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Abstract - Monitoring a driver’s physiological state in real time is vital for enhancing road safety by detecting fatigue, medical 

emergencies, and enabling future health-intervention systems in autonomous vehicles. Ultra-Wideband (UWB) impulse radio 

monostatic Radar emerges as an attractive alternative due to its ability to perform non-invasive and highly sensitive detection 

of vital signs, including respiration and heart rate, through obstacles such as clothing or car seats. This paper presents a radar 

setup located in the seat, which propagates a UWB signal through human tissues from the back side of the driver up to the heart 

location. The transmitted and reflected UWB signal and antenna reflection coefficient S11 parameter are analysed to detect the 

heart rate for a heartbeat-induced heart model. Various UWB pulse types and their spectral characteristics are analysed to 

ensure efficient energy transmission within the FCC mask safety constraints. Time-domain analysis of the transmitted and 

received pulses reveals clear heartbeat analysis with minimal distortion, achieving accurate heart detection rates. Reflected-

pulse analysis shows clear differences in amplitude between systole and diastole for normal and abnormal heart-radius 

conditions, allowing reliable detection of heart states. Time-of-flight and range estimation help in tracking the heart-wall 

movement accurately. FFT-based analysis of the time-varying S11 parameter estimates the heart rate, confirming precise non-

invasive heartbeat detection through the thorax. 

Keywords - UWB Propagation, UWB Monostatic Radar, Non-Invasive Heartbeat Detection, Scattering Parameter, Vehicular 

Communication.

1. Introduction  
Ultra-Wideband (UWB) technology is a radio 

communication technology that operates over a wide range of 

frequencies. A low power spectral density can allow for a high 

temporal resolution, which reduces interference with other 

narrowband systems. UWB pulses are of short duration, hence 

suitable for detecting subtle movements [1]. These 

characteristics of UWB have led to increased adoption of 

UWB systems. UWB can be used for applications related to 

healthcare, particularly in environments where traditional 

methods may have limitations due to motion constraints and 

the need for vital sign monitoring. The technology also 

adheres to the FCC regulations regarding exposure to the 

human body, which ensure safety during long-term use [2]. 

UWB can propagate through human tissues, and after 

transmission, reflection can take place at internal organs. The 

vital parameters can be extracted from the reflected pulse [3], 

and the accuracy increases as it is placed close to the body [4]. 

A filter can be applied to reduce the noise and clutter [5], and 

multiple stationary object detection can occur during UWB 

radar [6]. From research, it is identified that UWB pulse 

exposure with low attenuation during transmission through the 

thorax makes it suitable for cardiovascular monitoring [7]. For 

continuous health monitoring, the UWB signal is becoming an 

emerging method nowadays. The implementation of UWB 

radar for respiration detection and heartbeat has been explored 

through various simulation-based and experimental 

approaches. Various simulation and experimental strategies 

can be implemented using UWB radar. 

Vital parameter monitoring in a moving atmosphere is 

gaining prominence in applications for driver assistance and 

safety [8]. Feasibility of UWB impulse radar for the 

physiological studies. Recent studies validated the feasibility 

of using UWB impulse radar for vital sign monitoring due to 

its sensitivity and separated the micro-movements caused by 

internal organ activity. Vital sign detection, specifically for 

measuring heartbeat rate, is essential for early detection of 

medical emergencies, such as cardiac arrest [9]. UWB's ability 

to detect and monitor these parameters non-invasively makes 

it suitable for a range of applications, including elderly care, 

hospitals, and driver safety in vehicles. Contactless 

measurement of the driver’s heartbeat rate through materials 

such as cloth and seat cover fabric in the vehicular 

atmosphere, UWB monostatic radar offers an effective 

http://www.internationaljournalssrg.org/
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solution [10]. Multiple human target detection and 

interference from other moving organs' signals [11] can be 

determined using UWB radar. Consideration of artifacts due 

to body motion and overlapping of other vital signals is 

advisory in noncontact vital signal detection [12]. Multiple IR 

UWB Radar algorithms for multisensory data and Singular 

Spectrum Analysis (SSA) are proposed for multisensory data 

[13] and the short distance estimation with IR UWB [14].  

