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Abstract

This paper addresses the potentials of ultra-wideband (UWB) through-wall imaging radars

compared with conventional narrowband systems. The challenges that limit the utilization of high

precision UWB systems are examined with the aim of mitigating them. These challenges include

multi-path, pulse dispersion, and antenna effects on the pulse shape due to angles of transmission

and arrival. The propagation of UWB signals through walls is a crucial factor in determining the

success of UWB radar technology. UWB signals, when propagating through walls, not only suffer

attenuation but also distortion due to dispersive properties of the walls. This paper examines time-

and frequency-domain techniques for measuring the electromagnetic properties of construction

materials in the UWB frequency range. The measured parameters provide valuable insights in

appreciating the capabilities and limitations of the UWB technology. Special attention is paid to time

gating as a mean to extract the direct-path signal from the multi-path components. Both single-pass

and multi-pass models are discussed. Multi-pass models account for the multiple reflections within

the wall while the single-pass model assumes the possibility of gating out a single transmission. The

partition-dependent narrowband propagation model is modified to account for the ultra-wide

bandwidth of the signal. The paper illustrates the application of the modified model in indoor

environments. The modified model is helpful in estimating the link power budget. It is also useful in

studying the performance of UWB systems for indoor communication and positioning applications.
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1. Introduction

Ultra-wideband (UWB) communication systems are generally defined as systems, which
exhibit a transient impulse response. A UWB transmitter is defined as an intentional
radiator that, at any point in time, has a fractional bandwidth of greater than or equal to
0.2 or occupy a bandwidth greater than 500MHz regardless of the fractional bandwidth
[1]. UWB radars are attracting increasingly more interest after the proposal by Scholtz [2]
to use impulse UWB radio for personal wireless communication applications. UWB
technology supports the integration of communication and radar applications such as
imaging and positioning [3–5].

Time-modulated UWB signals are superior to narrowband signals by providing orders
of magnitude improvement in spatial resolution. This could result in sub-centimeter range
resolution. There are many situations where UWB high resolution signals can be utilized.
For example, UWB technology can be used to augment the global positioning satellite
system (GPS). UWB signals are immune to multi-path distortions, which are a major
problem for indoor narrowband receivers. If reference stations are equipped with UWB
technology, precise locations can be determined especially within buildings and areas
where GPS fails to operate. This technology also allows aircraft to determine and monitor
their position relative to other aircrafts and relative to the ground. Another promising
application of the UWB technology is in automobile collision avoidance, and newer and
more sophisticated applications are expected to emerge due to recent developments in this
rapidly evolving technology.

UWB systems are anticipated to offer better wall-penetration capabilities. UWB
through-wall imaging systems are allocated a bandwidth below 960MHz or between 3.1
and 10.6GHz. These systems detect the location or movement of persons or objects
located on the other side of the wall. The technology is being tested to look inside closed
rooms. Narrowband technology relies on high frequency (short wavelength) radio waves to
achieve high resolution. However, shortwave signals cannot penetrate effectively through
materials, while UWB radars promise good penetration through materials and has time
resolution to within a fraction of nanosecond.

Recent years have witnessed increasing research activities devoted to the UWB through-
wall technology. Attiya et al. [6] experimentally studied the potentials and limitations
of through-wall human body detection by means of UWB signals. They concluded that
the loss and dispersive properties of the wall cause a low-pass filtering effect, which
limits the high resolution capability of the original UWB pulses. Mahfouz et al. [7]
developed a compact UWB radar for see-through-walls applications. The image is
formed by scanning a beam across the radar scene and utilizing a receiving array
and beam-forming process. Chia et al. [8] developed a UWB radar for medical imaging
that can measure the heartbeats and breathing rate of human in a 1-m range. The system
was also successfully tested with a targeted human object obstructed with a typical
wall partition. Regarding the impact of wall and obstructions on UWB indoor rang-
ing, it is reported in [9] that the average ranging error for line-of-sight (LOS) scenarios
is 6 cm. This error increased to 24, 38, and 84 cm for sheet rock, plaster, and
cinder block wall materials, respectively, in none-LOS (NLOS) conditions. Hantscher
et al. [10] has described a complete low-cost UWB radar system for wall scanning
applications. The proposed system can reconstruct the shape of simple targets like
water pipes.
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The propagation of UWB signals through walls is an important issue with direct impact
on the extent of future successes of UWB radar technology. The propagation of UWB
signals, as an electromagnetic wave, is governed, among other things, by the properties of
materials in the propagation medium. The information on electromagnetic properties of
building materials in the UWB frequency range provides valuable insight in understanding
the capabilities and limitations of UWB technology for indoor and indoor–outdoor
applications.
Many researchers have studied the propagation of electromagnetic waves through walls.

