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Abstract— Wireless Sensor Networks (WSNSs) which utilise IEEE
802.15.4 technology offer the potential for low cosdeployment
and maintenance compared with conventional wired $esor
networks, enabling effective and efficient conditin monitoring of
aged civil engineering infrastructure. We will address wireless
propagation for a below to above ground scenario wdre one of
the wireless nodes is located in a below ground &rhydrant
chamber to permit monitoring of the local water digribution
network. Frequency Diversity (FD) is one method thican be
used to combat the damaging effects of multipath ting and so
improve the reliability of radio links. However, no quantitative
investigation concerning the potential performancegains from
the use of FD at 2.4GHz is available for the outlied scenario. In
this paper, we try to answer this question by perfaning
accurate propagation measurements using modified an
calibrated off-the-shelf 802.15.4 based sensor nade These
measurement results are also compared with those w@lined from
simulations that employ our Modified 2D Finite-Difference
Time-Domain (FDTD) approach.

I. INTRODUCTION

In recent years, Wireless Sensor Network (WSN)aee$e
has undergone a quiet revolution, providing a nenagigm
for sensing and disseminating information from easi
environments using wireless technology. In practitee
successful and effective deployment of WSNs to maoni
infrastructure, e.g., the local water distributioptwork, is
challenging owing to the harsh radio propagatiovirenment
that disrupts the radio communication links betwegreless
nodes. For example, multipath induced channel tadimd RF
interference give rise to dramatic changes in theeived
signal strength and the consequent variabilityhef bit error
rate (BER) of the communication links. Thereforeairstatic
environment, if nodes happen to be located
experiencing deep signal fading, they will potditisguffer
from long term poor link performance. The questi@as been
raised as to whether we can apply Frequency Diye(BD)
techniques to WSNs in order to combat signal fading so
improve the coverage and robustness of WSNSs.

FD has been studied in detail and implemented widel
cellular networks [1] in order to improve system BE

wavelength of the transmitted signal with differ@mterating
frequencies, it is possible that the received digmaver on
different frequency channels can be quite differéet, by
changing channels a node can effectively movefitadl of a
fade without need to be physically moved. Lemiguj2i] and
Todd in [3] observed the improved performance daoe t
frequency diversity (FD) in the indoor radio chalisnat
900MHz and 1.75GHz respectively for wireless peason
communication. Generally speaking, FD has two nfi@ims:
Direct Sequence Spread Spectrum (DSSS) and Freguenc
Hopping. The IEEE 802.15.4/ZigBee compliant RF
transceiver [4] used in the Crossbow Technology MicaZ
radio node employed in our experiments utilises BSS
Furthermore, Dust Networks Inc. has incorporategtjiency
Hopping in their proprietary Time Synchronised Mesh
Protocol (TSMP) [5], but quantitative results comieg the
performance benefits have not been presented.
Consequently the potential benefits of applying ké&eds
to be quantified and characterised by performingueate
propagation channel measurements in the fire hydFth) to
above ground channel of interest. To do this ieaistic and
inexpensive way we designed and built portable ebbn
measurement equipment based on MicaZ motes from
Crossbow Technology Inc. In this paper, we presamt
analysis of the RF performance of the equipmerdrder to
establish its suitability for this task. The usest#ndard motes
will also permit us to take channel measurementstuations
that closely replicate actual WSN deployments. Thess
Correlation Coefficients (CCCs) of the fading datavarious
frequency channel spacings have been calculatedg usi
received signal power data gathered by scanningnzbar of

in aregkannels in the unlicensed 2.4GHz band. In additthase

results have been compared with those obtained feom
simulation that uses the modified 2D FDTD method [6

The paper is organised as follows. Section Il uhiices the
design of the portable equipment for RF channel
measurements, calibration of the equipment, meamnt
procedures and the communication scenario for tHetd-
above ground link. This is followed in section kbl the

performance and coverage. Due to the change in theasurement results and comparisons with the siioola



results yielded by the 2D FDTD method. Finally, tBec IV gain of 13.5dB and improves the sensitivity of tleeeiver
draws our conclusions and also proposes future work system by about 12dB over that of the standard .nibte
plastic enclosure for RxU has the same dimensierthat for
TxU. The incorporation of the amplifier into the Bxurther
increases the channel measurement range and g\geater
freedom in the choice of measurement points.

Il. EXPERIMENTAL METHODOLOGY

A. Design of the Portable Equipment for RF Channel
Measurements

The RF channel measurement equipment design i baBe Calibration of the TxU and the RxU
around standard off-the-shelf Crossbow MicaZ mftgsThe  As has been identified in [13], in general, thetbi-shelf
equipment consists of two subsystems, one actinghes \icaz motes that we have tested have a RF perfarenan
Transmitter Unit (TxU) and the other one acting th® pelow the manufacturers’ quoted specifications, and
Receiver Unit (RxU). Fig. 1 shows views of the Tabd the addition, their characteristics vary from one tother. This is
RxU. generally accepted owing to their relatively lowstand low
power consumption. However, conducting measurements
using uncalibrated motes is not to be recommentiél] [15].
Specifically, it is necessary to calibrate the Takd the RxU
before attempting the propagation measurementsedetal
guantify the availability of FD.

