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Abstract. Non-contact monitoring of vital signs has become
increasingly important for enhancing patient comfort and re-
ducing interference during medical assessments. Such meth-
ods are particularly valuable for addressing phenomena such
as white-coat hypertension and for enabling more accurate
diagnoses in home environments. This paper consolidates
three innovative approaches for heartbeat detection using
a dedicated 24 GHz frequency-modulated continuous-wave
(FMCW) radar.

First, a novel signal envelope analysis method is intro-
duced, demonstrating its ability to extract heartbeat infor-
mation and to validate the results against an ECG refer-
ence system (GE Healthcare CARESCAPE Monitor B650).
Second, computationally intensive steps are optimized for
real-time processing by replacing the Hilbert transform and
smoothing functions with more efficient alternatives such
as Moving-RMS and Moving-Average filters. These adapta-
tions enable low-latency operation while maintaining reliable
detection performance. Lastly, a convolution-based Gaussian
pulse method is presented to extend the envelope analysis,
followed by a time-domain plausibility check to refine peak
detection.

The modular radar system comprises a 2TX/4RX MIMO
radar front-end, a filtering and amplification module, and a
data acquisition module, all developed at the Laboratory of
Applied Radar and Optical Systems (LaROS) at Trier Uni-
versity of Applied Sciences. Each proposed method has been
optimized for the 24 GHz ISM band, offering a balance be-
tween real-time capability and detection accuracy. Valida-
tion against ECG benchmarks confirms the feasibility and
effectiveness of the presented approaches, contributing to the
advancement of non-contact vital sign monitoring technolo-
gies.

1 Introduction

Vital signs such as breathing rate and heartbeat are essential
indicators of a person’s health and are increasingly monitored
using advanced technologies. Radar-based monitoring has
emerged as a promising alternative to traditional methods, of-
fering non-contact, continuous assessment of vital functions.
This approach not only enhances patient comfort by avoiding
attached electrodes or devices but also reduces interference
and captures real-time data effectively (Will et al., 2017). Ap-
plications for radar-based vital sign monitoring range from
newborn monitoring in incubators (Schmiech et al., 2018),
baby monitoring at home (Lemmer et al., 2019), to surveil-
lance of elderly individuals in retirement or private homes
(Schäfer et al., 2018).

In contrast to methods in which seismocardiographic
or ballistocardiographic chest movements must be known
as sample functions, as presented in Tchameni et al.
(2024c, a, b), the methodology introduced in this publication
enables monitoring of the heartbeat of unknown adult hu-
mans with heart rates in the range between 30 and 180 bpm.
The breathing rate, a key vital sign, was one of the earli-
est parameters targeted by radar technology. Classical meth-
ods such as body plethysmographs or spirometers, although
precise, are often inconvenient for patients due to their in-
trusive nature. Radar systems, in contrast, allow the observa-
tion of chest movements without direct contact, making them
a preferable solution. Table 1 lists standard breathing rates
across various age groups. However, a limitation of radar-
based breathing monitoring is its inability to provide direct
insights into pulmonary volume. The heartbeat is another
central vital sign, typically measured using electrocardiogra-
phy (ECG). ECG not only provides accurate measurements
of heart rate but also enables analysis of the heartbeat shape
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Table 1. Standard values of the breathing rate by age (source:
Kinderspital Luzern, 2021).

Breathing
Age (Years) rate (bcpm)

0–3 months 25–60
3–6 months 25–55
1–4 years 20–40
4–10 years 15–30
12+ years 14–20

Table 2. Standard values of the pulse by age (source: Ruh, 2021).

Age (Years) Pulse (bpm)

0–1 120
2–3 110
4–7 100
8–13 90
14–17 85
18–64 (f) 75
18–64 (m) 70

to assess overall health (Avram et al., 2019). Heart rate varies
significantly with age, as illustrated in Table 2.

Additionally, the time intervals between heartbeats, known
as heart rate variability (HRV), serve as an important indi-
cator of a person’s health. HRV, often quantified using pa-
rameters such as SDNN (Standard Deviation of Normal-to-
Normal intervals), reflects the dynamic interplay of the sym-
pathetic and parasympathetic nervous systems. Table 3 pro-
vides an overview of typical HRV values across age groups.

