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A novel auto-calibration system for wireless
sensor motes

Ruoshui Liu and lan J. Wassell

Abstract

In recent years, Wireless Sensor Networks (WSNs) rdsdas undergone a quiet
revolution, providing a new paradigm for sensing and disseminating infomfedm
various environments. In reality, the wireless propagation channelamy harsh
environments has a significant impact on the coverage range alitg gtithe radio
links between the wireless nodes (motes). Therefore, the use ddiyitechniques
(e.g., frequency diversity and spatial diversity) must be considerameliorate the
notoriously variable and unpredictable point-to-point radio communication. links
However, in order to determine the space and frequency diversityctéhestics of
the channel, accurate measurements need to be made. The masEntapve and
inexpensive solution is to use motes, however they suffer poor agomacg to
their low-cost and compromised radio frequency (RF) performance.

In this report we present a novel automated calibration systechdoacterising mote
RF performance. The proposed strategy provides us with good knowledpe of t
actual mote transmit power, RSSI characteristics and recseresitivity by
establishing calibration tables for transmitting and receivingenpairs over their
operating frequency range. The validated results show that our atetbicalibration
system can achieve an increase 015dB in the RSSI accuracy. In addition,
measurements of the mote transmit power show a significantesiffie from that
claimed in the manufacturer's data sheet. The proposed calibnagithod can also be
easily applied to wireless sensor motes from virtually\amdor, provided they have

a RF connector.

1 Introduction

Wireless sensor networks (WSNs) promise to have a significgdct on a broad
range of applications relating to structural engineering, altwie and forestry,
national security, energy, food, logistics and transportation [1]. A\ collection
of self-contained, micro-electro-mechanical devices; thesesnade colloquially
referred to asnotes Each of them contains a computational unit, memory, a wireless
network radio and a power supply. They are deployed in the environmentsrett
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to monitor various physical conditions, such as temperature, relativeditbyim
pressure, vibration, sound, motion, and various pollutants. Furthermore, recent
advances in technology of hybrid circuits, Micro-Electro-Mechani8gktems
(MEMS), and mixed signal Application-Specific Integrated CirddiSIC) design

have already decreased the size, weight and cost of sensqrprésgure transducers,
hydrophones, multi-parameter water probes) by orders of magnitude.

Many aspects of WSN design, including network architecture, protosasal
processing and hardware have previously been studied [2]. However, itinéngla
deployment and management of WSN systems have receivedalgliitile attention

to date. This is unfortunate since in most applications, a WSN tedxss carefully
planned, deployed and managed if it is to meet service expectdtisnslso the case
that planning, deployment and management tools, where they exist, atg poor
integrated and posses limited functionality. This is partly assalt of simplistic
assumptions concerning wireless propagation and its effect on conatmmitnk
performance. In fact, radio communication links between wirelessesmate
notoriously variable and unpredictable, which has a significant impacthe
coverage range and quality of the radio link. A link that is acbéptaday may be
poor tomorrow due to environmental conditions, e.g., new obstacles, unanticipated
interferers and myriad other factors [3]. That is, propagation pa#fy thannel fading,

RF interference and changes in the physical environment that @ockunication
links all contribute to the dramatic variation in the receivedaigtrength and error
rate of the communication links. These effects need to be takeadotmnt in the
design of effective planning and deployment tools.

In addition to improved planning and deployment tools, the task of implementing
WSNs can be eased by improving the performance of the communicatien |
between motes. To do this, it is worthwhile to investigate techsicgueh as
frequency and spatial diversity to see if they can improve theageend robustness

of WSNs in the environments of interest.

The potential benefits of using the proposed diversity techniques needuariidied
by performing accurate propagation measurements in the environofémisrest. To
do this in a realistic and inexpensive way we propose the useamdast motes
manufactured by Crossbow Technology Inc. [6], namely MicaZ moteweker, we
need to undertake a comprehensive analysis of mote RF perfortoadegermine
their suitability for this task. Specifically, we require knodde of the mote transmit
power and Receive Signal Strength Indicator (RSSI) charsitsrover the system
operating frequency range. The use of standard motes wollp&amit us to take
channel measurements in situations that closely replicate attshl deployments.
However, it is necessary that we calibrate them in advancs.i§tiecause these
motes are typically deployed en masse and so must be inexpansivieave low
power consumption. Based upon preliminary measurements it appeattsetinadte
RF performance is usually below the manufacturers' quoted spéoifis, and that



their characteristics vary from one to another after prodoiciiherefore, it appears
that conducting measurements using uncalibrated motes is note¢odmemended [4,
5].

We show in this report how mote variability can be overcome usingmayosed
method for automatically calibrating pairs of motes using a n&edocomputer
driven instrument system. Our approach uses a MATALB based catigoa
environment running on a PC to control a signal generator, a speatialyser and a
pair of transmitting (Tx) and receiving (Rx) motes to esthblen accurate
relationship between the hardware dependent RSSI values and timptrtugower at
the receiver antenna connector. Moreover, accurate knowledge thhsmit power
at the transmitter antenna connector enables accurate estimBpath loss over the
frequency band of interest to be performed. These measurementsh®limasis of
lookup tables for any pair of Tx and Rx motes. Finally, the acacdive sensitivity
can be revealed from this tabulated information. Accurate knowledgthese
parameters as a function of operating frequency enables us tiheugeotes as a
calibrated measurement system. The automated calibration sysrgets the
Berkeley MicaZ platform from Crossbow Technology Inc. Howetres, method can
be easily adapted and applied to any other platforms fronrehtf@endors, provided
they have a RF connector.

We begin in Section 2 by presenting some background concerning our legedrc
introducing the components that are involved in the proposed calibratimmsyst
Section 3 details the design of the calibration subsystem fordbe neceiver and the
design of the calibration subsystem for the mote transmitter. Botitain an
overview of the subsystems and the algorithms that are used tol dbetrsystem.
This leads naturally to the implementation of the two automatditbrateon
subsystems, as will be described in Section 4. Section 5 desdrdvesthe
performance improvements yielded by the proposed calibration lookup tableoth
the transmitter and the receiver motes are quantified. Finalhgluding remarks are
given in Section 6.

2 Background and related work

Device calibration is the process of forcing a device to conforma tgiven
input/output mapping. This is often done by adjusting the device intermatlgan
equivalently be done externally by passing the device's output thwglibration
function that maps the actual device response to the desired response [7].

A more formal description of calibration is this: each device has a setawhetars

b . The purpose of calibration is to choose the correct parameteesdbrdevice
such that they, in conjunction with a calibration function, will trareskny actual
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device outputr into the corresponding desired outplt The calibration function
must therefore be of the form

r'=1(r,b). 1)

In traditional calibration we observe the device in a controlled environment and map

its observed outputto the desired outpuf , perhaps using a form of regression or a
lookup table.

There is some research effort being undertaken concerningltheaton of WSNSs.
Whitehouse and Culler [7] proposed macro-calibration by framing a#ibor as
general parameter estimation for their specific ad-hocikatan system in WSNSs.
While Lau and Lyons [8] investigated the approach of using the etB&l to
calibrate motes dynamically. These researches conceoirdte overall performance
of the sensor network. Moreover, they argued that the micro-calibtiodividual
sensor among hundreds or thousands of devices can be inefficiemhenaktime,
manpower and monetary cost. However, these approaches are inadequaie f
specific measurement of mote RF performance.

RSSI values, transmit power and the receive sensitivitylbtieeacritical parameters
that need to be carefully studied while analysing the mote RForpmnce.
Unfortunately, real motes appear to perform differently to aridnobelow their
published specifications. This greatly reduces their value rmgasurement system
unless they can be calibrated in a straightforward and timelyner. The proposed
automatic calibration system achieves these aims and islmben the following
subsections.

2.1 MicaZ

The Berkeley MicaZ [9] mote was selected as our measnepiatform. It is a 2.4
GHz Mote module used for enabling low-power, wireless sensor rfetwdhe
platform board MPR2400 is based on the Atmel ATmegal28L. The ATmegad 28L i
low-power microcontroller which runs programs from its internakhl memory.
Figure 2.1 shows the MPR2400-MicaZ.



Figure 2.1: Photo of the MPR2400-MicaZ with standard antenna.

A single processor board MPR2400 can be configured to run develseaisor
application/processing and the network/radio communication stack aimaalisly.
The 51-pin expansion connector supports Analog Inputs, Digital 1/0, IPCasd
UART interfaces. These interfaces make it easy to conweet Wwide variety of
external peripherals.

2.1.1 CC2420 radio transceiver

The CC2420 RF transceiver is mounted on the MPR2400 board for the purpose of
wireless communication. It is a single-chip 2.4 GHz IEEE 802.15.4pkam RF
transceiver designed for low power and low voltage wireless apipis [10].
CC2420 includes a digital direct sequence spread spectrum (b&s®and modem
providing a spreading gain of 9 dB and an effective data rat250fkbps. The
MicaZ's CC2420 radio can be tuned from 2.048 GHz to 3.072 GHz which includes
the global Industrial, Scientific and Medical (ISM) band at 2.4 GHEE 802.15.4
channels are numbered from 11 (2.405 GHz) to 26 (2.480 GHz) each sepgrated b
MHz.