For example, Hashemi [11] reviewed and summarized much of the earlier investigations on
electromagnetic characterization of building materials. During recent years, many more
investigations on evaluating electrical properties of various building materials over
different frequency ranges have been carried out. Typical materials examined include
concrete, plasterboard walls, limestone concrete blocks, glass, bricks, cement-based
materials, and wood. The information in the literature is presented in terms of penetration
loss, dielectric constant, loss tangent, permittivity, conductivity, and reflection and
transmission coefficients [12–19]. Extensive data on dielectric properties of a variety of
glasses [20], wood and wood-based materials, but mainly at frequencies outside the UWB
range, have also been reported [21].
It is noted from the cited work that the available information on building material

properties are largely over narrowband frequencies and often limited to few materials.
UWB signals not only suffer attenuation as in the case of narrowband signals when
propagate through walls, but also suffer distortion due to dispersive properties of the walls.
In narrowband measurements, only the attenuation represented by the magnitude of
insertion transfer function (i.e. insertion loss) has been the quantity of interest. However,
for UWB signals in addition to the magnitude, dispersion is an essential factor that needs
to be accounted for in studying the propagation effects. Therefore, existing through-wall
measurements and models, although helpful in providing some general understanding, are
not adequate for UWB imaging applications.
The objective of this paper is to examine the potentials of UWB through-wall imaging

and UWB radars. The impacts on wall penetration, including attenuative and dispersive
effects, will be examined. The paper starts by discussing the challenges faced by UWB
imaging devices including multi-path, multiple reflections inside the wall, and power loss.
To characterize the impacts on through-wall propagation, both time-domain and
frequency-domain measurement setups and procedures are discussed. The mathematical
models that link the measured data with the representative parameters are presented next.
The difference between single pass and multiple pass are then explained. The results of this
investigation provide valuable insights into the transient behavior of short pulses as they
propagate through typical walls and structures. A partition-dependent narrowband model
is modified to account for the frequency variation within the UWB range of frequencies.
The paper concludes with remarks on the future of UWB imaging.

2. UWB through-wall imaging challenges

As UWB signals propagate through walls, they suffer degradation due to both
attenuation and dispersion. Material absorption, multiple reflections, and frequency
dependence of the dielectric constant of materials are the main contributors to these signal
degrading effects. To achieve the high resolution offered by UWB systems, one has to
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develop advanced decision-making and signal processing techniques that mitigate
propagation impairments occurring in the medium between the transmitter and the
receiver. Multi-path, obstructions, and antenna effects are among the challenges that
should be dealt with.

The first challenge is the multi-path reception. In general, UWB signals are very immune
to multi-path. However, there are cases where the transmitter and/or the receiver are very
close to a wall or a table that causes pulses from different multi-path components to
overlap and reduce the timing and positioning capability of the system.

The second challenge is caused by the multiple reflections within the wall. This impact
becomes more dominant if the wall is heterogeneous. The dielectric constant of the
obstructions and their thickness introduce variable delay in the propagation path. The
travel time through the thickness of the objects in the signal path is critical to the delay
measurement when high accuracy is desired. To illustrate the effect on the delay, amplitude
and pulse shape, different materials are inserted in the path between transmit and the
receive antennas. First, a free-space measurement is conducted, then a slab of material is
inserted and the through signal is acquired. Here two examples are presented to illustrate
the effect of the obstruction material on the signal delay and hence positioning capability.
For additional examples the reader is referred to [18]. In the first example, a typical
plywood as a relatively homogeneous material is used. The thickness of the plywood is
1.52 cm. The second example is for typical construction concrete blocks with air holes. The
thickness of the wall made of concrete block is 19.45 cm. Fig. 1 illustrates the free-space
and through measurements for the two cases. The generated pulse is a Gaussian-like
waveform with a full-width half-maximum (FWHM) of 85 ps. Due to the impact of the
antenna, the received signal has a shape, which is the derivative of Gaussian pulse. The
damped ringing effects result in the second peak, which can be noted in the figure.

The third challenge is imposed by the high power loss which is a result of thick walls or
very lossy material like reinforced concrete. Weak signal levels cannot be measured
accurately due to presence of noise and limited dynamic range of measurement equipment.

Another important challenge is associated with UWB antennas. In practical cases, the
radiation pattern, input impedance, and polarization of the antenna play an important
role. The difficulty when using omni-directional antennas, which can cause stronger multi-
path, is more pronounced than the case of directional antennas. To illustrate this effect,
which in essence is due to the angle of arrival, different experiments and scenarios are
considered.

