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Abstract — Software-defined radios (SDRs) have been
applied to several applications, taking advantage of
their inherent versatility. It is reported a low-cost radar
intended to detect human activity, at the frequency of
4.1 GHz, with an SDR on the receiving branch and a
programmable RF synthesizer operating as a continuous-
wave transmitter. Amplitude variations on the received
signal indicate human activity, its operation is tested in
indoor and outdoor scenarios. The interface to the SDR
is performed using the open-source tool GNU Radio. It
was possible to detect human movement at a maximum
distance of 9 meters, in an open area. The system is ver-
satile in terms of power and frequency, totally controlled
by software in a transparent and straightforward way.

Index Terms — microwave systems, radar, software-
defined radio.

L. INTRODUCTION

Detection of human targets has been of interest
lately for several applications, such as senior peo-
ple living alone, surveillance of law-offenders, and
even enforcing social isolation during pandemic restric-
tions. Radars for these kinds of human targets have
been thoroughly reviewed in [[1]. Frequency modulated
continuous-wave (FMCW) radar is one of the most
used techniques, with the Doppler effect applied to the
received wave containing the target position and veloc-
ity; for that goal, it needs synchronous detection. The
low-frequency mixing product generated encodes the
speed measured, heart rate, or respiratory function. Fol-
lowing this principle, using the frequency of 5.7 GHz,
a system detects and locates the human presence using
both interferometric and FMCW modes with National
Instruments PXI boards [2]. Detection of vital sig-
nals (cardiac and respiratory) are extracted after fur-
ther processing of the echo signal. Modules operating
at millimeter-waves have been employed to report vital
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signals of children inside vehicles after a Deep-Learning
framework is applied to the gathered data [3]. For indoor
environment mapping, a 62 GHz FMCW radar was
assembled and mounted on top of a moving robot [4]],
using two different chirp pulses transmitted; one for
long-range and another for short-range, the latter reach-
ing higher frequencies. Using commercial millimeter-
wave 77-GHz evaluation boards (TT AWR1642), vital
signals are acquired and analyzed, respiratory signals
within 0.1 to 0.5 Hz and heart rate in the 0.8 to 2 Hz range
[5], later processed with a wavelet-based algorithm. A
home-built system operating as a 24-GHz FMCW radar
was used to monitor different sleep patterns encoded
in the heart rate and respiration parameters [6]]. vec-
tor network-analyzers (VNAs), given their synchronous
detection, contain the phase information of the detected
signals. Two broadband horn antennas were connected to
the VNA ports, one excited by the VNA (0 dBm output
power) and the other set as the receiver. The received sig-
nal around 2.5 GHz was analyzed using the cyclostation-
ary technique [7] so that cardiac and breathing signals
are extracted. The same vital signal detection is analyzed
at the lower frequency of 1 GHz, using custom-made
circuits for RF reception, and an Agilent RF generator
operating as a transmitter (TX); the data analysis was
later performed under Matlab [§]]. Detection of people
and respective vital signals in through-wall, non-invasive
scenarios can be performed using UWB (Ultra-Wide
Band) waveforms in the microwave range [9] and even
Infrared (IR) [10], requiring more complex hardware and
data processing to separate the signals from the clutter. In
the context of vital signals, [11] presents a comparison
between an Infrared UWB and a 60 GHz FMCW for this
task, with observed higher SNR (Signal-to-Noise Ratio)
and larger accuracy in favor of the former.

In contrast to ordinary radar, which is based on
the return echo of a transmitted electromagnetic wave,
radiometer applications rely on the detection of natural
emissions from the human body, so they are eminently
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passive, therefore eliminating the transmitter circuitry. A
low-cost system based on commercial parts (LNB - Low-
Noise Block Downconverter, parabolic antenna, and
custom-designed low-frequency circuit) was reported
[12]. Tt detects the temperature difference between the
human body and surrounding walls, with the limitation
of operation only in the near-field, due to the low-level
amplitudes radiated by the body, on the 11 to 12 GHz fre-
quency range. USRP (Universal Software Radio Periph-
eral) SDRs, in particular, given their available indepen-
dent two-channel front-ends, offer an interesting alter-
native to passive radar detection, for instance, with the
existing ambient WiFi signal used to detect hand move-
ments [[13]. One of the SDR RF inputs is considered as
reference and the other as surveillance, each one con-
nected to two antennas. Doppler frequency computed
from both received signals mixed together enables hand-
movement tracking.