The mote variability can be overcome using the meth
proposed in [13] for calibrating pairs of motes ngsia
networked computer driven instrument system. Thehowe
uses a MATLAB based computational environment rogni
on a host PC to control a RF signal generator (26)a
spectrum analyser (SA) depending whether the RxUher
TxU is being calibrated respectively in an unateghdhanner.
These measures enable accurate estimation of dhpatie
loss over the frequency band of interest to beoperéd.

Fig. 1 Top views of the TxU on the left and thelRon the right

1) The Transmitter Unit: The TxU shown on the left in
Fig. 1 has three main components: one ProcessoRadw
MPR2400CA board (top left), one power amplifier 2046
2522M+ with a gain of 19.5dB [8] (top right) andeoStep-
Down Integrated Switching Regulator (ISR) PT79STI3B
(bottom left). They are all housed in a plastic lesgre of 1) The RxU Calibration: The calibration subsystem for the
dimensions 19.3cm by 11.3cm by 5.8cm. The CC2420 R¥xU is designed to eliminate the hardware dependdmyc
transceiver is mounted on the MPR2400CA board Fer tcreating an accurate mapping between the RSSI vand
purpose of wireless communication. It is a sindigg@.4GHz the actual received power at the RxU antenna caonéar all
IEEE 802.15.4 compliant RF transceiver designedléov channels on which measurements are going to berpestl.
power and low voltage wireless application. The &fis Fig. 2 shows the channel 11 lookup table aftercddébration
CC2420 radio can be tuned from 2.048 to 3.072GHihwh process and processing.
includes the global ISM band at 2.4GHz. IEEE 80215
channels are numbered from 11 (2.405GHz) to 2@B@Hz)
each separated by 5MHz. The use of the transnptierer
amplifier permits us to conduct extended range wobhn
measurement campaigns in RF-hostile environmentd) as
the FH to above ground channel.

2) The Receiver Unit: The CC2420 radio chip used in the
Crosshow mote provides a very important piece ofadeta
about received packets, specifically the Receivgn&i
Strength Indication (RSSI), which is a measurenanthe
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received signal power in dBm. It is calculated otles first
eight symbols after the start of a received pacR&SI can
also be measured at other times, for example tecti¢he
ambient RF energy [10]. We use this feature tobcale the
receiver as will be described in Section II-B. Tesign of the
RxU shown on the right in Fig. 1 is very similartt@t of the
TxU except it also has a mote interface board (N2B5
enabling RSSI data to be downloaded to a laptopTiR€ four
key components are: one Processor and Radio MPR20
board (top left), one MIB520 interface board on tdpvhich
the MPR2400CA board is attached, one low noise idiempl
(LNA) ZX60-33LN+ [11] (top right) and one ISR

Fig. 2 Lookup table for the RxU under test afteg processing for channel
11

2) The TxU Calibration: The calibration subsystem for the
TxU is used to establish a lookup table for thagrait power
from the TxU’'s RF connector as a function of fregue
channel as shown in Fig. 3. The calibration proceds
considerably reduce errors owing to the variatioriransmit

geower on different frequency channels, which is nhai

contributed by the hardware characteristics of @@2420
transceiver itself.

78SR105HC [12] (bottom). The LNA (ZX60-33LN+) has a



" ] define propagation Path Loss (PL) as a positiveuesal
) ] representing the signal attenuation measured inT@Bavoid
g ] confusion, here we define the PL in dB as:
gi“*’*w N ] PL =P, +G,, +Gg - Py, @)
. *‘“‘“’w&ﬁw wherePx, is the transmit power at the TxU RF conneckys,
S - is the receive power at the RxU RF connedBag,andGg, are
2 | ] the transmit and receive antenna gain respectifgyandPg,
7 are obtained from the calibration tables estabilsheSection
:3 A S S S [I-B according to the operating frequency on whtbe data
Frequency Channel Number packets are transmitted.