The CC2420 provides one very important piece of metadata about repasiats.
This is received signal strength indicator (RSSI), which iseasurement of the
power in dBm present in a received radio signal. It is cakdlatver the first eight
symbols after the start of a packet frame. RSSI can alsanbglesd at other times, to
detect the ambient RF energy.

RF transmission power is programmable from 0 dBm to -25 dBm. Tipiche
CC2420 consumes the current of 18.8 mA in the transmit mode and that of 17.4 mAin
the receive mode and have a typical sensitivity of -95 dBm.



2.1.2 MIB520 USB interface board

The MIB520 shown in Figure 2.2 is a multi-purpose USB interface btieat
provides USB connectivity to the Mica family of motes for commureoaand
in-system programming. The MIB 520 has an on-board in-system povc@SP) —
an ATmegal6L to program the motes. Code is downloaded from a H@ &R
through the USB port. Next the ISP programs the code into the mote.

USE Serial Port
(B-type Male)

MICA-series
connector

FPower OK LED
{green)

Reset Switch

(SW1) \ 2 ‘

Mote JTAG

connector

— |SP LED {red)

Figure 2.2: Photo of top view of an MIB520CB [9].

The mote which is attached to the MICA-series connector of the MIB520 is defined a
the base stationlt allows the aggregation of sensor network data onto a PC. Any
MicaZ mote can function as a base station when it is connectéte tMIB520.
Therefore, the MIB520 provides a fundamental serial/USB interface both
programming and data communications for any WSN. Figure 2.3 illust@asenple
example of a WSN with three motes and one base station connedtesl MIB520

that is subsequently connected to the host PC via the USB cable.



Base
station

Mote

Figure 2.3: Demonstration of a simple WSN.

2.2 TinyOS operating system and nesC language

Programming MicaZ motes requires having the TinyOS operatistgm installed in
the host PC. The MicaZ motes connect to the MIB520 for UISP (Miegystem
programmer) programming from the USB connected host PC. Tiny@Sidlan
open-source operating system specifically designed for network eedbexystem.
Moreover, it is the dominant operating system for WSNs, paritalse it was the
first one released for widespread use and was the only onaldedibr a significant
period of time in comparison to the alternatives, e.g., SOS [12], MBNO$ [13]
and T2 [14].

TinyOS uses an event-driven concurrency model and utilises a contfased
architecture, which makes it easy to move the boundary betwedeaatel hardware
and software emulation. This allows power saving and efficienteushgnemory
space by shutting down or disabling unused components. Therefore,
component-based architecture minimises the overall program sce@ily essential
components are included. The core TinyOS requires 400 bytes ofacadeata
memory combined.

TinyOS is implemented in the nesC language [15], an extensior[16]CThe nesC

this

programming language supports the TinyOS component and concurrencly asode

well as extensive cross-component optimisations and compile-toeedetection. A
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complete TinyOS system consists of a tiny scheduler anajpd gfcomponentseach

of which is an independent computational entity that exposes one olintesfaces

There are two types of components in nes@dulesand configurations Any
component can provide and also use interfaces. Modules provide application code,
implementing one or more interfaces. Configurations are used it® @ther
components together, connecting interfaces used by components to ésterfac
provided by others.

Applications written in nesC that run on wireless sensor motebualiteby writing
and assembling different components as required. The interfacie amely point of
access to the component, and they are lasicectionat they contaicommandsnd
events Commands and events are mechanisms for inter-component communication. A
command is typically a request to a component to perform somiEesesuch as
initiating a sensor reading, while an event signals the complefighat service.
Events may also be signaled asynchronously, for example, duedtednarinterrupts
or message arrival. From a traditional OS perspective, commaadmalogous to
downcalls and events to upcalls. Generally speaking, every ngglicadion is
described by a top level configuration that wires together ahgonents used. This
arrangement is shown in Figure 2.4.

[
StdControl Component 1

A generic application

A 4

Other interfaces
| [

. I
Main StdControl
| StdControl Component 2
- [

J Component \ | .

StdControl (application

A 4

Other interfaces

StdControl Component M

code)

Other interfaces

Other interfaces

Figure 2.4: Top level configuration for a generic application, reitiee
interfaces in red are provided by components and the interfaddsd
are used by components.

TinyOS as well as nesC provide a revolutionary solution for netwoekeloedded
systems such as motes by implementing an efficient framefer modularity and a
resource-constrained, event-driven concurrency model. TinyOS isobyeans a
finished system. It continues to evolve and grow, and the latesbwersiTinyOS is
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TinyOS 2.x. During the time when the proposed auto-calibratiotersysvas
developed, TinyOS 1.1.15 and nesC 1.1-1w were used.

2.3 MATLAB and measurement instruments

It is very useful for us to be able to interact with a wirele®te or sensor network
using MATLAB. MATLAB is a powerful matrix-based programmifepguage with a
number of libraries available for plotting and analysing data. tviges a
command-like environment from which users can send or receive mgssagegrom
their WSN and analyse data after collection. Users can atsallusf TinyOS’s Java
tools from within the MATALB environment for easy visualisation amanipulation
of incoming and outgoing data. In addition to this, MATLAB provides a vity r
library of toolboxes to users for various purposes. The version of MEBTlsed here
is 7.5.0.342 (R2007b).

The ultimate goal of the proposed automated calibration systé¢m gontrol every
component using MATLAB in order to establish calibration lookup tablesdon
receive and transmit motes. The utilisation of lthetrument Control Toolbokuilt in
MATLAB makes it possible to interact with the measurementungents involved.
The Instrument Control Toolbox of version 2.5 lets users communicate wi
instruments, such as oscilloscopes, function generators, and ahahgtcaments,
directly from MATLAB. With the toolbox, users can generate datMATLAB to
send out to an instrument, or read data into MATLAB for analysisvésualisation.
The toolbox realises the communication between MATLAB and instrumants
providing a consistent interface to all devices independent of heedwnanufacturer,
protocol, or driver. Generally speaking, the Instrument Control Toolbox provides three
ways to communicate with instruments, including:

Instrument drivers: The toolbox supports VXlugé&play, IVI, and MATLAB
instrument drivers. VXlug&play and IVI instrument drivers often ship with
instruments and are also available from the instrument manufiatiwed sites.
MATLAB instrument drivers can be created by using driver devetopinools
provided in the Instrument Control Toolbox. The biggest advantage of this
approach is that learning instrument-specific commands, such as r8tanda
Commands for Programmable Instruments (SCPI), is avoided and common
MATLAB terminology is used to interact with instruments.

Communication protocols The toolbox supports communication protocols,
including GPIB, serial, TCP/IP, and UDP, for directly communngativith
instruments. Alternatively, instruments can be accessed by usirigalVi
Instrument Software Architecture (VISA) [17] over GPIB, VXI, BISTCP/IP,

and serial buses. The SCPI is required to control programmablearest
measurement devices.

Test and Measurement Toal This is the GUI which allows users to
communicate with and configure instruments without writing code. Dliscain
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also automatically generate M-code from instrument controlicsessfor
fine-grained modification.

In our application, MATLAB needs to control two types of measuremsituments,
specifically the Agilent E4432B ESG-D3000B RF signal generatmr the Anritsu
MS2721A spectrum analyser. The signal generator operates oxexjugricy range
from 250 kHz to 3 GHz, and it uses a USB/GPIB interface thables fast and direct
communication between the host PC and the instrument. Therefore, ABATAN
send commands to the signal generator via the USB/GPIB bus. Theispanalyser
is small, portable and easy to use with measurement cap&biligpplications up to
7.1 GHz. It is used as a part of the automated calibration systefm motes, and a
direct Ethernet connection via a RJ-45 cable is required to corfmectpectrum
analyser to the PC for programming the instrument and captilmenmeasured data
into MATLAB.

3 Design

The automated calibration system for wireless sensor motes padojpos@s report
consists of two subsystems. One is for the mote receiver aradhéeone is for the
mote transmitter. The calibration procedure for both receindrteansmitter can be
carried out in an unattended manner by running MATLAB programshiedsée the
process. Although the automated calibration system was initially developelcat
motes from Crossbow Technology Inc., this generic method can alsosbe ea
extended and applied to any other platforms from different vengorsided they
have a RF connector. The methodology is detailed in the subsequent sections.

