A silicon photomultiplier-based analog front-end for
DC component rejection and pulse wave recording
in photoplethysmographic applications
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Abstract— The growing attention towards healthcare and
the constant technological innovations in the field of
semiconductor components have allowed a widespread
availability of smaller devices, suitable to be worn and able to
continuously acquire physiological signals. Wearable devices
are, however, more prone to yield signals corrupted by artifacts
caused by movement. This issue is particularly relevant in
photoplethysmographic (PPG) applications where also, to
exploit the whole dynamic range of the acquisition device, the
DC component of the signal should be removed and the AC
component amplified. In this context, we have designed and
realized an analog front-end (AFE) suitable to be integrated
within PPG wearable devices able to minimize these problems
by reducing the ambient light and the factors that can vary the
average value of the current output from a silicon
photomultiplier in a PPG system using a green LED. DC
component elimination is pursued by a signal conditioning
circuit realized by the design and the implementation of a
transimpedance amplifier and a Miller integrator capable of
following and subsequently subtracting the average value of the
acquired signal, so as to obtain an output signal that fluctuates
around zero. The step response of the feedback circuit was
studied carrying out a PPG acquisition on wrist with promising
preliminary results.

Keywords— analog front-end (AFE), silicon photomultiplier
(SiPM), photoplethysmography (PPG), bio-sensing applications,
wearable health devices (WHD).

I. INTRODUCTION

The growing interest in healthcare and the unstoppable
electronic miniaturization progress occurred during the last
decade have pushed the scientific community to focus on the
development of wearable biomedical devices able to monitor
the individual’s physiological state for improving quality of
life, defined by World Health Organization (WHO) as a
complete state of physical, mental and social well-being [1].
Wearable biomedical devices, also known as Wearable Health
Devices, (WHD) are an emerging technology that assesses
health quality performing a non-invasive continuous
monitoring of a wide range of biosignals during daily-life
routine, without undermining the subjects’ comfort [2].
Important  physiological parameters, such as body
temperature, motion characteristics, oxygen saturation and
heart rate [3] can be monitored by using WHD. The data
collected can be exchanged in the cloud, creating a network of
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biomedical devices known as Internet of Medical Things
(IoMT) and allowing, e.g., an early detection of pathological
conditions or a constant monitoring of ongoing diseases, in
perspective lightening the load on health-care systems for the
follow-up of both elderly and frail subjects [4].

With a percentage of elderly people expected to grow over
the years (it is estimated that more than 20% of the population
will be 65 years and older by 2050 [5]), the rate of people
suffering from cardiovascular disorders, such as
arteriosclerosis, ischemic attack, arterial illness and heart
failure will unceasingly increase, and such diseases will
become one of the leading human causes of death in the world
[6]. For these reasons, wearable devices which enable to
acquire measures related to the cardiovascular system such as
heart rate (HR), HR variability (HRV), blood pressure (BP)
and percentage of blood oxygen saturation are crucial to
monitor the onset of cardiovascular diseases and conditions
that can lead to heart failure [7]-[9]. Instead of uncomfortable
and bulky electrocardiography (ECG) equipment, most of the
devices detecting this type of parameters nowadays take
advantage of photoplethysmography (PPG), an optical
technique, easy to apply, unexpensive and non-invasive, that
is able to detect blood volume changes in the peripheral
vessels at different body locations [10],[11]. The working
principle of PPG is based on the fact that blood has a different
light absorption coefficient compared to the surrounding
tissues. The simplest PPG device is composed of a single LED
illuminating the body district of interest through the emission
of light at a specific wavelength (typically between 530 nm
and 940 nm), and of a photodetector capturing reflected or
transmitted light. The acquired signal includes a variable part,
i.e. an AC component, that is proportional to the change in
blood vessels volume given by the cardiac cycle, which can
be employed for extracting important cardiovascular
parameters such as oxygenation, heart rate and its variability,
blood pressure estimation, pulse transit time, pulse wave
velocity and pulse-to-pulse interval [9], [12]-[14]. Previous
works have demonstrated that PPG signal can be employed as
a surrogate of ECG to perform heart rate variability analysis
[15]-{17], given the high degree of similarity with the indices
extracted from ECG R-R intervals [15]. Nonetheless, the
reliability of this signal is often affected by both the light
reflected from the tissue surrounding the peripheral blood
vessel and motion artifacts. These two conditions cause the



