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Abstract—This letter reports on the design of a novel, fully integrated stand-alone light- pEE
to-digital converter (LDC) for optoelectronic sensors in wearable/implantable biomedical o .
applications. The architecture designed in TSMC 180 nm standard Si CMOS technology b —
integrates a Si photodiode (PD), a ring oscillator, two digital counters, and a voltage-to- !
pulsewidth modulation (PWM) stage as the basic block of the light-to-digital converter - FHIE

in a Si area of 0.018 mm?. The modulation stage, composed of ten transistors and a LU e
capacitor, provides a square waveform whose pulse width varies as a function of its input
voltage provided by the Si photodiode operating in a photovoltaic mode that linearly
depends on the light intensity impinging on its sensitive area. The value of the pulse
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width is digitalized by two digital counters driven by the ring oscillator. The complete system, powered at 0.3 V, has been
fully characterized by postlayout simulations demonstrating an overall sensitivity of 0.062 LSB/Ix, a power consumption
of 335 nW, and a sample rate of 3 kS/s. A comparison with similar solutions in the literature shows that the proposed
system achieves the best performance in power consumption, Si area, and supply voltage with a good sample rate value.

Index Terms—Electromagnetic wave sensors, integrated photodiode, light-to-digital converter (LDC), low-power, low-voltage, optoelec-

tronic sensing system.

I. INTRODUCTION

Advances in biomedical applications increasingly rely on pre-
cise and efficient data acquisition systems for better, more efficient,
and precise medical diagnostic, personalized therapeutic, and drug
monitoring. This is particularly important when optical sensors are
used in biotelemetry, photoplethysmography (PPG), and optogenetic
techniques [1], [2], [3] to measure variations of the physical and
chemical properties of biomedical species and analytes through the
increase/decrease of fluorescence emission or absorption coefficients
[4], [5], [6], [7]. Optical sensors comprise a light source (i.e., semi-
conductor lasers or LEDs), a photodiode (PD), and an electronic
signal conditioning circuit. The latter can be a light-to-digital con-
verter (LDC) circuit that converts the variations of the PD-generated
voltage signals related to the illuminating light intensity into digital
outputs. Two are the architectures to implement LDCs [8]: 1) the
PD photocurrent is used as the input of a transimpedance amplifier
(TIA) combined with an analog-to-digital converter (ADC) [9], [10]
circuit and 2) a converter circuit with a quasi-digital solution is used
to generate a voltage waveform whose frequency depends on the
input PD photocurrent [11], [12]. The reported circuitries have been
designed to implement wearable and implantable optical noninva-
sive solutions in various biomedical applications, including optical
coherence tomography, PPG, and pulse oximetry (SpO2), where the
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accuracy and the speed of light signal conversion directly impact
the quality of diagnostic and monitoring processes [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23]. For these applications,
LDCs must guarantee real-time monitoring with high dynamic range,
output linearity, high sensitivity, and high resolution. Moreover, the
on-chip integration of LDCs requires low-voltage and low-power
operation by minimizing the number of electronic devices and the Si
area.

This article presents a novel, fully integrated LDC solution based
on a pulsewidth modulation (PWM) approach with a low design
effort [24]. It exploits a modular design with a high level of IP core
reuse, guaranteeing simplicity and the speed of the circuit design and
synthesis in standard CMOS technology (e.g., 180 nm by TSMC)
within a very small Si area. The proposed architecture operates at
0.3 V with a total power consumption of 335 nW and integrates
a Si PD working in photovoltaic mode and under low illuminat-
ing light intensity conditions. This operation mode is more suitable
for low-frequency and ultra-low light-level detection. It guarantees
high-linearity response, low dark current, noise, and sensitivity to
the responsivity’s temperature drift, avoiding extra resistive load and
reverse biasing. The choice of a supply voltage of 0.3 V depends on
the possibility of using the proposed LDC in medical wearable and
implantable systems powered by energy harvesting devices such as
optical wireless power transfer solutions [25]. The LDC flexible design
and its performances analyzed by postlayout simulations enable its use
in various optoelectronic sensing systems for biomedical applications
that require small input dynamic ranges, low power consumption, and
high sensitivities and resolutions. Anyway, if required by a specific
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Fig. 2. Designed VPWC schematic at the transistor level and the
related sizes of the transistors.

application, the employed quasi-digital approach (i.e., highly synthe-
sizable circuit) allows, with a low-effort design, to extend the overall
supply voltage (up to 0.5 V that can be considered, in general, the
maximum voltage provided by a single PD, as also reported in the
following), so increasing not only the input dynamic range but also
the power consumption.

