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Abstract: Remote measurement of heartbeat signal is an essential task for health monitoring in smart hospital, smart home or smart 

car. Ultra-wideband impulse (UWB) radar is a potential device for accurate measurement of the heartbeat signal via remote distance. 

UWB radar allows measuring the heartbeat signal based on the tiny motion of the human thorax. However, the signal from the UWB 

radar includes not only the heartbeat signal but also interferences from noise and strong signal of the respiration. In this paper, we 

propose a method to improve of the signal-to-noise ratio (SNR) of the heartbeat signal based on two-dimension continuous wavelet 

transform (2DCWT). We performed experiments at different orientations and distances, and the results show that the 2DCWT method 

could efficiently extract the heartbeat signal with a root-mean-square error (RMSE) of 1.071 beats/min compared to a commercial 

photoplethysmography contact sensor. The proposed method could improve the SNR by about 17 dB on average compared to the 1D 

wavelet transforms filter method 
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1. Introduction 

Ultra-wideband impulse (UWB) radar for indoor applications 

consumes low power (< -41.3 dBm) and wide bandwidth (> 0.5 

GHz). It is used in applications such as human tracking [1-3], 

human detection [4, 5], fall detection [6, 7], remote control [8], 

and health care [9, 10]. Among them, healthcare has been 

recently getting significant interest from both researchers and 

developers. Especially, the heartbeat signal measurement is for 

patient monitoring in the smart hospital, smart home, and smart 

car [9, 11, 12]. 

UWB radar could measure vital signals within a few meters by 

the small motion of thorax during the breathing and cardiac 

activities. The received signal of the UWB radar has two 

components which are stationary and non-stationary signals. 

The stationary signal is produced by static objects such as 

chairs, walls, furniture, etc. in the environment. The stationary 

signal could be simply removed by the mean subtraction or the 

singular value decomposition (SVD) method [13]. And, the non-

stationary signals such as the respiration and heartbeat signals 

which produced by the motion of thorax during the breathing 

and cardiac activities. The heartbeat signal is usually very weak 

compared to the respiration signal and is easily buried in the 

noise signal. Therefore, the extraction of the heartbeat signal is a 

difficult task. 

Numerous methods have been developed to enhance the 

heartbeat signal [14-22]. A higher-order cumulant (HOC) model 

has been applied to improve the signal-to-noise ratio (SNR) of 

the heartbeat signal compared to the respiration signal by 

reducing the harmonics of the respiration signal; thus, it helps to 

determine the heartbeat frequency [14] more accurately. 

Harmonic path (HAPA) [15] and spectrum-averaged harmonic 

path (SHAPA) [16] algorithms have been developed for 

accurate detection of the heart rate. The HAPA and SHAPA use 

the harmonic components of the heartbeat signal to search the 

actual heart rate from the multiple noisy peaks. Continuous 

wavelet transform (1DCWT) was used to efficiently remove the 

noise from the heartbeat signal by the decomposition and 

composition of the signal [17, 18]. Higher harmonic components 

of the heartbeat signal were used to extract the heart rate [19]; 

the second or third harmonic components were used to minimize 

the effect of the harmonic components of the respiration signal. 

Accurate extraction of the heartbeat signal could be obtained by 

the extraction of eigenvalues of the vital signal [20-22]; two 

neighbor eigenvalues were used to reconstruct the heartbeat 

signal. These algorithms provide high accuracy of heartbeat 

signal extraction. However, those algorithms were applied to a 

univariate vital signal extracted at a single distance index of the 

person's position. If there was an error in the distance index 

selection or a large noise influence, the heartbeat signal could be 

inaccurately extracted. 

In this paper, we propose a two-dimension continuous wavelet 

transform (2DCWT) for the extraction of the heartbeat signal. 

The 2D matrix of the vital signal in a range around the position 

of the person was used. The 2D signal processing was motivated 

by an observation that the vital signal of a person appears in a 

wide range distance according to the radar cross-section (RCS) 

and the heartbeat signals at distances have a correlation. Thus, 

the heartbeat signal could be accurately obtained by taking the 

correlation of the vital multivariate signal at different distances. 