PPG signal acquired by the photodetector to include a
continuous (DC) or slowly varying component. Motion
artifacts originates changes in DC component that, depending
on the size of the movement, may cause the sensor saturation,
resulting in a loss of arterial signal information [18], [19]. To
limit this problem, it is necessary to design a system able to
reduce this continuous component, making the acquisition less
sensitive to motion artifacts and other disturbances that can
increase the continuous component, thus obtaining a full-scale
input range of the PPG signal. A partial solution to this
problem is given by the choice of a green light emitting diode,
since wavelengths around 530 nm are less sensitive to motion
artifacts [20]. A second solution is given by the
implementation of analog front ends with advanced filtering
techniques that allow the elimination of the DC component
[21], [22], taking care to not delete parts of the useful signal
during filtering. Finally, recent research has been focused on
the replacement of the photodiode with devices more
performing in terms of photon acquisition, i.e. silicon
photomultipliers (SiPM). These devices, due to their high
intrinsic gain, allow to extend the optical acquisition
sensitivity up to the single photon and to appreciate with
greater details all the variations of the optical signal that affect
the active surface of the device [23]. The higher resolution
provided by this category of sensors allows to increase the
AC/DC ratio of the signal.

In this perspective, in this work a new analog front-end
(AFE) with DC component minimization has been designed
and realized. The AFE is suitable to be integrated within
photoplethysmographic wearable PPG devices. The DC
component minimization is pursued by a feedback circuit
capable of following and subsequently subtracting the average
value of the acquired signal. Finally, the step response of the
circuit has been studied carrying out a preliminary PPG
acquisition on the wrist in order to evaluate the proper
functioning and the effective removal of the DC component.
The preliminary experimental results are very promising, thus
proving the potential usefulness of the system.

II.  SYSTEM ARCHITECTURE

A. Photoplethysmographic waveform

A typical PPG signal acquired by a photodetector can be
decomposed in both AC and DC components (Fig. 1). The
first one represents the pulsatile component of the PPG
waveform, which contains information related to
instantaneous volume changes in blood vessels of a given
body location and can be considered as a function of the
cardiac cycle. In particular, it is a periodic waveform with a
fundamental frequency at around 1 Hz (depending on the heart
rate) and consists in a rising trend followed by a falling one,
respectively related to the systolic and diastolic phases of the
cardiac cycle. In high-resolution acquisition systems it is even
possible to detect a particular change in the pulsatile
component between the systolic and diastolic phases, known
as dicrotic notch, which is a manifestation of aortic valve
closure [10], [24]. The non-pulsatile component, which
usually represents most of the total amplitude of the PPG
signal, is instead mainly due to the presence of other tissues
layers between the LED-photodetector interface, such as skin,
veins and bias blood volume inside the arteries, which involve
a constant absorption of the light beam, resulting in a
continuous component (so called DC component) constantly
detected by the photodetector [11].

Another factor that causes a considerable increase of the
DC component, one of the problems of wearable
photoplethysmographic devices, is the presence of ambient
light accidentally acquired by the system, due to an incorrect
positioning of the probe or even to small subject movements
that excessively detach the photodetector from the body
district where the signal is being acquired.
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Fig. 1. Example of the path taken by the light beam from the skin interface

up to the blood vessel for pulse wave detection. The AC component
is caused by the variation of blood flow during the passage of the
pulse wave, while the DC component is due to the constant
absorption of light by other tissues (e.g. skin, venous blood and non-
pulsatile component of the blood vessels) and also due to motion
artifacts.

