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Abstract— This paper discusses the through-wall detection of
targets behind walls using an ultra-wideband radar operating
in the 2 to 15 GHz frequency range. Tests were conducted to
verify its use with static and moving targets. Two real-world cases
were tested: a laboratory with students sitting on benches, and an
adult person standing behind a door. A fast method, based on the
standard deviation, was used to transform the time-domain data
matrix into a simpler waveform. This method has the potential
to quickly detect the presence of human targets behind physical
obstacles.

Index Terms— Tracking, through-the-wall radar, UWB radar.

I. INTRODUCTION

Technically, a signal is defined as ultra-wideband (UWB) or impulse radio when its relative bandwidth
is larger than 25% [1]. UWB radars, in turn, can be practically defined as those whose bandwidhts
exceed 500 MHz [2]. UWB-based radars have been used for detection of humans in several situations.
For example, in post-disaster scenarios, UWB radars can be used to identify victims under rubble or
collapsed trenches [3]. In defense applications [4], they can be used to check if suspicious spaces
are occupied from the outside. Since its inherent non-contact nature offers easy deployment, UWB
echoes can be used not only to identify whether humans are present, but also to extract biosignals. This
can be done, for instance, using machine learning techniques that look for micro-Doppler signatures
impressed on the UWB backscattered data [S]. Analytical methods, such as EMD (Empirical Mode
Decomposition), have also been used to extract cardiac and breathing waveforms from the UWB radar
return echo [6] using a 1 GHz commercial radar and an FDTD (finite difference time domain) simulation.

Using commercial UWB hardware systems, a radar based on the Novelda R2A CMOS chip transceiver
coupled to a self-grounded Bow-Tie antennas (2-15 GHz range) was used to not only detect human
movement, but also track the targets in real time using Kalman filtering [7]. A Salsa Ancho UWB
radar, based on a Novelda XeThru X2 chipset (4.5 to 9.5 GHz), was used to implement a biomimetic
sensing system [8]. A commercial UWB radar PulsON 220, covering the range from 3.15 to 5.45 GHz,
was employed to detect human movement behind a drywall and wooden door by analyzing a Discrete
Fourier Transform (DFT) applied to the received time-domain signal [9]. Another application involved
the use of a 16-elements Vivaldi antenna array coupled to RF switches, whose signals were read by
a portable vector network analyzer. The system, using the frequency range of 0.5 to 2.5 GHz, was
able to visualize human targets behind a 22.5 cm concrete wall using an algorithm based on the cross
correlation [10].

So far, practical through-wall detection of human presence has been achieved using waves in the ultra-

high frequency (UHF) or microwave range. Cheaper techniques such as light/infrared or ultrasound are

Brazilian Microwave and Optoelectronics Society-SBMO  received 25 Jun 2023; for review 05 Jul 2023; accepted 15 Nov 2023
Brazilian Society of Electromagnetism-SBMag © 2023 SBMO/SBMag (9 ISSN 2179-1074


https://orcid.org/0000-0002-7398-5766
https://orcid.org/0000-0002-9816-0189
https://orcid.org/0009-0001-0971-9981

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 22, No. 4, December 2023
DOIL: http://dx.doi.org/10.1590/2179-10742023v22i4275710 439

blocked by obstacles, and high-energy radiation such as X-rays are cumbersome and too costly. In terms
of frequency, for through-wall applications, there is a trade-off between the material absorption, which
is favored by frequencies around 1 GHz [1] and resolution, which improves for smaller wavelengths.
According to [2], the optimum range for through-wall applications is between 1 and 3 GHz, which
lies in a very crowded part of the electromagnetic spectrum, where mobile phone, GPS, broadcast, etc.
services are allocated. Frequencies in the millimeter range benefit from much better resolution than
microwaves, which enables actual imaging, but naturally incur in larger costs. Although attenuation
imposed by walls and obstacles is much more intense for millimeter waves than for frequencies in
the 1 GHz range, a 60-GHz off-the-shelf WiFi radio was repurposed as an imaging system, achieving
success in detecting targets behind drywalls and wood panels [11]. Within the W band, centered in 93
GHz, a system based on quasi-optics achieved good results when imaging objects behind a drywall
plate [12]. Millimeter-waves systems have higher costs and demand much finer mechanical precision,
although recent developments for automotive radars have led to mass production of integrated circuits
and systems. A comprehensive review of ultrasound, radar and through-the-wall imaging is presented
in [13], and through-wall applications and their respective theory are covered elsewhere [14].