This article describes a C-band (4.1 GHz) SDR-
based radar which detects human presence, or life activ-
ity, based on a low-cost SDR for the receiving branch,
with only one input channel. The transmitter is based on
an independent I2C-controlled RF synthesizer. Its recep-
tion is non-synchronous, therefore the detection is based
only on received amplitude fluctuations. Both SDR and
software packages are open-source. The next sections
delve into the hardware and software description, with
results proving the real-world deployment in both indoor
and outdoor environments.

II. HARDWARE

Figure[I|contains the block diagram of the proposed
radar. Its core operates around a Hack RF One SDR. It
has a single RF input, which can be set operating in half-
duplex transmit or receive modes. It covers the range of
10 MHz to 6 GH with an instantaneous bandwidth of
8 MHz to 20 MHz. Its output delivers 8-bits IF (inter-
mediate frequency) complex samples, divided into in-
phase (I) and quadrature (Q) components. An internal
14-dB low-noise amplifier can be switched on and off
by software. Radar range resolution, considering c as the
speed of light, R the distance between the transmitter and
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Fig. 1. Block diagram of the detector (left) and (right)
main components of the received signal.

ACES JOURNAL, Vol. 37, No. 7, July 2022

receiver, and Az the two-way travel time, is defined as:
cCAt

R=— ey

Indoor distances Rin the range of 2 m results in
a round-trip time of approximately 13 ns, a period too
short to be used in the SDR platform for a switching
(pulsed) RF signal. For that reason, a continuous-wave
mode (CW) was used. Also, given the fact that two
different circuits are used for the transmit and receive
branches, there is no need for a circulator, usually a
narrow-band and costly device. The SDR delivers IF
(Intermediate Frequency) time-domain samples to the
host-PC through a USB channel. A broadband planar
antenna is connected to the SMA coaxial SDR input.
On the TX branch, a programmable RF synthesizer was
used (ADF4351). It is programmed by writing its reg-
isters through an I2C protocol. Conversion between 12C
and USB protocols is performed by an Arduino Uno with
an auxiliary board, which scales down the 5V Arduino
output to the 3.3V ADF4351 digital level. The RF syn-
thesizer operates with two SMA output pins (differential
mode), for this case the TX antenna was single-ended
connected to one of the outputs, and the other terminal
was left open. Human activity detection does not need
to inform the speed, unlike Doppler radars to reduce the
cost and size of the hardware. The signal sg picked up by
the receiving antenna can be written in terms of different

components:
P
Sg (1) = Appcos (oct) + Z Ay (t) cos (et + 6,) +n(t).

n=1

2
Where @, is the transmitted angular frequency and n(t)
represents the noise. A,y models the near-field coupling
between the two antennas. Since both radiating elements
are mechanically fixed the amplitude A, s is theoretically
stable in time, the time-varying component depending
only on the synthesizer jitter and phase noise.

The second term contains the summation of p terms
that arise due to the target movement and the multi-
path, with each component modulated by a slow-varying
amplitude A,(t) which contains information about the
movement and the interaction with the environment.
A generic phase § represents the time delay of each
reflected component arriving at the receiver. The overall
system, considered as a sensor, should have maximized
its sensitivity s in terms of the ratio between both ampli-
tude parameters:

§— n—14n (t). 3)

Anf
Lower transmitted output levels are positive from
the power consumption point of view, as well as elec-
tromagnetic interference problems that may arise with
nearby systems but incurs in lower signal-to-noise ratios,

so the output power to be chosen is a trade-off to be



observed in the specific real-world application, depend-
ing on the environment and particular conditions. Legal
constraints should be observed in accordance with local
regulations (Brazil and the US reserve the chosen fre-
quency range for satellite downlinks). Since the interest
lies in human detection, proper care with non-ionizing
safety levels should be taken [14].

