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Abstract: Vital detection on the basis of Doppler radars has drawn a great deal of attention from
researchers because of its high potential for applications in biomedicine, surveillance, and finding
people alive under debris during natural hazards. In this research, the signal-to-noise ratio (SNR) of
the remote vital-sign detection system is investigated. On the basis of different types of noise, such as
phase noise, Gaussian noise, leakage noise between the transmitting and receiving antennae, and so
on, the SNR of the system has first been examined. Then the research has focused on the investigation
of the detection and false alarm probabilities of the system when the transmission link between the
human and the radar sensor system took the Nakagami-m channel model. The analytical model
for the false alarm and the detection probabilities of the system have been derived. The proposed
theoretical models for the SNR and detection probability match with the simulation and measurement
results. These theoretical models have the potential to be used as good references for the hardware
development of the vital-sign detection radar sensor system.

Keywords: vital signals; finding survivors; Doppler radar; heart beat; breathing signal;
detection probability

1. Introduction

The non-contact monitoring of vital signals (heart beat and breathing rate) has attracted much
attention recently. In this vital-sign monitoring system, the transceivers send a radio microwave signal
toward the human position and collect the reflected signal from the person in order to obtain useful
information such as vital signs and human location. There are many different approaches. The Doppler
radar system has attracted a great deal of interest. The first Doppler radar system was developed for
medical applications in the 1970s [1]. This radar system worked at a 10 GHz frequency, and it alarmed
when apnoea occurred. This system did not give the exact respiration of the patient, but it did give an
alarm when the patient stopped breathing for 30 s.

The application of microwave radar systems in health care systems has attracted a great deal
of research attention [2-8]. In [3], the authors discussed the potential of using an ultra-wideband
(UWB) technique for the radar sensor system in biological platform applications. Cianca et al.
considered frequency modulation ultra-wideband (FM-UWB) in monitoring heart beats and breathing
rates. In their work, the important features for medical applications, such as penetration capability,
precision ranging, and electromagnetic radiation, were regarded carefully. The FM-UWB radar showed
significant advantages in detecting vital signals [4]. Similarly, in 2011, Domenico Zito et al. [5]
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investigated UWB system-on-chip radar sensors in 90 nm CMOS technology. This system could
detect the heart beat and respiration of adults and babies and allowed for the continuous observation
of a baby’s breathing rate. This system could detect the breathing rate at a distance of 45 cm for
the respiratory disorder diagnosis purpose and could sense a driver falling asleep. In [7], CMOS
technology was also employed with the novel scheme design bondwire-interconnection between the
antenna and the Doppler radar sensor system. This system could detect from a distance of up to
105 cm. A new patent of mm-wave radar sensors for detecting driver lethargy was investigated by
Brankovic et al. in 2018 [8]. Their system could calculate the fatigue probability of a driver on the basis
of the heart beat and respiratory rate. The probability was then compared with the threshold to give
the driver an alarm signal. In [6], Stefano et al. reviewed a different type of micro-radar system for
medical applications. In their research, the different types of radar sensor systems were examined
carefully from continuous-wave (CW) to FM, UWB or hybrid radar systems.

Besides biomedical applications, a signal processing method for the vital-sign-detecting radar
sensor system is critical [9-11]. In [9], Choi et al. showed that the multi-human detection algorithm
could detect multiple people sequentially by detecting the first single cluster and repeating the process
for the adjacent cluster. The signal-to-noise ratio (SNR) is one of the most important parameters
of the radar system. The theoretical calculation of the SNR in the Doppler radar system should be
considered and compared with the measured result to validate the theoretical considerations [10].
A denoising method for through-wall vital signs was proposed by Xiaolin et al. [11]. Several techniques
were employed in this research, including short-time Fourier transform (STFT) and empirical
mode decomposition (EEMD). This processing method can reduce clutter and is straightforward
to implement.

Finding survivors buried under rubble is a crucial application of a Doppler radar sensor
system [12,13]. In such an application, the microwave beam must penetrate deeply through the debris or
rubble to find living victims. Therefore, L and S bands seem to be good choices. Kun-Mu Chen et al. [12]
built systems and conducted experiments at two frequencies, 450 and 1150 MHz, and found that the
1150 MHz system operated better when the debris had metallic wires. In 2016, F. JalaliBidgoli et al. [13]
proposed a similar system operating at a 1150 MHz frequency with the focus on minimizing clutter
and noise [13]. This system is portable and can detect a victim below a depth of 1.5 m. Contrary to the
earlier work, the transmission link between the radar system and the human body is a Friis channel
model. This model implies a line-of-sight (LOS) connection between the radar sensor system and the
subject. For the purpose of finding survivors, the system has to operate through different materials.
Clearly, the LOS channel model is not adequate to describe the environment in which the radar system
is likely to be used.

