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Abstract

:

Short-range millimeter wave radar sensors provide a reliable, continuous and non-contact solution for vital sign extraction. Off-The-Shelf (OTS) radars often have a directional antenna (beam) pattern. The transmitted wave has a conical main lobe, and power of the received target echoes deteriorate as we move away from the center point of the lobe. While measuring vital signs, the human subject is often located at the center of the antenna lobe. Since beamforming can increase signal quality at the side (azimuth) angles, this paper aims to provide an experimental comparison of vital sign extraction with and without beamforming. The experimental confirmation that beamforming can decrease the error in the vital sign extraction through radar has so far not been performed by researchers. A simple, yet effective receiver beamformer was designed and a concurrent measurement with and without beamforming was made for the comparative analysis. Measurements were made at three different distances and five different arrival angles, and the preliminary results suggest that as the observation angle increases, the effectiveness of beamforming increases. At an extreme angle of 40 degrees, the beamforming showed above 20% improvement in heart rate estimation. Heart rate measurement error was reduced significantly in comparison with the breathing rate.
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1. Introduction


Microwave radars have enabled many wireless sensing applications such as gesture recognition [1,2], human behavior monitoring [3], and vital sign recognition [4]. Amongst these applications, human vital sign monitoring has a great potential for the healthcare industry. In the modern era, in-home health monitoring has gained huge public interest since early diagnosis can avoid many medical emergency situation [5]. Radar sensors provide a continuous and non-contact solution to monitor vital signs. This non-contact and non-invasive nature of radar-based vital sign extraction can bring several applications such as cardiopulmonary diagnostics, treatment, athletes’ physical condition monitoring, elderly monitoring and search-and-rescue operations [6,7]. Radar can also provide in-home human vital sign monitoring systems for self-diagnostic purposes. Another type of non-contact sensor is a camera sensor [8,9] where video frames are analyzed to extract cardio-pulmonary movement. However, camera sensors have an associated privacy issue [10]. Users do not feel comfortable being watched all the time.



Radar sensors have brought us many medical applications other than vital sign monitoring. For instance, radar is used for activity monitoring in the elderly community [11]. In addition, the authors in [12] provided a feasibility study for sensing medical emergencies in the home environment.



The micro-movements of the human chest caused by heart beat and respiration creates a periodic vibration which can be sensed with a radar sensor. Early attempts for human vital sign extraction dates back to 1970s when Lin [13] provided an early feasibility study recording chest vibrations using radar. Today, several implementations of human vital sign extraction exist.



In most of the radar-based vital sign extraction, the human participants are often placed at the zero-degree angle-of-arrival (AoA). This is because radars have directional beam patterns, and the detection performance degrades as we move away from the zero-degree AoA., Beamforming is designed to overcome this limitation.. It aims to increase the reflections coming from the direction of the target while reducing the reflections from the other arrival angles. For a specific AoA, the phase values across a multiple input and multiple output (MIMO) radar system is adjusted in such a way that the beamformed signal collectively increases the signal-to-noise ratio (SNR).



The radar cross section (RCS) of the human body is ranged approximately between 0.5 m2 to 3 m2 [14] which is in fact less than a metal plate of 0.15 m2. In fact, the actual cardio-pulmonary reflections have an RCS of less than 0.5 m2 [15]. In such scenarios, targeting a radar beam towards human participants using an MIMO radar may increase the quality of the radar returns corresponding to chest movement. An MIMO radar consists of multiple transmitters (TX) and receivers (RX) which are collectively used to increase the overall signal quality.




2. Related Work


As stated earlier, while measuring vital signs, a human participant is often located at the zero AoA. For instance, the authors in [6] used frequency modulated continuous wave (FMCW) radar with a new phase-unwrapping strategy for human vital sign extraction in various sleeping positions. Similarly, Yoo et al. [16] used FMCW radar for children vital sign detection and age-group classification using convolutional neural network (CNN). Another research work compared vital sign extraction at four different chest positions [17] and concluded that a radar sensor placed at the front side of a human participant is the optimum position. A few attempts have been made to extract vital signs through walls [18] which have also enabled the use of radar for search and rescue operations [19].



Recently, a few research works have shown the initial feasibility of multiple-target vital sign extraction using the MIMO beamforming assembly [20,21,22,23]. For example, in reference [20], three humans located at three different distances were localized, and their vital signs were extracted independently. Similarly, the authors in [21] also detected multiple human vital signs with a radar sensor. However, the participants were located at different distances. Cardillo et al. [24] reviewed research related to the applications of MIMO radars for health-related applications. Their work suggests that beamforming is often used not only to extract vital signs, but also to localize human targets. In the literature, both multi-static [25] as well as mono-static [26] radars have been employed for medical applications.