One scenario is to investigate the effect of vertical rotation of an antenna (E-plane scan).
In this case, the transmit antenna is kept at a fixed height and position and the receive
antenna, while kept at a fixed height, is rotated along the elevation angle, y. Measurements
are performed at the angles 7151, 7301, 7451, 7601. The schematic diagram embedded
in Fig. 2a illustrates the first two multi-path components that are captured by the receive
antenna. Circular lines covering the receiver represent the rotation in the vertical direction
as well as the antenna far-distance electric field lines. Negative angles refer to rotation
towards floor, while positive angles represent rotation in the reverse direction. When the
receive antenna is tilted more towards the floor, i.e. negative angles, the LOS pulse and the
reflection off the floor tend to move towards each other and vice versa. A more interesting
feature is the broadening of the original pulse when compared directly to the boresight
reception. The effect of horizontal rotation of the antenna (H-plane scan) is depicted in
Fig. 2b. Positive and negative angles refer to left and right rotations, respectively. In view
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Fig. 1. ‘Free-space’ and ‘through’ measurements to illustrate delay and pulse deformation: (a) plywood and

(b) concrete blocks.
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of Fig. 2b, rotation in either right or left direction produces identical results. That is
because the left and the right rotations are symmetrical about the boresight direction. An
important feature is the swift broadening of the original pulse when compared directly to
the boresight reception. A more comprehensive characterization can be done in anechoic
chamber. Typically, antenna characterization is preformed in the frequency domain for
only specific frequencies. For accurate time domain applications, such task requires a huge
number of frequency measurements [22].
These challenges and finding ways of effectively dealing with them call for accurate

measurement and characterization of UWB through-wall propagation. The next two
sections address the techniques for measuring and modeling the attenuative and dispersive
properties of through-wall propagation.
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3. Techniques for measurement of attenuation and dispersion through walls

Unlike narrowband wireless communication systems in which signal distortion is
essentially caused by multi-path components, in UWB communication systems the
information signal may suffer significant distortions due to dispersive properties of wall
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materials in the propagation path, multi-path components, and also bandwidth limitations
of transmit and receive antennas. In this section, techniques for measurement of
attenuation and dispersion of UWB pulses propagating through walls are discussed. In
particular, time-domain as well as frequency-domain radiated measurement techniques,
which lend themselves to nondestructive and in situ applications, are addressed.

3.1. Time-domain technique

In the time-domain technique, a periodic train of very short-duration Gaussian-like
pulses separated by sufficiently long quiet intervals is used for measurement of UWB signal
propagation. These pulses are radiated by means of a UWB antenna with sufficiently large
bandwidth to cause negligible signal distortions. On the receiving end, the signal is
captured by another UWB antenna and detected by means of a wideband detector such as
a digital sampling oscilloscope. The measurement setup, as shown in Fig. 3, consists of a
pair of transmit and receive UWB antennas such as TEM horns, a pulse generator, a
digital sampling oscilloscope, and a triggering signal generator. The pulse generator is
connected to the transmit antenna through a low-loss wideband cable followed by a balun
which converts the unbalanced coaxial cable terminals to the balanced antenna feed
terminals. When higher amounts of radiated power are needed, a UWB power amplifier
may be used at the feed point of the transmit antenna. The receive antenna followed by a
balun is connected to the digital sampling oscilloscope by means of a wideband coaxial
cable. To increase the received signal power, a low-noise amplifier may be used at the
output terminals of the balun. The amplifiers and baluns each should have a constant gain
and a linear phase characteristic over the spectrum of the UWB pulse.
Synchronization of both transmit and receive sides of the propagation channel is an

important requirement in time-domain measurements. To maintain synchronization, a
low-jitter triggering signal is established between the pulse generator and the digital
sampling oscilloscope. The sampling oscilloscope requires a pre-trigger. This is achieved by
using a step generator driver that can supply the required trigger and pre-trigger signals.
Pulse Generator
Step Generator

Balun and
UWB Transmit Antenna

Balun and
UWB Receive Antenna

Pretrigger

Trigger

Low Noise
Amplifier

Data
Acquisition

Unit

Sampling Oscilloscope

Wall

air air

Fig. 3. Schematic of setup for time-domain measurements.
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The time delay introduced by the triggering cables and the propagation path of the pulse is
compensated by adjusting the time delay between the pre-trigger and the delayed trigger
signals. Calibration and noise are two other important issues which need to be addressed.
The purpose of calibration is to eliminate the effects of nonideal characteristics of
measurement instruments from the measured data. Also, received UWB signals may suffer
degradation due to interference and noise from various sources. The narrowband noise is
usually due to electromagnetic interference from nearby narrowband systems and often
takes the form of a sinusoidal waveform added to the received signal. This type of noise
can be eliminated through bandpass filtering. The wideband noise, on the other hand, is
typically in the form of random short pulses and can be significantly reduced through
multiple signal averaging, a feature generally available in sampling oscilloscopes.