In the 2DCWT algorithm, the 2D vital signal matrix is 

transformed in the two dimensions of the slow- and fast times 
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based on the fast Fourier transform (FFT). The result is then 

correlated with a conjugate of a 2D wavelet to produce multiple-

resolution scales. A method based on the total power of the 

cross-correlation between the vital signal and 2D Morlet wavelet 

was proposed to accurately select the scale corresponding to the 

heartbeat signal. Then, the heartbeat signal could be 

reconstructed at the selected scale by the inverse fast Fourier 

transform (IFFT). Finally, the heart rate was accurately obtained 

in the frequency domain by the Chirp-z transform (CZT). 

2. Extraction of the heartbeat signal 

2.1. Vital signal model 

The measurement of vital signals by UWB radar is described in 

Fig. 1. The UWB radar measures the vital signal by the small 

motion of the thorax motion due to the breathing and cardiac 

motions. The motion of the thorax could be considered as a 

summation of the harmonic signals from the respiration activity 

and the cardiac activity. The displacement of the chest could be 

modeled as expressed in Eq. (1) [22]; where, dri, and dhj are the 

i-th and j-th harmonic displacement of the chest due to the 

respiration and cardiac activities respectively. fr and fh are 

fundamental of respiration and heart rates, respectively. And, t is 

the slow-time. 

 
Fig. 1.  Measurement model of the vital signal by UWB radar 
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The received signal of the UWB radar is a summation of the 

signal reflected from the stationary objects and non-stationary 

objects, as expressed in Eq. (2), where Ak is the reflected 

coefficient of the object k-th,    is the fast-time delay of the 

object k-th, and  ( ) is the collected pulses at the receiver. The 

first part of Eq. (2) is the signal from the stationary objects, the 

second part is the signal of the stationary part of the person's 

body, and the third part is the signal of the chest motion. The 

relationship between the fast-time and distance is expressed in 

Eq. (3), where c is the speed of light and  (   ) is the random 

noise signal. The stationary objects such as chairs, walls, ceil, 

floors, and other furniture in the testing room produce DC 

signals. In the experiment, the person is sitting without moving; 

thus, the person's body is considered a stationary object except 

for the chest motion. The DC signals from the stationary objects 

could be removed by the mean subtraction [19, 21]. So, only the 

non-stationary signal (vital signal) and the random noise signal 

is remained, as expressed in Eq. (4). The vital signal 

 (   ) contains the respiration signal, heartbeat signal, and 

noise signal. 
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The radar signal could be approximated as a quasi-periodic 

form, as expressed in Eq. (5) [20]; where,    , and     are the 

amplitude of the harmonic order k-th and l-th of the respiration 

and heartbeat signal, respectively.  (   )) is the noise signal. 

The vital signal  (   ) contains the respiration signal, heartbeat 

signal, and noise signal. 

Fig. 2 shows a simulation of the vital signal with and without 

noise signal. The respiration (fr) and heartbeat (fh) frequencies 

are 0.2 Hz and 1.3 Hz, respectively, and there are 2 harmonic 

components of the respiration signal (2fr, 3fr). The heartbeat 

signal has much lower intensive than the respiration signal 

(1:10) due to small motion of in the heartbeat activity than the 

breathing activity. Thus, when the noise signal increase (-3dB, -

10dB), the heartbeat signal is difficult to be detected. However, 

there is correlation pattern in the frequency domain among the 

distances, as observed in the bottom graphs of Fig. 2. Thus, it is 

feasible to extract the heartbeat signal by the 2D vital signal 

over a range distance rather than at a single distance as used in 

the previous studies [19, 20, 21]. 

 
 

Fig. 2 Simulation of vital signal with noise and without noise. The 

heartbeat frequency (fh) is hard to be detected as the noise increase. But, 

correlation in frequency domain pattern appears among the distances 

that make it possible to detect the fh via 2D signal analysis rather than at 

a single distance. 