This paper presents research that considers the previous investigations and the drawbacks. In this
research work, the SNR is carefully taken into account with respect to the Nakagami-m channel model
and its special case (Rayleigh fading channel model). This model was chosen because it can more
adequately describe realistic situations [14]. The Nakagami-m fading channel model can be used for a
wide range of radio links, from non-fading channels to land-mobile or indoor-mobile prorogations.
This channel can also serve as a LOS/non-line-of-sight (NLOS) channel model [15,16]. In comparison
with previous studies, in terms of a channel radio link between the vital-sign-detecting radar system
and the human, this research considers a more realistic and common channel model, the Nakagami-,
for the vital-sign-detecting radar sensor system. To the best of the authors” knowledge, this is the
first work to use the SNR at the base band under the Nakagami-m radio channel link between a
living person and the radar sensor system. Moreover, the detection/false alarm probabilities of the
vital-sign-detecting radar sensor system have been established, simulated and analyzed.

2. System Model

The working principle of the proposed vital-sign-detecting radar sensor system is presented
using the block diagram shown in Figure 1. The transmitting antenna sends continuous waves to the
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human and waits for the reflected signals from the human body. At the human'’s chest, the RF signal
is modulated by the periodic displacement of the chest before being reflected back to the receiving
antenna [17]. At the receiver, the signal is amplified by a low-noise amplifier (LNA) and is then sent to
the phase detector. In this diagram, the in-phase (I) and quadrature (Q) phase detectors are used to
reduce the null-point problem.
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Figure 1. System diagram.
The transmitted signal from the vital-sign-detecting radar sensor system can be described by

Yr = \/2Pr cos (27ft + ¢ (t)) 1)

where Pr is the power of the transmitter, f is the carrier frequency, t is the transpiring time, and ¢ ()
is the phase noise. The initial phase of the transmitting signal is assumed to be zero. The signal Yt
is then reflected by the human’s chest. The movement of the chest can be considered as the periodic
signal x (¢). The distance from the human’s location to the antennae of the radar sensor system is d (m).
The received signal Y can be expressed as follows [18]:

Yr = Agcos (27‘(ft4nd4nx(t) +4)<t2d>> 2)

A A c

where c is the light velocity, A is the wavelength of the signal, and Ap, is the return signal amplitude
that depends on te transmitted power, the gain of the antennae, the radar cross-section, and reflection
loss from the human body and environment (channel links from the radar to the human body and
from the human body to the radar).

In fact, in practice, the transmitting antenna is quite close to the receiving antenna, and thus the
leakage noise is unavoidable. Moreover, the radar system also receives the reflected signal from the
stationary part of the human and other clusters [17]. Therefore, the stable reflected signal should be
considered at the receiving antenna. The receiving signal can be rewritten as

+ Aeak c0s (27tf (£ — 1) + ¢ (£ — 7))
+ A cos (27rft— @ +¢ <t— 2Cd>>

where Aj,qx is the amplitude of the leakage signal, f; is the time delay between the transmitting leakage
signal and the local oscillator (LO) signal, and A, is the amplitude of the stationary cluster signal.

In previous studies, channel links between the radar sensor system and the human were
considered as in free space [10]. This model implied that there were LOS links between the radar
system and the human. However, the vital-sign-detecting radar system has to operate through the
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NLOS channel. Because of this reason, in this study, the Nakagami-m channel model was chosen as the
channel model between the radar sensor system and the human. This channel model was considered to
be close to the practical situation and could model both LOS and NLOS environments [14]. On the basis
of the theory of radar systems [19], the amplitude of the receiving signal Ag [Volt] can be formulated
as follows [20]:

Ag = \/ZPTGTGRtTuPrPtV/\2|8u2|8h|2 4)