II. PROPOSED LDC ARCHITECTURE
AND DESIGN

The proposed LDC circuit shown in Fig. 1 at the block level
operates at 0.3 V and is composed of a Si PD and four blocks: a ring
oscillator (RO), two digital counters (i.e., Counter]l and Counter2),
and a voltage-to-pulse width converter (VPWC). The PD works in
photovoltaic mode, ensuring low values of the dark current and sen-
sitivity concerning temperature drifts. The voltage signal Viy across
the PD is the electrical replica in shape and maximum value of the
illuminating light pulse. It is the input signal of the LDC that provides
its output digitalized data. The RO block composed of three inverter
stages generates a square wave signal CLKy at the frequency f =
5.87 MHz (f = 42.61 MHz with VDD = 0.5 V) that is the clock signal
of the two digital counters implemented by the digital standard library
(these are the maximum oscillation frequencies obtained with the used
process and the chosen supply voltages). Referring to Fig. 1, Counterl
is used as a frequency divider to generate the CLK, signal at the lower
frequency f/ 512 = 11.47 kHz (83.22 kHz at VDD = 0.5 V). In this
way, the maximum PW variation of the Vour signal includes exactly
256 periods of the CLKj; signal.

By implementing a PWM, the VPWC performs a linear voltage-
to-time conversion (through a generation of an integrated triangular
signal Vit that also depends on Cp) to generate the Vou signal, a
replica of the CLK|, signal with a pulsewidth (PW), depending on the
amplitude of the signal Vix. The signal Vour is the start/stop signal
(i.e., a stable enable signal) for Counter2, which converts the value of
the PW of the Vour signal into a digital number. The external signal
EN is used to enable/disable the system.

InFig. 2, the schematic at the transistor level of the VPWC, designed
using the 180 nm standard Si CMOS technology, is reported. The
VPWC circuitry comprises ten transistors (M ;-M) and the capacitor

signal Vin (continuous blue line). (b) Magnification for the lower values
of Vin. (c) Magnification for the higher values of Vin.

Cy,. The width W and length L of each transistor are also reported in
Fig. 2. The VPWC uses the Viy and the clock signal CLK, provided
by Counterl (see Fig. 1) to generate the output signal Voyr. The
square wave signal CLK;, charges and discharges the capacitor C,
through the inverter scheme provided by the transistors M; and Mj.
The capacitor Cj, regulates the PW sensitivity of V¢ with respect
to the input voltage Vin. In particular, the value of C;, = 5 pF has
been chosen to obtain a triangular voltage waveform VinT with an
equal rising and falling time that depends on the values of Cy, and of
the charging (through M) and discharging (through Mg) currents. In
Fig. 2, signal Vi is connected to the gate of transistors M; and M. It
controls the current passing through the diode-connected transistor M3
to be higher or lower than one flowing through the diode-connected
transistor M. Thus, these currents provided by the branches M ;-M,
and M,-M3 vary inversely as a function of the signal Viy, modifying
asymmetrically the channel resistance of the transistors M, and M
working as a voltage divider.

Low values of the signal Viy reduce the drop voltage across the
transistor M, and increase the drop voltage across the transistor M.
In this way, the mean value of the Viyr triangular signal increases.
Instead, higher values of signal Viyn decrease the mean value of the
signal Vint. The final stage of the VPWC formed by the transistors
Mgy and M1 is a standard CMOS inverter to provide the output square
voltage waveform Voyt with a PW proportional to the signal Vint
mean value. Fig. 3 shows the VPWC output signal Voyr achieved by
performing a postlayout simulation in the time domain. In Fig. 3(a),
the blue line is the rail-to-rail linear variation of the signal Vy varying
from0t0 0.3V (i.e., the variation range assuring a linear response of the
open circuit voltage generated by the Si PD operating in photovoltaic
mode), the red and green waveforms are the generated Vint and Vour
signals, respectively. Fig. 3(b) and (c) reports a close look of the signals
Vint and Vour for a value of the signal Viy varying from 0 to 10 mV
and from 0.29 to 0.3 V, respectively. Under these operating conditions,
the PW of the Vour signal varies from 21.79 to 65.36 us.