2.2. Continuous wavelet transform (2DCWT) algorithm 

Fig. 3 shows the block diagram of the proposed algorithm for 

extracting the heartbeat signal by the 2DCWT. The received 

radar signal is stacked frame by frame to form a 2D matrix data 

 (   ) with i = 1, 2, ..., M and j = 1, 2, ..., N representing for 

time index and distance index, respectively. The DC component 

in the received signal is removed by mean subtraction [19, 21]. 

To estimate the distance of a person, the power of the vital 

signal is used, as described in Eq. (6). The vital power is 

calculated through the square of the vital signal in the slow-time 

direction. The vital power in Fig. 4 shows that the person's 

distance could be estimated at the maximum power. 
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Furthermore, the high power of the vital signal that appears in a 

range around the person's position also be useful to extract the 

heartbeat signal. This range is called the radar cross-section 

(RCS). The RCS is depended on the radar bandwidth and object 

size. In this paper, with the bandwidth of 550 MHz, the RCS is 

average about 500 mm for adult people. 

 
 

Fig. 3 Block diagram of the heartbeat signal extraction by 2D 

Continuous wavelet transform 
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Fig. 4 Vital signal appear around the person location which is 

determined by the vital power 

 

CWT is an advanced signal analysis technique for non-

stationary signals such as the heartbeat signal [21, 23]. In CWT, 

the length of the window is various at different frequency bands, 

which is more flexible and useful than a fixed window length in 

the short-time Fourier transform [23]. CWT could provide a 

good frequency resolution for a low-frequency signal and a good 

time resolution for a high-frequency signal. The 2D data of 

 (   ) will be used in the 2DCWT of our proposed algorithm to 

extract the heartbeat signal. The 2DCWT algorithm has four 

steps as following: 

Step 1: 2D Fast Fourier transform signal (FFT) 

The FFT is performed on the 2D vital signal   as expressed in 

Eq. (7) [24, 25]; where p = 1, 2, ..., M, q = 1, 2, ..., N, and   ̌

denotes the imaginary unit. 
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Step 2: 2D wavelet correlation 

A 2D mother Morlet wavelet W is shifted and scaled before 

taking cross-correlation with the FFT signal Y. The Fourier 

transform of the 2D mother Morlet wavelet is described by Eq. 

(8) [26, 27]; where, S is the integer scale vector, and      and   

are the constant value. The    and    are shifts which are the 

functions of the M, N and S as described in Eqs. (9) and (10). It 

is noted that the  ( ) is the integer of x.  A sample of a 2D 

mother Morlet wavelet is shown in Fig. 5. 
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The relationship between the frequency (f) and the scales (S) for 

Morlet wavelet could be estimated as Eq. (11), where fc is the 

center frequency of the 1D Morlet wavelet (0.8125 Hz), which 

is expressed in Eq. (12), and T is the frame sampling period 

[28]. Fig. 7(b) shows the relationship between the frequency (f) 

and the scales (S). It is clear that the heartbeat frequency in the 

range of 0.75 Hz to 3.0 Hz corresponds to the scales from 48 

down to 12. 

  
  
   

 (11) 

 ( )    
  

    (  ) (12) 

      

Fig. 5 The real (a) and imagine (b) 2D Morlet wavelet and the 

relationship between the scale s and frequency f(c) 

 

The cross-correlation between the vital signal and 2D Morlet 

wavelet is expressed in term F, as described in Eq. (13), where * 

denotes the complex conjugate. The cross-correlation is a 

complex 3D matrix with a size of M×N×Ns, where Ns is the 

length of the scale vector S. 

