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ABSTRACT

An autonomous wireless sensor network that consists of different types of sensor modalities is a topic of intense research
due to its versatility and portability of applications. Typical autonomous sensor networks commonly include passive
sensor nodes such as infrared, acoustic, seismic, and magnetic. However, fusion of another active sensor such as Doppler
radar in the integrated sensor network may offer powerful capabilities for many different sensing and classification tasks.
In this work, we demonstrate the design and implementation of an autonomous wireless sensor network integrating a
Doppler sensor into wireless sensor node with commercial off the shelf components. Then we demonstrate two
applications of the newly integrated radar mote in a wireless sensor network environment where other sensor motes are
supporting the integrated radar mote for autonomous triggering and data collection. At first we use the integrated system
to detect the range and velocity of a toy train effectively to demonstrate its capability as a surveillance tool. Then we
classify different types of non-conducting target materials based on their reflected signal response to newly built radar
mote. Different types of materials can usually affect the amount of energy reflected back to the source of an
electromagnetic wave. For investigating this observation we simulate models for the reflectivity of different
homogeneous non-conducting materials using a mathematical model and later classify the types of target materials using
real experimental data collected through our autonomous radar-mote sensor network.

Keywords: Doppler sensor, wireless sensor, integrated radar mote, autonomous

1. INTRODUCTION

An autonomous wireless sensor network with different sensor modalities is an active research focus due to its versatility
and portability of applications [1]-[5]. An autonomous sensor network is a collection of sensor nodes with limited
processing, power, and communication capabilities that monitors a real world environment with limited or no human
intervention. Each node of the network gathers information about the local environment, preprocesses the data, and
transmits via wireless channels to a base station [1]. Historically, this type of autonomous system has used infrared,
acoustic, seismic, and magnetic sensors for passive sensing, and optic and ultrasound sensors for active sensing.
However, Radio Detection And Ranging (Radar) has not been used extensively in wireless sensor networks except in a
few research studies [2]. Radar systems are widely used in defense, meteorology and surveillance due to their versatility
in working from a long range, in adverse weather where other sensors may be unavailable, or with non cooperative
targets. Radar is an object detection system that uses electromagnetic waves to identify the range, altitude, direction, or
speed of moving and fixed objects such as aircraft, ships, motor vehicles, clouds, storms and terrain [6]. In addition to
the precise measurements about the target objects, radar systems have the capability to classify targets into different
classes based on the Radar Cross Section (RCS) of different classes of objects. The capability of such classification is
related to the electromagnetic energy reflected back from different classes of objects. The types of materials affect the
amount of reflection from an object [7][8]. The widespread applications of Doppler radar have been limited in wireless
sensor networks because conventional systems are expensive, bulky, and difficult to use with very few exceptions [2].
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Currently, with the advancement of technology many small inexpensive radar sensors with standard capabilities and low
power requirements are commercially available [9]. Therefore, there is an opportunity to integrate a radar sensor with
autonomous distributed wireless sensors.

The integrated autonomous sensor system including radar sensors will add a powerful and robust sensing modality to the
already available modalities such as acoustic, magnetic, vibration, and passive infrared sensors in wireless sensor node.
In the integrated system, radar offers measurements of the range, velocity, direction, and electromagnetic characteristics
of the target to complement existing wireless sensor node capabilities. The intelligent combination of some or all of the
sensor modalities in certain application scenarios can work as an effective surveillance tool to detect, track, and identify
targets in wide areas. The intelligent and successful design and implementation of such an integrated autonomous
distributed sensor network may work as a low tier data gathering system for an intelligent decision support system.
Furthermore, the successful development of this type of system using the commercially available low-cost products
would be useful for widespread civil and military applications.

In this work, we design and implement an autonomous distributed sensor network that integrates a low-cost tiny Doppler
radar sensor with the commercially available wireless sensor motes for dynamic surveillance and tracking. Then we
demonstrate the capability our integrated radar mote system for computing range and velocity of a moving target and
classifying the target materials. We collect data of moving targets autonomously using our newly built radar mote with
the help of a triggering wireless mote, a base station wireless mote and a workstation .Then we process the collected
Doppler signal to compute the range and velocity of moving targets. Finally, we classify different types of non-
conducting materials based on the radar signals reflected back from the corresponding material surfaces. The material
property is an important factor that influences how much electromagnetic energy is reflected back to the source from
where it emits. In this work, we investigate this observation about reflectivity of different types of materials using the
same integrated radar sensor mote. For the limited scope of this work and sake of simplicity, we investigate the
reflectivity of the non- conducting materials only. We simulate the reflectivity of plain electromagnetic wave from non-
conducting materials using a mathematical model which relates the reflectivity of non-conducting materials with
corresponding refractive indices [7][8]. We modify the reflectivity model to incorporate the Doppler principle and
simulate the effects of Doppler signals reflected from non-conducting materials. Then we collect radar reflection data
from non-conducing material surfaces using our integrated radar-mote autonomous system. Finally, we classify different
types of non-conducting materials based on the radar signals reflected back from the corresponding material surfaces
using Multiple Signal Classification (MUSIC) signal processing technique and a machine learning tool.

