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ABSTRACT

Fhis paper discusses the use of wltre-widehand vadio signals near 3 GHz 1o detect wofstare probicns within building assem-

bliex. Ulira-widehand siznals are made wp ol a farge spectrim of clectromagnetiowaves. aind hardheare is available 1o temporalty

resolve the signals o a tine scale on the arder of picoseconds. By emitting these signals toward o wall assembly and anabyzing
e veflected signal. information can be obtained on the wall. Most notably, because water reflecs these waves move sigaificantly
than dry huilding malterials, the masnitude of the reflections can be corvelated 1o moistire levels. This principle has been incor-

porated into @ synthetic aperture imaging leclizigue o create images of the maisture state of brilding assemblies. The pictures

can fielp identify locatfons of wmveaited maoisiure intrusion in @ nondestructive manner. Advamtases of wsing wlra-wideband

cotipared o conventional vadio freqrency teclmiques include the improved spaiial resolution and the ability « penetrate o wide

ranye of materials,

INTRODUCTION

AS moisture issues in bulldings continue to draw signifi-
cant atiention, tools for dingnosing excess moisture within the
building envelope are needed by practitoners and rescarchers,
Ideally, such a tool would be nondestructive, though anecdolal
evidence seems to indicate that one of the most common meth-
ods used to find moisture problems involves tearing apard
walls, Betier alternatives are available, though, and should be
used in place of more primitive techniques. Instruments such
as electrical resistance pin probes, capacitance meters, and
relative humidity sensors are frequently used to estimale the
moisture content of butlding materials, Each of these instru-
ments has positives and negatives, as deseribed by several
authors (Ten Wolde and Courville 1985; Derone et al, 2001;
Healy 2003). One of the drawbacks of probes, such as a pin
probe, is the fact that confact is needed with the moist speci-
mien 10 diagnose excess mosture, Tools that do not require
contact to Jecate moisture problems in walls wounld greatly aid
in finding problems in a nondestructive fashion, Furthemmore,
techniques that can scan larger arcas of the building envelope

woukd assistin isolating areas of excessive moisture compared
to the more laborious task of examining individual areas with
localized meters and sensors.

A number of different methods proposed could comple-
ment the instruments previously mentioned in isolating mois-
ture probiems in buildings. Infrared cameras have been used 1o
locate moisture because of the lag in temperature changes of
materials laden with water compared with dry materials (Tobi-
asson 1 al. 1977; Korhonen and Tobiasson 1978). Such
temperature differences can be observed with infrared
cameras and can provide a simple-to~use tool for investigators,
One drawback of such a method is the fact that the infrarcd
emission i a surface phenomenon that can be affected by such
surface propertics as emissivity and mugzhness, Other draw-
backs include the fact that temperature radienis from features
other than moisture can create false idendification of wet areas
and that information regarding the condition inside the wall
may nol be atlainable using this surface-dependent technigue.
Other methods that may provide noncontact determination of
the moisture level within walls include gamma-ray attenuation
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and neutron scaltering (Knab ¢t al. 1981). Such devices can
accurately determine the presence of water within a wall, yet
Ihe transporiation of the radicactive sources used in such
devices causes concer.

An emerging technique for nonimtrusively detecting the
meisture condition within a wall is the use of ulra-wideband
(UWB) radic waves, Healy and van Doom {2004) recently
discussed prelimimary work that shows the potential of this
technigue, In this work, ultra-wideband radar was first used 1o
determing the moisture content of gypsum board, pine, and
oriented strand board. The technique was then used on a simu-
lated wall to independently determine the moisture content of
the individual layers. Resulis were then shown in which a
three-dimensional map of the wall located a moist patch
within the wall, The technique has the ability of locating not
only the location on the face of the wall but also the depth of
the water within the wall.

This paper describes technigues that have been developed
to create images of the moisture state of'a wall. Mew hardware
will be deseribed that complies with recent regulations passed
by the Federal Communications Commission (FCC) and that
cases the acquisition of moisture images of a wall. A brief
discussion will be made conceming issues that are currently
being investizated that will cemplicate acquisition of images
in actual buildings. The next section will describe LA B radio
technology in more detail and will discuss some of the advan-
tages and disadvantages of the method. Experiments that were
performed on a sample wall section will then be described 10
demonstrate the performance of the equipment and software,

ULTRA-WIDEBAND RADIO OVERVIEW

Ulra-wideband radio signals are electromagznetic (rans-
missions that comprise a broad range of frequencies. By defi-
nition, a signal is considered 1o be ultra-wideband if 1ts relative
bandwidth, 1. is greater than 0.25. The relative bandwidih is
defined as

=0
i = {(n
futhy
wliere
Jr = highest frequency contained in signal, and
f; = lowest frequency contained in signal.

