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Abstract: Cardiopulmonary activity measured through contactless means is a hot topic within the
research community. The Doppler radar is an approach often used to acquire vital signs in real
time and to further estimate their rates, in a remote way and without requiring direct contact with
subjects. Many solutions have been proposed in the literature, using different transceivers and
operation modes. Nonetheless, all different strategies have a common goal: enhance the system
efficiency, reduce the manufacturing cost, and minimize the overall size of the system. Antennas are
a key component for these systems since they can influence the radar robustness directly. Therefore,
antennas must be designed with care, facing several trade-offs to meet all the system requirements.
In this sense, it is necessary to define the proper guidelines that need to be followed in the antenna
design. In this manuscript, an extensive review on different antenna designs for non-contact vital
signals measurements is presented. It is intended to point out and quantify which parameters are
crucial for the optimal radar operation, for non-contact vital signs” acquisition.

Keywords: antennas; radar; vital-signs; CW; UWB

1. Introduction

The ability to measure physiological signals accurately has several applications in different areas,
from health care to the full medicine procedures. Here, the main vital signals include breathing and
heart rate. By combining this concept with the consumer demand for flexible and wireless sensors, it is
possible to have a positive impact on society and open a new door in the health care industry.

Until now, the conventional measuring equipments are directly in contact with the subject,
which requires some wires” usage. For this reason, the research in this area is focused on the
development of solutions with a high degree of freedom, robustness, and obviously maintaining
the same accuracy. One possible solution is to use wearable sensors in contact with the subject body;,
although this solution is more evasive and not comfortable. In this sense, the concept of bio-radar has
emerged. The bio-radar uses the Doppler radar principle to evaluate the breathing and heart rate of a
subject in a convenient contactless way. It uses an antenna for transmission (TX), which focuses the
energy towards the subject chest-wall, and another antenna for reception (RX), to acquire its reflection.
This approach stands out as being more advantageous when compared to the traditional devices using
contact sensors on the human body, since the subject can be remotely monitored.
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The antenna design plays a crucial role in the performance of bio-radar system, in order to obtain
the best signal quality and to maintain a signal-to-noise ratio (SNR) at a superior level. Several types
of antenna have been used in literature, covering a wide range of frequencies, polarization modes,
and half-power beamwidths (HPBW), according to the application at hand. However, most of the
papers related to non-contact vital signal (NCVS) measurement using radar-based systems, do not
have the antenna information clearly detailed. Mostly, they focus on the global system performance,
the main challenges that had to be overcome and new algorithms to extract the vital signs successfully.
The majority of papers do not mention the design of the antennas and its importance in the global
behavior of the system. Even though, articles that refer to antennas are focused on specific aspects that
can enhance the main goal of those works.

Antennas can be designed as single elements or in array configuration, using conventional or
alternative materials, depending on the final application. Moreover, in the industry framework,
selection of the proper parameters should be done with care, aiming to search for portable solutions
(decrease the system size) and using low cost materials that are also able to keep the optimal antenna
performance. Therefore, there is a need to review the antenna side, in order to seek which are the best
antenna characteristics to properly apply in radar systems for vital signs” acquisition.

In [1], a preliminary investigation on the best antenna features for bio-radar applications was
made. This paper was the only review work related with the antennas impact that we have found
so far, and the authors also mentioned the lack of reviewing on this matter and in which way
this is important. Their study encompasses different antenna designs, which have features for
different applications. The authors conclude that increasing frequency has many advantageous
aspects, since shorter wavelength helps on decreasing the antennas size, and are more sensitive to low
amplitude motions (for example, it could improve on the cardiac signal detection). They have also
presented a comparative table that shows a higher gain for these designs.

In our work, it is intended to review the state-of-the-art on antennas for NCVS monitoring,
namely for respiratory and cardiac signals. Different frequencies and radar operation modes will be
explored, as well as the different designs, and several implementation examples are also presented and
discussed. By gathering this information, it is intended to determine which are the antenna features
that are more suitable for NCVS acquisition, such as directivity, gain, or polarization. Moreover, it is
also intended to present a panoply of low cost substrates and efficient antennas integration that can
contribute to system portability and low-profile. It is important to note that different applications and
environments require different characteristics, but the goal of this manuscript is to define common
guidelines that are required to be maintained for any optimal system performance.

This manuscript is divided as the following: first of all, bio-radar theory is briefly presented
in Section 2. In this section, different radar operation modes are also introduced. Then, Section 3
presents some antenna examples developed mainly for Continuous Wave (CW) radar. This section is
sub-divided according to the different goals of the authors. Similarly, Section 4 presents more antenna
solutions but focused on Ultra-Wideband (UWB) radars. Section 5 presents a briefly summary and
discussion about the characteristics of the antennas developed for bio-radar applications. Moreover,
a group of trade-off decisions to design the most suitable antenna for bio-radar applications is presented,
based on the review made. Finally, conclusions and guidelines are presented in Section 6.

2. Bio-Radar Theory

The bio-radar system can measure vital signs using electromagnetic waves. The operation
principle of this system is based on the Doppler effect, which relates the received signal properties
with the distance change between the radar antennas and the person’s chest-wall [2]. The frequency
change on the received signal, caused by the motion of the chest-wall, depends on the total number of
wavelengths in the two-way path, between the radar and the target that can be determined through (1):

)
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which is given in waves per second (Wave/s) and where R is the radar range and A is the wavelength
of the transmitted signal.

Considering that the radar is located in a fixed position, the same frequency is received over the
time if the target is also stationary because the same number of N, is received. However, if the target
moves toward or away from the radar, different frequencies are received: if the motion is toward to
the radar, higher frequency is received due to the bigger number of received N,. On the other hand,
if the target is moving backwards, a lower frequency is perceived, due to the fewer number of received
N, [3].

The frequency shift effect can also be perceived as phase change, once each wavelength
corresponds to a phase change equal to 27r. Thus, if the path travelled by the wave changes due
to the target’s motion, also the number of N, changes, hence the total phase change relative to range R
is given by the Equation (2):

(P =2nN A- (2)

The Doppler radar is the basis of some radar operation modes, namely the Continuous Wave
(CW) radar or the Ultra-Wideband (UWB) radar, as depicted in Figure 1. Their operation principle
influences the antennas specification directly. In the next sections, a brief introduction about radar
operation modes is presented for contextualization purposes.
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Figure 1. Doppler radar applied to vital-signs acquisition, using different operation modes.
2.1. Continuous Wave Radar

CW radar transmits and receives a radio-frequency (RF) signal continuously. Usually,
the transmitted signal is defined as a single-tone. A radar system that uses this operation mode
is composed of a signal generator, to generate the signal for TX and also to down-convert RX signal on
the receiver side. Once the system usually handles with narrow band signals, it is possible to perceive
the frequency shift due to the Doppler effect when the target is moving. Thus, CW radar can measure
the velocity of the target’s motion, and this feature allows for distinguishing between a moving target
from stationary objects, independently of their distance (within the radar’s range) [4].

CW radar presents a significant advantage regarding the implementation complexity. It uses a
single oscillator for both TX and RX, and the filters used in the receiver chain can be quite simple
because TX and RX signals have a narrow bandwidth.

Nonetheless, some disadvantages can be pointed out about this type of Doppler radars. Once TX
and RX are continuous operations, due to circuitry or antenna coupling, a portion of the transmitted
signal can directly affect the signal at the receiver causing leakage [3]. Moreover, the clutter from
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multiple reflections of stationary objects located within the range can contribute to the signal power,
generating low frequency noise and DC offsets.

Frequency-Modulated Continuous Wave Radar

Frequency-Modulated Continuous Wave (FMCW) allow the computation of the target’s velocity
and distance between the target and the radar, once it has more range resolution that does not exist for
a single frequency waveform [4].

In this operation mode, frequency modulation is performed, usually with a triangular modulation
in order to increase and decrease the frequency linearly over time.

Then, another triangular signal is the received signal, which is the delayed version of the
transmitted one, and the delay can be quantified by T = 2R/c s, with R being the radar range
and c the speed of light. The modulated signal bandwidth determines the accuracy of the range
measurement, and the modulation rate determines the maximum detectable range without ambiguity.
The mix between the transmitted and the received signals result in a frequency difference f; that
changes according to the target motion, and from where the vital signs are extracted.

