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Abstract

:

This paper reports a thorough overview on the last developments concerning the vital sign detection and the human localization employing the multiple-input-multiple-output (MIMO) technology. The wireless motion and vital sign detection represents an outstanding research area aimed at monitoring the health conditions of human subjects and at detecting their presence in different environments with minimal concern. MIMO radars exhibit several interesting advantages over conventional single-input-single-output architectures mainly related to their angle detection capabilities and enhanced signal-to-noise ratio. This paper describes the main features and details the operating principles of MIMO technology. Thereafter, it summarizes the state-of-the-art of the available solutions with the purpose of fueling the research activities on this hot topic.
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1. Introduction


In the past decades, wearable and contactless health monitoring sensors have attracted huge attention [1]. The formers are able to provide continuous monitoring capabilities in a large set of scenarios and show reliable performance in terms of vital sign detection and body parts motion estimation [2,3]. Nonetheless, current wearable health monitoring devices, e.g., respiratory belt, smart watches, pulse oximeters, may result in uncomfor experiences because of the intrinsic contact to the body. People could refuse to wear contact-based sensors, thus severely restricting their application field. Moreover, even though they allow to measure one or more physiological parameters, they are usually not able to simultaneously monitor more than one subject at a time.



Great efforts have been devoted to investigating the possibility of detecting physiological parameters without any contact. To this aim, the most employed detection methodologies exploit thermal imaging, optical systems and radar-based devices [4,5].



The thermal imaging extraction of vital signs is based on the detection of the infrared (IR) radiation emitted by a certain part of the human body. The analyzed part of the human body takes the physiological effect into account [6,7]. As an example, the heart activity is related to the temperature variation caused by the blood flow at certain superficial arteries, whereas the respiratory activity involves the temperature gradient caused by breathing out. However, they are largely affected by random body motion artifacts and furthermore the possible applications are limited by the high cost of the sensor.



Optical systems are based on cameras whose main tasks rely on the extraction of the cyclic chest motions due to cardiorespiratory activities or to the detection of skin color changes as a consequence of the physiological movements (photoplethysmography) [8,9]. However, they are very sensitive to different ambient light conditions and affected by privacy concerns that make these transducers unsuitable for a huge set of applications.



Radar-based systems exploit the Doppler effect, i.e., the signal reflected by a person is modulated by the chest motion as a consequence of the physiological activity or of the skin pulse due to arterial blood pressure. In this framework, the use of radar sensors for the non-contact detection of the Doppler effect has become a rapidly developing research field fueled by the great technological advancements, particularly concerning the microwave and millimeter-waves (mm-) front-ends [10,11,12]. Radar features outperform the other contactless methods, e.g., ultrasonic and infrared, in terms of reliability in presence of changing light conditions and temperature.



Medical radars typically exploit sensing techniques and technologies such as ultra-wideband (UWB), Doppler, continuous wave (CW), and frequency modulated continuous wave (FMCW) radars [13,14,15,16,17,18,19,20]. They can be considered as un-intrusive systems able to preserving the users’ privacy and comfort.



Whereas CW radars provide better resolution than FMCW radars in measuring speeds and displacements, FMCW radars are able to provide range detection capabilities [21,22,23]. UWB radars are characterized by low transmitted power and power consumption [24].



In recent years, multiple-input multiple-output (MIMO) radars are achieving a growing attention because of their capability to measure the angle-of-arrival (AoA) of the received echoes thus enabling the estimation of the targets’ precise location over both the azimuthal and the elevation planes. The peculiar hardware characteristic of the MIMO radar architectures is the presence of multiple transmitting and receiving antennas able of transmitting different, often orthogonal waveforms. Thereafter, by measuring the time shifts resulting from the different time-of-flight (TOF) covered by the echoes reflected by targets with different angular positions, it is possible to compute the AoAs and thus estimate the exact targets location [25].



The most relevant advantages of this technology can be summarized as:




	
Improved detection performances due to the signal-to-noise (SN) ratio of the received signals better than the single-input-single-output systems.



	
Angle estimation capabilities.



	
Lower minimum detectable speed.








