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Abstract: Monitoring of drivers’ cardiac activity enables effective assessment of their physiological and
psychological states. However, existing methods such as electrocardiography and remote phontoplethysmo-
grayhy are cumbersome and sensitive to lighting conditions, limiting their applicability in vehicular settings.
Despite its high accuracy and noncontact operation, millimeter-wave radar-based heartbeat sensing is inherently
vulnerable to interference. To address these issues, this paper exploits the low-frequency characteristics, long-
range dynamic sensitivity, and sparsity of Radio-Frequency (RF) signals and designs a self-attention-based RF
feature extractor. On this basis, a deep blind source separation network is constructed to separate the driver’s
heartbeat-related RF features from in-vehicle interference. Furthermore, to reduce the burden of RF signal
acquisition, we introduce a hybrid-source signal generation strategy that synthesizes a large number of mixed

and ground-truth source signals using only a small number of seismocardiogram and interference signals.
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Finally, extensive on-road testing demonstrates that the proposed system achieves a median heart rate error of

4.92 bpm and a median interbeat interval error of 65.93 ms.
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Fig. 1 System block diagram
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Fig. 2 Visualization of the clutter removal
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Fig. 3 Visualization of the driver localization
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Fig. 4 Hlustration of respiratory interference suppression
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Fig. 5 Illustration of the heartbeat separation algorithm
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Tab. 2 Heart rate estimation error statistics (bpm)

e HR_RMSE HR_MAE HR_MED
e RSWES 10.46 9.49 10.12
LT R2 5.26 4.35 4.17
NS 3.79 3.35 3.16
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Fig. 13 Cumulative distribution function of heart rate

estimation errors
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Tab. 3 IBI estimation error statistics (ms)

VES IBI_RMSE IBI_MAE IBI_MED
HL T %L 148.02 125.94 120.00
FELLTT %2 97.16 78.42 67.29
KT R 45.13 41.87 39.23
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Tab. 4 HR and IBI estimation errors under different model structures and training strategies

" HR RMSE HR MAE HR MED IBI RMSE IBI MAE IBI MED
?:/ =} (= =} % é S _ g — — —
2Rtk E 3.79 3.35 3.16 45.13 41.87 39.23
SI-SNR
LB 4.23 3.53 3.22 47.70 46.90 42.79
e =y 436 3.61 3.27 48.99 46.56 42.93
Cos-Sim
ALt 4.52 3.78 3.30 49.11 46.79 43.42
2Rtk E 4.60 3.81 3.34 49.33 46.93 44.18
SI-SNR
ALt 4.99 4.23 3.76 51.32 49.04 46.14
mm Former
2Rtk E 4.64 3.83 3.40 50.50 48.50 45.22
Cos-Sim
ALt 5.03 4.25 3.71 52.81 50.18 46.47
2Rtk E 5.04 4.30 3.80 55.03 52.22 48.12
SI-SNR
ALt 6.23 5.36 4.79 59.13 54.43 52.15
Conv-TasNet oo gim sk 5.62 5.32 475 57.50 52.58 48.46
L2 6.68 5.89 4.87 67.50 62.58 53.27
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Tab. 5 HR and IBI estimation errors
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under different training datasets

FEA%E (%) HR_RMSE (bpm) HR_MAE (bpm) HR_MED (bpm) IBI_RMSE (ms) IBI_MAE (ms) IBI_MED (ms)
5000 7.18 6.39 5.51 87.53 74.11 60.00
10000 5.96 5.53 5.05 63.67 62.16 59.47
25000 4.77 3.86 3.72 54.36 49.23 47.87
50000 3.79 3.35 3.16 45.13 41.87 39.23

6 FEIZABNOE, LEBEHRAGITHRESER
Tab. 6 HR and IBI estimation errors across different subjects
Z{#%  HR_RMSE (bpm) HR_MAE (bpm) HR_MED (bpm) IBI_RMSE (ms) IBI_MAE (ms) IBI_MED (ms)

ZilE1 4.52 3.92 3.07 44.00 43.28 41.24

ZlE2 3.42 2.99 3.19 44.65 43.82 44.71

ZiR#3 4.01 3.84 3.05 40.12 38.72 38.27

ZilE4 2.50 2.26 2.17 35.95 34.31 31.43

ZiR#E5 4.09 3.58 2.88 59.54 53.85 50.57

ZEG6 3.32 3.31 3.38 53.31 50.37 45.06

ZIET 4.06 3.21 2.07 43.84 41.02 36.76

ZES 4.02 3.71 3.23 40.77 39.60 40.45

R 7T FPEFEBREHETOE, DEEHRAGTRESER
Tab. 7 HR and IBI estimation errors under different vehicle types

%% HR_RMSE (bpm) HR_ MAE (bpm) HR_MED (bpm) IBI RMSE (bpm) IBI MAE (bpm) IBI_MED (bpm)

HZE 4.06 3.21 2.07 43.84 41.02 36.76

e 3.37 3.05 2.97 33.16 31.32 28.47
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Tab. 8 HR and IBI estimation errors under different road conditions

% HR_RMSE (bpm) HR_MAE (bpm) HR_MED (bpm) IBI RMSE (ms) IBI MAE (ms) IBI MED (ms)

BT 3.42 2.99 3.19 44.65 43.82 44.71
— 5.13 5.09 4.94 87.25 62.29 61.70

7 7.64 6.67 6.19 101.08 94.65 91.39
Z5E 5.40 4.92 4.77 77.66 66.92 65.93
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Tab. 9 HR and IBI estimation errors under under different driving environments

ZWEE  HR_RMSE (bpm) HR_MAE (bpm) HR_MED (bpm) IBI RMSE (ms) IBI MAE (ms) IBI MED (ms)

RS (R A 3) 1.28 1.17 0.99 30.87 30.73 29.31
EGYEE) 1.90 1.59 1.51 47.31 43.36 40.00
I 3.32 3.31 3.38 53.31 50.37 45.06
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