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ABSTRACT This paper presents a low-cost bistatic radar built using Software-Defined Radar (SDR) for
real-time monitoring and detection of mechanical vibrations and physiological movements of a person’s
chest. The proposed prototype is based on the complex received signal, which contains information
about the heartbeat and respiration rates. Various algorithms can be employed for this purpose, and
the choice depends on factors such as accuracy, computational efficiency, and the application’s specific
requirements. This study aims to evaluate and validate our signal processing solutions based on second-
order cyclostationarity algorithms to distinguish cycle frequencies, using a low-cost Universal Software
Radio Peripheral (USRP) SDR board. This device provides a software-defined RF architecture to prototype
a vital signs radar with custom signal processing. The design concept for breathing and heart rates was
implemented and evaluated on a 5.8 GHz SDR platform (USRP2901) using GNU Radio combined with
Python blocks. To verify the detecting performances of the proposed prototype, a series of simulations and
experiments were conducted on different persons under tests to validate the theory. Moreover, two types of
antennas were used: an industrial horn antenna and a patch antenna developed in our laboratory. The results
were compared to a reference system, a pulse oximeter, to validate the performances of the algorithm.
The respiration and heartbeat rates were correctly estimated for all the subjects with both antennas.

INDEX TERMS SDR; USRP; Microwave radar; vital signs; respiration rate; heart rate; cyclostationary;
second-order cyclic moment.

systems. Non-contact methods eliminate these

URVEILLANCE of health is a key aspect of elderly

care and imperative for proactive measures, particularly
when the early identification of potential risks or diseases
can mitigate long-term suffering and medical expenses.
Non-contact monitoring of vital signs is crucial for elderly
individuals who cannot accept contact measurement due
to comfort and compliance issues. Sensitive or fragile
skin makes contact-based devices uncomfortable or even
painful, leading to poor compliance with health monitoring
routines. Additionally, continuous use of contact sensors
can cause skin irritation or infections, particularly in elderly
individuals with delicate skin or compromised immune

providing a safer and easier alternative, especially for those
with mobility issues or cognitive impairments. Furthermore,
non-contact monitoring reduces anxiety associated with
frequent physical examinations or the presence of medical
devices, promoting a less intrusive experience. Enhanced
hygiene is another benefit, as non-contact systems reduce
the risk of cross-contamination, particularly in communal
living environments. By minimizing the need for caregiver
assistance, these systems also help elderly individuals
maintain independence and autonomy.

Monitoring vital signs such as heart and breath rates
yields crucial insights into an individual’s overall physical
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well-being. The use of radar technology for non-invasive
and non-contact detection of respiration and heart rates
has garnered substantial attention, driven by the increasing
demand for non-contact and continuous health monitoring
devices. The continued extraction of this important
component has pushed development in various possible
ways. Considering RF techniques, the body’s surface, and
the geometric mean of the reflected signal, conventional
RF-based vital signs monitoring are also an area of research
fueled by the demand for non-contact and continuous
health monitoring devices. Various technologies and signal
processing techniques are being investigated for this
purpose, such as Radar-based techniques, which have
contributed to research projects since 1975 [1]. Different
radar setups operating at various frequency bands have
been historically reported to detect human vital signs,
analyzing the interaction between radio-frequency signals
and physiological movements, without requiring contact
with the human body. In [2] [3] [4], different types of
continuous wave (CW) and frequency-modulated continuous
wave (FMCW) radars are presented. In [5], the movement
of the subject’s chest induced by the heartbeat is recorded
via an FMCW radar correlated with the electrical signal of
the heart, recorded via an ECG acquisition board. This study
is conducted on apnea recordings to remove the impact of
breathing on the movement of the chest. Quadrature CW
radar with I/Q channel demodulation has been proposed
in [6]. In [7] [4], a vector network analyzer (VNA)
system was reported, which tunes both frequency and
power to determine the optimum frequency and minimum
power required to extract vital signs. Besides the vector
network analysis alternative microwave interferometric
radar technique of the VNA was also presented in [8],
[9], where the architecture of the six-port receiver is
used as an interferometer, for angle, displacement, and
vibration measurements. Ultra-Wide Bandwidth (UWB)
pulses were employed to detect the heart and breath rates
by transmitting very short and repetitive waveforms toward
the target person’s chest surface [10], [11]. In [12], [13],
continuous monitoring of vital signs using an Impulse-Radio
(IR) UWB radar has been explored. The echoes are received
by a round-trip time delay proportional to the chest surface
movement which is based on the phase-shift information
introduced by the modulated time delay. Currently, these
systems are not available on the market.