3.1 Auto-calibration subsystem for the mote receiver

The analysis of the mote RF performance is based on the preeasurement of
metadata RSSI values. They are generated at the hardwateofethe CC2420
transceiver of an Rx mote. Subsequently, we see that this paraimdiardware
dependent and varies from one mote to another. In our automated icalibrat
subsystem for the Rx mote, we designed a system that di@witlae hardware
dependency by creating an accurate relationship between thevRla& and the
actual received power at the Rx mote antenna connector. As can be seendr8Hig
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\

R : N

v X mote | > PC

L (BS) RSSI
Whip antenna \

\

MMCX connector

USB cable
RXx mote .4_,
: : PC
g (BS) \.. RSSI
a \ N\
a A \

@ MMCX connector @

Figure 3.1: Top: the Rx mote is usually attached to a whimaate
Bottom: the whip antenna is disconnected from the MMCX
connector.

in normal use the Rx mote at the base station receives Rilssigheasures the RSSI
values that are conveyed to the host PC via a USB interfaceRXmeote has an
MMCX connector which is usually attached to a one-quarter wagtiemonopole
whip antenna. The RSSI values are computed in the mote hardwaaeegmebvided

as a digital value that can be read from the 8 bit, signed @splement
RSSI.RSSI_VAilegister. It is averaged over 8 symbol periods (128 us), in acaerdan
with [18].

In the MicaZ specifications, the RSSI register veRESI.RSSI_VAis referred to the
powerP at the RF connector by:

P = RSS| VAL+RSS| OFFSET [dBm] (1)

where theRSSI_OFFSETs found empirically during system development from the
front end gain. From the specificatioRSS|_OFFSETS approximately -45.

Subsequently, this will result in a hardware dependence of theagsti received
powerP due to the use of the empirical offset value and the assunszd behaviour

of the RSSI characteristic. In addition, the manufacturer’s slaat [10] states that
the RSSI accuracy is specified a6 dB. In order to use the MicaZ as a measurement
instrument we need to improve the accuracy of the RSSI valugsesdimate of the
received poweP.
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To reduce the uncertainty in the measurement of p&wese disconnect the antenna
from the mote as shown in Figure 3.1 (bottom) and connect this port FosggRal
generator that provides accurately known RF power levels amntte input. This
permits us to map the input powtto the indicated RSSI values given by the mote.
This mapping is stored in the form of a look-up table that pemsit® map RSSI
values to accurate values Bfand so mitigate the uncertainty of the input power
The signal generator has been chosen for the following reasons:

It provides accurately known levels of input povireat the Rx mote antenna
connector.

The signal generator can deliver a wide range of power output |dval
permits calibration over a wide range of mote input power.

We are not reliant on the calibration of the Tx mote.

Figure 3.2 displays the top level configuration of the auto-calibratidasystem for
the mote receiver.

Tx
mote
MMCX connector RG316
; RG316 P Coaaxial cabli
Rx mote Coaxial cabl Power 1
(BS) S Splittel
) 2
USB|q. - .- Received Signal
1
cable Packet / Generatc <
Y Connecto
PC
MATLAB A USB/GPIB
I
i

Commands sent from
MATLAB

Figure 3.2: Top level configuration of the auto-calibration subsy$be
the mote receiver, where the solid arrows represent tbetidin of data
flow.

For our measurement application we need to calibrate the RSSIIfdne 16
available frequency channels from channel 11 (2.405 GHz) to chan(zk36 GHz)

in steps of 5 MHz. Therefore, this requires the calibration oRthenote over these
channels by establishing 16 lookup tables. The automated calibratiom sfstevn

in Figure 3.2 uses a PC with MATLAB installed to control enalggenerator while
the PC also logs theSSI_VAlregister values from the Rx mote under test. On each
frequency channel, the PC sends commands to increment the outputgbiaer
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signal generator from -100 dBm to -20 dBm in steps of 1 dBm in ordmver the
expected range of input powers at the Rx mote antenna connector.

The Rx mote that is acting as the base station is direstigpected to the PC via a
USB port. The Tx mote sends valid packets all the time viactlagial cables to
ensure that the Rx mote under test can capture the receavardhtransfer it to the
PC. To do this a combiner (power splitter) is used to combine ghalsyenerator
output with the Tx mote output prior to application to the Rx mote under Ad

valid received packets contain tHRSSI_VALregister values generated by the
hardware. These values directly relate to the received goacikd noise” which in

this case is actually the known signal power from the sigmadrgéor. The values are
combined with the data corresponding with the valid received paeketsthen
logged by the PC. The output power from the signal generator issecr@asteps of

1 dBm whenever MATLAB receives 8 valid packets from the RxemThis ensures
that eachRSSI_VAlregister value can always be associated with the corresponding
input powerP at the Rx mote antenna connector. However, the utilisation of the
power splitter and one piece of coaxial cable (RG316) betweesignal generator
output and the Rx mote MMCX connector introduces some insertion los$ whic
needs to be accounted for by using a correction factor. Theréferectual input
power at the Rx mote MMCX connector is given by:

P=P Lo - L

sig_gen

cable ~ “pow_splitter [dBm] (2)

wherePis the input power at the Rx mote antenna MMCX conne&tgy genis the
output power from the signal generatipie is the coaxial cable loss, abghw spiitter
is the power splitter loss.

3.1.1 Message format

The actual format of the messages that are transmitted esisla@ between the Tx
mote and the Rx mote in our calibration process is illustrated in Figure 3.8ddhea
actual format of the messages that are sent from the Rx(B®}eo the host PC is
illustrated in Figure 3.3 (b).
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Bytes: 2 2 10

Source

Number of packetd
node OxFF OxFF
(a)

Bytes: 2 2 1 1 8

Source
Number of packets q RSSI_VAL | Status byte OxFF OXFF

node

(b)

Figure 3.3: (a) Format of messages actually transmited
received between Tx mote and Rx mote over the radio. (b)&torm
of messages actually transmitted and received between BS dnd hos
PC.

The messages generated and transferred from the Rx motehtostHeC contain all
the necessary information for establishing the lookup tables. THdeogth of one
packet message is 14 bytes. The first two bytes are the coualtess that are
incremented by one once the message is released succesgfié/dadio at the Tx
mote. The next two bytes are the source node indicating the nodemafrthe Tx
mote. This is defined at the compile time. TR8SI_VAlregister value is generated
by the Rx mote hardware and uses a 1 byte signed 2's conmpléommat. The
RSSI_VALlIDstatus bit is located at the second bit in the status byte, antichtes
when the RSSI value is valid. This information is generated eues/d packet is
received at the Rx mote. When it is set to ‘1’, this indicHtasthe receiver has been
enabled for at least 8 symbol periods [10].

In TinyOS 1.x there is no supported interface for direct acquisaf RSSI_VAL
register values and status byte. The only way we found to lhead is to apply
the following commands simultaneously:

call HPLCC2420.cmd(0) (C1)
call HPLCC2420.read(0x13) (C2)

The first command reads the status byte at address Ox0 thafiedewhether the
RSSI_VALIDDbit is valid. The next command reads the ‘background noise’ power
value stored iIrRSSI_VAlregister. Note thaRSSI_VAlregister values are located in
the lower 8 bits of address 0x13. Once R&SI_VAlregister value is computed and
read out from the hardware, it is then included within the recepasdket to be
transferred back to the host PC for construction of the lookup tablesigDie
post-processing required for constructing the Rx lookup tables, thHeetpaare
discarded if their correspondifSSI_VALIDstatus bits are set to ‘0.
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3.1.2 Clear Channel Assessment threshold

The Clear Channel Assessment (CCA) signal is determinedobyaring the
measured RSSI value with a programmable threshold value. The @Aoh is
used to implement the CSMA-CA functionality specified in [18]. Th€2&20
transceiver checks whether the radio channel is clear betereping a transmission
of a packet by looking to see if the interference from otitsersmitters is above the
threshold. It does this to avoid causing interference and paclsetdasther motes.
The carrier sense threshold level is programmed uRB8&ICCA_THRwhich is
located in the upper 8 bits at the register address 0x13. The C&hald value is
represented as a signed 2's complement number. The CCA signaaiveswhen
the received signal is below the threshold. The default valu€afi€ approximately
-77 dBm.

However, this value is inappropriate in our proposed auto-calibratis@nsyfer the
motes. The Rx mote needs to be calibrated for a wide rangeafed power (i.e.,
signal generator output power), therefore, at the Tx mote eith€&Ghefunction has
to be disabled or the CCA threshold has to be increased. The magttiirevard
way is to increase the CCA threshold to -10 dBm. Thus the signalag@nean now
sweep its output power from -100 dBm to -20 dBm without preventing xhmdte
from transmitting and so disabling reception at the Rx mote.i$tascomplished by
modifying the following code in TinyOS 1.x modul¥2420ControlNhc:

gCurrentParameters[CP_RSSI] TZBBO} (C3)
CCA_THR [7:0]
RSSI_VAL [7:0]

where ‘23’ is the reset value of tECA_ THRin hexadecimal, and the ‘80’ is the reset
value of theRSSI_VAL Subsequently, the revised CCA threshold for the calibration
purpose is now -10 dBm after adding R8SI_OFFSE®f -45 to 0x23.