2.2. Pulsed Radar

Pulse radar transmits pulsed bursts and then listens to the resultant echoes. In contrast with the
previously mentioned radars, TX and RX operations are not done simultaneously. Therefore, the pulse
repetition period should be longer than the round-trip path length of the transmitted wave, to receive
the echoes between transmissions [5].

Since the reflections are not acquired at the same time as the signal’s transmission, the leakage
from the transmitter and the parasitic reflections are separated temporally from the long-range targets.
This means that, as we have to wait for the full transmission, the reflections that occur immediately
from short-range objects are not detected, which represents a clear advantage when comparing to the
CW radar. Similarly to the FMCW radar, it is possible to measure the target range.

On the other hand, the pulsed radar is more complex to implement [5]. Moreover, there is a lack
of velocity resolution, which implies a limit in target’s velocity.

Ultra-Wideband Radar

UWRB radar is a special application of the pulsed radar since very short duration pulses are
generated, performing wide bandwidth signals. The Federal Communications Commission (FCC) has
established that a signal can be categorized as a UWB signal if it has a bandwidth equal to or higher
than 500 MHz [3].

The operation of UWB radars starts by generating short pulses and transmits them through the
antenna. Then, the target will reflect a portion of the transmitted signal. The total range AR of this
radar is given by the Equation (3) [6]:

c TC

R=s2Bw = 727 ®)

where BW is the bandwidth of the radar pulse in frequency domain and 7 the bandwidth in time
domain. With this type of radar, it is possible to compute the distance to target d7 (Equation (4)):

_ Atxc

dT - 2 7 (4)

where At is the delay between the transmitted and the received signal.

Applications of the UWB radars encompass motion detection beyond different materials, due to
the vast panoply of different wavelengths that can be used. With this type of technology, it is possible to
perceive periodic or quasi-periodic motions because they cause periodic changes in the received signal.
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This periodic change is reflected across multiple scans, which are then compared with a reference scan
in order to locate the target.

3. Antennas for CW Operation Mode

Generally, designing an antenna is a challenging task, since it is made by following a guideline
based on a group of trade-off decisions. The optimal performance of the antenna can be dictated by
an infinite gain, lack of side or back lobes, infinite S1;, among many other characteristics. However,
these features should also be achieved having in mind specific restrictions and requirements regarding
the application at hand. In the framework of NCVS applications, this care must also be accounted due
to the system sensitivity to environmental clutter, to the very limited radar cross-section (RCS) and to
the lowpass signal characteristics.

Although there are multiple antenna types, shapes, and layouts that can be combined in order
to fulfill those trade-off decisions, there is not a single solution once the carrier frequency of the
transceiver and its operation mode largely influence the antenna behavior. The transceiver operation
mode (such as CW, FMCW, or UWB) also depends on the application of the bio-radar. For example,
applications that aim to distinguish between different individuals, i.e., where there are multiple
subjects to monitor, can use FMCW technology, since the usage of chirps can help to indicate the
subject location. Furthermore, rescue applications imply that electromagnetic waves cross obstacles.
For this purpose, ultra-wideband front-ends are more indicated. Finally, if the goal is to monitor
bedridden patients, CW is enough and the hardware and signal processing are less complex.

In this section, some examples of different antenna designs are presented, considering the CW
operation mode. The examples are subdivided in different antenna characteristics according to the
improvement goal of authors.

3.1. Directivity

Taking into account the CW operation mode, a system performance evaluation was made in [7].
Considering four different antennas, all operating at 2.4 GHz, several tests were performed inside an
anechoic chamber, where the vital signs of a subject were monitored using the following antenna types
and their respective beamwidths:

Single patch antenna = 92°;
Yagi antenna = 47°;
Log-periodic antenna = 62°;
Helical antenna = 49°.

Ll

The radiation pattern of each antenna was verified individually before the experiments.
Wide beams are susceptible to acquire more clutter and noise, hence narrower beams are preferable.
Taking this into account, among the four tested antennas, Yagi and Helical were the ones that have
narrower radiation patterns, and they also have identical values of HPBW. Moreover, they are low
cost alternatives. However, a Yagi antenna does not have a symmetrical beam across E- and H-planes
unlike the Helical antenna.

The influence that the pair TX/RX can have on each other is also studied, by checking the radiation
pattern with another antenna by its side (antennas’ feeding points were 24 cm apart). The authors
concluded that the influence is minimal, as long as TX and RX antennas are at least a wavelength apart.

The experiment results showed that the error in signal rate computation was smaller for helical
antennas. The authors believe that the optimal performance is directly related to the directivity and
symmetry in E- and H- planes. An additional test was performed by equalizing the gain for all
antennas and repeating the vital signs measurement. Helical antennas stand out again, the beat rate
was computed accurately, and the Signal-to-Noise-plus-Interference Ratio (SNIR) increased.

One of the first usages of helical antennas for NCVS acquisition was proposed in [8]. In this
work, two antennas with 4-turns and, therefore, directive beams (~40° of HPBW) were used to acquire
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vital signs in non-stationary environments, such as vehicles. Compensation of motion artifacts was
implemented through a differential measurement, using these antennas in separate. Antennas were
designed to operate at different but near frequencies, namely, 2.46 GHz and 2.51 GHz, respectively.
Both antennas were implemented with different linear polarization orientation to isolate each signal.

Helical antennas operating at 2.4 GHz are also proposed in [9]. More specifically, the axial-mode
helical antenna design was implemented, with an 8-turn design and a simple matching process
to feed the antenna without increasing its total size. Helical antennas operating at axial mode are
known for having high directivity and hence high gain, which also enables more detection range.
Nonetheless, to build a helical antenna for NCVS acquisition, a trade-off should be respected, since the
radiation pattern is as directive as the number of turns. Therefore, for a highly directive antenna,
a larger size antenna is required. The work presented in [9] resulted in a 8-turn antenna with 20 cm
length, HPBW equal to 44.6° and gain equal to 9.80 dBi. Moreover, these antennas also have circular
polarization to achieve better SNIR and thus better accuracy on detecting vital signs.

Finally, in [9], the performance of a 1-turn helical antenna was compared with a single
patch antenna. Both antennas were operating at 2.4 GHz and had the same HPBW (around 60°).
Comparison results showed that helical antennas have more gain, up to 2 dB above the one from a
single patch antenna.

Besides helical antennas, any antenna design that can provide directivity can be advantageous
for bio-radar systems. In [2], an antenna evaluation is done, by comparing the performance of the
antenna array operating at 5.8 GHz with the performance of a single patch operating at 2.5 GHz.
As mentioned previously, array antennas have a directive beam, which focuses the radiated energy
on the subject chest-wall. On the other hand, a single patch has a wider beamwidth and radiates in
different directions, hence the received signal has more noise from the clutter and parasitic reflections.
By taking into account these issues, the comparison mentioned above was made by estimating the DC
component of each signal acquired with each antenna. The authors concluded that the signal acquired
with a single patch has a higher DC component rather than the one acquired with a narrower beam.

Customized Directivity

Until now, we have seen that narrow radiation patterns are preferable to focus all the energy on
the desired target. However, some applications require different beamwidth customization to cover the
area of interest. For example, in [10], a one-dimensional patch array is developed to measure vital signs
from elderly people located in a room. The antenna has to be designed so its beamwidth can cover the
full room. The radar front-end was located in the middle of the room, using a microstrip patch antenna
array, operating at 24 GHz. The radiation pattern is defined as a triangle-shaped with £33.7° opening
angle, in order to illuminate the corners of the room. On the final prototype, it is intended to use a
standard patch array, beamshiped on the H-plane used as a TX antenna and a linear-array, beamshiped
on the E-plane used as an RX antenna, with 10-dB gain higher for the +33.7° angle than for the 0°
angle. In this way, multiplication of both radiation patterns will rectify power losses in corner spots.

The antenna array proposed in [10] corresponds to the RX antenna beamshiped on the E-plane.
In summary, the designed antenna is an array with three microstrip patch resonators fed in series
through a microstrip line, where the last patch is a single-port standard patch. Patches are optimized to
operate at 24.125 GHz and are built using an RO4835 substrate, with a relative permittivity of ¢, = 3.66.
The total array length is equal to 15.694 mm and a width equal to 6.339 mm. In the simulation, it was
possible to achieve the required features respecting to radiation pattern, with 8 dB higher gain at 33.7°.
The measurements meet the specifications, but the authors state that there are some improvements
that need to be done.