2. BACKGROUND REVIEW

In this section, we briefly review relevant recent research efforts and background materials required to understand the
idea of integrating radar sensors with wireless motes and their intended applications. Then a brief mathematical
background is provided to understand range-velocity computation from radar signal. The mathematical model [7][8]
used for simulation is also briefly mentioned.

2.1 Previous Research efforts on integrated radar-mote sensor networks and their Applications

Miniature autonomous sensor networks that include different types of sensor modalities such as vibration, acoustics,
temperature, and pressure are developed as a result of industry-academia cooperation. Historically, surveillance systems
have used infrared, acoustic, seismic and magnetic for passive sensing, and optics and ultrasonic for active sensing.
However, radar has been conspicuously absent [2]. Because radar systems are conventionally bulky, such systems are
not suitable for autonomous wireless sensor network platforms. With the advent of the micro-power pulse radar at
Lawrence Livermore National Labs in mid 1990s, the low power radar becomes a possibility. Subsequently, technical
progress in sensor networks has led the effort to integrate radar as one of the sensor modalities to sensor network
platform.

The Radar mote, designed by researchers at UC Berkeley and Ohio State University, consists of several circuit boards
including a main processor and radio board, an optional sensor board, an ultra wideband radar sensor, and a power board
[2]. They use Mica2 sensor mote and 2.4 GHz TWR-ISM-002 radar sensor from Advantaca [10] as the two main
components of their radar-enabled sensor network. The integration also includes a custom designed power board which
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provides power required for the radar, onboard antenna, and an optional Mica sensor board [2]. BumbleBee is another
integrated radar mote sensor developed by the Samraksh Company [11] which includes a low-power Pulsed Doppler
Radar (PDR). The key features of the BumbleBee include: a detection range between 1m to 10m which is controllable
via software, coherent output (both I and Q channels), on-board internal antenna, 60 degree conical coverage pattern, and
detection of radial velocities between 2.6cm/sec and 2.6m/sec [11]. The BumbleBee package includes a BumbleBee
radar board, a cable to connect the BumbleBee radar board to the TelosB mote or TMote Sky, three alkaline batteries, a
clear plastic base, four 2 inches post for separating the board from base, and supporting software [11]. The BumbleBee is
suitable for variety of monitor and surveillance applications [11].

Although these integrated radar-mote sensor network products work well for certain applications, there is still room for
improvement. The radars used in the above mentioned platform offer the velocity of a moving target. Per manufacturer’s
claim the BumbleBee claims to have the capability to compute range also after complex signal processing. However, it is
not produced simultaneously with velocity. Our radar-mote system computes the range and velocity simultaneously with
simple signal processing techniques. We also sample the signal with higher rate which gives more points for each signal
and the signal is smoother.

2.2 COTS Components of Our Autonomous Sensor Network

An autonomous sensor network is a collection of sensor nodes with limited processing, power, and communication
capabilities that monitors a real world environment through differing modalities. Generally a wireless sensor network
consists of spatially distributed wireless sensors to cooperatively monitor physical or environmental conditions such as
temperature, sound, vibration, pressure, motion and pollutants [3][5]. Our integrated system includes a typical wireless
sensor node with a Doppler radar added to it. For this particular system we have selected TelosB wireless motes
manufactured by Crossbow Technology and a K,-band Doppler transceiver from M/A-Com Tech.

2.2.1 TelosB Mote Platform Details

Crossbow’s TelosB mote (TPR2400) is an open source platform designed for the research community [12]. The
TPR2400 includes the standard features such as USB programming capability, an IEEE 802.15.4 standard radio
transceiver with built in antenna, a low power microcontroller (MSP430), and capability to integrate sensor boards
through standard ports. The TelosB is successfully used in applications such as low power sensor network development
and sensor network experimentation by many research groups all over the world. Figure 1 shows the block diagram and
a real picture of TelosB mote.
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Fig. 1: a) TelosB TPR2400 mote real picture (left), b) Block diagram of TelosB TPR2400 mote (right). (Source: Ref. [20])
2.2.2 K,-band Doppler Transceiver (MACS-007802-0M1R1V) Details

