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ABSTRACT 
This paper presents a single antenna Doppler system for contact-
less heartbeat monitoring. The proposed system, based on using a 
vector network analyzer, is tested at 16 GHz frequency for 
different transmitted power levels between 0 and -25 dBm. Both 
heartbeat rate and heart rate variability are extracted from the 
signals obtained with the Doppler system and compared to 
simultaneous ECG signals.  
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1. INTRODUCTION 
Affixed electrodes for traditional electrocardiograms are 
perturbing for long-duration home monitoring, as well as for 
patients with conditions such as burn victims or newly born 
infants. Therefore, it is convenient to use a microwave Doppler 
radar for such applications. These include home health care 
applications, urgent conditions, and hospital needs. In addition, a 
touch-less technique can be used to detect life signs for people 
under rubble [1].  
According to Doppler theory [2], a person’s chest reflects the 
transmitted signal with its phase modulated by the time-varying 
position of the chest. The reflected signal contains information 
about the chest displacement due to heartbeat and respiration. 
However, while holding breath, the reflected signal depends on 
the chest displacement due to heartbeat alone. At rest, the 
variation of the chest displacement, caused by respiration, is 
between 4 and 12 mm [3], and the chest displacement due to 
heartbeat alone ranges between 0.2 and 0.5 mm [4]. The 
respiration rate corresponds to a frequency that varies between 0.1 
and 0.3 Hz, while the heartbeat rate (HR) corresponds to a 
frequency that varies between 1 and 3 Hz [5].  
Previous works tended to detect life signs [6, 7], respiration rates 
and heartbeat rates, using fixed frequency and fixed power of the 
transmitted signal. Direct-conversion Doppler radars, operating at 
1.6 GHz and 2.4 GHz, have been integrated in 0.25 µm CMOS 
and BiCMOS technologies [8]. Heart and respiration activities 
were detected using a modified Wireless Local Area Network 
PCMCIA card, and a module combining the transmitted and 
reflected signals [9]. Other systems operating in the Ka-Band 
were described in [10] using a low power double-sideband 
transmission signal. Similarly, quadrature demodulation 
architecture is used to detect vital signs from distance [11].  A 
new study showing the possibility of detecting the presence of a 
person through a wall using Ultra-Wideband (UWB) radar is 
presented in [12]. Some experiments are performed for the 

detection of life signs using the 4 – 7 GHz band with 1 mW power 
and around 7 dB antenna gain [13]. A recent study describes a 
system operating at 94 GHz that is able to detect the heart and the 
respiration activities of stationary subjects [14]. 
Our previous work tended to demonstrate the possibility of 
detecting the heartbeat activity with two-antenna microwave 
system [15], for different operational frequencies and several 
transmitted powers. In this paper, a single-antenna microwave 
system for heartbeat detection is proposed. The proposed system, 
tested for one frequency and several transmitted powers, is 
validated with an electrocardiogram (ECG) signal.  
In addition to the installation simplicity, the proposed system has 
the ability of tuning both frequency and power. As the 
transmission of a signal with minimum power would be safer for 
both patient and medical staff, measurements are performed for 
several transmitted power levels between 0 and -25 dBm. Both 
heartbeat rate (HR) and heart rate variability (HRV) are extracted 
and compared to the values obtained by the ECG. The rest of the 
paper is organized as follows: Section 2 presents background 
information, the proposed system with its two versions, and a 
smoothing technique. Section 3 presents the heartbeat signals 
obtained using the proposed system. Section 4 states the results of 
extracting the heartbeat rate and the heart rate variability from the 
phase of S11. Section 5 concludes the work. 

2. MEASUREMENT SETUP 
The chest displacement varies between 4 mm and 12 mm due to 
respiration, while it ranges between 0.2 mm and 0.5 mm due to 
heart beatings. The measurement of this small displacement is the 
objective of this work. The proposed system detects the heartbeat 
activity upon the detection of the phase variation of parameters 
S11 measured by a vector network analyzer (VNA). The phase 
variation is directly proportional to the chest displacement and 
indirectly proportional to the wavelength of the transmitted signal. 
The relation between the chest displacement ∆x(t) and the phase 
variation ∆θ(t) is: 
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where λ is the wavelength of the transmitted signal. 
Measurements were performed while holding the breath for 
duration of 15 seconds. This duration can vary with few 
milliseconds in order to sustain synchronization between the VNA 
and the ECG. The number of points taken for the signals 
measured with the VNA is 20000. The use of a VNA 
accommodates a quick and simple installation process. Figure 1 
describes the proposed system.  



  
Figure 1. Measurement system: single-antenna Doppler radar 

system vs. an electrocardiogram.  
The operational frequency used in these measurements is 16 GHz. 
The choice of this frequency is made according to two reasons. 
The first one is to obtain higher phase variation as it is directly 
proportional to the frequency, and the second reason is due to the 
equipment’s limits (2 – 16 GHz for the antenna).  
An extension of the system using two antennas and operating at 
60 GHz is described in [15, 16]. The measurements procedure 
starts by sending a continuous wave signal at the desired 
frequency. The signal is generated by the VNA and driven to the 
antenna, which is directed toward the person’s chest. The 
transmitted signal is reflected off the person chest and received by 
the same antenna. The received signal is used to compute the 

phase variation of S11. This variation is due to the chest 
displacement. Hence, it contains information about the 
cardiopulmonary signals when breathing normally, and about the 
heartbeat signal when holding the breath. Since the heartbeat rate 
is based on the detection of the signal peaks, a smoothing method 
is applied in order to reduce the number of surrounding peaks. 
This method is based on the Newton relation, which is described 
in [16, 17].  

