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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 Ka-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. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1: a) TelosB TPR2400 mote real picture (left), b) Block diagram of TelosB TPR2400 mote (right). (Source: Ref. [20]) 

 
2.2.2 Ka-band Doppler Transceiver (MACS-007802-0M1R1V) Details 
 
We select a Ka-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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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): 
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If we sample I and Q we get functions of fast time t and slow time ߦ. Therefore, I and Q are two dimensional functions. I 
and Q vary in fast time t with frequency cT/)ff(r2 010 −  which is proportional to the target range. I and Q also vary with 

the slow time with frequency c/fr2 0

.
, which is proportional to the target velocity or range-rate. Now we can perform a 

2-dimesional FFT on the analytical signal F(t, ξ) = ),t(iQ),t(I ξ+ξ 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 Ka 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], 
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Where nm is the refractive index of the reflecting material, k is the wave number and k=2πf/c , c is the speed of light, L is 
the thickness of the reflecting material and θ is the incident wave angle and ݂ is signal frequency. If we consider the 
incident wave angle θ=0, then equation (4) yields 
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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, 
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m
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m

2
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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, 

Proc. of SPIE Vol. 8134  813403-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

  
where  r0 is r
object. We u

3. D

 
In this sectio
general, stan
light, temper
allowing plug
SBT80 built 
[16][17]. Our
of the miniat
Then using t
analog radar 
changing the
the result in 
are selectable
(8), 

                     

The first step
radar gives th
Therefore, w
output to pos
amplifier is 
diagram of th
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
The next step
using oscillo

r(t) = r0
range at instan
se Eq. (6) to si

DESIGN AN

on we briefly pr
ndard wireless 
rature, vibratio
g in of specific
by Easysen ar
r miniature Do
ture Doppler r
the analog to d

output. We m
e program para
conversion me
e by programm

        =ADCN

p of the integr
he output in ne

we connect the
sitive domain w
connected to o
he integrated ra

Fig. 3: Schemat

p of the integr
oscope with tha

tr
.

+   
nt zero and  is
imulate the refl

ND IMPLEM

resent the desi
sensor mote p

on etc.  The s
c sensor circuit
re two standard
oppler radar ha
adar to the ana

digital converte
modify a user p
ameters. The A
emory. We can

ming. The form

+ −
−

R

in

VV
VV*4096

ration is the ha
egative voltage
 output pin of

with same amp
one of the ana
adar-mote sens

tic diagram for i

ration is the so
at of the Telos

   
s the rate at wh
flectivity of diff

MENTATIO
SEN

gn and implem
platforms are e
standard mote
t board using th
d sensor circuit
as an output pin
alog expansion
er (ADC) built 
program which
ADC core conv
n use two refe

mula of convert

−

−

R

R

V
V    .            

ardware level i
. However, the

f the Doppler 
plitude and imp
alog expansion
sor system. 

ntegration of Ka

oftware level in
B mote in hard

              
hich the object
fferent non-con

ON OF AUT
NSOR SYST

mentation of ou
equipped with 
e platform also
he standard exp
t boards which
n which produc
n input pin of 
in the microco

h can sample th
verts an analog
erence voltage 
ting analog sig

                       

integration of t
e wireless mote
radar to an inv

proves the stab
n input pins of

 
 
 
 

a-band Doppler r

ntegration as s
dware level de

                   
t is changing it
nducting materi

TONOMOU
TEM 

ur proposed int
different type

o supports the
pansion ports o

h can work with
ces analog outp
TelosB in our 
ontroller (MSP
he analog sign
g input to its 12

levels VR+ (m
gnals to digital 

                       

the Doppler ra
e can handle po
verting amplif
ility of the sys
f the TelosB m

radar and TelosB

shown in Fig.4
esign.  Specific

                       
ts range, range
ials. 

US AND INT

tegrated radar-m
s of built-in p

e extension of
of the mote. Fo
h TelosB throu
put signal. We 
integrated aut

P430) of Telos
al with differe
2 bit digital rep

maximum) and 
is represented

                      

adar and wirele
ositive voltage 
fier which inve
tem. Then the 
mote. Figure 3

B wireless sensor

4. We replace t
cally, the goal 

             (7) 
-rate or velocit

TEGRATE

mote sensor sy
assive sensors

f sensor moda
or example, Wi
ugh its expansi
connect the ou

tonomous sens
sB mote we sam
ent sampling sp
presentation an
VR- (minimum

d in following 

              (8) 

ess mote. The 
only.  

erts the negati
output of the i

3 shows the sc

r platform. 