3.1.3 Applications running on Tx and Rx motes

In the auto-calibration subsystem for the Rx mote under testafipgopriate
application programs must be running on both Tx and Rx motes to éhsurerrect
data flow. The application which runs on the Tx mote is compiled tnlexecutable
file based on four main files, i.e., the configuration fleuntDualCnc, the module
file CountDualMnc, the header file&CountMsgh, and the make filenakefile The
frequency needs to be changed in thakefilefor each channel calibration. The
application which runs on the Rx mote is also compiled to be an ekéedile based
on four main files, i.e., the configuration fil@OSBasec, the module file
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TOSBaseMc, the header fil€ountMsgh, and the make filenakefile The frequency
also needs to be synchronised with the that for the Tx mote byaiha setting the
parameter in thenakefile

3.1.4 Control program for the signal generator

The signal generator must be controlled from within MATLAB environmaatthe
GPIB communication protocol, since the supported instrument driver fakditent
E4432B ESG-D3000B series is not available at present. The sigmaragor
transmits an unmodulated RF carrier frequency on one of 16 chanmetsret. The
signal generator output power lies in the range from -100 to -20. dBe signal
generator only increments its transmit power by a 1 @B 8t8 valid packets from
the Rx mote under test are received. Otherwise, the signalag@nesmains at its
current power output. The can be viewed in the simplified flow chart of Figure 3.4.

true

Number of packetsE 8

false

Signal generator power ++

Figure 3.4: Simplified flow chart of programming the signal
generator.

The output power from the signal generator is recorded in axnatmg with the
RSSI_VAlregister values by MATLAB for the construction of the lookup tables.

3.2 Auto-calibration subsystem for the mote transmitter

The auto-calibration subsystem for the mote transmitter consfsthree main
components: a host PC with MATLAB installed, a spectrum analgsel the mote
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transmitter under calibration. Figure 3.5 shows the overview of the atitom
calibration subsystem for the transmitting mote.

Commands sent

from MATLAB
\ MMCX connector
\ .

\|
PC -
Ethernet link Spectrum
MATLAB «— Analyser
>
\.
\
Measured Tx power RG316
into MATLAB Ccaxial cabli

Figure 3.5: Overview of the automatic calibration sutesysfor the
transmitting mote, where the solid arrows represent the idinect
data flow.

The Tx mote transmits the modulated packets by using the seftieined transmit
power (usually the maximum) for each of the 16 available rabenmels. The
frequency channel is incremented at a time interval of 5 esnurt order that the
transmitted power is stable. MATLAB requests the spectrurtyserato measure the
mote Tx power and then logs the returned values. Note thabakeholdfeature is
used on the spectrum analyser since the Tx mote does not traostmtously, i.e.,
there are gaps between the transmitted packets. Consequently, thetédmé&wgd the
measured transmit power from the Tx mote’s antenna connectoe esidblished by
recording the actual transmitted powers at each of the 16 radio frequencylshanne

The Tx mote needs to be operated in transmit mode all the éintethe message
format is the same as that used for the auto-calibration sulbmsyétéhe Rx mote
explained in Section 3.1.1. The RG316 coaxial cable with a lengthhofslused to
connect the Tx mote to the spectrum analyser. Therefore, théanskss of this
cable must be taken into account when calculating the output powethieofix mote
connector. This is done by using Equation 3:

P = Pooareat L

x ' measured cable

[dBm] (3)

wherePry is the output power from the Tx mote connecBesaureqiS the measured
transmit power at the input of the spectrum analyserlapdis the cable loss.

3.2.1Calibration program running on the Tx mote

A dedicated application program runs on the Tx mote to enable tignission of
packets from the Tx mote under test. The transmission interval of packets isl define
be 0.25s, and the Tx mote changes the carrier frequency from 2.40%iG&Hnd! 11)
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to 2.480 GHz (channel 26) in steps of 5 MHz every 5 minutes. This redbees
frequency change timer to be set to an interval of 5 minuteggetrthe frequency
channel increment. In TinyOS 1.x, thiBnerCnc module used to create the timer for
the application is claimed to have the interfa@mer having a maximum interval
specified by an unsigned 32 bit number, where an increment in timtecaccurs
once per clock tick, and 1024 ticks are equal to 1 second. However, ribiscsrrect

in practice. From investigations it appears that a moreomesde maximum time
interval of theTimer interface is specified by an unsigned 16 bit number which is
approximately 1 minute. This does not satisfy the requirements otadiloration
program, and the Tx mote stops transmitting once the timer iesrd¢asa value
beyond this limit. Therefore, nested timing loops have been implementegitcome
this problem. Specifically, two timers, namélymer 1and Timer 2 are used in the
application programTimer 1 expires every 30s and increments the counter by 1.
When the counter reaches 8, the program will iniffateer 2and stoplimer 1 Timer

2 then triggers the frequency change when it expires, and the proggtartiimer 1

The resultant time will be 5 minutes. The design of the applicabompdses four
files, namely the configuratioBountDualTxOnc, the moduleCountDualTxMnc, the
header filecCountMsgh, and the make filMakefile

3.2.2 Control program for the spectrum analyser

The Anritsu MS2721A spectrum analyser can be connected to the haioRG in
Figure 3.5 using a USB connection or a Direct Ethernet commedti has been
confirmed by the Anritsu manufacturing division that the MS2721A cag bal
controlled by the VISA I/O library (that is mentioned in Sext?.3) over the Ethernet
link. Therefore, the SCPI commands [19] written in MATLAB M-fdan be sent to
the signal generator over the TCP/IP bus. The algorithm of thisotgmbgram is
explained in Figure 3.6.
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Initialise the
spectrum analyser

<
<

A 4

Timer £ 5minutes

Acquire the measured transmit
power, and increment the frequency

Figure 3.6: Flow chart of control program which MATLAB uses t
send commands and acquire data to and from the spectrum analyser.

The spectrum analyser needs to be operating at the same frgghanoel on which
the Tx mote is transmitting. It records the measured input patitbe end of every 5
minute interval and returns it to the host PC. Therefore, the timing issue mustie ta
into account when the spectrum analyser and the Tx mote underedesbiking
together, since they function individually without communicating wilcheother.
MATLAB should start sending the control program to the spectrum amalys
immediately after the Tx mote is switched on for transmission. The c@nogtam is
named ascalibrate_Tx_finaim. It is written in MATLAB M-file using SCPI
commands.
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4 Implementation of auto-calibration subsystem for

the mote receiver

4.1 Output power characteristics of the signal generato

It is important to measure the output power characteristics o$igmal generator
across the frequency channels of interest in order to ensuré¢ dogsi not have any
effect on the automated calibration subsystem shown in Figure 3&chleve this,
the signal generator is connected to the spectrum analysetliyliising only two low
loss adaptors. The signal generator transmits an unmodulated wathi¢he output
power set to O dBm. The output power characteristic of the sigmarager is

displayed in Figure 4.1.

The measured power by spectrurm analyser

10

Frequency respanse of the signal generator

for the transmitted power of 0 dBm from the signal generatar

10 i i

1 1 |
10 12 14 16 18 20 22 24
The number of frequency channels

26

Figure 4.1: Output power characteristics of the signal gwemera
across 16 frequency channels, where the nominal output power is
set to 0 dBm. The unit along y-axis is in dBm.

It can be seen that the measured output power of the signal getasia maximum
value of -0.36 dBm and a minimum value of -0.50 dBm over the frequencydband
interest. The insertion loss of the adaptors is negligible. Ggnspaaking, the signal
generator has a flat response in frequency, i.e., it does nosigaificantly as the
frequency changes from channel 11 (2.405 GHz) to channel 26 (2.480 GHz).
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4.2 Frequency response and insertion loss of the power

splitter

The power splitter used in the system is the Mini-CircuitZN2-50+ [20]. It is
specified for operation over a frequency range from 500 to 5000 MH&aslthree
ports, namehsUMPORTmarked as5), PORT 1(marked ad), andPORT 2(marked
as?2), as shown in Figure 3.2. The signal from the Tx mote into port Thensignal
from the signal generator into port 2 is combined and output from psit@nected
to the base station. In order to obtain the poweat the Rx mote antenna connector,
the attenuation loss due to the insertion of the splitter in Equations Zohae
accounted for. Indeed, any non-flatness in the frequency response centdadly be
compensated for if required.

The loss of the power splitter between port 2 and port Sfasction of frequency is
measured by inserting the power splitter between the spectraiysar and the signal
generator, while Port 1 is connected to &\bQermination. The transmit power of the
signal generator is set to -10 dBm.

Frequency response of the power splitter of ZM2PD2-50-% fram Mini-Circuits
for the transmitted power of -10 dBrm

2 ! ! ! ! ! ! !
2o IR .......... ........... ........... .......... ......... N
o : i : : : : -
L0 D T . S SR i T s _
T : ; : ; : : :
[ : ¢ : ; ; ; ¥
S el P RRRERR B SRRTRR ERTRERR. SRR fn i
= : ; : : ; : ;
o : : : ] : : :
g _B_ ......... \ .......... ........... ........... .- .......... ......... -
i : : : : : : ;
SHER |11 RSO ST . - I——— TR, PN, . S— _
o : ; ; : ; : 3
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z : : : ; : : :
= : ] ; : ; : ;
o | S B b B L s o S 8
— : ¢ : ; ; ; 4
gk .......... ........... ........... .......... ......... i
_2':' | | 1 1 1 1 1
10 12 14 16 18 20 22 24 25

The number of frequency channels

Figure 4.2: Frequency response of the power splitter
ZN2PD2-50+ across 16 frequency channels, where the default
output power of the signal generator is -10 dBm. The y-axis is i
dBm.