The available research articles concerning MIMO radars for biomedical applications are divided into two main topics:




	
MIMO systems exploited for enhancing the accuracy and reliability of the vital sign detection.



	
MIMO systems employed for both the human vital sign detection and human precise location.








In this contribution, an insight on the main feature of the MIMO technology and a review of the more recent developments along with the future challenges for biomedical applications are provided. The purpose of this work is to stimulate new ideas, concepts, and theories and to foster further applications addressed to the researchers in the field.



To the best of the authors’ knowledge, the review papers currently available among the scientific records are specifically focused on the MIMO technology or on the vital sign detection separately, with no examples analyzing the topic of the biomedical MIMO radars for vital sign detection and human localization. The lack of papers collecting and illustrating the main results in the field, fueled the authors’ effort to fill this gap by writing this work.



The paper is organized as follows. In Section 2, the most relevant aspects of the body physiology and MIMO theory and technology are depicted. In Section 3, the most relevant work in the field are analyzed and commented. Finally, discussions and conclusions are outlined in Section 4 and Section 5, respectively.




2. Preliminary Background


2.1. Body Physiology


Two of the most investigated physiological parameters for the design of contactless sensors are the breathing and heart rates.



The main role of the respiratory system is the gas exchange from the inside out of the body and the vice versa. In detail, the body inhales the oxygen (O2) needed by the body cells and exhales the carbon dioxide (CO2) waste production. The O2 passes through the upper respiratory system, the trachea and the bronchi and reaches the lungs. The bronchi repeatedly fork until they form the alveoli inside the lungs. The alveoli themselves are responsible for the gas exchange with the blood, thereafter the CO2 travels the inverse path and it is exhaled. The effects of the respiratory system in terms of external chest movements are the combination of rib cage and abdominal motions, namely 9 to 24 breaths-per-minute, on average. Tough the amplitude of the chest displacement depends on the relative position between the observer and the chest itself, typical values range from 4 mm to 12 mm [26].



The blood pumped by the heart contractions is carried throughout the body circulatory system by means of the cardiovascular system. The circulatory system is composed of two main stages that are circularly and continuously traveled. First, the pulmonary circulation pushes the blood from the heart to the lungs for absorbing O2 and releasing CO2 and brings the full-of-oxygen blood back to the heart. Thereafter, the systemic circulation delivers the blood from the heart to the body and finally the blood devoid of O2 returns to the heart and the process is repeated again [27].



As in the case of the respiratory system, the heart pumping induces a motion of the skin surface. Although the extent of this motion depends on many physiological parameters, average peak-to-peak displacement values are between 0.4 mm and 0.6 mm, whereas the heart rate ranges from 50 to 90 beats-per-minutes, on average.



If an electromagnetic signal hits the human body, the chest motion    x  b h     due to both the breathing activity and heartbeat involves a phase shift    ∅  b h     on the reflected waveform that can be assessed as:


   ∅  b h   =  x  b h     4 π    f c   c   



(1)




where    f c    is the central operating frequency and   c   is the speed of the light.



The measurement of    ∅  b h     is usually the purpose of the systems employed for the vital sign detection.




2.2. MIMO Theory


The MIMO concept involves the presence of multiple radiating and receiving sections [28]. The role of the radar is to process the data coming from the surrounding space by following different approaches that, according to modern paradigms, are model-based. The model-based approach relies on hypothesis concerning the data observed in the real world, with the purpose of creating an artificial model well-fitting the real scenarios of interest.



To this purpose, the following hypothesis have been assumed throughout the theoretical description [29]:




	
Isotropic and linear transmission medium: this ensures that the propagation properties do not change with the AoA and that the received signals can be computed as a linear superposition of the signal wave fronts generated by the reflecting objects.



	
Far-field assumption: this ensures that the received signals can be considered as parallel to each other. It is usually a reasonable assumption by ensuring the distance between the targets and the radar be much larger than the dimension of the antenna array. A rule of thumb for verifying this assumption is provided in [30], i.e., the distance radar-target is larger than   2  D 2  / λ  , with  D  being the dimension of the antenna array and  λ  the wavelength of the signals.