the data captur
is to capture t

ty of the 

D 

ystem. In 
 such as 
lities by 
iEye and 
ion ports 
utput pin 
sor suite. 
mple the 
peeds by 
nd stores 

m) which 
equation 

Doppler 

ive radar 
inverting 
chematic 

ring task 
the radar 

Proc. of SPIE Vol. 8134  813403-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

output data u
already avail
stored in the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Setup o

 
We load the 
mote connec
wireless con
RadarMessea
the sensing m
TelosB mote
connecting w
the desired o
is connected 
sampling per
started to ini
small packet
data from a 
connected to 
 

In this sectio
some selecte
of the newly 
the targets. W
data. The res
useful tool fo

using wireless
lable ADC of t
mote. 

of Experimental 

user program
cted to a works
nnection betw
ageReader runn
mote with an 

e starts digitizin
wires as shown
operation of dig

to one of the 
riod configured
itialize the pro
s maintaining 
remote radar 
host computer

on we present t
d non-conduct
built system. W

We then classif
sults demonstr
or surveillance

s mote. Theref
the TelosB and

autonomous rad

m (RadarInputR
station via USB

ween the sensi
ning on the wo
ACTIVATE s

ng the radar sig
n in Fig.3.Our u
gitizing an ana
input ports the
d earlier. The 

ocess of sendin
the standard w
sensor mote. T
r rather connec

4. E

the test data co
ting materials b
We process the
fy different typ
ate that the int
. 

fore, this step 
d sampling the

dar-mote wireles

ReadStream) in
B port. A user 
ing mote and
orkstation for s
signal from th
gnal, we need t
user program d
log signal and 

e user program
digitized data 

ng the data to 
wireless protoc
Thus, we desig
cted to a distan

EXPERIME

ollection using 
based on the m
e data with sim
pes of non-con
tegrated radar 

requires conn
e analog signal

ss network syste
system. 

nto the sensing
program is als

d the worksta
storing data col
he workstation 
to connect the D
defines and co
sending it to a

m samples the a
is stored in in
the base statio
ols. The host c
gned the syste

nt host compute

ENTS AND 
 

our integrated 
model in Eq. (6
mple signal proc
nducting mater
sensor mote b

ecting analog 
 using the AD

m for data collec

g radar-mote. W
so loaded into 

ation. We also
llected through
to the sensin

Doppler radar 
onfigures the co
a base station w
analog program
nternal flash bu
on. The wirele
computer throu
em where the i
er via base stati

RESULTS

radar-mote sy
). We design a
cessing techniq
rials exploiting
built integrating

radar output a
C12 with the h

ction including t

We also have 
the base statio

o have a dat
h base station m
g mote via ba
output to the T
omponents and
wireless mote. 
m based on the
uffer. The wire
ess control mo
ugh base statio
integrated rada
ion wireless m

ystem. We simu
a toy experimen
ques to comput
g extracted feat
g cheap COTS

as analog inpu
help of a user 

the integrated ra

a base station
on mote to man
ta collection 
mainly. We can
ase station. Be
TelosB mote in
d modules requ
When the rada

e reference volt
eless control m
dule sends the

on can store th
ar-mote is not 

mote.   

ulate the reflec
nt to test the ca
te the range ve
tures from the 
S components 

ut of the 
program 

adar-mote 

n TelosB 
nage the 
program 
n trigger 
efore the 
nput with 
uired for 
ar output 
tage and 

module is 
e data as 
e sensed 
directly 

ctivity of 
apability 

elocity of 
Doppler 
can be a 

Proc. of SPIE Vol. 8134  813403-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

4.1 Simulati
 
The reflectiv
Consequently
simulation ar
measured [8]
the index of 
Therefore, th
refractive in
confirms that
amplitude of
conditions su
radar signal f
 
Since we add
material alon
as an exampl
all three mat
simulated sig
discussed wi
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: (a) Re
signal when th
 
4.2 Experim
 
In this sectio
system. The 
and validate 
The train is 
configuration
experimental
 
 
 
 

ion Results on

ve model pres
y, we choose 
re wood, paper
]. However, fo
refraction for t

he simulated si
dexes of woo
t our reflectivit
f reflection in
uch other facto
for wood, glass

d Doppler shift
ng with reflecti
le. Note the Do
terials in our e
gnal and obtain
th mathematica

eflected Doppler
he velocity of th

mental setup fo

on we discuss 
goal of the ex
the simulation
moves round

ns. Fig.6 show
l sensor networ

 Reflectivity f

sented in Eq. 
a few non-co
r and glass. Th

or any material
the three mater
ignal will repr
d, commonly 
ty model corre
ncreases with 
ors are constan
s, and paper re

t to our reflecti
ivity. Fig.5 (b) 
oppler shift is 

experiment but
n correspondin
al background 

r radar signal fro
e target was 0.5m

or Sensor Netw

the experimen
xperiment is to
n observation a
d an oval shap
ws an overview

rk setup with a

for selected no

(6) assumes t
onducting mate
he refractive in
l the refractive
rials in our exp
resent the refle

used glass an
ectly obtains in

the increase 
nt or almost co
spectively. 