Figure 4.2 shows a very clear drop in the measured power at porhf&ared to the
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-10 dBm level applied at port 2. It also shows a flat responsesaaliass frequency
channels. The average insertion loss that the power splitter coegilio the
automated calibration subsystem for the Rx mote under test is approxitatds.

4.3 Frequency response and insertion loss of the RG316

coaxial cable

The RG316 coaxial cable is one metre long, and it is used to cqumeet splitter
port S to the Rx mote connector. The tebtmpe in Equation 2 describes the
attenuation loss which the coaxial cable contributes to the whdknsyslowever, it
is very difficult to measure the practical frequency respondeirgsertion loss of the
coaxial cable separately due to its incompatible connectorstvaisie ton the spectrum
analyser and the signal generator. Consequently, the frequespmnse of the one
metre coaxial cable is assumed to be flat and according tmdhefacturers’ data
sheet has an attenuation of 1.54 dB/m [21]. Table 4.1 summarises @htpenents
which contribute insertion loss to the system shown in Figure 3.2.

Attenuation

The components Terms in Equation 2  loss (dB)
Power splitter (between Port 2 and Port S)Lpow spiitter 4.00
RG316 coaxial cable (One metre) Lcable 1.54
Total loss Liotal 5.54

Table 4.1: Summary of components which make the contributiomeof t
attenuation loss to the auto-calibration subsystem for the Rx unmater
test, where the middle column lists their corresponding termsrided in
Equation 2.

Liotal IS the correction factor which must be subtracted from the trapsnver defined
by the signal generator in order to calculate the input pdvet the Rx mote
connector according to Equation 2.

4.4 Lookup tables for the mote receiver under test

The Tx mote transmits packets at time intervals of 0.25s. The signahtgeneill not
increment its transmit power until the MATLAB code at the R€cessfully receives
and logs 8 packets from the Rx mote under test. The actual inpetr paan be
computed by subtracting the total ldSg:w from the Pgig gen Within MATLAB for
every packet receivedRSSI_VALcan be read directly from the fifth byte of the
message defined in Section 3.3. This process must be repeated 16niced®r each
of 16 frequency channels. Therefore, the lookup tables can be esthlyspiotting
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the Pinput values against th&SSI_VALvalues. In our experiment the MicaZ mote
labeled as Surge 6 is used for the Rx mote under test, and the iMatadabeled as

Surge 7 is used for the Tx mote.

4.4.1 Raw lookup tables for the mote receiver under test

Each raw lookup table is created by storiR§SI| _VALregister values and their
corresponding input powers at the Rx mote connector into a matrix, one for each of 16
available radio channels. TIRSSI_VALIDstatus bit is checked to make sure it is set

to 1, thereby ensuring that the RSSI estimation process hasbakled for at least 8
symbol periods (128 p) and so the RSSI values are valid. All theM®o&up tables

for the mote receiver under test (one for each radio channaj)varein Figure Al of
Appendix A. It can be seen that these tables have a shapse tuausistent with that
shown in the Chipcon CC2420 transceiver datasheet [10] (see FigurEigute 4.3
shows as an example, the raw lookup table for channel 11.

R=51 WAL register value ws. input power for channel 11
il T T T T T T ! 5 l

40+

RSSI_ WAL register value
[}
[} [}

P
(]
T

A0k

| 1 1 ] i I 1 | | i
110 100 20 -80 -70 -60 -50 -40 -30 -20 -10
Input power at the Bx mote antenna connector

Figure 4.3: Raw lookup table for the mote receiver under test
with for radio channel 11. The unit along x-axis is in dBm.
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RSSI Register Value

RF Level [dBm]

Figure 4.4: Typical RSSI value vs. input
power from [10].

4.4.2 Lookup tables after averaging and rounding

Because the input pow&impinging at the Rx mote connector does not increment
until eight packets have been successfully received by the lzsm sthese eight
packets all have the same input power. Therefore, to reduce tbieoéffieeasurement
noise at the receiver we choose to calculate the average of thR8ightVAlregister
values logged at the PC that correspond to the same input power. &yt def
MALTAB would return the mean value of these to four decimalgdatiowever, this

is rounded to the nearest integer value so that it has the sama &w that originally
read from the mote register.

The processing of the 16 raw lookup tables is illustrated in FigureEvery raw
table must go through two processing blocks, i.e., averaging and mguiitjure 4.6
shows one of the 16 (actually for channel 11) lookup tables after toegsr of
averaging and rounding respectively. All 16 sets are given irrd-i§a of Appendix
A. Figure 4.6 (a) corresponds to the processed table after axggragd Figure 4.6 (b)
corresponds to the processed table after the rounding process.
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Raw table 1

_

Processed table 1

Raw table 16

_

_

Averaging . Rounding
process block ) process block
> > —>

Processed table 16

_

Figure 4.5: Processing blocks of averaging and rounding applied
to the 16 raw lookup tables for the mote receiver under test.
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RSSI_ WAL register value vs. input power for channel 11 after averaging
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RSS1 WAL register value ws. input power for channel 11 after rounding
=] T T T T T T T T T

40 -

0

RSSI WAL register value
: =

]
(]
T

ant

-0 i 1 i i I i !
-0 00 90 B0 YO B0 50 40 300 X0 -10
Input power at the Rx mote antenna connector

(b)

Figure 4.6: One of 16 sets of lookup tables after the processes
of averaging and rounding for channel 11. (a) corresponds to

the processed lookup table after averaging, and (b) corresponds
to the processed lookup table after rounding. The unit along

x-axis in both plots is in dBm.

4.4.3 Lookup tables after the interpolation

It has been found that after going through the averaging and royndiogss some
RSSI_VAlregister values are missing. This becomes more obvious in Figu(tod.
channel 11) when the lookup tables are plotted with the X and Y aagsped
compared with that shown in Figure 4.6. Clearly, the misRif§|_VAlvalues do not
have a correspondirigput powerP in the table. To address this problem interpolation
techniques are applied to insert the mis&®851_VAlvaluesn order to complete the
lookup tables. Consequently, we can now associate all the pdRS§iBle VAlLvalues

to an input poweP within the range of interest.
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Input power ve. RSS1 WAL register value for channel 11after
averaging and rounding for channel 11
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Figure 4.7: Lookup table of the receiver mote under test
with the reverse axes for channel 11. The unit along y-axis
is in dBm.

MATLAB provides a number of built-in functions for data interpolati®ince the
lookup tables in Figure 4.7 are one-dimensional and generally linesaggpropriate

to useLinear Interpolation Linear interpolation is a method of curve fitting and data
analysis usinginear polynomialsas defined in Equation 4:

f (Xl) - f (Xo)

0

p(x) = (%) + (X- %) 4)
where xp and x; are the two known valued$(x)) and f(x;) are the values of the
underlying functionf at the pointsg and x; respectively, thes is the point in the
interval &, X1), andp(x) is the interpolated point.

MATLAB uses the function F1 shown in the form beldgvimplement the linear
polynomial interpolation:
yi = interp1(x, y, xi, method (F1)

The argumentmethodis the key word specifying an interpolation methedch as
near neighbour interpolation, linear interpolatioabic spline interpolation and cubic
interpolation. Linear interpolation is the defamiethod forinterpl function without
defining the key word. This method fits a differdinear function between each pair
of existing data points, and returns the valuehef televant function at the point
specified byxi. In our casex are the existindRSSI_VAlregister valuesy are their
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corresponding input powekR xi are the missin@RSSI_VAlregister values, angl are

the missing input poweiB. The algorithm for finding the missirgSSI_VAlregister
values is explained below:

Sort the existindgRSSI_VAlregister values into ascending order.

Find the difference between adjacent elements.

Search and find the position where the differerscaat zero indicating missing
values.

Go through a loop to compute and insert every misRISSI_VAlregister value
based on the value of difference between adjademtents.

The implementation of this algorithm in MATLAB M-élis illustrated in Figure 4.8.

rssi_val = sortrows(rssi_valp Sort RSSI VAL register value in acceding order.
function[ missing_RSSI ] = locate_missing RSSI reg_val (rssi_val)

% Initialise the parameters.
missing_RSSI = [];

% Find the difference between adjacent elements.
a = [1 diff(rssi_val)];

a(a=1)=0;

a(a>0) = a(a>0) - 1;

% Search and find the position where the missing values are.
[row col val] = find(a);

% Compute and insert every missing RSS| VAL values based on the differenc
for m = 1:length(val)
rssi_val col = col(1,m);
for n = 1:val(1,m)
RSSI = rssi_val(1,rssi_val _col) - n;
missing_RSSI = [missing_RSSI RSSI];
end
end
end

Figure 4.8: lllustration of the algorithm of finding the missing
RSSI_VAlegister values in MATLAB M-file.

