Instrumentation and Measurement
Technology Conference — IMTC 2007
Warsaw, Poland, May 1-3, 2007

Testbed for Wireless Adaptive Signal Processing Sigsns

Gyorgy Orosz, Laszlo Sujbert, Gabor Péceli

Department of Measurement and Information Syst@udapest University of Technology and Economics
Magyar tudosok krt. 2., H-1521 Budapest, Hungary
Phone: +36 1 463-2057, fax: +36 1 463-4112, E-noadsz@ mit.ome.hu

Abstract —Due to the several attractive features of wirgldsvices traditional algorithms aren’t prepared for theseltia These
they are more and more expansively used, but tippoyiment of facts make necessary the comprehensive study diefldeof
wireless sensors in control applications is notegat yet because of yjireless control.

the unreliable data transfer. This paper introdueetestbed which In this paper a testbed is introduced, which canabe

serves as a platform for investigations of wireledssed Ioo.p common base of current investigations on the agpility of
adaptive signal processing and control systems. Adwelty of this wireless sensor networks in closed loop multiplesin

testbed is that it makes possible the practicaste$ algorithms in . . . .
wireless environment. Since the traditional signaiocessing Multiple-output (MIMO) control and digital signafqressing

a|gorithms are not prepared for pecu“ar prob'erﬂmtt emerge SyStemS The I’]OV6| feature Of th|S testbed IS IlhatferS a
because of wireless data transfer (e.g. data lo#®), exhaustive framework for the investigations to eliminate the
study of their behavior is necessary. This testesysplays an disadvantageous effects of radio communication fandhe
important role in these investigations. Since thettied offers also study of characteristic problems that emerge inieless
an application (the active noise control), algonith can be studied control system. The general configuration and typic

in the same circumstances so ensuring the comgayadi different
structures.

Keywords — wireless sensor network, wireless control, réak
processing, active noise control, adaptive sigmakpssing

I. INTRODUCTION

Nowadays the investigation of wireless sensor ngtgio
(WSN) application is a relevant research topic, abse
WSNs are utilized with success in various field$. [Lhe
deployment of WSN has numerous advantages in irtva
wired systems. The most important of these are ethgy
installation and maintenance of sensors and actjathe
flexibility of arrangement, and the radio communica
eliminates the costs of cabling. The intelligenhs®s can
themselves manage the network with marginal
interaction. Nevertheless, because of the inherand
inevitable problems of radio communication (e.qcked loss,
uncertainty in data transfer time) the deploymemMMSN in
closed loop applications is not spread yet [2],csirthe
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problems of wireless control systems are showrignE

The MIMO plant required for testing is an acougtiant,
and the application that is utilized in the testli®@n active
noise control (ANC) [3] system, the feedback pdrtvbich
comprises a WSN for sensing the noise to be suppdes
Because of the wide variety of ANC algorithms thystem is
appropriate for test purposes and comparative sisalyf
results, since algorithms are tested under sameitcmms.
The high quality of sensors and actuators is nqtired,
because the main goal in this system is the inyatstin of
the feasibility of control and signal processingsteyns in
wireless environment, not the high noise suppresssince
the acoustic plant consists of loudspeakers andoptiones
that are easily available, this system is very &mm
establish anywhere. ANC algorithms are mainly MIMes,
so the system is arbitrary scalable by adding Ipedkers

%hd sensors. The linearity of acoustic systems idew

dynamic range ensures the applicability of the wjulead
and elaborated adaptive algorithms that are deeeldpr
linear systems.
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Figure 1. Typical configuration of wireless closed loop systems
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Figure 2. Block diagram of the system

This arrangement poses strict demands on the maiompatible radio transceiver and an MTS310 sensarch

components of the testbed (WSN and ANC algorithfos)
ensuring the overall reliability of the system: thensor
network has to provide efficient and safe datadmasinsion
towards the signal processing algorithm, whichuimthas to
be adaptive for the anomalies in data transfer.eltbeless
the ensuring of stability criterion of ANC systesquires the
synchronization of the units in the system. Althiotige ANC

systems are acoustic signal processing systemsgrajen

results can be adopted in non-acoustic systemsyells In
connection with the testbed we focus on signal gssing
aspects of the utilization of WSN.

