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ABSTRACT A bidirectional leaky wave antenna (LWA) with beam scanning capabilities was developed
based on the dielectric image line for single-tone continuous-wave Doppler radar (DR) for remote vital sign
monitoring (RVSM) in a dynamic environment. It consists of a conductor-backed copper dielectric image
line with two of the same dielectric layers mounted on top of each other for performance improvement. A
RO6010 substrate with high permeability is used for the top two layers. The bottom layer is a RT/duroid
5880 low permittivity substrate stacked on top of the copper DIL to prevent higher order modes from being
excited in the DIL channel. The dominant mode of the DIL is perturbed by making holes periodically
in the DIL, and fast-wave space harmonics are generated. The scanning range of the proposed antenna
through the broadside is 70.19°(—42.49° to 27.7°) with an impedance bandwidth of 15 GHz (50-65 GHz),
an optimum gain in the fast wave area ranging from 15.5dBi to 19.79dBi and an efficiency of 83.8%
at 57.5 GHz. Detailed RVSM tests have been performed with the proposed antenna system. It is shown
that by adjusting the operating frequency from 50 GHz to 65 GHz, multiple targets’ breathing rates (BR)
and heart rates (HR) can be detected within 70° of the angular range.

INDEX TERMS Dielectric image line (DIL), doppler radar sensors, frequency scanning, leaky wave

antenna, remote vital sign monitoring.

I. INTRODUCTION

HE USE of Doppler radar (DR) to remotely monitor

vital signs such as respiratory rate and heart rate is
a more convenient means of monitoring a person’s vital
signs than traditional invasive or contact-based vital sign
monitoring systems. The amplitude and frequency of chest
vibrations triggered by breathing and heartbeat are detected
by a Doppler radar-based health monitoring sensor [1].
Because the amplitude of chest vibrations caused by heart-
beat is so small (0.2 mm), accurate detection of respiration
and heart rate is impossible with the DR, which oper-
ates in common lower microwave frequency ranges such
as 2.4 GHz, 5.7 GHz, and 10 GHz [2], [3], [4], [5], [6].
Therefore, millimetre wave frequencies (50 GHz-65 GHz)
are recommended to improve the performance of heart and
respiratory rate detection because the shorter wavelength

provides higher sensitivity [7]. Remote vital signs monitoring
(RVSM) has been proposed for use in a number of domains,
including routine healthcare diagnostics, emergency services,
security, and military applications [1], [2], [3], [4], [5],
[6], [8], [9], [10], [11]. However, before RVSM data can
be used in practise, its accuracy and consistency must be
adequately addressed, especially when a patient is sub-
ject to random motion [7]. To meet the criteria of these
systems, planar antennas must be broadband, high-gain, low-
profile, lightweight, and simple to incorporate into other
technologies [12].

Leaky-wave antennas (LWAs) are interesting candidates
for frequency-scanning radio systems due to their simple
feed structure, high gain, and broadband performance [13].
A feature of the LWA is its ability to perform a back-
to-back frequency sweep. According to [14], a dual-band
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FIGURE 1. Application scenario of the bidirectional RVSM for monitoring target
through broadside.

LWA performance at 60 GHz is achieved by a dielectric
supercell grating (two different grating layers with different
dimensions). The dual beam is generated by two spatial har-
monics with n = —1 and n = —2 and radiates in opposite
directions. In [15], a LWA for the W-band is fabricated using
rectangular dielectric gratings on both sides of a dielectric
image line (DIL) on a single substrate.

The advantages of DIL-based antennas include frequency
scanning, low-loss performance, easy mounting and integra-
tion with other technologies. In [16], an antenna array fed
through a hole in the ground plane is presented as DIL,
while in [17], [18] a LWA based on an internal dielectric
waveguide is proposed to operate in the frequency range
of 50-85 GHz. DIL antennas are also available at the sub-
THz frequency spectrum [19]. Since a DIL is a semi-open
structure, power losses occur and the radiation can be con-
trolled to meet the requirements of specific applications [18].
LWAs with dielectric gratings usually do not radiate in the
exact direction of the broadside frequency because internal
resonance prevents radiation there, which is called the open-
stopband (OSB) phenomenon [20], [21]. These LWAs also
suffer from the complexity of their fabrication due to the
different types of dielectric grids [22], [23]. As far as
the authors are aware, there is relatively little work on
radiation-controlled antenna designs at mm-wave frequencies
for health monitoring applications based on DIL, probably
due to the operating frequency limit of commercially avail-
able electronic components. Recently, a preliminary work on
frequency scanning aspects of leaky wave antennas (LWA)
based on DIL was published [24].