(477)% 42«
GrldBi] Gr|dBi]
where Gt = 10710 and Gg = 10710 are the gains of the transmitting antenna and receiving
antenna, respectively; A (m) is the wavelength of the signal; p, and p; are the radiated efficiencies of
the receiving and transmitting antennae; r is the reflection coefficient of the human body; ¢, (m?) is
the radar cross-section (RCS) of the human’s chest; and « is the path loss. The channel coefficients
for the links from the radar to the human body and from the human body to the radar are g, and
gy, respectively.
The leakage amplitude can be estimated as follows [21]:

Aleak =V 277leakPT (5)

and

2 2 2
A, = \/ZPTGTGRUcPrPtV/\ |gu| |gb| (6)

(47)% d2n

where G, is the gain of the receiver, and o, is the RCS of other parts of the human body.
The receiving signal Yr is then mixed with the LO signal to obtain the intermediate frequency (IF) signal.
As can be seen from Figure 1, I & Q demodulation is applied to reduce the null-point problem [22].
The output signals are then fed to the bandpass filter (BPF). The low- and high-end frequencies of the
BPF are expressed as f; and fy, respectively.

The base band can be written as follows [21]:

B(t) = Arv/Grxcos |6y +

+ Ac/Grx cos [0y + A¢e (1)]
+ Ajeak v/ Grx €os [0 + Ady (£)] +n(t) +ny/6(1)

D | g ) )

where 6 is a constant phase shift due to the distance from the human body to the radar system; ) is a
constant phase shift that depends on the delay time t;; A¢s (t), A¢c (t), and Ay (t) are the residual
phase noise of the reflected vital signals (respiratory signal and heart signal), clutter signal, and
antennae leakage signal, respectively; n(t) and ny,¢() are the additive white Gaussian noise (AWGN)
and base-band 1/ f noise. The residual phase noise in Equation (7) can be calculated as follows [21]:

Age (6) = Dge (1) = ¢ (1) — ¢ (t - Zd) ®)

c

O (t) = (H) — ¢ (t— Ak ©

In the following sections, the SNR is considered carefully, and the comparison between the
theoretical calculation and the measurement is examined.
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3. SNR Analysis
3.1. Signal Power

In the case in which the optimal demodulation is achieved, the receiving power at the output of
the mixer can be given as follows [10,21,22]:

2
Sp = A2Gpry (4”§(t)) (10)

_ 2PrGrGRroaprpirA®[gal?Igs | c 167122 (t)
- 3 RX 2
(47r)” d?» A

_ PrGrGroaprpir|gal®|8p|*Grxx* (1)
2md?

In this work, the main sources of noise have been considered carefully: residual phase noise,
AWGN, and the base-band 1/ f noise.

3.2. Residual Phase Noise

Clearly, phase noise degrades the performance of the Doppler radar system. The effect of this
phenomenon is to spread energy of the clutter into the target frequency range. The spreading of clutter
obscures the target signal and reduces the signal-to-clutter ratio [23]. In this section, the residual
phase noise power is calculated. The residual phase noise consists of phase noise by the antennae
leakage signal and the clutter. As defined in [10,21,23], the base-band noise spectral density (S A¢( fo0))
is derived from the RF phase noise spectral density Sg( fp):

1672d> f&) an

Snop(fo) = S¢(fo)dsin® <2ﬂdcfo> ~ S (fo) ( 2

Se (fo) can be derived from the phase noise at 1 Hz, Sy (1), if the close-in phase noise has a
—30 dB/decade slope, as follows [21]:

S
S¢s (fo) = (1 ¢())3f0 (12)
On the basis of Equations (11) and (12), S, (fo) can be given:
S 1672d> 2
Sng, (fo) = (1H (P())afo ( 7TC2 fO) (13)

The mean square of the residual phase noise in the time domain is calculated through the integral
of the spectrum over the frequency range [f1tofy] of the BPF [21]:

Ags (t / Sng. (fo) dfo = 1672(1Hz)3Sy (1 )—ln Hﬂ (14)

Finally, the residual phase noise power (Ng,) of the received signal can be calculated [21]:

Nag, ~ ARGrx A (1 )2 (15)
(470)° a2 "R

PTGTGRUuPrPtr)\2|gﬂ |2

anZ(afl)fZ

Q

-
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By following similar steps to Equations (11)-(15), the residual phase noise power (Npg,) of the
clutter signal can be calculated:

2 2
Nag, ~ PrGrGRrocprpirA |ga| Fl GrxSy (1) In {fH] (16)

2md2(a=1) £2 f

This then turns to antennae leakage phase noise; the base-band spectral density of antennae
leakage phase noise Sa¢, (fo) is given as