UWB characterization of attenuation and dispersion that a pulse suffers upon
propagation through walls is performed based on the measurement of an insertion
transfer function defined as the ratio of Fourier transforms of two signals—the received
pulse passing through the wall and the signal propagating through free space used as a
reference. The complex dielectric constant of the wall material can then be extracted from
the insertion transfer function as discussed in the next section. The real and imaginary
parts of the dielectric constant account for delay distortions and attenuation suffered by
the UWB pulse.

3.2. Frequency-domain technique

In the frequency-domain technique, through-wall propagation measurements are
performed at different frequencies using a sweep harmonic generator. The chief advantage
of the frequency-domain technique over the time-domain method is that it provides a
much larger dynamic range. Each measured data point is represented by a complex
number expressed by its magnitude and phase terms. Fig. 4 illustrates the frequency-
domain measurement setup. A network analyzer is used for performing sweep frequency
measurements. As shown in this figure, port 1 of the S-parameter test set is connected to
the transmitter while its port 2 is connected to the receiver. The network analyzer sweeps
the frequency within the measurement band of interest. For UWB characterization,
because of the ultra-wide frequency range that needs to be swept, one has to make a trade
off between the frequency resolution and the required number of measurements that is
directly proportional to the time it takes to perform the experiment as well as data storage
requirements.

Channel measurements involving long propagation distances require long cables to
connect the S-parameter test set ports to the transmitter and/or receiver. Such long cables
pose a major limitation, because at high frequencies cable losses increase exponentially,
causing significant reduction in the dynamic range. To overcome this problem, one may
replace the cable connecting port 1 to the transmitter with a fiber-optic transmission
system while using a short coaxial cable connecting the receiver to port 2. The advantages
of using optical fibers are very low-transmission loss compared with traditional coaxial
cables and immunity to electromagnetic interference; however, fiber-optic systems are
much more expensive.

Complex transfer function measurements, expressed in terms of magnitude and phase,
are performed using a vector network analyzer (VNA). However, direct phase
measurements in UWB communication channels involving long propagation distances
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should be dealt with very carefully, as the available VNAs are generally designed for the
measurement of complex S-parameters of small two port networks rather than
characterization of communication channels with long propagation distances. Errors in
direct phase measurements occur due to the difference between the measured frequency
and the frequency of the received signal caused by the propagation delay time through the
channel. In the sweep mode operation, the VNA frequency changes linearly with the sweep
time. With long propagation paths, the frequency of the signal at the end of the channel
would be different from that at the beginning, resulting in errors in both magnitude and
phase measurements. To avoid sweep mode errors, frequency stepping instead of
frequency sweeping may be used. In the frequency stepping mode of operation, the time
of the frequency step should be larger than the time delay between transmit and receive
antennas. It is emphasized that the measured signal is the one recorded at the end of the
step rather than the average of measured signals received during the time step.
Alternatively, frequency-domain measurements may be carried out using a scalar

network analyzer that costs much less than a VNA. In the scalar frequency-domain
method, only the magnitude of the transfer function can be measured. However, both
magnitude and phase information are needed for complete characterization of wall
attenuation and dispersion. Under certain conditions, the phase information can be
retrieved from the magnitude data by means of a Hilbert transform technique. The
required conditions are that the impulse response of the UWB channel should be causal
and analytic. That is, the received signal does not arrive sooner than the corresponding
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free-space delay time, and for a finite energy pulse, the amplitude of the pulse decays to
zero after a reasonable amount of time. Furthermore, the amplitude of each multi-path
component should be smaller than that of the one preceding it. These requirements are
satisfied for through-wall propagation and generally for most LOS scenarios. It is known
that for a causal analytic signal, the imaginary part of its Fourier transform is equal to the
Hilbert transform of the real part. Accordingly, the complex spectrum of a causal analytic
signal can be expressed in terms of its magnitude as [23]

RðoÞ ¼ jRðoÞj exp½jHðlnðjRðoÞjÞÞ�, (1)

where Hð�Þ denotes Hilbert transform.