Several studies emphasize the importance of pulse shape 

in UWB vital-sign detection [15, 16]. Several studies 

emphasize the importance of pulse shape in UWB vital-sign 

detection. Analytical studies show that the harmonic content 

can separate respiration and heartbeat, and propose filters to 

cancel respiration harmonics that mask the cardiac component 

[17]. Cardiac motion tracking using sub-nanosecond IR-UWB 

pulses has been demonstrated, relying on a wide bandwidth to 

resolve small chest displacements and to achieve accurate 

results [18]. Through-wall detection under low Signal-to-

Noise Ratio (SNR) has been improved by designing pulses 

and processing schemes that isolate vital signals from clutter 

via spectral accumulation [19].  

An optimal central frequency for monocycle pulses to 

enhance the reflected amplitude of chest-wall motion, 

emphasizing that centre frequency alignment is important as 

well as bandwidth [20]. Gaussian pulse’s seventh-derivative 

offers sharp band control for better harmonic discrimination, 

good bandwidth for high-resolution motion detection, and the 

ability to be shaped for FCC mask compliance, allowing 

maximum permissible transmission power while preserving 

spectral efficiency [21]. Vital sign information of multiple 

targets with high accuracy in short distances [22], automotive 

system applications [23], shorter detection time, and less 

radiation [24] are also characteristics of UWB. 

Various pulse propagation and return signals provide 

information on optimal RADAR and antenna configurations. 

The use of matched filters [25], envelope detection [26], and 

autocorrelation techniques [27] enhances signal processing 

accuracy [28]. The proposed work provides a detailed 

evaluation of a 7th-derivative Gaussian pulse designed to meet 

the FCC mask and optimized for in-vehicle heartbeat detection 

through seat and human-tissue layers. This study simulates 

reflection coefficient changes caused by heartbeat to show that 

heart rate can be accurately detected using phase-based 

analysis [29]. Thus, the overall contributions of this paper 

include: 

 Employing a seventh-derivative UWB Gaussian pulse 

complying with the FCC spectral mask for transmission 

through multilayer thoracic tissues for the detection of 

human heart rate parameters. 

 UWB monostatic Radar setup for continuous cardiac 

monitoring during driving conditions 

 A realistic thorax model implemented in CST Studio Suite, 

incorporating dielectric property variations under normal 

and abnormal systolic and diastolic conditions. 

 Distance estimation using Time-of-Flight analysis to track 

ventricular systole and diastole states. 

 Phase-based analysis of the antenna reflection coefficient 

for heartbeat estimation in beats per minute. 

 

The rest of the paper is organized as follows: Section II 

presents the theoretical background of Gaussian pulse 

generation, higher-order derivatives, FCC spectral mask, 

electrical properties of the thorax phantom, and the basic 

movements of the human heart. In Section III, antenna 

placement strategies and simulation setup are described. In 

Section IV, the results and discussion are provided, including 

time and frequency domain analysis of a Gaussian pulse and 

evaluation of the 7ᵗʰ derivative fitting within the FCC spectral 

mask. The estimation of cardiac displacement using 

reflection-based distance measurement and heartbeat 

estimation using FFT are also discussed. Finally, Section V 

concludes the paper with its suitability for Biomedical UWB 

sensing and possible directions for future research. 