Recent advancements in radar technology for vital sign
monitoring include the development of methods based on
envelope analysis and computational optimizations. In prior
works (Marnach et al., 2024a), a Hilbert transform and a
fastsmooth function were used for envelope-based signal
analysis. However, these methods proved unsuitable for real-
time applications due to their computational complexity. To
address this, alternative methods such as Moving-RMS and
Moving-Average filters were introduced, enabling real-time
monitoring with minimal performance trade-offs (Marnach
et al., 2024b). In addition to this prior work, the Hilbert
transform envelope analysis is extended by a convolutional
method applied to adaptive Gaussian pulse sample functions.
Furthermore, a plausibility check for detected heartbeats, in
addition to classical peak prominence detection, is imple-
mented to increase the reliability of the presented method.
The modular radar system developed at the Laboratory of
Radar Technology and Optical Systems (LaROS) at Trier
University of Applied Sciences (Fig. 1) facilitates these ad-
vancements.

This paper presents an integrated analysis of radar-based
vital sign monitoring methods. Section 2 discusses non-radar

Table 3. HRV by Doris Eller-Berndl, page 30. 24-hour measure-
ment under similar conditions (source: Eller-Berndl, 2015).

Age (Years) SDNN (ms)

10–19 176± 38
20–29 153± 44
30–39 143± 32
40–49 132± 30
50–59 121± 27
60–69 121± 32
70–79 124± 22

Figure 1. Photo of the developed radar system.

background knowledge about ECG, the resulting heartbeats,
and the extraction of breathing from ECG data. Section 3
describes the radar system architecture. Section 4 elabo-
rates on the signal processing techniques, including improve-
ments for real-time applications. The results are presented in
Sect. 5, followed by conclusions in Sect. 6.
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Figure 2. QRS-complex signal from an ECG monitor with vary-
ing time intervals between each heartbeat peak (source: Hoffman,
2021).

Figure 3. Cardiac cycle and reference to the ECG diagram (source:
Betancur, 2014).

2 ECG Basics

Figure 2 exemplifies multiple heartbeats in an ECG signal
with variable intervals. For a better understanding of radar-
based heartbeat measurement, the cardiac motion as a result
of the ECG signal, and its relation to other physiological ef-
fects, is shown in Fig. 3, taken from Betancur (2014).

It is clearly visible that the response of the vascular sys-
tem, in the form of an increase in blood pressure, can only be
detected with a certain time delay.

Furthermore, when measuring using radar technology, a
distinction must be made between detecting heart motion
(seismocardiographic pulse) and detecting the response of
the vascular system (ballistocardiographic pulse). To calcu-
late the momentary heart frequency, the inverse of each RR-
interval is computed, see Eq. (1). Because of heart rate vari-
ability (HRV), the term “momentary heart frequency” is used

Figure 4. Heart frequency deviation for different detection delays.

Figure 5. Segment of the recorded QRS-complex signal from the
ECG.

for the heart rate derived from each individual RR-interval.

momHFi =
60

Ri+1−Ri
=

60
RRi

[momHF] = bpm (1)

Due to the inverse relationship, time deviations caused by
HRV have a larger impact at low heart rates (RR↑) than at
high heart rates (RR↓). Figure 4 illustrates the effect of vari-
ability on different average heart rates.

Figure 5 shows a heartbeat recording obtained from an
ECG monitor while a person was sitting on a chair. The
red line represents the momentary heart frequency calcu-
lated for each detected RR-interval. It can be observed that
the heart frequency varies by approximately 20 bpm over
the total recording time of 180 s. For improved visualiza-
tion, only a 25 s segment is shown. The average heart fre-
quency was 87.61 bpm. A slow variation in the ECG-derived
heart frequency can be observed. As described in Franke-
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Gricksch (2021), breathing also modulates the heart fre-
quency, a phenomenon known as Respiratory Sinus Arrhyth-
mia (RSA). The heart frequency increases during inhalation
and decreases during exhalation. In Fig. 5, a breathing fre-
quency of approximatel 10.34 bcpm1 can be identified. An
overview of RSA can be found in Franke-Gricksch (2021),
Van Diest et al. (2014), Ahmed et al. (1982), and Neff et al.
(2003).