3.2. Different Carrier Frequency Applications

The usage of high carrier frequencies increases the sensibility to detect imperceptible target
motions. Planar microstrip antennas tuned at these frequencies enable the on-chip integration for
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portable applications. For example, in [11], a circularly polarized (CP) 2 x 2 patch array antenna is
presented, to be further integrated with a 60-GHz Doppler radar. The low-temperature co-fired ceramic
(LTCC) substrate is used to increase bandwidth, which is also crucial for single-tone applications to
guarantee good performance in the case of manufacturing issues.

Another millimeter-wave microstrip array antenna was presented in [12], but with a lower
operating frequency, 24 GHz. The antenna was developed to evaluate the organism adaption to
physical and mental stress remotely. Each antenna element from the transmitter and receiver array is
single-patch antenna U-slot shaped. The TX array included 16 elements (8 x 2 array) for a narrow beam,
and the RX was composed by 48 elements (8 x 6 array) for a large aperture area. Each single-patch
is fed using a power divider network to adopt an unequal current amplitude distribution instead
using an equal amplitude. The antenna module was designed using FR-4 substrate, with ¢, = 3.55,
and copper cladding for the conductive pats. The final dimensions of the antenna module were
73 x 64 mm?2. This paper presents only the simulation of these antennas and the numerical results
obtained were: bandwidth 24-25 GHz (RX) and 23.3-23.7 GHz (TX); S11 less than —10 dB for both
TX and RX antennas, and a gain equal to 17.15 dBi for the TX antenna, while the RX antenna exceeds
17 dBi. The mutual coupling was below —35 dB at 24 GHz, providing good isolation between the TX
and RX antennas.

Later, in 2016, the same research group has proposed a new microstrip array antenna, operating
at 77 GHz, to be used as TX and RX antennas, in a bio-radar module [13]. The array is composed
by 160 single-patch elements (16 x 10) for a narrow beam, which are fed using a power divider
network. The antenna module was designed using an RO3003 substrate, with &, = 3.0, and copper
cladding for the conductive parts. The final dimensions of the antenna module were 43.79 x 25.04 mm?.
The simulated S1; showed that the antenna is capable of operating between 74.6 GHz and 79.7 GHz,
having a bandwidth equal to 5.1 GHz. At 76.5 GHz, the calculated gains on the H- and E-plane are
higher than 25 dBi, and the HPBW on both planes is 12°. In addition, in this frequency, the side lobe
levelis —12.5 dB and —11.5 dB for the H- and E-plane, respectively. The numerical results prove that
this array module can be used for bio-radar applications.

In addition, a continuous wave harmonic radar system is presented in [14]. The system is
composed of two slot array antennas designed using a Substrate Integrated Waveguide (SIW) technique,
to operate at 12 GHz and 24 GHz. The SIW slot array antennas had 13 dBi and 24 dBi of gain, for the
12 GHz and 24 GHz, respectively. The experimental results show that, by using harmonic radar,
the received signal power can be increased while the noise level decreased. Regarding the sensitivity
of the system, as expected, the detection of vital signs was possible when the noise level was below the
received signal power.

On the other hand, low carrier frequencies can also be interested to be explored, since they allow
high EM penetration in the human body and thus increase accuracy in vital sign detection. In [15],
a fractal-slot patch antenna operating at 915 MHz and combined with an ultra-wideband Low Noise
Amplifier (LNA) was used for this purpose. In order to evaluate the performance of this CW Doppler
radar operating with such low frequency, the path losses were computed and compared for 915 MHz
and 2.45 GHz signals, when propagating in the subject body that was located 80 cm apart from the
radar. The authors could conclude that, with the 915 MHz radar, it was possible to achieve signals
with more information. For example, the cardiac signal achieved a 7 dB superior level for 915 MHz
radar rather for 2.45 GHz.

A fractal-slot patch antenna design, using FR-4 substrate ¢, = 4.4 and 1 mm thickness, helped to
decrease the antenna size and also increase the path length of EM wave, keeping the antenna
performance. The final patch size was equal to 70.4 mm, which is 7.9% smaller than a conventional
patch. Moreover, the total physical size reduced 15.2% when compared with a conventional patch
antenna operating at the same frequency. The fractal slot in the center of the patch was implemented
using Koch snowflake patterns to increase the surface current on the patch. The patch was designed
with truncated edges to achieve circular polarization. The obtained performance characteristics were
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26 dB of return loss, 17 MHz of bandwidth, HPBW equal to 108°, 12% of radiation efficiency, and 5.8 dBi
of gain. The total antenna size was 140.8 x 140.8 mm?.

As seen in the examples presented in this sub-section, the carrier frequency also influences the
antenna size. Although, due to some hardware limitations, using high frequency carriers can not be
always an option; therefore, other solutions will be explored to optimize the size of the radar system
and are discussed in the next sub-section.

3.3. Techniques to Reduce the Antenna/System Size

Usually, two separate antennas are used to perform TX and RX. However, they have to be
separated at least a half-wavelength to avoid mutual coupling, which increases the total size and
hampers the antenna integration in more compact systems [16]. One alternative to decrease size is
using a single antenna, but this should be done with care. The most obvious way to separate TX and
RX signals is using circulators, although they are composed by ferrite materials, have a fixed size and
are costly components [16,17]. The other option is to use couplers, but they divide signal power, and at
least 6 dB of power loss is induced. Nonetheless, a dual-antenna is still an option if antenna design
techniques are applied specifically to reduce the antenna size. Below, we describe some works that
present techniques to reduce the size of the antennas for bio-radar.

3.3.1. Single Antenna for TX/RX

Although the authors do not mention the radar operating mode, in [18,19], they proposed a single
antenna for TX/RX. In [18], a low cost system using a Yagi patch antenna as a single antenna for the
RF front-end was planned. The Yagi patch antenna has a simple structure, is discreet, and has a highly
directive lobe. The antenna was developed using FR-4 substrate, with relative permittivity e, = 4.4
and a total size of 120 x 80 mm?. The achieved performance parameters were S;; = —22.87 dB at
2.45 GHz and gain equal to 8.69 dBi and a minimal back lobe (—10.50 dB). Since a single antenna was
used for both TX and RX, the separation of the incoming and outcoming signals was performed by a
circulator.

Similarly, a transceiver with a single antenna was also implemented in [19]. In this case, a horn
antenna operating in the V-band (50-75 GHz) was used, with 25 dBi gain and beamwidth equal to 7°.
A circulator with 18 dB isolation was used for TX and RX signals separation. This amount of isolation
was not sufficient to avoid leakage at the receiver stage, hence a clutter canceller was also implemented
and it is explained in detail in [19].

As seen so far, when the transceiver has a single antenna for TX and RX, a circulator is used to
separate signals. Although this hardware component is costly, has large dimensions, and sometimes
it is not as effective as demonstrated in [19]. Therefore, alternative solutions for single antenna
implementation can be explored. One possible solution is sharing the same radiating aperture using a
CP antenna and using opposite polarizations for TX and RX functions [16,17,20,21]. For example, in [17],
a single antenna with CP and operating at 24 GHz, was shared by TX and RX. Different polarization
directions were used, more specifically left-hand circular polarization (LHCP) for TX and right-hand
circular polarization (RHCP) for RX. A quadrature coupler (Langer coupler) was also used to avoid
the circulator usage, and TX and RX were located in opposite ports. The full radar system size was
4 x 4 cm. It was tested by acquiring vital signs at a distance of 50 cm. An average of 21 beats/min and
69 beats/min was detected for respiration and heartbeat rate, respectively.

A similar solution was presented in [16], this time using a radar front-end operating at 2.4 GHz.
The antenna is composed by three metallic layers wrapped in FR-4 substrate with 50 mm of diameter.
The bottom layer is a ring-shaped quadrature hybrid coupler (QHC) for the vias” excitation. The middle
layer is the ground plane and the top layer is a circular patch fed with two vias, for TX and RX,
respectively. This layout was selected to help reduce the total system size. With this sharing method
using opposite polarization directions, it was possible to obtain 30 dB isolation between TX and RX.
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Then, this antenna was used to monitor both heartbeat and respiratory signal accurately within a range
of 60 cm.