2. UWB Pulse Propagation for Non-Invasive 

Cardiac Monitoring  
Several heart-rate detection methods have been reported 

for different applications. In vehicular environments, ECG-

based monitoring techniques [8] suffer from significant 

limitations, as they require direct contact with the body, are 

highly affected by motion artifacts, and are uncomfortable and 

impractical for long-term use. Camera-based or PPG-based 

monitoring methods [9] face visibility issues due to poor or 

unavailable lighting at night and are strongly affected by 

occlusion and body motion. In addition, these optical 

techniques cannot penetrate clothing or seat materials, 

limiting their applicability for noncontact monitoring. Doppler 

radar-based approach has a continuous wave experience with 

limited range resolution, signal interface, and less accuracy 

under vehicular atmosphere. The selection of the UWB 

Gaussian pulse lower derivative does not comply with the 

FCC spectral mask. Thereby restricting transmitting power 

and penetration depth. Amplitude-based detection methods 

further exhibit reduced sensitivity to subtle cardiac motion and 

are susceptible to attenuation and multipath effects in confined 

vehicle environments. A UWB Gaussian pulse is employed 

for signal transmission through the human body in the IR-

UWB system, providing the required centre frequency and 

bandwidth [1]. The fundamental Gaussian pulse is 

𝑥(𝑡) = 𝐴 ∗ 𝑒𝑥𝑝(
−𝑡2

2𝜎2
) (1) 

Where A is the amplitude in time, and σ is the width of 

the pulse. This waveform is smooth and decays rapidly, 

leading to a compact spectrum in the frequency domain. 

However, the base Gaussian function contains significant low-

frequency energy that violates the FCC emission mask, 

making it unsuitable for direct use in UWB systems [30, 31]. 
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To address this limitation, higher-order derivatives of the 

Gaussian function are employed. In this work, the transmitting 

antenna of the UWB radar system is excited by a seventh-

derivative Gaussian pulse. Its n-th order derivative can be 

expressed using. 

𝑋(𝑛)(𝑡) = (
𝑑𝑛

𝑑𝑡𝑛
) [𝐴 ∗ 𝑒𝑥𝑝(

−𝑡2

2𝜎2
)] (2) 

For better spectral efficiency and to meet regulations for 

emission performance, compared to lower-order monopulse, 

higher-order derivatives have improved spectral 

characteristics and enhanced radiation power, which are 

suitable for subtle psychological signatures. The propagation 

of the seventh derivative Gaussian pulse through the thoracic 

region is strongly influenced by the multilayer tissue structure, 

each characterized by distinct dielectric properties and 

thicknesses. The impedance mismatch at successive 

boundaries, such as skin–fat, fat–muscle, muscle–bone, and 

bone–myocardium, determines transmission, reflection, and 

absorption of the UWB signal, thereby affecting the 

backscattered response. 

Table 1. Electrical properties of the thorax phantom 

Layer 

Estimated 

Thickness 

(mm) 

εr σ (S/m) 

Skin (dry) ~2 – 3 ~35 – 40 1.0 – 1.5 

Subcutaneous 

Fat 
~10 – 15 ~5 – 7 0.05-0.1 

Muscle 

(Chest Wall) 
~15 – 20 ~50 – 55 1.5 – 1.9 

Rib / Bone ~5 ~12 – 20 0.2 – 0.5 

Heart 

(Myocardium) 
~8 – 12 ~58 – 60 1.8 – 2.0 

Cardiac movement generates an additional time-varying 

component. The ventricular myocardium exhibits periodic 

changes in radius due to the diastolic relaxation as well as the 

systolic contraction phases. These resulting dimensional 

changes produce a subtle modulation of the effective dielectric 

boundary. When the radius decreases during systole, the 

curvature of the myocardium increases to locate variation in 

scattering corresponding to a shift in the amplitude and phase 

of the reflected pulse. At the diastolic condition, the radius 

increases, which modifies the propagation path length and 

reflection coefficient. Using the Monostatic antenna, these 

variations in the reflected waveforms can be monitored. When 

the permittivity is approximately 58-60, and the conductivity 

is between 1.8-2 S/m, which can be considered as relatively 

high conductivity and permittivity [32], which ensures strong 

electromagnetic interaction to detect cardiac motion.The rib 

and bone structure has relatively lower permittivity and 

transparency to UWB frequencies. Modulation in the received 

signal generated from the cardiac layers to confirm the radius-

based vital parameter detection and viability. Table 1 presents 

the electromagnetic and structural properties of human 

thoracic tissues, such as skin, fat, muscle, rib/bone, and heart 

myocardium. It summarises how each layer interacts with 

electromagnetic waves, which is critical for understanding and 

analysing the backscattered signals used for detecting heart 

motion or other vital parameters [33]. The human heart 

consists of four main chambers: the Left Ventricle (LV), Right 

Ventricle (RV), Left Atrium (LA), and Right Atrium (RA). 

