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A dataset of radar-recorded heart 
sounds and vital signs including 
synchronised reference sensor 
signals
Kilin Shi  1,4 ✉, Sven Schellenberger  2,4, Christoph Will  1,4, Tobias Steigleder3, 
Fabian Michler1, Jonas Fuchs1, Robert Weigel1, Christoph Ostgathe3 & Alexander Koelpin  2

Radar systems allow for contactless measurements of vital signs such as heart sounds, the pulse signal, 
and respiration. This approach is able to tackle crucial disadvantages of state-of-the-art monitoring 
devices such as the need for permanent wiring and skin contact. Potential applications include the 
employment in a hospital environment but also in home care or passenger vehicles. This dataset 
consists of synchronised data which are acquired using a Six-Port-based radar system operating at 
24 GHz, a digital stethoscope, an ECG, and a respiration sensor. 11 test subjects were measured in 
different defined scenarios and at several measurement positions such as at the carotid, the back, and 
several frontal positions on the thorax. Overall, around 223 minutes of data were acquired at scenarios 
such as breath-holding, post-exercise measurements, and while speaking. The presented dataset 
contains reference-labeled ECG signals and can therefore easily be used to either test algorithms for 
monitoring the heart rate, but also to gain insights about characteristic effects of radar-based vital sign 
monitoring.

Background & Summary
Vital signs, such as heart rate and respiratory rate, are key parameters when assessing the physical condition 
of a person. State-of-the-art technologies for vital sign monitoring include the electrocardiograph (ECG), the 
photoplethoysmograph (PPG), or the phonocardiograph (PCG). While the ECG makes use of the electrical stim-
ulation that triggers each heartbeat1, the PPG measures the changing absorbance caused by the blood �ow2 and 
the PCG measures the acoustic waves that result from the mechanical activity of the heart. All current devices 
have the common disadvantage that they need to be in permanent contact with the person. Apart from severely 
restricting the independence and mobility3,4, irritation by the electrodes might lead to undue distress and even 
increase the symptom burden5. Furthermore, the manipulation of the probes might lead to false alarms, which 
in turn leads to a decreased responsiveness of medical personnel to automated alarms, a phenomenon which is 
called alarm fatigue6. Nonetheless, continuous monitoring is essential to detect anomalies and diseases. A more 
convenient technology is ballistocardiography7,8, which however is restricted to bed-ridden persons and stand-
ardized conditions. Further options of continuous monitoring comprise more complex devices such as infrared 
camera-based systems, which however requires several markers on the person9, and distance-measuring devices 
such as laser-10–12 or radar-based13–26 systems. When comparing the latter two, radar systems have the advantage 
that they are able to penetrate clothing and allow for a very comfortable way of continuous and contactless vital 
sign monitoring. Using contactless distance measurements, vibrations of the thorax can be recorded in order to 
reconstruct vital parameters such as respiration, the pulse signal, and even the heart sound signal. Park et al.26 
evaluated a ultra-wideband radar system for respiration and carotid pulse monitoring. Besides healthy test sub-
jects with normal sinus rhythm they also included subjects with persistent atrial �brillation. For all test subjects, 
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they show that the radar system was able to reliably measure the respiration, carotid pulse, and heart rhythm. 
Mercuri et al.23 use a radar system with one transmitting and two receiving antennas to monitor vital signs of 
multiple people. �ey are able to track targets and reject random body movements in order to obtain the vital 
signs of individual persons. Other researchers, such as Liang et al.25 have presented approaches to detect human 
vital signs behind obstacles such as a wall. �ese systems could be potentially used for search and rescue or indoor 
positioning tasks. Will et al. used a Six-Port-based system to prove the measurability of heart sounds using radar. 
�ese signals, that are usually measured using a stethoscope, can be analyzed to determine the heart rate but also 
potential diseases such as valve insu�ciency or stenosis27,28. Li et al.14,15 and Pisa et al.19 have given overviews over 
some recent advances in the �eld of radar vital sign monitoring.