Previous studies have demonstrated that non-contact vital
signs detection can be achieved using RF signals. However,
it can be challenging to distinguish small mechanical vibra-
tions, such as heartbeat and breathing, from low-frequency
RF signals. Additionally, most validation tests involve bulky
equipment, making it difficult to implement and test in real-
time scenarios. Another technologically advanced solution is
provided by software-defined radar platforms (SDR). These
concepts have gained significant interest in the wireless

communication and radar communities due to low-cost im-
plementation, where all operations and functions are fully
implemented and easily modified through software. It also
allows for the evaluation and comparison of various radar
techniques using the same hardware components. For the
evaluation, multiple radar system prototypes using SDR have
been studied. The SDR radar concept was first introduced
by the author of [14]. This new radar parading provides a
solution for designing compact radar systems that can easily
modify their capabilities without changing the hardware con-
figuration. As a result, the monitoring accuracy is dependent
on the SDR transmit/receive setting, and the capabilities
of the SDR radar approach have been demonstrated in the
literature [15]-[17]. Its application to vibration detection has
been first demonstrated by the authors of [18]-[20], and has
also been recently explored by the authors of [21]-[23]

In [24], an implementation of a simple respiratory and
heart rate monitor application using the Ettus X310 card and
GNU Radio and a commercial-off-the-shelf (COTS) SDR.
In [25] a sub-6 GHz breathing sensor a universal software
radio peripheral (USRP) B205-mini device is presented.
This system estimates the channel phase shift and detects
low-frequency oscillations in the estimated phase shift.
Finally, [26] proposes a system operating at 2.4 GHz based
on the USRP 2901 programmed with LabView.

In RF systems, the phenomenon of multipath propagation
plays a crucial role in signal transmission. When a signal
travels from a transmitter to a receiver, it encounters various
obstacles. It reflects off surfaces, leading to multiple signal
versions arriving at the receiver through different paths.
This multipath effect introduces variations in signal strength,
phase, and arrival time, which can significantly impact the
received signal’s characteristics.

In this paper, unlike many reported SDR systems, our
proposed system is not based on distance measurements
or channel phase shift estimation and it doesn’t require
any type of frequency sweep instead. It is based on the
complex received signal that contains all the information
sought needed to evaluate and validate our signal processing
solutions using cyclostationarity algorithms on a low cost
SDR board. We implement and evaluate our design concept
for breathing and heart rate detection and estimation on
the 5.8 GHz software-defined radio platform USRP2901
and GNU Radio combined with python blocks. GNU
Radio combined with Python provides the infrastructure to
quickly implement the signal processing algorithm based
on second-order cyclostationary [27], [28], simplifying the
development process and accelerating the experimental
validation of new techniques.

The remainder of this paper is organized as follows.
Section II explains the model simulation and provides a very
brief background behind the second-order cyclostationary
algorithm that will be implemented in the radar hardware.
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The section IV investigates the simulation result on the GNU
Radio platform with Python blocks. Then in the last section,
the measurement tests and experimental validation results on
human subjects are reported and discussed.

Il. THEORETICAL BACKGROUND

Respiration rate (RR) and heart rate (HR) are considered
the most important physiological parameters indicating
the body’s functioning state. The movement of the left
ventricle of the heart within the chest is the primary cause
of chest movement due to heartbeats. The contraction of
the diaphragm during inhalation causes the air to flow
into the lungs and pushes the abdomen and ribs outward
resulting in chest expansion due to respiration. The chest
movements caused by heart beating and breathing are
xgr(t) = x, + zp. It denotes the displacement generated
by respiration and heartbeat z,. and x, respectively [4].

The proposed concept for the detection of RR and HR
has been implemented using the GNU-Radio software and
the USRP 2901 as a suitable SDR platform. The SDR pro-
vides flexibility and reconfigurability to update processing
parameters depending on the environment or the conditions.
GNU Radio is an open-source software-defined radio project
and the USRP is hardware designed specifically for use with
the GNU Radio software. This combination has been used to
implement a low-cost radar, which will be presented in this
paper. The proposed Radar investigates and demonstrates the
cyclostationary algorithm at the operating frequency of 5.8
GHz, using a Software Defined Radio (SDR) platform for
monitoring breathing and heartbeat frequency. A simulation
prototype has been implemented in GNU Radio- companion
3.9.5 in Ubuntu 22.04 machine, combined with Python block
to verify the detection performance of the proposed system.