2 22
Sap (fo) ~ (54’ ())3/‘0 (16” v t’f°> an

The power of the antennae leakage phase noise (Npg,) can be expressed as

NA‘PI ~ AIZ(eakGRXA(Pl (t)z (18)

~ A2 .G st d
~ Ak CRx | St (fo) dfo
JfL
zAlzmkGRX167rz(1Hz)354,() l [fH}

fu
~ 2 fu
~ 3211eak PrGrx 70 S (1 ) l
fr
3.3. Additive White Gaussian Noise
AWGN is the main noise at the receiver’s input, and afterwards, this noise is converted to the
baseband with the power (Ny) as follows [10,21]:
Nw = 8Grx (kTB) (NF) (19)

GrydBi]
where Grx = 10~ is the gain of the receiver, B (Hz) is the bandwidth, T (K) is the absolute

. NE[dB] | . . .
temperature, k is Boltzman’s constant, and NF = 10~ 10  is the noise figurer of the receiver.
3.4. 1/ f Noise

The mixer is chosen to minimize the 1/f noise. The power of the 1/ f noise (Ny/f) can be
designated by the noise power (P;,¢(1)) in a 1 Hz bandwidth centered at 1 Hz:

fu
Ni/f = ./fL Pryp (1) f71df = Pryg (1) In (;IZ) (20)

3.5. SNR

The noise sources are uncorrelated, and the powers of the noise are added together. The SNR is
written as
5B
NA(Ps + NA(Pc + NA‘PZ + Nw + Nl/f

SNR = (21)

4. Detection and False Alarm Probabilities

In this section, the analysis and simulation results of the detection probability (Pp) and false
alarm probability (Pr) of the proposed system are presented. Estimations of the detection/false alarm
probabilities are very important for the vital-sign-detecting radar system. The decision hypothesis is
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detected when the receiving signal and noise are greater than the threshold value Py,. The decision
is a false alarm when the power of the noise is greater than the threshold Py, [9,19]. The false
alarm/detection probabilities are estimated under two hypotheses, Hy and Hj. Hy corresponds to the
case that the vital signal is not presented, and Hj is the opposite case.

4.1. Detection Probability

The detection probability can be defined as follows:

Pp = P, {8+ Nag, + Nag. + Nag, + N+ Nijp = Py, | Hi | 22)

PrGrGroaprpirGrx*2(t) _ PrGrGrprpirA®
27rd2e and D = 27d2(e-1) f2

By using C = GRrxS¢ (1), Pp can be rewritten as follows:

Pp = P {ClgalIgs| + Doulgal?lgs* + Doclga Plgsl? + N, + Now + Nijy = P} (23)
=D {(CJFDU'a + Do) |8a|2|gh|2 + Npag, + Nw + Nl/f > Pth}

Py, — (NM,, + Nw + Nl/f> }

=1-P 2lgp* <
7’{|gﬂ| |gb’ — C+D0a+DUC
The channel model between the radar system and the human body is Nakagami-m, where m is
the fading severity parameter. We assume that |¢7| and |g7| are independent gamma random variables
with the severity fading factor m, and my; in the case m = 1, the Nakagami-m model becomes the
Rayleigh fading channel model. By applying the work from [20], the detection probability can be
given as

(24)

Pth—(NA(p,-l-Nw-l-NUf) Pth_<NA¢1+NW+N1/f)
Pp =2 K12
(C + Do, + DO’C) Halp (C + Do, + DUC) Halp

where ji; and ji;, are the mean values of |¢2| and |g2|, respectively. K1(.) is the first-order modified
Bessel function of the second kind, K1 (x) = [;~ e~ xcosh(t) cosh (t) dt [24].