lll. LDC VALIDATION: POSTLAYOUT
SIMULATIONS

In Fig. 4(a), it is reported that the LDC layout designed in TSMC
180 nm standard Si CMOS technology requires an area of 0.018 mm?.
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concerning an ideal linear behavior have been analyzed by postlayout
simulations whose results are shown in Fig. 5(a). The rail-to-rail
signal Vin varies from 0 to 0.3 V, and the value of the PW of the
signal Vour ranges from 21.79 up to 65.36 us (obtained by choosing
Cp = 5 pF). Thus, the resulting VPWC sensitivity (i.e., A(PW) of
signal Vour divided by signal Vin) equals 0.145 ps/mV. Moreover,
as reported in Fig. 5(a), the maximum relative error concerning an
ideal response is ~=£1%. The output—input characteristics of the
LDC and the related integral nonlinearity (INL) have been analyzed
by performing postlayout simulations whose results are reported in
Fig. 5(b). The variation of the signal Vix from O to 0.3 V has been
chosen by considering the PD illumination intensity varying from 10
to 4100 1x, according to the experimental evaluation obtained with
the commercial Si PD FDSO15 (by Thorlabs) with characteristics
comparable with those of the integrated Si PD of Fig. 4(a). In this
case, the corresponding dynamic range of the LDC is equal to 52.3 dB.
Under these operating conditions, the LDC digital output guarantees
a normalized range from O to 255 with a Counter2 sensitivity of 5.88
LSB/us corresponding to an overall sensitivity of the LDC electronics
(i.e., the VPWC and the Counter2) equal to 0.85 LSB/mV (i.e., an LSB
equal to 1.17 mV) and a theoretical digital output of 8 bit. This digital
output resolution is suitable for biomedical applications that do not
require very high-accuracy measurements, such as cardiovascular and
blood pressure monitoring [23]. Nevertheless, it is possible to improve
the digital output resolution by increasing the number of bits of the
two counters and the oscillation frequency of the RO at the expense
of the power consumption. With the chosen PD illumination range,

the LDC reaches a sensitivity of 0.062 LSB/Ix. The normalized LDC
OUTPUT is reported in Fig. 5(b), together with the corresponding
INL that achieves a maximum value of 1.5. The supply voltage VDD
= 0.3 V reduces the total power consumption at the expense of the
maximum sample rate achievable for the LDC of 3 kS/s (10 kS/s
considering VDD = 0.5 V). However, it is sufficient for a wide range of
biomedical applications such as PPG and SpOs, [23]. From postlayout
simulations, the LDC total power consumption is 335 nW (2440 nW
with VDD = 0.5 V) during operation and 2.2 nW in standby mode (in
any case). Moreover, the power consumption percentage of each block
composing the LDC is reported in Fig. 4(b). Process, supply voltage,
and temperature (PVT) analyses have been performed by considering a
variation of £10% of the LDC supply voltage VDD = 0.3 V, a variation
of £50% of the operating temperature 7= 27°, and SS, TT, FE, SF, and
FS process settings for the corners. The simulation results demonstrate
a maximum variation of the main circuit performances lower than +
10% (lower than + 7% with VDD = 0.5 V). In particular, the PVT
analyses show that the VDD variation mainly affects the performances
of the LDC. More in detail, a variation of the VDD provides a change of
the frequency of the CLK j; provided by the RO. Consequently, also the
frequency of the CLK ,, provided by Counterl, is modified accordingly.
Finally, the related variation range of the PW of the Voyr, provided
by the VPWC, is also varied and mainly affects sensitivity, resolution,
and input dynamic range of the LDC. In Fig. 6, the time domain
postlayout simulation of the LDC is reported by using a typical PPG
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pulsed waveform as the input voltage signal Vin. Fig. 6(a) shows the
PPG pulsed input signal and the corresponding digital LDC OUTPUT
signal. According to Fig. 3(b) and (c), Fig. 6(b) shows that the PW of
the output signal Vo is proportional to the value of the input signal
Vin reported in Fig. 6(a).

Finally, in Table I, the main characteristics of the proposed LDC are
compared with similar solutions reported in the literature. Differently
from other LDC circuits [16], [17], [18], [19], [20], [21], [22], [23], the
first stage of the designed circuit performs a voltage-to-time conversion
minimizing the parasitic and noise effects and avoiding the use of am-
plification stages and/or comparators (i.e., reducing power and area).
For these reasons, the proposed solution integrating a PD achieves the
best performances in terms of power consumption, integrated Si area,
sensitivity, resolution, and supply voltage, preserving a good value of
the sample rate.

IV. CONCLUSION

The letter presents a fully stand-alone direct LDC operating in
a PWM mode. The circuitry designed in TSMC 180 nm standard
Si CMOS technology requires an area of 0.018 mm?. It integrates
a PD working in photovoltaic mode, an RO, two digital counters,
and a VPWC. The solution, powered at 0.3 V, operates without
external reference signals, is highly synthesizable, and avoids the use
of amplification stages and/or comparators. The VPWC, minimizing
the parasitic and noise effects, generates a square waveform whose
PW is related to the PD input voltage that depends on the illumi-
nating light intensity. The counters controlled by a RO digitalize the
value of the PW. Postlayout simulations fully characterize the system,
demonstrating an overall sensitivity of 0.062 LSB/Ix, a resolution
of 15.98 1x/LSB, a maximum power consumption of 335 nW, and
a sampling rate of 3 kS/s. A comparison with similar solutions in
the literature shows that the proposed architecture achieves the best
performances in terms of power consumption, integrated Si area,
sensitivity, resolution, and supply voltage with a good value of the
sample rate, making it suitable for optoelectronic sensing systems in
wearable and implantable biomedical applications.
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