The principle of bio-radar for monitoring vital signs is
based on phase modulation induced by mechanic movement
of the thorax. The human chest wall has a variable position
over time, due to respiration and heart rate. The thoracic
displacement varies between 4 mm and 12 mm due to
respiration, while it varies between 0.2 mm and 0.5 mm
due to heartbeat. To accurately estimate RR and HR, various
signal processing techniques have been used, including the
theory of cyclostationarity. This theory makes it possible
to estimate and detect vital signs without demodulation
and at a low Signal-to-noise ratio (SNR) in the presence
of interference. We have developed second-order cyclic
statistics. The flowchart in Figure 1 describes the different
steps carried out in the simulation part for the generation
of the signal reflected by the antenna and the associated
processing, to extract RR and HR. The enhanced visibility of
the HR post-harmonic suppression suggests improved clarity
in isolating and detecting cardiac features. The effectiveness
of the method is reflected in its ability to highlight the HR
despite the presence of strong respiratory harmonics.

VOLUME
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FIGURE 1: General diagram of the simulated algorithm to
extract RR and HR

The transmitted signal on the CW channel, operating at
frequency f, and serving as the local oscillator, can be
expressed as:

T(t) = cos (2mft + (1)) (D)

For simplicity, the physiological signals representing
heartbeats xj; and respiration x, are approximated as sinu-
soidal waves. The signal reflected by the target at a distance
dp is formulated as:

R(t) = Aprcos[2m ft — 477;10 _ 47”51;\1%@) _ 4773:;(1%)
2d,
Fot— 201+ N @

c

Where z7(t) is the random body motion and the
propagating electromagnetic wave travels the distance 2d(t),
and d(t) = do + zur(t) + x1(t).

Furthermore, the baseband signal, as depicted in the
flowchart, can be simplified into its complex representation,
as described in [27]:

By(t) = AM(t) i i 39 T4 (A) Ji(AR)
q=—00 |=—00
exp[j2m(qfr +1fa)t] + Z(t) (3)

Where: Ard
Ar
A= AHRBJUP(JT) 4)
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A signal is wide-sense almost-cyclostationary of order m
if its statistics of order m, such as moments and cumulants,
are almost periodic functions of time [29]. Our focus lies in
extracting the cyclostationary second-order temporal cyclic
moments of the received baseband signal (3) to detect RR
and HR.

To approximate the real measurement environment for
this signal, we need to consider the effects of multipath
propagation and noise. To incorporate multipath effects into
signal models, complex formulations are necessary. These
formulations involve accounting for reflections from multi-
ple paths, each characterized by its amplitude, phase, and
delay. Moreover, modulation and phase shifts induced by
the transmission and environmental conditions must also be
considered. The model of the baseband signal including the
effect of multipath propagation is as follows:

By(t) = AM(t) i i FH TG (Ar)Ji(An)

g=—00 |=—00

exp [j2m(qfr + Lfa)t] + Z(t) (6)

Where Z(t) represents the additional noise introduced in
the signal due to the real environment. Additionally, the
presence of multipath propagation leads to a distortion in
the signal’s propagation. This distortion can be accounted
for by modifying the amplitude A in the following way:

4md
A= Aprexp (ﬂ;) CH(t) %

Here, H(t) denotes the multipath propagation effect,
which can be represented as a complex function of time
capturing the delay and attenuation characteristics imposed
by multipath propagation. Incorporating these adjustments
provides a more realistic representation of the signal’s behav-
ior in practical measurement environments. The expression
for the multipath propagation effect H(t) typically involves
a convolution of the signal with a channel impulse response,
representing the time-domain response of the channel to an
impulse input. In the context of wireless communication, this
impulse response captures the effects of reflections, diffrac-
tion, and scattering from various objects in the propagation
environment.