When it comes to the normal case of the Nakagami-m channel model, the detection probability of
the sensor system can be calculated on the basis of the distribution of the products of two independent
variables |¢2| and |g?|. Associated with the probability theory in [25], Pp can be calculated as

Py~ (Nag, + Nw + Ny )

25
C+ Do, + Do, 25)

Pp=1- u21_”‘“_’”me1 +my—1,m —mp 2\]

where u = 27 (m;) "' (my) " and Dyo(x) = [y x*Ko(x)dx; T(.) and K (.) are the gamma function
and Bessel function, respectively. These functions can be found in [26] and calculated by available
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software such as Matlab or Wolfram. In the special case m,; = m, =1+ 1 (whereI =0, 1, 2, ..... ), Pp is
given as follows [25]:

2i4+1-j

Py — -2 (1)1 i 2 Pon — (NA‘PI + Nw + Nl/f) (26)
= 1! X
P ) ];) C+ Do, + Do,
Pth_<NA¢I+NW+Nl/f) .
Kiiq |2 21/ (i—j)!
J C+ Do, + Do,
4.2. False Alarm Probability
Similarly, the false alarm probability is given as
P =P {NM,S + Nage + Nag, +Nw +Nijg > Py, | HO} 27)
ry 18alisel = Do, + Do,

Under the Rayleigh fading channel model, the false alarm probability can be expressed as

(28)

Pth_<NA¢I+NW+N1/f) Py, — (NA¢,+NW+N1/f>
Pf =2 K112
(Dog + Do) papy (Dag + Doc) papip

Under the Nakagami-m channel model (m > 1/2), the false alarm probability can be given as

Py, — (NA(P, + Ny + Ny, f)

Pf =1- uZl_m“_meml +my—1,m —mp Z\I

29
Do, + Do, (29)
In the case m; =m, =141 (where1=0,1, 2, ..... ), Py can be calculated as follows [25]:
2i4+1-j
) i Py, — (Nag, + Nw + Nyy
Pp=272(i"y] 2¢ ( i f) (30)
= Do, + Do,
%_(MW+NW+MU) -
xKjy1 | 2 21/ (i—j)!
Do, + Do,

5. Simulation Result

In this section, the SNR and detection/false alarm probabilities are discussed in terms of
simulation and analysis. The values used for simulation and analysis are given in Table 1.
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Table 1. System parameters used for simulation.

Symbol Description Value
Pr Power of transmitter 0 dBm
Gr Transmitting antenna gain 5 dBi
Gr Receiving antenna gain 5 dBi

Grx Gain of the receiver 10 dB
or Radiated efficiency of receiving antenna 0.8
Ot Radiated efficiency of transmitting antenna 0.8
r Reflection coefficient of the human body 0.5
0, RCS of the human’s chest 500 mm?
NF Received noise figure 6 dB
Pryf(1) 1/ f power noise power at 1 Hz —130 dBm/Hz
T Absolute noise temperature 300
fu High frequency 5Hz
fr Low frequency 0.1Hz
SA(1) Phase noise at 1 Hz intercept 60 dB/Hz
Wieak Leakage between transmitting and receiving antennae —20dB
o Path loss 2

5.1. SNR and Detection/False Alarm Probabilities under Rayleigh Fading Channel

Firstly, a special case of the Nakagami-1 (Rayleigh fading channel) channel model has been
considered. This model implied that there was no LOS transmission between the human and the
radar system. The power of the receiving signal and different types of noise are shown in Figure 2.
The leakage noise was relatively high, around —90 dBm, while the AWGN and 1/ f noise were lower
than 120 dBm. The residual phase noise power of the received signal had less effect on the system
than the residual phase noise power of the clutter signal; both decreased with the distance increase.
It is noted from this simulation that with the transmitting power of 0 dBm, the receiving power was
greater than the power of each type of noise when the distance was less than 3 m. This figure gives an
important idea to enhance the system. The most dominant noise was leakage noise; this type of noise
is defined by the isolation level between the transmitting and receiving antennae. Therefore, this noise
could be minimized by hardware development and signal processing techniques.

T T T
—the receiving power at the output of the mixer

201 ——The residual phase noise power of the received signal +
-=-Residual phase noise power of clutter signal
a0k = -leakage noise power from the antennae

""" AWGN

——1/f noise

Power(dBm)

Distance (m)

Figure 2. Power of signal and noise of the system.

Besides the power of the signal and noise, the SNR is the most important feature of the radar
sensor system. The overall SNR of system is displayed in Figure 3. The first point to note is that the
SNR decreased whenever the distance between the human body to the radar system and the antennae
leakage increased. At the level of antennae leakage of —20 dB, the SNR reduced from around 30 dB at
a distance of 1 m to —20 dB at a distance of 7 m. When the leakage between the two antennae was at
—40 dB, the SNR at the same distance increased to 0 dB.
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80

60 -

= SNR when the antennae leakage -20 dB
° SNR when the antennae leakage -30 dB
=—SNR when the antennae leakage -40 dB

. . . . . . .
1 2 3 4 5 6 7 8
Distance (m)

Figure 3. Signal-to-noise ratio (SNR) versus the distance from the radar system to the human body.