Since the DC component does not carry physiological
information, it can be considered as a noise superimposed on
the useful pulsatile component. For this reason, the main
parameter used to characterize a photoplethysmographic
device is the AC-to-DC ratio, which describes how the PPG
signal is distributed between AC and DC components.
Maximizing the AC-to-DC ratio (i.e. eliminating the DC
component) is a requisite for the accurate acquisition of the
PPG signal, as it allows to obtain a full-range dynamic of the
pulsatile component.

B. Circuit design

The circuit realized and used for the measurements
performed in this work has been designed by Altium Designer
Software and has been entirely assembled in our laboratories.
It is possible to subdivide the entire area of the circuit into two
main sub-areas: the first one related to signal transduction and
to the power supply of the sensor, and the second one related
to signal conditioning.

The first sub-area is formed by two main components
engaged in the task of generating and detecting the light
signal: the LED and the SiPM, respectively. The LED is a
green OSRAM OS LT M673-P2R1-25 that emits photons at
a wavelength of 532 nm and has an optical power at the
interface of about 1 mW. The SiPM is an optical device that
aims to acquire optical signals and convert them to a voltage
signal suitable to be managed by an analog-to-digital
converter (ADC). The SiPM employed in this work is
sensitive to the single photon; it consists of an array of single
photon avalanche diodes (SPAD) with a very high gain (of the
order of 10°%), much higher than that of a common photodiode
and that of an Avalanche Photodiode that are in the range of
102-10° [23], [25]. These characteristics are expected to
produce significant improvements to the acquisition of PPG
waveforms, as they allow to acquire signals with a reduced
energy consumption and to achieve a higher AC/DC ratio,
also guaranteeing high repeatability and better immunity to
motion artifacts [26]. In previous works [13], [14], [27] we



have employed a silicon photomultiplier supplied by
STMicroelectronics with a breakdown voltage of about 28.0
V and a 3.5 mm X 3.5 mm active area (3600 microcells, 45%
fill factor, and 58-pm cell pitch) enclosed in a S-mm x 5.5-
mm package. Responsivity measurements provided values
ranging from 107 to 10° mA/W. In this work we have upgraded
the device technology with a more performing silicon
photomultiplier made by ONSEMI, the MICROJ 60035,
which has an active area of 6.07 x 6.07 mm? 22.292
microcellles of SPAD and an intrinsic avalanche gain ranging
from 2.9 to 6.3 x 10°[28]. This SiPM has a 75% geometric fill
factor and is enclosed in a PCB with 5 pins (anode, cathode,
ground, fast-output and a not-connected pin).
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Fig. 2. SiPM MICROIJ 60035: (a) bottom view and top view, (b) top view

of the SMTPA board.

The chosen device has a breakdown voltage of about 24.5
V. The SiPM power supply was chosen very close to the
breakdown region (with about 1 V of overvoltage) in order to
ensure a good range of linearity [9].

Alongside with the employment of SiPM technology in
place of conventional photodetectors, another main
innovation of our front-end is the signal conditioning pipeline,
which is composed of three parts, i.e. a transimpedance
amplifier, an integrator, and a MOSFET transistor closed in a
feedback loop. An operational amplifier was chosen for
realizing the transimpedance amplifier (TIA). This component
performs the task of transducing the current output from the
SiPM, converting and amplifying it into a high-level voltage
signal suitable to be conditioned. Furthermore, the virtual
short circuit between the two input terminals of the operational
amplifier makes both the photomultiplier DC operating point
and its responsivity to remain fixed and independent on the
current supplied by the same device. The feedback resistance
of the TIA was chosen equal to 220 Q; this condition, together
with the fact that the current range supplied to the output from
the photodetector ranges from 0 to 15 mA, causes the voltage
signal to fluctuate between 0 and 3.3 V, making this
configuration suitable to be implemented in a microcontroller
system, in such a way to take advantage of the entire dynamics
of an ADC. The voltage signal supplied by the transimpedance
amplifier is put as input to a Miller integrator, made with an
operational amplifier set in this configuration. The time
constant of the integrator has been chosen in order to measure
the average value of the signal directly at the output of this
second block. The output of the integrator then goes to the gate
of a MOSFET in triode configuration, in such a way to