The second-order temporal cyclic moment, also known as
the conjugate cyclic autocorrelation function, is defined as
follows in reference [4]:

T

1 [z )
Ryy(a,T) = lim T/2 Bb(t)B;(t+T)€_]27Tat dt (8)
T

T—o0 =

Substituting By(t) from the provided signal model con-
sidering the multipath effect:

o1 =
Ryy(a,r)zgﬂo?/_T (AM(t) Z Z jat

2 g=—0o0 [=—00

Jq(Ar) Ji(An) exp [127 (¢ fr + Ufn)t]+ Z (1)) x (AM (t+7)"

SN T Jg (A e (An) expl—g2m(q £+ fr)

¢ =—oc0l'=—00
(t+7)]+Z(t+7))e 2™ dt  (9)

Now, let’s simplify this expression. We will need to
consider the conjugate terms B; (¢ + 7) and also note that
Z(t) and Z(t + 7) represent additional noise, which we
assume to be independent of the signal. Therefore, the cross-
term involving noise will become negligible or effectively
eliminated when averaged over a large interval 7.

T
1 2
Ryy(a,7) = lim T / (signal term + noise term)

T—00 T

2

eIt gt (10)

After further simplification and dropping the noise term,
we’ll get:

Ryy(a,7) = A?R(7) Z Z Z Z Jq(Ar)
q=—00=—00q¢'=—00 l'=—00
T (Ap)Jy (Ar) v (Ap)exp [—32m (¢ fr + U fr)T]
o(a—((¢ —a)fr + ' =) fn)) + Rz(r) (1)

In the derived expression for the second-order temporal
cyclic moment R,,(c,7), we have incorporated the mul-
tipath effects and modulation within the signal. However,
the exact form of this expression would depend on the
specific properties of M (t), H(t), Z(t), and other parameters
involved. Provided that Ry;(7) # 0, the conjugate cyclic
autocorrelation function of By(t) is defined for the set of
cyclic frequencies A, = {£((¢' —¢)fr + (' = 1)fn),0}.
Let’s break down the expression and interpret the various
components:

A?Rp(1): A represents the complex amplitude of the
signal, accounting for both the original signal amplitude and
the multipath propagation effect. And R, (7) represents the
cyclic autocorrelation function of the modulation term M ()
which includes the effects of both random body motion
and phase shifts induced by transmission and environmental
conditions.

Jq(Ar)J1(Ar) Iy (Ar)Jy (Ap): These terms represent the
Bessel functions applied to the amplitudes of heart rate
(Ap,) and respiration (A,.). Bessel functions account for the
modulation imposed by heart rate and respiration on the
signal.

exp[—j2n(q f + U fr)7]: This exponential term repre-
sents the phase modulation imposed by heart rate and
respiration frequencies on the signal.It accounts for the cyclic
nature of the signal due to heart rate and respiration.
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§(a—((¢'—q) fr+ (U =1)fr)): This term is the Dirac delta
function, enforcing the cyclostationary property of the signal.
It ensures that the cyclic frequencies « are constrained by
combinations of heart rate and respiration frequencies.

Rz(7): represents the autocorrelation function of the noise
term Z(t). It describes the correlation of noise over time
delays 7.

lll. RAYLEIGH CHANNEL MODEL

To model multipath effects in vital signs detection at a
frequency of 5.8 GHz and short distances, one can utilize
the electromagnetic wave propagation model in complex
environments. At this frequency and distance, waves undergo
several propagation phenomena such as reflection, diffrac-
tion, refraction, and scattering [30] caused by a transmitted
signal interacting with objects in the environment around the
transmitter or receiver Figure 2.

Reflector

(@)
FIGURE 2: Multipath propagation environments

Different multipath components arrive at the receiver with
different time delays and phase shifts. A commonly used
model to describe these phenomena is the Rayleigh fading
channel model [31]. This model assumes that the received
signal is a sum of multiple copies of the transmitted signal,
each experiencing different attenuation and delays due to
multiple paths. In this model, the amplitudes and phases of
the signal’s different components are modeled as random
variables distributed according to a Rayleigh distribution for
amplitude and uniformly distributed for phase.

To apply the Rayleigh fading channel model to the base-
band signal for vital signs detection at a frequency of 5.8
GHz and short distances, the received signal y(¢) can be
expressed as a sum of multiple copies of the transmitted
baseband signal By (t), each undergoing different attenuation
and delays [32]:

N

y(t) =Y hilt) - By(t — i) +n(t)

i=1

12)

where: h;(t) represents the channel impulse response
corresponding to the 4th path, 7; is the delay associated
with the ith path, N is the total number of paths and n(¢)
represents additive white Gaussian noise (AWGN).