	
Narrowband assumption: this ensures that the frequency components of the received signals are grouped around the carrier frequency. Therefore, by considering n reflecting objects generating n source signals    s n r   ( t )    (  n =  [  1 , 2 , … , N  ]  )  :


   s n r   ( t )  =  α n   ( t )  cos  (  2 π  f c  t +  β n   ( t )   )   



(2)




where,    α n   ( t )    and    β n   ( t )    are the signals amplitudes and phases, respectively.



	
Additive White Gaussian Noise (AWGN) channel: the noise content is uncorrelated.








The main features of the MIMO techniques exploit the AoA detection capabilities that are in turn based on the measurement of phase differences. Let us consider an object generating an electromagnetic wave directed toward and detected by a two-element antenna array, separated by a distance d.



It can be considered that the received waves impinge on the antennas at an angle θ, therefore, by supposing that the object is closer to the first element, the wave path from the object to the second element is longer by an additional distance   Δ = d · sin θ  . By considering the signal received by the first antenna as a reference, namely,   x 1   ( t )  = s  ( t )   , the signal received by the second element    x 2   ( t )    is:


   x 2   ( t )  = s  ( t )   e  − j   2 π  λ  d · sin θ    



(3)







This scenario is graphically reproduced in Figure 1.



In a similar fashion, by considering m receiving antennas    (  m =  [  1 , 2 , … , M  ]   )   , the received signals    x m   ( t )    at the mth antenna can be expressed in matrix form as follow:


   [       x 1   ( t )         x 2   ( t )       ⋮       x M   ( t )       ]  =  [      a  (   θ 1   )        a  (   θ 2   )       ⋮      a  (   θ N   )       ]  ·  s 1   ( t )  +  [       n 1   ( t )         n 2   ( t )       ⋮       n m   ( t )       ]   



(4)




where   a  ( θ )  =    [     1     e  j   2 π  λ  d · sin  θ n       …     e  j   2 π  λ  d · sin  θ n   (  M − 1  )         ]   T    is the steering vector and    n m   ( t )    denotes the interferences plus-noise term.



According to the previous considerations, the key step of the AoA detection involves the measurement of the phase shift     2 π  λ  d · sin  θ n   . Thereafter, the corresponding angle of arrival can be computed by:


  θ =   sin   − 1    (    Δ · λ   2 π d    )   



(5)







In real scenarios, determining the AoA based only on phase differences might not be a reliable solution, particularly in case of multiple incoming signals. To this aim, in the scientific literature, different algorithms are proposed. The most popular techniques can be classified into conventional beamforming techniques, subspace-based techniques, and maximum likelihood (ML) techniques [29]. Beamforming techniques are based on “steering” the antenna array in the direction of the AoA in order to notice the maximum power [30]. After selecting the desired direction, a weight vector can be employed to combine the available data in a single signal. Examples of beamforming techniques are the conventional beamformer, the Capon’s beamformer, the minimum variance distortion-less response (MVDR), the linear prediction, and the Bartlett method [31,32,33,34]. Although they offer better performance, particularly in case of low signal-to-noise ratio, ML techniques are less employed because of their high computational cost [35]. They consist in reconstructing the signal waveform with only the components of the desired AoA. In subspace-based techniques, the data space is partitioned into two orthogonal subspaces, i.e., the signal and noise subspaces. The former corresponds to the steering vectors and it is associated to the larger eigenvalues of the correlation matrix, the latter is spanned by the smaller eigenvalues. Some popular examples are multiple signal classification (MUSIC) algorithm, minimum norm method, and estimation of signal parameters via rotational invariance techniques (ESPRIT) [36,37,38,39].



A key aspect of the MIMO detection capabilities concerns the antennas arrangement. Two popular antenna configurations are the uniform linear array (ULA) and uniform rectangular array (URA) [29]. ULA consists of M antenna elements aligned and equally spaced on a straight line. A possible configuration is shown in in Figure 2.