This paper discusses the use of a commercial UWB radar used for through-wall detection of humans.
Section II describes the hardware and its main characteristics, including the received data format. Section
IIT presents the clutter effects on the radar signal and compares its performance when detecting static
and moving targets. Section IV presents a real-world scenario where an empty and populated classroom
is illuminated by the radar. Results of this experiment are analyzed and show that the radar is effective
at detecting people behind walls. Another real world experiment is presented in Section V, where a

person is detected behind a wooden door.

II. RADAR HARDWARE AND ITS DATA FORMAT

The radar used in this study is the Sensorlogic Onza, which is based on the Novelda XeThru X4
integrated circuit (IC), constructed using CMOS technology [15]. The IC generates and manages the
pulses in time domain, and in the reception, after amplified by a low-noise amplifier (LNA), the
incoming data is converted to the digital domain by an array of comparators, operating under the swept
threshold principle. The radar communicates with a host computer via a USB cable, which also provides
DC power. Data traffic and logic control are performed by a BeagleBone board, which interfaces the RF
and logic parts. Two linear-tapered slot antennas transmit and receive the pulses, covering the bandwidth
of 5 to 11 GHz, with a maximum power of -14 dBm. The radar can detect a human target up to 10 m,
according to its nominal specifications. Electromagnetic exposure and its impact on the general public is
a topic of concern, a question that often arises is whether the radar poses any potential risks. In a study
using the same XeThru X4 radar chipset, no statistical variation was observed in mice when subjected
to a 90-day exposure [16]. The X4 System on Chip (SoC) is considered to be the first consumer UWB
radar sold under USD 500 in the market, and it is compliant with the legal spectrum constraints of both
Federal Communications Commission (FCC) in the US and European Telecommunications Institute
(ETSI). An empirical evaluation of the repeatability of responses obtained from three X4M200 radars
was presented [17], and good performance was observed for distance and angle measurements.

Data from the Onza radar can be acquired using its application programming interfaces (APIs),

which can be called from within C, Python, or Matlab. In this case, a browser application was used
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to get the received time-domain pulses. The application connects to the hardware using its IP address.
A web server running on the BeagleBone provides real-time data, with some filters available, such as
Moving Target Indicator (MTI), envelope detection, and DC removal. For this specific case, data were
manually saved from the web application to a comma separated value (CSV) file. Fig. 1 shows the
organization of the received matrix. It is composed of real numbers, whose amplitudes are related to
the time-domain received pulse voltage. The number of rows is dependent on the time duration of the
data acquisition, reflecting the slow-time variable, while the fast time is represented by the columns,
totaling 1536 positions. This fixed number is defined by the internal registers (ADCs) of the X4 chipset.
The number of registers directly impacts in time or distance resolution.

Fast time (fixed 1536)

Slow time
(variable)

Y

Fig. 1. Data format of the received data matrix.

In terms of timing, the fast-time sample rate is 23.3 GHz, while the slow-time sample rate is 17
Hz. This means each second of data consists of 17 consecutive readings, which can be used to capture
temporal variations up to 8.5 Hz, according to the Nyquist criterion. The matrix values are purely real,
due to the non-coherent reception. Each second of acquired data requires approximately 0.15 MB of

storage in a .csv file.

III. CLUTTER AND SENSITIVITY MEASUREMENT

To single out the contribution of the clutter, the radar must be placed in a perfect absorbing
environment to minimize the backscattered energy. However, this was not available, so instead a realistic
environment was tested with the radar placed on the window aperture located on the 8th floor of a
building, without any frontal obstacle, according to Fig. 2(a). As shown in Fig. 2(b), a strong reflection
is perceived across the initial fast-time sector (close to 5 ns), constant across the slow-time variable.
This energy is due to structural reflections, from the antennas and transmission lines, and is present
regardless of objects in front of the radar. Since clutter energy is always present, a simple way to
eliminate it is to start visualizing the data after its energy fades out. Alternatively, successive frames
(rows in this context) can be subtracted, keeping only the dynamic differences present in the signal.