VOLUME

In the Rayleigh fading channel model, the channel impulse
response h;(t) is typically modeled as a complex Gaussian
random process with zero mean and an exponential auto-
correlation function, characterized by the Rayleigh fading
parameter. The expression for h;(t) in this case can be
represented as [33]:

hi(t) = A; - exp(jgi) - g(t) 13)

where: A; is the amplitude of the ith path, following
a Rayleigh distribution, ¢; is the phase of the ith path,
uniformly distributed and ¢(t) represents the shape of the
channel impulse response. This model captures the random
nature of multipath propagation, where each path contributes
with its amplitude and phase, resulting in fluctuations in the
received signal’s strength and phase over time.

IV. RADAR FOR RR AND HR DETECTION: SIMULATION
In GNU Radio, programming entails visually creating block
diagrams, which encapsulate data processing algorithms. The
generation of the baseband signal and the execution of
the cyclostationary algorithm were achieved through Python
blocks. Figure 3 depicts the GNU block diagrams.

Figure 4 shows the simulation results in the cyclic fre-
quency domain. It represents the second cyclic temporal
moment of the baseband signal, both before and after the
elimination of the RR harmonics. The interval corresponds
to an adult’s normal respiratory rate, ranging from 0.16 Hz
to 0.44 Hz. Thus, the cyclic frequency corresponds to the
maximum amplitude frequency in this interval is attributed
to the RR. After removing the breath harmonics, we focus
on the interval between 0.83 Hz and 1.6 Hz corresponding
to the heart rate. The HR is attributed to the frequency
corresponding to the maximum amplitude in this interval [4].

The figures display cyclic statistics containing both heart
and respiration frequencies (f;, = 1.3 Hz and f, = 0.25
Hz) along with combinations of frequencies describing
each order. Initial Dominance of RR Harmonics: The
presence of strong harmonics related to the respiratory
rate initially overshadowed the fundamental frequency of
HR. Before suppressing RR harmonics, the first harmonic
of RR (2f, = 0.5 Hz) appears more prominent than the
fundamental frequency of HR. After suppressing the RR
harmonics, the HR becomes more apparent and noticeable
compared to the initial representation. Enhanced HR
Visibility with the deleting of the RR harmonics has led to
improved visibility and prominence of the heart rate in the
cyclic features.

In the figures of cyclic features, all the cyclic statistics
contain the heart and respiration frequencies, f, = 1.3Hz
and f, = 0.25Hz, and all the frequencies combination
that describes each order. Before the suppression of the
RR harmonics, the first harmonic of RR 2 x f. = 0.5Hz
is more important than the fundamental of HR. After the
suppression of the RR harmonics, we can see that the HR
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FIGURE 3: Radio Flow graph used for the simulation
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FIGURE 5: Comparison of Original and Multipath- Radar
Signals

is more obvious than before. Multipath propagation occurs
when radar signals encounter obstacles or reflect off surfaces,
leading to multiple signal paths reaching the receiver with
different delays, amplitudes, and phases. The received signal
over a multipath channel can be modeled as the convolution
between the channel impulse response and the transmitted
signal.

This section will provide a comparison between the Fast
Fourier Transform (FFT), commonly used for non-contact
monitoring of vital signs, and the cyclostationary algorithm.
The FFT is a widely used algorithm for analyzing the fre-
quency content of signals. It transforms a time-domain signal
into its frequency components. In our study, we employed
a sampling frequency of 80 Hz for signal acquisition. For
the FFT analysis, we utilized the predefined FFT function in
Python, which uses a rectangular window by default.

The FFT assumes signal stationarity during the analysis
window, which might not be suitable for signals with time-
varying characteristics, such as vital signs. In contrast, cy-
clostationary analysis is designed to capture and exploit the
cyclostationary nature of signals, making it more suitable
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FIGURE 6: 2" order cyclic moment of By (t) with multipath
effect

for non-stationary varying vital signs. The results of the
detection of respiratory rate (RR) and heart rate (HR) using
both algorithms (second cyclic moment for cyclostationary
analysis and FFT) are depicted in Figure 7. Cyclostationary
algorithms can detect weak periodic signals even in low
signal-to-noise ratio (SNR) environments. They can detect
vital signs even in the presence of random body movements
that often interfere with FFT-based detection. While FFT
remains a valuable tool for its simplicity and efficiency,
cyclostationary algorithms offer significant advantages in
challenging real-world conditions, especially for extracting
the heart rate.