In this paper, we propose a high-gain LWA based on
DIL with a wideband frequency scan from 50 GHz to
65 GHz, no dielectric grating, no open-stopband, and can
be fabricated at low cost. The required antenna radiation
performance is calculated for RVSM through broadside in
a typical case where the target is sitting down on a chair
and is expected to change positions left, right, and centre as
shown in Fig. 1. In the proposed antenna, a periodic array
of small metallic square patches (0.6 mm x 0.57 mm x
1 mm) is employed between the dielectric layers, resulting
in a high-efficiency radiator with a broadside OSB miti-
gation property. The proposed antenna is lightweight and
does not require complex prototyping compared to other
LWAs in the literature. The proposed antenna has adequate
half-power beamwidth (HPBW) and beam scanning range of
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70.1°(—42.4° to +27.7°) for noncontact vital sign detection
for two or more targets at a distance up to 1.5 m with a
varying gain from 15.7 dBi to 19.79 dBi in the E-plane.
In our design, 42 cylindrical holes each with a diameter of
1 mm were used to achieve broadside radiation at about
57.5 GHz at reasonable radiation quality and to stay within
the limits of available fabrication equipment. To the best of
our knowledge, this is the first non-contact vital sign radar
sensor to use dielectric image line leaky wave antennas.

This paper is organized as follows: Section II describes
the full leaky wave antenna design, Section III presents the
antenna measurement results and discussions, Section IV
deals with health monitoring measurements and finally,
Section V concludes the work.

Il. LEAKY WAVE ANTENNA DESIGN

We first demonstrate the unit cell analysis and design
methodology, according to the theory of leaky waves. Next,
we present details of the finite size leaky-wave antenna, as
well as its feeding network.

A. DIL UNIT CELL ANALYSIS AND DESIGN
The proposed unit cell of the DIL antenna is presented
in Figure 2(a). It is characterized by a number of design
parameters, where 2a represents the DIL’s width, b rep-
resents the substrate thickness, p represents the pertur-
bation period, and d represents the hole’s diameter on
Rogers RT/duroid6010LM (tm) substrate (e, = 10.7,tané =
0.0023). The substrate is chosen with a reasonably high
dielectric constant, so that it allows the fields to the DIL to
remain intact and it reduces radiation leakage via the DIL.
Having decided on the substrate, we need to decide on
the thickness and width of the DIL. Since not all substrate
thicknesses are commercially available, we first selected the
appropriate DIL thickness and then, to keep the field con-
finement and whether the DIL operates in single-mode or
multimode, can be determined by «/1y where g is the free
space wavelength at the design frequency, which determines
field confinement and whether the DIL is single-mode or multi-
mode. Single-mode operation and excellent field confinement
are computed for unity aspect ratio (b = a) as [25]:

o 0.32
e (1)
AQ € — 1

The estimated value of a is 0.54 mm, equal to the calculated
value of b using the unit aspect ratio and eq. (1) at the centre
frequency of V-band (57.5 GHz). The nearest commercially
available thickness of 0.62 mm is taken in our design and the
width (2a = 1.08 mm) is selected accordingly. The optimized
dimensions of the unit cell can be viewed in Table 1.

The unit cell can now be analyzed using leaky-wave the-
ory, which provides useful guidelines for high gain and
broadband antenna performance. It simplifies the analysis of
large arrays by assuming that the array is infinite, that the
patterns of the individual elements are similar, and that the
array is uniformly excited in amplitude but not necessarily
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FIGURE 2. Schematic of (a) DIL antenna, (b) unit cell, (c) feeding network, (d) full proposed antenna.

TABLE 1. Dimensions of the proposed antenna of Fig. 2.

Parameter | Value [mm] | Parameter | Value [mm]
v 10.9 2a 1.6
4.8 b 0.6
h 0.9 p 2.7
hy 6.3 d 1
hg 5.13 w 0.6
y 4.03 ti 0.9
2 g 0.09
Lg 61.2 0.18
wg 7.1

in phase. This creates a clear design guideline and simplifies
the superposition equation of Bloch-Floquet theory, which
states that periodic structures can support an infinite number
of spatial harmonics as [13]:

Bn = Bo + 27n/p ()

where Sy and B, are the propagation constants for the funda-
mental and n-th order space harmonics, respectively, p is the
period and 7 is an integer. In general, the fundamental space
harmonic is a slow wave, but the n = —1 space harmonic
is fast and radiates in free space.