Among these, the moving parts are the left ventricular wall, 

interventricular septum, and the cardiac valves—mitral, 

tricuspid, aortic, and pulmonary—play crucial roles in cardiac 

function.  

The most dynamic structures are the LV and RV walls, 

particularly the left ventricular free wall and the 

interventricular septum, which exhibit significant movement 

during the cardiac cycle and are essential for effective 

pumping action [34]. In the proposed method, human tissue 

interaction with the UWB Gaussian pulse is studied, 

transmitted from the monostatic antenna. Moreover, the echo 

pulse is modulated by the motion induced by the cardiac 

boundary. FFT- based analysis, which enables heart rate 

estimation from these variations.  

In the proposed work, the left ventricular free wall is 

considered the moving part of the heart. For the left ventricle, 

when the radius varies, the dielectric properties also vary in 

normal and abnormal heartbeat conditions. By measuring 

relative permittivity, εᵣ, and conductivity, σ, heart radius 

changes can also be identified [35]. In abnormal states, the 

radius spans an expanded range and shows a progressive 

decrease in εᵣ and σ, which reflects weakened contraction and 

altered electrical behaviour of the myocardium. In the normal 

cardiac motion condition, a smaller systolic radius produces 

higher permittivity and lower conductivity. In abnormal states, 

the radius spans an expanded range and shows a progressive 

decrease in εᵣ and σ, which reflects weakened contraction and 

altered electrical behavior of the myocardium. 

2.1. UWB Monostatic RADAR Setup for Heartbeat 

Monitoring  

Figure 1 illustrates the proposed UWB Radar monitoring 

system block diagram for heartbeat monitoring. A UWB 

Gaussian seventh derivative pulse is transmitted through the 

Vivaldi antenna and propagates through different layers, 

finally, interacting with the heart model. A reflected pulse is 

generated from the transmitted pulse after hitting the dynamic 

heart. The reflected pulse transmits through the same medium 

of layers and is absorbed by the same monostatic antenna. 

From the reflected pulse by FFT-based analysis, an accurate 

estimation of heart rate in beats per minute can be made. The 

proposed work adopts a simulation-based approach using CST 

Studio Suite, where a realistic human environment is modeled 

by incorporating the dielectric properties of human tissues. A 

higher-order Gaussian pulse is employed to detect micro-

displacement effects. The proposed simulation framework is 
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used for pulse propagation, antenna design, and tissue layer 

dielectric property study and validation to provide pulse 

selection criteria.  

This method offers new insights into cardiac motion 

sensitivity and FCC-compliant higher-order Gaussian pulse 

behaviour. 

 
Fig. 1 Block diagram of UWB monostatic radar 

 

In the proposed setup, the antenna is positioned at the 

back side at an approximate distance of 3 cm from the heart 

region of the Gustav voxel model in Computer Simulation 

Technology, CST Studio Suite, as shown in Figure 2, ensuring 

optimal coupling of UWB energy into the thoracic tissues. 

This close placement maximises the Signal-To-Noise Ratio 

(SNR) of the received backscatter.  

The monostatic UWB radar system is simulated in CST 

Studio Suite, as shown in Figure 3. The Vivaldi antenna is 

excited through a discrete port with the seventh derivative 

Gaussian pulse, which propagates through seat, cloth, and 

multilayer biological tissues, which impinges on the dynamic 

heart model. The heart is parameterised with a time-varying 

radius to emulate periodic cardiac mechanical displacement. 