4. Through-wall propagation models

In order to assess the attenuation and dispersion of a signal when propagating through a
wall, the complex dielectric constant of the wall need to be determined. This can be
accomplished in two steps: (i) measuring the insertion transfer function using the time-
domain or frequency-domain technique discussed in the previous section and (ii) developing
a mathematical expression which relates the insertion transfer function to the complex
dielectric constant of the wall material. The insertion transfer function, denoted as H(o), is
obtained from the ratio of two signals as defined below:

HðoÞ ¼
V ðoÞ

V fsðoÞ
¼

FTfvðtÞg

FTfvfsðtÞg
, (2)

where vfs(t) and Vfs(o) are reference time-domain and frequency-domain signals,
respectively, measured in the absence of the wall (that is, when the wall is replaced with
free space), while v(t) and V(o) are the time-domain and frequency-domain signals
measured in the presence of the wall. In Eq. (2), FT denotes Fourier transform that is used
to convert the measured time-domain signals to the frequency domain.

In performing the measurements, transmit and receive antennas are kept at fixed
locations and aligned for maximum signal reception. The wall is placed at nearly the mid-
point between the two antennas. The distance between transmit and receive antennas
should be sufficiently large such that the wall is in the far field of each antenna. This
ensures that the radiated field incident on the wall is essentially a plane wave. Thus,
propagation through the wall may be modeled as a uniform plane-wave incident upon a
lossy dielectric slab of thickness d and complex relative permittivity �r ¼ �0r � j�00r . It is also
assumed that the wall and antennas are aligned such that the plane wave is normally
incident on the wall. This is a simple electromagnetic problem that can be easily solved.
The incident plane-wave establishes a reflected wave in the region where the transmit
antenna is placed, a set of forward and backward traveling waves inside the wall, and a
transmitted wave in the region where the receive antenna is located. Writing the electric
and magnetic field expressions in the three regions and imposing the boundary conditions
at the slab–air interfaces, the transmission coefficient T and then the insertion transfer
function HðoÞ ¼ Tejb0d are readily obtained:

HðoÞ ¼
4ejb0d

egdð2þ ðZ0=ZÞ þ ðZ=Z0ÞÞ þ e�gdð2� ðZ0=ZÞ � ðZ=Z0ÞÞ
, (3)

where b0 ¼ o
ffiffiffiffiffiffiffiffiffi
m0�0
p

, g ¼ aþ jb ¼ jo
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0�0ð�0r � j�00r Þ

p
, Z0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
m0=�0

p
, and Z ¼ Z0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�0r � j�00

p
.
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With the insertion transfer function, H(o), determined from Eq. (2) by measurements,
Eq. (3) can be solved numerically for the complex dielectric constant �r ¼ �0r � j�00r . It should
be noted that (3) is a complex equation and its numerical solution requires a two-
dimensional root search technique.
If the wall material is low loss, �00r =�

0
r51, allowing considerable simplifications to be

made, and er and �00r be obtained from separate real expressions. The benefit of the
simplified solution is that instead of time consuming two-dimensional root search only
one-dimensional root search needs to be implemented. The details of the simplified analysis
are available in [24]. Here, a summary of results are presented. The real part of the
dielectric constant, er, can be calculated by solving the following equation:

tan½b0d � ffHðoÞ� þ
1�QX

1þQX
tanðbdÞ ¼ 0, (4)

where b ¼ b0
ffiffiffiffi
�0r

p
, Q ¼ �½ð

ffiffiffiffi
�0r

p
� 1Þ=ð

ffiffiffiffi
�0r

p
þ 1Þ�2, and

X ¼ amp; cosð2bdÞð�0r � 1Þ2 þ 8�0r=jHðoÞj
2

��

amp;�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosð2bdÞð�0r � 1Þ2 þ 8�0r=jHðoÞj

2
� �2

� ð�0r � 1Þ4
q ��

=
ffiffiffiffi
�0r

p
� 1

	 
4
.

After er has been determined, the imaginary part of the dielectric constant, �00r , is
obtained from

�00r ¼
c
ffiffiffiffi
�0r

p
lnðX Þ

od
, (5)

where c is the velocity of light in free space.
An estimate of the average dielectric constant could also be obtained through peak-to-

peak impulse time delay, Dt. An average value of the dielectric constant that does not
contain the frequency dependence is given by

�0r ffi 1þ
Dt
d=c

� �2
. (6)

