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This paper presents a wireless measurement system for cardiopulmonary activity. This system generates a continuous wave signal at 2.4 GHz toward the target and then measures the reflected signal. The target is the person's chest set at a distance of 1 m. The radar system contains a vector network analyzer, which measures the phase of S 21 . The phase variation of S 21 contains information about heart and respiration activity. Measurements are performed with two different conditions, while the person is holding respiration for 10 seconds and then breathing normally for the same duration. Filtering is used as processing technique to separate heartbeat signal from respiratory signal in the second case. The measurements were performed simultaneously with a PC-based electrocardiograph which is used as a reference to validate the information extracted from the measured signals.

INTRODUCTION

Nowadays, research efforts have been moving the technology development toward lower power, better accuracy, long detection range, and more robust operation for practical portable and handheld applications [START_REF] Li | A Review on Recent Advances in Doppler Radar Sensors for Noncontact Healthcare Monitoring[END_REF]. Although, there is a huge attraction toward contactless monitoring patient"s heartbeat, especially when the traditional electrocardiogram (ECG) measurements with fixed electrodes are not practical in some cases like infants at risk, sudden infant syndrome or burn victims [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF], [START_REF] Lynette | A review on RF based intruder detection using CW Doppler radar[END_REF].

Non-contact microwave radar sensors have advantages over other contactless measurement like video technologies, as microwave radar has sensibility towards tiny movements due to heartbeat and respiration. In addition, the signals transmitted by microwave sensors can penetrate walls and obstacles, and Doppler characteristics reveal extra details of motion, and thus enable gesture recognition [START_REF] Wang | Application of linear Continuous wave (LFMCW) Radars for Tracking of Vital Signs[END_REF]. There are several main-stream radar architectures found in the literature, like single-tone continuous-wave (CW) radar, impulse-radio ultra-wideband (UWB) and frequency-modulated continuous-wave (FMCW). Continuous-wave (CW) radar has lot of advantages: it immunes to stationary clutter interference [START_REF] Wang | Clutter Interference Reduction in Coherent FMCW Radar for Weak Physiological Signal Detection[END_REF] and it is robust because of its high precision displacement measurements [START_REF] Wang | Application of linear Continuous wave (LFMCW) Radars for Tracking of Vital Signs[END_REF], [START_REF] Crocco | A Review on Ground Penetrating Radar Technology for the Detection of Buried or Trapped Victims[END_REF]. However, since the single-tone radar does not transmit an instantaneous bandwidth, it does not possess range resolution [START_REF] Wang | Application of linear Continuous wave (LFMCW) Radars for Tracking of Vital Signs[END_REF]. On the other hand, range tracking of the ultra-wideband algorithm is not based on phase measurements that are very convenient to get phase variation of the signal [START_REF] Wang | Application of linear Continuous wave (LFMCW) Radars for Tracking of Vital Signs[END_REF]. FMCW radars allow measuring the distance of the detected subject, and can detect motion [START_REF] Crocco | A Review on Ground Penetrating Radar Technology for the Detection of Buried or Trapped Victims[END_REF]. Accuracy is a critical issue. For example, FMCW radar requires 1.5 GHz bandwidth to achieve 10 cm resolution [START_REF] Wang | Clutter Interference Reduction in Coherent FMCW Radar for Weak Physiological Signal Detection[END_REF].

In this paper, Doppler radar is proposed for healthcare applications. It allows the measurement of vital signs concerning cardiac and cardiopulmonary activities. Measurements were conducted in order to extract the heartbeat rate (HR) and the heart rate variability (HRV), in two different configurations: with and without breathing. The obtained results are then compared to those given by an ECG. Breathing will be measured using a 2.4 GHz CW signal, and heartbeat parameters like HR, HRV will be extracted using filtering techniques. Previous works applied these techniques to simulation models to extract heartbeat and respiratory parameters [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF]. In this work, these techniques are applied to real measurements.

The rest of the paper is organized as follows: The proposed microwave system is presented in Section II. The heartbeats detection after the signal processing is described in Section III. Section IV summarizes the heart rate and heart rate variability values extracted from the measured signals. Finally, the conclusion is given in Section V.