The antennas were commercial planar units, a Log-
Periodic (LPDA), nominal operation between 740 and
6000 MHz and Vivaldi (1.4 to 10.5 GHz), shown in Fig. |Z|
along with their measured return losses. At the used fre-
quency of 4100 MHz, the return loss of both antennas
was 14 dB. The LPDA was used as receiving, connected
to the SDR whereas the Vivaldi as a transmitter.
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Fig. 2. Measured return loss of the two antennas (top),
Vivaldi (right bottom), and LDPA (left bottom).

The antennas are separated by a distance of 40 cm,
equivalent to 5.46 A at the used frequency, this distance
was chosen due to mechanical constraints. Smaller dis-
tances increase the nearfield coupling and larger sepa-
rations incur in secondary maxima due to their Array
Factor, which may generate stronger fluctuations in the
received signal.

II1. SOFTWARE

One of the most used software suites for digital
processing and interface to SDRs is GNU Radio [135]],
an open-source platform that is similar to paid alterna-
tives like Labview [16]] and Matlab/Simulink [17]. GNU
Radio uses C++ for time-critical routines and is wrapped
in Python, used for the interface and communication with
the user. GNU Radio Companion offers the possibility to
generate a visual block-oriented flowgraph representing
the data flow and processing from the SDR input all the
way to its final visualization. It can generate a Python
script that can be run independently of GNU Radio. It has
some drawbacks, due to the constant independent devel-
opment by voluntary contributors:
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e Scarce documentation, help file without much
details on some of the existing blocks.

* Unpredictable problems when used in Windows OS
distributions, though its operation runs almost flaw-
lessly with Linux flavors. The main reasons are due
to driver conflicts and Python versions.

* Its constant cooperative evolution has turned some
blocks defunct (obsolete), such as the Valve and
also the WX GUI, which was replaced by the cur-
rent default QT GUIL.

In spite of these issues, it provides a stable and free solu-
tion to work with SDR data. Tests are quickly deployed,
and a large number of signal processing blocks are avail-
able, such as FFT, FIR, and IIR filters, data visualiza-
tion, file export, etc. The user can take advantage of the
reconfigurability feature of SDRs by connecting blocks
following an intuitive data flow concept, sometimes per-
forming complex functions in a transparent way to the
user. Fig. 3 shows the used flowgraph, in the block dia-
gram and in the GNU Radio. It contains an osmocom
source block that interfaces the HackRF SDR, setting its
main parameters such as LNA/IF/Baseband gains, cen-
tral frequency and bandwidth.

A DC block can be used to eliminate the zero-IF leak
(which corresponds to the chosen central frequency), left
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Fig. 3. GNU Radio flowgraph (top), GNU Radio main
blocks shown (center), and example of the receiving CW
signal(bottom).
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bypassed in the final program for the sake of speed.
The throttle block helps alleviate the processor over-
load, synchronizing the delivered samples, which other-
wise flow among the blocks with its maximum allowed
throughput, constrained only by the PC hardware. The
stream undergoes an FFT operation and the maximum
is found at every 1024 samples. The data is sent to two
binary files, one containing the raw frequency domain
values (real due to the log power FFT operation) and
also their respective maxima, for comparison purposes.
A Frequency sink block displays the instantaneous cap-
tured bandwidth in real-time, for visualization purposes
and checking on the transmitted carrier. Bandpass filter-
ing was also added to narrow down the frequency range
across the transmitted CW carrier, but it resulted in a
slower operation, with lost synchronization among the
samples. For these matters, it was decided to keep the
flowgraph as lean as possible and operate with binary
files as output, to be later analyzed outside GNU Radio.

The created binary files are read out by means of
Octave [18]]/Matlab or Python commands, available for
either complex or float values. In the present case, only
float numbers are stored since the interest is in relative
power.