Figure 6 illustrates the relationship between the QRS-
complex signal and the breathing rate. For this analysis, mea-
surements from an ECG monitoring system are used. To de-
rive the breathing rate from the QRS-complex signal, the fol-
lowing steps are required:

1. Detect the R-peaks in the QRS-complex signal.

2. Calculate each RR-interval.

3. Plot the RR-intervals over time to obtain the HRV sig-
nal.

4. Detect the peaks in the HRV time signal fRR(t).

5. Determine the time interval 1THRV between successive
maxima of the HRV signal (1THRV = fRR,t+1−fRR,t ).

6. Calculate the predicted breathing rate using Eq. 2.

B̂R=
60

1THRVpeak→peak

[B̂R] = bcpm (2)

In the middle section of Fig. 6, the detected peaks of the
HRV time signal (i.e., the moving RR-intervals, shown in
blue) are marked with red triangles. The time interval be-
tween two peaks (1TRRpeak→peak ) is then used in Eq. (2) to cal-
culate the predicted breathing rate. The corresponding mo-
mentary heart frequency for all RR-intervals, computed ac-
cording to Eq. (1), is shown in orange. All of these influences
are essential for the subsequent signal processing.

3 Radar Hardware

In the following, the structure of the radar system developed
at the LaROS department at Trier University of Applied Sci-
ences is explained in the subsequent subsections. The system
consists of three separate, exchangeable modules.

The radar system requires a supply voltage between 7–
12V and a current of 1–1.5A. It can be directly connected
to the LAN port of a PC for data transfer.

3.1 Radar Front-End Module

The radar front-end consists of two transmitting traveling-
wave (TWA) patch antennas and four receiving TWA anten-
nas. The radar system operates in FMCW mode with a fre-
quency ramp from 24 to 24.25 GHz. Two integrated circuits

1Breathing cycles per minute.

Figure 6. Extraction of the breathing rate from the ECG-derived
QRS-complex signal.

from Analog Devices are used for this purpose: the ADF4159
controls the TX frequency within a phase-locked loop, and
the ADF5901 generates the 24 GHz signal. The transmit sec-
tion is described in detail in Steins et al. (2016). For re-
ception, the down-converter ADF5904 from Analog Devices
is employed. Information about the antenna design can be
found in Diewald and Müller (2019).

3.2 Filtering, Amplification, and Conversion Module

For filtering the radar baseband signal, a cascaded third-order
low-pass filter with a cut-off frequency of 3 kHz is used for
anti-aliasing. As noted in Sect. 3.1, the radar has a bandwidth
of 250 MHz and a ramp repetition rate of 62.5 Hz. This corre-
sponds to an 8 kHz sampling rate from the analog-to-digital
converter for detection up to 38.4 m, with 128 points sampled
per frequency ramp. Equation (3) determines the distance be-
tween the radar and the measured object. Here, c0 denotes the
speed of light, fBW the frequency sweep of the FMCW radar
signal, frep the ramp repetition rate, and frecv the measured
frequency in the received radar signal.

r =
c0 · |frecv|

2 · fBW · frep
≈ 0.6m ·

|frecv|

frep
(3)

For amplification of the received radar signals, a fully dif-
ferential, low-noise operational amplifier (LTC6363) from
Analog Devices is used, which can also serve as an ADC
driver. To digitize the received signals, a 16-bit sigma-delta
analog-to-digital converter (MAX11060) from Maxim Inte-
grated is employed, featuring four differential inputs and si-
multaneous sampling.

3.3 Control and Data Transfer Module

For configuration of the radar ICs, ramp triggering, data con-
version management, and data transfer, a microcontroller
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Figure 7. Workflow for breathing frequency detection.

Figure 8. Detected breathing rate with the radar system.

from Microchip (PIC32MZ2048EFG100) is used which pro-
vides Ethernet and USB interfaces.

The Ethernet connection is used for data transfer between
the computer and the radar system, while the USB connec-
tion can be used for system debugging. The Ethernet inter-
face requires an off-chip peripheral, implemented here with
an external driver (LAN8742A) from Microchip.