It is well-known that fast waves are necessary for the gen-
eration of leaky waves. In the present structure, fast spatial
harmonics are formed by periodic perturbations of cylindrical
holes along the axial line of the fundamental structure. The
radiation direction of the fundamental beam in the periodic

LWA for n = —1 space harmonic is calculated as follows:
2
e i 3)
ko ko X p

where 6 is the angle measured from the z-axis (Fig. 2) and
ko is the free-space wavenumber.

Using eq. (3), we can make an initial estimate of the
period p for a given main beam direction and frequency.
We aim for broadside (¢ = 0) radiation of the main
beam at 57.5 GHz. A full-wave dispersion analysis of
the unit cell under consideration is provided. The study

VOLUME 3, 2022

was performed using a robust tool first presented in [26],
which has been successfully applied to numerous leaky wave
antennas [27], [28].

For the full-wave simulation of the unit cell of Fig. 2(c)
with CST Microwave Studio, the computational domain is
defined as follows: periodic boundaries along x and y axes,
PEC at —z axis, and open space at +z axis. Since the prop-
agation of the leakage mode occurs along +y axis, a phase
shift £ is introduced from the negative to the positive bound-
aries. The unit cell is excited with a very small dipole source
within its domain. For the calculation of the phase constant
B, the maximum of the electric field component E, at reso-
nant frequencies f, is then followed, which depends on the
phase shift &, according to:

B=ko(f)p “)

The phase shift £ is scanned from 0° to 180°. A setup of
two-unit cells is used to calculate the attenuation constant.
The maxima of the E-field components at two measurement
points are separated by one period p. The exponential decay
of the electric fields between these two sampling points is
a measure of the attenuation constant o of the leaky mode:

o= —1 In ﬂ ®))
r Eo

where Ej is the electric field (in V/m) at the source-fed unit
cell and E is the E-field at the next unit cell at a distance p.
The aforementioned method is applied for the unit cell of
dimensions as shown in Fig. 2(c) and Table 1. The wavenum-
ber of the leaky mode is presented in Fig. 3. For an infinitely
long unidirectionally fed DIL antenna, broadside radiation is
expected around 57.5 GHz (where 8 = 0). The main beam
scans from the rear quadrant (below 57.5 GHz) to the front
quadrant (after 57.5 GHz). At 57.5 GHz, where 8 = 0,
it is « > 0, suggesting elimination of the open-stopband.
A small variation in the calculated parameters, such as the
frequency of close-to-broadside radiation, is to be expected
since the finite-size model will not reach infinity. Recall that
for 90% power transmission, the antenna length L should be

0.181p/a [13].
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FIGURE 3. cCalculated wavenumber of the leaky mode of the DIL unit cell.

B. FEEDING NETWORK

The proposed feeding network for the finite size DIL is
shown in Fig. 2(b), which is a planar substrate truncated
microstrip line-to-DIL, with two extra metal strips that is
substrate-truncated. Based on generalised empirical equa-
tions presented in [23] for the chosen substrate and frequency
band, the length of the tapered microstrip line (/) and metal
strip width (s) with inter-element gap (g) were optimized.
The optimized dimensions are available in Table 1.

C. FULL PROPOSED ANTENNA

The full-proposed leaky-wave antenna can be viewed in
Fig. 2(a). The finite size DIL consists of 3 x 17 unit cells in
x and y axes accordingly. The overall size of this antenna is
Lexwg=612x7.1 mm?, so that acceptable radiation qual-
ity is achieved while staying within the limits imposed by
available fabrication capabilities. To further boost the gain
and efficiency of the proposed antenna, two dielectric plates
of Taconic TLY-5 (lossy) substrate with the same thickness
t = 0.508 mm were placed above the DIL at a spaced height
(h1 = 6.34 mm and hy = 0.62 mm) between the ground plane
and the first and second dielectric plates, respectively.

lll. SIMULATION RESULTS

Figure 4 shows the simulated S;; parameters of the proposed
antenna with small optimization of the different hole sizes
d. The S1; parameters are below —10 dB from 50 GHz to
68 GHz. The variation of the realized gain with different
hole diameters d is shown in Fig. 5. The maximum gain of
the simulated finite-size antenna is stable between 58 and
62 GHz at 19.9 dBi. It can be seen that a constant gain
is achieved at 58 GHz to 63 GHz, where open-stopband
is suppressed. It is evident that the selection of the hole
diameter d = 1 mm is the optimum, as it leads to higher
realized gain.