Although there has been more and more research on this topic, no public database has been released so far. 
A common database of radar-recorded vital signs would, e.g., allow for a comparison of algorithms that extract 
parameters such as the heart rate or respiration rate. Until now, there have been no standardized methods or 
devices for recording data that would facilitate an objective comparison. In order to create such as database, radar 
vital sign signals from 11 test subjects have been recorded employing standardized procedures and methods. 
Synchronously, reference sensor signals such as an ECG signal, a respiration sensor signal, and a PCG signal as 
a reference for the heart sound component within the radar signal have been measured. In our previous work, 
this data has partially been used to demonstrate the ability of radar systems to measure heart sounds17. �e 
proposed database would allow for analyzing further questions such as the analysis of the respiration signals or 
the impact of changes in the scenario, such as speech, movement, or physical activity on the radar signals. �e 
whole database consists of 13 376 s of synchronous radar, ECG, PCG, and respiration sensor data. For the radar, 
a Six-Port-based continuous wave radar operating at 24.17 GHz is used to comply with the industrial, scienti�c 
and medical (ISM) radio band. A three-lead ECG and an electronic stethoscope serve as reference sensors for 
cardiovascular activity while a temperature-based air�ow sensor is used as a reference for respiration.

Methods
Participants. Approval was acquired from the local ethics committee before planning the experiments. Seven 
male and four female test subjects where measured with an average age of 34.73 ± 15.94 years and an average BMI 
of 23.19 ± 3.61 kg/m2. All test subjects were healthy and were briefed about the experiments that were conducted. 
A written consent was obtained from all participants that also allows for sharing the anonymized data. A�er 
brie�ng, the participants were asked to �ll out a measurement protocol which includes their personal data such as 
age, sex, weight, and height. A summary of all participants is displayed in Table 1.

Human subjects. �e study was approved by the ethics committee of the Friedrich-Alexander-Universität 
Erlangen-Nürnberg (No. 85_15B). All research was performed in accordance with relevant guidelines and regu-
lations. �e informed consent was obtained from all subjects in human trials.

Procedures. All measurements were recorded at the Institute for Electronic Engineering at the 
Friedrich-Alexander-Universität Erlangen-Nürnberg. At least two supervising persons monitored the measure-
ments and ensured a trouble-free progress of the measurements. At the beginning of each measurement, the ECG 
electrodes and the respiration sensor were attached to the test subject. Next, the thorax of the test subject was aus-
cultated to locate the positions at which a strong heart sound signal could be perceived. Since the PCG served as a 
reference sensor, it was usually placed on a location at which a very high signal quality was observed. �e antenna 
of the radar system had therefore to be focused on di�erent regions at which, however, a good signal quality was 
still to be expected. �e distance between the antenna and the region of interest (ROI) was around 20 cm during 
all measurements. To maximize the signal quality, the antenna direction was chosen perpendicular to the thorax 
surface. �e length of each measurement was around 60 s. �e di�erent measurement positions on the thorax, 
on the back, and on the carotid of the test subjects are depicted in Fig. 1a,b. �e right and le� carotid are abbrevi-
ated using the terms “CR” and “CL”, respectively. �e number at the other positions describes the number of the 
intercostal spaces starting from the top. “R” and “L” describe the position on the right or le� side. Figure 1c shows 

PUTa Age Sexb Height (cm) Weight (kg) BMIc

1 24 M 189 100 28,0

2 26 M 183 77 23,0

3 26 M 182 58 17,5

4 52 M 183 86 25,7

5 55 M 176 78 25,2

6 25 F 167 54 19,4

7 26 M 180 76 23,5

8 69 F 167 78 28,0

9 24 F 173 60 20,0

10 27 F 163 52 19,6

11 28 M 178 80 25,2

Mean ± SDd 34.73 ± 15.94 — 176.45 ± 8.13 72.64 ± 14.89 23.19 ± 3.61

Table 1. Overview of all test subjects. aPerson-under-test. bM: male, F: female. cBody mass index. dStandard 
deviation.
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an exemplary measurement in the laboratory. A block diagram of the overall setup can be seen in Fig. 1d. In the 
following, all components will be described in detail.

Baseband back end. Figure 1e shows the baseband board that was used to digitize the sensor signals. �e 
ECG, the radar signals, and the respiration sensor are attached to this back end to allow for simultaneous sam-
pling of the signals. �e signals are digitized using the 24 bit analog-to-digital converter ADS1298 from Texas 
Instruments at a sampling rate of 2000 Hz. A�er conversion, the raw signals are sent to the PC via Ethernet.