In the aforementioned studies, the effect of beamforming on vital sign detection at different angles and distances is not discussed so far. Experimental confirmation and quantification of beamforming for vital sign detection is yet to be explored. In this study, we aim to perform the experimental analysis to quantify the effectiveness of beamforming on the side angles, that is to say, when the AoA is not zero. A detailed experimental setup considering different distances and angles was designed and data with and without beamforming was simultaneously collected. The new and the main contributions of this article are as follows:




	
This paper is the first study presenting an experimental comparison of vital sign extraction with and without beamforming at different distances and angles. To the best of the authors’ knowledge, the effectiveness of beamforming for vital sign measurement has not been quantified by researchers so far. An experimental confirmation of the usefulness of beamforming for vial sign measurements is presented. Vital signs are measured with radar and references sensors simultaneously, and the measurement difference is quantified for with and without beamforming cases.



	
We provide an experimental setup and strategy to verify the effectiveness of beamforming by considering different distances and angles to extract vital sign. In addition, a range–angle map to extract the AoA of the target is also performed. The extracted AoA can further be used to perform the beamforming operation.



	
This study aims to show the practicality of computationally low-complexity beamforming algorithm to improve vital sign extraction.








The rest of the manuscript is organized as follows. Section 3 provides the materials and methods of the research work which involves an explanation regarding the experimental design used in the paper and the signal pre-processing and beamforming details. Section 4 deals with the experimentation and results based on the methodology formulated in Section 3. Finally, Section 5 and Section 6 provides the discussion and conclusion, respectively.




3. Materials and Methods


3.1. Designed Experimental Setup


For experimental comparison, a carefully designed experimental setup is necessary for data capturing. We designed the experimental setup shown in Figure 1 where several different angles and distances are considered. The experimental setup comprised five discrete data capturing points at a distance of 0.9, 1.2 and 1.5 m each. These distances were chosen given the fact that in most of the research related to vital sign extraction, human subjects are near the radar [16,17]. Long-range vital sign measurements are often used in search and rescue operations. The five points in our experimental setup are separated by an angle of 20 degrees and range between positive and negative. Angles above 40 are beyond the scope of our experimentation. In total, there are 15 data capturing points which are highlighted in yellow in Figure 1. Note that the human participants were at rest during data capturing. Since the main objective of this research is to compare the performance of vital sign extraction in two cases that are without and with beamforming, we captured vital sign data simultaneously in both cases for the sake of a fair comparison.




3.2. FMCW Radar Signal Processing


FMCW radar transmits a saw-tooth modulated signal whose frequency increases linearly with time known as chirp [2]. The transmitted signal   x  t    can be expressed as [27,28]


  x  t  = e x p   j 2 π    f c  t +  1 2   B T   t 2      ,  



(1)




where  B  represents the bandwidth of the chirp,  T  represents the time period, and    f c    represents the starting carrier frequency. In (1), the term B/T defines the ramp of chirp which is directly proportional to the bandwidth and inversely proportional to the time period of one chirp. In a single radar frame, there are several chirps being transmitted together as shown in Figure 2. As observed in Figure 2, there exists a delay between the transmitted chirp shown in red and the received chirp shown in green. The corresponding received signal y   t    from a moving target will be


  y  t  = e x p   j 2 π    f c    t − Δ t   +  B T      t − Δ t    2      ,  



(2)




where   Δ t   represents the round trip time-delay and can be calculated based on the radial velocity    v r   , distance  R , and speed of light  c  such that


  Δ t = 2     R +  v r  t  c    .  



(3)







It should be noted that the round trip delay contains the time taken by the signal to reach the target and then reach the receiving antenna.



At the receiver, the received signal is multiplied with the copy of the transmitted signal, and the high frequency values from the resulting terms are ignored to recover a low-frequency signal [29]. This circuitry is often termed as the mixer, and the output of the mixer is called the intermediate frequency (IF) signal [30].


  IF  t  = e x p   j 2 π    f c  t +  B T    Δ t   t −  B  2 T    t 2      .  



(4)







For the case of an MIMO radar, the IF signal at each receiver is extracted independently. The overall signal processing chain for an MIMO radar consisting of    N  R X     receiving channels is shown in Figure 3. As shown in Figure 3, the received signal at each channel expressed as y   t    according to Equation (1) is mixed with a copy of transmitted signal to form the low frequency signal   IF  t   . The   IF   signal is digitized separately at each RX channel, and fast Fourier transform (FFT) is taken. Afterwards, a 2D matrix is constructed for each receiver where the peak in the FFT range bin will resolve the target (human chest) location. The signal from each RX channel is combined at the end to form a radar data cube (RDC) matrix  X , whose dimensions are


  Dimensions    X  =   M , R ,    N  R X     ,    



(5)




here   M , R  , and    N  R X     presents the number of chirps, range FFT size, and number of (virtual) RX antennas, respectively. This radar RDC matrix is generally used to extract target information in different domains such as the range–time domain, the velocity–time domain, and the range–angle domain. Next, we present the beamforming operation being used in this research.