To address the target measurement in the range dimension, a metallic hollow tube with 23 cm
diameter and 87 cm height was placed at different positions (1, 2 and 3 meters), Fig. 3(a). Since the
target was static, no differences in the received signal were observed when compared to the ambient
response. This confirms the notion that this UWB radar is better suited for moving targets. To create
a controlled movement, a pendulum was tested. The pendulum was a metallic cylinder (diameter 155

mm and height 335 mm) attached to a string, Fig. 3(b), swinging in front of the antennas. In addition
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Fig. 2. (a) Open view scenario, with the radar positioned on the window sill. In detail, a zoomed view of the radar and its
two planar antennas (b) and its response, normalized.

to pendulums, rotating blades in fans or bicycle wheels have been used as targets for Doppler radars
[18]. Two scenarios were evaluated: direct view and behind a wall Fig. 3(c). The wall was a 5-cm
thick drywall used for interior divisions. In the direct view case, the pendulum was positioned 1.7 m
away from the radar.The same distance was kept for the through-wall case. The UWB radar was placed
approximately 15 cm away from the wall to reduce strong reflections due to antenna mismatch if it
were too close to the obstacle.

(a) (b) (c)

Fig. 3. Three scenarios for sensitivity evaluation: (a) static target; (b) pendulum in direct view and (c) same pendulum
placed behind a wall. Plot is shown in log scale, after normalized.

Results for the fixed target are shown in Fig. 4. No direct indication of the target can be extracted
from the plots. Further processing is needed [14], using Synthetic Aperture Radar (SAR) techniques.
In SAR, the received pulse is transformed to the frequency domain, and the movements of the radar
relative to the image emulates a larger antenna aperture. However, SAR techniques are more demanding
in terms of processing.

For the case of the swinging pendulum, results are shown in Fig. 5. Its movement is directly seen in
both cases. The only difference between the behind-the-wall, Fig. 5(b) and the direct view, Fig. 5(a)
is the relative amplitude of both responses.

In terms of waveforms and their respective frequency spectra, the 20" rows from the matrices relative
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Fig. 4. Received data after the static cylinder placed in three different distances; 1 m (a), 2 m (b) and 3 m (c) . Amplitudes
are shown in log scale, normalized.
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Fig. 5. Received data for the moving pendulum in direct view (a) and behind-the-wall (b).

to the scenarios open view (Figs. 2(a)) and moving pendulum (Fig. 3(b)) were individually evaluated.
Fig. 6 depicts the normalized signals in both time (Fig. 6(a)) and frequency (Fig. 6(b)) domains. From
the power spectra plot, it is possible to see that most of the pulse energy lies in between 6 and 8 GHz.

A relevant point to address is the comparison between a human target and the pendulum. Human body
radar cross section (RCS) was measured in [19], and is compared against the pendulum simulations
carried out by the Method of Moments (MoM) in FEKO, and the respective analytical formula (radius
r, height h and wavelength A ) RCS [20]:

27rh?

RCS = N

(D
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Fig. 6. Signal waveforms (a) and their power spectra (b) for the a sample of the received signals of the scenario without
obstacle and the pendulum used as target.

where RC'S is given in square meters [m?]. From the comparison shown in Fig. 7 one can see that the
pendulum, in spite of its smaller size, has lower cross-sectional area for this specific frequency range,
when compared to a human target. However, both the analytical formula and the numerical evaluation
represent an upper-bound value for the RCS, where the wave polarization is parallel all the time to
the cylinder axis, and no further scattering is present in the ambient. In addition to it, the noticeable
increase in the human body RCS at lower frequencies (below 2 GHz) also indicates this range as better

suited for through-wall detection, with the trade-off of larger antennas.

RCS [dBsm]

157 |—w—Cyl: Analytical 7
Human
—— Cyl: MoM
-20 : :
0 2 4 6 8 10 12

Frequency [GHz|

Fig. 7. RCS of a human body [19] and of the pendulum, the latter from the analytical formula and with electromagnetic
simulation.

IV. BEHIND THE WALL REAL SCENARIO [: CLASSROOM

A real-world scenario was conducted in a laboratory class where students performed tests at benches.
About 15 people were in the space ( 40 m?), with moderate movements. Fig. 8(a) shows the position
where the radar was placed, about 10 cm from a drywall panel, and the populated area, Fig. 8(b).

Results are shown in Fig. 9, for an empty room and also for five different periods, each with the
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populated space. No processing was performed on the data, so the plots reflect the raw backscattered
data acquired by the receiver antenna. It is possible to see that when there is no movement behind
the wall, only clutter and reflections from the environment are cause for the visible traces along the
fast-time axis. Movement is visualized by the interruptions seen on the plots, where there is a break
in the data homogeneity.