In this case,    s n r   ( t )    impinges on the antennas after a delay    τ d    proportional to the target range   R  , according to    τ d  =  R c   . Therefore, the signal received by the first element    s  n 1    ( t )    is a time-shifted version of    s n r   ( t )   :


   s  n 1    ( t )  =  α n   (  t −  τ d   )   e  − j  [  2 π  f c   (  t −  τ d   )  +  β n   (  t −  τ d   )   ]     



(6)







According to (3), the signal at the mth element is a delayed version of the signal received by the first element, in detail:


   s  n m    ( t )  =  α n   (  t −  τ d   )   e  − j  [  2 π  f c   (  t −  τ d   )  +  β n   ( t )   ]     e  j  (  m − 1  )    2 π  λ  d sin  θ n     



(7)







The additional factor in (7)    e  j  (  m − 1  )    2 π  λ  d sin  θ n      depends on the element position relative to the first one and on the product d   · sin  θ n   . With the aim of extracting the    θ n   , the phase shifts must be limited to the interval [  − π , π  ] and in turn the possible AoA to [  − 90 ° , 90 °  ]. This requires an antenna element spacing less than     λ  2    otherwise there will be an ambiguity in the angle estimation.


   x m   ( t )  =  s n   ( t )    ∑   n = 1  N   e  − j   2 π  λ  d · sin  θ n   (  m − 1  )    +  n m   ( t )   



(8)







Equation (7) is often reported in matrix form as follow:


  x  ( t )  =  [      a  (   θ 1   )      a  (   θ 2   )     …     (   θ N   )       ]   [       s 1   ( t )         s 2   ( t )       ⋮       s M   ( t )       ]  +  [       n 1   ( t )         n 2   ( t )       ⋮       n m   ( t )       ]   



(9)







On the other hand, URA is a kind of two-dimensional array enabling both azimuth and elevation estimation. Three different typical centro-symmetric two-dimensional array configurations with different elements positioning are shown in Figure 3.



Compared to the steering matrix and consequently the AoA processing of ULA, the case of URA is different because it takes into account both the azimuth and elevation angles.



It is clear that the greater the number of antennas, the better the radar performance. As an example, for the case of M equally spaced antennas separated by a distance of     λ  2   , the angle resolution is equal to     2  M   . As a matter of fact, MIMO radar is synonym of superior performance because it allows to get additional RX antennas, i.e., virtual antennas, without increasing the hardware complexity of the receiver chain in terms of added low-noise amplifiers, mixers, filters, and analog-to-digital converters. Indeed, the number of antennas of a MIMO radar corresponds to a single-input-single-output (SIMO) radar with one transmitter and NxM receivers, thus providing a cost-effective way to enhance the angle resolution capabilities. An example of 2Tx4R MIMO radar array has been reported in Figure 4.



The signal emitted by the two transmitting antennas will result in a steering vector equal to    [     1     e  j π · sin  θ n         e  j 2 π · sin  θ n         e  j 3 π · sin  θ n         e  j 4 π · sin  θ n         e  j 5 π · sin  θ n         e  j 6 π · sin  θ n         e  j 7 π · sin  θ n         ]   , synthesizing a virtual array of eight elements. Two popular approaches employed for separating the signals coming from the two different transmitters involve the orthogonality between the transmitting channels and they exploit time division multiplexing (TDM) or binary phase modulation (BPM) [25]. In the former, the transmission is divided in time slots attributed to each different transmitting antenna, whereas in the latter the transmission between the two channels is simultaneous while the phases are 0 or π.



By way of explanation, a typical architecture of a 2Tx4R MIMO radar has been reproduced in Figure 5. For each transmitting channel, a digital processing unit generates the initial signal that is successively up-converted by a frequency multiplication stage, amplified and transmitted by a high-power amplifier (HPA) and the corresponding antenna element, respectively. The received signal is amplified by a low-noise amplifier, down-converted and finally processed by the digital processing unit.





3. Biomedical Application of MIMO Radars


In [40,41,42] some examples where a MIMO radar is exploited for the human detection in cluttered environments are shown. In detail, in [42] a bistatic MIMO radar has been employed for estimating the target location. The conceptual scheme of the system presented in this work is shown in Figure 6.