Once the missin®SSI_VAlegister values are found, the function F1 musidesl to
interpolate the missing input powd?<corresponding to the insert&bSI_VAlvalues.
Finally, the 16 complete lookup tables can be distadd after going through the
processing blocks shown in Figure 4.9, and theyillustrated in Figure 4.10 where
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the blue crosses indicate the interpolated values.

Input power

Input power

Raw table 1

Complete table 1

_

Raw table 16

_

»
L

Averaging
process block

A 4

A 4

Rounding

process block

A 4

Interpolation
process block

_

Complete table 16

_

—>

Figure 4.9: lllustration of processing blocks through which the 16
raw lookup tables must to undergo to establish the final aecurat
lookup tables for the mote receiver under test.
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Figure 4.10: lllustration of 16 complete lookup tables for the Kiica
Surge 7 as the mote receiver under test after undergoing ribe th
processing blocks. The unit along y-axis is in dBm.

Figure 4.10 shows the 16 complete lookup tablesh®iRx mote (Surge 7) under test
after applying the averaging, rounding and inteapogj processes. In general it is
seen that the 16 lookup tables are linear. Howdhere are some ranges of input
power where theRSSI_VALregister values are non-monotonic. The most obvious
problems occur wheRSSI_VAlregister values are in the range from -18 to -7 Ehd

to 30. These correspond to the input powers ofdB® to -50 dBm and -30 dBm to
-15 dBm. Within these ranges, the input powerare also shifted by up to 3 dB
comparing with the general trend. This complieshwite specification in [10] where

it claims the RSSI linearity is typically3dB, but after calibration we should
improve on this. The input powér starts to level out as they reach a value of -90
dBm and then decline sharply, dramatically incregughe error. This is the major
factor which contributes to the nonlinear parthef tookup tables. Although the input
powersP can be calibrated down to -105.54 dBm by usingnie¢hod presented in
Section 3.1.2, the receiver sensitivity may nobwllthe Rx mote to pick up any
signals having the input powé¥level below the sensitivity limit. It has been also
discovered that there is a decrease of 3 dB inRB8I_VALregister values as the
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radio frequency channel increments from channeltdlchannel 26. Again, the
calibration process can account for this variation.

Moreover, these 16 lookup tables need to go thraargh additional process before
they can be used in measurement applications. Thisbecause of the
non-monotonicity observed in the RSSI charactegs{see Figure 4.4 and Figure
4.10) that causes a singRSSI_VAlregister value corresponds to multiplesalues.
The effect of the averaging and rounding processg@tained in Section 4.4.2 also
gives rise to some of the multipfe values corresponding to a singRSSI_VAL
register value. In order to eliminate duplicateuesl we choose to calculate the mean
of the duplicateP values. The algorithm is illustrated in Figure 4.Flgure 4.12
shows as an example (channel 11), lookup table gigeduplicate entries have been
removed (see Figure A3 in Appendix A for all theld6kup tables).

Load the Rx mote lookup tabl

1%

for one channel and sort data |n
an ascending order with respect [to
RSSI_VAlregister values.

A

) false
Check if thatRSSI_VAL

corresponds to ore.

A 4

Find all possibleP values which
true have the samBRSSI_VAL

A 4

Calculate the mean d¢f values
which correspond the same
RSSI_VAL

Figure 4.11: Algorithm for deduplicating input power values
having the samBRSSI_VAlregister value
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Input power vs. RE51_ WAL register value
for channel 11 after deduplication
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RS5! WAL register value

Figure 4.12: Lookup table for the Rx mote under
test after the process of deduplicating for channel
11. The unit along y-axis is in dBm.

4.5 Lookup table for the mote transmitter under test

Figure 3.5 shows the overview of the auto-calibratsubsystem for the mote
transmitter under test. The transmit power wases6tdBm in the Tx mote. Since the
Tx mote transmits modulated packets of the formefindd in Figure 3.3 (a), the
spectrum analyser must be set properly to measwemnodulated spectrum of
incoming messages. Its parameters can be set tiithimitialisation phase using the
control program sent to the spectrum analyser fRdATLAB. Table 4.2 shows the

measurement parameter settings for the spectrultysana

Parameters Setting | Parameters Setting
Span 10 MHZ RBW 3 MHz
Auto Atten OFF| VBW 3 MHz
Atten Lvl 0 dB| RBW/VBW 1
Reference Lvl 0 dE Preamp OFF

Table 4.2: Summary of parameter settings on the spectrum arfalyse
measuring the modulated spectrum of incoming messages.
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Figure 4.12 shows the measured transmit pdWgssuredS€€ Equation 3) from the Tx
mote (Surge 6) at the input of the spectrum anali@eall 16 frequency channels.
However, these are the powers after the attenubigsndue to 1 m of RG316 coaxial
cable as shown in Figure 3.5. The actual transowtgp Py of the Tx mote (Surge 6)

under calibration is the output power at its conmieso we need to calculate it by
using Equation 3. Figure 4.13 shows the final Igpkable of the actual transmit
powerPr for the Tx mote (Surge 6).

Weasured transmitted powers from the Tx mote (Surge B) for 16 frequency channels
I:I T T T T T T T T T T T T T T
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input of the spectrum analyser / dBm
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Figure 4.12: Measured transmitted powers from the Tx mote
(Surge 6) under test at the input of spectrum analyser across
the 16 frequency channels.
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The lookup table of the Txi(Surge B) for 16 frequency channels
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Figure 4.13: Final lookup table of the Tx mote (Surge 6) under
test across the 16 frequency channels.

It can be seen from Figure 4.13 that actual trahpawver at the Tx mote antenna
connector varies as a function of channel numbed a@eviates from the
manufacturer’s specification. Here, the defaulhsrait power is set at 0 dBm. In
addition to the large deviation between the actnehsured value and the defined
value for each radio frequency channel, the admaalsmit power also decreases as
the radio channel number increases with a maximamaton of about 2 dB. The
calibration process will considerably reduce ermwsng to these issues.

5 Evaluation of the auto-calibration system

The 16 lookup tables for the mote receiver andfibrathe mote transmitter have been
established by implementing two separate auto@idn subsystems as explained in
Section 3 and Section 4. These two subsystems éoxencomplete auto-calibration
system for the wireless sensor motes. Finally,liaton process has been developed
to evaluate the overall performance of this auldcation system. The overview of
this system is shown Figure 5.1. The validatiortesysconsists of a Tx mote, a Rx
mote acting as the base station, a variable attenaad a host PC with MATLAB
installed. The Tx mote is the one labelled as S@gand the Rx mote is the one
labelled as Surge 7. Note that the 16 Rx lookufesator Surge 7 and the Tx lookup
table for Surge 6 have been created as describmdopsly. Surge 6 transmits a
packet every 0.25s. It also transmits for 1s orhedche 16 radio channels that lie
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between 2.405 GHz and 2.480 GHz. Specifically Srgeansmits four packets on
each channel and Surge 7 receives the incomingeaeakd transfers the RSSI values
back to the MATLAB program for post processing. R&SI_VAlvalue and the radio
channel number are logged as metadata in the ghyloavery packet. The attenuator
used in the system is an Agilent-8495B manual siégnuator with an operating
frequency range from DC to 18 GHz and the attennas switchable in steps of 10
dB from 0 to 70 dB. The frequency response of ¥aisable attenuator (see Appendix
B) shows that each attenuation setting has a Uyttlat response across the 16 radio
channels indicating that it does not contributenigigant variation into the validation
system. The RG316 coaxial cables are both 1 m long.

MMCX connector

L RG316 RG316
Rx mote | Caaxial cabli Ccaxial calle
Bs) BT T .
Received Agilent manual /
USBlg-.-.- \ ) i MMCX connector
ceble Packet . variable attenuator
Ci \ '
v p "
o | D ©
MATLAB

Figure 5.1: Overview of the validation system, where the sotivs
represent thdirection ofdata flow

The underlying principle of this validation systesito estimate the setting of the
switchable attenuator. We can compare results witthand without using the lookup
tables for all the 16 radio channels of interestthie first instance we assume that the
nominal Tx power value is 0 dBm. We then compare #ttenuation estimates
obtained using the empirical RSSI equation withséhobtained using the Rx lookup
tables. Next we compare results obtained usingethgirical RSSI equation with
those obtained using the Rx lookup tables, wheis ttme the Tx lookup table is
used.

5.1 Comparison between Rx lookup tables and empirical

equation — nominal Tx power

For each received packet tR&SI_VAlregister value and the radio channel number
can be logged. This information enables MATLAB todfiand use the appropriate
lookup table to map thRSSI_VAlback to the input power at the Rx mote connector.
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The transmit power is assumed to take the nomiakievof O dBm. Therefore, the
attenuation loss owing to the attenuator alonebeacomputed by using Equation 5,

Attenuation _loss= P -P- L. 2 [dB] (5)

Tx_nom cable

where Pry_nom is the nominal Tx (0O dBm) poweP is the power at the Rx mote
connector (point 1 in Figure 5.1), ahgye is the attenuation loss for 1 m of RG316
coaxial cable. The algorithm to load the correcklap table as a function of channel
number is illustrated in Figure 5.2.