We select a K,-band (24-40GHz) Doppler transceiver from M/A-Com Tech for our integrated radar-mote sensor suite. It
is low- cost ($30) and low-power Doppler transceiver which suits our goal to build a low- cost, low-power integrated
radar-mote sensor suite with Commercial-Off-The-Shelf (COTS) components. This M/A-COM RF transceiver (Model
MACS-007802-0M1RSV) is primarily used for automotive applications such as front and rear-ends collision detection,
in ground speed measurement, and as motion detectors in automatic door systems [13]. The transceiver is also very small
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in size, (<linch on each side) resembling to an ice cube, which makes it an excellent choice for our autonomous
integrated radar-mote sensor network system. The radar transmits a continuous wave at 24.125GHz and it has electronic
tuning system which allows varying the frequency within a bandwidth of 0.3GHz. An external voltage ramp pulse can be
applied to the electronic or voltage tune input of the radar which causes the radar to emit continuous frequency
modulated signal of 300MHz bandwidth. The signal received by the radar through antenna is mixed with the transmitted
wave and low pass filtered to produce In-phase (I) and Quadrature (Q) output which are available on pin 3 and 4 of the
radar respectively. Figure 2 and Table 1 shows the Doppler transceiver and the organization of its pins.

Fig. 2: Doppler Transceiver (MACS-007802-0M1RSV) (Source: Ref. [13])

Table 1: Pin Configuration of the Doppler OM1RSV) (Source: Ref. [13])

PIN Function

1 DC Input

2 Ground

3 IF output (Mixerl)
4 IF output (Mixer2)
5 Vtune input

2.3 Radar Signal processing for finding the range and range-rate of the target

We use a Doppler radar which has an electronic tuning input with frequency band 24 to 24.3 GHz. By applying different
voltages to the electronic tuning input we can vary the frequency from a minimum value fy to a maximum value f;
between 24 to 24.3 GHz. In the next section, we discuss how we can use this frequency variation to measure target range
and velocity. To cover the frequency band quickly we use ramp voltages as voltage tune input which generates a
continuous sweep from low to high frequency. When an object moves away from the radar it causes the reflected signal
to down shift slightly relative to the transmitted signal. The reverse occurs when the object moves toward the radar. The
radar receiver mixes the transmitted and shifted received signal and passes it through the low pass filter. The final radar
output oscillates at Doppler frequency and the Doppler frequency is proportional to range-rate or velocity of the target
object. We can get the magnitude of range-rate by capturing any of the output channel signal of the radar with a storage
oscilloscope and then computing the Fast Fourier Transform (FFT) and the following equations explains that in details
[14][15].However, we can get the direction of the moving target in addition to range-rate by processing both the output
channels together.

If we assume that the target is moving with a constant velocity and we express the motion as

(€)= 1o +r1&, (1)

where 1y is the range of the object at time instant zero, f is range-rate or velocity of the target object and § is called slow
time. The time at which each successive pulse is transmitted from the radar is known as slow time and fast time is the
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typical time taken by the signal propagation. Then the two channels (I and Q) of radar outputs can be expressed by
following equations (2) and (3):

Anf,  4n(f, —f
1(4,6) = %cos({ ’2°+ “(CIT o)

t}(ro +1E)) ,and 2)

4nf, N 4n(f, —1,)
C cT

Q9= —gsin({ t}(ro +18)) 3)

If we sample I and Q we get functions of fast time t and slow time &. Therefore, I and Q are two dimensional functions. I
and Q vary in fast time t with frequency 2r,(f; —f,)/cT which is proportional to the target range. I and Q also vary with

the slow time with frequency foo /¢, which is proportional to the target velocity or range-rate. Now we can perform a
2-dimesional FFT on the analytical signal F(t, &) = 1(t,&) +1Q(t,&) and scale the graph axes properly to get an ambiguity
function that determines the target range and velocity correctly.

2.4 Mathematical Model relating Material Refractive Index and Reflectivity of Microwave Signal

We use a model developed for through-the-wall (TWI) Imaging in THz range [7][8] for simulating the effect of
reflectivity of different non-conducting materials. The model offers the reflectivity of plain electromagnetic wave from
different types of material surfaces in THz frequency range. Our proposed integrated radar-mote includes a K, band
Doppler radar. Therefore, we extend the existing reflectivity model to incorporate Doppler shift and relevant frequency
band in our experimental radar.