RF front end and Six-Port radar. A Six-Port is utilized as a quadrature interferometer for the radar appli-
cation. A detailed description of the radar system is given in17. �e Six-Port is a completely passive structure 
which basically consists of three quadrature hybrid couplers and one Wilkinson divider29. As indicated by its 
name, the Six-Port has two input and four output signals. �e two input signals consist of a reference signal at a 
de�ned frequency and the signal that is received a�er re�ection at the target. Inside the structure, the two input 
signals are superimposed under four relative and static phase shi�s of 0°, 90°, 180°, and 270°. �ese signals are 

Fig. 1 Overview of the di�erent measurement spots, the measurement setup, and the system con�guration. (a) 
Measurement spots at the thorax17. (b) Measurement spot at the back. (c) Experimental setup with a test subject 
in a sitting position. �e informed consent was obtained from the persons in the image. (d) Block diagram of 
the overall setup17. (e) Photograph of the BB back end17. (f) Photograph of the RF front end17. Images in (a) and 
(b) are taken from Biodigital Inc. (https://human.biodigital.com/index.html).

https://doi.org/10.1038/s41597-020-0390-1
https://human.biodigital.com/index.html


4SCIENTIFIC DATA |            (2020) 7:50  | https://doi.org/10.1038/s41597-020-0390-1

www.nature.com/scientificdatawww.nature.com/scientificdata/

then down-converted using diode power detectors. �e four resulting baseband signals 
…

B3 6 form two di�eren-
tial and orthogonal signals I and Q which can be expressed as a complex number Z. A relative distance change of 
a target in front of the antenna results in a phase shi� ∆ϕ29:

ϕ∆ = = − + − .Z B B j B Barg{ } arg( ) ( ) (1)5 6 3 4

�e relative distance change ∆x can be easily reconstructed from ∆ϕ using29:

ϕ

π

λ
∆ =

∆
⋅x

2 2
,
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with λ being the known wavelength of the signal. However, since the unambiguousness range is limited, phase 
unwrapping has to be performed additionally. �e whole RF front end can be seen in Fig. 1f. A reference signal at 
24.17 GHz is generated using the PSG Analog Signal Generator E8257D from Keysight. �e signal is split by a 10 dB 
coupler whereas the main part is fed to the antenna and the lesser part is directly fed into the Six-Port receiver29.

Reference sensors. In the following, the reference sensors that are used for validation are described. �ey 
consist of an ECG, a PCG, and a respiration sensor.

ECG. A three channel ECG serves as main reference sensor for all cardiovascular signals. �ree leads are 
attached to the body according to clinical standard30: one electrode at the right arm (RA), one at the le� arm 
(LA), and one at the le� leg (LL). �e positions are indicated by the numbers 1–3 in Fig. 1c. Standard snap elec-
trodes were used for the measurements wherein for hygiene reasons a new set of electrodes was used for each test 
subject. �e ECG leads 3 (LA-LL) and 2 (RA-LL) according to Einthoven30 are recorded. Lead 1 can be simply 
calculated by subtracting lead 3 from lead 2.

PCG. A digital PCG was used as reference sensor for the heart sound signals. For this purpose, the Electronic 
Stethoscope Model 3200 from Littmann was utilized. �e PCG is connected to the PC via Bluetooth. �e raw 
measurements are exported as .wav �les and imported into MATLAB. A�er re-sampling and synchronisation, the 
PCG signals are also stored as an array in the .mat �les. According to the documentation of the PCG, the signals 
are ampli�ed between 20 … 1000 Hz and lower frequency sounds are emphasized between 20 … 200 Hz.

Respiration sensor. As a reference sensor for respiration, a passive temperature-based airflow sensor was 
employed. �e air heats up quickly in the lungs when breathing due to the large surface area of the capillaries, so 
an increase in temperature can be registered at the nose when exhaling. Analogously, the sensor cools down when 
inhaling. Using this mechanism, a qualitative respiration curve can be created.

Measurement protocol. During the measurements, various scenarios were carried out. �ese scenarios are 
described in the following. Please note that not all scenarios could be carried out with all test subjects, e.g., some 
could not perform the task that was needed for the post-exercise measurement. During all measurements, the 
participants were asked to stay calm and avoid any artifacts that might interfere with the measurements.

Default scenario. �e default scenario makes up the majority of the measurements in the database. In this stand-
ard setting the test subject is sitting or standing comfortably and breathing freely. Both radar and PCG are placed 
on ROIs at which the heart sounds have a high signal quality. Di�erent ROIs are possible for this scenario, how-
ever, they are all located on the thorax as seen in Fig. 1a. An exemplary illustration of a default measurement can 
be seen in Fig. 2a. Depicted is a segment of synchronised signals from all sensors. “Respiration”, “Radar pulse”, 
and “Radar HS” (heart sounds) result from �ltering the “Radar raw” signal in the corresponding frequency bands.

