategies depending on the
availability of robotic vehicles and their capabilities.

Options include: (a) one robotic vehicle and a stationary
retroreflector at a fixed location; (b) one robotic vehicle that
can carry and emplace a portable retroreflector to multiple
survey regions; and (c) multiple robotic vehicles – the
simplest case being a two-rover system wherein one carries
the active part of the TDLS and the other carries the passive
retroreflector.
III.

DOUBLE FFT

There is still a challenge for measurement sensitivity and
accuracy even if the monitoring system obtains real-time
monitoring information of hazardous gas concentrations.
This is due to several factors, including the large background
signal from the sun, electronic and optics noise. If the gas
concentration is low, then these noise sources can be much
larger in magnitude than the small absorption signal. A new
Double Fast Fourier Transformation (DFFT) is developed to
reduce 1/f noise and isolate better absorption peak signals
[10].
Noise Spectrum after DFFT
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data from the photo detector. The amplitudes of the first
several harmonics (4, 8) are then selected and a second FFT
is applied to this data, which converts the 1/f noise to a flat
or low amplitude periodic spectrum (Fig. 6). After that, the
characteristic features are extracted, such as the sum of
harmonics, the mean value of harmonics and the maximum
value of harmonics, etc.. The sum of harmonics is always
chosen as the critical feature to indicate the value of gas
concentration. From the test data of multiple repeated
simulations or experiments, a linear measurement function
(Fig. 7) is derived as the form of
, where
variable and are the sum of harmonics and gas
concentration respectively; and are the coefficients of
the fitting curve.
The slope of the fitting curve (coefficient ) presents the
measurement sensitivity. The higher value of , the better
measurement sensitivity of the monitoring system. The
estimation error is the difference between the calculated
(measured) gas concentration from the measurement function
and its actual value. Tab. III shows the slope and the average
estimation error, where the maximum slope and the minimal
estimation error are obtained by DFFT and sum of eight
harmonics.
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TABLE III.

SENSITIVITY FACTOR AND ESTIMATION ERROR

12

10

Single FFT, 4
Harmonics
Single FFT, 8
Harmonics
DFFT, 4 Harmonics
DFFT, 8 Harmonics

8

6

4

Slope,
(mW/mm2)/ppm
3.3560

Average estimation
Error, ppm
0.6502

3.5125

0.6368

6.9492
14.1550

0.6262
0.6084
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Figure 6. 1/f Noise is converted to flat profile after DFFT.
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AUTOMATIC ALIGNMENT AND MOVEMENT CONTROL

To align the laser beam to the target (distant
retroreflector), a green ball is mounted above the
retroreflector (Fig. 8). The green ball is easily detected by
the network camera because of its large size and big color
contrast with environment background. Since the ball has a
fixed relative position to the retroreflector, the robot can
calculate the actual position of the retroreflector by
coordinate transformation.
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Figure 7. DFFT with noise and 8 harmonics selected. The function of the
fitting curve is
.

The DFFT procedure begins with a Fast Fourier
Transform (FFT) applied to the raw sampling light intensity

Figure 8. Assitant green ball for target detection.
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