The same approach was used in [20], where a bio-radar system is presented with a phase-locked
loop and uses a single antenna for TX and RX. In this work, the authors have developed a
circular-polarized annular ring microstrip antenna, with RHCP at transmitting mode and LHCP
at receiving mode. This antenna was designed to operate at 2.4 GHz and presented an HPBW of
132°, and measured return loss of 20 dB. In further measurements, the radar was able to detect the
respiratory signal of a human seated at 30 and 50 cm away from the radar. Later, in [21], the authors
have made a study comparing this system with a 10 GHz bio-radar with separated antennas for TX
and RX. The 10 GHz super-heterodyne bio-radar system is fully described in [22]. The TX and RX
array presented a linear polarization, 8 dBi of gain, HPBW of 30°, and measured return loss of 30 dB.
The vital signs of a subject were acquired from different distances, starting with 0.3 m until 2.9 m away
from the radar. This measurements were performed with both systems [21]. Comparing the obtained
results, the authors have concluded that, despite the advantages of the 10 GHz bio-radar (higher
antenna gain and RCS), the system had not shown significant improvement compared to the 2.4 GHz
bio-radar system. In addition, the 10 GHz bio-radar is more expensive and complex to implement.

Single antennas are indeed an alternative to decrease the front-end size. However, some drawbacks
were identified. In [23], a test was performed to evaluate the system performance, using a single
antenna or two separate antennas for TX and RX. Results showed that a single antenna has good
accuracy in vital signs” detection, considering a short-range. The distance between the subject and
the system antennas was equal to 5 cm, although two separated antennas could cover a wider range
with the same level of signal quality. The subject was monitored successfully within the range of 25 to
200 cm. Antennas were located 20 cm apart from each other to avoid cross-talk effect.

In [23], the authors carefully selected the microstrip type of antenna for their experiments.
Apart from having an acceptable gain, microstrip antennas can also be embedded on chip devices,
which reduces the total size of the system and use a low-cost fabrication process. Moreover,
microstrip antennas can be arranged in arrays to increase gain, decrease the side-lobe level, narrow the
beamwidth, and thus focus the energy only on the target of interest. In this sense, three different
microstrip antenna arrays of ultra-wide elements were designed and tested, and the following gains
were achieved:

1. 2 x1elements ==13 dBi;
2. 3 x 3 elements =~16 dBj;
3. 6 x 2elements =~18 dBi.

All of the antennas were designed to operate on a 60 GHz band, using Duroid substrate with
g, = 2.2. The main purpose was to integrate these antennas in a CW front-end. However, antennas were
designed with an ultra-wide band (57.24 GHz-65.88 GHz) to enhance the fabrication tolerance when
embedding in a low cost printed circuit board (PCB).

In practice, it was possible to observe that the achieved bandwidth did not have an increased
behavior in relation to the number of elements like the gain. In fact, it decreased with the number of
elements in the array.

3.3.2. Size Reduction Techniques Applied with Dual-Antenna for TX and RX

Now, considering the dual-antenna option, other techniques were explored to reduce the antenna
size as much as possible.

In [24], a 3D design was chosen to use as a portable life-detecting system. In this paper, the authors
presented a 3D-orthogonal patch antenna that was designed to operate from 900 MHz to 12 GHz and
was developed using FR-4 substrate, with ¢, = 4.4 and 1.2 mm of thickness. The antenna module is
composed by the TX and the RX arrays, with 15 and 20 patch elements, respectively. The TX and RX
arrays are connected together by a power splitter and power combiner. Comparing the simulated
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(900 MHz to 12 GHz) and measured performances of both antennas for all bandwidth frequencies,
the best results were from 800 MHz to 4.4 GHz for the TX and 9.4 GHz to 12 GHz for the RX antenna.
As the authors have used only one average permittivity value (¢, = 4.4) during the simulation, and the
antenna covers an extra wideband; they concluded that the variation of the substrate permittivity at
different frequencies has influenced the results.

The authors also tested the applicability of this extra wideband antenna for a Doppler radar
system. The test was performed using a PNA-X in a non-controlled environment, where the subject
was placed 80 cm away from the antenna. The measurements were carried out using five different
frequencies (0.953 GHz, 2.198 GHz, 3.362 GHz, 5.556 GHz, and 10 GHz) and during 3 min. The system
was more sensitive for higher frequencies. As for the go-through materials applications—such as
finding survivors—lower frequencies are required, and similar measurements were made with a wood
barrier (3 cm of thickness) between the subject and the antenna. In this case, in higher frequencies,
the system was negatively affected because the amplitude of the signal at 5.556 GHz was 0.7 mm while
at 3.637 GHz was 2 mm.

In [25], the authors combined two developed arrays with a commercial 24 GHz radar system
chip in Silicon Germanium technology, reducing the size of the radar module. The TX and RX are
4 x 5 patch arrays, operating at 24 GHz, designed and fabricated using RO4350 with 0.254 mm and
& = 3.48, as a substrate. The simulated gain was about 17.1 dBi and the beamwidth was around 24°
and 20° for the E- and H-plane, respectively. This compact radar module was tested by measuring the
breathing and heartbeat of an adult seated 1.5 m away from the radar. In these conditions, the radar
was able to measure 15 breath/min and 76 beats/min, which agrees with the results obtained with a
pulse sensor (76 beats/min).

Furthermore, portable and low-power radar was designed and built on a palm-size PCB, and it
is presented in [26]. In this work, the authors proposed two 2 x 2 printed patch antenna arrays,
for 5 GHz, to be used as TX and RX antennas. The arrays had 9.7 dBi (at 5.8 GHz) of gain and HPBW
equal to 20°. To compare the results, the measurements using a UFI1010 wired fingertip pulse sensor
were also performed. In comparison, the heart rate accuracy obtained with the non-contact radar was
98.82%, 92.40% and 81.35% at 0.5 m, 1.5 m, 2.8 m away from the radar, respectively.

Techniques to integrate the radar in a complementary metal-oxide-semiconductor (CMOS)
chip were explored in [27,28]. In [27], the authors have proposed a 5.8 GHz radar in a 0.18 pm
CMOS chip. Generally, this on-chip integration is done for higher operating frequencies. However,
harmonic interference can occur on those frequencies, and, due to this issue, the authors opted to use a
lower frequency. The antenna attached on this chip was a 2 x 2 patch antenna array, fabricated with
a RO4003 substrate with e, = 3.38 and thickness equal to 0.73 mm. Adjacent patch elements were
located with a distance of 0.74Ag, where A is the wavelength in free space, in order to decrease side
lobes. The developed antenna had a gain equal to 10.77 dBi and HPBW equal to 14.5°.

Later, in [28], a 100 GHz low-IF CW radar transceiver was presented in a 65 nm CMOS chip.
In this work, the radar was applied for mechanical vibration and biological vital sign detections.
Two horn antennas, operating at 100 GHz, with 20 dBi of gain, were used as TX and RX antennas.
Vital signs were acquired, with the subject being seated 2 meters away from the radar. In this case,
65 beats/min were obtained, which agrees with the pulse rate measured using a finger oximeter.
In addition, the heart rate of a bullfrog was measured, at 0.6 m away from the radar. These measures
were performed under different temperatures—10 °C, 20 °C, 30 °C, and the obtained results were
about 22, 41, and 80 beats/min, respectively. In this way, the authors could conclude that, at 100 GHz,
the radar was able to detect much smaller chest displacements.

In the same framework of the on-chip embedded alternatives, a microstrip dipole array antenna
was developed in [29], to be later integrated along with the radar front-end on the same chip.
Dipole antennas have a low profile, are low cost, and they can be arranged in arrays. The authors used
a structure with three dipoles disposed symmetrically to obtain a higher gain and used a reflector
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to achieve directivity. The proposed antenna operates at 2.4 GHz, within a bandwidth from 2.35 to
2.5 GHz. The main lobe has 10.8 dBi gain, with a beamwidth equal to 49°.