Carotid. In this scenario the sensor is placed or focused on the carotid artery, either at the le� or right side as 
seen in Fig. 1a. Heart sounds are expected to be detected at these ROIs as they travel as transverse vibrations along 
the ventricular walls and along the large vessels31–33.

Distance variation. During this scenario, the test subject is sitting in an o�ce chair which is gradually moved 
away from the antenna so that the distance increases. It is attempted to keep the focus of the antenna on the same 
ROI during the distance variation. �e test subject is moved in steps: the chair is moved away for around 5 … 
10 cm and than kept still for around 15 … 20 s. �is is repeated until the measurement time of 60 s is over. Using 
this scenario, it is attempted to determine the in�uence of the distance on the signal quality.

Speech. �e speech scenario is aimed to observe the measurability of vital signs, in particular heart sounds, 
when the test subject is speaking during the measurement. A de�ned random text is given to the participants and 
is read aloud at an arbitrary speed until the measurement time is over.

Back. During this scenario, the ROI is located on the back. An ROI on the le� side is chosen which is approxi-
mately at heart level. �is way, the signal quality shall be maximized.

Angle variation. During angle variation, the angle between the thorax surface and the direction of the antenna 
is changed from a perpendicular 90° to both 60° and 120°.

https://doi.org/10.1038/s41597-020-0390-1
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Subscenarios. In addition to the above mentioned scenarios, subscenarios are performed. �ese are per-
formed in addition to the main scenarios, e.g., the post-exercise scenario in addition to a back measurement. 
Not all possible combinations are performed since this would result in an excessively large number of recordings.

Apnea. During apnea, the test subject is asked to breath freely during the �rst 30 s of the measurement and to 
hold the breath as long as possible during the second 30 s. It is furthermore distinguished if this maneuver is per-
formed a�er inhalation or exhalation.

Post-exercise. �ese measurements are recorded a�er the test subject has done 20 squats. �rough this stimula-
tion of the cardiovascular system, heart rate, and cardiac output are increased.

Exemplary signals of three di�erent scenarios can be seen in Fig. 2. Figure 2a shows a default measurement. 
Displayed are the raw radar distance signal, the �ltered respiration sensor signal (0.05 Hz … 1.7 Hz), the three 
ECG leads (L1–L3), the radar signal �ltered in the pulse frequency range (0.7 Hz … 15 Hz), the PCG signal, and 
the radar signal �ltered in the heart sound frequency range (16 Hz … 80 Hz). For visibility reasons, only a 30 s 
segment of the whole measurement is shown. Figure 2b shows a distance variation measurement. As can be seen 
in the radar raw signal, the distance between antenna and body surface has been successively increased. A�er 
each increment, the person sat still again for a de�ned period of time. Please note that the radar distance signal 
is inverted for a better comparability with the respiration sensor signal. A movement towards the antenna is 
now re�ected by a positive or rising radar signal while a negative signal indicates a target which is moving away. 
Figure 2c shows an apnea measurement. While the person was breathing normally in the beginning, the breath 
was hold from second eight and onwards.

Data Records
�e measurements were recorded using Math Works MATLAB and therefore stored as .mat �les. All datasets are 
available online at �gshare34 (https://doi.org/10.6084/m9.�gshare.c.4633958.v1). Furthermore, overview_and_
rating.xlsx is available from �gshare in which all recordings are listed to give an overview of the whole database. 
Both in the overview �le as well as in the database itself the recordings are primarily split by person. Each folder 
in the database corresponds to one person. Next, the recordings of one person are separated by the measurement 
position of the PCG and the radar system (e.g., front or back) and further by the exact position of the systems 
(e.g., 2 L or 4 L). Within these folders, the data are separated by scenario or subtypes if applicable.

Fig. 2 Exemplary signals of di�erent scenarios. (a) Default, (b) Distance variation, and (c) Apnea scenario.

https://doi.org/10.1038/s41597-020-0390-1
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In the overview �le, the recordings of each person are described in a separate sheet. Noted there are the exact 
times of the recordings, which also serve as unique �le identi�ers in the �le names, subjective ratings of the signal 
qualities of the di�erent sensor signals of a recording, and the exact positions and scenarios of the measurements.