II. SYSTEM DESCRIPTION

The measurement system is designed for heartbeat measurement with the ability of tuning both frequency and power of the transmitted wave [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF], [START_REF] Obeid | A tunable-frequency system for touch-less heartbeat detection and HRV extraction[END_REF], [START_REF] Obeid | Low Power Microwave Systems for Heartbeat Rate Detection at 2[END_REF]. The simplicity of the system is useful in order to determine the optimal frequency with the minimum power before the implementation process [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF], [START_REF] Othman | Heart Monitoring Systems at 10 GHz Using Microwave Doppler Techniques for Atheletes Fitness Monitoring System: A Review[END_REF]. According to Doppler effect, a constant frequency signal reflected off an object having a varying displacement will result in a reflected signal with a time varying phase [START_REF] Lohman | A Digital Signal Processor For Doppler Radar Sensing of Vital Signs[END_REF], [START_REF] Obeid | Microwave doppler radar for heartbeat detection vs electrocardiogram[END_REF]. The relation between the chest displacement ∆x(t) and the phase variation ∆(t) is the following:

4π Δθ(t)= Δx(t) λ
where  is the wavelength of the transmitted signal. In our case, the object is the patient"s chest; the reflected signal contains information about heartbeat and respiration of the patient when breathing normally [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF], [START_REF] Obeid | A tunable-frequency system for touch-less heartbeat detection and HRV extraction[END_REF]. The main information extracted from the obtained signal is the heartbeat rate (HR) and the heart rate variability (HRV). The heartbeat rate is the number of beats per unit time; the heart rate variability is defined as the variation of the duration of R-R intervals [START_REF] Barbieri | Instantaneous Monitoring of Heart Rate Variability[END_REF]. HRV is regarded as an activity indicator of autonomic regulation of circulatory function, because it may predict disease states and can be assessed to determine the presence of cardiac abnormalities [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF]. The average peak-to-peak chest motion due to respiration is between 4 and 12 mm, and due to the heartbeat alone is between 0.2 and 0.5 mm. At rest, the respiration frequency varies between 0.1 and 0.3 Hz. Moreover, the heartbeat frequency changes within the 1 and 3 Hz interval. Hence, the respiration rate varies between 6 and 18 Breaths per minute (Bpm) and the heartbeat rate varies between 60 and 180 beats per minute (bpm) [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF], [START_REF] Obeid | A tunable-frequency system for touch-less heartbeat detection and HRV extraction[END_REF]. In this paper, we aim to compare extracted parameters from 2 different conditions of measurements done on a person: when holding breath and when breathing normally. The system is based on a Vector Network Analyzer (VNA) and two horn antennas. The VNA is widely used for RF applications and microwave measurements.

The VNA has several features; between these features, there is the ability of tuning both frequency and power of the transmitted signal. Moreover, it measures lot of parameters and especially the time variation of the phase of the transmission coefficient S 21 . This phase corresponds to the difference between the phase of the received and the transmitted signal.

The VNA generates a Continuous Wave (CW) signal, the emitted frequency is 2.4 GHz and the emitted power is 0 dBm. The antenna gain is 11 dB. The reflected signal that carries chest information is received by the Rx antenna and fed back into the VNA where the phase of S 21 is computed [START_REF] Li | A Review on Recent Advances in Doppler Radar Sensors for Noncontact Healthcare Monitoring[END_REF]. 54 years old person is sitting in front of the system at a distance of 1 m. Fig. 1 presents the contactless system and the contact ECG system.

The measurements are realized for 10 seconds, the number of points is 20000, and hence the sampling frequency is 2000 Hz. To validate the proposed system, ECG measurements are started simultaneously with the system measurements and then compared. Fig. 2 presents the phase of S 21 signal for a person who not breathes and Fig. 3 corresponds to the time variation of the phase S 21 for a person who breathes normally. 

III. SIGNAL FILTERING AND HEART RATE MEASUREMENT

Measurements are conducted in two different conditions. The first condition is for a person holding the breath, so the reflected signal contains information about chest motion resulting from only the cardiac activity. The second condition is for a person breathing normally; in this case, reflected signal contains information about chest motion resulting from both cardiac and pulmonary activities. Then processing techniques are applied. The main purpose of the processing techniques used in case of absence of respiratory is the noise reduction; this is done by using smoothing method. For a breathing person, the elimination of the respiratory signal is required because breathing amplitude is greater than heartbeat amplitude. To remove the low frequency which represents the respiratory frequency, high-pass filter (HPF) or band-pass filter (BPF) could be applied. After using processing techniques, respiratory rate and heart parameters like heart rate and heart rate variability are extracted. In order to validate the used signal processing method, on-body ECG measurements are also performed using the same start time.