3.4. Mutual Coupling Reduction

Mutual coupling effect occurs when one antenna receives part of the energy radiated from a second
antenna located nearby. This can happen due to three main reasons: the radiation pattern of each
antenna, the separation between both antennas (which should be at least equal to half wavelength),
and the main lobe orientation of both antennas [30]. Furthermore, mutual coupling can alter the
radiation pattern of each radiating element, since it shifts the maximum and nulls location, filling the
nulls when it was not supposed to [30].

As seen in the previous subsection, when two antennas are used to perform TX and RX,
they should be separated sufficiently enough to avoid mutual coupling (generally half wavelength),
but the distance between antennas should be enough to guarantee the monostatic radar function.
In this sense, the mutual coupling effect must be taken into account, and strategies to decrease its effect
should be adopted.

The literature about bio-radar systems that specifies which antennas are being used and their
design constraints does not focus on the mutual coupling effect and does not explore different strategies
to reduce it. Even though we have seen so far that some authors care about cross-talk and present
measures to prove that the TX/RX pair has acceptable levels of coupling. In addition, it is mentioned
that the usage of CP approach can be one possible solution for this issue, and it can also enhance other
problems inherent to the bio-radar systems.

As we will see in the next subsection, it is possible to use orthogonal polarization in TX and
RX because an incident CP wave flips its polarization propagation when reflecting on a surface.
Furthermore, if the system uses different rotation directions, such as RHCP for TX and LHCP for RX,
there is no power reduction due to the signal rotation when reflecting at the target surface, and there
is no mutual interference because, at the front-end stage, antennas have crossed polarization. Thus,
a system using CP antennas has low mutual coupling [16].

3.5. Circular Polarization

Linear polarization (LP) is the less complex approach. However, some problems arise with its
usage for NCVS applications. After transmitting an LP signal, during propagation, the reflected signal
can rotate 6 degrees in total, hence the signal at the receiver input has its power decreased by a factor
of cos 0, and the radar sensitivity is largely reduced [17]. Thus, CP is generally the best alternative,
since CP antennas are not affected by polarization mismatch. Furthermore, in [31], the authors have
pointed out other emerging problems due to the usage of LP antennas. There is fading RCS due to the
scattering reflection on the target. The human body is composed of different materials, shapes, sizes,
or thickness. Hence, different surfaces cause electric vector rotation, which lead to a misalignment with
the receiver antenna. Moreover, the target at hand is moving; consequently, a time-varying RCS arises.
CP antennas stable the RCS over time and keep the alignment between scatter signals and the receiver.

In this sense, it is possible to conclude that CP is the best strategy to achieve better SNR and to
isolate the system from other radar based systems nearby. In [11], TX and RX antennas with opposite
polarization were used, (LHCP for TX and RHCP for RX), in order to isolate the signal reflected by the
target from signals derived from other transmitting systems.

The impact of circular polarization in the bio-radar performance was tested in [9]. A set-up was
settled with three antennas, where two are for RX and one for TX. Antennas were disposed according
to the following scheme: RX1 with RHCP, TX with RHCP and RX2 with LHCP. Antenna TX transmitted
a signal towards a metallic reflector, and the signal strength received in RX1 and RX2 were evaluated.
The authors observed that the signal at RX2 was 1.2 dB stronger than the signal at RX1 input. This effect
can be explained with the isolation of each signal. Thus, it is possible to conclude that the antenna pair
TX/RX with opposite polarization is a better option to enhance the SNIR.
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More tests were conducted to analyze the effect of the antenna polarization along with beamwidth
in the performance of Doppler radar, in [32,33]. Four microstrip patch antennas for bio-radar, operating
at 2.4 GHz, were designed and manufactured:

LP single patch antenna;
CP single patch antenna;
2 x 2 LP array;
2 x 2 CP array.

L=

To achieve the same gain for all antennas, different substrates were used to manufacture them,
being 1 and 2 printed on RT-Duroid 5880, with ¢, = 2.2 and 1.6 mm thickness, and 3 and 4
made using FR-4, with &, = 4.4 and 1.6 mm thickness. In this way, the authors were able to
compare only the beamwidth effects on radar performance, excluding the influence of the gain.
Sixteen combinations were presented, e.g., CP array used as TX and LP single patch antenna as
RX antennas. Five measurements per combination were performed inside an anechoic chamber,
during 30 s, using a linear programmable actuator as a moving target. The measured gains of
all antennas are within 5.8 dBi. The HPBW is 37° for the array and 81° for the single antennas.
All combinations were capable of estimating the motion frequency, and, in summary, the authors
concluded that the best radar performance is obtained when they used the antennas 1 and 4 as TX
and RX antennas, respectively. In this case, the received signal showed the strongest fundamental
frequency amplitude, —6.41 dB. On the other hand, the combination of 4 and 2, used as TX and RX,
respectively, showed the worse performance, the fundamental frequency amplitude being equal to
—22.77 dB.

By taking advantage of different antenna polarization, in [34], a solution is proposed to mitigate
the random body motion using crossed-polarized antennas. Two transceivers are used, one at the
back of the subject and other in the front. Since vital signs have the same waveform pattern and
periodicity, this system combines both signals and mitigate any waveform that has different pattern
and frequency. Since two antennas face each other, their design should be done carefully. In this sense,
a 2 X 2 patch array antenna was used, with vertical polarization for front and horizontal polarization
for back transceivers, respectively. The other antennas’ parameters are not specified in the paper.

3.6. Customized Antennas for Commercial Transceivers

Some commercially available bio-radars have also been tested. In [35], the authors proposed a
new method of blind source separation for signal from multiple subjects. In this work, the authors
used a stepped frequency CW bio-radar BioRASCAN-4 (RSLab, Moscow, Russia) [36] that is composed
by two horn antennas, operating at 3.6-4.0 GHz, with a constant gain equal to 20 dBi. The combined
size of these antennas are 370 x 150 x 150 mm, and it has a 60 dB dynamic range to detect signals.
In this experiment, the authors were capable of identifying three different respiratory patterns of the
subjects located at the same distance from the radar.

In the same framework of commercial products, a K-LC5 transceiver from RFbeam Microwave
GmbH (St. Gallen, Switzerland) [37], operating with 24 GHz carrier, was used in [38] to evaluate if
bio-radar technology can be used to access the psychophysiological state of 35 healthy volunteers.
In this sense, vital signs were acquired and classified using data-mining techniques and thus determine
if there is any mental or physical stress among the subjects. TX and RX antennas of the K-LC5 are
patch arrays, which can be used in two different configurations: 3 array, with 80° of HPBW, or 1 array,
with 34° of HPBW. The transceiver has a compact size 25 x 25 x 6 mm, and it was designed for short
range applications (within 1 m range). The authors on this paper could identify correctly whether the
subject was calm or stressed with 80% of accuracy.

In addition, from RFbeam, a K-LC2 transceiver [39] was tested in [40]. The K-LC2 also works
at 24 GHz and uses for TX and RX a 2 x 4 array. The antenna gain is 8.6 dBi and the beamwidth
is around 80° and 34° for the E- and H-plane, respectively. In this study, measurements of the vital
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signals from a man seated 50 cm away from the radar were done. The developed radar using the
K-LC2 transceiver was able to measure 19 beats/min and 64 beats/min, for breathing and heartbeat,
respectively, which agrees with the results obtained using a Healthcare HM10 pulse sensor.

3.7. Other Radar Transceivers

In this sub-section, non conventional radar transceivers are approached and the antennas used are
described. First, different radar front-ends are seen and front-ends designed to perform beam-steering
are mentioned afterwards.

3.7.1. Customized Front-Ends

The research community suggests a varied panoply of solutions to mitigate the inherent problems
in the proper detection of vital signs. Solutions vary not only in the antenna design but also in the
transceiver hardware. The majority of works presented until now use single hardware components,
interconnect and/or integrated on chips which implied analog signal processing. On the other
hand, Software Defined Radios (SDR) perform part of the signal processing digitally, which confer
more flexibility to the system. In [41], a radar for vital signs measurement using SDR is proposed.
Two microstrip patch antenna arrays are used for TX and RX, respectively. Each antenna has eight
elements to achieve directivity (8 x 2 array). The authors underline the advantage of using patch
antennas instead of horn antennas which would require a bigger footprint. Antennas are optimized to
operate at 5.77 GHz and have a 16 dBi gain. Vital signs were successfully acquired at a distance of
0.5 m.