�e measurement position gives an exact indication about where both the PCG and the focus of the radar 
were placed on. �e scenario describes the setting under which a single measurement was recorded. Table 2 
shows the distribution of the scenarios in the database. For each scenario and each person, the number of record-
ings as well as the total length in seconds is displayed. Since the main purpose of the database was to prove the 
measurability of heart sounds using radar, the “Default” scenario is the most frequently appearing one. In total, 
the database consists of 13 376 s, or roughly 223 min, of synchronous recordings of all sensors. As mentioned in 
the Section “Procedures”, each measurement had an initial length of 60 s. However, due to cutting of the syn-
chronisation sequence as well as rarely cutting away sequences with major external interferences (such as people 
walking into the room), the average length of one dataset is a bit less than 60 s.

�e ratings of the signal qualities comprise a rating of both the �rst and second heart sound of radar and PCG 
each, the ECG signal, and the signal of the respiration sensor. If a signal exhibits a high signal quality and more 
than 90% of the recording shows a clearly visible signal, it is labeled as “A”. A medium quality signal is labeled as 
“B” whereas a recording with low signal quality is labeled “C”. C-labeled signals mostly contain noise and do not 
show any characteristic features of that speci�c signal.

Table 3 summarizes the subjective ratings from the overview �le. �e table displays the number of ratings for 
each scenario and for each person, independent of the scenario. In this case, radar and PCG heart sounds (S1 and 
S2) are combined as a single rating. “A” is only assigned if both S1 and S2 are rated as “A”. “B” is assigned if one is 
“B” and the other is at least “B”. Measurements in which the ECG was not properly attached and no ECG signal of 
su�ciently high quality could be recorded were omitted since the ECG serves as main reference signal. �erefore, 
no ECG recording was labeled as C.

PUTa Defaultb Carotid Dist. Var.c Speech Back Angl. Var.d Total

1 27 (953 s) 3 (149 s) 0 (0 s) 0 (0 s) 1 (42 s) 0 (0 s) 31 (1144 s)

2 30 (1543 s) 2 (104 s) 1 (54 s) 0 (0 s) 0 (0 s) 2 (104 s) 35 (1805 s)

3 14 (735 s) 2 (72 s) 2 (88 s) 1 (55 s) 0 (0 s) 2 (107 s) 21 (1056 s)

4 13 (662 s) 3 (156 s) 0 (0 s) 0 (0 s) 1 (53 s) 0 (0 s) 17 (870 s)

5 8 (427 s) 4 (217 s) 2 (109 s) 1 (54 s) 2 (109 s) 3 (131 s) 20 (1047 s)

6 12 (615 s) 2 (109 s) 2 (109 s) 0 (0 s) 1 (53 s) 3 (161 s) 20 (1047 s)

7 24 (1302 s) 5 (270 s) 4 (164 s) 1 (49 s) 3 (163 s) 2 (107 s) 39 (2055 s)

8 12 (597 s) 3 (163 s) 1 (55 s) 0 (0 s) 0 (0 s) 3 (165 s) 19 (980 s)

9 17 (863 s) 3 (164 s) 1 (55 s) 2 (109 s) 1 (53 s) 3 (164 s) 27 (1409 s)

10 12 (660 s) 2 (111 s) 2 (101 s) 1 (55 s) 2 (110 s) 3 (164 s) 22 (1201 s)

11 7 (382 s) 2 (109 s) 1 (54 s) 0 (0 s) 1 (54 s) 3 (162 s) 14 (761 s)

Total 176 (8739 s) 31 (1625 s) 16 (789 s) 6 (322 s) 12 (637 s) 24 (1265 s) 265 (13376 s)

Table 2. Overview of all test subjects showing the number of recordings per scenario per subject and the 
duration in seconds in parentheses. aPerson-under-test. bRadar in frontal position. cDistance variation. dAngle 
variation (±30°).