5. Structural properties and time gating

A plane wave incident on a wall, as depicted in Fig. 3, establishes a reflected wave in
region I (air), a set of forward and backward traveling waves in region II (material), and a
transmitted wave in region III (air). Using the boundary conditions for the electric and the
magnetic fields at the wall–air interfaces, the transmission coefficient can be calculated
using the model presented in Section 4. With this model a multi-pass transfer function is
obtained which accounts for all the transmitted waves including the ones resulting from
multiple reflections within the wall.
Time gating can also be used to isolate a desired portion of the received signal, namely,

the first pass of the pulse signal transmitted through the wall. In this application, the
thickness should be large enough to yield sufficient delay. Thus, not only zooming on and
extracting the first-pass pulse, but also removing multi-path components and all delayed
pulses due to multiple reflections inside the wall becomes possible.
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The free-space and through-wall measurements would be most accurate if performed
inside an anechoic chamber, which absorbs all multi-path components and reflections from
the floor and ceiling. Ideally, to avoid scattering from the edges, the sample slab to be
measured should be infinitely wide. Also, samples under test have to be in the far-field
regions of transmit and receive antennas, typically several meters for the frequency range
of interest and dimensions of the antennas used. Maintaining these requirements is not a
convenient task, keeping in mind that absorbers and chamber environment do not allow
easy movements of large samples. Fortunately, time gating can be used to reduce
significantly the undesired effects such as scattering from edges and reflections from the
surrounding walls. For time gating to be efficiently implemented, three conditions have to
be met. First, the transmit and the receive antennas should be positioned away from the
reflecting surfaces. Second, samples should have relatively large surface dimensions in
order to minimize the edge effects. Finally, there should be flexibility in adjusting the
distance between the antenna and the sample.

Time gating is required to remove multi-path components from the received signal
resulting from surrounding walls and scattered fields from sample edges, as they are not
accounted for in-calculation and extraction of material parameters in a single-pass model.
The same technique can be used to eliminate antenna ringing and other extraneous effects.
However, perfect time gating cannot be achieved because, strictly speaking, infinite
acquisition time is required to capture all multiple reflections from the wall interior, and
the boresight signal might have small overlaps with multi-path components and scattered
fields from the sample edges. Fortunately, because higher-order multiple reflections die out
quickly for materials of interest, time gating capabilities are enhanced with shorter pulse
durations and larger distances between the test material and reflectors and/or scatterers. If
single pass is desired, pulse duration should be shorter than twice the travel time through
the slab thickness in order to avoid pulse overlapping.

The choice of the analysis technique is based on how satisfactorily time gating can be
implemented. In many cases, multiple reflections inside the slab decay rapidly so that
single-pass and multiple-pass techniques essentially yield the same results. If single pass is
desired, the previous model should be modified accordingly.

5.1. Single-pass technique

Single-pass technique can be used if the duration of the pulse is sufficiently short or the
thickness of the wall or material slab under test is large enough to allow eliminating, by
means of time gating, the portions of the signal due to multiple reflections inside the slab
which are delayed more than the pulse width. The derivations pertaining to the short-pulse
propagation measurements are available in [25]. The results are summarized below:

�rðf Þ ffi 1þ
Dtðf Þ
t0

� �2
¼ 1�

1

2pt0

dFspðf Þ

df

� �2
, (7)

peðf Þ ffi �
1

pf t0
ffiffiffiffiffiffiffiffiffiffi
�rðf Þ

p ln
½1þ

ffiffiffiffiffiffiffiffiffiffi
�rðf Þ

p
�2

4
ffiffiffiffiffiffiffiffiffiffi
�rðf Þ

p jHspðf Þj

" #
, (8)

where Hspðf Þ ¼ jHspðf Þj exp½jFspðf Þ� is the single-pass insertion transfer function. It is the
ratio of the Fourier transform of the single-pass received signal when the slab is in place to
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the Fourier transform of the single-pass received signal in the absence of slab. Assuming a
fictitious layer of free-space of the same thickness as the material slab, the propagation
through this layer involves simply a delay equal to t0 ¼ d/c, where d is the layer thickness
and c is the speed of light in free space. It should be noted that the derivative term
dFspðf Þ=df in Eq. (7) is based on the assumption that the phase varies linearly with
frequency. The advantage of using the derivative of the phase is to avoid tracking the
unwrapped phase function. As a function of the unwrapped phase, the dielectric constant
is given by