This paper is organized as follows. In Section the
hardware configuration of the testbed is descriiéd: ANC
algorithms and their suitability for test purposese
introduced in Section Ill. Major topics that can stedied in
the field of wireless control with the testbed atenmarized
in Section IV. Results are already achieved arsgimed in
Section V.

II. SYSTEM DESCRIPTION

Two AA size batteries provide power supply for eacbte.
The data transfer rate of the transceiver IC is
250 kilobit per second (kbps) including a preamd®etion, a
header and a footer that are handled by hardwdue s&nsor
board includes also a microphone with variable gain
amplifier, the output signal of which is convertegla 10 bit
analog to digital converter (ADC) of the microcaniker.

Most of motes (mote..motg, in Fig. 2) are responsible
for noise sensing. They transmit data towards tB& [Data
from the wireless network are forwarded to the O8Pa
gateway mote (mogen Fig. 2). To the software development
for motes the TinyOS embedded operating systemusad,
but modifications should have been carried out ridep to
increase the code efficiency. Typical difficultiemerge in
time critical sections, where accurate timing ofk& is
inevitable. Such tasks are timing of the samplidg t
microphone’s signal, and accurate detection ofakrtime of
radio messages, which is important task in syndhation.

The DSP and the gateway mote are connected via
asynchronous serial port. The data rate of comnatioic
between the two units is 115.2 kbps. The programgnuh

The block diagram of the testbed can be seen in2rig motes is carried out by an interface board of tyfig&510

The system basically consists of two units. Thennpeairts of

[5]. It serves as a power supply and RS232 lingedrfor

signal processing algorithms are implemented on $P D gateway mote, as well.

evaluation board of type ADSP-21364 EZ-KIT LITE ,[4]

The PC basically serves as developing and debudgoig

which includes an ADSP-21364 (SHARC) processor. THer both platforms. However, it is suitable for gpgg and

DSP is a 32 bit floating point one with a maximébok
frequency of 330 MHz and dual arithmetic units. TP is
connected to an AD1835 codec that has two anajmgt iand
eight analog output channels, through which sigicals be
fed to the loudspeakers. Such number of output reklan
ensures the possibility of realization of extensgyestems.
The analog inputs can be used for collecting refegesignals
that is required for most ANC systems. Referengaas can
be collected also by motes. The acoustic signaermsed by
the elements of WSN, which is built up of Berkelmjcaz
motes [5]. These motes are intelligent sensorsdbasist of

visualization of data sent by gateway or DSP oeeiakport.
An independent loudspeaker driven by a signal geaer
can be utilized to generate external sound. Itlmamused as
an artificial noise source while testing the ANGtsyn, or as
general examination or excitation signal for tastose.

[Il. INTRODUCTION TO ACTIVE NOISE CONTROL
A. Noise control systems

The general linearized model of ANC systems casdan

an ATmegal28 eight bit microcontroller with a clockin Fig. 3. The purpose of ANC systems is to suppreainly
frequency of 7.3728 MHz, a CC2420 2.4 GHz ZigBe¢ow frequency acoustic noises by means of destreicti



B. ANC as test application

R(z)

A(2)

A\ 4

The reasons, why active noise control is suitabletdst
purposes, are summarized in the following.

Problems that emerge in these ANC applications are
characteristic of general closed loop systems.heantore, it
is a real-time signal processing system that reguielatively
fast data flow, so it can maximally exploit the aesces
offered by the wireless sensor network both
communication and computation aspects. The wideuayn
range that is characteristic of acoustic systemespossible
the testing the effect of quantization upon sigmalcessing
algorithms.
interference. The operation can be summarized ke Another important reason is, that in the ANC system
according to the reference and the error signelarde generally more than one (about of the order of ten)
respectively), the ANC algorithmR(zZ) produces such microphones and loudspeakers are applied in omeeach
secondary noisg which minimizes the power of the errorappropriate noise suppression in large space.ithscause
signale. R(2) is implemented mainly on DSP because of itmoise cancellation is restricted to a limited sunding of
computational complexityy is radiated by loudspeakers andmicrophones, so the higher the number of the sendw
arrives to the microphones through the so callesbrsgary larger the space is where noise reduction can hewed.
acoustic path that is described by AfZ) matrix which The number of sensors that are utilized in theesgsgives
consists of the transfer functions between eacldpeaker the opportunity of investigation of MIMO wireles®rtrol
and each microphoné(z) can be treated as a linear systenmsystems that are more complicated, than their eiimgut
The error signak (i.e. remaining noise) is the result of thesingle-output (SISO) counterparts because of theploty