The proposed antenna can radiate a fan beam with con-
tinuous beam scanning in the yz plane. The main beam
is directed to the broadside 57.5 GHz, which corresponds
to the unit cell dispersion curve shown in Figure 3. In
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FIGURE 5. Realized gain variation of the full proposed antenna with respect to d.
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FIGURE 6. Simulated radiation efficiency of the proposed antenna.

Fig. 6 the radiation efficiency of the antenna is depicted,
which remains over 80% within all the frequency range of
interest. At the 57.5 GHz, where radiation at broadside is
achieved, this value is 83.8%. The simulated results of the
antenna are close to the expected values, as shown in the last
paragraph.

The simulated 2D and 3D radiation patterns in the E-plane
are shown in Fig. 7. The simulated range of the main beam
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(b)

FIGURE 7. E-plane of (a) 2-D radiation pattern at several frequencies and (b) 3-D
radiation pattern of the proposed antenna at 57.5 GHz.

scanning is 70.19° (—42.49° to 27.7°) with only 3 dB scanning
loss, which is consistent with the dispersion analysis of the
previous Section. The sidelobe level remains below —10 dB
in all cases. It should be noted that the backward and forward
scanning of the beam is not symmetrical. The forward scan
range can be improved by maintaining the position of the
backward beam if the impedance matching can be improved
up to 68 GHz (range of fast single beam waves).

IV. MEASURED ANTENNA RESULTS AND DISCUSSION
The antenna structure, including the coaxial feed, is housed
in a low-loss polytetrafluoroethylene (PTFE) enclosure that
allows practical mounting and measurement of the antenna.
In addition, a tiny piece of the PTFE plastic was used as
a spacer to keep the boards parallel and at the required
height above the ground plane and not interfere with the
antenna’s radiation. A photo of the antenna prototype with
and without additional dielectric layers is shown in Fig. 8.
It should be noted here that the proposed antenna with an
additional dielectric plate was used for the RVSM because
of its high gain and beam scanning performance.

The resonance distance of the first and second dielectric
layers from the ground plane was established with spacers of
5.13 mm and 0.9 mm, respectively. The tolerance in the dis-
tances was § 0.05 mm due to the tolerance of the spacers and
the material used for the housing of the antenna. A 1.85 mm

VOLUME 3, 2022

FIGURE 8. Photo of dielectric image line LWA with and without extra plain dielectric
layers.

ant. A ant.B

FIGURE 9. Manufactured LWA prototype for RVSM where ant. A is for transmitting
and ant. B for receiving.

I Simulated

! + Meas.(ant.A)
: + Meas.(ant.B)
|

e et S R
1 B RO S A . T R D
50 52 54 56 58 60 62 64 66
Frequency(GHz)
FIGURE 10. Measured and si d Sy1-par s.

flanged launcher with a GB185 glass bead is used for the
connection to the outside world. A common, low-cost PCB
fabrication technique was used to produce the antenna lay-
ers. Fig. 9 shows two copies of the LWA prototype built for
RVSM (antenna A and antenna B). Fig. 10 shows a very high
agreement between the calculated and measured S1; response
of the proposed DIL LWA, while Fig. 11(a) demonstrates a
comparison of the modelled and measured far-field radiation
pattern (FRP) of the E-plane with an excellent radiation pat-
tern result. In detail, the levels of co-polar and cross-polar
can be seen for E- and H- plane at the frequency of broadside
(57.5 GHz). The cross-polar level remains satisfactory at both
planes, with excellent agreement between simulations and
measurements. Similar cross-polar level can be expected for
other frequencies. Table 2 summarises the results of the two
antennas for the RVSM application. Figure 12 also shows
significant agreement between the simulated and measured
gain response.

Table 3 shows the proposed LWA compared to similar
published studies. The proposed antenna has a short length,
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FIGURE 11. (a) Measured and simulated FRPs in E-plane of the proposed antenna at (i) 50 GHz, (ii) 54 GHz, (iii) 57.5 GHz, (iv) 63 GHz, and (v) 65 GHz. (b) Measured and

simulated copolar and crosspolar at E- and H-planes at 57.5 GHz.