In the existing model [7][8], we consider reflecting materials to be non-conducting for simplicity. Since the materials are
assumed to be non-conducting, they have no conductivity and constant permittivity. Therefore, the refractive index is
constant and real valued for a specific material type. Reflectivity of a radar signal depends on some factors and material
property is one of those important factors. The reflectivity model relating refractive index of non-conducting materials
and amount of reflection can be expressed with Eq. (4) [7][8],

. 2 .2
(1 _nr2n) + (ngn _ 1)12kL,/nm—sm ¢}

zeiZkL\/n,znfsinze

R(0) = “4)

(y/n2, —sin? B +cos 0)* —(y/n2 —sin? O —cos 0)

Where n,, is the refractive index of the reflecting material, k is the wave number and k=2zf/c , c is the speed of light, L is
the thickness of the reflecting material and 6 is the incident wave angle and f is signal frequency. If we consider the
incident wave angle 6=0, then equation (4) yields

R= (=) +(ny, —DPe™ )
(g +1)% = (n = 1)

Then we make slight modifications to the plane wave reflectivity model to incorporate Doppler principle. Adding
Doppler shift to plane wave does not change the amplitude of the original signal. However, the added Doppler shift can
be used to compute the range and velocity of the target from which the signal is reflected back to the source. The model
of reflectivity that incorporates Doppler shift given as,

R _ (l _ nfn) + (nm _ 1)2 ei4TEfI‘nmL/C

(n +1)2 - (n,, —1)2ei@mml/c

(6)

The terms used in Eq. (6) are mentioned earlier except the term r which incorporates the Doppler shift. The term r
incorporates relative change of signal frequency f in accordance with changing range and velocity of a moving target.
Equation (7) expresses r as follows,
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r(t) = 1y +rt (7
where 1y is range at instant zero and is the rate at which the object is changing its range, range-rate or velocity of the
object. We use Eq. (6) to simulate the reflectivity of different non-conducting materials.

3. DESIGN AND IMPLEMENTATION OF AUTONOMOUS AND INTEGRATED
SENSOR SYSTEM

In this section we briefly present the design and implementation of our proposed integrated radar-mote sensor system. In
general, standard wireless sensor mote platforms are equipped with different types of built-in passive sensors such as
light, temperature, vibration etc. The standard mote platform also supports the extension of sensor modalities by
allowing plug in of specific sensor circuit board using the standard expansion ports of the mote. For example, WiEye and
SBTS8O0 built by Easysen are two standard sensor circuit boards which can work with TelosB through its expansion ports
[16][17]. Our miniature Doppler radar has an output pin which produces analog output signal. We connect the output pin
of the miniature Doppler radar to the analog expansion input pin of TelosB in our integrated autonomous sensor suite.
Then using the analog to digital converter (ADC) built in the microcontroller (MSP430) of TelosB mote we sample the
analog radar output. We modify a user program which can sample the analog signal with different sampling speeds by
changing the program parameters. The ADC core converts an analog input to its 12 bit digital representation and stores
the result in conversion memory. We can use two reference voltage levels Vg, (maximum) and Vi (minimum) which
are selectable by programming. The formula of converting analog signals to digital is represented in following equation
(),

Npc = 4096* —in__—R- __VR‘

VR+ VR—

®)

The first step of the integration is the hardware level integration of the Doppler radar and wireless mote. The Doppler
radar gives the output in negative voltage. However, the wireless mote can handle positive voltage only.

Therefore, we connect the output pin of the Doppler radar to an inverting amplifier which inverts the negative radar
output to positive domain with same amplitude and improves the stability of the system. Then the output of the inverting
amplifier is connected to one of the analog expansion input pins of the TelosB mote. Figure 3 shows the schematic
diagram of the integrated radar-mote sensor system.

Doppler Inverting Amplifier Wireless Mote
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Fig. 3: Schematic diagram for integration of K,-band Doppler radar and TelosB wireless sensor platform.

The next step of the integration is the software level integration as shown in Fig.4. We replace the data capturing task
using oscilloscope with that of the TelosB mote in hardware level design. Specifically, the goal is to capture the radar
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output data using wireless mote. Therefore, this step requires connecting analog radar output as analog input of the
already available ADC of the TelosB and sampling the analog signal using the ADC12 with the help of a user program
stored in the mote.