One way to achieve a signal with such a large frequency
spectrum is 10 @mit pulses that are inherently composed of
waves of various frequencies. For example, by taking the
Fourier transform of an imipulse, one can observe that such an
ideal pulse consists of an infinite frequency bandwidth, On the
other hand. the Fourier transfonn of a sinusoidal signal shows
that the signal is composed ofa single frequency. Such a signal
is characteristic of conventional radio or radar. A good over-
view of ula-wideband technology is given by Taylor (1995).

The hardware used in the present study is designed to emit
pulses having the idealized shape ofa Gaussian monoeycle, as
shown in Figure 1. The Founer transform of this pulse (Figure
1) displays the broad range of frequencies that make up this
sigmal. The center frequency for this particular design is
4.7 GHz and the bandwidth s 3.2 G112 This large bandwidth
allows one to lerm the signal an ultra-widehand signal. One
might imagine that such a signal would interfere with many
different devices, One of the characteristics of UWDB systems,
however, is that the signal is emitled 2t a very low power, The
hardwire used in the corrent study emits pulses at an effective
isotropically radiated power of 0.33 mW (11 dBm). This
power level is comsidered to be below the clectromagnetic
noise floor in most situations. The question is then logically
raised as to how an antenna picks up the signal if itis below the
noise floor. The key to this problem is the fact that the hard-
ware is capable of gencrating and detecring pulses at an
extremely rapid rate (up to 9.6 million pulses per second). By
cmitling many identical pulses and averaging the received
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Figure 1 A Gaussian monocycle pulse and its spectrum.
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pulses, the presumably random noise 15 averaged to zere and
the underlying signal is recovered. This series of pulses is
termed @ pulse train, The spacing belween pulses is approxi-
mately 100 ns, while cach pulse width is on the order of 1 ns.

Uses of Ultra-Wideband Signals

Ong application of UWB signals lies in wireless commu-
nications (Taylor 1995}, Once a transmitler and receiver set up
contact, binary digifs can be transmitted by altering the timing
of the pulse. For example, a pulse that is sent 10 ns before an
expected time can be considered as a {0, while a pulse sent
10 ns afier a presenbed time can be interpreted as a | An
example of the bandwidth capability can be obtained when
considering the hardware used in the present study. Since the
hardware is capable of transmitting up to 9.6 million pulses per
second. it is conceivable that 9.6 megabils can be transmitted
per second, Maxing out in such a way would not allow for any
error correction bul, in principle. such large communication
bandwidth could be atained. One advantage for using UWB
signals for such communicztions is the fact that the signals are
very low power. This characteristic will minimize interference
with other components in buildings that cperate on radio
frequencies. The fact that the signal is composed of a large
frequency range increases the robustness of the transmission
since it 15 likely that some frequency component will be able
to travel from the transmitter to the recciver without being
attenuated. Enfry of UWB technology into the communica-
tions market was aided in 2002 by a decision from the FCC
that permitted its use in a wide armay of applications (FCC
2002), Hopes are high that such FCC authorization will speed
the technology to market and decrease the cost of the equip-
ment needed 10 generate and receive LIWB signals. The hard-
ware used in this study complies with these regulations.

A second large application area for UWB is in sensing.
Meast sensing applications rely on the fact that electromagnetic
pulses are reflected differently from objects depending upon
their physical makeup. These reflections can be analyzed to
determine the location of objects and possibly the composition
of the product. The excellent temporal resolution of the equip-
mient can be used to make precise estimations of the locations
of objects that refeet the pulses. The added feature that UWB
brings to remote sensing applications compared to single
frequency signats is the likelihood that some component of the
siznal will be capable of penetrating most matenals so that
information can be obtained rezarding objects behind an
obstruction. With narrowband signals, the chances that one
can find a signal that passes through ohatructions yet is sensi-
tive to the constituent of interest are much less. This property
of ultra-widcehand has led to sensing applications related to

ahject location for military purposes and identification of

peaple within butldings or rubble.
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Sensing Technique

The basis for the sensitivity of radio waves 10 moisture
lies in the large difference between the dielectric constant of
water (g, = 81) and that of porous building materials such as
wood (@ = 5). The dielectric constant affects the propagation
of radio waves in several ways, First, the speed of propagation
of clectromagnetic waves, o, through a solid is dependent upon
the dielectric constant, as described by Equation 2.