TABLE 2. Measured antennas’ performances.

Ant. A Ant. B Simulated
BW 50 - 64 GHz | 50 - 66 GHz | 50 - 67 GHz
(S11< —10dB)
Max. Gain 19.7 19.8 18.5
(dBi) @63 GHz @ 63 GHz @ 57.5 GHz
Scanning Range -42° to —43° to —47° to
(50 - 65 GHz) +27¢ +26.3° +23¢
HPBW Variation 129 - 5° 140 - 7° 99 - 6°

! ! ! ! ! ! jme Simulated
=20 1o de o baoaoad B i
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FIGURE 12. Measured and simulated realized gain of the proposed antenna.

relatively high gain, and provides a wider beam scanning radi-
ating from back to front. Compared to other similar antennas
in the literature, our proposed design exhibited a suitable con-
figuration that operates as a LWA with superior characteristics
at millimetre-wave frequencies. Although most antennas in
the literature can scan to the broadside, compared to all other
antennas with some degree of complexity in the literature,
our proposed antenna has a wider scanning range with lower
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fabrication cost. For example, there were slight differences
between the simulated and observed results in [14] and [15]
due to the inherent air gap between the ground plane and
the dielectric layer during fabrication, so the radiation on the
broadside was not considered.

V. MEASUREMENTS OF REMOTE VITAL SIGNALS WITH
DOPPLER RADAR RESULTS AND DISCUSSION
Figure 13 illustrates the steps involved in remote vital sign
monitoring (RVSM) when Doppler radar technology is used
to detect vital signs. A continuous EM tone at a single
frequency is transmitted via a transmitting antenna (Tx).
The wave is reflected at a distance m from the subject’s
chest and picked up by a receiver antenna (Rx). The quasi-
periodic vibration of the chest caused by breathing and
heartbeat is phase modulated by the received signal. The
phase modulated signal is demodulated at the receiver (Rx)
and correlated with the transmitted signal, and the resulting
data is stored for a period of time. To extract the person’s
breathing and heartbeat, the raw data is processed in the time
domain using various signal processing techniques such as
digital filtering and Fourier transform.

According to the Doppler radar theory, for a transmitted
signal S(r) = cos2rft + ¢(t)), where f and ¢(¢) are the
frequency and phase of the transmitted wave, respectively,

VOLUME 3, 2022



IEEE Open Journal of

Antennas and Propagation

TABLE 3. Comparison of the proposed LWA with recently reported DIL LWAs.

[14] [15] [16] [17] [18] This work
Freq.(GHz) 57-63 97-103 8-12 50-85 9-14 50-66
Number of beams Dual Single Single Single Single Single
n=-1,n=-2) (n=-1) (n=-1) (n=-1) (n=-1) (n=-1)
Radiation at 6 = 0° No No Yes Yes Yes Yes
Scanning range —30° to —20° —20° to —2° —35° to +35° —9° to +40° —40° to +35° —42.29° to 4-27.7°
Gain (dBi) 23 18 10.5 to 12.5 9.1 to 14.2 8to 13 15 to 19
BW% 10 6 40 58 41.6 25.6
Length of antenna 58X @ 60 GHz 5X0 @ 100 GHz NA 8\o @ 60 GHz | 6\p @ 12 GHz 11)\p @ 57.5 GHz
1 1 1 4 N\ { N\
the received baseband signal R(f) may be approximated S—— R ——
as [29]: Signal Sz Phase Pass filter(to pass stop filter
4 xp(t 4 xp(t collected by VNA BRand HR to suppress noise
R() = costo(t) + 220 ) © N / S——
A A 4 N
where 6; is the total phase shift due to the signal path (d), Extraction of Popyier Hnal plot D“’:ml"’"
. . . . Breathing and in qurier
reflections from the subject and surroundings and residual - Mgy Tt e
v

phase noise, A, xp(f) and x;(¢) are the operating wavelength,
and chest vibration signals due to respiration and heartbeat,
respectively. Due to the periodic nature of the xp(f) and
xp(¢) they may be approximated as: xp(f) = mpsin(2m fpt)
and x;,(t) = mysin(2w fyt), where myp and my, are the dis-
placement amplitudes of the chest motion due to respiration
and heartbeat, respectively, f and f, are the frequencies
of BR and HR, respectively. This way, the expansion of
equation (6) in the Fourier series leads to [30]:

00 o) 4 4
RO= Y 3 I x @)
i=—00 j=—00
cos(2rfpt + 2mfpt + 0)

where J,(X) Bessel function of the first kind with argument
X. Taking the first positive harmonics of both f; and fj, into
account the above equation can be written as:

4my, 4 my,
R(@) = Jil . 1ol . lcosrfpt + 0) (8)
4 my 4rmy,
+Jol . Wil . lcosQufut + 6)
where 11[4”%]]0[4”%] and JO[M%]A[—MAW] are the

amplitudes of the phase variations in R(#) due to respira-
tion and heartbeat, respectively. Equation (9) contains the
essential information related to the applicability of mm-wave
frequencies for RVSM. Based on equation (9), we analyse
and visualise the main factors involved in the RVSM steps
and experimental setup (see Fig. 14(a)).

An extensive series of measurements were performed to
verify the efficiency of the prepared scanning antennas and to
determine the vitality of the antennas from a fixed location.
The VNA is calibrated at 0 dBm for transmission (Tx) and
reception (Rx) of electromagnetic (EM) waves in the range
of 50-66 GHz for the gain of 201 points.

As can be seen in Fig. 14(b), the subject sits in front of the
antennas at various radial distances or angular positions. For
60 seconds (the collection time, equal to the duration of each
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(b)

FIGURE 14. (a) RVSM digital signal processing steps. (b) Experiment setup.
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FIGURE 15. Measured RVSM results from 0.5 m distance at 50 GHz (LWA main beam
at —43° with 6° HPBW).

data set), a continuous wave (CW) time sweep is performed
with a single tone. During the sweep, the Tx antenna in port
1 of the VNA transmits and the Rx antenna on port 2 of
the VNA receives the EM signal. For 60 seconds, the VNA
records the phase demodulated signal as an S-parameter, i.e.,
S>1 phase. Then, the recorded S»; phase data are acquired
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TABLE 4. Measured BR and HR at different distances and angular positions.

50 GHz | 53 GHz | 57.5 GHz | 63 GHz | 65 GHz | Manual Counter BR Max.- Min.

(—43°) (—=27°) (0°) (+13°) (+27°) Contact Device HR Error

BR-HR BR-HR BR-HR BR-HR BR-HR

. . . . . BR HR BR-HR
(1/min) (1/min) (1/min) (1/min) (1/min) . . .
(1/min) (1/min) (1/min)
@0.5m | @0.7m @] m @l5m | @0.6 m
19-20 78-81
19-79 20-78 20-80 20-79 19-74 4.8% - 1.9%
(avg.20) | (avg. 79)
Recorded Doppler Signal Processed Doppler Signal Recorded Doppler Signal Processed Doppler Signal
200 (Chest Vibrations) in TD - (Detected BR/ HR) in FD - (Chest Vibrations) in TD (Detected BR/ HR) in FD o
<0 Position 200 20 Position
g {;?15 BR -25°(54 GHz) § §15 +13° (63GHz)
< 3 g 3 BR
§100 %10— R 5100 §1° 1
- - " -3 -3
& S5 ﬂ § ﬁ 5/ HR
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FIGURE 16. Measured RVSM results from 0.7 m distance at 54 GHz (LWA main beam
at —25° with 8° HPBW).
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FIGURE 17. Measured RVSM results from 1 m distance at t 57.5 GHz (LWA main
beam at 0° with 11° HPBW.

by a laptop and analyzed by a signal processing application
in MATLAB to extract the values for necessary respiration
(BR) and heart rate (HR). The signal processing software
mainly consists of discrete fast Fourier transform (DFFT) to
convert the time domain signal (TD) to the frequency domain
(FD), bandpass filters to pass the frequencies BR and HR,
and bandstop filters (tenth-order Butterworth digital filters)
for noise reduction, data readout, and display. Because we
are only interested in the average BR and HR (1/min) results
in FD (not BR and HR waveforms in time) to justify the
possibility of RVSM detection in the context of the proposed
antenna beam steering, no electrocardiogram (ECG) is used
for waveform comparison in the presented beam scanning
DR. Previous studies have used ECG and fingertip pulse
oximeter sensors to demonstrate specific waveform detection
accuracy, time domain (TD), BR, and HR with DR [31].
The digital signal processing techniques used here (DSP)
were used for noise reduction and the extraction of respira-
tion and heart rate from the signals obtained with the VNA.
The first step was to separate the heart and respiratory sig-
nals. To accomplish this, the signal obtained from the VNA
was first passed through the cutoff frequencies of a 10th
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FIGURE 18. Measured RVSM results from 1.5 m distance at 63 GHz (LWA main beam
at 13° with 8° HPBW).
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FIGURE 19. Measured RVSM results from 0.7 m distance at 65 GHz (LWA main beam
at 27° with 5° HPBW).