transform the information of the mean value into current that
will be subtracted from the one going out from the
photomultiplier; the signal entering the TIA is thus the PPG
signal but shifted to zero. The output of the circuit is taken as
the output of the transimpedance amplifier. The block diagram
and the electrical schematic of the circuit are shown in Fig. 3.
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Fig. 3. Block diagram (a) and electrical schematic (b) of the circuit. The

signal acquired by the SiPM is the input of the TIA, while the output
is then put as the input of the integrator which extracts the mean value
and brings it to the gate of the MOSFET that transforms this
information into the current to be subtracted from the signal acquired
by the photomultiplier.

C. Data acquisition and protocol

Measurements were carried out on the left wrist of a
normotensive, healthy 26-years old male volunteer using a
PPG probe (shown in Fig. 4) composed of the SiPM and the
green LED described in the previous sub-section. PPG
measurements were carried out in reflectance mode and in
indoor ambient lighting conditions. The SiPM and the LED
were placed on a mask located directly on the PCB containing
the entire signal conditioning circuit in such a way to ensure a
fixed distance between the light source and the photodetector.
A velcro band was used to ensure a suitable adhesion of the
two devices to the wrist.

Fig. 4. PPG probe. The green LED is placed on a mask mounted on the PCB
that contains the entire analog signal conditioning circuit.

The output signal from the transimpedance amplifier
(which also represents the output of the entire circuit) has been
acquired by a digital oscilloscope (Keysight DSOX3034T)
with 8-bit vertical resolution. The signal was displayed in real-
time on the oscilloscope screen and the step-response of the
circuit was evaluated by introducing a forced additional input
light source varying the DC component of the PPG pulse wave
and consequently its average value. The signal was recorded
at a sampling rate of 1 kHz and stored on a USB flash drive to
carry out post-processing using MATLAB R2021b (The
MathWorks, Inc., Natick, MA, USA) software.
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Figure 5 shows a 4-seconds excerpt window of the PPG
signal acquired using our system in open loop configuration
(i.e. with the drain pin not connected to the SiPM anode),
where the typical morphology of a wrist pulse wave is
appreciable [29]. This waveform shows the main features that
a PPG signal typically presents, showcasing the performance
of our acquisition system. In this frame, in fact, it is easy to
visually detect a systolic peak, followed by the dicrotic notch
and, finally, the diastolic peak. An average continuous
component of about -1.2 V and an alternate component of
about 140 mV are present, thus obtaining an AC/DC ratio of
about 0.12. The presence of a marked dicrotic notch, together
with a high AC/DC ratio, demonstrates the high performance
of our system in terms of resolution of the pulse wave, thus
highlighting the utility of implementing a SiPM.

RESULTS AND DISCUSSION
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Fig.5. A 4-second PPG signal acquisition window in open loop
configuration.
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Fig. 6. Fast Fourier Transform (FFT) of the PPG signal acquired on the

wrist.

In Fig. 6, the Fast Fourier Transform (FFT) of the signal is
depicted, computed after the removal of DC component. As
known, PPG is a periodic signal, and its period is exactly the
average heart rate. Usually, a PPG signal has a useful
bandwidth narrower if compared to the dynamics of an ECG
signals: harmonics at frequencies higher than 15 Hz are
usually neglectable [30]; this is the reason why PPG pulse
waves are commonly bandpass-filtered between 0.05 and 20

z [31]. The peak around 1.3 Hz represents the heart rate,
while other peaks at higher frequencies (2.6, 3.9 Hz) are the
second and third harmonics, respectively. The small peak
around 0.2 Hz corresponds to breathing. PPG and ECG signals
include frequency content of importance for diagnostic
purposes up to 15 Hz for PPG and 250 Hz for ECG,
respectively. Therefore, the readout circuit has to guarantee

amplification of the signals within this bandwidth, with a good
signal-to-noise ratio, and rejection of non-biological or
extraneous signals.