Figure 4 displays the detection probability of the system at three different levels of the threshold
power of the receiver’s filter, —70, —80, and —90 dBm. The lowest threshold value gave the highest
detection probability. When the distance increased, the detection probability decreased. The threshold
power of the receiver’s filter defined the steepness of the detection probability line.

* P[) Simul (P‘h =-70 dBm) |
- .PD Analysis (Plh =-70 dBm)

* ) o PD Simul (Pﬂ\ =-80 dBm)
07 * %é ..... P, Analysis (P, =-80 dBm) |
06 1 % « Py, Simul (APm =-90 dBm) |
: \* @Q —Py Analysis (ch =-90 dBm)

<
=

Detection probability
&

5

Distance (m)

Figure 4. Detection probabilities of the system under different threshold levels of receiver filter.

To evaluate the accuracy of the vital-sign-detecting radar sensor, the false alarm should be taken
into account. Figure 5 shows that when the threshold power of the receiver’s filter was set at —70 dBm,
the false alarm probability was high at distances of less than 50 cm. This phenomenon was due to the
high level of phase noise when the radar was too close to the human body. When this threshold value
reduced to —90 dBm, the false alarm moved to the zero level. The simulation and analysis results
are presented in Figures 2—6. The performance of the system is discussed under the Rayleigh Fading
channel model. This model implied a NLOS link between the human body and the radar system.
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Figure 5. False alarm of the system under different threshold levels of receiver filter.

5.2. Detection/False Alarm Probabilities of the System under the Nakagami-2 Channel Model

When the quality of the channel increased, for example, when the fading factor m = 2,
in comparison with the Rayleigh fading link, the detection probability increased significantly. At a
distance of around 7 m, the detection probability was approximately 80% as shown in Figure 6.
The false alarm detection probability was relatively high at a close distance (less than 50 cm) because
of the high level of phase noise.

* PD (Simulation result)
—P, (Analysis result)
0.8+ x Pf (Simulation result) 1
A - .Pf (Analysis result)
i
206§
= \
N
o 1
e 0 4 1]
alal
1
1
¥
02p
1
1
*
oLk
0 5 10 15 20

Distance (m)

Figure 6. False alarm/detection probabilities of the system under Nakagami-2 channel model.

6. Measurement Results

This section presents the measurement results of detecting the respiratory rate of humans.
The SNR and the detection capability/probability were considered and compared to those of the
theoretical models. The measurement was a setup based on the N5244A PNA — X Microwave
Network Analyzer, 43.5 GHz. Two ports of this device were connected to two antennae, as shown in
Figure 7. Five people aged from 21 to 25 participated in this experiment. The objects (humans) were
required to sit in front of the antennae; one antenna played the role of the transmitting antenna, and the
other was the receiving antenna. The operating frequency of the system was set up in L band to obtain
higher penetration through different environments [27]. In this study, the frequency was chosen as
the optimal operating frequency (1.6 GHz) of the microstrip/path antenna. The antennae’s size was
10 cm x 10 cm with a gain of 5 dBi. For each distance (1, 2, 3, and 4 m), objects were measured over
5 min continuously in the normal electronic lab. The internal phase detector of the N5244A PNA — X
Microwave Network Analyzer was utilized to find the phase shift of the receiving signal. This signal
was then processed in Matlab to find the breathing rate. At the same time, the object’s breathing
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rate was measured by the wearable sensor Shimmer 3 ECG/EMG with five probe leads connected,
as shown in Figure 7; the output signals of the Shimmer 3 were sent to the computer by a Bluetooth
connection. The measurement results are shown in Table 2. The breathing rates at different distances
were close to the reference values. For the rescue detection purpose, the deviation around the beats per
minute was acceptable. Regarding the SNR values, at every distance, the measured results were close
to the simulation results. The difference was only around 1.5 dBm. The measurement result of the
SNR of the second object was the closest to the simulation outcome and the mean values of the five
cases. The detailed measured results of object 2 are presented in Figures 8-12.

Figure 7. Measurement setup to detect the breathing rate.

Table 2. Respiratory rates and signal-to-noise ratio (SNR) from five objects at different distances.

Breathing Rate SNR

Object 1m 2m 3m 4m
Ref Im 2m 3m 4m

Sim. Meas. Sim. Meas. Sim. Meas. Sim. Meas.

