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I. Introduction 

Non-contact (remote) physiological monitor 

systems become popular for developing the next 

generation internet-of-things (IoT) products aimed 

to social and human security applications. CMOS 

image sensors (CIS) act as a very important role 

as the front-end signal receiver of the monitor 

systems. Recently, we reported on a time-resolved 

(TR) near-infrared (NIR) lock-in pixel (LIP) 

imager for remotely measuring the heart rate (HR) 

and its variability (HRV) by capturing the 

cardiac-rhythm-induced NIR-band-absorbed 

oxy-hemoglobin (HbO2) variation from facial skin 

images [1]. The detection system using the NIR 

LIP imager has demonstrated the advantages on 

complicated background light (BGL) robustness 

and image-signal-process (ISP) simplification in 

comparison with state-of-the-arts. In this paper, 

more attractive performances are achieved in a 

similar TR CIS implementation by improving LIP 

design. Results show that the newly proposed 

imager can attain sub-electron noise level and 

very-high charge modulation contrast (MC), both 

of which are of great importance for insuring a 

reliable physiological signal detectability for 

remote HRV measurement. 

II. Proposed Two-Tap LIP 

Fig. 1 shows the proposed two-tap LIP structure. 

Three items have been optimized in comparison 

with those presented in the previous design. (1) 

Recessed distance is established between pinned 

photodiode (PPD) and TD gates for preventing the 

depleted region of photodiode from touching to 

the TD depleted region, thus being able to reduce 

the PPD dark current (DC) component originated 

from TD gates. (2) P-type doping well is 

 

Fig. 1. Proposed LIP structure with optimized items. 

 

 

Fig. 2. Simulated potential profiles along X1-X2 for 

(a) previous LIP [1] and (b) proposed LIP. 

R40

mailto:chencao@idl.rie.shizuoka.ac.jp


 

introduced between two storage diodes (SDs) for 

charge isolation instead of a potential-controllable 

polysilicon (as TG0 presented in [1]) to eliminate 

the SD DC accumulation caused by the trapped 

charges in polysilicon sidewall spacer [2]. (3) 

Paired-gate lateral electric field charge modulators 

(LEFMs) are employed for enhancing lateral 

electric fields required by charge modulation 

between SDs. First couple of the items can be 

effective for reducing the DC shot noise that is 

hardly suppressed by the column ADC with noise 

canceller function, while the item (3) is capable of 

boosting MC performance between taps. Fig. 2 

plots the potential profiles along the charge 

modulation path between SDs of the previous LIP 

and the proposed LIP, respectively, predicting that 

an enhanced electric field intensity (larger 

potential slope) can be created using paired-gate 

LEFM for assisting charge modulation. 

III. Sensor Evaluation Results 

A TR CIS with the proposed LIP has been 

implemented in a 0.11 μm LIP CIS technology. 

The readout circuitry is in accordance with that of 

which presented in [1]. The performances of the 

developed imager have been evaluated. Fig. 3 

shows the temporal random noise results 

measured under an analog gain of 64 in 300 K, 

sub-electron levels of 0.61 e-rms and 0.62 e-rms 

are observed at peak value and median value, 

respectively. In addition, a very-high level 

maximum MC of up to 96% can be obtained by 

using 851 nm laser diode scanning with a 500 ns 

LEFM time window (TW), as shown in Fig. 4. 

Furthermore, Fig. 5 shows the images captured by 

the developed imager by enabling separately the 

related LEFM gates, a clearly modulated output 

scene between SD1 and SD2 is presented. 

           
Fig. 3. Measured temporal random noise of the implemented imager (analog gain = 64). 

 

Fig. 5. Captured images from each tap by only 

enabling (a) TG1 and (b) TG2. 

 

Fig. 4. Measured outputs from each tap with a 

summation by 851 nm laser diode scanning. 



 

IV. Remote HRV Measurement 

The remote HRV measurement embedded with 

the implemented imager has been performed 

under the same experimental environment with 

the previous work, as shown photographically in 

Fig. 6. Fig. 7 shows the measured HR result1 in 

comparison with the reference provided by a 

finger-biofeedback blood volume pulse (BVP) 

sensor. Up to -39.1 dB signal-to-BGL-ratio (SBR) 

is obtained with a 98.5% measuring accuracy 

under a sinusoidal brightness BGL disturbance. 

Those above are benefited from NIR lock-in 

                                                      
1 The HR value measured by the proposed imager is 

accurately derived after off-chip processing mentioned in [1]. 

operation achieved by the proposed two-tap LIP. 

The HRV spectrogram (HRVS) which is 

capable of monitoring the mental (or emotional) 

status is also investigated by utilizing frequency 

analyzing (Lomb-Scargle periodograms method 

[3]) on 90s-captured HR data. Fig. 8 shows the 

HRVS result obtained by the proposed imager in 

comparison with the reference result captured by 

the BVP sensor when the testee was mentally 

calculating. It can be observed that, both of the 

results feed the high power response (red line in 

the HRVS heat map) in low frequency area (~0.14 

Hz) during the monitor period, indicating the 

testee was with cognitive stressing. Meanwhile, 

the capability of our proposed imager on 

emotional detection is also demonstrated. 

 

Fig. 6. Photograph of the remote HRV measuring environment using the proposed imager. 

 

Fig. 7. HR measurement results under sinusoidal BGL disturbance. 



 

V. Conclusion 

This work presents a TR CIS with optimized 

two-tap LIP structure for remote physiological 

HRV measurement. The sensor performance and 

comparison are summarized in Table I. The 

improved performances, such as temporal noise, 

DC and MC, compared with the previous work, 

demonstrate the effectiveness of the proposed 

optimization strategies, thus being able to supply a 

higher tolerability on fluctuant brightness BGL 

disturbance during remote HR signal monitoring. 
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Fig. 7. HRVS results showing mental status. 

Table I. Performance summary and comparison 

 