PUTa

ECG Breathing Radar HSb PCG HSc

A B C A B C A B C A B C

1 20 11 0 10 6 15 15 12 4 19 7 5

2 30 5 0 11 4 20 27 6 2 29 3 3

3 13 8 0 4 3 14 17 2 2 15 4 2

4 15 2 0 8 5 4 2 10 5 7 7 3

5 19 1 0 16 0 4 3 8 9 7 9 4

6 17 3 0 17 0 3 7 5 8 14 6 0

7 25 14 0 29 2 8 22 14 3 19 7 13

8 19 0 0 18 0 1 9 8 2 9 3 7

9 26 1 0 19 2 6 14 8 5 7 6 14

10 22 0 0 18 2 2 17 4 1 20 2 0

11 14 0 0 14 0 0 8 3 3 11 3 0

Total 220 45 0 164 24 77 141 80 44 157 57 51

Table 3. Subjective quality rating of all measurements from all sensor signals. “A”, “B”, and “C” correspond to 
a high, a medium, and a low signal quality, respectively. Each number represents the number of recordings of 
a certain subject which falls into each rating. aPerson-under-test. bRadar heart sound signal. cPCG heart sound 
signal.
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As mentioned above, the database consists of .mat �les which each represent a single measurement. Each .mat 
�le consists of several signals. ecg_lead3 and ecg_lead2 represent the ECG leads 3 (LA-LL) and 2 (RA-LL), 
respectively. respiration represents the raw signal of the respiration sensors. radar_I and radar_Q are 
the I and Q signal of the radar system. All signals are stored in. Furthermore, the .mat �le contains the already 
synchronised PCG signal (pcg_audio) as well as the sampling rate Fs and a measurement information meas-
urement_info which consists of the exact time of the recording and the number of the test subject. For each.
mat �le, a .csv �le with the same name is located in the according folder. �e .csv �le contains the reference 
locations of both the R-peaks and the T-wave ends of the ECG signal. �e labeling is done on all ECG leads using 
both the Pan-Tompkins QRS detection algorithm35 and the algorithm from Zhang et al.36 for locating the T-wave 
ends. �e locations of the ECG lead with the highest signal quality were chosen as a �rst reference. A�erwards, all 
detected locations of this lead were manually inspected and corrected if needed. In case the labeling algorithms 
missed to detect R-peaks or T-wave ends, they were added manually. �e �rst column of the .csv �le represents 
the locations of the R-peaks and the second column represents the locations of the T-wave ends.

Both the subjective quality rating and the labeling of the ECG signals were done by two biomedical engineers 
with experience in the analysis of biomedical signals. Furthermore, a trained physician supported and revised 
the labeling.

Technical Validation
Figure 3a shows the overall �owchart of the data acquisition process. A�er each recording, the synchronously 
acquired radar, ECG and respiration sensor signals as well the PCG signal are acquired. In a �rst step, these sig-
nals are combined using a manual synchronisation. A�erwards, the synchronisation pattern is deleted. Next, the 
ECG signals are �ltered to remove noise and in order to use algorithms for an automated detection of the R-peaks 
and T-wave ends. As mentioned above, these results are manually inspected and corrected if needed. As a last 
step, the recordings are anonymized and stored.

Synchronisation between radar and PCG. A�er recording the raw signals, the PCG signal needs to be 
synchronised to the radar, ECG, and respiration sensor signal. �erefore, the test subject is tapped on the shoul-
der in a certain pattern at the beginning of each measurement. �is pattern is visible both in the PCG and radar 
signal. To synchronise these signals a�erwards, the signals are shi�ed until the patterns match as shown in Fig. 3b. 
�e pattern is then removed from the recording.

Correlation of radar and PCG heart sound signals. To illustrate the relationship between the reference 
ECG signals and the radar-recorded heart sound signals, the two quantities are correlated with each other. First, 
the interbeat-intervals (IBIs) between successive heartbeats are calculated. For the ECG, the R-peaks are de�ned 

Fig. 3 Synchronisation and reference labeling. (a) A �owchart showing the signal acquisition, synchronisation 
and ECG reference labeling process. (b) �e tapping pattern used at the beginning of every measurement that 
is used to synchronise radar and PCG signal. (c) An exemplary reference labeling of an ECG signal showing the 
R-peaks and the T-wave ends17.

https://doi.org/10.1038/s41597-020-0390-1
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as points in time where a heartbeat occurs. In case of the radar heart sounds, the HSMM algorithm37 is used to 
segment the signal into the four states “�rst heart sound (S1)”, “systole”, “second heart sound (S2)”, and “diastole”. 
�e start of each S1 is de�ned as a single heartbeat. Using both the R-peaks and the starts of S1, the IBI values can 
be calculated for each signal. �ese IBI signals are both �ltered by a median �lter of size �ve and a moving average 
�lter of size six to compensate for artifacts. In order to correlate the IBI values, values at equidistant and identical 
points in time are necessary. For this purpose, the IBI signals are resampled to the sampling frequency of 2000 Hz 
and a IBI value is taken at every second. �ese IBI values are then correlated and plotted in Fig. 4a. Please note 
that only recordings from the default scenario are chosen for the correlation. �e solid black line depicts a perfect 
correlation of 100%. Low scattering and a high Pearson correlation coe�cient of = .R 93 66% can be observed. 