As shown in Fig. 2, heartbeat signal for a non-respiratory signal is noisy, and therefore peak detection may be faulty. That"s why smoothing method should be applied on the signal. Smoothing is applied by using a MATLAB function. This function uses sliding average of length N; it calculates the average of the center and (N-1)/2 elements before and after the center. At the edges of the vector the number of elements before or after is reduced so that the actual window size is less than the specified window. After several trials, the length of the window "N" is chosen to be 150, as an optimal value for higher accuracy detection. After using smoothing method, peak detection is applied then heartbeat rate is extracted. The heart rate is calculated by the following equation: The heartbeat rate obtained for the non-breathing person is 74 bpm and the heart rate extracting from the corresponding ECG is 70 bpm, hence the relative error between heart rate obtained by the system and heart rate extracted from ECG is 5.71%. To detect heart beat rate of a breathing person, the respiration signal must be removed; this rejection is done using filtering. The filter is a Chebychev band pass filter with cutoff frequencies 1 Hz and 2 Hz and order n = 4. This filter attenuates all signals that have frequencies lower than 1 Hz which means lower than 60 bpm and upper than 2 Hz which means upper than 120 bpm; hence the respiratory signal and noises are eliminated. The value n = 4 is taken as a compromise between the complexity of the filter and the rejection of the undesired frequency. After using band pass filter, peak detection is applied, and then heart rate is extracted. Fig. 5 presents the peak detection of the filtered S 21 signal (in blue). 

IV. HEART BEAT RATE VARIABILITY

HRV is the variation of the heart rate; this corresponds to the variation of the R-R interval [START_REF] Obeid | Touchless cardiopulmonary monitoring: measurements, processing, and modeling[END_REF], which corresponds to the interval of time between two consecutive peaks detected from the filtered signal when the person was breathing, or from smoothed signal of the person who wasn"t breathing, hence HRV is a vector of N values. N is the number of peaks coming from the heartbeat signal. Fig. 7 presents the time variation of the delay between 2 successive peaks (duration of an interval determined by 2 successive peaks) or HRV of the person who does not breathe and Fig. 8 presents the time variation of the HRV of the person who breathes normally. After that, the standard deviation of this variation is calculated; the results of the heart rate and heart rate variability are resumed in Table 1. The relative error of HR is calculated by the following equation:

HR

The relative error of the heart beat rate for the nonbreathing person is 5.71% and for the breathing person after using band-pass filter is 1.22%. Based on the American National Standard [START_REF] National | Cardiac monitors, heart rate meters, and alarms[END_REF], the results are acceptable when they are lower than 10% or 5 bpm difference; hence the obtained results are satisfactory. In addition, heart rate variability standard deviation of the non-breathing person is 0.104 s and for the breathing person is 0.176 s, which is reasonable.

V. CONCLUSION

The presented measurement system generates a continuous wave toward a person"s chest that is then reflected to the system. Using a vector network analyzer, the phase variation of S 21 is measured. The phase of S 21 carries information on cardiopulmonary activity. Smoothing method is applied on non-breathing signal in order to improve the peak detection. For breathing signals, filtering method is used in order to extract heartbeat signal from the phase of S 21 . Hence the respiratory effect is eliminated and then peak detection is applied to extract the parameters of the signal. These parameters are the heart rate, and the heart rate variability. The signal processing methods used in this study were applied to real measurements and the obtained results were compared to those given by the ECG taken as reference. The obtained relative errors are less than 6%. Future applications intend to extract the heartbeat information in different configurations: behind the wall, in 4 directions like front, back, left and right.
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 1 Fig. 1. Proposed measurement setup [2].
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 2 Fig. 2. S21 phase of a non-breathing person (in degree).
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 3 Fig. 3. S21 phase of a breathing person (in degree).

  the intervals number and d k is the interval duration expressed in seconds. The heart rate is expressed in beat per minute (bpm). Fig.4presents smoothed signal of the nonbreathing person (in blue), and the corresponding ECG signal (in green).
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 4 Fig. 4. Smoothed S21 phase of a non-breathing person (blue), ECG signal (green).
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 5 Fig. 5. Peak detection of the filtered S21 signal (blue), and corresponding ECG signal (green).
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 6 Fig. 6. Processing techniques for heartbeat rate extraction.
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 7 Fig. 7. HRV of the person who does not breathe (s).
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 8 Fig. 8. HRV of the person who breathes normally (s).

Relative Error (% ECG) STD of the HRV (s)

  

	Without	5.71	0.104
	breathing		
	With breathing	1.22	0.176

Table 1 :

 1 Results of HR relative error and STD of the HRV.