3.3. Beamforming with OTS Radar


Figure 4a describes the theoretical details of RX beamforming with N receiving channels. With multiple (two) transmitters placed at different locations, a distinct non-coherent signal is transmitted by each TX antenna. In order to perform RX beamforming, these transmitted signals are orthogonal in nature [26]. The RX chain receives the signal being reflected by the target (human chest). With multiple TX and RX, the number of elements of a virtual uniform linear array (  VULA  ) will be [31]


  VULA =  N  T X    N  R X   .  



(6)







In Equation (6), the    N  T X     and    N  R X     represent the number of transmitters and receivers, respectively. Figure 4b represents the virtual array corresponding to a setup shown in Figure 4a.



Since the distance between two adjacent antennas is far less that the distance between the human target and the receiver, it can be said that the reflected signals for each channel travel in parallel to each other.



In this study, we used receiver beamforming to increase the signal coming from the target direction while minimizing the other directions. As explained earlier, the MIMO radar setup for capturing vital signs is shown in Figure 4a. Assume that we have Nrx receiver channels separated by a distance d which is often a fraction of the wavelength λ, and the AoA between the radar and the target is θ, the receiver near the target will receive the reflection first. The main objective of beamforming is to align all the received signals and sum them up as expressed in Figure 4a. A constant phase increment is required to steer the beam towards the desired reflection. The delay   Δ ϕ ( θ )   for a specific   R x   antenna and an angle  θ  can be found as


  Δ ϕ ( θ ) =    n  r x   − 1     2  π ( d ) sin   θ   λ  ,  



(7)




where    n  r x     represents nth RX antenna in the virtual array for beamforming, and  d  represents the distance between two RX antennas. Note that the OTS FMCW radar under consideration has two TX and four RX antennas which collectively provide 8 virtual RX antennas. As stated earlier, the distance between the two adjacent RX antennas of the OTS FMCW radar is  λ /2. The above equation can be simplified as


  Δ ϕ ( θ ) = π    n  r x   − 1   sin  θ  .  



(8)







For a specific angle  θ , the required delay term   Δ ϕ ( θ )   in terms of a complex exponential is multiplied with the RDC matrix X, as expressed in Figure 2. The weight vector of all the eight RX antennas of the OTS FMCW radar under consideration will be


  W = exp   − j π    n  r x   − 1   sin  θ    ,  



(9)




where  W  is the weight vector to be multiplied with the matrix X having dimensions equal to number of considered RX antennas. The resulting dot product of X and W can be expressed as


   X  B F     =  X H  W ,  



(10)




where  H  represents the Hermitian matrix. In (10), the BF represents the beamformed signal which is the combination of each individual RX channel. The process from Equations (7)–(10) is summarized in Figure 5. As explained earlier, the weight vector is calculated according to Equation (8) and then multiplied with the RDC expressed in (9). The resulting values are summed up (by taking the dot product) to form a unified signal    X  B F     which increases the reflection for a specified arrival angle. This signal is then used to extract human vital signs.



The MIMO FMCW radar considered in this study is designed by Texas Instruments (TI), Texas, TX, USA (IWR6843 FMCW radar). Table 1 lists the remainder of the technical specifications of the OTS radar. As shown in Table 1, with two TX and four RX we have created a   VULA   of eight elements.



The antenna pattern of all the transmitter and receiver pairs is shown in Figure 6 [32]. The gain in terms of horizontal angle (azimuth) shown in Figure 6 suggests that as we move away from the zero-degree AoA, the antenna gain decreases significantly.




3.4. Range–Angle Map Extraction


At the receiver side, beam steering is often performed by scanning each angle separately to find out the angle-of-arrival. To validate the effectiveness of the designed beamformer, we scanned each angle between −90 and +90 degree with a step-size of 2 degrees. The resulting plot is termed as the range–angle map. The designed beam scanner and corresponding output for one of the under-consideration angles is shown in Figure 7. As shown in Figure 7, the output of the beam scanner will have a high signal concentration at 40 degrees in the range–angle map.




3.5. Vital Sign Extraction Algorithm


The stepwise adopted vital sign extraction is as follows:




	
Step 1: Collect the IF signal corresponding to the chest reflection for each receiving channel.



	
Step 2: Perform range–FFT at each channel.



	
Localize the target in the range–angle map and find the angle-of-arrival.



	
Step 3: Perform beamforming to combine the signals from each channel.



	
Step 3: Remove clutter from the signal using a loop back iterative filter [25]. For big movements, simple mean removal tilter works well for removing clutter. However, for vital signs, a filter is often deployed since the chest movement itself is small.



	
Detect the human location.



	
Extract and accumulate the phase from each radar frame at the point where the human is located.



	
Use two separate band-pass filters to extract breathing and heart rates.



	
Use a moving mean filter to further reduce the noise in the radar recordings.








Please note that in our experiment, since we performed experiments with and without beamforming, step 3 will be excluded while extracting vital sign without using beamforming. Instead, only RX-1 is utilized, and the rest of the data is discarded in that case.