Variations in the radius of the moving part of the heart 

modulate the phase and amplitude of the backscattered UWB 

pulses, producing measurable changes in the reflected voltage 

waveform at the receiving port. By analysing these temporal 

variations in the received signal, heartbeat periodicity and 

corresponding vital sign information are accurately extracted. 

 
Fig. 2 Vital-Sign monitoring system through the posterior thorax for 

heart-rate detection across different layers: 1. Seat cover, 2. Clothing, 3. 

Skin, 4. Fat, 5. Muscle, 6. Rib and 7. Heart. 

 

2.2.  Heartbeat Measurement Employing UWB pulse  

The motion of the heart is assessed by estimating the 

variation in distance between the radar sensor and the heart 

wall [36]. The transmitted UWB pulse reflects from the chest, 

and the returned signals corresponding to the systolic and 

diastolic phases exhibit slight differences in propagation 

delay. Delays can convert into distance for detecting subtle 

displacement due to heart contractions. By the FFT cross-

correlation technique, the distance estimation can be carried 

out [14]. Without direct contact with the body, the distance 

between systolic and diastolic movement can be estimated. 

 

 
Fig. 3 CST simulation setup with vivaldi antenna for monitoring heart 

rate employing uwb gaussian pulse 

When the UWB pulse interacts with thoracic tissues, the 

systolic and diastolic phases slightly modify the effective 

dielectric boundary, producing small but measurable changes 

in the reflected electromagnetic signal. These changes 

produce amplitude variations in S11, with the phase 

component being particularly sensitive to the mechanical 

displacement of the ventricular wall. The heartbeat is 

monitored by analysing the S11 signal generated by periodic 
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cardiac motions. To model this, two reflection states 

representing diastolic, 𝑆11
high

and systolic, 𝑆11
low conditions are 

interpolated using a sinusoidal modulation at a specific 

heartbeat frequency, thereby reconstructing the time-domain 

evolution of the reflection coefficient. The resulting time-

varying complex reflection coefficient is expressed as: 

 

𝑆11(𝑡) = (1 − 𝑚(𝑡)) 𝑆11
low +𝑚(𝑡) 𝑆11

high
 (3) 

Where 

𝑚(𝑡) = 0.5[1 + sin⁡(2𝜋𝑓hb𝑡)] (4) 

Represents the heartbeat-induced modulation factor, and 

fhb is the heartbeat frequency in Hz. The fluctuations in 

magnitude and phase of S_11 (t)capture the electromagnetic 

effects of ventricular contraction and relaxation. To estimate 

the heart rate, the time-domain signal is transformed into the 

frequency domain using the Fast Fourier Transform (FFT), 

and the spectral frequency corresponding to the peak 

amplitude is identified. The heartbeat in Beats Per Minute 

(BPM) is then calculated as ⁡𝑓peak × 60 [27]. 

3. Results and Discussion  
A UWB Radar–based heart movement detection and 

estimation system is implemented using a seventh-derivative 

Gaussian pulse to excite the transmitter antenna of the 

monostatic UWB radar. The Gaussian pulse and its higher-

order derivatives, i.e., first, fourth, sixth, and seventh, are 

analysed in time and frequency domains as in Figures 4 and 5 

to assess their suitability for UWB-based heart rate estimation. 

Higher-order derivatives show more oscillations, zero 

crossings, and improved localization, which helps in capturing 

subtle movements. Spectral analysis indicates that increasing 

the derivative order reduces low-frequency energy and shifts 

power toward mid and high-frequency ranges, resulting in a 

wider bandwidth and lower spectral leakage. A sharp pulse is 

obtained by employing the proposed pulse with a centre 

frequency of 5.1 GHz and a pulse width of 1 ns. The seventh 

derivative, in particular, meets FCC UWB limits while 

maintaining spectral occupancy.  Compared with the 1st and 

4th derivative pulses, the 7th derivative pulse shows a higher 

zero crossing rate, a higher spectral centroid, and better 

temporal localization, while still keeping the oscillatory 

behaviour in control. Because of this, the seventh derivative 

gives more sensitivity to the dielectric boundary changes 

caused by cardiac contraction. 