ivity model, th
shows the plo
not related to 

t presented one
ng range and v
in section 2.3.

m non-conductin
m/sec and distan

work and colle

ntal setup and 
o explore the c
about reflectivi
ped track. We

w of how the ra
a toy train on th

on-conducting

the reflective 
erials for refle
ndices of the m
e index is cons
periment keepi
ectivity of Dop
nd paper are 1
ncreased reflect

of the refract
onstant. Figure

he simulated sig
ots of velocity v
amplitude of th
e as instance. W
velocity plot. T
.  

 
ng materials (lef
nce between the 

ection of real d

different exper
capability of th
ity of non-cond
e emulate diffe
adar-mote syste
he track. 

g materials 

materials are 
ectivity simula
materials depen
stant for a freq
ing the frequen
ppler signals fr
1.41, 1.51 and
tivity for objec
tive index of 
e 5(a) shows t

gnal now show
vs. range of th
he reflected sig
We perform F
The methods o

ft) (b) Range-rat
reflector (wood)

data from a to

rimental scena
he newly built 
ducting materi

ferent events b
em works duri

non-conductin
ation. The exa
nd on the frequ

quency range. F
ncy range same
rom those mat
d 1.73 respect
cts with higher 

the non-cond
the simulated r

ws the range an
e simulated sig
gnal. Hence, w
ast Fourier Tr
of computing r

te (Velocity) vs. 
) and the source 

oy experiment

arios using our
integrated rad

ials. We use a 
by making cha
ing experiment

ng and homog
ample material
uency with wh
For simplicity 
e as our Doppl
terial surfaces.
tively [7][8]. F
refractive indi

ducting materi
reflectivity of 

nd velocity of th
gnal for wood 

we obtain same
ransforms (FFT
range and velo

Range plot of si
of signal was 1m

t 

r integrated rad
dar-mote sensor

toy train as ou
anges to the t
ts and Fig.7 sh

geneous. 
s in our 
hich it is 
we vary 

ler radar. 
 Typical 
Figure 5 
ices. The 
als with 
Doppler 

he target 
reflector 

e plot for 
T) of the 
ocity are 

imulated 
m (right). 

dar-mote 
r system 
ur target. 
toy train 
hows the 

Proc. of SPIE Vol. 8134  813403-8

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

 
 
 
 
 
  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6: Flow diagram showing the experiment process 
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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. 

Proc. of SPIE Vol. 8134  813403-9

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

Configurat

Reflector  

Range 

Velocity 

 
4.3.1 Compu
 
The Doppler
and velocity 
radar-mote f
plots using t
Although we
compute the 
range and ve
many runs w
are also meas
the stopwatch
velocities me
of a moving
However, the
 
 
     
 
 
 
 
                     
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8: Rang

tion Type

Wood
Glass
Paper

 0.8m

100,8

uting Range-V

r radar is expe
from Doppler 

following the c
he data captur

e have compute
numeric value

elocity of the t
with the standar

sured with a st
h is mentioned
easured by the 
g target with 
e comparison c

                       

ge-rate vs. Ran
and 

Table 2: D

e 

d, 
s, 
r,  

m,1.2m,1.6m 

80,60 

Velocity of Mo

cted to offer r
radar is discus

configuration i
red through ne
ed range and v
es of range and
target for all c
rd deviation of 
top watch to va
d in first colum

stopwatch and
significant ac

confirms that th

            

ge plot when th
target is 0.8m 

 

Different Test C

Descriptio

The front o
reflector. T
(wood, gla

The distan
0.8m,1.2m

The toy tra
previous c

oving target  

range-velocity 
ssed in section 
in Table 2.Figu
ewly designed 
velocity for diff
d velocity from
configurations. 
f the runs. The 
alidate the resu

mn of table 3 wi
d radar-mote w
curacy althoug
he radar-mote i

he toy train wa
and dial of the

Configuration c
 

on 

of the train hol
The reflector is
ass, paper) in d

nce between the
m,1.6m for two 

ain has a dial to
column indicate

as output. The
2.1. Now we p

ures 8 shows 
integrated rad
ferent configur
m the signals f

The entry in 
distances are m

ults of the radar
ith relative dial

we can say that 
gh there are 
is working pro

 
 

as moving towa
e velocity contr

created with toy

lds a rectangul
s made of the n
different config

e moving  targ
different conf

o control the sp
es the position 

e theory and m
process the rad
one instance o
ar-mote system
rations we pres
for different co
the tables give

measured with 
r-mote. The ve
l position of th
the radar-mote
options to im

operly. 