In the proposed configuration, operating at 2.4 GHz, the transmitter and the receiver have been set opposite each other, 4 m apart. The position of the person has been detected by intersecting the lines lying on the angles φT and φR, i.e., the AoA at the transmitting and receiving sections, respectively. Since the humans’ echoes fluctuate due to the physiological activity, the undesired echoes from stationary objects can be recognized and discarded. The effectiveness of the proposed solution has been confirmed in multipath environments with the subject-under-test in different positions.



In [43], a radar working within the Ka band exploits an antenna array composed by 256 equidistant virtual elements for both people localization and breathing detection. The measured data have been organized in beamformed images and thereafter transformed from the slow-time to the Doppler domain in order to isolate the static objects in the scene. Unlike [42], in [43] stationary people have been considered static objects, thus ignoring the motion related to the physiological activity. Different scenarios including up to three people have been considered. Moreover, various windows have been applied on the measured data for improving the detection. Although limited to the detection of static objects, this radar showed valuable performance for the simultaneous monitoring of multiple targets in large areas.



In [44], a feasibility study concerning the extraction of the radar image of the human heart by using an UWB radar has been proposed. The UWB radar is composed by a vector network analyzer (VNA), a switching system, a beamformer and the antennas. In detail, a 56-elements non-uniform antenna array has been placed in contact with the thorax of a 35 years-old subject, while the breathing rate has been measured by means of an electrocardiogram (ECG). The VNA and the ECG measurements are synchronized by means of a trigger signal, whereas the operating frequency spans from 0.75 GHz to 12.27 GHz. The collected data are exploited for the task of image extraction by implementing a delay and sum (DAS)-based beamformer. A schematic diagram of the system has been reported in Figure 7.



Since a precise knowledge of the body inner structure was not available, a clear evidence of the presented results was not clearly stated throughout [44]. However, the detected points were in agreement with the expected location of the heart sections and the measured breathing rate corresponded to the ECG measurement.



The work reported in [45], demonstrated the concurrent breathing and heartbeat measurement capabilities by using a MIMO radar that exploits a TDM technique. Four transmitting/receiving couples of antennas have been randomly distributed around a person standing 4 m away from the radar. A graphical representation of the scenario has been shown in Figure 8.



The 16 collected acquisitions allowed both to increase the SN of the received signal and to enhance the reliability of the measurement. Indeed, the signal received by a single transmitting/receiving couple might be vanishing or weak due to different factors, e.g., multipath from cluttered environments and/or excessive angulations. The redundant detection from multiple angles allows to overcome these limitations, thus fulfilling the task of measuring both the breathing rate and the heartbeat.



In [46], both the angular position and the breathing of two people located at different lateral positions but at the same distance has been demonstrated. The proposed system employs an UWB radar and implements an adaptive beamforming technique, i.e., a modified Capon method with optimized weights at each receiving antenna. The optimization was implemented because the Capon method requires not correlated received signals, as it is not the case of the echoes reflected from breathing people. In detail, two diagonal loading factors have been tested for the AoA estimation, exhibiting a root-mean-square error of the measured breathing better than 0.13 mm, which is a remarkable result compared to the performance of the conventional algorithm that has been estimated equal to 2.7 mm.



Reference [47] reports on a human localization algorithm implementing a 2-D MUSIC algorithm with spherical-mode applied on a time-differential channel. By means of a MIMO radar architecture, it has been demonstrated that the feasibility of both heartbeat and breathing detection in just few seconds, corresponding to one biological activity cycle. The experimental activity in indoor environment showed a localization error better than 0.5 m.



In [48], an FMCW MIMO radar has been employed for monitoring both the breathing and heart rates. The proposed system, after noise suppression and unwanted targets removal, improves the standard accuracy levels by exploiting multiple antenna pairs operating simultaneously.



In [49], the person 3D location is estimated by employing a time-differential channel technique whereas the Doppler radar cross section (RCS) is calculated from the reflected signal. The received data are elaborated by exploiting a three-dimensional MUSIC algorithm with a spherical mode vector, whereas the person posture is identified by implementing a nearest neighbor algorithm.