 
Fig. 4 Gaussian pulse first, fourth, and seventh derivatives in the 

time domain 

 
Fig. 5 Spectral mask of FCC and PSD of gaussian first, fourth, and 

seventh pulse derivative in the frequency band of 3.1 to 10.6 GHz 

 
Fig. 6 Amplitude variations of backscattered UWB RADAR signals for heart radii of 15mm and 35 mm 
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Fig. 7 S11 Plot of the monostatic UWB radar, excited by the seventh-derivative gaussian UWB pulse for heart radii of 15 mm and 35 mm 

On the other hand, derivative orders more than seven 

introduce more oscillations and spread the energy in the time 

domain. This can reduce the propagation efficiency in 

multilayer biological tissues due to cumulative attenuation and 

phase distortion effects. The seventh derivative can be 

considered as the maximum suitable order, since it improves 

temporal sharpness without causing too much ringing or 

energy loss. This makes the seventh-order Gaussian derivative 

particularly effective for capturing subtle thoracic micro- 

movements required for non-invasive UWB-based vital 

parameter detection. The PSD matches the FCC emission. 

From the simulation studies carried out, Table 2 shows the 

obtained reflected pulse characteristics of the heart at different 

radii corresponding to cardiac phases, such as diastole and 

systole. The parameters include the relative permittivity, the 

conductivity of the heart tissue, and the peak voltage of the 

reflected signal. As the heart radius changes with contraction 

and relaxation, variations in εᵣ and σ occur due to the dynamic 

dielectric properties of the heart tissue and blood volume. The 

reflected voltage is higher during the systole, while it is lower 

during diastole, indicating the physiological changes in heart 

wall thickness and blood distribution. Based on the different 

permittivity and conductivity values assigned for normal and 

abnormal diastolic and systolic conditions, the following 

results were obtained. For a normal heartbeat, the diastolic 

state of 25 mm radius produces a backscattered pulse peak.  

Table 2. Peak voltage of the backscattered UWB Pulse under normal and abnormal heart-radius conditions 

 
Radius 

(mm) 
Condition εᵣ σ(S/m) Vpeak 

Normal 
25 mm Diastole 51.9 1.91 0.123635 

15 mm Systole 58.2 1.85 0.263178 

Abnormal 
25 mm Systole 58 1.80 0.179448 

35 mm Diastole 56 1.60 0.132595 
 

Amplitude of 0.123 V, while for a 15 mm radius, the peak 

increases to 0.263 V. In an abnormal condition, the systolic 

state of 25 mm radius shows a peak voltage of 0.179 V, and 

the diastolic state of 35 mm radius produces a peak voltage of 

0.1325 V. By tracking the voltage variations across cycles, the 

periodicity of the heartbeat can be used to determine whether 

the heart is in systole or diastole. This indicates proper 

contractility of the heart and regular rhythmic activity. Figure 

6 shows the amplitude variations of backscattered UWB 

signals for heart radii of 15 mm and 35 mm. From the graph, 

it is clear that the peak voltage differs between the systole and 

diastole conditions. Specifically, the signal corresponding to 

the larger heart radius of 35 mm exhibits a lower peak voltage 

of 0.2021 V during systole. The seventh-derivative Gaussian 

pulse provides the temporal resolution needed for reliable 

non-invasive cardiac motion detection. Figure 7   represents 

the scattering parameter plot of the monostatic UWB Radar, 

excited by the seventh-derivative Gaussian UWB pulse for a 

heart with radii of 15 mm and 35 mm. 