 

 (     )   (   )   (       )
  (13) 

Step 3: Scale selection and reconstruction of vital signal 

Correct identification of the scale corresponding to the heart rate 

is the most important task of the algorithm. In this step, we use 

the total power of the F in each scale to search the correct scale 

of the heartbeat signal. The total power of F in the s-th scale 

(D(s)) is expressed in Eq. (14). And, the maximum peak of the 

total power corresponds to the heartbeat signal. Fig. 6 shows an 

example of the D with the scales s and time index q. There is an 

interference of the harmonic of the respiration signal in the 

power D since the power of the harmonic signal is higher than 

the power of heartbeat signal. However, the heartbeat signal 

forms a peak in the spectrum. Thus, the correct scale could be 

determined at the peak power (for instance, speak = 25 for the 

example data in Fig. 6). Then, the heartbeat signal  ̂ could be 

reconstructed by the inverse FFT (iFFT) of the F(speak), as 
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expressed in Eq. (15) [29]. 

 
Fig. 6 Selection of scale for the heartbeat signal 
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Step 4: Heart rate extraction 

The final step is the extraction of the heart rate from the 

reconstructed signal  ̂. The signal is then converted to the 

frequency domain by using the CZT in the range from 0.0 to 3.0 

Hz. The upper limit of 3.0Hz is set same as the maximum range 

of the heart rate of a normal person [21, 22], and there is no 

lower limit (0 Hz) to see whether the respiration signal remains 

in the heartbeat signal. The signal in the frequency domain is 

then averaged ( ̂), as expressed in Eq. (16) and the maximum 

peak indicates the heart rate. 
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where  (   ) is the 

CZT of  ̂(   ) 
(16) 

3. Experimental results 

3.1. Experimental setup 

A UWB radar (UWB-Radar 4.6, UMAIN Inc. Korea) was used 

in the experiment to demonstrate our proposed method, as 

shown in Fig. 7. The UWB radar has 4.6 GHz center frequency, 

550MHz bandwidth, and less than -41.3dBm output power. The 

radar was supplied by 5V and signal transmission via a USB 

cable to a computer. The beam angle of the transmitter and 

receiver antennas is about 75-80 degrees. The distance sampling 

resolution is 20.3 cm. The maximum range of measurement is 

about 13 m that corresponds to the 660 distance samples in a 

single frame. The frame rate of the signal transmitted from the 

radar to the computer is about 44.5 frames/s via UART protocol. 

The detailed specifications of the UWB radar are shown in 

Table 1. 

Table 1 Specification of the UWB radar 

Parameters Specification 

Center frequency 4.6 GHz 

Bandwidth 550 MHz 

Distance resolution 20.3 cm 

Antenna’s type Directional 

Antennas beam angle in X-Z 

Plane 

75o 

Antennas beam angle in Y-Z 

Plane 

80 o 

Voltage supply 5V via USB cable 

Max current consumption 350 mA 

Output power < -41.3 dBm 

Radar frame rate 44.5 frames/s 

 

 
Fig. 7 UWB radar used in the experiment 

 

The experimental scenario is shown in Fig. 8. The UWB radar 

was placed to a person with a distance from 0.5 to 2.0 m. An 

adult person sits on the chair and breathing normally at four 

orientations, which are 0-degree (front), 45-degree, 90-degree 

(lateral), and 180-degree (backside). During the experiment, a 

photoplethysmography (PPG, Ubpulse 360) sensor is used to 

measure the heartbeat signal at a finger as the reference. The 

vital signal was measured simultaneously by both the UWB 

radar and PPG sensors.  All sensors are connected to the desktop 

PC via a USB connection for power supplies and data 

acquisition. 

 
Fig. 8 The UWB radar configuration system 

 

3.2. Heartbeat signal extraction 

In this section, we show some results in different experimental 

scenarios. The distances between the person and UWB radar are 

0.5m, 1.0m, and 2.0m, and the orientation of the person is 

rotated with 0-degree (front side), 45-degree, 90-degree (lateral 

side), and 180-degree (backside). The 2D matrix of the vital 

signal (X) was stacked with 512 frames (N = 512) signal. The 

proposed 2DCWT method was compared with the 1D 

continuous wavelet transform [30] (denoted as 1DCWT) method 

and the PPG referenced signal. For quantitative comparison, the 

SNR is calculated as described in Eq. (17) [32]. 