Doppler Radar

Stereo Voltage Controlied
Doppler Transcosiver
{MACS-007E8D2-0M1R 1Y)

Radar Ouiput

Inwerting Amplifier

ADC 12 Radio Base Siafion Connected
Communication |(& user program that acts to Host Radar Message
Radar Input Read Stream as a bridge between the Computer Reader -
(A User Program to read radio link and serial link. It through Usg  |WA user ﬁr?gram Wgﬁen
radar input stream, converts W recelces data packet from mgﬁvlﬁ i Ia canlrznlets_ ]
to digital and transfer to radar-mote through v ﬁs"gse ?I fon
base station mote using wireless link and transfer to iﬁgg?mtes tﬁg it
radio communication) Hnﬁt}(}:}mpmer using LiSB packets and store the
port. digital signal in host
computer )
Radar-Mote i
TelosB Mote TBE:T;?ESEE;? Host Computer

Fig. 4: Setup of Experimental autonomous radar-mote wireless network system for data collection including the integrated radar-mote
system.

We load the user program (RadarlnputReadStream) into the sensing radar-mote. We also have a base station TelosB
mote connected to a workstation via USB port. A user program is also loaded into the base station mote to manage the
wireless connection between the sensing mote and the workstation. We also have a data collection program
RadarMesseageReader running on the workstation for storing data collected through base station mainly. We can trigger
the sensing mote with an ACTIVATE signal from the workstation to the sensing mote via base station. Before the
TelosB mote starts digitizing the radar signal, we need to connect the Doppler radar output to the TelosB mote input with
connecting wires as shown in Fig.3.0ur user program defines and configures the components and modules required for
the desired operation of digitizing an analog signal and sending it to a base station wireless mote. When the radar output
is connected to one of the input ports the user program samples the analog program based on the reference voltage and
sampling period configured earlier. The digitized data is stored in internal flash buffer. The wireless control module is
started to initialize the process of sending the data to the base station. The wireless control module sends the data as
small packets maintaining the standard wireless protocols. The host computer through base station can store the sensed
data from a remote radar sensor mote. Thus, we designed the system where the integrated radar-mote is not directly
connected to host computer rather connected to a distant host computer via base station wireless mote.

4. EXPERIMENTS AND RESULTS

In this section we present the test data collection using our integrated radar-mote system. We simulate the reflectivity of
some selected non-conducting materials based on the model in Eq. (6). We design a toy experiment to test the capability
of the newly built system. We process the data with simple signal processing techniques to compute the range velocity of
the targets. We then classify different types of non-conducting materials exploiting extracted features from the Doppler
data. The results demonstrate that the integrated radar sensor mote built integrating cheap COTS components can be a
useful tool for surveillance.
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4.1 Simulation Results on Reflectivity for selected non-conducting materials

The reflective model presented in Eq. (6) assumes the reflective materials are non-conducting and homogeneous.
Consequently, we choose a few non-conducting materials for reflectivity simulation. The example materials in our
simulation are wood, paper and glass. The refractive indices of the materials depend on the frequency with which it is
measured [8]. However, for any material the refractive index is constant for a frequency range. For simplicity we vary
the index of refraction for the three materials in our experiment keeping the frequency range same as our Doppler radar.
Therefore, the simulated signal will represent the reflectivity of Doppler signals from those material surfaces. Typical
refractive indexes of wood, commonly used glass and paper are 1.41, 1.51 and 1.73 respectively [7][8]. Figure 5
confirms that our reflectivity model correctly obtains increased reflectivity for objects with higher refractive indices. The
amplitude of reflection increases with the increase of the refractive index of the non-conducting materials with
conditions such other factors are constant or almost constant. Figure 5(a) shows the simulated reflectivity of Doppler
radar signal for wood, glass, and paper respectively.

Since we add Doppler shift to our reflectivity model, the simulated signal now shows the range and velocity of the target
material along with reflectivity. Fig.5 (b) shows the plots of velocity vs. range of the simulated signal for wood reflector
as an example. Note the Doppler shift is not related to amplitude of the reflected signal. Hence, we obtain same plot for
all three materials in our experiment but presented one as instance. We perform Fast Fourier Transforms (FFT) of the
simulated signal and obtain corresponding range and velocity plot. The methods of computing range and velocity are
discussed with mathematical background in section 2.3.
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Fig. 5: (a) Reflected Doppler radar signal from non-conducting materials (left) (b) Range-rate (Velocity) vs. Range plot of simulated
signal when the velocity of the target was 0.5m/sec and distance between the reflector (wood) and the source of signal was 1m (right).