Figure 7 depicts the step response following the
introduction of a forced light source when the feedback loop
is closed (a) and when it is open (b). The source is a white
LED and is aimed at simulating an instantaneous increase of
the ambient light, in the environment surrounding our circuit.
The light step is introduced after a few seconds, in order to
stress the system during the pulse wave acquisition.
Afterwards, the signal is switched off again to evaluate the
behavior of the system in response to the return to the initial
lighting conditions. Analyzing the open loop response (Fig.
7a), the system in the first 2.7 seconds, is carrying out a
continuous acquisition of the PPG signal with indoor ambient
light conditions. This pulse signal has a DC average
component of about -2.02 V and a pulsatile AC component of
about 60 mV identifying an AC/DC ratio of 0.03. Soon after
the introduction of the light step, the system responds with a
downward shift (since the TIA inverts the signal) increasing
the DC value of the acquired signal proportionally to the
additional amount of light introduced into the environment
and consequently captured by the photodetector. At 7.8
seconds the additional light source is removed and the system
returns to its initial condition. It is easy to deduce from this
figure how the AC/DC ratio is completely dependent also on
the amount of ambient light present at the time of
measurement, given that this ratio drops to 0.02 when the step
of light is present in the system.

Analyzing the closed loop response (Fig. 7b) to the
application of the step, after a small transitory, where the
information content is preserved, the system responds shifting
to the initial mean value by effectively eliminating
(discarding) the DC component introduced by the light signal,
minimizing the disturbance introduced by the new ambient
light conditions. The same behavior of the system is found at
the extinction of the light step, confirming the expected results
of the designed circuit.

It is also important to note that the peak-to-peak value of
the wave is reduced by about 1/3 compared to the open-loop
signal obtained, in favor, however, of an AC/DC ratio much
higher than about 0.25.

Open loop step-response
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Fig. 7. A 4-second PPG signal acquisition window (blue graph) in open and

closed loop configuration during the step-response consisting of two
different ambient light conditions (red curve).
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IV. CONCLUSION

An analog front-end designed for effectively cancelling
both the ambient light and non-pulsatile pulse wave DC
components has been designed and implemented. The use of
a high intrinsic responsivity photodetector such as the SiPM
as an alternative to the traditional photodiode, together with
the reduction of the continuous component carried out by the
feedback circuit, allows to obtain an output signal where the
pulsatile part of the PPG signal is enhanced, enabling to better
exploit the dynamics of the analog-to-digital conversion
circuit for signal acquisition.

The results of our preliminary measurements highlight the
remarkable resolution of the pulse wave obtained from the
build PPG probe, in which the typical morphological
characteristics acquired from the wrist are clearly
distinguishable, such as the visual distinctions of the pulse-to-
pulse interval (PPI) and dicrotic notch, the latter only
detectable in high resolution PPG acquisition systems.
Furthermore, the step response carried out during the
measurements demonstrates the proper working of the
feedback circuit, confirming the expected results in the design
stage and validating the system and its use in biomedical
devices requiring the DC component elimination in the pulse
wave signal.

Finally, the described system allows to detect an
improved pulsatile component (i.e. AC component) that,
together with the minimum cost and size of the device, make
it suitable to be easily integrated into wearable devices framed
in the field of the Internet of Medical Things and designed to
perform physiological monitoring.

Future works should concern the characterization of the
AFE in terms of bandwidth, AC/DC ratio, ambient light
response in different physical conditions, to show its
robustness in case of an incorrect positioning of the device on
the body or in presence of various ambient light conditions at
different times during the day, or finally its immunity to
motion artifacts. In perspective, it will be fundamental to
realise a single device — integrating also the microcontroller
alongside with the signal conditioning circuit, the LED diode
and the photodetector, in order to make the measurements on
the wrist and directly preprocess in real-time the data, also
saving them on an internal memory or sending the results and
the extracted parameters to other devices using low-energy
wireless communication technologies (e.g. Bluetooth Low
Energy).
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