Store all received packets in a matrix|

A 4

Load the correct Rx mote lookup
table for each packet according to
the channel number

A 4

Map RSSI_VALregister value of
each packet to its correspondifg

A 4

CalculatePry nom—P —Leapie ~ 2

Figure 5.2: Algorithm for loading the Rx lookup
tables for generating accurate values PRorand
calculating the estimated attenuation loss.

The algorithm depicted in Figure 5.2 allows thesratfation due to the switchable
attenuator to be estimated. For comparison wegdserate estimates using Equation
6 taken from in the Chipcon CC2420 transceiverstadat,

P = RSS| VAL+RSS| OFFSET [dBm] (6)

where P is the input power at the RF pinRSSI_VALis the register value and
RSSI_OFFSETs found empirically during system developmentnirthe front end
gain. RSSI_OFFSETs approximately -45. So Equation 6 is used toegateP in
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Equation 5 instead of the Rx lookup tables.

Analysis of calibration system using 40dB variable attenuator
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Figure 5.3: Analysis of the auto-calibration system using
the variable attenuator with 40 dB attenuation and Rx
lookup tables.

Figure 5.3 shows the estimated attenuator settimgnwhe lookup tables of the Rx
mote or the empirical equation are used with aenatition setting of 40 dB. The
green line represents tHRSSI_VALregister value from the payload information of
each packet; the red line represents the estimamd powerP at the Rx mote
antenna connector when using the lookup tablesbiiine line is theattenuation loss
(Attenuation_loSsokup_tabid Calculated based on the Rx lookup tables and theanmsd
transmit power; the magenta line is the attenuaies Attenuation_loSgmpirical_eq)
calculated based on the empirical Equation 6 aachtiminal transmit power.

It can be seen from Figure 5.3 tHR$SI_VAlregister values decrease as the packet
numbers increase from 0 towards 64. Following ploisit the pattern is seen to repeat.
This is because the Tx mote and the Rx mote st#éimeal 6 radio channels every 16s,
and transmit and receive one packet every 0.25stHar words, the pattern of the
RSSI_VAlregister values repeats every 64 packets. The stfaghe input poweP
after mapping is roughly the same as thatR8SI_VAlLvalues. It is seen that
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Attenuation_loSsokup_tableand Attenuation_loSsnpirical_equhave similar responses with
an approximate difference of 1.5 dB between thewwéVer, both of them show a
rise in the estimated attenuator setting at plade=e there is a decreaseR8SI|_VAL
values. NeitheAttenuation_loSsokup_tanienOr Attenuation_lossgnpirical_eqiyi€ld a good
estimate of the actual attenuator setting of 40 s is caused by not using the Tx
lookup table that compensates for the variatioadtual transmit power from the Tx
mote as a function of the Tx channel.

5.2 Comparison between Rx lookup tables and empirical

equation — Tx lookup table

The actual transmit power on each radio channebtambe read out from the lookup
table for the Tx mote based on the metadata ofati® channel number in the packet.
Therefore, the attenuation loss owing to the atmrualone can be computed by
using Equation 7,

Attenuation _loss=P -P-L

Tx_ lookup_table

"2 [dB] (7)

cable

wherePrx jookup_tableS the transmit power at the Tx mote connectomfpd in Figure
5.1), P is the power at the Rx mote connector (point byl la.aneis the attenuation
loss for 1 m of RG316 coaxial cable.

The algorithm to load the correct Tx and the RxXlgotables is illustrated in Figure
5.4. The algorithm depicted in the figure allows Hitenuation due to the switchable
attenuator to be estimated. For comparison wegdserate estimates using Equation
6 to estimate the input power
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Store all received packets in a matrix|

A 4 A 4

Load the correct Rx mote lookup

. Load the Tx mote lookup
table for each packet according to

table.
the channel number
A 4 A 4
Map RSSI_VALregister value of Search for the correct transmit
each packet to its corresponding power for each packet according
P. to the channel number on which
the packet is transmitted.

A 4

CalculatePry_jookup_table= P — Lcaie "2

Figure 5.4: Algorithm for loading the Tx and the
Rx lookup tables for generating accurate values for
P and Pry jookup_tanie @Nd  calculating the estimated
attenuation loss.

For a complete evaluation, attenuator setting edémhave been performed using the
Rx lookup tables or the empirical equation at wasiattenuation settings from 10 dB
to 70 dB. Figure 5.5 to Figure 5.11 show the pentonces of both schemes where the
green line represents tHRSSI_VALregister value from the payload information of
each packet; the red line represents the estimamd powerP at the Rx mote
antenna connector when using the lookup tablesbline line is the attenuation loss
(Attenuation_loSsokup_tanbigd Calculated based on the Tx and the Rx lookup tabiled
the magenta line is the attenuation lo&#enuation_loSsnpirical_eq) Calculated based
on the Tx lookup table and the empirical Equation 6
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Analysis of calibration system wsing 10dB variable attenuator
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Figure 5.5: Analysis of the auto-calibration system using
the variable attenuator with 10 dB attenuation and Tx and
Rx lookup tables.

Figure 5.5 shows thaRSSI_VALregister values have the form of a backward
sawtooth wave owing to a general decrease in #msinit power of the Tx mote as a
function of Tx frequency. Note the Tx mote and Rvwe mote scan all the 16 radio
channels every 16s, and transmit and receive otlkepavery 0.25s. In other words,
the pattern of th®SSI_VAlregister values repeats every 64 packets. The siiape
input power P after mapping is approximately same as thatR&SI_VAL Both
Attenuation_loSsokup table and Attenuation_loSgnpirical equ ShOW @ generally flat
response at around a value of 10 dB (the actuahgeif the attenuator). Although
these two lines overlap, there is 1dB less dewiabietween the maximum and the
minimum inAttenuation_loSsokup_tableCOmpared witbAttenuation_loSsnpirical_equ
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Analysis of calibration system using 20dB variable attenuatar
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Figure 5.6: Analysis of the auto-calibration system
using the variable attenuator with 20 dB attenuation
and Tx and Rx lookup tables.

Figure 5.6 shows some downward spikes appearinghén plot of RSSI_VAL
Consequently, these cause similar downward spikethe input powerP. Both
Attenuation_loSsokup_tanle and Attenuation_loSgnpiical equ have a generally flat
response but with upward spikes corresponding thiglkdownward spikes in the input
power plot. They overlap with each other at annaéion value of about 17 dB,
which is approximately 3 dB less than the actudlirge of 20 dB. This can be
explained by looking at the 16 lookup tables of fhemote in Figure 4.10. The input
powerPin the validation system (See Figure 5.1) is inrdogge from -25 dBm to -30
dBm following the loss owing to the switchable attator and two cables. The Rx
mote hardware behaves non-monotonically over inge, giving rise to variations in
the calculation ofttenuation_loSsokup_tableandAttenuation_loSgnpirical equ IN addition
to this, a discontinuity wheRSSI_VAlvalues are in the range of 15 and 20 siifts
up by about 3 dB. This is why bothAttenuation_loSsokup table and
Attenuation_losgnpirical_equhave values 3 dB less than the expected.
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Analysis of calibration system using 30dE adjustable attenuator
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Figure 5.7: Analysis of the auto-calibration system
using the variable attenuator with 30 dB attenuation
and Tx and Rx lookup tables.

Figure 5.7 shows an evident difference betwesitenuation_loSsyup_table and
Attenuation_loSgnpirical_equdespite their similar shape. Thdtenuation_loSsokup_table
plot lies in the range from 30 dB to 32 dB with aan value of 31.32 dB, whereas the
Attenuation_loSsnpirical_equPlOt lies in the range from 26 dB to 29 dB withmeean
value of 28.16 dB. Sd\ttenuation_loSskup_tavlelS @about 1 dB closer to the actual
attenuator setting (see Appendix B) thar\igenuation_loSgmpiical equ Generally, the
calculation based on the implementation of the lgotables provides us with a more
accurate result than using the empirical equation.
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Analysis of calibration system using 40dB varable attenuator
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Figure 5.8: Analysis of the auto-calibration system using
the variable attenuator with 40 dB attenuation and Tx and
Rx lookup tables.

From Figure 5.8 it can be seen thattenuation_loSsokup_tavle achieves a better
performance thawttenuation_loSsipiical equWhen the switchable attenuator is set at
40 dB. The mean value dfttenuation_loSsokup_tanlein the figure is 40.25 dB which is
approximately the same as the attenuator settingOoidB. On the other hand,
Attenuation_loSsgnpirical_equp€rforms worse having a mean value of 38.53 dButabo
1.5 dB less than the actual attenuator setting.