4.2 Experimental setup for Sensor Network and collection of real data from a toy experiment

In this section we discuss the experimental setup and different experimental scenarios using our integrated radar-mote
system. The goal of the experiment is to explore the capability of the newly built integrated radar-mote sensor system
and validate the simulation observation about reflectivity of non-conducting materials. We use a toy train as our target.
The train is moves round an oval shaped track. We emulate different events by making changes to the toy train
configurations. Fig.6 shows an overview of how the radar-mote system works during experiments and Fig.7 shows the
experimental sensor network setup with a toy train on the track.
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Fig. 7: The experimental set up of our autonomous distributed sensor network which includes integrated radar-mote, SBT80 sensor
mote, and WiEye sensor mote

The WiEye sensor platform has a number of sensors such as passive infrared, visual light and acoustic. The visual light
sensor can detect the presence or absence of light. We use the WiEye wireless mote with light sensor as a “sentry” node
which detects presence of a moving target and activates the radar-mote system collecting data. The other sensors in the
WiEye are not used in this experiment. We use the raw radar signals for computing range and velocity of the toy train
and classifying the different materials the radar reflector is made of with the help of simple signal processing and
classification algorithm. For testing, we create three different types of reflection profiles with three non-conducting
materials such as wood, glass and paper (same materials used in simulation) of the train. We place these different
reflection materials at the front of the train such that the directed beam of radar signal is reflected back from these
reflection plates. The data is collected for the same configuration with different speeds of the toy train and different
distances between the radar-mote and toy train. Table 2 summarizes different test events for our toy train.
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Table 2: Different Test Configuration created with toy train

Configuration Type Description
Reflector Wood, The front of the train holds a rectangular plate that works as a
Glass, reflector. The reflector is made of the non-conducting materials
Paper, (wood, glass, paper) in different configurations.
Range 0.8m,1.2m,1.6m The distance between the moving target and the static radar is
0.8m,1.2m,1.6m for two different configuration
Velocity 100,80,60 The toy train has a dial to control the speed of the train. The value in
previous column indicates the position of the dial.

4.3.1 Computing Range-Velocity of Moving target

The Doppler radar is expected to offer range-velocity as output. The theory and mathematics behind computing range
and velocity from Doppler radar is discussed in section 2.1. Now we process the radar data collected from the integrated
radar-mote following the configuration in Table 2.Figures 8 shows one instance of the range-rate (velocity) vs. range
plots using the data captured through newly designed integrated radar-mote system for one distance and one velocity.
Although we have computed range and velocity for different configurations we presented only one as example. Then we
compute the numeric values of range and velocity from the signals for different configuration. Table 3 summarizes the
range and velocity of the target for all configurations. The entry in the tables gives the average range and velocity of
many runs with the standard deviation of the runs. The distances are measured with measuring tape earlier and velocities
are also measured with a stop watch to validate the results of the radar-mote. The velocity of the toy train measured with
the stopwatch is mentioned in first column of table 3 with relative dial position of the toy train controller. Comparing the
velocities measured by the stopwatch and radar-mote we can say that the radar-mote can compute the range and velocity
of a moving target with significant accuracy although there are options to improve the accuracy and efficiency.
However, the comparison confirms that the radar-mote is working properly.

| FFT (I+iQ) |

range-rate (velocity) (m/fs)

range r (m)

Fig. 8: Range-rate vs. Range plot when the toy train was moving toward the Radar, the distance between the radar-mote
and target is 0.8m and dial of the velocity controller in toy train is set to 60.
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Table 3: Range-Velocity of Moving Target for all configurations

Range

Velocity

(Train dial

position & measure
with stopwatch in m/sec

0.8
Unit: meter

1.2
Unit: meter

1.6
Unit: meter

Dial Position :100

Velocity 0.76 + 0.03

Velocity 0.74 £ 0.05

Velocity 0.73 £ 0.05

Measured with Stopwatch: | Range 0.86+0.11 Range 1.19+0.14 Range 1.56+0.16
0.74 £ 0.017

Dial Position :80 Velocity 0.66 = 0.02 Velocity 0.66 = 0.06 Velocity 0.66 £ 0.02
Measured with Stopwatch: | Range 0.80+0.10 Range 1.18+0.12 Range 1.55 £0.16

0.68 = 0.012
Dial Position :60

Measured with Stopwatch:
0.56 +0.013

Velocity 0.56 = 0.04
Range 0.78 £0.13

Velocity 0.57 = 0.02
Range 1.16+0.15

Velocity 0.57 = 0.04
Range 1.55+0.15

Note: For all the entry average value is mentioned with standard deviation.
4.3.2 Classification of Non-conducting target material based on Reflectivity

The simulated signal reflected from three non-conducting materials are discussed in section 4.1. In this section, we
collect the corresponding experimental radar signal reflected back from rectangular reflective plate made of the same
non-conducting materials respectively. Figs. 9 shows experimental signals reflected back from reflector made of wood,
glass, and paper respectively for a specific instance.