4. Experimentation and Results


4.1. Participants


In the interest of generality, we invited six participants and data were captured at each point shown in Figure 1. The average age and weight of the participants was 28 kg and 72.6 years old, respectively. The rest of the details are listed in Table 2. An informed consent form was duly signed by the participants and the principle investigator of this research. Local ethics committee at Hanyang University approved the research methodology under the Institutional Review Board (IRB) number HYU-2021-01-015.




4.2. Actual Experimental Setup


Figure 8 shows the actual experimental environment created based on the idea presented in Figure 1. The human participant was sitting on a chair wearing a respiration belt and an ECG sensor in a room at one of the specified points. The ECG sensor (PSL-iECG2) is made by PhysioLab in South Korea, whereas the respiration belt (GDX-RB) is made by Vernier in USA. The red highlighted points at different distances and angles show all the 15 data points in consideration. An experienced researcher oversaw all the data capturing to ensure that the quality of the data was adequate. Figure 8 also demonstrates the OTS radar antenna layout showing two TX and four RX antennas to create a   VULA   of eight elements.




4.3. Range–Angle Maps with Beam Steering


Figure 9 shows the rrange–angle map calculated according to the above formulated beam steering methodology. The horizontal axis represents the angle ranging between ±90 degree, and vertical axis represents the distance between the human and the radar. As shown in Figure 9, the target located approximately at 1.2 m at a different angle was localized correctly by the adopted beamforming algorithm.



It can be seen in Figure 9 that the human target does not appears as a rigid dot in the rrange–angle map since the human chest is not a single point target. An average value of all the data points shown in Figure 9 provides the calculated AoA. Table 3 presents the difference between the desired angle of the target (human chest) and the angle being calculated by using the beam scanner shown in Figure 7. Note that the term desired angle represents the ideal arrival angle for each case, as shown in Figure 1. Table 3 suggests that for each case, the difference was less than 8 degrees. Since the aim of our work is to verify the effectiveness of beamforming to extract vital signs, we used the desired angle as input to the beamformer to avoid additional errors.




4.4. Phase Synchronization of Target


As stated in the earlier section, based on the intended target position, a delay (weight) vector was calculated, and a dot product was taken with the RDC as expressed in Equation (10). Afterwards, at the point where the target is located, we accumulated the phase of the signal before and after beamforming for each receiving channel, and the corresponding results are reported in Figure 10. The phases of the received raw signal for each TX channel before performing beamforming are not aligned with each other as expressed in Figure 10a,b. Figure 10a shows each received signal corresponding to TX 1. Similarly, Figure 10b shows the ADC samples of each RX channel corresponding to TX2. All these RX signals are multiplied with the weight vectors calculated based on Equation (8) and added together. The corresponding synchronized signals for TX 1 and 2 are shown in Figure 10b,c respectively. Note that in Figure 10, the phase adjustment is visualized against the raw data collected at each receiving channel.




4.5. Error Analysis with and without the Beamforming Case


The values of heart rate and the breathing rate extracted with radar were compared with the reference sensor. The difference between the radar and the reference sensor values was computed in terms of Mean Absolute Error (MAE) as:


  MAE = ∑     V  S  i _ r a d a r   − V  S  i _ r e f e r e n c e      n    ,  



(11)




where   V  S  r a d a r     and   V  S  r e f e r e n c e     denote the vital signs extracted with the radar and the reference sensor, respectively, and  n  represents the total number of observations for a particular instance. The MAE is widely used while investigating the level of agreement between radar and reference sensors for vital sign extraction [33,34]. In addition to that, in order to quantify the improvement in terms of percentage we used the below formula


  I m p r o v e m e n t    %  =     MAE   B F   −   MAE   w i t h o u t   B F       MAE   w i t h o u t   B F       100   ,    



(12)




where     MAE   B F     and     MAE   w i t h o u t   B F     represent the Mean absolute error with and without beamforming cases, respectively.



4.5.1. Error Analysis for BR Extraction


The preliminary results show that the breathing rate does not improve noticeably while using beamforming. Perhaps a degradation was seen in the breathing rate extraction at a few locations. The rest of the details regarding the MAE comparison for the case of BR extraction are reported in Table 4. Based on the observation, the MAE for BR was already lower (in comparison to HR). For breathing rate extraction, the data from a single RX can be used to extract human vital signs.




4.5.2. Error Analysis for HR Extraction


In contrast to breathing rate, heart rate showed better results when beamforming was applied. Since we intend to use beamforming mainly for HR extraction, the MAE for each distance and angle are discussed in detail in this section. The MAE analysis at each distance revealed that with a range of 0.9 m the radar was able to extract vital signs uniformly at all the angles. It can be said that at 0.9 m, the performance of the considered OTS radar is the same at different angles. As a result, negligible or no improvement was observed as expressed in Table 4 which shows the HR MAE comparison with and without beamforming cases at 0.9 meters’ distance. One of the possible reasons could be the presence of side lobes in the close proximity of the radar. A negative percentage of improvement in Table 5 corresponds to the case when the MAE for beamforming was higher than without beamforming. Although the (negative) improvement value is high in Table 5, the actual MAE with and without beamforming does not have a considerable difference at a distance of 0.9 m



Similarly, Table 6 shows the MAE for each angle at a distance of 1.2 m. It can be observed from Table 6 that except zero AoA, the percentage of improvement is always positive at all angles except at zero degrees. In comparison to the case of 0.9 m distance, the individual MAE values at 1.2 m shows higher improvement when beamforming was adopted. At zero degrees, a slight degradation was observed for HR extraction. Without beamforming, the MAE at zero degrees was 3.13, whereas with beamforming, the error was slightly increased to 3.52. In addition, as we move away from zero degree AoA, the improvement increased.