The results showed that all postures had root-square mean error values within 0.25 m.



A graphical representation of the measurement setup and the experimental environment is provided in Figure 9. The antenna arrays have been realized on a polytetrafluoroethylene (PTFE) substrate and are composed by 16 patches per channel, i.e., transmitting and receiving channels.



Not-human targets are discarded by observing the time-variant channel response of Figure 10, where humans show a time-varying behavior.



As shown in Figure 11, where the measurements have been performed on a single person (a,b) standing, (c,d) sitting on a chair, and (e,f) lying on the floor, the different postures might be clearly recognized with good accuracy.



Moreover, the training data achieved from the height and the Doppler radar cross section (RCS) and reported on the scatter diagram of Figure 12, demonstrated that the postures do not have overlapping distributions.



A further example of radar application where multiple receiving antennas are employed for improving the detection capabilities in a redundant arrangement has been reported in [50]. In detail, a SIMO Doppler radar sensor has been developed in order to be sensitive only to moving objects. The additional receiving channel allowed to obtain the initial target location, whereas a subcarrier modulation has been implemented to solve the phase ambiguity issues. Finally, the exact position of only the moving object has been obtained.



In [51], the vital signs detection of multiple people employing a CW Doppler radar based on concurrent multibeam systems has been demonstrated. The multi-beam architecture allows to overcome the phase collision issues arising when multiple targets are present within the scene. Moreover, additional spatial filtering mitigates the inter-beam inferences.



In [52], the task of simultaneously detecting the people position and both the breathing and heart rates has been fulfilled by employing a very compact radar solution. A high integration level has been achieved by employing an operating frequency equal to 120 GHz. The antennas consist of two transmitters and eight receivers arranged in a circular distributed virtual array shape. Because of the circular distribution, a back-projection processing is required for the 3D image estimation.



In [53], the heartbeat rate of a person has been recorded during the sleeping time by using an UWB MIMO radar. In detail, the MIMO features have been exploited to improve the SN ratio by implementing a maximum ratio combining (MRC) technique. The MRC has been also used for avoiding the interferences due to the human unconscious movements during the sleep time.



A beamforming technique has been implemented at the radar receiver of the SIMO system presented in [54] for enhancing the desired signals and attenuating the unwanted components from other directions.



In [55], a MIMO radar system has been simulated with the purpose of locating the position of the patient and measuring the breathing rate. A custom antenna array has been also designed and tested.




4. Discussion


To the best knowledge of the authors, the works reported in Section 4 are among the most relevant concerning the MIMO radar technology employed for the vital sign detection. Even though within the scientific literature different works separately addressed the tasks of vital sign detection and multiple target location, only few contributions are directed to the concomitant investigation of these two tasks. The main properties of the reported papers have been summarized in Table 1.



Different purposes have been fulfilled within the research activities of Section 4. In detail, refs. [42,43,45,46,48,51,52,53,54,55] employs the presence of multiple antennas for increasing the SN at the receiver, in turn improving the accuracy and the reliability of the vital sign detection. The enhanced performance are the result of the increased transmitted power through multiple transmitters and of the different AoA of the received signals that allow to avoid vanishing or weak echoes. In [42,43,46,47,49,50,52,55], the features of MIMO radars have been used for adding the human precise localization capability to the vital sign detection. An unconventional application has been reported in [44] addressing the task of creating a radar image of the human heart. Although the paper has been published in year 2014 and the research topic has not been continued, the challenge of creating a radar-based image of the heart is still actual and noteworthy.



Different frequencies ranging from 0.75 GHz to 120 GHz have been employed whereby the increased hardware and processing complexity of higher frequency radars is well awarded by the premium performance in terms of system integration, spatial resolution and accuracy. An unresolved challenge appears to be the capability to estimate the vital signs in presence of random body movements or radar platform motion. These serious issues are very common in a huge range of applications and occur when the target or the radar platform cannot be maintained stationary, respectively. Indeed, these additional movements might mask the tiny phase shift due to vital signs thus making its detection unfeasible.