Some other solutions were presented to adapt the transceiver operational mode to environment
issues. For example, the motions of the proper radar handling were considered in [42] as a noise source
and a possible solution was presented. The system proposed by the authors uses a Doppler radar
that transmits a fundamental signal component at 2.4 GHz towards the target, and simultaneously
transmits a harmonic signal component at 4.8 GHz towards a stationary reflector, located on the
opposite side. This system receives the reflected signal from the main target, as well as the signal
reflected by the reflector. Both signals are phase modulated due to the chest-wall motion and the
radar handling motion, respectively. Thus, it is possible to remove the noise caused by radar handling,
through self-cancellation implementation.

The antennas used in this set-up had a gain equal to 8 dBi approximately and a HPBW equal to
80° for the fundamental antennas and 70° for the harmonic antenna. Since two pairs of antennas are
located back to each other, a high front-to-back ratio was required and it was accomplished, being better
than 21 dB. The coupling between antennas was —32 dB for the fundamental antenna pair and —40 dB
for the harmonic antenna pair.

In [43], a radar system for NCVS was prepared using standard equipment that can be found
in any RF laboratory. In this way, some inherent problems are immediately solved, such as the DC
component offset calibration or the In-phase and Quadrature (IQ) imbalance, and thus a bio-radar
prototype can be rapidly built for research purposes, without caring with possible hardware problems
that can come along with portable transceivers. With this set-up, it was possible to retune the system
for different carrier frequencies and monitor multiple targets. The authors have captured vital signs
using two different antennas, in order to evaluate the system’s performance for single-frequency
operation mode, for frequency-tuning experiments, and for capturing vital signs with objects in front
of the target. The first antenna was a 2 X 2 microstrip patch array, operating at 2.4 GHz. Two equal
antennas were fabricated together, where one was used for TX and the other for RX. The FR-4
substrate was used, with ¢, = 4.6 and thickness equal to 1.5 mm. The final size of dual-incorporated
antennas was 459 x 222 mm, and it was measured in an anechoic chamber. It had as a maximum gain
6.5 dBi and as HPBW 40°. The second antenna, was a commercial horn antenna (HD-10180DRHA,
Hengda Microwave, Xi'an, China), with broadband between 1 GHz to 18 GHz. The gain of this antenna
varied according to the frequency, between 10 and 16.5 dBi.
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The experiments were carried out successfully for all three test scenarios. With single-frequency
operation mode, vital signs were acquired accurately, as compared with reference measurements.
On the other hand, for variable frequency carriers, the results were not always accurate. With fixed
transmitted power, the amplitude of vital signs decreased for the higher frequency component
(18 GHz), due to cable attenuation, antenna coupling, and free-space attenuation. Finally, the obstacles
experiment was conducted with the fixed 2.4 GHz frequency and vital signs were measured accurately.

3.7.2. Beam-Steering Systems

Many problems can arise when detecting vital signs in moving subjects. As seen previously,
the human chest-wall has a small RCS, which has a limited area around 0.5 m?, and the proper
alignment should be guaranteed to acquire signals with optimal SNR. Fixed-beam antennas require
this alignment for every different subject, since humans have different heights and body structures.
In this framework, beam-steering technology can be advantageous since it can re-direct the beam
seeking for the best SNR.

In [44], an adaptive beam-steering antenna is proposed, in order to increase the detectable range
without increase the system size. A 2 X 2 microstrip patch antenna array and two phase shifters are
embedded on the same board. The developed antenna has 200 MHz of bandwidth, centered in 5.8 GHz
and it can steer from —22° to 22° within the H-plane. Phase array antennas can steer to different angles
if the adjacent antennas are fed with different phased signals, by using phase shifters [44]. Antennas are
built using a Rogers4350B substrate. The S1; values were far below —10 dB for all steering angles,
from —22° to 22°. The HPBW was equal to 41°, which leads to total coverage of 85°.

To test the performance of a system with a beam-steering approach, a subject located at the angle
of 21.8° was monitored using both fixed-beam and beam-steering antennas. By using beam-steering
antennas, several angles were scanned. The cardiac signal was detected with the beam-steering antenna
at the angle where the subject was located and the remain angles, as well as the fixed-beam antenna,
presented only noise.

A NCVS system was designed for multi-target monitoring in [45]. For this purpose, a phased-array
CW radar, operating at 2.4 GHz was developed to generate two different beams concurrently. Thus,
it was possible to capture respiratory signals from two subjects at the same time using the same
carrier. To perform the phased-array radar, two linear arrays were used with four elements each,
for both TX and RX. Single elements were rectangular patches, spaced 8 cm between each other.
Measurements of antennas were performed inside and outside of the anechoic chamber, to verify
the impact of propagation environment on its radiation pattern. For both cases, it was possible to
obtain good agreement between simulated and measured radiation patterns. Furthermore, as expected,
the side-lobe level increased on measurements outside the anechoic chamber since there are other
systems operating at the same frequency. Dual-beam mode was also measured under the same
conditions. Two situations were considered: in the first case, one beam was directed to —15° and the
other directed to 25°, while the second situation had one beam directed to —25° and the other directed
to 30°. Results were similar for main lobes, for both simulation and measurement cases, but had
slightly differences respecting the sidelobes that were justified due to some minor errors in circuits
and cables.

Metamaterials were explored in the NCVS radar systems, in [46]. In this work, metamaterial-based
scanning leaky-wave antenna is developed for beam-scanning Doppler radar, with the steering angles
between —33° and 26°. This system can track the human subject and measure vital signs. The main
beam is frequency controlled, which means that the system should be retuned within the frequency
range of 5.1-6.5 GHz in order to be able to scan all steering angles.

The antenna was fabricated using two layers of FR-4 substrate, with ¢, = 4.4, loss tangent of 0.02
and with thickness equal to 0.2 mm and 1.23 mm, respectively. The antenna is composed by 30-cells
(where one cell corresponds to a single element), disposed linearly. Antenna gains varied with the
frequency, being 5 dBi for 5.1 GHz, 7.1 dBi for 5.8 GHz and 6.8 dBi for 6.5 GHz.
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With this set-up, it was possible to detect two subjects located at 0° and 26° angles, respectively;
thus, frequencies of 5.8 GHz and 6.5 GHz were the ones being used. Their vital signs were successfully
measured.

4. Antennas for UWB Operation Mode

Similarly to the previous section, herein it is presented antenna design examples, considering the
UWB operation mode for NCVS applications. UWB radars have a different working principal,
which requires high operation bandwidth. Therefore, the antenna design should be suitable for
this purpose.

4.1. General Antenna Considerations for UWB Systems

Different antennas were evaluated and compared in [47]. An experiment was made, where the
respiratory signal was acquired using three antennas with different designs, as described in Table 1.
Thus, different characteristics concerning the radiation pattern, gain and cross-polarization were tested.
Their set-up was composed by a UWB radar operating within the bandwidth 3.1 GHz-5.3 GHz.

Table 1. Antennas tested and compared in [47].

Antenna Design Radiation Pattern Gain Bandwidth (GHz)
Broadspec UWB antenna Omnidirectional low gain 3.4-104
Horn antenna Directive high gain 2-18
Doubled layered Vivaldi antenna Directive medium gain 3.3-10

The best results were achieved with the Vivaldi antenna, which has a medium gain, a directive
radiation pattern, and the best co- and cross-polarization ratio. The remaining antennas had the worst
performance, due to different aspects. First, the omnidirectional antenna transmits the same power
in every direction, which means that unwanted reflections are equally received as the wanted ones.
This antenna also had the worst co- and cross-polarization ratio, which means high cross-polarization
components. Then, the horn antenna has bigger dimensions and its radiation pattern is highly
directive. This obliges a perfect alignment between the target and both TX and RX antennas that have
be separated. This balance is difficult to achieve.

Moreover, UWB antennas are known to have dispersive behavior, i.e., radiate in different
frequency components. This occurs due to a phase center instability, as stated in [48]. The phase center
deviation can cause signal distortion and can contribute to the error on respiratory rate computation.
Phase center deviations were highly perceived for the Broadspec UWB and horn antenna and were
less evident for Vivaldi antenna.