To further evaluate the influence of noise on the detec-
tion of vital signs, we conducted simulations to calculate
the probability of detection concerning the signal-to-noise
ratio (SNR). In this simulation, we examined whether the
estimated values (f; and f; ) for HR and RR align with the
originally set values for the transmitted signals (f5 and f; ).
This comparison illustrated in Figure 8 serves as a validation
step to assess the accuracy of the algorithm in estimating RR
and HR varying levels of noise.

The probability of detection for f, is consistently 1 for all
levels of SNR and for both algorithms, it indicates that the
algorithm is effectively detecting the respiratory signal in the
presence of noise. This outcome is because the respiratory
signal is the strongest component of the baseband signal.
The heart rate detection is around 0.85 for each distance
value. On the other hand, the probability of detection of
the heart rate using the cyclostationarity algorithm increases
with the SNR. The FFT may be sensitive to noise and
might not perform well in the presence of irregularities.
While the cyclostationarity analysis is often more robust
against noise and interference conditions, which are common
obstacles in non-contact vital signs monitoring. This is a
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gorithm

positive outcome to evaluate the algorithm’s performance
under different conditions.
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V. RADAR FOR RR AND HR DETECTION:
EXPERIMENTAL SETUP

In this section, we detail the experimental configuration
proposed for validating the 5.8 GHz radar system. The
system is constructed using Universal Software Radio Pe-
ripheral (USRP) 2901 devices. Illustrated in Figure 10, the
board features a 4-channel transmitter/receiver and primarily
integrates a wideband RF transceiver and an FPGA. The
examined board covers a frequency range from 70 MHz
to 6 GHz, has a gain range of 66 dB, and boasts a max-
imum instantaneous real-time bandwidth of approximately
56 MHz. The transmitter outputs a maximum power of
20 dBm, while the receiver accommodates a maximum
input power of -15 dBm [?]. In addition to the non-contact
radar system, we employed a contact-based measurement
device, a pulse oximeter (9), to obtain reference values
for heart rate and respiratory rate. The pulse oximeter was
attached to the subject’s finger throughout the experiments.
The simultaneous use of the pulse oximeter allowed for
direct comparison between our non-contact 5.8 GHz radar
system and the reference values, ensuring the reliability and
accuracy of our proposed method.

TR \.g\:&’. g

§p0;% PRinin 9,78

99 76,11

RSN

R

FIGURE 9: Pulse oximeter used for RR and RH reference

The measurement bench setup comprises a USRP card
featuring two RF channels. In channel zero, the transmitter
port (Tx1 Rx1) is linked to the transmitter antenna, and the
receiver port (RX2) is connected to an attenuator, further
linked to the receiver antenna. A 10 dB RF attenuator is
incorporated to shield the receiver from excessively high
input power and high signals. The USRP is connected to a
laptop via a USB cable. The laptop has an i7-core processor
and 8G RAM, and runs the program written in GNU Radio
version 3.9.5 in Ubuntu 22.04 and Python blocks to extract
RR and HR. The bench architecture operating at 5.8 GHz
has two proposed setups. The first proposal employs two
horn antennas shown in Figure 11, while the second uses
two patch antennas developed in our laboratory demonstrated
in Figure 12. The radar prototype used in both cases is
presented in the two figures 11 and 12, along with the
radiation pattern of each antenna used.

In our study, the radiation patterns of both the horn
antenna and the patch antenna in our system were measured
in the anechoic chamber with dimensions of 7x6.5x2.4m,
focusing on far-field measurements at the frequency of 5.8
GHz. The anechoic chamber replicates free-space propa-
gation conditions by eliminating all reverberations of the
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FIGURE 10: USRP-2901 Block Diagram

incident waves, achieved through absorbing materials that
cover the chamber’s walls, ceiling, and floor. The radiation
pattern was obtained by positioning the patch antenna on
a rotating platform and measuring the signal received by
the horn antenna. The horn antenna used for measuring the
S-parameters of the patch antenna is a wideband antenna,
capable of operating across a broad frequency range from
700 MHz to 18 GHz. The same measurement protocol was
employed to obtain the radiation pattern of the horn antenna
at 5.8 GHz.