ard the Radar, 
roller in toy tra

y train 

ar plate that wo
non-conducting
gurations. 

et and the stati
figuration 

peed of the trai
of the dial.   

mathematics be
dar data collect
of the range-ra
m for one dista
sented only one
onfiguration. T
es the average
measuring tap

elocity of the to
he toy train con
e can compute 

mprove the acc

the distance be
ain is set to 60. 

orks as a 
g materials 

ic radar is 

in. The value i

ehind computin
ted from the in

ate (velocity) v
ance and one v
e as example. T
able 3 summar
 range and vel

pe earlier and v
oy train measu
ntroller. Compa

the range and 
curacy and eff

etween the rad

n 

ng range 
ntegrated 
vs. range 
velocity. 
Then we 
rizes the 
locity of 

velocities 
ured with 
aring the 
velocity 

fficiency. 

ar-mote 

Proc. of SPIE Vol. 8134  813403-10

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

         Ran
 
 
Velocity 
(Train di
position &
with stop

Dial  Pos
Measure
0.74 ± 0.0
Dial  Pos
Measure
0.68 ± 0.0
Dial  Pos
Measure
0.56 ± 0.0

 
Note: For all
 
4.3.2 Classif
 
The simulate
collect the co
non-conducti
glass, and pa
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

Fig
 

nge 

ial  
& measured 

pwatch in m/se

sition :100 
ed with Stopwa
017 
sition :80 
ed with Stopwa
012 
sition :60 
ed with Stopwa
013 

 the entry aver

fication of Non

ed signal refle
orresponding e
ing materials r

aper respectivel

g. 9: Experimen

Table 3: Rang

ec) 

atch: 
Veloc
Rang

atch: 
Veloc
Rang

atch: 
Veloc
Rang

rage value is m

n-conducting t

ected from thre
experimental r
respectively. F
ly for a specifi

                    

ntal Signal Ref

ge-Velocity of

0.8 
Unit: meter

city 0.76 ± 0.03
ge    0.86 ± 0.11

city 0.66 ± 0.02
ge    0.80 ± 0.10

city 0.56 ± 0.04
ge    0.78 ± 0.13

mentioned with 

target materia

ee non-conduc
radar signal re
igs. 9 shows e
c instance. 

                      

 

flected back fro

f Moving Targe
 
 

3 
1 

Veloc
Range

2 
0 

Veloc
Range

4 
3 

Veloc
Range

standard devia

al based on Re

cting materials
flected back fr

experimental si

                       

 
 

om Wood refle

et for all config

1.2 
Unit: meter

city 0.74 ± 0.05
e    1.19 ± 0.14

city 0.66 ± 0.06
e    1.18 ± 0.12

city 0.57 ± 0.02
e    1.16 ± 0.15

ation. 

eflectivity  

s are discussed
from rectangula
ignals reflected

   

ector, Glass Re

gurations 

5 
4 

Veloci
Range

6 
2 

Veloci
Range

2 
5 

Veloci
Range

d in section 4
ar reflective pl
d back from re

eflector and Pap

1.6 
Unit: meter 

 

ity 0.73 ± 0.05
e    1.56 ± 0.16

 
ity 0.66 ± 0.02

e    1.55  ± 0.16
 

ity 0.57 ± 0.04
e    1.55 ± 0.15

 

.1. In this sec
late made of t

eflector made o

per Reflector 

5 

2 
6 

4 

tion, we 
the same 
of wood, 

Proc. of SPIE Vol. 8134  813403-11

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

Raw Radar 
data for one 

instance

Preprocess Data

Apply MUSIC Algorithm 
for Feature Vector

Insert the Feature vector 
as an entry in the feature 

Matrix

Collect Feature  Vector 
for more instance?

Yes

No
Normalize the Feature 

Matrix

Classify each Instance 
of the Matrix 

Apply PCA to the Feature 
Matrix for Dimensionality 

Reduction

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. 
 
 
 
 
 
  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

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

Class Number 
of Runs 

Classifier True  
Positive 

Rate 

False 
Positive 

Rate 

ROC  
area 

Kappa 
Statistic 

Accuracy 
(%) 

 
 

Wood, 
Glass, 
Paper 
 

540 Random Forest 0.74 0.13 0.89 0.60 73.82 
 

LMT: 
Logistic Model 
Trees 
(Decision tree 
based 

0.77 0.12 0.90 0.66 77.04 

Functional Tree 
(Decision tree 
based on logistic 
regression) 

0.77 012 0.84 0.65 76.67 

Support Vector 
Machine(SVM) 

0.76 0.12 0.82 0.63 75.56 

Multilayer 
Perceptron 

0.80 0.10 0.92 0.70 79.81 

 
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 accuracy, 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 Ka- 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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