The performance was evaluated after the respiratory rate error computation, considering a
reference rate. Several experiments were performed, where different set-up parameters varied, such as
the target motion frequency (to imitate the respiratory rate), the motion amplitude, and the nominal
distance between the radar and the target. It is important to note that all the error rates had increased
with this latter parameter, but the error was more significant for the Broadspec UWB and Horn
antennas rather than Vivaldi antenna.

4.2. Antenna Performance Improvement

The characteristics for an acceptable UWB antenna were identified in the previous sub-section:
directional radiation pattern, high gain, compact size, good co- and cross-polarization ratio,
and non-existence of phase center deviations. Nevertheless, antenna features should be optimized for
each application, and some techniques applied for this purpose are described in this sub-section.
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4.2.1. Gain and Bandwidth

Different techniques to improve the gain and broadband characteristics were developed in [49].
They used a partial ground plane patch to achieve wideband coverage (4.3 GHz to 7 GHz),
combined with parasitic patches emulating the Yagi concept, to improve gain. In the end, the authors
also compared the performance of the final antenna with a single-patch with a partial ground plane as
well. It was possible to conclude that single-patch is worse than the proposed one since it does not
have sufficient gain, has a wide beam (hence, has lack of directivity) and it does not confer enough
isolation when two antennas are side by side.

Furthermore, the antenna developed in [49] was also focused on indoor applications considering
a specific location inside a room. The presented layout encompassed a ground plane working as a
reflector and parasitic patches working as directors. The beam angle was designed to allow the antenna
to be located on the ceiling, in the corner of a room. For this purpose, the main lobe was directed to a
specific angle (35°), through a mutual coupling effect. Regarding the radiation pattern, the HPBW was
equal to 43°.

In [50], another antenna for indoor applications is proposed. A Ground Surround Antenna (GSA)
array was designed, considering the framework of NCVS acquisition. The development of antennas
for indoor applications should meet some beamwidth and range requirements, in order to mitigate
multipath interferences that can occur due to reflections on walls or furniture. In this sense, the authors
state that the beamwidth should be no larger than 30° and the gain can be improved by applying
a superstrate layer. The GSA also has higher bandwidth rather than a conventional patch. Thus,
the antenna array developed in [50] had a maximum gain equal to 12.2 dBi, an HPBW of 26° and
bandwidth within 2.28 GHz-2.49 GHz, centered at 2.45 GHz.

4.2.2. Polarization

Within general performance characteristics, the advantages of CP were explored for the UWB
radar in [31]. The Axial Ratio (AR) of the developed antenna is preserved in all bandwidths, by using
an array of LP antennas arranged in a sequential rotation manner, with 90° rotations. The selected
antenna design is a dual elliptically tapered antipodal slot and two different sequential arrangements
were considered: a ‘box” and a ‘cross’ arrangement. Antennas were fabricated using a Rogers 4003C
substrate and with a total size of 9 x 9 cm?. The LHCP was the selected polarization since it has less
interference from the existent wireless equipment, which is operating in the same band. They proved
the robustness of the system using CP antennas by comparing the amplitude of the received signal
with four different polarization angles and the wave amplitude remained approximately the same.
Furthermore, the accuracy on detecting the heartbeat was 2 beats/min superior rather than using
LP antennas.

4.3. Antennas Customization for Different UWB Radar Applications

Many radar applications were presented in the literature with a UWB front-end. For example,
in [51], the authors use a UWB bio-radar, with impulse radios, to monitor multiple human targets.
The proposed system consists of one TX and three RX antennas, to form three independent channels.
All antennas are bow-tie dipoles working at centered frequency 500 MHz and with equal bandwidth.
The antennas were tested in four different scenarios: with no target, single target, and two and three
targets behind a brick wall with 28 cm of thickness. The results have shown that, besides the acquired
respiration waveform being quite different, depending on the channel, in all cases, the UWB radar was
able to detect the respiration patterns of the human targets.

Then, a non-contact system to acquire vital signs were presented in [52], with a different operation
mode. Instead of using a Doppler radar, the respiratory rate is evaluated through phase differences in
the 517 coefficient. For this purpose, they combine the UWB with CW principles to take advantage
of both techniques. Nonetheless, their concern about antenna characteristics is the same. The goal
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of their work is to develop an antenna with small size, low cost, with directional radiation pattern,
large bandwidth, and good impedance matching over all bands. The front-to-back lobe ratio was
also a concern to reduce the possible interference from parasitic reflections in objects within the
antenna’s range.

To fulfill all these requirements, a microstrip slot antenna was developed to operate within 3 GHz
to 5 GHz bandwidth. A circular patch was used to cover this bandwidth with an acceptable match
impedance, and a reflector plane was added behind the ground plane, to provide a directive beam.
Finally, a metallic box was used in the antenna and reflector surroundings, to isolate the antenna from
adjacent reflections, and thus improve the front-to-back lobe ratio. The metallic box also helps to
narrow the radiation pattern. In the end, the final antenna presented the following characteristics,
at the central frequency of 4 GHz: HPBW equal to 46°, gain equal to 9.3 dBi, and S1; coefficient between
—20 and —10 dB within all bandwidths.

5. Discussion

As several antennas have been reported throughout this manuscript, for a better overview, Table 2
summarizes some characteristics of the antennas that were developed for bio-radar applications.

Table 2. Summary of the parameters of the reviewed antennas.

Radar Ref. Antenna Type Central Bandwidth Gain HPBW
Mode Frequency (GHz) (dBi)
(GHz)
[9] Axial-mode helical antenna 24 - 9.80 44.6°
Patch antenna 2.4 - - 60°
[10] One-dimensional patch array 24 - 8 33.7°
[12]  Microstrip patch array (8 x 2) 24 24-25 17.15 -
Microstrip patch array (8 x 6) 24 23.3-23.7 17 -
[13] Microstrip patch array (10 x 16) 77 74.6-79.7 25 12°
[14]  SIW slot array 12 - 13 -
SIW slot array 24 - 24 -
[15]  Fractal-slot patch antenna 0.915 0.907-0.924 5.8 108°
[18] Yagi patch antenna 2.45 - 8.69 -
[19] Horn antenna - 50-75 25 7°
[20] Annular ring patch antenna 2.4 - - 132°
[22] Microstrip patch array 10 - 8 30°
[23] Microstrip patch array (2 x 1) 60 57.24-65.88 13 -
Microstrip patch array (3 x 3) 60 57.24-65.88 16 -
=z Microstrip patch array (6 x 2) 60 57.24-65.88 16 -
@) [25] Microstrip patch array (4 x 5) 24 - 17 24°
[26] Printed patch array (2 x 2) 5 - 9.7 20°
[27]  Patch array attached to CMOS chip 5.8 - 10.77 14.5°
[29] Dipole array 2.4 2.53-2.4 10.8 49°
[32] Microstrip patch antenna 24 - 5.8 81°
Microstrip patch array 2.4 - 5.8 37°
[35] Horn antenna - 3.64 20 -
[38] Three Patch array 24 - 8.6 80°
Single patch array 24 - 8.6 34°
[40] Microstrip patch array (2 x 4) 24 - 8.6 80°
[41] Microstrip patch array 5.77 - 16 -
[42]  Aperture-coupled patch antenna 2.4 - 8 80°
Aperture-coupled patch antenna 4.8 - 8 70°
[43] Microstrip patch array (2 x 2) 2.4 - 6.5 40°
[44] Adaptive beam-steering antenna 5.8 5.7-5.9 - 41°
[49] Partial ground plane combined 4.37 4.3-7 - 43°

with parasitic patches emulating

Yagi concept
[50] GSA array 2.45 2.28-2.49 12.2 26°
[52] Microstrip slot antenna 4 3-5 94 46°

UWB
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As one can see in Table 2, several designs have been proposed for different bio-radar application
scenarios. Planar patch antennas were the type of antennas most used in the reviewed papers.
This preference can be explained by the fact that this type of antenna has a low cost, low profile,
is easy to be fabricated, and can potentially be integrated with the radar circuitry on the same printed
circuit board.