e Test bench 1: USRP card + two patch antennas at 5.8
GHz

e Test bench 2: USRP card + two horn antennas at 5.8
GHz

The measurements are performed using the microwave
signal generated on the GNU Radio software and sent
through the USRP card to the transmitting antenna.
In transmission, this continuous signal has targeted a
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FIGURE 11: (a) Test bench 2 with the horn antennas, (b)
the horn antenna and (c) its radiation pattern at the 5.8 GHz
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FIGURE 12: (a) Test bench 1 with the patch antennas, (b)
the patch antenna and (c) its radiation pattern at the 5.8 GHz
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mechanical and periodic movement of the chest’s subject
under test. On reception, the wave has been picked up by
the receiving antenna, directed to the USRP receiver, and
visualized on the GNU Radio platform. To evaluate the
performance of the developed systems, a series of tests were
carried out on five volunteer subjects wearing their clothes
for both systems. The received signal has been converted to
low frequencies by Python blocks to apply the second-order
algorithm of cyclostationarity to extract the heart rate and
respiratory rate parameters. The GNU radio graph used for
this experiment is shown in Figure 13.

In a laboratory environment, continuous wave (CW) radar
measurements are conducted using the USRP platform.
Subjects wear the oximeter and sit in front of the radar
system with a distance of 0.8 to 1 meter between their
chest and the antenna board. The radar signals collected in
the laboratory environment are affected by noise, including
electronic noise from the radar system and environmental
noise. Additionally, multipath effects due to reflections,
diffraction, and scattering from surrounding objects
influence the characteristics of the received signals. Then,
signal processing techniques based on a second-order cyclic
moment of the measured signals are employed to extract
relevant information from the measured radar signals, which
provides insights into the cyclostationary nature of the
received signals and the estimations of the RR and HR. The
five healthy participants (2 females and 3 males) between
the ages of 19 and 37 wearing the oximeter to have the
reference values for RR and HR. In the upcoming sections,
we will show the figures for two subjects: the first subject
is male, and the second subject is female.

The initial phase of the experiment utilized the first test
bench, as illustrated in Figure 12, for all subjects. The
reflected signals, influenced by the chest displacement, were
captured by the board and are depicted in Figure 14 and
Figure 16 for the first and second subjects, respectively.
These signals are complex, with real and imaginary compo-
nents. Employing Python, the signals were down-converted
to baseband and had their DC bias removed. Subsequently,
the second-order cyclostationary algorithm was applied, pre-
sented as a function of the cyclic frequencies defined for the
second-order. The results are illustrated in Figure 15 and
Figure 17 for the first and second subjects, respectively.

In the second phase of the measurement, the patch an-
tennas in test bench 2 (Figure 11) were substituted with
horn antennas for both subjects. Figures 18 and 20 showcase
the reflected signals received by the board, modulated by
chest displacement. Additionally, Figures 19 and 21 illustrate
their second-order cyclic moments for the first and second
subjects, respectively.

The time-domain signal exhibits a noticeable periodic
pattern in all four mentioned cases. It is essential to
recognize that this received signal encapsulates information
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regarding both the displacement caused by breathing and
the displacement induced by the heartbeat. Therefore, it
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represents the cumulative effect of the overall displacement
over the chest area of the subject under examination. It
is normal for the magnitude of the received signal to
vary among the cases. The horn antenna, although more
directive, and the patch antenna, being smaller, offer distinct
advantages suitable for integration into diverse prototypes
in different environments. In the case of the first subject,
the peak of the respiratory rate is approximately 0.4 Hz for
both test benches.

In the case of the first subject, the peak of the respiratory
rate is observed at 0.4 Hz for the first test bench and 0.42
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FIGURE 21: Second cyclic temporal moment of the received
signal: Test bench 2 for the subject 2

Hz for the second test bench. For the second subject, the
respiratory rate is approximately 0.26 Hz for the first test
bench and 0.28 Hz for the second test bench. Table 1 and
Table 1 resume the results of the RR and HR for the five
participants with both system non-contact and with contact
to compare the values from the test bench 1 and test bench
2, respectively. The mean relative error is calculated for RR
and HR.

TABLE 1: Comparison between the detection of RR and
HR resulting from the cyclostationarity algorithm and the
reference system for the test bench 1

Cyclostationarity | Pulse oximeter | Relative Error (%)
Participant | RR HR RR HR RR HR
(Hz) (Hz) (Hz) | (Hz) | (Hz) (Hz)
Male 1 0.4 1.02 0.4 1.09
Female 1 0.26 1.07 0.3 1.1
2.4 5.6
Male 2 0.35 1.1 0.34 1.15
Male 3 0.31 1.2 0.35 1.25
Female 2 0.33 1.12 0.3 1.2

TABLE 2: Comparison between the detection of RR and
HR resulting from the cyclostationarity algorithm and the
reference system for the test bench 2