Fig. 8. Radar positioned to view the behind-the-wall scenario, empty (a), and populated with students (b).

Automatic detection of human presence can be implemented using machine learning techniques,
which compare several samples taken in a variety of scenarios [21], [22]. However, the model must be
trained for different types of areas, and some of the samples need the place to be empty, which is not
always possible.

A simpler mathematical procedure to identify variations across one of the dimensions of the matrix
is the standard deviation. If the scattered data is given in an m X n matrix, the standard deviation o;
of the j" column is given by:

M Xp — )
O_j:\/D:l?(n_al 1) ' )

where (15 is the median of the j™ column. Upon applying this operation to the data shown in Fig. 9, the
results are shown in Fig. 10. The information encoded in two dimensions can be reduced to a single
one, where the movements seen behind the wall are translated into a larger amplitude o. By using a
threshold baseline on the standard deviation an automatic presence detector heuristic can be devised,

where the direct processing of the incoming waves triggers the indication of human presence.
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Fig. 9. Scattered signal from the class, empty (A), and different samples of the occupied laboratory (B to F). Results are
stressed within black ellipses, showing indication of movement. Scale is logarithmic, normalized.
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Fig. 10. Standard deviation of the plots shown in Fig. 9, applied column-wise. The broken line indicates the empty room.
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V. BEHIND THE WALL REAL SCENARIO II: IS THERE SOMEONE BEHIND A DOOR?

A second scenario was investigated whether the UWB radar was able to detect an adult standing
motionless right behind a close wooden door. A modified ground penetration radar (GPR), operating
at continuous wave frequency of 1.6 GHz, was used for investigating the presence of a human target
through a wall [2]. In order to avoid backside radiation from the target, an antiradar coating was used.
Information on the occupancy is relevant for police and security services in case of breaking into a
place, to avoid using lethal force. Here, the radar was positioned 1.3 m from the ground, 20 cm from
the door. The subject was an adult, trying to stay as steady as possible, shown as in Fig. 11(a) along
with the raw acquired data, normalized in decibels for the two scenarios, 11(b) and 11(c). Differences
are hardly noticed due to the large clutter, when both matrices shown in the plot are taken into account.
If the radar is moved away from the door, in order to separate the fast-time of the clutter and the
subject, its sensitivity will decrease due to the attenuation.
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Fig. 11. Behind the door investigation diagram (a) and respective raw data for the (b) empty and when occupied (c) rooms.

In order to identify the subject presence, the same standard deviation analysis is followed, as seen in
the previous section, and the respective results are shown in Fig. 12. The presence of a subject behind
the door is noticeable, due to the larger amplitude seen across the fast-time variable. Small-amplitude
body movements and breathing are responsible for these oscillations, within the sensibility of the Onza
radar, which captures these small time variations impressed on the reflected signal. A similar study
was performed using a commercial UWB radar (band of 3.15 to 5.45 GHz), using Singular Value
Decomposition (SVD) and Short-time Fourier Transform (STFT) to help detect the target [23], which
are more computationally demanding than the standard deviation here employed.
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Fig. 12. Standard deviation of the plots shown in Fig. 11, applied column-wise.

VI. CONCLUSION

This article covered the experimental through-wall detection of humans using a commercial UWB
radar. A pendulum was used as target for addressing the system overall sensitivity and its application
for steady scenarios, as well as the differences imposed on the backscattered data when the same target
was behind a wall. Two real-world scenarios are then analyzed in order to see if there is human activity
behind a wall: a laboratory classroom populated by students and a wooden door with a person right
behind it. A standard deviation technique was used in order to help identify the human presence, which
is faster and effective separating clutter and noisy elements from the actual echo coming from moving
targets.

Comparing the proposed system to other reports, for instance machine-learning based methods [5],
[21], [22] require large training datasets, therefore not allowing a quick deployment and general scenario
visualization. The standard deviation here used is also easier implemented and faster than analytical
methods such as EMD [6] and SVD [23]. Its hardware is also of comparable cost and more robust than
network-analyzer-based with switching antennas [10] and millimeter-wave or infrared platforms [12].

The offline operation, i.e., data had to be saved prior to the processing, was found to be the most
problematic item using this approach. It does not allow real-time analysis, and results in large files.
The operation can be made faster with direct access to the data on-the-fly, using Python as interface

instead of a browser, for instance, and it is currently under investigation.
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