�rðf Þ ffi 1þ
Dtðf Þ
t0

� �2
¼ 1�

Fspðf Þ

2pt0f

� �2
. (9)
5.2. Multiple-pass technique

If the single-pass signal cannot be gated out satisfactorily, multiple reflections from the
slab interior that constitute part of the received signal must be considered. This situation
particularly arises when the transit time through the thickness of the slab is small
compared to the pulse duration. In this case, an insertion transfer function that accounts
for multiple reflections of a homogenous wall is needed. The model presented in Section 4
can be used to determine the complex dielectric constant from the measured insertion
transfer function.
To appreciate the difference between the single-pass and multi-pass formulations,

the results for the dielectric constant obtained from the two sets of solutions mentioned
above are depicted in Fig. 5. It is noted that the results from two solutions are in excellent
agreement for the case of plywood. This agreement is due to the fact that for this
specific sample (plywood), multiple reflections inside the wood are very small compared
to the first single pass. This is not true for glass with a thickness of 0.236 cm. Single-
pass assumption is not appropriate for glass because, even with time gating, single pass
cannot be accurately obtained. At high frequencies the wavelength is smaller and
the assumption of thick wall becomes more reasonable. The thickness of the slab or
wall to be characterized is a critical parameter. If the thickness is very small, errors
become more pronounced. For example, to estimate the dielectric constant of a slab of
glass with 0.236 cm thickness, one should be able to measure the delay occurring when the
incident signal permeates this thin layer. If the thickness is larger, there will be longer
delays to measure and hence less error will occur. On the other hand, very thick slabs may
cause high losses, resulting in weak received signal levels that cannot be accurately
measured.
Indoor building materials can be classified into two groups: homogeneous with uniform

structures like drywall, wooden doors, plywood, and glass and heterogeneous with
nonuniform structures like brick, concrete block, and office partition. The previous
analysis assumes a uniform and homogeneous slab or wall. If the measured sample is
nonhomogeneous the extracted parameters will be the effective parameters of an
equivalent uniform slab. The wall and its equivalent yield the same transmitted fields

ð~E
t
; ~H

t
Þ for the same incident fields ð~E

i
; ~H

i
Þ.

The dielectric constant of materials with uniform structures generally tends to decrease
with frequency, whereas the dielectric constant of the material with nonuniform structures
exhibits a more complex behavior [18]. Particular behaviors in the loss tangent of such
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Fig. 5. Comparison of different measurement and analysis techniques.
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materials are also observed. For example, the dielectric constant of brick increases with
frequency and the loss tangent of concrete block seems to exhibit a resonant behavior at
several frequencies. The differences in the behavior may be attributed to the fact that, in
addition to material properties, their internal structural characteristics also influence the
effective dielectric constant.

Results of the dielectric constant and loss tangent versus frequency for different
materials are available in Ref. [18]. Comparing the results obtained by different
researchers, clearly indicate that the results for the dielectric constant of materials tested
are sufficiently accurate. Variations in the composition of materials used by different
researchers result in minor discrepancies in the measured parameters. For most materials,
measuring the loss is a more difficult task than measuring the real part of the complex
relative permittivity. In many cases, the insertion loss of a wall is largely due to the
reflection and much less due to the absorption of the signal, thus the inaccuracies in loss
tangent do not have a major impact on pathloss evaluations.

In the following section, we propose a frequency-dependent model for the propagation
of UWB signals through walls. The model utilizes the measured parameters to perform
simulations.

6. UWB frequency-dependent partition propagation model

When propagating through walls, UWB signals suffer more severe degradations than
narrowband signals, because of the effects of frequency-dependent dielectric constants of
wall materials in the propagation paths. In narrowband signals, the entire spectrum travels
with same speed and suffers the same attenuation, thus no material dispersion effect. On
the other hand, in UWB cases, each spectral component of the signal undergoes a different
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amount of delay and suffers a different amount of attenuation, because the complex
dielectric constant varies with frequency. In fact, this has been the prime motivation for the
UWB characterization of building materials presented earlier.
In order to appreciate the significance of signal distortion in UWB applications, let us

first examine the propagation of a short bipolar Gaussian pulse through different walls.
This problem can be treated using the transmission-line method in conjunction with the
Fourier and inverse Fourier transforms. The waves incident on and refracted from the wall
are assumed to be plane waves. The effects of transmit and receive antennas are not
included in the simulation. The distance between the wall and either antenna is assumed to
be large enough such that the plane-wave assumption holds.
Large-scale path losses can be modeled assuming logarithmic attenuation with various

types of structures between transmit and receive antennas [11]. Adding all individual
attenuations measured in dB yields the total dB loss [11]. Furthermore, it is important to
note that when assuming no dispersion takes place, a narrowband approximation is
implied. This assumption is not as good for UWB because the magnitude of the transfer
function decreases slowly with frequency. The phase is not perfectly linear but here we
concentrate on the magnitude impact.
Many results for propagation through walls have been published. However, these results

were often obtained at specific frequencies. For UWB characterization, one has to define
the pulse shape or its spectrum. It is emphasized that results generated for a specific pulse
shape might not be generalized to other UWB signals.
The remaining part of this section introduces a frequency-dependent partition model.