Table 7, shows the MAE for the 1.5 meters’ case. where an increase in the improvement in terms of percentage can be observed at most of the angles. At an extreme angle of 40 degrees, 29% improvement was observed which is the highest value of improvement observed in our experiments.



The comparison with and without beamforming at each angle and all the distances is shown in Table 8. It can be seen that except for zero degrees, beamforming always improved the overall performance of vital sign extraction. At an extreme angle of 40 degrees, without adopting beamforming, the error was 3.40 beats per minute, whereas with beamforming the error was 2.83 breaths per minute, resulting in an overall improvement of 16.54 %. At −40 degrees, the error reduced from 3.27 to 2.92 beats per minute which accounts for a 10.74 % improvement. The rest of the details of heart rate extraction are shown in Table 8.



As discussed earlier, beamforming at 0.9 m does not contribute significantly to reduce the MAE. Table 9 presents the results of the MAE with and without beamforming at 1.2 and 1.5 m only. The overall trend in Table 9 shows that with the exception of zero degrees, the MAE is reduced while adopting beamforming.



Based on the results shown in Table 4, Table 5, Table 6, Table 7, Table 8 and Table 9, we can conclude that for heart rate extraction, beamforming can be adopted, whereas for the breathing rate, radar without beamforming can be used to improve the performance of vital sign measurement.



As mentioned earlier, the MAE for the HR reduced when adopting beamforming; the summary of improvement is shown in Figure 11. The horizontal axis in Figure 11 shows each angle under-consideration, and the vertical angle shows the percentage of improvement with and without beamforming. The blue bar in Figure 11 shows the percentage of improvement at each angle when all three distances, which are 0.9, 1.2 and 1.5 m, were considered, whereas the yellow bar shows the percentage of improvement at 1.2 m and 1.5 m. It can be seen that at zero degree AoA, a negative improvement is seen which means that when the target is located in the middle, beamforming does not reduce the error between radar and reference sensor. On the other hand, as we start moving towards the extremes, the improvement becomes more prominent and visible. The overall trend in both the cases is consistent as seen in Figure 11.






5. Discussion


In order to utilize beamforming optimally for vital sign extraction, it should be noted that heart rate extraction is greatly improved with beamforming. Breathing rate, on the other hand, does not improves at all distances and angles. In addition, the MAE of the heart rate at zero degrees was increased; hence, at zero degree AoA without beamforming, data can be used. If the arrival horizontal angle is 20 degree or greater, beamforming improves heart rate extraction. If the human target is placed near the radar, the radar measures the vital signs equally at different angles. Note that we used the desired angle based on the ground-truth information while performing the beamforming



By accumulating the phase of the range-point where the human is located, we can confirm whether the applied delays have synchronized the signal properly or not. For reference, the signal before and after beamforming in Figure 10a–d can be observed.




6. Conclusions and Further Work


This paper presents the experimental comparison of vital sign extraction with and without beamforming at various angles and distances. The data were collected simultaneously for both the cases and the accuracy at each point was reported. Four different angles (zero, ±20, ±40) and three different distances (0.9, 1.2 and 1.5 m) were considered. Preliminary results show that the MAE of HR extraction reduces significantly at extreme angles. In addition, at a distance of 0.9 m, the effectiveness of beamforming was lowest compared to the other two distances (1.2 and 1.5 m). This research work presents a simple yet effective beamforming approach for vital sign extraction. It can be concluded that a conventional beamforming approach can be used to improve the vital sign extraction at the side angles. In future, we aim to consider complex and adaptive beamforming approaches such as the Minimum Variance Distortion-less Response (MVDR) beamforming method.







Author Contributions


Conceptualization, S.A. and S.H.C.; methodology, S.A.; software, J.P.; validation, J.P. and S.A.; formal analysis, J.P.; investigation, S.A.; resources, S.H.C.; data curation, J.P.; writing—original draft preparation, S.A.; writing—review and editing, S.A. and S.H.C.; visualization, S.A. and J.P.; supervision, S.H.C.; project administration, S.H.C.; funding acquisition, S.H.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by National Research Foundation (NRF) of Korea. (NRF-2022R1A2C2008783).




Institutional Review Board Statement


The human study protocol was approved by the Institutional Review Board of Hanyang University Hospital, Seoul, South Korea (IRB Number: HYU-202101-015).




Informed Consent Statement


A written informed consent was dually signed by the participant and the principle investigator.