IV. RESULTS

The first set of measurements was performed
indoors in an area of approximately 4x5 m?. Distances
between the adult and radar varied from 0.5 to 4 m. Tests
were performed with random movements and walking
across the space using a normal gait. Figure [ contains
the plot for approximately 2 minutes. Units shown the
power in dBr, relative dB used by GNU Radio, so con-
version to dBm should require a calibration step against
a known source. Since the interest lies in variation only,
GNU Radio native dBr was kept throughout this evalu-
ation. The maximum operation on the samples is shown
against the raw signal, which contains 1024 more sam-
ples. The maxima vector is 2 kB whereas the raw sig-
nal is 1,300 kB. Output power was set to the minimum
value, —4 dBm, and the SDR low-noise amplifier was
switched off to avoid overloads. Oscillations seen in the
still scenario vector are much less pronounced than in the
samples during movement.

To evaluate the overall sensitivity, as well as outdoor
operation, another set of tests was performed on a basket-
ball court (Fig. [5), maintaining the same former power
and gain settings. Ambient power spectra were recorded
(20 MHz around the central frequency of 4,105 MHz) to
see whether other emissions were present. The results are
shown in Fig.[5] Unlike the chosen frequency of 4.1 GHz,
at 4 G Hz broadband bursts were detected, which could
eventually introduce errors in the measurement. It can be
seen that movement cannot be visually detected from the
waterfall plot, a further analysis is needed.
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Fig. 4. Indoor test. (Top) maxima and the raw signal for
a moving target scenario; (bottom) comparison of both
maxima vectors.
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Fig. 5. Outdoor range test site (right) and 12 secs water-
fall depiction of spectrum monitoring for the moving (top
left) and still (bottom left) cases.

Four measurements were performed, distances of 3,
6, and 9 m, compared with the reference (still) - results
are shown in Fig.[f]- each containing approximately 120
seconds. It can be seen that even at 9 m, detection is still
possible, visualized on the histogram by its larger vari-
ation around the average value. Statistics regarding the
four time series are presented in TabldI] Higher ampli-
tude average power at 9 m than at 6 m can be ascribed
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Fig. 6. Histogram for the four different scenarios.

Table 1: Statistics for the different scenarios

Scenario Average Std. Dev.
[dBr] [dBr]
Still —16.9 0.2
3m —17.5 1.1
6 m —-17.9 0.5
9m —174 0.4
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Fig. 7. Continued.
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Fig. 7. Time series of the maxima at 9 m, output powers
of 5 dBm (“Hi Pwr”) and —4 dBm (“Lo Pwr”), bottom,
and respective histogram, top.

to reflected energy by the ground, contributing in a con-
structive way to the receiving antenna.

A comparison was performed with the maxi-
mum and minimum synthesizer output powers (5 and
—4 dBm), for the 9 m distance case. Results showing
the maxima time series and the respective histogram are
shown in Fig. [7] It can be seen that in spite of the lower
output power the variance of the signal is larger, resulting
in a higher sensitivity. Average and standard deviations
are summarized in Table 2]

Table 2: Comparison of different output levels, 9 m dis-
tance

Scenario Average [dBr] |Std. Dev. [dBr]
Still —4 dBm —16.9 0.2
Still 5 dBm —-9.7 0.2
9m, —4 dBm —17.14 04
9m,5dBm -9.8 0.3
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V. CONCLUSION

A low-cost radar applied to human detection, based
on a software-defined radio, is presented. In addition
to the SDR, other off-the-shelf RF components are two
broadband planar antennas and an RF synthesizer. The
detection is based on amplitude variations picked up by
the receiver, compared to the baseline case where there
is no movement (still). The present solution adapts to
hardware restraints of the HackRF One SDR, which has
only one RF input, therefore unable to provide Doppler
or passive approaches unless extra hardware is added.
The system was tested in real-world environments, both
indoor and outdoor, whose sensitivity was evaluated
against different statistics regarding human presence and
still patterns. Further classification based on the specific
deployed environment should operate using, for instance,
machine learning, to compare existing time series and
decide upon the presence or not of human activity. As a
contribution, this article presents an alternative to other
human activity detection, with advantages coming from
the software-defined hardware, where different frequen-
cies and power levels can be modified on-the-fly. It does
not employ sophisticated RF elements such as circulators
and external mixers. GNU Radio functionalities enable
further useful possibilities, such as remote monitoring,
using TCP/IP channels connecting both client and server,
and also Python integration.
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