Moreover, the investigation of intrabeam interferences and spectrum leakages seems not to be adequately addressed. In detail, the existence of undesired noise at different range bins could involve ghost targets detection or degrade the signals of interest.



Different papers face the issue of the multiple target detection only in stationary environments thus reducing the complexity of the analyzed scenario not accounting for range migration effects.




5. Conclusions


In this review article, an extensive survey on the MIMO technology and its applications on the vital sign detection and human localization have been reported.



The main features of MIMO radars have been exposed for highlighting the main advantages over the traditional single-input-single-output architectures with the aim of fueling the research activity on this interesting and recent topic. After a description of the involved physiological mechanisms and a straightforward theoretical analysis of the MIMO processing techniques, the main findings concerning the MIMO radar technology for the vital sign detection and human localization have been reported. The aim of this work is to provide a landmark for the future research activities in the context of biomedical radars.
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Figure 1. Configuration with a two-element receiving array. 
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Figure 2. Uniform linear array (ULA) configuration. 
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Figure 3. (a–c) Typical uniform rectangular array (URA) configurations. 
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Figure 4. 2Tx4R multiple-input-multiple-output (MIMO) radar array. 
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Figure 5. Typical 2Tx4R MIMO radar architecture. 
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Figure 6. Conceptual scheme of the bistatic radar reported in [42]. 
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Figure 7. Schematic diagram of the ultra-wideband (UWB) radar proposed in [44]. 
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Figure 8. Graphical representation of the operating scenario described in [45]. 
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Figure 9. (a) Measurement setup and (b) experimental environment [49]. 
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Figure 10. Response of time-variant channel [49]. 
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Figure 11. Multiple signal classification (MUSIC) spectrum with a person (a,b) standing, sitting on a chair (c,d), and (e,f) lying on the floor [49]. 
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Figure 12. Training data based on height and Doppler radar cross section (RCS) [49]. 
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Table 1. Main properties of the reported biomedical MIMO radars.
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	Ref. n.
	Radar Configuration
	Measured Parameters
	Number of Targets
	Signal Processing
	MIMO Configuration
	Operating Frequency





	[42]
	Bistatic
	Human localization
	Single human target
	MUSIC algorithm
	4Tx4R
	2.47 GHz



	[43]
	Monostatic
	Human localization, breathing detection
	Multiple human targets
	Frequency analysis
	16Tx16R
	36.44 GHz



	[44]
	Monostatic
	Heart imaging
	Single human target
	DAS beamformer
	7x8T/R
	0.75 GHz–12.27 GHz



	[45]
	Bistatic
	Breathing detection
	Single human target
	Frequency analysis
	4Tx4R
	94 GHz



	[46]
	Monostatic
	Human localization, breathing detection
	Multiple human targets
	Modified Capon beamformer
	1Tx4R
	60.5 GHz



	[47]
	Monostatic
	Human localization
	Multiple human targets
	MUSIC algorithm
	4Tx4R & 8Tx8R
	2.47 GHz



	[48]
	Monostatic
	Heart and breathing detection
	Single human target
	Frequency analysis
	1Tx4R
	3.3 GHz–10.3 GHz



	[49]
	Bistatic
	Human localization, posture identification
	Single human target
	MUSIC algorithm
	16Tx16R
	2.47 GHz



	[50]
	Monostatic
	Human and moving objects localization
	Single target
	Cooperative tracking-algorithm
	1Tx3R
	5.8 GHz



	[51]
	Monostatic
	Heart and breathing detection
	Multiple human targets
	Concurrent multibeam
	4Tx4R
	2.4 GHz



	[52]
	Monostatic
	Human localization, breathing and heartbeat detection
	Multiple human targets
	Frequency analysis
	2Tx8R
	120 GHz



	[53]
	Monostatic
	Heartbeat detection
	Single target
	Maximum ratio combining
	2Tx4R
	60.5 GHz



	[54]
	Monostatic
	Breathing detection
	Single target
	Beamforming
	1Tx8R
	5.8 GHz



	[55]
	Monostatic
	Human localization, heartbeat detection
	Single target
	Frequency analysis
	1Tx4R
	5.8 GHz
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