Fig. 3 Lookup table of the TxU under test acraddraquency channels from  The success of the FD technique depends on theelégr
2.365GHz (channel 3) to 2.520GHz (channel 34) sagarated by 5MHz  which the PL performances on the different divgrbitanches
are uncorrelated. We define the channel Cross @tioe

_ Coefficient (CCC)p between the two diversity channels as
In our FD channel measurements, the TxU was pesitio shown in 2. It is calculated by normalising the ssro

in a below ground FH chamber located outside thenilter correlation of the signals in the pairs of chanriesing the
Laboratory building in Cambridge. The RxU was setaa gesjred channel spacing,

C. Experimental Set-up

height of 6.25m above ground level, representatfehe 1 N 2
height of a WSN node sited on a street lamp poig. & o= . %\‘ 2 ”’1X[n]y[n]N , @
shows the FH chamber (with the iron lid removedtaming \/(%\1 > xInIxXInD( 35 >N yInlyln])

antenna was located at the same height as thecstprand nymber of samples used in each sequence. The ekmen
10cm away from it in the South direction along ttentral

axis. Note the iron lid is in place during the measnents.

each sequence are negated PL values in dB conviertad
linear ratio. Note the power gain (which is < 1juged since it
is directly proportional to the received power.

Stem cap As a result, we adopt the method in [17] to pregeint a
matrix format shown in Fig. 5, whegg; is the CCC value at
Central the antenna separation represented by distance infie a

s particular channel spacing represented by ingexThe

maximum value of is set to 10, where the actual distance is

- Txu equal to (X10)m, and that of is set to 17 which ensures that
@“‘ S a minimum of 15 pairs of channels to create xhandy
Fig. 4 Overview of the FH chamber (lid-off) sequences.
To assess the availability of FD the TxU and théJRvere I
programmed to hop through 32 frequency channelsn fro g | Fm a2 P23 e P
2.365GHz (channel 3) to 2.520GHz (channel 34), with & ] P P Paa e P
channel spacing of 5MHz. The TxU/RxU was programreed \é'
transmit/receive a packet every 0.25s and to remaieach of S
the 32 radio channels for 1s. The above ground Reddrds g Pix Piz  Pig e B
the received packets and their received signal poate =~ —~— ~
varying distances from the TxU. The RxU positiorried Channel Spacing (1-17)
between 10m and 100m in steps of 10m in both thehNand . . .
South directions from FH chamber. The RxU was ittiy Fig. 5 Matrix representation pf

for 9 minutes while the data was gathered. Thersngrof 32 So for example, the value pf ;o at an antenna separation
frequency channels enables us to achieve a datatigti of 10m and with a channel spacing of 10 is caledaby
significant understanding of the FD performanca &snction arrangingx as the combination of all samples recorded at 10m
of the channel spacing for spacings of up to 1'hekks in the from channel 3 (the lowest frequency channel wen)sta

2.4GHz band. channel 17 ang as the combination of all samples recorded
from channel 13 to channel to channel 27 at theesdistance.
I1l. FIELD MEASUREMENTS RESULTS AND ANALYSIS Theoretica”y, frequencies Separated by more tham t

FD is a technique to combat the fading phenomenpn &oherence bandwidth of the channel will be uncateal and
transmitting information on more than one carrimgfiency. will thus not experience similar fading [2]. Noteuro
By doing this, the hope is to find independent algraths for normalised CCC values lie between 0 and 1. Caioulsit
communication so that if one radio channel undesgneleep presented in [18] show that correlation coefficieas high as
fade, i.e., high attenuation, another independhangel may 0.7 are commonly used to define the coherence bditialw
have a strong signal, i.e., low attenuation [16F Woose to Note that greater gains are available from FD foralter



correlation coefficients. The CCC results are preskin two quantify the potential benefits of FD for WSNs dgd in
averaged forms, specifically as a function of clerapacing the FH to above ground scenario.

and also as a function of distance. Fig. 6 showesptiot of

The results suggest applying FD has little berfefitthis

average CCC as a function of channel spatiaged on channel, particularly at short communication rarigewever,
measurement results and those obtained from the DFD3ome benefits appear to be available at longererahgs will

simulations. The average CCC is calculated by avegaover
all distances in both South and North directionke Tplot
reveals the minimum channel spacing required ireoito
achieve a reasonable FD gain. As can be seen fign6 Fthe
CCCs are generally well above the critical valu€daf, and
there is no evidence to suggest any benefit owingD for

be investigated in our future work. Field measunetmeavith
higher spatial resolution will also be conductedoider to
reveal more information concerning the average @Ethis
channel.
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Fig. 6 Frequency diversity performance w.r.t cterapacing
Fig. 7 shows the average CCC as a function ot
which is calculated by averaging over all frequencat each [g]
distance. We observe a decreasing trend of aveZ&fe as
the distance increases in both north and soutletdires. Both
measurement and simulation results suggest somefil&;enm
may result from applying FD at longer distancesmg&o [g]
deviation is apparent between the measurement had [€]
simulation results. However, we believe that thiéeciénce is [10]
because the high resolution simulation results stietails of
the average CCC that are not revealed by the mowierl
resolution (i.e., 10m compared with 0.01m) of the

measurement results. [11]
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IV. CONCLUSIONS (18]

Measurements have been conducted at 32 frequency
channels in the 2.4GHz band in order to investigate
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