 

 

         
∑          

∑             ∑      
 (17) 

 

Fig. 9 shows the raw vital signal, and processed signal of 

1DCWT, 2DCWT-Full scale, and 2DCWT-Peak scale methods 

for an experiment at the distance of 1.0 m and the front side 

orientation. Similar to the results in Fig. 6, the respiration signal 

is the dominant signal that could be observed in the frequency 
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domain of the raw vital signal (Fig. 9a). In addition, the second 

harmonic of the respiration signal (0.74 Hz) was even higher 

than the fundamental of the heartbeat signal (1.494 Hz). 

Therefore, the 1DCWT method was failed to extract the correct 

the heartbeat frequency as the second harmonic of the 

respiration signal remained in the extraction result; thus, the 

SNR was low (-9.0 dB). Similarly, the 2DCWT-Full scale also 

extracted this harmonic signal and enhanced it only (the largest 

one) while decreasing the heartbeat signal (SNR = -17.7 dB). 

So, the 1DCWT and 2DCWT-Full scale were provided the 

wrong detection of the heart rate. However, the 2DCWT-Peak 

scale was significantly enhanced the heartbeat signal (SNR = 6.3 

dB) because of the correct selection of the scale (speak = 29). 

And, the heartbeat frequency extracted from the 2DCWT-Peak 

scale method was 1.488 Hz which is only one resolution 

tolerance (0.4%) from the referenced PPG signal (1.494 Hz). 

 

 
Fig. 9 Extraction of the heartbeat signal at the distance of 1.0 m 

– front side orientation: a) raw, vital signal, b) 1DCWT method, 

c) 2DCWT-Full scale method, and d) 2DCWT-Peak scale. 

 

Similarly, and the results of the backside orientation are shown 

in Fig. 10. The 2DCWT-Peak scale correctly extracted the 

heartbeat signal with a significant enhancement (SNR = 4.6 dB) 

while the 1DCWT enhanced both the second harmonic of the 

respiration signal and the fundamental of the heartbeat signal, 

and the 2DCWT-Full scale only enhanced the second harmonic 

of the respiration signal. Thus, the 1DCWT and 2DCWT-Full 

scale provided low SNR which are, -26.4 dB and -24.1 dB, 

respectively. The extraction of the heart rate by the 2DCWT-

Peak scale method was 1.553 Hz, slightly different with the PPG 

reference (1.565 Hz, 0.7%). In addition, it is observed in the 

frequency domain that more noise signal appeared in the 

backside orientation than in the front side orientation due to 

extra noise signal as the electromagnetic wave propagates 

through the person body to the chest (the chest is opposite to the 

UWB radar). However, the 2DCWT-Peak scale method still 

correctly detected the heartbeat signal. 

 
Fig. 10 Extraction of the heartbeat signal at the distance of 1.0 

m – backside orientation: a) raw vital signal, b) 1DCWT 

method, c) 2DCWT-Full scale method, and d) 2DCWT-Peak 

scale method. 

 

More results in the frequency domain of the heartbeat signal at 

different distances and orientations are shown in Fig. 11. The 

results show that the 2DCWT-Peak scale method could help 

improve the SNR of the heartbeat signal while the 1DCWT and 

2DCWT-Full scale methods still retain the second harmonic of 

the respiration signal. The detailed SNRs of the heartbeat signal 

are shown in Table 2. The 2DCWT-Peak scale method could 

improve the SNR of the heartbeat signal with an average of 

53.8dB, better than the 1DCWT and 2DCWT-Full scale 

methods with 20.0dB and 25.3dB (compare to the raw signal), 

respectively. The main reason why the 2DCWT-Full scale 

method provides the worst improvement is because it was 

influenced by the high intensity of the second harmonic of the 

respiration signal. 