¢ = J’jlnpln"[t;ril:l (2
where
i, = the magnelic permeabilily of [ree space
u, = the relative maznetic permicability of the medium (o
that of [ree space
g, = the permifivity of [ree space
g, = Lhe dieleciric constant of the medium

The second way in which moisture aftects the propaea-
tion of radic waves through a solid is through reflection at the
interface between the surface of the solid and the adjacent
material. The reflection at the interface between materials |
and 2 is governed by the refiection cocflicient, I ..
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where ¢ and ¢ are the speed of light in materials 1 and 2,
respectively, as deseribed by Equation 2, This number
provides the ratio of the amplitude of the reflected waves to
that of the incoming waves, Since the speeds of light, ¢, and
¢y, depend upen the dielectnic constants, the reflection coeffi-
cient also depends upon the diclectnic constants. The dielec-
tric constant afleets attenuation of the electromagnetic waves
as well, though this trait will not be used in this seasing appli-
cation, It should also be noted that the dielectric constant is a
function of frequency and temperature. Adjustiments may be
necded to any measurements made at temperatures differing
areatly from that at which a material is calibrated, The present
studies were carried oul in a laboratory in which the temper-
ature was held at approximately 20°C + 2°C, so no effect of
temperatore has been investigated here. The fact that the
dielectric constant varies with frequency may actually be an
advantage in the use of ulira-wideband signals considering the
large frequency spectrum confained in the pulses.

SYNTHETIC APERTURE IMAGING

The UWD gignals have been used in two related methods
for investigating the moisture state of building materials. The
aim of the first method was to obtain quantitative estimutes of
the in-silu moisture content of materials that are below the
saturation level. Preliminarcy results are discussed in Healy and
van Doorn ( 2004), and work 1s ongoing to betler deternune the
relationship between the reflected signals and the moisture
content of building materials such as oriented strand board
(OSB), plywoaed, gypsum beard, and fiberglass insulation.
This investigation is not the focus of this paper.
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The second method of using UWB signals for detecting
moisture in buildings is aimed at locating bulk water intrusion
and materials that are ciose to saturation. To make this task
simpler, UWE can be used o create three-dimensional images
of the moisture state of the wall. Because the incident pulses
should theoretically be able to pencirate several layers of a
wall, water intrusion that is not visible should be deteciable by
the techmique. Such imagzes arc ohlained by taking scans of the
reflected radio waves at different locations in front of the wall.
These techniques are the focus of this paper,

Overview of Synthetic Aperture imaging

In a stationary system in which one anlenna transmits a
signal and a second antenna receives the reflections of that
signal from various objects, the typical outpul scan shows the
vollage received at the receiving antenna as a function of time.
Reflections will be coming from many different surfaces, so
reflected sigrals will be refurning to the reeeiving antenna
over a large time frame. Te creats an image from these multi-
ple scans, a lechnique proposed by Lorenz et al. (1991) has
been implemented in the present work. By noling that the
waves travel at the speed of light, the path length of the
reflected wave can be determined, and an educated guess can
be made regarding the surface from which it has reflected. For
a given ime of flight, the exact point of reflection is not known
exactly, but 1t is known that the reflection will have occurred
on a hyperbeloid, as shown in Figure 2 (all points on the
surface have the same combined distance 1o the two foci of the
shape). This estimate assumes that all responses received at
the: recaiving antenna are from single reflections and that the
speed of light changes little in the different materials through
which the waves pass, A longer time of Tight corresponds to
a larger hyperbola, so information is gained about the
surroundings at each set of antennae positions. There is still
uncertainty, however, as to where a particularamplitude in the
signal obtained at the receiver orizinates. To resolve this
uncertainty, triangulation 13 used between multiple antenna
positions to identify the source of the reflection source, While
other radio frequency technigues could be used to locate mois-
ture, the time resolation of the UWB hardware and the ability
of the LUWB waves 1o penetrate various [orms of construction
make i an attractive choice for carmying out such analyses.

