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Abstract—Tagless identification and tracking with through-
wall received signal strength-based radio tomographic imaging
(RTI) allows emergency responders to learn where people are
inside of a building before entering the building. Use of directional
antennas in RTI nodes focuses RF power along the link line,
improving system performance. However, antennas placed on a
building’s exterior wall can be detuned by their close proximity
to the dielectric, thus sending power across wider angles and
resulting in less accurate imaging. In this paper, we improve
through-wall RTI by using an E-shaped patch antenna we design
to be mounted to an exterior wall. Along with its directionality,
the E-shaped patch antenna is designed to avoid impedance
mismatches when brought into close proximity of a dielectric
material, thus increasing radiation through the exterior wall
and along the link line. From our experiments, we demonstrate
that the E-shaped patch antenna can reduce the median root
mean square localization error by up to 43% when compared to
microstrip patch and omnidirectional antennas. For equal error
performance, the E-shaped patch antenna allows an RTI system
to reduce power and bandwidth usage by using fewer nodes and
measuring on fewer channels.

I. INTRODUCTION

First responders, security personnel, and tactical forces
can operate with increased safety when they know where
people are located in a building prior to entering the building.
RF sensing has been a popular choice for localizing people
through walls because of its ability to sense moving people
through non-metallic obstructions, through smoke, in any
lighting condition, and without tags [1]–[4]. Prior research
has shown how radio tomographic imaging (RTI) provides a
low power and low cost-per-unit solution for imaging motion
through walls and buildings and thus locate people inside [1],
[5], [6]. To use RTI in security scenarios, first responders
deploy nodes around the perimeter of the building. Facilitating
rapid (and thus safer) deployment of the nodes is of great
importance. For example, a requirement for SWAT use of an
RTI system is that the system is easily deployable to keep first
responders safe [7]. We propose attaching nodes to the exterior
wall as a means of making the system easily deployable. We
envision first responders launching or opportunistically placing
nodes directly on the exterior walls of a building. After the
nodes are attached to the walls, the nodes record pairwise
received signal strength (RSS) measurements, and an image
map is estimated of the motion inside of the building.

There are particular challenges with RTI for through-wall
imaging in these tactical scenarios. First, multipath fading does

not always match the assumed spatial model. RTI is based
on the assumption that changes in RSS on a link are due to
the presence of a person on the link line, the imaginary line
segment that connects the two nodes. If most of the power
does not travel along the link line, then the person’s presence
on the link line does not have a strong impact on the RSS,
thus degrading the accuracy of RTI. A second challenge is
that, with nodes attached to a wall and their antenna main
lobe directed through the wall, the antenna impedance can
be detuned. The antenna’s center frequency can shift and its
radiation pattern can be altered. A detuned antenna results
in high attenuation of the multipath components which travel
along the link line. RTI’s localization performance, in turn, is
negatively affected by the model mismatch.

In this paper, we propose addressing these two challenges
and improving localization performance of RTI by equipping
nodes with an E-shaped patch antenna we specifically develop
to be attached to an exterior building wall [8]. Our E-shaped
patch antenna is a directional antenna that focuses most of its
power through the wall to which it is attached and thereby
amplifies multipath on or near the link line and attenuates
those far from the link line.

Prior research has addressed the use of directional antennas
for RTI [5], [6]. In particular, [5] used directional antennas for
through-wall RTI, but localization accuracy results, in compar-
ison to omnidirectional antennas, were mixed. We address this
counter-intuitive result by showing that the classical microstrip
patch antenna used in [5] is detuned when placed against com-
mon building materials. Our E-shaped patch antenna naturally
has a wider operating bandwidth such that it is not strongly
negatively affected when it is brought into close proximity to
a dielectric material [9].

In experiments we perform, we compare the performance
of our E-shaped patch antenna against both omnidirectional
antennas and microstrip patch antennas at two different houses,
one made of brick and the other of fiber cement siding.
Both materials are known to have high RF losses, and thus
through-wall localization should be particularly challenging.
Using moving average-based and variance-based RTI [1], we
show that the E-shaped patch antennas reduce the median root
mean squared error (RMSE) by up to 43% compared to the
omnidirectional and microstrip patch antennas. Alternatively,
we demonstrate that we can deploy fewer nodes and measure
fewer channels, and thus use less power and bandwidth, with
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the E-shaped patch antenna and achieve the same or lower
median RMSE compared to the omnidirectional and microstrip
patch antennas.

The remainder of this paper is organized as follows. In
Section III, we describe the design and characteristics of the
E-shaped patch antenna. We then describe in Section IV the
two variations of RTI we use to test the influence of antenna
type on localization performance. In Section V, we describe
the two test locations and the experiments performed at those
locations. We finish this paper by showing and evaluating the
results of those experiments in Section VI.