1 15 16 17 18 18 4373 4337 3367 2176 2712 135 2231 1577
2 16 17 15 18 16 4373 4313 33.67 33.03 2712 2732 2231 2177
3 16 18 18 19 17 4373 4011 33.67 4044 2712 3065 2231 27.08
4 17 18 16 17 13 4373 6625 3367 4319 2712 2455 2231 1955
5 16 18 16 17 16 4373 3409 33.67 4456 2712 2712 2231 18.65
xﬁi‘:s 16 174 164 178 16 43.73 4539 33.67 3659 27.12 24.62 2231 20.56

Figure 8 shows the reference signal and the measured signal at a distance of 4 m in the time
domain by the radar system. These signals were then processed by the fast Fourier transform (FFT) to
find the breathing rate. The signals in the frequency domain can be seen in Figure 9. The breathing
rate of the measured person was 16 beats per minute. The window size of the FFT was 30 s and moved
forward every second; the number of samples in each second was 256. The SNR and the detection
capability of the system were evaluated at each second after the first 30 s.
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Figure 8. Receiving signals in time domain.
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Figure 9. Receiving signals in frequency domain.

The SNR of the breathing signal was calculated by the mean value of the signal in the following
range: (center frequency — 4 beats) to (center frequency + 4 beats), over the mean value of the
remaining signal from 5 to 40 beats/min [28]. The breathing rate of the person was measured at
four positions (1, 2, 3, and 4 m). The SNR of the system at each distance was calculated by the mean
values of the SNR in each window. Figure 10 shows that the measured result was in line with the
theoretical analysis in the case of the Nakagami-2 model. In this situation, the fading parameter was 2,
corresponding the LOS connection between the radar system and the human body. Figure 11 presents

the detection capability of the system in the time domain.

T T
M Measurement result
——simulation result

0.5 1 1.5 2 2.5 3 3.5 4 4.5
Distance (m)

Figure 10. Signal-to-noise ratio (SNR) of the system.
In Figure 11, the detection capabilities of the system at four distances are presented. When the

detection capability equalled 1, the radar system could detect the breathing rate of a human. As can
be seen in Figure 11, at most time points, the measured result matched with the simulation outcome.
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However, when the object was closer to the radar system, the detection capability was higher and the
false detection in the measured result was distributed over a period of time. For example, at a distance
of 3 m, the false detections occurred at around the 100th and 150th seconds, while the simulation
showed that the false detection occurred randomly at different time points. This phenomenon could be
explained by, for some duration in the laboratory environment, the noise level increasing significantly
and negatively affecting the radar system; the simulation result, however, followed the statistical
distribution—the errors occurred randomly at different time points.

Detection capability of the system in time domain

g 1 :
‘—'0.5}> ° meas resu]tﬂ{
® 0 ) ) ) ) »sil result
50 100 150 200 250 300
second
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Figure 11. Detection capability of the system in time domain.

The detection probability of the system is shown in Figure 12. At distances of 2 and 3 m,
the measurement results were close to those of the theoretical model, while at a distance of 1 m,
the detection probability was higher than that of the simulation result; the opposite result at a distance
of 4 m was found. These differences may have appeared because the measuring time was not long
enough. However, the theoretical detection probability model is a good reference to evaluate the
performance of the radar sensor system in the long term.

Iy [CIMeasurement result
Il Simulation result

o I
o 3

Detection probability
(=]
=

02r

0
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Distance (m)

Figure 12. Detection probability of the system at different distances.

7. Conclusions

In this paper, the SNR and the detection probability of the vital-sign-detecting radar sensor system
have been considered and simulated. The measured result of the SNR was close to the theoretical
calculation. This theoretical model is a basis for hardware development. The designer could optimize
their design by choosing different parameters, such as leakage noise, phase noise, and so on, to obtain
a high value of the SNR. In addition, on the basis of different types of noise, the detection probability
has also been investigated in terms of simulation and analysis. The simulation followed the analytical
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models. When the system operated at close distances, the phase noise was relatively high and caused
a false alarm problem. The threshold power of the receiver’s filter affected the alarm/detection
probabilities. This value should be enhanced to improve the detection probability and reduce the
false alarm probability. Moreover, the isolation between the transmitting and receiving antennae is an
important factor to boost the SNR and detection probability of the system.
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