Tocreate an image of a bnlding assembly, scans are tuken
at different locations in front ofa wall, and the aszembly is then
discretized intoan array ofpixels. For cach scan, the amplitude
of the received signal is examined as a function of time afier
initial transmission ol signal. Atzach time of fhight, we add the
amplitude of the signal 1w all pixels in the discretized wall
section that may have contributed to that signal, The antennac
are moved to different locations and the process is repeated.
Pixels that represent an actual location of moisture within the
wall will continue 10 be identified by all scans and will there-
fore geta higheramplitude tally as more scans are added 1o the
map. A few examples will show this technigue in action,

Refiector

g,

Anlenna pairs

Figure 2 Ihperbaiic times of fight. Witk knowledee of only
the e bereeen e transmission of a sigral and
the reception at 4 scoond aifennd, one can only
plapoint the focation of the reflector on a
fperholic shape, Inclusion of different antenna
positions allovs one 1o wse triangutation to
pinpoin! the location of the roflecror

EXPERIMENTS

Test Sampies

To test the scheme. two different wst walls were
constreted. The first wall section was composed of 7.6 cm (3
in.) of R-19 fiberglass insulation sandwiched between a 1.27
em{0.5in)sheetol gypsumboardanda 1.27cm (0.5 in.) layer
ot oriented strand board, The insulation had kmft paper that
faced the gypsum board. Panels of these malenals measuring
0.61 m (2 1) wide by 0.91 m (3 1) tall were placed within a
wooden frame constructed of 2-by-4s of sugar pine. The rig
was conslructed so that panels of varying moisture content
could be interchanged w0 oblain a wide range of moisture
conditions. To simulate water intrusion, a wet cloth wrapped
in plastic was temporarily attached to different places of the
wall, The dry cloth and plastic bags were also tested to ensure
that they had no independent effect on the reflected radio
signals,

The second test wall was larger and included three
comventional stud cavities, 1t was constructed afier the coneept
was proven with the smaller wall section. The width and height
of the second wall were bath 1.2 m(4 1), while the sheathing
layer and interior wall layer were separated by an 2.9 ¢m (3.5
in. ) cavity made by four 2-by-4¢ spaced 40.6 em (16in.) aparnt
{center-to-center), The main purpose of the second testrig was
to develop techniques to handle the presence of nonparallel
features such as studs and wires in the imaging techniques. As
in the previous caze, moisture intrusion was simulated by plac-
ing a wet cloth inside a plastic bag and attaching it in various
pesitions withim the wall section. A laver ol OSB shaithing
was clamped to the cuter plane, while a panel of gypsum board
was altached o the interier,
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Figure 3 Synthetic aperture image of maoistire patclt on
OSB panct (dimensions b mmn).

Movable Antenna

To test the concept of synthetic aperture imaging to detect
unwanted water in walls, the antenna was set up in (ront of the
wall with the pypsum board facing (he anienna to simulate the
instrument being used on the interior side of the wall. For the
first set of experiments, a sinzle antenna was used that served
as both the transmitter and receiver with a high-speed switch
changing between modes. This antenna was then attached to
a robotic arm that automated the task of moving the antenna in
front of the wall to provide the multiple scans that are needed
to develop a synthetic aperture image. The antenna was main-
tained ar a distance of 1.4 m from the gypsum board in the
model wall. This distance was somewhal arbitrarily selecled;
studies are ongoing 1o delermine an optimal setting for this
distance., The antenna position was modified along a square
grid having 11 = 11 pomnts and a resolution of 70 mm between
adjacent grid lines. These 121 measurement locations created
a square synthetic aperture having a length of 700 mum on each
side,

To illustrate the potential of the svnthetic aperture tech-
nique for visualizing the moisture condition of a watl, we will
focus on one experiment in which the wet cloth was placed on
the interior side of the OSB panel in the mode! wall. If this
layer were wet, it would not be visible 1o an observer without
modification 10 the structure such as pulling away siding or
inserting pin prebes through holes drilled in the envelope,
Figure 3 shows an image of the radar return at the plane corre-
sponding 1o the OSB location. The red section indicates a
region of high mdar reflection, and the arrow on the plot shows
the width and lecation of the wet cloth that was atlached to the
wall. One can see that the location and size of the wet spot have
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Figure 4 Three-dimensional  synthetic  aperture  inage