Fig. 4 Performance comparison between radar and ECG. Scatter diagram (a) and Bland-Altman (b) plot of all 
IBI values. (c) shows the same Bland-Altman plot but with the di�erences plotted as percentage of the mean 
values. (d) shows the Bland-Altman plot with bpm values. (e) Histogram showing the deviation of all IBI values 
from their reference. (f) Number of datasets that have a certain RMSE.
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�is high correlation value as well as the large number of samples indicate that the radar measures highly similar 
heart rate values compared to the ECG. Although the ECG is considered as reference device, it also contains some 
amount of noise and the labeling might introduce some error. �erefore, a correlation of 100% is practically 
impossible to achieve.

However, a high correlation value and a correlation plot might not necessarily lead to a good agreement 
between two measuring methods38. �is is why Bland and Altman introduced the so-called Bland-Altman plot39. 
IT has since been used to compare di�erent measuring methods or compare new methods to gold standard 
techniques. �e plot allows to identify any systematic errors such as a �xed or proportional bias38. A �xed bias 
indicates that there is a constant o�set between the two measuring methods whereas a proportional bias means 
that the di�erence between the two measuring methods depends on the absolute value. �ese di�erences would 
usually not be visible when performing correlation analysis. Figure 4b shows the Bland-Altman plot of the same 
IBI values that are seen in Fig. 4a. Again, the IBIs are used as they resemble the instantaneous heart rate. �e 
Bland-Altman analysis plots the di�erences of the IBI values of the two measuring methods against the corre-
sponding mean values. �e mean di�erence between the two methods is indicated by a solid black line while the 
two dashed black lines represent the lower and upper limits of agreement (LoA). �ey are calculated by adding 
and subtracting 1.96 times the standard deviation (SD) of the di�erences to the mean. A very low �xed bias of 
2.8 ms is observed which indicates that there is no constant o�set between the two methods. Furthermore, there 
is no increasing or decreasing trend over the entire interval, which shows that no proportional bias is in�uencing 
the measurements. �e LoAs are at −90.8 ms and 96.5 ms. �ese values imply a low deviation between the two 
methods. Figure 4c shows the Bland-Altman plot of the IBI values but with the di�erences plotted as percentage 
of the mean value. Again, a small bias of 0.21% is observed with the LoAs at −11.8% and 12.2%. No proportional 
bias can be noticed. In Fig. 4d, the Bland-Altman plot for the beats-per-minutes (bpm) values is displayed. �e 
bpm values are simply calculated by dividing 60 through the IBI values. Low IBI values therefore correspond to a 
high bpm value and vice versa. �e mean bias in this case is −0.029 bpm with the LoAs being at −10.2 bpm and 
10.1 bpm. Again, no proportional trend is observed.

�e histogram in Fig. 4e shows the deviation of all single IBI values from their reference values with a bin 
width of 10 ms. Overall, 8554 datapoints are evaluated. Almost 6000 of these IBI values have a deviation of less 
than 10 ms, which corresponds to 68.90% of all points. 90% of all IBI values have a deviation of less than 45.0 ms. 
�ese results indicate a high similarity between the radar and the ECG IBI values. �e histogram in Fig. 4f shows 
the number of datasets that have a certain root-mean-square error (RMSE) of the IBI values. For this purpose, the 
RMSE value of each single dataset is calculated, whereby one dataset represents one measurement. �e average 
RMSE is 47.85 ms while more than 90 of the 176 datasets have an RMSE of less than 10 ms.

Detailed analysis. Next, some speci�c scenarios besides the default scenario shall be discussed in detail. �is 
includes the e�ects of the measuring position, the measurability in the back area, and the robustness of the radar 
system towards speech artifacts.

E�ects of the measuring position. �e measuring position denotes the alignment of the antenna, i.e., the position 
on the body surface on which the antenna is focused on. �e di�erent positions can be seen in Fig. 1a. In general, 
all positions allow for a good measurability of the heart sounds. However, the measurability at a certain position 
varies from person to person. �is is due to the fact that the exact anatomy of every person is a little di�erent such 
as the exact location of the heart inside the chest. Other factors, such as di�erent fat distribution, also play a role. 
Since the radar integrates a relatively large area, the exact alignment of the antenna does not play an essential role. 
In principle, the amplitude of S1 is larger than the amplitude of S2 since the origin of the �rst heart sound (tension 
of the ventricle muscles) is stronger than the source of the second heart sound30,40,41.