For a nominal attenuator setting of 50 dB it candeen from Figure 5.9 that
Attenuation_loSsokup_table aNd Attenuation_loSgnpirical equ give similar performances
with  both  exhibiting repetitive fluctuations. The ean values of
Attenuation_loSsokup_table@nd Attenuation_loSgnpirical equare 47.58 dB and 48.44 dB
respectively. This can be explained by lookinghat lIbokup tables of the Rx mote in
Figure 4.10, where thRSSI_VAlregister values lie in the range from -13 to -8 whe
the attenuator is set to 50 dB. When they are nthjpaek to the input powd? at
point 1 of the validation system in Figure 5.1, Yiadues ofP lie in the range from -56
dBm to -58 dBm. This happens to be in a ‘lumpy’'garof the lookup tables. This
range not only changes the linear property of tla&up tables by increasing the slope,
but also contributes to the fluctuations that occuboth Attenuation_loSskup_table
andAttenuation_loSsnpirical_equin Figure 5.9.
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Analysis of calibration system using 50dE variable attenuator
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Figure 5.9: Analysis of the auto-calibration system using
the variable attenuator with 50 dB attenuation and Tx and
Rx lookup tables.
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Figure 5.10: Analysis of the auto-calibration system

using the variable attenuator with 60 dB attenuation Tx
and Rx lookup tables.
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For an attenuator setting of 60 dB, figure 5.10wsh@ better performance for
Attenuation_loSsokup_tabiethan forAttenuation_loSgnpirical equ The former has a mean
value of 59.66 dB while the latter has a value 8t78 dB. Additionally, the
Attenuation_loSskup_table Plot has much flatter response than that of the
Attenuation_loSsnpirical_eqolOt.

Analysis of calibration system using Y0dB variable attenuator
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Figure 5.11: Analysis of the auto-calibration system
using the variable attenuator with 70 dB attenuation Tx
and Rx lookup tables.

Figure 5.11 shows the estimation results obtain@dguthe lookup tables or the
empirical equation with an attenuator setting of dB. The mean values of
Attenuation_loSsokup_table@nd Attenuation_loSgnpirical equare 69.27 dB and 69.05 dB
respectively. Generally, both of them have a fe#ponse and are very close to the
actual attenuator setting.

The maximum attenuation level of the variable at&ar is 70 dB, but additional
fixed attenuators were included as required tottesiperformance of the schemes at
higher attenuation levels, i.e., very low input mos/P at the Rx mote connector.
Since we only have 3 dB, 6 dB and 10 dB attenuateadable, various combinations
were used in our validation system. Figure 5.10Figure 5.13 illustrate the
performance analysis of the auto-calibration systémhese higher attenuation levels.
Note that the fixed attenuators have been evaluatddll have a nearly flat response
across all 16 radio channels. In addition, therals® little difference between the
measured attenuation losses and the labelled vedugsese attenuators.
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Figure 5.12: Analysis of the auto-calibration system using the
attenuation of 79 dB. It consists of the variable attenuat@0 of
dB, one 3 dB attenuator and one 6 dB attenuator.

From Figure 5.12 it can be seen clearly that thotlgh mean values given by
Attenuation_loSsokup_table and Attenuation_loSgnpirical_equ @re about 79 dB, both
exhibit quite large fluctuations. In addition, haild also be noted that some packets
are being dropped at the receiving mote owingol&vels of received power.

Figure 5.13 shows the performance with an 83 déhatition level. The mean values
of Attenuation_loSSokup_table@Nd Attenuation_loSsnpirical_equare approximately 81 dB
and 82 dB respectively. The input poweris down to -88 dBm where even more
received packets are lost compared with the prevaase. This implies that Chipcon
CC2420 transceiver is approaching its receiveriseitg limit. The claimed receiver
sensitivity is typically -95 dBm to -90 dBm [10].
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Figure 5.13: Analysis of the auto-calibration system usieg th
attenuation of 83 dB. It consists of the variable attenuator of
70 dB, one 3 dB attenuator and one 10 dB attenuator.

Figure 5.14: Analysis of the auto-calibration system using
the attenuation of 86 dB. It consists of the variable
attenuator of 70 dB, one 6 dB attenuator and one 10 dB

attenuator.
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Figure 5.14 shows an extreme situation where a latgnber of packets have been
lost during the transmission. The mapping appleethé successfully received packets
gives us an estimated input powof about -95 dBm. This is at the stated receiver
sensitivity threshold [10] given in the Chipcon CI2P transceiver datasheet.
Consequently, a substantial number of packets rangpdd at the receiver. However,
the Attenuation_loSskup_tabiePlot and theAttenuation_lossnpirical_equplot are still very
close to the actual attenuation level, although esdlactuations are visible. It is
impossible to distinguish if using the lookup tabdehnique is superior to using the
empirical equation by simply looking at the plofdtwe Attenuation_loSsokup_tanieand

the Attenuation_loSsnpirical_equ

The incorporation of the 16 lookup tables for therRote and the lookup table for the
Tx mote in the validation system show that ourlralion approach achieves more
accurate estimates of path loss. The validationltesndicate that the use of the
calibrated receiver lookup tables can provide uthwi 1.5dB accuracy of RSSI
values compared with the 6dB claimed in the datasheet. It is also appareattttie
RSSI characteristics vary over the 16 radio freqyermannels. From the plots of the
receiver lookup tables it can be seen that inpwtgpd® as function ofRSSI_VAL
register value is not monotonically increasing. Tipgut power also begins to change
sharply as a function of tHRSSI_VAlregister value when a register value of about
-50 is reached. This is due to the sensitivity tiofithe mote receiver being reached.
Finally, the transmitter lookup table reveals tthegt actual transmit power is less than
the default setting defined in the datasheet aswl ial general falls with frequency.

6 Conclusion

In this report we present a novel automated caldmwasystem for MicaZ wireless

sensor motes. Specifically this automated calibratsystem consists of two
subsystems, one is designed for the mote recenctttee other one is for the mote
transmitter. Implementing our automated calibrat®ystem enables inexpensive
motes to be used to perform radio propagation neasants.

Both mote transmitter and mote receiver calibratpmocesses operate using a
MATLAB environment within a PC. For the mote receivis lookup tables are
generated, and for mote transmitter one lookupetablgenerated. The validation
process shows that using lookup tables improvesatoeiracy of taking path loss
measurements. It also reveals a practical receseesitivity of around -90 dBm
compared with a typical value of -95 dBm quotedhe manufacturer’'s datasheet.
These findings are very valuable and are essewtialr understanding of the mote
RF performance. They give us an insight to the R®@racteristics, transmit power
and receive sensitivity over a wide operating fesuy.

Last but not least, the generic method embeddexliirauto-calibration system can
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also be easily applied to any other wireless sensote platforms from different
vendors, provided they have an RF connector. Infulere the research could be
extended by investigating the possibility of redwgcihe time taken to perform the
proposed automated calibration processes to erabks calibration of wireless
sensor motes. Moreover, we have shown that stamdatels can be used as the low
cost portable measurement equipment after goirmugtr the automated calibration
process. For example the calibrated motes couldudex®l to perform path loss
measurements as a function of frequency in ordequemtify the likely benefits of
applying frequency diversity techniques.
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Appendix A

1 16 raw lookup tables for the Rx mote under test
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Figure Al: 16 raw lookup tables for the mote receiver under test
with each for one of 16 radio channels. The unit along x-axis is
in dBm.

2 16 sets of lookup tables after the processes ofeaaging

and rounding
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Figure A2: 16 sets of lookup tables after the processes of
averaging and rounding. The unit along x-axis is in dBm.

3 16 lookup tables after the process of deduplicaig for the

Rx mote under test
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Figure A3: 16 lookup tables for the Rx mote under test Hfter
process of deduplicating. The unit along y-axis is in dBm.
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Appendix B

1 Frequency response of Agilent-8495B manual step

attenuator
Attenuation Measured attenuation on different radio Channels (&)

level (dB) 11 12 13 14 15 16 iy 18
10 10.67| 10.70 10.69 10.70 10.74 10.66 10.66 10.62
20 20.57| 20.58 20.56 20.54 20.56 20.55 20.54 20.51
30 30.55| 30.49 30.52 30.54 30.58 30.57 30.52 30.48
40 40.48| 40.45 40.47 40.41 40.40 40.41 40.38 40.39
50 50.42| 50.49 50.46 50.37 50.36 50.36 50.38 50.32
60 60.32| 60.31 60.34 60.30 60.29 60.35 60.34 60.30
70 70.32| 70.24 70.33 70.24 70.31 70.26 70.29 70.14
Attenuation Measured attenuation on different radio Channels (&)

level (dB) 19 20 21 22 23 24 25 26
10 10.57 10.54 10.54 10.56 10.54 10.57 10.45 10.45
20 20.48| 20.44 20.45 20.48 20.52 20.58 20.46 20.46
30 30.49| 30.52 30.48 30.43 30.40 30.44 30.34 30.36
40 40.40| 40.34 40.34 40.40 40.42 40.48 40.31 40.32
50 50.28| 50.24 50.25 50.24 50.25 50.31 50.20 50.22
60 60.24| 60.25 60.23 60.28 60.18 60.19 60.09 60.15
70 70.14| 70.15 70.19 70.15 70.04 70.06 70.02 70.06

Table B1l: Frequency response of Agilent-8945B manual step attenatattire
different attenuation level from 10 dB to 70 dB.
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