showing  maisture  wccuwmulation  in plane
corvesponding 1o 0SB panel  location
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been well identified by the technique. Anapparent anomly in
the results is that the region of high reflection appears circular,
but the cloth that has been inserted to simulate the wet area was
rectangular. The reason for this behavior is the smearing
nature of the alzorithm, 1f better resolution of the sharp edges
of the towel were desired, the antenna spacing could be
decreased. Thus, one technigue for finding moisture problems
would be to carry oul an inspection with widely spaced
antenna positions and then to use finer spacing in questionable
areas. A three-dimensional image (Figure 4) can also be
created that provides another view of the wall to wdentify
potential moisture accumulation. Here, the planes correspond-
ing to the OSB and gypsum board are plotted along with
images in the other two planes. Images in the planes of the
building panels show the lecation of the moisture patch, while
the images in the other planes show that moisture 15 not
detected in the layers away from the QSB. This view clearly
shows that the synthetic aperture imaging technique yields an
image that ean be sindied to detect the location and size of
potential moisture problems within a wall. An additional
feature that i not clearly evident in this view is the fact that dry
wills do show somie reflection, M is therefore expected that a
priori knowledze of the wall dimensions may not be necessary
in using this technique. This theory will be tested further in the
future on walls of different dimensions. The uncertainty in the
depth reselution is approximately 5 mm, based on the timing
accuracy of the units used in this study and the changes in the
propagation speed through the wall. Further studies can be
made 1o reduce the ambiguity of the mwoisture level at the
gypsum beard layver, The resull, however, is a promising
method for creating contour plots of the moisture levels at
different lavers within a wall.



Antenna Array

Itshould be noted thata robotic arm was used in the previ-
ous study, but that device was simply used {or the convenience
of carrying out the study. Any technique can be used for locat-
ing the radar at appropriate points in the viewing field. As an
alternative o moving the anterma, it was surmised that a
stationary system would be easter 1o use and would decrease
the chance of user error in creating the images. An array of
antennace was built that allows for several combinations of
antenna positions witheut requiring motion of the antenna, By
awitching between different transmission and receiving anten-
nae, ome ¢an create a synthetic aperture with no movement. A
picture of the antenna amay is given in Figure 5 (the target in
this case is a military helmet instead of the wall envisioned for
this application). The array consists of four rows of fouranten-
nae in a square patiern for a total of 16 antennae. The top row
and the third row from the top congist of transmilting antennae,
while the other two rows consist of receiving antennae, Two
radios are connected 1o the antenna array to generate the signal
and 1o analyze the received signal. Swilches on the array
change the connection between the radios and the appropriate
antenna.

This array contains 64 different antenna combinations
that can be used to eonsiruct a synthetic aperture. The resolu-
tion that can be attained using this army is a function of the
bandwidth of the signal, the spacing of the antennae, the
distance between the wall and the array, the antenna size, and
spacing between antennae (the array Is placed parallel 1o the
surface of the wall). With the array placed close 1o the wall at
a dislance of approximately 1 cm, it s estimated that features
of the wall can be reselved to within 3 mm. The drawback of
being so close is that the field of view is limited to the approx-
imate size of the array. By pulling the array farther away (rom
the wall, one can obtain a larzer field of view at the expense of
resolution, [tis expected that fields of view on the order of a
single-story wall can be coarsely examined using this tech-
nique. At this point, work is ongoing to investizate the effce-
tiveness of this techmique in making such measurements and
to determine the resolution that is capable for locating mois-
lure.

The Effect of Studs and Wires

The results from the smaller wall having no studs shows
the ability of this technique 1o detect moishure ina wall consisi-
ing of planar layers of building materials. The effect of non-
parallel features, such as studs and wires, has nol been
addressed in these studies. 11 is expected that the synthetic
aperture images will show the presence of those features very
prevalently, especially wires owing to the [act that metal
reflects radio waves very well. The antenna array is currently
being used to determine if there is an ensy way to differentiate
between reflections due to nonplanar features and those dug to
moisture,

Figure 5 Piciure of antenna ariay wsed for synthetic
apertre imaging.

SUMMARY AND DISCUSSION

The use of ultra-wideband signals holds promise for help-
ing determine the presence of unwanted water within walls in
a4 nondestructive manner. UWB signals have the advantage
over other radio-frequency techniques in that the time vesolu-
tion is fine enough 1o pinpoint the location ol moisture and that
the signals pencirate a wide range of materials. While the 1ech-
nique can be vsed to oblain quantitative numbers that indicane
the moisture level of different layers within a building assem-
bly, qualitative detection of bulk water intrusion may prove to
be the most useful apphcation for this tvpe of instrument.
Much work needs 10 be done, however. Forexample, the detec-
tion of studs, nails, pipes, and other nonplanar features is
cwrently being investigated to se¢ if it affects the detection of
moisture within a wall, Other building asscmblies should also
be examined, including the effect of siding layers and masonry
products. Images that have been created have already shown
the potential for this product to serve ils purpose as a nonde-
structive technique for locating moisture intrusion within a
wall. Work is continuing 1o exanune the effectiveness of an
antenna array for real-time creation of synthetic aperture
images that indicate the hygrothermal state of a wall assembly.
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