Acknowledgments


We are thankful to human volunteers for their time and effort.




Conflicts of Interest


Authors declare no conflict of interest.




References


	



Hazra, S.; Santra, A. Robust gesture recognition using millimetric-wave radar system. IEEE Sens. Lett. 2018, 2, 7001804. [Google Scholar] [CrossRef]

	



Ahmed, S.; Kim, W.; Park, J.; Cho, S.H. Radar Based Air-Writing Gesture Recognition Using a Novel Multi-Stream CNN Approach. IEEE Internet Things J. 2022. [Google Scholar] [CrossRef]

	



Ahmed, S.; Park, J.; Cho, S.H. FMCW Radar Sensor Based Human Activity Recognition using Deep Learning. In Proceedings of the 2022 International Conference on Electronics, Information, and Communication (ICEIC), Jeju, Korea, 6–9 February 2022; pp. 1–5. [Google Scholar]

	



Schires, E.; Georgiou, P.; Lande, T.S. Vital sign monitoring through the back using an UWB impulse radar with body coupled antennas. IEEE Trans. Biomed. Circuits Syst. 2018, 12, 292–302. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Liu, S. Remote detection of human vital sign with stepped-frequency continuous wave radar. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 7, 775–782. [Google Scholar] [CrossRef]

	



Turppa, E.; Kortelainen, J.M.; Antropov, O.; Kiuru, T. Vital sign monitoring using FMCW radar in various sleeping scenarios. Sensors 2020, 20, 6505. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Liu, L.; Zeng, Z.; Liu, F. Advanced signal processing for vital sign extraction with applications in UWB radar detection of trapped victims in complex environments. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2013, 7, 783–791. [Google Scholar] [CrossRef]

	



Chaichulee, S.; Villarroel, M.; Jorge, J.; Arteta, C.; McCormick, K.; Zisserman, A.; Tarassenko, L. Cardio-respiratory signal extraction from video camera data for continuous non-contact vital sign monitoring using deep learning. Physiol. Meas. 2019, 40, 115001. [Google Scholar] [CrossRef] [PubMed]

	



Shokouhmand, A.; Eckstrom, S.; Gholami, B.; Tavassolian, N. Camera-Augmented Non-Contact Vital Sign Monitoring in Real Time. IEEE Sens. J. 2022, 22, 11965–11978. [Google Scholar] [CrossRef]

	



Ahmed, S.; Kallu, K.D.; Ahmed, S.; Cho, S.H. Hand gestures recognition using radar sensors for human-computer-interaction: A review. Remote Sens. 2021, 13, 527. [Google Scholar] [CrossRef]

	



Noori, F.M.; Uddin, M.Z.; Torresen, J. Ultra-wideband radar-based activity recognition using deep learning. IEEE Access 2021, 9, 138132–138143. [Google Scholar] [CrossRef]

	



Bordvik, D.A.; Hou, J.; Noori, F.M.; Uddin, M.Z.; Torresen, J. Monitoring In-Home Emergency Situation and Preserve Privacy using Multi-modal Sensing and Deep Learning. In Proceedings of the 2022 International Conference on Electronics, Information, and Communication (ICEIC), Jeju, Korea, 6–9 February 2022; pp. 1–6. [Google Scholar]

	



Lin, J.C. Microwave sensing of physiological movement and volume change: A review. Bioelectromagnetics 1992, 13, 557–565. [Google Scholar] [CrossRef] [PubMed]

	



Piuzzi, E.; Pisa, S.; D’Atanasio, P.; Zambotti, A. Radar cross section measurements of the human body for UWB radar applications. In Proceedings of the 2012 IEEE International Instrumentation and Measurement Technology, Graz, Austria, 13–16 May 2012; pp. 1290–1293. [Google Scholar]

	



Nieh, C.M.; Lin, J. Adaptive beam-steering antenna for improved coverage of non-contact vital sign radar detection. In Proceedings of the 2014 IEEE MTT-S International Microwave Symposium (IMS2014), Tampa, FL, USA, 1–6 June 2014; pp. 1–3. [Google Scholar]

	



Yoo, S.; Ahmed, S.; Kang, S.; Hwang, D.; Lee, J.; Son, J.; Cho, S.H. Radar recorded child vital sign public dataset and deep learning-based age group classification framework for vehicular application. Sensors 2021, 21, 2412. [Google Scholar] [CrossRef] [PubMed]

	



Sacco, G.; Piuzzi, E.; Pittella, E.; Pisa, S. An FMCW radar for localization and vital signs measurement for different chest orientations. Sensors 2020, 20, 3489. [Google Scholar] [CrossRef] [PubMed]

	



Liang, X.; Deng, J.; Zhang, H.; Gulliver, T.A. Ultra-wideband impulse radar through-wall detection of vital signs. Sci. Rep. 2018, 8, 13367. [Google Scholar] [CrossRef]

	