d: primary noise

y: secondary noise

e:errorsignal: e=d —-y-A(z)=d -y
A(2): transfer function of secondary path
R(2): active noise control algorithm

x: reference signal

in

Figure 3. General structure of ANC systems

interference of the primary noigskand secondary noisg,
and it is sensed by microphones.

between the channels.
The realization of ANC systems is possible by meafns

In the ANC algorithm a kind of inverse model of thevarious signal processing algorithms. Since the liegp

secondary pathA(2) is applied which is denoted b (2). For

algorithm doesn’t influence the hardware structutieis

ensuring the stability of the systeWy,(2) is often chosen as testbed makes easier and faster the process dftigatons

follows [11][12]:

W) =A@R" (1)

of algorithms in practice.

The ANC systems are extremely sensitive for thengba
of the transfer function of the secondary path. Tdason is,
that the permanency and accurate knowledgeA@ is

where” denotes the pseudo- (or Moore-Penrose) inverse. Trequired for the stability-as shown by Eq. (2}, but for the
secondary patiA(2) should be identified in advance. Theadequate transient properties more accurate kngeletithe

stability criterion of the system is:

"2 < arcly) <= /2
A =AAQ@W(2)); I=1...L

(2)
®3)

wherel is the number of inputs. Eqg. (2) and (3) meansdha
eigenvalues, of the termA(2W(2) must have positive real
part for each frequencies, where noise is presenmt.single
channel case (only one microphone and one loudspeak
used) it means, that the phase delap@ must be known at
least with the accuracy of 90A(2) involves the transfer
function of the entire signal path between the outand
input of the noise control algorithm (i.e. ADC, DA@nalog
signal conditioner circuits, transfer functionsmicrophones
and loudspeakers, and the transfer function of V¢SiNita
routing is also included). The main goal in ANCtsyss (and
in our case also in the WSN) to ensure the pern@nen
A(2) on each frequency, because so ¥4fz) be determined
unambiguously and utilized during the entire ogderatime
of the system.

transfer function is necessary. Since the seconpatly also
includes the WSN, it has really key importance riswee the
permanency in the collection, processing and tréssion of
data in the sensor network. This fact makes passibtl also
requires to work out and to test sophisticated datkecting
and transmitting methods. Another purpose of idieati
transfer function of secondary patlabove the utilization in
noise control algorithr-is, that it can be evaluated offline,
and it can be used to characterize the secondahny @ad so
the behavior of WSN, as well. For example the défiee in
delay of certain variants of data routing algorithcan be
measured, or according to more consecutive ideatitin
results the persistency of transfer function caétermined.
It is useful during the test phase of data transimis
algorithms, since it reveals the fluctuations ir tinansfer
time of the data transmission, which causes changdise
different transfer functions.

Although the main purpose of this system is notribise
suppression, the measurement results of certaoritdms in
noise cancellation either in steady state or tearigphase can
serve as basics for comparison of algorithms in dhme
circumstances.
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Figure 4.a. Unsynchronized system
IV. RESEARCH TOPICS

Basic fields of investigations related to the diffet
parts of the system can be seen in Fig. 1.

A. Synchronization

A crucial task in the system is the synchronization

Figure 4.b. Sampling synchronization

Figure 4.c. Synchronization with interpolation

constant phase shift iA(2). It means thaWW(2) can be
determined so that it suffices Eq. (2).