4 Signal Processing

Figure 7 shows the workflow for extracting the breathing rate
from the recorded radar signal. First, the radar data are loaded
and split into the different antenna channels and ramps, ini-
tializing the so-called radar cube. To remove potential elec-
tronic offsets from the received signals, the signals are de-
trended. A one-dimensional FFT is computed over each fre-
quency ramp and each channel.

Using the results from the FFT, the target’s position is de-
termined and the phase motion is calculated as in Eq. (4).

α(f, t)= 6
(
Y (f, t)

)
(4)

Here, Y represents the complex value after the FFT, f the
frequency bin where the target is observed, and t the time in-
dex. α is the calculated phase motion. Before peak detection,
the phase must be unwrapped. The MATLAB findpeaks
function is used for peak detection; further details can be

Figure 9. Phase deviation before and after subtracting the smoothed
phase.

found in the MATLAB documentation (MathWorks Deutsch-
land, 2026c). The frequency bin corresponding to the target
is identified by the maximum peak in the amplitude spectrum
|Y |. The phase motion α corresponds to the chest movement
due to breathing. Finally, peaks in the phase motion are de-
tected and used to calculate the breathing rate over all times-
tamps.

Figure 8 shows the detected breathing rate of a person in
front of the radar. The blue curve represents the breathing
motion, and the red triangles indicate detected peaks. Using
the timestamps, a mean breathing rate of 10.24 bcpm is ob-
tained.

4.1 Signal Processing for Heartbeat Detection

The general process for heart rate detection is explained in
the following. Figure 10 shows the workflow for the heart-
beat signal processing chain. The first three steps are identi-
cal to the breathing extraction.

After the FFT, the chest movement is observed at the same
range as for breathing extraction. For heartbeat motion ex-
traction, the derivative of the phase motion is computed as in
Eq. (5):

ϕ̇(f, t)= 6
(
Y (f, t + 1) ·Y (f, t)

)
= 6

(
Y (f, t + 1)

)
− 6

(
Y (f, t)

)
(5)

Here, Y (f, t) denotes the complex conjugate, equivalent to
the difference of phases at successive time points, approxi-
mating the phase derivative. To remove the breathing compo-
nent, the phase signal ϕ(f, t) is smoothed with a non-causal
fastsmooth function (O’Haver, 1997). The smoothed phase
is subtracted from the phase derivative, analogous to a non-
causal high-pass residual. The result is shown in Fig. 9. The
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Figure 10. Workflow for heart frequency detection.

Figure 11. Phase deviation and calculated envelope.

remaining phase deviation exhibits periodicity corresponding
to the heartbeat.

The non-causal MATLAB envelope function (MathWorks
Deutschland, 2026a, b) is applied to calculate the envelope
θ(t) of the phase signal:

θ(t)= |H{ϕ(t)}| (6)

Figures 11 and 12 show the extracted envelope and its
comparison to the ECG reference, respectively. Peaks in the
envelope and ECG signals do not exactly coincide due to
respiratory sinus arrhythmia, but the average peak distances
match.

The findpeaks function is used to determine the heart-
beat frequency. It returns peak amplitudes and timestamps.
Parameters such as minimum peak distance, fixed at 0.3 s,
ensure a maximum detectable heart rate of 180 bpm, see
Eq. (7):

1t =

(
180bpm

60

)−1

= 0.3s (7)

Since peak amplitudes vary, a fixed threshold may miss
peaks. This is mitigated by calculating the median of the
heartbeat envelope and using a fixed ratio of this median as

Figure 12. Comparison of heartbeat envelope and ECG reference.

Figure 13. Real-time suitable workflow for heart frequency detec-
tion.

the minimum peak prominence. The average heart frequency
over the measurement is calculated from the timestamps of
detected peaks:

HFN =
N

xmax− xmin
· 60 (8)

4.2 Transition to Real-Time Suitable Algorithms

While Fig. 10 illustrates a non-real-time workflow where
breathing removal is performed using the fastsmooth func-
tion (O’Haver, 1997) and the envelope is obtained with the
Hilbert Transform, both methods are unsuitable for real-time
applications.

To enable real-time processing, the fastsmooth function is
replaced by a moving-average filter, and the Hilbert Trans-
form is replaced by a moving-RMS method (Fig. 13).