Thi Phuoc Van, N.; Tang, L.; Demir, V.; Hasan, S.F.; Duc Minh, N.; Mukhopadhyay, S. Microwave radar sensing systems for search and rescue purposes. Sensors 2019, 19, 2879. [Google Scholar] [CrossRef]

	



Han, K.; Hong, S. Detection and localization of multiple humans based on curve length of I/Q signal trajectory using MIMO FMCW radar. IEEE Microw. Wirel. Compon. Lett. 2021, 31, 413–416. [Google Scholar] [CrossRef]

	



Mercuri, M.; Lorato, I.R.; Liu, Y.H.; Wieringa, F.; Hoof, C.V.; Torfs, T. Vital-sign monitoring and spatial tracking of multiple people using a contactless radar-based sensor. Nat. Electron. 2019, 2, 252–262. [Google Scholar] [CrossRef]

	



Muñoz-Ferreras, J.M.; Wang, J.; Peng, Z.; Li, C.; Gómez-García, R. Fmcw-radar-based vital-sign monitoring of multiple patients. In Proceedings of the 2019 IEEE MTT-S International Microwave Biomedical Conference (IMBioC), Nanjing, China, 6–8 May 2019; Volume 1, pp. 1–3. [Google Scholar]

	



Lee, H.; Kim, B.H.; Park, J.K.; Yook, J.G. A novel vital-sign sensing algorithm for multiple subjects based on 24-GHz FMCW Doppler radar. Remote Sens. 2019, 11, 1237. [Google Scholar] [CrossRef]

	



Cardillo, E.; Caddemi, A. A review on biomedical MIMO radars for vital sign detection and human localization. Electronics 2020, 9, 1497. [Google Scholar] [CrossRef]

	



Walterscheid, I.; Smith, G.E. Respiration and heartbeat monitoring using a distributed pulsed MIMO radar. In Proceedings of the 2017 39th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Jeju, Korea, 11–15 July 2017; pp. 3449–3452. [Google Scholar]

	



Xiong, J.; Zhang, H.; Hong, H.; Zhao, H.; Zhu, X.; Li, C. Multi-target vital signs detection using SIMO continuous-wave radar with DBF technique. In Proceedings of the 2020 IEEE Radio and Wireless Symposium (RWS), San Antonio, TX, USA, 26–29 January 2020; pp. 194–196. [Google Scholar]

	



Ahmed, S.; Cho, S.H. Hand gesture recognition using an IR-UWB radar with an inception module-based classifier. Sensors 2020, 20, 564. [Google Scholar] [CrossRef]

	



Zhang, Z.; Tian, Z.; Zhou, M. Latern: Dynamic continuous hand gesture recognition using FMCW radar sensor. IEEE Sens. J. 2018, 18, 3278–3289. [Google Scholar] [CrossRef]

	



Pirkani, A.A.; Pooni, S.; Cherniakov, M. Implementation of mimo beamforming on an OTS FMCW automotive radar. In Proceedings of the 2019 20th International Radar Symposium (IRS), Ulm, Germany, 26–28 June 2019; pp. 1–8. [Google Scholar]

	



Kuptsov, V.D.; Ivanov, S.I.; Fedotov, A.A.; Badenko, V.L. Features of multi-target detection algorithm for automotive FMCW radar. In Internet of Things, Smart Spaces, and Next Generation Networks and Systems, Proceedings of the 19th International Conference, NEW2AN 2019, and 12th Conference, ruSMART 2019, St. Petersburg, Russia, 26–28 August 2019; Springer: Cham, Switzerland, 2019; pp. 355–364. [Google Scholar]

	



Lee, S.; Joo, J.; Choi, J.; Kim, W.; Kwon, H.; Lee, S.; Kwon, Y.; Jeong, J. W-Band multichannel FMCW radar sensor with switching-TX antennas. IEEE Sens. J. 2016, 16, 5572–5582. [Google Scholar] [CrossRef]

	



60GHz mmWAVE Sensor EVMS (rev. E)—Texas Instruments. (n.d.). 2022. Available online: https://www.ti.com/lit/ug/swru546e/swru546e.pdf (accessed on 1 September 2022).

	



Iyer, S.; Zhao, L.; Mohan, M.P.; Jimeno, J.; Siyal, M.Y.; Alphones, A.; Karim, M.F. mm-Wave Radar-Based Vital Signs Monitoring and Arrhythmia Detection Using Machine Learning. Sensors 2022, 22, 3106. [Google Scholar] [CrossRef] [PubMed]

	



Noori, F.M.; Kahlon, S.; Lindner, P.; Nordgreen, T.; Torresen, J.; Riegler, M. Heart rate prediction from head movement during virtual reality treatment for social anxiety. In Proceedings of the 2019 International Conference on Content-Based Multimedia Indexing (CBMI), Dublin, Ireland, 4–6 September 2019; pp. 1–5. [Google Scholar]








[image: Sensors 22 06877 g001 550] 