However, there are measuring positions where the amplitude of S2 can exceed that of S1. On the one hand, 
this is the case with measurements at the carotid arteries, as they are much closer to the aortic and pulmonary 
valves, where the S2 originates, than to the ventricle muscles and the tip of the heart. Furthermore, if the heart 
sounds are recorded directly above the aortic and pulmonary valves, the amplitude of S2 may exceed that of S1. 
Figure 5 shows a measurement of test subject 7 with the antenna focused on 2R. In this area the aortic and pul-
monary valves are expected. As can be seen, the amplitude of the second heart sounds is larger than that of the 
�rst heart sounds. Overall, it can be observed that the heart sounds on the le� frontal half of the upper body are 
better perceptible than on the right half. �is is also related to the human anatomy, as the heart is mostly located 
on the le� side of the chest30.

Measurability in the back area. Measurements in the back area showed a large interindividual difference. 
In some subjects, the measurability of the heart sounds in the back area is so poor that no useful data can be 

Fig. 5 E�ects on the signal dynamics depending on the measuring position. Radar heart sound signal of test 
subject 7 with the antenna being focused on 2R. �e S2 have a higher amplitude compared to the S1.
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recorded either with the stethoscope nor with the radar. Other test subjects however had a medium or good 
measurability of the heart sounds in the back area. Furthermore, while the �rst heart sound is clearly perceptible 
at some times, the second heart sound is consistently di�cult to detect in the back region. �is could be due to 
the location of the heart, especially the aortic and pulmonary valves. Figure 6 illustrates this. As can be seen, the 
ventricles are located quite centrally in the upper body, the aortic and pulmonary valves however are positioned 
rather frontally. In addition, the lung is located between the heart and the back. �e dampening by the lung in 
addition to the fact that S2 is generally harder to measure compared to S1 explains the low signal quality of the 
second heart sound in the back area.

Robustness against speech artifacts. In this scenario, a text is read by the test subjects while the vital signs are 
recorded. Figure 7 shows the section of a measurement from subject 3 while reading the text aloud. �e typi-
cal breathing curve resulting from reading is clearly visible in the raw signal. �e rapid increase indicates the 
moments at which the subject breathes in during a short speech break. A�erwards, the subject breathes out con-
tinuously during the speech. In the �ltered signal the heart sounds can be easily recognized. Figure 7b shows the 
short-term FFT (STFT) of the measurement in Fig. 7a. �e radar signal is �ltered between 16 Hz and 1000 Hz. �e 
increased upper cuto� frequency of 1000 Hz enables the detection of speech components in the signal. A higher 
upper limit is not possible due to the sampling rate of 2000 Hz. �e heartbeats in the range below 100 Hz are 

Fig. 6 Location of the heart, the lung, and the aortic and pulmonary valves. In general, the heart has a ventral 
position in the thorax30. �e images are taken from Biodigital Inc. (https://human.biodigital.com/index.html).

Fig. 7 E�ects of speech on the measurement. (a) A cutout of a raw distance signal and the corresponding radar 
heart sound signal of test subject 3 while reading a text. (b) Short-Time Fourier Transform of the radar signal in 
(a) bandpass-�ltered with a passband of 16 Hz and 1000 Hz.
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clearly visible. �e speech artifacts are clearly recognizable in the range between 100 Hz and 200 Hz. Since there 
is no overlap, both components can be separated without problems.

Usage Notes
�e whole dataset is freely available at �gshare. All the records are stored in .mat format and can be analyzed in 
MATLAB. �ese �les can of course also be converted into di�erent formats to use with other so�ware applications.

As described in the Section “RF front end and Six-Port radar”, the distance signal can easily be reconstructed 
from I (radar_I) and Q (radar_Q) using a simple arctangent demodulation. However, due to nonidealities at 
the front end, amplitude, and phase imbalances occur inside the Six-Port structure. �is leads to o�set, gain and 
phase errors within the sampled signals. Before the demodulation can be applied, an ellipse �tting algorithm such 
as presented in42 has to be employed. Further descriptions can be taken from17. An example is also given in the 
code samples which are available online.

Code availability
All custom user code used for the technical validation is available from https://gitlab.com/kilinshi/scidata_vsmdb. 
Furthermore, a dataset viewer is also included in the repository which can be used to easily view any dataset that 
is loaded into the MATLAB workspace. �e code was written and tested using MATLAB R2018b for Microso� 
Windows.
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