Cyclostationarity | Pulse oximeter | Relative Error (%)
Participant RR HR RR HR RR HR
(Hz) (Hz) (Hz) | (Hz) | (Hz) (Hz)
Male 1 0.42 1.05 0.44 1
Female 1 0.28 1.14 0.3 1.2
1.8 4.6
Male 2 04 1.35 0.37 1.4
Male 3 0.3 1.08 0.32 1.1
Female 2 0.3 1.3 0.3 1.35

11
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The estimated values of RR showed consistency between
the two systems benches, demonstrating the reliability of the
non-contact monitoring method. However, It was observed
that the respiratory rate had a more pronounced influence
on the signal than the heart rate (HR). This dominance
of RR presents a significant challenge in the detection of
HR, particularly in instances where the first harmonic of the
respiratory rate surpasses the peak of the heart rate. Despite
these challenges, all HR values obtained by the cyclostation-
arity and oximeter algorithms were close and within normal
ranges for each case, indicating the potential validity of the
heart rate measurements. Analysis of the cyclic frequencies
revealed distinct RR peaks for both test benches. In test
bench 1, RR peaks were identified at 1.02 Hz and 1.07 Hz
for the first and second subjects, respectively. For test bench
2, the peaks were found at 1.05 Hz and 1.14 Hz for the first
and second subjects, respectively. These results highlight the
system’s ability to detect subtle differences in breathing rates
between subjects.

To assess the accuracy of the non-contact system, the
relative error between the HR and RR measurements ob-
tained from the cyclostationarity-based analysis and the
pulse oximeter reference was calculated. The observed dif-
ferences in estimated RR and HR values between the two
measurement systems can be attributed to various factors,
including the age, weight, and sex of the subjects, as well
as individual physiological variations. It’s important to note
the physiological relationship between heart and respiratory
rates. Generally, an increase in heart rate corresponds to an
increase in respiratory rate. As the heart beats faster, it con-
sumes more energy and requires more oxygen, leading to an
increased breathing rate. This relationship was particularly
evident in the case of the second subject, who exhibited
higher rates for both HR and RR.

Furthermore, technical factors also contributed to the
differences in measurements between the two systems. The
directivity of the antennas varied between the systems,
potentially affecting signal reception and processing. Ad-
ditionally, the subjects under test were different for each
system, introducing another variable in the comparison.
Regardless of these challenges and variables, the study
successfully demonstrated that both respiratory rate and heart
rate could be accurately estimated using Software-Defined
Radio (SDR) measurements in a real-world environment.
This was achieved using two different prototypes operating at
a frequency of 5.8 GHz, showcasing the robustness and ver-
satility of the non-contact monitoring approach combining
the USRP card and the second cyclic moments algorithms.
These studies may represent the beginning of expanding the
range of individuals tested, and it has enabled a comparison
of the performance of the system used to study in the
future multiple people in front of the radar, allowing for
the differentiation of each individual’s vital signs.

VI. CONCLUSION

This paper investigates and validates the ability to monitor
heart and breathing rates by detecting chest movements.
The experimental setup utilized a USRP card developed
in GNU Radio, and the second cyclic moment algorithm
applied to the reflected signal from the individual was
described and analyzed. The results obtained using the
second-order cyclostationary approach, in conjunction with
the USRP device, are promising for both types of antenna
horn and patch across all subjects. The results highlight the
performance comparison to have multiple people studies
in the future. The method demonstrated robustness in the
presence of noise, interference, and multipath effects, as tests
were conducted in an uncontrolled environment (laboratory).
RR and HR were correctly estimated using the USRP2901
at a frequency of 5.8 GHz, along with GNU Radio and
Python blocks. The cyclostationary analysis proved effective
in handling non-stationary signals and noisy conditions,
making it suitable for complex monitoring environments.
Overall, non-contact monitoring offers several advantages,
including improved comfort, reduced health risks, and
continuous, reliable health data, which are essential for
enhancing health outcomes and quality of life, particularly
for the elderly. These findings have significant implications
for non-contact vital sign monitoring, demonstrating the
potential to develop reliable, non-invasive methods for
measuring key physiological parameters. Future research
could focus on refining algorithms to better differentiate
between respiratory and heart rate signals, especially in
cases where their frequencies overlap. Additionally, adaptive
systems that account for individual physiological differences
could further enhance the accuracy and reliability of these
non-contact monitoring techniques for better classification.
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