Simulation evaluation demonstrates that the system 

achieves highly accurate range estimation. The distance is 

calculated using (c × τ) /2 [12], where τ is the measured time 

delay and c is the speed of light. As tabulated in Table 3, for 

a heart of 15 mm radius, the estimated distance between the 

antenna and the heart wall is 3.82 mm, which closely matches 

the actual distance of 4 mm. Similarly, for a radius of 25 mm, 

the estimated distance is 3.10 mm, where the actual distance 

is 3 mm.  

Figure 8 shows the transmitted and received UWB radar 

pulse for heart radii of 15mm and 25 mm with magnitude and 

phase delay. These results confirm that the UWB radar, 

combined with time-of-flight analysis, can reliably trace the 
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physiological movement of the heart wall and assess normal 

or abnormal cardiac conditions based on deviations in the 

detected radius and motion pattern represented by the cross-

correlation at corresponding stages, as shown in Figure  9. 

 
Fig. 8 Transmitted and received UWB RADAR pulse for heart radii of 

15mm and 25 mm 

 
Fig. 9 FFT of UWB radar reflected heartbeat signal for 15 mm and 

25 mm heart radii for estimating the pulse propagation delay 

The heartbeat estimation detection model is implemented 

by loading two CST Studio Suite measured reflection 

coefficient datasets representing different cardiac states, 

corresponding to two distinct heart radii of 15 mm and 25 mm. 

To replicate the periodic expansion at a selected mid-band 

frequency point, enabling smooth interpolation between the 

low-radius and high-radius S11 responses.  

Due to this modulation, which produces the change in 

electromagnetic properties by real cardiac motion. Due to 

this, the S11 sequence can also be viewed with noticeable 

changes, and it can be decomposed into two components: 

magnitude and phase. Moreover, these magnitude and phase 

components can visualize the variations caused by the heart 

movement.  

The measured fluctuations show the magnitude variation 

remains extremely small, as less than 0.1 dB. In contrast, the 

phase variation reaches approximately 1.2°, confirming that 

the phase of S11 is significantly more sensitive to subtle 

dielectric boundary changes produced by cardiac movement. 

Table 3. Distance estimation between the radar and the heart wall 

using time of flight 

Radius(mm) Delay(ns) Distance(cm) 

15 254.67 3.82 

25 206.67 3.10 

The estimation of heartbeat rate from the S11 signal is 

carried out using FFT analysis. In FFT analysis, the frequency 

corresponding to the peak magnitude can be identified. From 

Figure 10(c), the resulting peak corresponds to the frequency. 

𝑓peak⁡     can estimate as 1.3 Hz. Moreover, the heartbeat can 

be found out using. 𝑓peak×60 and the estimated heartbeat is 

71.9 BPM. The estimated value closely matches the induced 

heartbeat model value of 72 BPM. A comparative 

examination of the magnitude response, phase response, and 

FFT results confirms that phase-based monitoring provides 

higher sensitivity to physiological motion, thereby making it 

well-suited for reliable noncontact heartbeat detection. Figure 

10 (a)-(c) illustrates the simulated variations in magnitude and 

phase, along with  the corresponding frequency spectrum over 

a 10-second observation interval, demonstrating the 

underlying detection process and the extracted cardiac 

frequency. 

 
Fig. 10 Measurements of the reflection coefficient, S11, over a 10-

second interval: (a) Magnitude in dB affected by heartbeat-induced 

variations, (b) Phase in degrees affected by Heartbeat-induced 

variations, and (c) Frequency spectrum with the corresponding 

frequency to the estimated heartbeat. 
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3.1. Result Validation 

This section discusses the suggested algorithm with 

current methods for heartbeat estimation. The performance of 

Gaussian derivative pulses in terms of frequency, bandwidth, 

characteristics, FCC compliance, and cardiac motion 

sensitivity is summarized in Table 4. Due to narrow 

bandwidth and predominantly low-frequency components, 

the first-derivative Gaussian pulse has limited cardiac motion 

sensitivity and partial FCC compliance [15, 25]. Improved 

FCC compliance and moderate sensitivity result from the 

fourth-derivative Gaussian pulses with lower low-frequency 

and moderate bandwidth [16, 23]. The suggested UWB 

impulse radar-based strategy and current heartbeat 

monitoring techniques are mentioned in Table 5.  