3. HEARTBEAT SIGNALS: ECG VS. S11 
Measurements are performed for several transmitted powers 
between 0 and -25 dBm, and for a distance of 1 m to the person.  
Figure 2 (a) shows the heartbeat signal detected using an ECG, 
while Figure 2 (b) shows the phase variation of S11 due to the 
heartbeat activity. These two signals are obtained simultaneously 
for the same patient. Figure 2 (c) shows the phase variation after 
applying the smoothing technique.  

Beside that the heartbeat signal detected with an ECG represents 
the electrical activity of the heart, the goal of the microwave 
Doppler system is to measure the heartbeat rate and the heart rate 
variability; these correspond respectively to the average of the R-
R intervals and its variation. Figure 3 shows an exemplary output 
for an ECG signal. Figure 4 shows the heartbeat signals that 
correspond to the phase of S11 detected by the proposed 
microwave system for several power levels of the transmitted 
signal: 0 dBm (a), -5 dBm (b), -10 dBm (c), -15 dBm (d), -20 
dBm (e), and -25 dBm (f). It can be noticed that as the power 
decreases, the signal-to-noise ratio (SNR) decreases. However, the 
peaks of the signals can still be detected. The effect of smoothing 
these signals is shown in Figure 5. Note that y-axis of Figures 2 
(b, c) and Figures 4 (b, c) represent the phase in degrees, while the 
y-axis of Figures 2 (a) and Figures 4 (a) stand for the ECG signal 
represented by 8 bits digital values.  

 
Figure 2. Heartbeat signal detected with the proposed system (b and c) vs. the ECG signal (a). 



 
Figure 3. R-R interval for an ECG exemplary output signal.

 
Figure 4. Heartbeat signals detected at 16 GHz for the following transmitted power levels:  

0 dBm (a), -5 dBm (b), -10 dBm (c), -15 dBm (d), -20 dBm (e), and -25 dBm (f).

Figure 5. Heartbeat signals detected at 16 GHz for several transmitted power levels after applying the smoothing technique:  
0 dBm (a), -5 dBm (b), -10 dBm (c), -15 dBm (d), -20 dBm (e), and -25 dBm (f). 



 

4. RESULTS: HR AND HRV 
Previous works tended to extract the average heartbeat rate over a 
specific window of time. This does not provide information about 
the time-variation of the HR, i.e. the HRV. Thus, a peak detection 
technique is required to track the peaks of the signal. In this work, 
the heartbeat rate and the HRV of the signals detected for 
different power levels are extracted. Values obtained from S11 
parameter, for original and smoothed signals, are compared to the 
HR and the HRV obtained from the ECG reference signal.  
Figure 6 shows the HR relative error of the Doppler radar 
system, for the phase of S11 with respect to the reference ECG 
signal. The effects of smoothing the signal are also shown in this 
figure.  
Obtained results show that the phase of S11 can detect the 
heartbeat signals with relative errors around 1.5% at 0 dBm. The 
HR relative error changes between 1.5% and 26% for transmitted 
power between 0 and -25 dBm respectively. The smoothing 
technique changes these values to 2% and 12% respectively. 

 
 

Figure 6. Heartbeat rate relative errors for the original and 
the smoothed signals obtained from S11 at 16 GHz. 

The HRV is a measure of the beat-to-beat variations (R-R interval 
for the ECG signal). HRV is regarded as an activity indicator of 
autonomic regulation of circulatory function [18].  

 
 

Figure 7. Heart rate variability relative errors for the original 
and the smoothed signals obtained from S11 at 16 GHz. 

The extraction of the heartbeat rate requires the use of simple 
averaging over a specific window. However, this lacks providing 
the time-variation of the heartbeat rate. On the other hand, the 
extraction of the heart rate variability requires peak-to-peak 
detection. Hence, a peak detection method (PDM) is used. This 
technique is based on tracking the maximum value in a sliding 
window, which is greater than a specific threshold. Figure 7 
shows the HRV relative error of the Doppler radar system, for the 
phase of S11 with respect to the reference ECG signal. The effects 
of smoothing the signal are shown as well. The obtained results 
show the possibility of detecting the peaks of the signal with high 
accuracy. The HRV relative error changes between 2.5% and 28% 
for transmitted power between 0 and -25 dBm. However, 
smoothing the signal changes the HRV error to the 3 – 11% 
interval. 

5. CONCLUSION 
A single-antenna microwave system is proposed in order to detect 
the heart beatings of a person from a distance of 1 meter. The 
phase variations of S11 obtained with a VNA due to the heart 
activity are extracted and compared to a simultaneous ECG signal. 
Obtained results show the possibility of detecting the heartbeat 
activity and allow extracting the heartbeat rate and the heart rate 
variability.  
Measurements are performed at 16 GHz and for several 
transmitted power levels between 0 and -25 dBm. Beside its 
installation simplicity, the VNA provides the opportunity of 
testing several transmitted powers. Determining the minimum 
possible transmitted power would be safer for the patient and the 
medical staff. A smoothing technique is applied to the signal 
where high accuracy is observed in extracting the HR and the 
HRV. 
Future work will focus on performing measurements for several 
operational frequencies. This helps determining the optimum 
operational frequency for the minimum transmitted power. 
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