Radar Signal Collected from Experiernnt

———Glass
— Paper

8] £ [ [n3)
= = = [

Arnplitude of Reflection

s8]
[

o
)

e
300

o .
200 250
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180
Murnber of Points

Fig. 9: Experimental Signal Reflected back from Wood reflector, Glass Reflector and Paper Reflector
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The experimental signals in Fig. 11 do not match exactly to the simulated signals in Fig.5 (a) in respect to magnitude
values. However, they follow the similar pattern of increase in reflection magnitude with increase of refractive indices of
the non-conducting materials. The signal reflected back from material with highest index (1.73) has the highest
reflection amplitude. The reflection amplitude of wood and glass are also different. However, they are very close since
their indices are also very close (1.41 and 1.51).Since the simulated model is a simplified case of reflectivity
computation, the difference between simulation and experiment is expected in our case. We can try to match them close
by modifying the simulation by tuning parameters to emulate the exact experiment. The results show that the reflectivity
of the materials is an important factor which influences how much energy reflects back to source from a materials
surface. However, to validate whether the signals are different consistently it is not a feasible and reliable idea to
compare them from visual observation.So, we compare the spectrum of different signals by classifying them through
standard tools to validate different material reflectivity.

We collect large amount of reflected radar signal from three non-conducting materials such as wood, glass and paper
with our integrated radar-mote autonomous system with the help of our newly built autonomous wireless radar sensor
mot. The pseudo- spectrum of the signal, computed with MUSIC algorithm, is selected as the feature to classify the non-
conducting material types of the target. The MUSIC technique has been widely used in telecommunication, biomedical,
signal processing and electromagnetic disciplines to solve problems such as spectrum and signal estimation, the direction
of arrival [18]-[22]. The MUSIC algorithm estimates the Pseudospectrum of a signal using Schmidt's eigenspace
analysis method [23]. The MUSIC algorithm produces a spectral estimate of a signal performing the eigenvector-
eigenvalue decomposition of the autocorrelation matrix of the signal [24].

We provide a brief description of the classification process here. Each instance of the radar signal is treated as one run
and we collect 20 instances for all three non-conducting reflecting materials for each configuration. We take the raw
signal for each instance and perform preprocessing. The MUSIC technique is then applied to the signal to obtain feature
vector for that instance following the steps shown in Fig.10.Then we classify the instances with WEKA machine
learning toolbox with some standard classifiers available in WEKA. Table 4 shows the result of classification using
different types of classifier for the three non-conducting materials.

Raw Radar
data for one 2
instance

v Yes

ollect Feature Vecto

Preprocess Data .
for more instance?

4

Apply MUSIC Algorithm

for Feature Vector Normalize the Feature
Matrix

, |
Insert the Feature vector Apply PCA to the Feature .

: 4 . : . Classify each Instance
as an entry in the feature — Matrix for Dimensionality .

. . of the Matrix
Matrix Reduction

Fig. 10: Methods of Feature Extraction and Classification
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Table 4: Result of classification with Weka Machine Learning Tool

Class Number Classifier True False ROC Kappa Accuracy
of Runs Positive Positive area Statistic (%)
Rate Rate
Wood, 540 Random Forest 0.74 0.13 0.89 0.60 73.82
Glass,
Paper LMT: 0.77 0.12 0.90 0.66 77.04
Logistic Model
Trees
(Decision tree
based
Functional Tree 0.77 012 0.84 0.65 76.67
(Decision tree
based on logistic
regression)
Support Vector 0.76 0.12 0.82 0.63 75.56
Machine(SVM)
Multilayer 0.80 0.10 0.92 0.70 79.81
Perceptron

The classifiers used from WEKA toolbox are random forest, logistic model tree (LMT), functional tree, multilayer
Perceptron (MLP) and support vector machine (SVM). Table 4 shows that Multilayer Perceptron classifier provides the
highest percentage of accuracy when individually compared to the other classifiers. The classifier accuracy is between
75-80 % for most of the classifiers which is reasonably good considering the very small variations in classes. The area
under ROC, which is another test of accuracyi, is also in the range of 0.8 to 0.9 in scale of 1.0 for most of the cases. The
Kappa statistic is a measure of the stability for machine learning applications. If the Kappa statistic value is greater than
0.6, it indicates substantial agreement for the classification result [25]. For most of the classifiers in Table 5 the Kappa
statistic is above 0.6. Therefore, the classification results are substantially stable.