Although conventional ECG sensors have great heart rate 

accuracy and high motion sensitivity, their use in automotive 

settings is restricted because of their vulnerability to motion 

artifacts and the requirement for direct contact with existing 

heartbeat monitoring methodologies.  

Due to their susceptibility to motion artifacts and 

requirement for direct contact with the subject, conventional 

ECG sensors have limited applicability in vehicle 

environments despite their high motion sensitivity and 

excellent heart rate accuracy [35].  

Moderate motion sensitivity is provided by camera-based 

PPG techniques. However, they are unable to penetrate 

clothing or seating materials, and visual obstructions have a 

significant impact on their performance, leading to higher 

estimation errors [23]. Continuous-Wave (CW) Doppler radar 

systems exhibit moderate motion sensitivity and partial 

penetration through non-conductive materials.  

However, phase noise and multipath effects cause 

accuracy to deteriorate in dynamic vehicular conditions [1, 

16]. In contrast, the proposed 7th-derivative Gaussian pulse 

achieves full FCC compliance with wide bandwidth and sharp 

spectral confinement, providing higher reflected peak voltage 

and improved sensitivity to small cardiac displacements. 

Table 4. Comparison of gaussian pulse derivatives for UWB-Based cardiac motion detection 

  

 Table 5. Comparison of the proposed UWB Radar approach with existing Vital-Sign monitoring techniques 

Methodology 
Penetration Through 

Seat/Clothing 

Motion 

Sensitivity 
In-Vehicle Suitability 

Heart Rate 

Error 

ECG sensors [35] Not applicable High 
Limited due to sensitivity to 

motion artifacts 
< 1% 

Camera-based PPG [23] No Moderate 
Limited due to lighting 

conditions and obstruction 
2–5% 

CW Doppler radar [1, 16] Partial Moderate Moderate 1–3% 

UWB IR (Proposed) Yes High High ≈ 0.14% 

4. Conclusion  
This paper demonstrates the feasibility of using a UWB 

impulse radio monostatic RADAR system, supported by CST 

Studio Suite - based simulations, for noncontact and real-time 

detection of vital signs in vehicular environments. By 

employing higher-order Gaussian derivative pulses, 

particularly the seventh derivative, the system achieves both 

FCC compliance and high spectral efficiency, enabling 

precise monitoring of subtle cardiac motions through 

multilayer thoracic tissues.  

The reflected pulse variations across normal and 

abnormal heart conditions highlight the radar’s capability to 

distinguish physiological states, while the Vivaldi antenna. 

The design ensures reliable signal transmission and reception. 

The simulation successfully validates that phase-based 

monitoring of S11 variations, hence enables precise and 

reliable heartbeat detection with minimal estimation error. 

These results confirm that UWB radar offers a safe, efficient, 

and robust solution for in-vehicle health monitoring, and 

traditional contact-based sensing techniques are not suitable 

for continuous detection in a vehicular environment in 

dynamic vehicular settings.  The S11 return loss parameters 

confirm proper antenna matching across the UWB band. 

Future work will focus on experimental validation with human 

subjects, advanced signal processing techniques for noise 

reduction, and integration into smart driver-assistance systems 

for enhanced road safety. 

Pulse Type 
FCC 

Compliance 

Bandwidth 

Characteristics 

Peak Reflected 

Voltage 

Cardiac Motion 

Sensitivity 

1st-derivative Gaussian 

[15, 25] 
Partial 

Narrow bandwidth with low-

frequency components 
Low Limited sensitivity 

4th-derivative Gaussian 

[16, 23] 
Improved 

Moderate bandwidth with reduced 

low-frequency 
Moderate Moderate sensitivity 

7th-derivative Gaussian 

(Proposed) 
Full 

Wide bandwidth with sharp FCC 

mask confinement 
High High sensitivity 
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