 
Fig. 11 Frequency domain of the heartbeat signal at different 

distances and orientations of the person 

Table 2 SNR of the heartbeat signal at different distances and 

orientations [unit: dB] 

Orientation 

distance 

Raw 

signal 

1DCWT 2DCWT-

Full scale 

2DCWT-

Peak scale 

Front - 0.5m -49.6 -9.3 -15.7 8.4 

Front - 1.0m -46.4 -9.0 -17.7 6.3 

Front - 2.0m -49.1 -13.6 -21.6 5.1 

45 deg-1.0m -45.7 -11.8 -19.7 6.6 

Lateral-1.0m -45.0 -11.7 -15.3 7.0 

Back – 1.0m -49.0 -26.4 -24.1 4.6 

 

3.3. Heart rate monitoring 

Heart rate monitoring is an important task of heartbeat 

measurement system. The full block diagram of the heartbeat 

signal monitoring based on the 2DCWT-Peak scale filter is 

shown in Fig. 12. The vital signal was stacked in a window with 

512 frames corresponding to 11.4 s. window and shifted by 1 

frame during the monitoring. The person range was 

automatically selected by the vital power, as described in 

Section 2. After extraction of the heartbeat signal by the 

proposed 2DCWT algorithm, the heartbeat signal is transformed 

in to the frequency domain by the CZT. To remove the noise 

that may occur during the monitoring, the exponential moving 
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average ( ̅) is applied to smooth the CZT signal ( ̂).  ̅ is 

updated from the previous  ̅ and the current input  ̂, as 

expressed in Eq. (18); where       is the coefficient which 

is inversely proportional to the number of averaging frames 

(Navr) with     (      ).  

 ̅    ̂  (   ) ̅  (18) 

 
Fig. 12 Block diagram of the heart rate monitoring by the 

2DCWT-Peak scale algorithm 

Fig. 13 shows the spectrogram of the heart rate monitoring 

results, including raw vital signal, 1DCWT method, 2DCWT-

Full scale method, and the 2DCWT-Peak scale method. The 

heart rates in both the UWB radar and the reference PPG sensor 

are strongly disturbed while the person is moving into and out of 

the chair at the time [0s 5.5s] and [97s-100s], respectively. So, 

we only consider the stable state of the person while sitting on 

the chair. The spectrogram of the raw vital signal shows that the 

harmonics of the respiration signal can be observed clearly, 

which is much higher than the heartbeat signal. The 1DCWT 

method provides a mixing the heartbeat signal and the second 

harmonic of the respiration signal in the spectrogram. The heart 

rate was not continuously monitored and was disturbed by the 

strong noise, such as in the time from 62s to 90s. The 2DCWT-

Full scale method provides a better noise reduction result than 

the 1DCWT method, but the second harmonic of the respiration 

signal was significantly enhanced and dominated the heartbeat 

signal. The 2DCWT-Peak scale method provides the best result, 

which accurately extract the heart rate. Heart rate monitoring 

results are shown in Fig. 14. The root-mean-square error of the 

1DCWT, 2DCWT-Full scale, and 2DCWT-Peak scale methods 

compared to the reference PPG sensor are 14.5 BPM, 19.0 

BPM, and 1.1 BPM, respectively. The transient time for getting 

a stable value of the heart rate after the stable sitting of the 

2DCWT-Peak scale method is about 9s. 

 
Fig. 13 Spectrogram of the heartbeat monitoring 

 

 
Fig. 14 Heart rate monitoring results 

4. Conclusions 

This paper proposes a 2D continuous wavelet transform 

(2DCWT) method for the extraction of the heartbeat signal of a 

UWB radar. The 2D matrix of the vital signal is extracted from 

the raw signal of the UWB was used. The 2D input vital signal 

was transformed to the frequency domain by the 2D fast Fourier 

transform (2DFFT). Then, the cross-correlation between the 

2DFFT and a 2D Morlet wavelet was taken by the scaling and 

shifting the 2D Morlet wavelet. The maximum peak in the total 

power of this correlation was found to be corresponding to the 

heartbeat signal. The time-domain vital signal was then 

reconstructed from the selected scale and the 2D invert FFT. 

The heart rate is then further found by the Chirp-z transform, 

which provides high-frequency resolution in a range of the 

normal heart rate. The proposed 2DCWT showed a good 

improvement of the SNR of the heartbeat signal and high 

accuracy of the heart rate. 
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