A detailed example is presented to illustrate the use of the model. The results for the loss
of tested materials presented in [18] are used to develop the frequency-dependent through-
wall propagation model. The partition based penetration loss is defined as the path-
loss difference between two locations on the opposite sides of a wall [26]. The penetration
loss is equal to the insertion loss. The free space path-loss exponent is assumed to be n ¼ 2.
The total loss along a path is the sum of the free-space path loss and the loss asso-
ciated with partitions present along the propagation path. A straight line is used to
model the insertion loss versus frequency [27]. The fitted insertion transfer functions
for different materials and their corresponding parameters for the linear fit are borrowed
from [18].
In the narrowband context, the path loss with respect to 1m free space at a point located

at distance d from the reference point is described by the following equation:

PLðdÞ ¼ 20 log10ðdÞ þ a� X a þ b� X b . . . , (10)

where a, b, etc., are the numbers of each partition type and Xa, Xb, etc., are their respective
attenuation values measured in dB [28]. To extend this concept to UWB communication
channels, we introduce the frequency-dependent version of Eq. (10):

PLðd; f Þ ¼ 20 log10ðdÞ þ a� X aðf Þ þ b� X bðf Þ . . . , (11)

where Xa(f), Xb(f) are the frequency-dependent insertion losses of partitions. Eq. (11) gives
the path loss as function of frequency. In order to find the pulse shape and the total power
loss we need to find the time-domain equivalent of Eq. (11) by means of inverse Fourier
transform over the frequency range of the radiated signal. In doing so, we start with the
radiated pulse at a reference distance of 1m, prad(t). In most wideband antennas such as
TEM horns, this signal is proportional to the derivative of the input signal fed to the
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transmit antenna. Then, we determine the spectrum of the received signal at the location of
the receive antenna using the following relationship:

Precðf Þ ¼
Pradðf Þ

½10ða�X aðf Þþb�X bðf Þ...Þ=20�d
. (12)

It is important to note that the attenuation is applied to the radiated signal rather than
to the input signal of the antenna. The transmit antenna alters the spectrum of the input
signal as illustrated in Fig. 6. Starting with a Gaussian pulse, the time-domain received
signal, precðtÞ, is obtained by inverse Fourier transforming Precðf Þ. With the received pulse
determined, one is able to assess pulse distortion and the total power loss.

In this example we illustrate how to utilize the material characterization results and
apply them to a partition problem. The objective is to find the power loss through a
propagation path and to estimate the pulse shape and the frequency distribution of the
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received signal. Consider a LOS path with two partitions present between two TEM horn
antennas as shown in Fig. 6a. The first partition is a double sheet of glass and the second is
a wooden door with the same thickness as those characterized in [18]. The input signal to
the antenna and that radiated from it are displayed in this figure. These signals were
obtained through measurements.
To estimate the signal passed through the glass partition, Fourier transform is used to

determine the spectrum of the radiated signal and the frequency-dependent loss is applied
to this spectrum. Inverse Fourier transform is then used to obtain the time-domain signal
passed through the glass sheets. The same procedure is repeated to estimate the signal
passed through the wooden door partition. The loss in the signal power is evident in
Fig. 6b. It is also noted that higher frequencies are smoothed out. The change in frequency
distributions is more evident in Fig. 6c. At lower frequencies, the spectra of the signals,
namely, the signal transmitted through the glass and that transmitted through the wooden
door are very close, whereas at higher frequencies the differences are more pronounced.
This analysis is helpful in link-budget analysis and understanding of potential interference
effects from indoor to outdoor environments.

7. Conclusions

The potential and challenges in UWB through-wall imaging were discussed. Multi-path,
obstructions and angle of transmission and reception relative to the antenna are among the
significant challenges towards full utilization of capability of UWB imaging systems. For
electromagnetic characterization of common walls, measurements techniques in both time
domain and frequency domain were reviewed. Single-pass and multi-pass models were
discussed to relate the measured data to the electromagnetic properties of walls made of
different materials in the UWB frequency range. Both attenuative and dispersive impacts
on UWB signal propagation were addressed.
The frequency dependence was incorporated into the narrowband partition-dependent

propagation model. The modified model was applied to a representative example to
illustrate its applicability. The model is valuable in evaluating the potential for indoor radar
as well as communication system applications. It was shown that the signal spectrum and
the medium of propagation determine the extent of the UWB radar application. The effect
of frequency dependence should be considered in receiver design for optimal reception.
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