Observing the characteristics of the revised antennas, the most used frequencies are 2.4 GHz,
5.8 GHz, 24 GHz, and 60 GHz, and typically the antennas presented a narrow bandwidth. In addition,
the gains can vary between 5.8-25 dBi. Generally, the arrays show higher gain (10.8-25 dBi),
when compared with a single antenna (5.8-9.80 dBi). As an exception, the single horn antennas
presented in [19,35] had gain equal to 25 dBi and 20 dBi, respectively.

Regarding the materials used for the development of antennas for bio-radar, it seems to be a
preference to commercial available low-cost materials, with well-known electromagnetic characteristics.
Table 3 summarizes the materials used as a dielectric substrate in the reviewed antennas.

Table 3. Summary of the materials used as a dielectric substrate for bio-radar antennas.

Ref. Antenna Frequency (GHz) Substrate &
[18] 245

[34] 2.4 .

[24] 0.9-12 RE-4 44
[15] 0.9-2.5

[12] 24 FR-4 3.55
[23] 60 Duroid 22
[25] 24 RO4350 3.48
[32] 24 RT-Duroid5880 2.2
[27] 5.8 RO4030 3.38
[10] 24.125 RO4835 3.66
[13] 77 RO3003C 3.0

Although the commercially available substrate materials had the permittivity values very well
characterized by the manufacturer, some attention has to be taken during the design of ultra-wideband
antennas. In this case, as reported before, the use of a single permittivity value during the simulation
process for all bands can influence the results of the antenna in different frequencies.

After analyzing all the examples and the most common choices, some trade-offs can be established
for the optimal antenna design, considering NCVS applications.

Starting with the signal quality matter, larger antennas confer directive beams, but antennas with
larger sizes also have a larger near-field region [5], where the electromagnetic propagation can not be
modelled linearly. In these cases, there is more area where the antenna behavior can not be foreseen.
Nonetheless, directivity is seen by many authors as a crucial characteristic to accomplish high SNR and
accuracy in NCVS signals, since it reduces the parasitic reflections and decreases clutter interference.
In parallel, the main lobe beamwidth should not be too narrow, since, subsequently, a perfect alignment
with the subject’s chest-wall would be required. These also hamper the generalization of system
operation by extending it to multiple subjects, since humans have different body structures and heights
and prior calibrations would be needed.

The system size is also a concern, to enable its portability and to facilitate its usage. Using a single
antenna for both TX and RX operations could be an immediate solution. However, proper isolation
must be assured where the selection of low cost and simpler hardware components is preferable.
Opting by two separate antennas implies that antennas should be closed together, so the radar
operation is approximately as a monostatic, and the RCS is preserved [5]. Either way, i.e., using a
single antenna or two separate antennas, the cross-talk must be minimized.

Regarding the frequency of operation, it is directly related to the radar operation mode,
even though there are some studies that aim to determine the optimal frequency band for NCVS
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applications. In [53], a mathematical model and its simulation are presented to seek for the best
operating frequency that allows both respiratory signal and cardiac detection. They conclude that
the signal strength increases when using frequencies above 5 GHz, and it stabilizes until the lower
region of the K-band. Above 20 GHz, the signal strength decreases slightly. Moreover, nonlinear phase
modulation causes harmonic intermodulation, which is more evident for frequencies above 27 GHz
than for frequencies around 5 GHz.

In [53], the authors also studied the relation between frequency and beamwidth. They considered
large beamwidth above 20° of HPBW and narrow beamwidth around 7°. It was possible to conclude
that signal strength from heartbeat and respiration varies with the frequency, if a large beamwidth is
used. On the other hand, the signal strength is stable for narrow beamwidths. Hereinafter, the gain
range for bio-radar applications was proposed in [29], where the authors state that a gain under 5 dBi
is not enough, and the typical gain value for antennas applied in NCVS acquisition is around 9 dBi.

In summary, some key features directly influence the quality of the signal acquisition and take
action in the system manufacturing. Figures 2 and 3 present the main characteristics that the authors
took into account, when developing antennas for bio-radar applications.

Antenna Parameters for

Bio-Radar Applications

[ Signal Quality ]

A 4 A 4 ‘L
‘ HPBW \ ‘ High Gain \ ‘ Polarization \ ‘ Isolation \
4 } i | |

] | Front-to-back TX/RX mutual

lobe ratio coupling
[LHCP —> TX] [RHCP — RX]

Figure 2. Antenna parameters to improve the acquired signal quality.

Antenna Parameters for

Bio-Radar Applications

System
manufacturing

! ! }

Operation . Antennas Low cost Small size
Bandwidth . . .
Frequency disposition materials front-end
} }
[ Single TX/RX ] [ Dual TX/RX ]

Low frequencies
for EM waves
penetration in
human body

Intermediate
frequencies to
avoid harmonic
distortion

High frequencies to
increase system
sensitivity

Figure 3. Antenna parameters to consider for manufacturing purposes.
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6. Conclusions

With the advance of wireless technologies, remote health monitoring has become an emerging
solution to promote well-being and to detect emergencies at indoor and outdoor scenarios.

In this way, several studies using Doppler radar for NCVS have been presented in the past years.
However, most of them have described the development and/or improvement of the radar circuit
based on demodulation methods and algorithms. As the antenna is a crucial part of the NCVS systems,
a gap of information regarding the antennas parameters suitable for bio-radar was identified.

The knowledge of the effects of the antenna characteristics can help to improve the performance
of radar systems, such as detection accuracy and sensitivity. Throughout this work, several solutions
to improve signal acquisition were described. In summary, there is not a single solution to enhance
antenna performance. Despite that, based on the presented survey, some guidelines for the design of
antennas for vital signs acquisition using radar technology, are pointed out:

e Frequencies—High frequencies increase the sensibility of the radar system and intermediate
frequencies can avoid harmonic distortion. Furthermore, low frequencies can be applied for
surveillance and finding people applications due to the good penetration capacity of the EM wave
through the materials.

e Circular polarization, with different rotation direction in TX and RX, is preferable—using
different rotation direction increases the isolation between the transmitter and the receiver,
minimizing negative influences of second order reflections and multi patch effects on the system;

e Avoid circulator usage if a single antenna is used. Instead, use alternative hardware components
for signals division that do not decrease signal power;

e Directivity—directive beams can achieve high SNR and accuracy in NCVS signals, since its reduces
parasitic reflections and decreases clutter interference;

e High gain—above 9 dBi at the main lobe is preferable. An array can be used to achieve a higher
gain instead of a single antenna;

Reduced size of the antennas can improve the portability of the system;
The use of low cost materials.

Author Contributions: All the authors have contributed to this paper. C.G. and C.L. did the full research,
its discussion, and wrote the manuscript. P.P. and J.V. did the technical revision of this manuscript and supervised
all the research work.

Funding: This work is funded by National Portuguese Funds through FCT—Fundacéo para a Ciéncia e Tecnologia
under the PhD grant SFRH/BD /139847 /2018. The work also is supported by FCT/MEC through national funds
and when applicable co-funded by European Regional Development Fund (FEDER) PT2020 in partnership
agreement under the project UID/EEA /50008/2018 and UID/Multi/00195/2018; and by the FEDER, through the
Competitiveness and Internationalization Operational Program (COMPETE 2020) of the PT2020 framework
[Mobilizing Project TexBoost, under the Postdoctoral grant 024523-PPS4-ANT1].

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AR Axial Ratio

CMOS Complementary Metal-Oxide-Semiconductor
CpP Circular Polarization

CW Continuous Wave

EM Electromagnetic

FMCW  Frequency-Modulated Continuous Wave
GSA Ground Surround Antenna

HPBW  Half-Power Beamwidth

1Q In-phase and Quadrature

LHCP Left-Hand Circular Polarization
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LNA Low Noise Amplifier

LP Linear Polarization

LTCC  Low-Temperature Co-Fired Ceramic
NCVS  Non-contact Vital Signs

PCB Printed Board Circuit

QHC Quadrature Hybrid Coupler

RCS Radar-Cross Section

RF Radio-Frequency

RHCP  Right-Hand Circular Polarization

RX Reception

SDR Software Defined Radio

SIW Substrate Integrated Waveguide

SNR Signal-to-Noise Ratio

SNIR  Signal-to-Noise-plus-Interference Ratio
TX Transmission

UWB  Ultra-Wide Band
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