4.2.1 Moving-Average Filter

The moving-average filter reduces computation and mem-
ory requirements compared to fastsmooth. For odd window
sizes, it reproduces the fastsmooth results exactly (Fig. 14);
even window sizes introduce minor deviations. Changing the
window type from rectangular to triangular increases dif-
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Figure 14. Comparison of moving-average and fastsmooth with 7-
point rectangular window.

Figure 15. Adaptive minimum peak prominence using Hilbert
Transform.

ferences. Optimal window sizes are 5–9 points for moving-
average and 10–15 points for moving-RMS.

4.2.2 Moving-RMS

The moving-RMS γRMS is calculated as:

γRMS[i] =

√√√√1/N
i∑

k=i−N+1
θ2[k] (9)

Figures 15 and 16 show that moving-RMS yields a
smoother envelope and a heartbeat frequency closer to the
reference.

Figure 16. Adaptive minimum peak prominence using Moving-
RMS over a 12-second measurement.

4.3 Convolution with Gaussian Sample Function

Each radar channel is convolved with a Gaussian sample
function 9(t) shown in Fig. 17, assuming heartbeat peaks
resemble Gaussian shapes. The systolic and diastolic phases
occupy approximately 1/3 and 2/3 of a heartbeat, respec-
tively (Huppelsberg and Walter, 2013; Grissmer, 2021). The
number of points for the Gaussian sample is dynamically
adapted according to the detected heart rate:

Npoints ≈ 1/3 ·
60 · frep

HFset
(10)

The convolution is expressed as:

g[n] = (f ·9)[n] =

+∞∑
k=−∞

f [k] ·9[n− k] (11)

4.4 Plausibility Check

A final plausibility check is applied using a sliding 12-second
window, updated every second. Peaks are detected, and mo-
mentary heart frequencies are calculated.

Values outside the inter-quartile range (50 % around the
median) are discarded, using MATLAB’s built-in function
(MathWorks Deutschland, 2026d) (Fig. 18).

Figure 19 shows the convolution result for all radar chan-
nels with the Gaussian sample function.

5 Results

This section presents the evaluation of the proposed signal
processing pipeline for the final workflow given in Fig. 20
and its impact on the accuracy and robustness of heartbeat
detection using the FMCW radar system. The results are
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Figure 17. Gaussian sample function for a heart rate of 60 bpm
(Npoints ≈ 21).

Figure 18. Visualization of the inter-quartile range, a robust non-
parametric tool for analysis (Nandi, 2021).

structured according to the major processing stages of the al-
gorithm. First, the effects of the convolution-based enhance-
ment of the envelope signal are examined, highlighting im-
provements in noise suppression and heartbeat frequency de-
tection. Subsequently, the influence of the plausibility check
on the stability of the estimated heartbeat values is analyzed,
demonstrating its contribution to reducing outliers and tight-
ening the statistical distribution of the detected frequencies.
Together, these results provide a comprehensive assessment
of the system’s performance across all processing stages.

Figure 19. Result of convolution of radar channels with Gaussian
sample function.

Figure 20. Final workflow for heart frequency detection using en-
velope analysis, Gaussian convolution, and plausibility check.

5.1 Results of the Convolutional Signal Enhancement

In this first evaluation stage, the effect of convolving the
Gaussian sample function with the envelope signal is ana-
lyzed. Figure 19 illustrates the resulting signal for all four
radar channels. Compared to the raw envelope, the convolved
signal exhibits a clearly reduced noise level and a suppres-
sion of the low-frequency breathing trend, which facilitates
subsequent heartbeat peak detection.

To assess the impact on heartbeat frequency estimation,
histograms of all detected heartbeat frequencies over a mea-
surement period of three minutes are shown in Figs. 21 and
22.

The histogram in Fig. 21 is based on peak detection per-
formed directly on the original envelope signal, whereas
Fig. 22 shows the distribution obtained after applying the
convolutional stage. In total, n= 152 heartbeat events were
identified to compute the instantaneous heartbeat frequency
via the inverse inter-peak interval.