Another approach for the synchronization is the
interpolation, when the effect of unaligned sangpland
processing times are compensated by computation. By
means of interpolation the exact value of the digmahe
processing time instants can be estimated, so reltmg
the changing delay. This method is useful if thegiing

because there are many autonomous subsystems (each frequencies can not be tuned, e.g. if an indepéruievice

mote and the DSP). Synchronization has key impoetan
because of the strict stability condition referritay the
knowledge of the feedback path. If the samplingrates
and processing of the sampled data on the DSP rectur
independently of each other, the delay between the
sampling and the processing of the signal wouldy \ar
least in a one sampling period interval, as it barseen in
Fig. 4.a. In the figures the sampling and processimes
are signed with vertical lines on the time axeg] #nis
assumed that th& data transmission time is constant and
the DSP processes the most currently received tafg.
the delay between the processing and samplingrd T,
respectively) isT, since the data arrives directly befdre
However, in the processing timg.; the delay is T; +
Tsmotd: Since the data sampled T arrives slightly after
Ti.1 so the DSP processes the previous data that tasdar
approximately withTspoe time beforeT,;. This example
shows the two extreme value of delay, but it caange
anywhere within T,...T+Tsnod interval. Since A(2)
includes this delay, it also changes continuousiyndj the
operation so it differs from its identified valudeenceW (2)

is no more optimal. Moreover it can occur that(2)
doesn't satisfy even the stability condition. Tligs the
simplest case, when the DSP processes the mosnturr
data, but more delay can be introduced in othecqmsing
methods. All these facts make this testbed appatgpifor
testing synchronization algorithms, since for théisient
and reliable operation of ANC adequate synchroitnat
required.

For the synchronization there are basically two
approaches. Units can be synchronized by matching t
time instants of sampling and signal processingsigiayly
to each other. It means that these processes deimdgth
each other, or take place with constant time aofftéetan
be seen in Fig. 4.b. that between the sampling and
processing there is a constant difference, whishltgin a

provides the data.

The interpolation can be realized in two differaratys,
as the Fig. 4.c. shows. In the case of the matel DSP,
the mote sends samples continuously to the DSP that
interpolates the value in the processing timie by
measuringT,. In the other method the interpolation is
carried out on the motes. This is the case in&ig, when
the DSP sends request message to the,m®iece they
work asynchronously the mote should estimate theasi
value when the message arrives, and sends back this
interpolated (or resampled) value which is procgdsg
the DSP.

In the first case the interpolation demands high
computation load on the DSP, since the data froeryev
motes should be handled individually. In the secoaske
the computation is distributed in the network, hbée
transmission of request messages means extra doddef
network. The method for interpolation in both case be
chosen according to trade-offs between computdtiona
complexity and precision. Algorithms that ensurevéo
distortion require generally more processor cagacit

Mixed synchronization algorithms can also be agplie
when sampling on motes is physically synchroniZaat,
the DSP uses interpolation for fitting the datanfrtVSN
to its processing time.

Because of the various potential synchronization
methods that can be used in the system, it offensemous
ways for investigations in the field of synchrorniaa.

B. Signal transmission and processing

Although the sampling frequency required by the ANC
is not really high (about 1-2 kHz), the transmissiof
signals of even 3 or 4 motes can be unfeasibleusecaf
the bandwidth limit of the wireless network. Heritas
important to ensure efficient data routing. It ¢aply the



investigation and development of data transmission
methods that suits for the nature of multiple asces
wireless networks with limited bandwidth and energy
resources, and takes into account, that the datartitting
network is the part of a control loop (e.g. TOD
protocol [6]). In connection with data transmissiatata
compression algorithms and their integration int® t
control systems can be considered and investigated.

A basic problem in the system is the handling oitéa
caused by the features of wireless data collectienthe
data loss or irregular transfer time. Since thelitienal
algorithms (e.g. filters, controllers) basically nkoon
equidistantly sampled data, they aren't able inirthe
original form to handle the anomalies that are gmesn a
wireless system (e.g. missing of data in a samptimg
instant). There are already results that aim teestthese
problems (e.g. [7]). This system makes possiblaeki
these new algorithms developed especially for egel
data collecting environment. Since in ANC systent af
adaptive algorithms can be utilized (adaptive tvansal or
recursive filters, like LMS, FXLMS, RLMS or observe
based methods [3][8][9]), many algorithms can be
investigated in wireless environment.