order Butterworth bandpass filter based on the expected BR
(1/min) of 10 GHz—41 GHz, and it was passed through an 8th
order Butterworth bandstop filter for the expected minimum
heart rate/min of 61 to the maximum cutoff heart rate of
98. The order of the filters was chosen considering the most
accurate results from the analysis of the collected data [32].
After filtering, the heart rate and respiration rate were calcu-
lated over a time window of a few seconds using a discrete
fast Fourier transform (DFFT), which then determined the
BR and HR. Cutoff values were chosen based on the average
maximum and minimum heart rate and respiratory rate.
For experimental demonstration of the designed vital sign
radar system, the transmit and receive ports of the radar
system measurement setup shown in Figure 14 are con-
nected to the scan antennas shown in Figure 9. Since the
broadside direction of the antenna is specified as 0°, the
human targets remain stationary and are located in front
of the Tx/Rx antennas at distances of 0.5 m, 0.7 m, 1 m,
1.5 m, and 0.6 m, corresponding to five different angular
positions: —43°, —25°,0°, +13° and +27°. The S phase
data (demodulated Doppler signal in TD) are acquired at
50 GHz, 54 GHz, 57.5 GHz, 63 GHz and 65 GHz for each
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FIGURE 20. validation of the measured heart rate results compared with the traditional method.

angular point respectively. Consequently, we obtain five sets
of S>1 phase data for 50 GHz, 54 GHz, 57.5 GHz, 63 GHz
and 65 GHz at the desired five angular points, as shown in
Figures 15-19. The depicted phase in these Figures is the
direct phase, which is the same with the raw data.

The left column (LHS) of each image shows the recorded
Doppler signal in TD, while the right column (RHS) shows
the matching processed signal in FD. The first peak at a
frequency of about 20 (1/min) represents the expected ampli-
tude of the BR signal, while the second peak at a frequency
of about 80 (1/min) represents the expected amplitude of
the HR signal. Both the measured BR and HR signals had
sufficiently larger amplitudes than the resulting noise levels
for the subject locations at low angles. These results are con-
sistent with expectations; at 57.5 GHz, the antenna radiation
beam is centered at about 0° with more than 12° HPBW
[see Fig. 11(a)(iii) and Table 2]. Figs. 15-19 show that the
recorded Doppler signal with the largest amplitude compared
to the surrounding noise levels is recorded for measurements
with higher angles for high-frequency signals. This is espe-
cially true for the tiny HR peak, which is more susceptible
to noise trapping.

Table 4 shows all the measurements for BR and HR of
a single target at different angular locations and distances.
To validate the proposed design concept, a traditional blood
pressure machine, demonstrated in Fig. 20, has been used
to take the heart rate of the same subject and an average of
the results agrees with the non-contact radar approach.

It can be inferred that the RVSM detection response of the
proposed antenna has the potential to track both single and
multiple targets’ vital signs over an angular range of —43°
to 27° up to 1.5 m, which corresponds to an angular range
of 70° (see Fig. 1 when scanning the operating frequency
of 50 GHz to 65 GHz). Since the antenna gain and transmit
power are sufficient, there is a possibility to use this antenna
for RVSM with a range of more than 2 m. A small error
for BR and HR was found due to the inaccuracy of the
calibration of the VNA and the wear of the cables.
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VI. CONCLUSION

A bidirectional LWA with high gain, high efficiency, and
frequency scanning is preferable to a static antenna design for
RVSM with one or more targets in situations where the object
is moving at different angles. The antenna is fabricated using
common, low-cost PCB fabrication techniques and operates
in the mm-waveband to take advantage of open-band licens-
ing and minimal noise. Two copies of the proposed antenna
were fabricated, described, and tested. The measured and
simulated results agree well, and the antennas have been
successfully used to detect respiration and heartbeat at radial
distances between 0.5 and 1.5 metres and at angular posi-
tions between —43° and +27° to the subject’s body. In
addition, the design method could be particularly useful for
producing low-cost, high-gain, longer-range antennas at even
higher mm-wave frequencies.
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