A noticeable improvement is observed when comparing
the statistical parameters of both approaches. The original
envelope method yields a mean frequency of µ= 75.26bpm
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Figure 21. Histogram of the detected heartbeat frequencies based
on the pure envelope signal, shown together with the fitted normal
distribution (green) and the ECG reference distribution (red).

Figure 22. Histogram of the detected heartbeat frequencies calcu-
lated by convolution with a Gaussian sample function, shown to-
gether with the fitted normal distribution (green curve) and the ECG
reference distribution (red curve).

with a standard deviation of σ = 24.10bpm. After apply-
ing the convolutional enhancement, these values improve to
µ= 70.18bpm and σ = 19.19bpm, indicating a reduction
of extreme outliers and an overall more stable estimation.
For reference, the gold-standard ECG measurement provides
µ= 65.70bpm and σ = 2.32bpm, whose probability density
function is included as a red curve (the corresponding ECG
histogram is shown in Marnach et al., 2024a).

These results demonstrate that convolution alone already
brings the radar-based estimation closer to the ECG refer-
ence, although the standard deviation remains relatively high.

Figure 23. µσ -evaluation before the plausibility check.

5.2 Results Including the Plausibility Check Stage

In the second evaluation stage, the plausibility check is ap-
plied on top of the convolution-based heartbeat extraction.
This step is designed to further suppress outliers by enforc-
ing physiological consistency over time.

Figure 23 shows theµσ -evaluation (visualization based on
(Campbell, 2021)) of the radar-derived heartbeat frequency
before applying the plausibility check for a second, indepen-
dent measurement dataset. Although this dataset differs from
the one used in Sect. 5.1, the resulting statistical parameters
are comparable:

The mean heartbeat frequency of 67.82bpm is already
close to the ECG reference. However, the large standard devi-
ation of 17.13bpm indicates significant temporal fluctuations
and remaining spurious detections.

After applying the plausibility check, the distribution
tightens considerably, as displayed in Fig. 24. The mean
heartbeat frequency becomes 67.39bpm, while the standard
deviation drops sharply to 5.20bpm. This reduction reflects
the primary benefit of the plausibility stage: unreliable peak
candidates are removed, and the resulting heartbeat trajec-
tory becomes smoother and more physiologically consistent.
Compared to Fig. 23, the improvement in stability is substan-
tial and represents the major contribution of this processing
step.

Together with the results of Sect. 5.1, these findings show
that the convolutional enhancement primarily improves noise
robustness and reduces extreme outliers, while the plausibil-
ity check provides the decisive reduction of variance, thereby
enabling reliable radar-based heartbeat tracking.
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Figure 24. µσ -evaluation after the plausibility check.

6 Conclusions

In this work, the advancements in radar-based vital sign mon-
itoring using a 24 GHz FMCW radar system have been pre-
sented, combining different methodologies for breathing and
heartbeat detection. The proposed approaches demonstrate
significant progress in non-contact heartbeat detection for ar-
bitrary and previously unknown subjects, in contrast to meth-
ods that depend on subject-specific sample functions, and
achieve reliable results through both foundational and ad-
vanced signal processing techniques.

Initially, the envelope analysis method proved to be a fea-
sible approach for extracting heartbeat data, as validated
against a synchronized ECG system. However, the need
for real-time application drove the replacement of compu-
tationally intensive functions with real-time suitable alterna-
tives. The Moving-Average function effectively substituted
the Fastsmooth function, while the Moving-RMS replaced
the Hilbert transform, achieving comparable results and en-
abling real-time processing – a crucial requirement for prac-
tical healthcare applications.

Additionally, the envelope analysis was extended by inte-
grating a Gaussian sample function convolution and a plausi-
bility check to enhance reliability and reduce outlier sensitiv-
ity. These enhancements improve the robustness of the sys-
tem, ensuring consistent performance across various condi-
tions. Despite these advancements, the impact of body move-
ments on the measurement accuracy remains a challenge that
warrants further exploration.

Overall, the presented work establishes a robust frame-
work for radar-based vital sign monitoring, emphasizing the
transition to real-time capability and the importance of ad-
vanced signal processing techniques. Future efforts will fo-
cus on improving resilience to motion artifacts and expand-

ing the application of the system in dynamic real-world en-
vironments.
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