Figure 1. Designed experimentation to collect vital sign data at different distances and angles. 
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Figure 2. Chirp of FMCW radar spanning a bandwidth of B Hz. 
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Figure 3. Extraction of radar data cube (RDC) from the received signal at different antennas. 
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Figure 4. (a) MIMO system in consideration for vital sign extraction and (b) the virtual MIMO array. 
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Figure 5. Beamforming operation: data from multiple receivers is multiplied with a weight vector to obtain a unified signal. 
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Figure 6. Radiation pattern for the pairs of TX and RX antennas (re-printed from [32]). 
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Figure 7. Target localization in the range–angle map using a beam steering vector. 
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Figure 8. Actual experimental setup consisting of radar, ECG sensor, and respiration belt. The participant is sitting at a distance of 1.5 m from the radar with a horizontal axis of +20 degrees. 
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Figure 9. Range–angle map for: (a) −40°; (b) −20°; (c) 0°; (d) 20°; and (e) 40° measured when the target was located at 1.2 m. 
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Figure 10. Phase of signal at target point: (a) raw data of all four RX channels corresponding to TX 1; (b) all RX corresponding to TX 2; (c) beamforming output corresponding to TX 1; and (d) the beamforming output corresponding to TX 2. 
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Figure 11. Improvement quantification of heart rate extraction when beamforming was applied. 
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Table 1. Parameters of OTS radar used in this study.
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	Parameters
	Value





	Number of TX antennas (   N  T X    )
	2



	Number of RX Antennas (   N  R X    )
	4



	Virtual receiving channels (  VULA  )
	8



	Starting Frequency (   f c   )
	60 GHz



	Bandwidth ( B )
	3.89 GHz



	Chirps in one frame
	50



	Frame Rate (per second)
	20



	Range Resolution (   d  r e s    )
	4 cm



	Maximum Range (   d  m a x    )
	11 m
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Table 2. Details of participants involved in this research work.
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	Participant
	Age

(Years)
	Height

(Centimeters)
	Weight

(Kilograms)





	Participant 1
	27
	173
	71



	Participant 2
	31
	176
	83



	Participant 3
	32
	165
	68



	Participant 4
	30
	174
	69



	Participant 5
	25
	172
	67



	Participant 6
	28
	177
	78










[image: Table] 





Table 3. Difference between the actual (desired) angle and the angle extracted using the beam scanner shown in Figure 7.
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	Desired AoA
	Calculated AoA
	Difference





	−40
	−47
	7



	−20
	−22
	2



	0
	0
	0



	20
	23
	3



	40
	47
	7
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Table 4. The MAE of BR at five different angles. Individual MAE at all three distances (0.9, 1.2 and 1.5 m) are combined at each angle.
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	Angle
	Without Beamforming
	With Beamforming
	Improvement (%)





	−40
	1.77
	1.51
	14.42



	−20
	1.53
	2.03
	−32.78



	0
	1.16
	1.04
	10.74



	20
	1.44
	1.15
	20.29



	40
	1.25
	1.51
	−21.67
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Table 5. The MAE of HR at 0.9 m.
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	Angle
	Without Beamforming
	With Beamforming
	Improvement (%)





	−40
	2.47
	2.84
	−15.28



	−20
	2.91
	3.06
	−5.16



	0
	3.14
	3.52
	−11.91



	20
	3.40
	3.46
	−1.73



	40
	2.80
	2.78
	0.72
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Table 6. The MAE of HR at 1.2 m.
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	Angle
	Without Beamforming
	With Beamforming
	Improvement (%)





	−40
	4.11
	3.27
	20.25



	−20
	4.18
	3.52
	15.79



	0
	3.13
	3.24
	−3.50



	20
	3.95
	3.74
	5.37



	40
	2.75
	2.46
	10.51
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Table 7. The MAE of HR at 1.5 m.
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	Angle
	Without Beamforming
	With Beamforming
	Improvement (%)





	−40
	3.24
	2.64
	18.51



	−20
	3.13
	3.20
	−2.33



	0
	3.93
	3.71
	5.59



	20
	3.13
	2.47
	20.88



	40
	4.64
	3.26
	29.65
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Table 8. The MAE of HR at all three distances (0.9, 1.2 and 1.5 m).
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	Angle
	Without Beamforming
	With Beamforming
	Improvement (%)





	−40
	3.27
	2.92
	10.74



	−20
	3.41
	3.26
	4.28



	0
	3.40
	3.49
	−2.59



	20
	3.49
	3.22
	7.70



	40
	3.40
	2.83
	16.54
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Table 9. The MAE of HR at five different angles. Individual MAE at all three distances (0.9, 1.2 and 1.5 m) are combined at each angle.






Table 9. The MAE of HR at five different angles. Individual MAE at all three distances (0.9, 1.2 and 1.5 m) are combined at each angle.





	Angle
	Without Beamforming
	With Beamforming
	Improvement (%)





	−40
	3.68
	2.96
	19.31



	−20
	3.66
	3.36
	7.63



	0
	3.53
	3.48
	−4.42



	20
	3.54
	3.10
	12.93



	40
	3.70
	2.86
	22.53
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