II. RELATED WORK

Being able to localize a person has opened many new
technological advances. With RF tag-based localization, for
example, a person wears or carries an RF tag or radio which
can be localized with time of flight or signal strength mea-
surements [10]. However, there are cases where localization
is needed but a person or object may not have an RF tag.
Device-free localization (DFL) [11], passive localization [12],
or sensorless sensing [13] all describe the method of using
wireless sensor networks to localize people without RF tags.
Our work fits into this method type.

DFL is well-suited for security and first-response scenarios
where entering a building can be life-threatening. Wireless
RF devices are placed around the exterior of a building to
“see” people inside. Ultra-wideband radars, for example, have
been used to image the reflections a person creates from high-
frequency pulses [2]–[4]. DFL is complementary to radar in
that we image the location of a person, however, we form
the image based on loss in received power (RSS) measured
between many pairwise RF nodes which are deployed around
the exterior of the building. One advantage of devices used
for DFL is that the sensor signal power decays with distance
d as 1=d2 as opposed to 1=d4 for radar. This means that to
increase the sensing range for radars, the transmit power for
radar must be increased dramatically more than devices used
for DFL. This is a important design criteria for larger buildings
with potentially many obstructions inside.

Many types of DFL have been proposed to perform through-
wall localization including fingerprint-based methods [14],
[15], particle filters [16], [17], and radio tomographic imaging
(RTI) [18], [19]. Of these methods, RTI requires the least
calibration and is computationally efficient. In our work, we
explore the idea of using specially-made antennas that are
attached to a wall to improve the localization accuracy of RTI.
Prior research has addressed the use of directional antennas
for RTI [5], [6]. In particular, [5] used directional antennas
for through-wall RTI, but localization accuracy results, in
comparison to omnidirectional antennas, were mixed. Our
work expands upon these prior works by creating an antenna
that does not become detuned when placed against an exterior
wall. We show how our antenna improves the localization
performance of RTI-based methods.

III. ANTENNA COMPARISON

When placed in close proximity with a dielectric material,
an antenna with narrow bandwidth will have an impedance
mismatch because of impedance detuning. This detuning re-
sults in a shift in the center frequency and losses in efficiency
at the desired frequency. In contrast, the E-shaped patch
antenna, as presented in [9], has several properties that make it
an excellent fit for applications where the antenna is attached
to the surface of an exterior wall. It is designed to maintain
a wide bandwidth and reduce impedance mismatches. The E-
shaped patch antenna is also designed to have a 75◦ horizontal
half-power beamwidth and 80◦ vertical half-power beamwidth.
This size of beam, when placed against an exterior wall, will
direct most of the RF power into the building.

The E-shaped patch antenna is derived from a microstrip
patch antenna which behaves like a cavity resonator, or
equivalently, an LC resonant circuit. The outline of the E-
shaped patch antenna is L1 by W1, with a feed point at
(W1=2; Lp), as shown in Fig. 1(a). The primary design feature
of the E-shaped patch antenna is to introduce a secondary
resonance by placing two identical slots with a length Ls
and a width Ws into the microstrip patch antenna [8]. The
slots are symmetrical on the feed point with distance Ds. We
simulate and optimize the E-shaped patch antenna on an FR-4
dielectric with a relative permittivity of 3.66, a loss tangent
of 0.0127 at 2.4 GHz, and thickness of 3.2mm (two layers
of a 1.6mm thick substrates), using ANSYS HFSS software.
The antenna is targeted to be 50 Ohm. Fig. 1(b) shows the
E-shaped patch antenna fabricated on the same substrate with
that in the simulation.
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Fig. 1. (a) Geometry of a wide-band E-shaped patch antenna at (W1/2, Lp)
(b) Picture of fabricated E-shaped patch antenna targeted to be 50 Ohm

In this paper, we compare our E-shaped patch antenna to
a commercially-available circular polarized microstrip patch
antenna [20] and monopole antenna both of which are tuned
to 2:4 GHz. These antennas are shown in Fig. 2. We present
experimental values for the reflection coefficient of the E-
shaped patch antenna, microstrip patch antenna, and omnidi-
rectional antenna when in free space and when placed against
a brick and cement board. The dielectric constant of the brick
approximates to 3.58, and cement has a dielectric constant
around 4.5. We show an example of our setup in Fig. 2.
The reflection coefficient of the E-shaped patch antenna at
2.4 GHz, shown in Fig. 3, remains less than -10 dB for all
materials, while that of the microstrip patch antenna, shown in