The computational capacity of motes makes possible
the implementation of algorithms not only on theFD8ut
on the nodes of the network, as well. This makessibte
the investigation of distributed signal processingthis
testbed. The extension of signal processing algoston
sensor network has more advantages. The preprogessi
signal can reduce the amount of data to be tratesdinfa
the network, if only some signal parameters areessary
for the control algorithm. The preprocessing ohsig can
also reduce the effect of data loss, since printkata are
processed on the motes. Since the preprocessisigradls
is not accustomed in the case of traditional sensignal
processing algorithms can be investigated in teohs
cooperation with intelligent sensors, as well.

V. RESULTS

In the testbed we have already implemented some ANC
systems with various structures. In the realizeslesys the
sampling frequency on motes was 1.8 kHz and 2 khiz o
the DSP, and the noise suppression was about ifoe va
that is characteristic of ANC systems, to whichsses are
attached by wire. Also a PLL like synchronization
algorithm was worked out that ensures the synchrsno
sampling in the WSN.

The noise sensing in the systems was carried dwdn
ways. An obvious method for noise sensing is thepks
sampling of the output of noise sensing microphome¢he
motes, and the transmission of samples to the D&Mis
case the fitting of sampling frequency of moteghat of
the DSP was achieved by linear interpolation. Sitlee
sampling process on motes is synchronized, the sriate
WSN can be handled uniformly on the DSP side in the
interpolation algorithm. The utilized ANC algoritlsnare

FXLMS [8] and resonator based ones [9][10] on which
experiments are carried out. During the experiments
reference signal collection by WSN was realizedyel.

In these systems the bottleneck is the bandwidttihef
wireless network, which limits the number of motgsa
given sampling frequency. In order to increase the
effective throughput of the network, a transfornaiednain
data transfer is worked out, which means: sensass for
the DSP only the Fourier-coefficients of periodignsls
that are computed by the motes in place by an wbser
based Fourier-analyzer (FA) structure, so the signa
processing was extended on WSN. Since these ceetfic
change slower than the signal itself, lower tramssion
rate is allowed, so the limitation of bandwidth less
relevant in terms of number of noise sensing moféss
makes possible the expansion the number of moti®uti
decreasing the sampling frequency. The structur¢hef
system is shown in Fig 5.
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Figure 5. ANC system with distributed Fourier-analyzer

This kind of error signal sensing is utilized irresonator
based ANC system, where the coefficients can bectljr
used in the algorithm. In this case beyond the lssomous
sampling in WSN also another synchronization pnoble
emerges: the consistency of the base functionstdhae
ensured in the whole system (on each mote and en th
DSP), since the phase value of the Fourier-coefiisi can

be interpreted only by maintaining a common refeegn
the base functions in the system. It is solveddmtiauous
transmission of the phase and frequency of the base
functions (sine and cosine functions), but syncization

of sampling on motes is a necessary condition.

Since the synchronization of sampling on moteskiegs
importance in each system it is presented in detdie
synchronization method requires a reference motg. (e
mote in Fig. 6), the sampling rate of which the other
motes are synchronized to. It sends synchronization
messages periodically at the beginning of evesgmpling
period. If the mote to be synchronized gets thesamgss in
the same part in the sampling peridg; E Ty, = T, = const
in Fig. 6) then the time difference between
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Figure 7. Synchronization measurement results

each sampling time instant on the different motes i
constantT; + T,), so they are synchronized in sampling.

In unsynchronized case, the frequency error ottbek
generator of the devices causes the sampling freipeto
be slightly different Tsmote1# Tsmoed. ThiS results in the
continuous changing of the relative position of the
sampling points. Hence also the reception timeyontkro-
nization messages on mgt€l,) changes, as shown in
Fig. 7 (dashed line). SincE, is measured relatively to the
next sampling time instant it is in the interval.[OTgyqed-

By changing the sampling frequency fhecan be held
on constant level, as shown in Fig. 7 (solid linBy
decreasingsmaein T2 the next sampling point gets closer
to the reception point sB, is decreased, while increasing
of T, requires the opposite changeTgf ez