4.4 Advantages of the integrated radar-mote system compared to a standalone Radar system

The aim of our work is to integrate a powerful active sensor such as Doppler radar into wireless sensor mote without
degrading the capabilities of the standalone sensor systems. The standalone radar system usually needs human
intervention to store data in the storage system. Some current digital oscilloscopes may have the software control over
the data gathering. However, triggering the digital scope requires complex circuitry and systems to operate. However, in
the integrated Radar-Mote system data gathering is automated with the help of the wireless network framework of the
wireless motes. The data capturing is triggered when the integrate Radar-Mote gets a triggering signal from a sentry
node. In our case the WiEye sensor mote sends the triggering signal when it detects the presence of any object within its
field of view. Similar ways using the other sensors available in the wireless node different triggering events can be
designed. The data capturing is not event driven in case of the standalone radar system. In case of the stand alone
system requires human intervention and the storage oscilloscope also takes at least 5 seconds to store the data at any
instant. Therefore, the standalone system is not suitable for large scale data collection where one need to collect many
instances of a repeatable event. Large supporting systems like oscilloscopes signal generators and power supplies are
needed. Therefore, the standalone system cannot be deployed at any place due to specific requirements of the supporting
equipments. Whereas the storage oscilloscope is replaced with the tiny wireless mote in the integrated system and the
motes are run by battery power. The work is going on to replace the signal generator and power source equipments with
the onboard signal generator and power source circuit. That would make the integrated system fully portable and mobile.
In terms of remote operation the integrated system can be triggered by the sentry nodes from a distant place through
wireless communication. Similarly the base station node which works as bridge between the integrated system and a
workstation can also be placed distant place from the integrated radar-mote.
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5. CONCLUSION AND FUTURE WORK

Our contribution in this work can be divided into two parts. The first contribution is a successful design and
implementation of an integrated autonomous radar-mote system. The second contribution involves use of the newly
build integrated radar mote to compute the range velocity of a moving target and classification non-conducting target
materials based on their reflectivity.

The first goal of the work is to incorporate an active radar sensor into the wireless mote. We successfully design and
implement an autonomous radar-mote system integrating a K,- band Doppler radar to TelosB wireless mote. Our
integrated radar-mote system can successfully replicate the data collection capabilities of a standalone radar system.
Moreover, it provides some advantages over the standalone system which are pointed out in sections 4.4. The additional
benefits of our integrated radar-mote system include increased automation, large-scale data collection, portability,
remote operation and reduced power requirement. Our system offers key advantages over other similar systems such as
BumbleBee. In order to detect range the BumbleBee system requires complex signal processing or tuning of its max
range detection parameters through software and an onboard potentiometer. Additionally, this process may need to be
repeated several times in a trial and error manor. However, our system requires no complex signal processing or tuning
in order to obtain the range of the target. It produces the exact range of the target from a single acquisition. As well, our
system is modifiable to suit different arrays of applications. The input ramp signal frequency is tunable to target
detections of different max velocities and a replaceable antenna horn allows modification of the detection cone
parameter and tweaking the radar towards a specific range of distances.

The second part of the work tests capability of the newly built integrated system and effectively demonstrates its
application. We simulate reflectivity of three non-conducting materials such as wood, glass and paper using our
modified reflectivity model. The simulation demonstrates that with increase of refractive index the reflectivity increases.
We also process the simulated signal with FFT to compute range and velocity from Doppler shift. The processing of
simulation confirms that the Doppler shift is successfully incorporated into the analytical reflectivity model. We collect
reflected radar signals from the same three non-conducting materials using our newly implemented integrated radar-
mote system. The radar-mote autonomously captures large amounts of signal for different configurations. Therefore, we
can repeat a configuration as many times as we wish and using this advantage we have collected data for many runs to
classification purpose. Finally, we successfully classify three non-conducting materials using the collected reflectivity
signals.

Our newly designed and implemented integrated autonomous radar-mote system offers reasonable accuracy and
efficiency. However, there is still opportunity of improve the system. The heavy laboratory equipments used in current
setup pose inconveniences such as lack of portability and mobility. We plan to replace the standard laboratory signal
generator and power supply equipment with equivalent circuit implementation. Since our current system is experimental,
we use laboratory connecting wires for the connections between Doppler radar, inverting amplifier circuit and TelosB
mote. In addition, the random odd glitches present in some cases in the radar signal may occur due to these unstable
connections. Once the experimental system is standardized these connection will be replaced with standardized soldered
connections. Implementing the whole experimental radar-mote system in a single IC package would be the final target.

This work can be extended to explore object detection for different types of conducting as well as non-conducting
materials in complex outdoor environment. For the sake of simplicity and limited scope of the work, we just consider the
reflectivity of the non-conducting materials for our simulation and experiment. Therefore, one of the logical directions of
improvement is to integrate the reflectivity of the conducting materials into our model. Successful integration of
conducting materials into the model will make the model complete.
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