In the simple data collection system the maximal
applicable number of motes was two, while in theega
when motes delivered the Fourier-coefficients, the
experimental system consisted of eight motes and fo
loudspeakers. This proves the efficiency of theetat
distributed signal processing based method. Indée the
number of sensors could be extended according to
estimations up to some dozens. The size of theanktis
limited by the properties of noise to be suppregsegl the
rate of change of the frequency or amplitude of@piand
by the resources of the DSP. In the latter case the
computation capacity means no restriction, sincehim
case of eight motes and four loudspeakers only tafai
percent of the available time was used for compriabf
the ANC algorithm on the DSP, but the storing oéair
deal of transfer functions (between each sensorezuth
loudspeaker) has large memory demand.

VI. CONCLUSIONS

In this paper a system is introduced that is slétédx
testing the utilization’s properties of WSN in fastaptive
digital signal processing and closed loop control
algorithms. Active noise control is found to beextellent
application for test purposes. ANC systems arealine
MIMO structures, and the plant is present in every
laboratory. The sensors (the microphones) areableilon
the sensor boards of the micaz motes and the acsuat
(e.g. active loudspeakers) are cheap and they @n b
bought easily. The testbed ensures a large degfee o
freedom during the design, which leads to systemas t
have the same functionality but with different stures, as
the presented experimental systems show. These
competitive structures are appropriate for the yaislof
the problems in wireless control from several atpec

The aim in the future work is to develop and impéetn
such adaptive signal processing algorithms that are
optimized for working in wireless environment.

ACKNOWLEDGMENT

This work was partly supported by the Hungariand-un
for Scientific Research under Grant Nr. OTKA TS 0493.

REFERENCES

[1] Akyildiz, I. F., W. Su, Y. Sankarasubramaniam, &ad Cayirci,
+Wireless sensor networks: A surveyomput. Netw, vol. 38, no.
4, pp. 393-422, 2002

[2] Mathiesen, M., G. Thonet, N. Aakwaag, ,Wirelesshad-networks
for industrial automation: current trends and fatyrospects,” in
Proceedings of the IFAC World CongreBsague, Czech Republic,
July 4-8, 2005

[3] Kuo, S. M., D. R. Morgan, ,Active Noise Control: Autorial
Review,” in Proceedings of the IEE&ol. 87. No. 6., pp. 943-973,
June. 1999.

[4] www.analog.com/UploadedFiles/Associated_Docs/50488®SP
21364 _EZ KIT_Lite_Manual_Rev_2.0.pdf

[5] MPR-MIB User’'s Manual
www.xbow.com/Support/Support_pdf_files /MPR-
MIB_Series_Users_Manual.pdf

[6] Gregory C. Walsh, Hong Ye, and Linda G. BushneBtability
Analysis of Networked Control Systems,” IiEEE Trans. on
Control Systems Technolagyol. 10, No. 3, May 2002

[7] B. Sinopoli et. al, “Kalman Filtering with Interthent
Observations,” inProc. IEEE Conf. on Decision and Contrgip.
701-708, Dec. 2003.

[8] Elliott., S. J., P. A. Nelson, ,Active noise corffan IEEE Signal
Processing Magaziné/ol. 10, No. 4. October, 1993, pp. 12-35.

[9] Sujbert, L., G. Péceli, ,Periodic noise cancellatigsing resonator
based controller,” ill997 Int. Symp. on Active Control of Sound
and Vibration, ACTIVE '97pp. 905-916, Budapest, Hungary,

[10] L. Sujbert, K. Molnar, Gy. Orosz and L. Lajko, ,Wless Sensing
for Active Noise Control,” onIMTC -—Instrumentation and
Measurement Technology Conferenc&errento, Italy, April 2006

[11] L. Sujbert, "A new filtered LMS algorithm for acéwoise control",
in Proceedings of the Active '99 - The InternationAlrEESymposium
on Active Control of Sound and VibratjoDec. 1999, Fort
Lauderdale, Florida, USA, pp. 1101-1110.

[12] Elliott., S. J., P. A. Nelson, “The Behavior of ailtiple Channel
Active Control System”, ihEEE Trans. on Signal Processingol.
40, No. 5, May 1992



