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A Noise-Reduced Light-to-Frequency Converter for
Sub-0.1% Perfusion Index Blood SpO, Sensing
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Abstract—To improve the SpO. sensing system performance
for hypoperfusion (low perfusion index) applications, this paper
proposes a low-noise light-to-frequency converter scheme from
two aspects. First, a low-noise photocurrent buffer is proposed by
reducing the amplifier noise floor with a transconductance-boost
(gm-boost) circuit structure. Second, a digital processing unit of
pulse-frequency-duty-cycle modulation is proposed to minimize the
quantization noise in the following timer by limiting the maximum
output frequency. The proposed light-to-frequency sensor chip
is designed and fabricated with a 0.35-pum CMOS process. The
overall chip area is 1 x 0.9 mm?2 and the typical total current
consumption is about 1.8 mA from a 3.3-V power supply at room
temperature. The measurement results prove the proposed func-
tionality of output pulse duty cycle modulation, while the SNR
of a typical 10-kHz output frequency is 59 dB with about 9-dB
improvement when compared with the previous design. Among
them, 2-3 dB SNR improvement stems from the gm-boosting and
the rest comes from the layout design. In-system experimental
results show that the minimum measurable PI using the proposed
blood SpO- sensor could be as low as 0.06% with 2-percentage-
point error of SpO-. The proposed chip is suitable for portable
low-power high-performance blood oximeter devices especially for
hypoperfusion applications.

Index Terms—Blood SpO-, low noise, hypoperfusion, light-to-
frequency converter, portable biomedical sensor.

I. INTRODUCTION

LOOD oximeter can detect blood oxygen saturation
(SpO-), perfusion index (PI), pulse rate (PR) and other
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respiratory parameters in a non-invasive, real-time manner, pro-
viding a direct and effective information for clinical anesthesia,
infant monitoring and intensive care [1]. The measurement of
SpO, using blood oximeter is based on Beer-Lambert law of
vascular tissue when it is transilluminated by narrow-wavelength
lights, which is dependent on the different absorption ratio in
red and infrared lights [2]. Perfusion Index shows the ratio
between DC and AC blood SpOs signals, which reflects the
vascular pulse intensity [3]. For normal human bodies, perfu-
sion index is 3% to 10%, however in clinical applications, for
elders, infants and critical patients with respiratory diseases,
the blood perfusion index often shows too low (lower than
0.5%) to be accurately monitored. Moreover, different finger
size and skin color can also affect the light transmittance and
eventually reduce the signal-to-noise ratio (SNR) [5]. From
the perspective of light propagation scheme, oximeter can be
implemented with two different modes: reflection mode and
transillumination mode. Reflection mode SpO, sensor is widely
used for wearable devices such as sports bracelet associated
with compensations of motion artifacts and ambient light [4],
however the sensing accuracy is difficult to satisfy the require-
ment of medical level. Overall, there are several mainstream data
conversion techniques for SpO- sensing in transillumination
mode. The first one requires a high-resolution XA ADC to
convert the input analog signals and directly outputs the digital
value [6]. Secondly, successive-approximation-register (SAR)
ADC is a promising solution for low-power applications, when
high dynamic range with limited chip area is realized. In order
to avoid using the large chip area XA ADC or SAR ADC,
the third technique was proposed by using a light-to-frequency
converter chip [7], where the sensed photocurrent is modulated
using on-chip photodiode array and switch-capacitor analog
circuit, as a result the output oscillation frequency becomes
proportional to the light intensity [8]. Due to lower price, the
second scheme is widely adopted in portable blood oximeters
[9]. However, the light-to-frequency converter suffers from poor
SNR when compared with ¥A ADC, which limits its clinical
applications such as infant monitoring [10]. Moreover, the pulse
frequency quantization noise in the following MCU is also
limited by the timer clock speed, which is not analyzed in the
previous research works and especially becomes important for
ultra-low-power portable oximeters with low-frequency MCUs.
Overall, the key is to improve the noise performance of the light-
to-frequency converter to cover more hypoperfusion application
regions.
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In this paper, a low-noise light-to-frequency converter chip is
proposed, which can improve the performance of SpOs sensing
systems targeted for low-PI conditions. On one hand, in order
to reduce the noise of the current buffer, a transconductance-
boost (g,,-boost) scheme is proposed without changing the DC
operating point of the amplifier. On the other hand, in order
to minimize the quantization noise due to the limited timer
clock frequency, a pulse-frequency-duty-cycle-modulation dig-
ital circuit is proposed to reduce the maximum output frequency.
The proposed sensor chip is fabricated using a 0.35-pm CMOS
process, which shows a 9-dB SNR improvement as well as
additional noise reduction due to the introduced duty-cycle
modulation. In-system experimental results show that SpO, can
be sensed under 0.06% PI condition within 2-percentage-point
error, which is significantly improved compared with 0.2% PI
condition in our previously reported design [16].

The remainder of this paper is organized as follows:
Section II describes the noise sources in a typical light-to-
frequency converter system. Section III proposes the low-noise
output pulse-frequency-duty-cycle modulation Scheme. Sec-
tion IV presents the measurement specifications of the pro-
posed light-to-frequency converter chip, as well as the blood
SpO; sensing system measurement results using the proposed
low-noise chip for hypoperfusion conditions, followed by the
conclusion.

II. NOISE SOURCES IN LIGHT-TO-FREQUENCY
CONVERTER SYSTEM

A. System Description of Blood Oximeter Based on
Light-to-Frequency Converter

Medical-grade fingertip oximeter is usually performed in
transillumination mode. In such case, light is transmitted directly
through the finger tissue, and a blood SpO, sensor receives light
on the other side [11]. This method relies on the difference in the
absorption ratio between oxyhemoglobin and deoxyhemoglobin
at two wavelengths of typical 660 nm (red) and 905 nm (in-
frared) [12]. In practice, an oximeter device can make rapid
SpO; measurement by frequently switching these two LED light
sources at kHz rate [ 13]. Fig. 1 shows the architecture of a typical
blood SpOs sensor based on a light-to-frequency converter
chip and the basic operating timing diagram, which consists
of a photodiode array and a current-to-frequency converter.
The photodiode array is able to generate a more than 100-dB
high dynamic range photocurrent, which is proportional to the
intensity of incident light [14]. Then, the current-to-frequency
converter integrates the photocurrent into a voltage signal, which
is eventually converted into a pulse frequency waveform. The
output voltage Fos. is a square-wave frequency signal, which
can be directly quantized by a high-frequency timer in the
following microcontroller (MCU) for SpO, calculation.

The typical light-to-frequency converter chip mainly consists
of three parts. First, a low leakage photocurrent buffer with
a photodiode generates the photocurrent I, and the leakage
current /., Which flow into the switched-capacitor integrator
circuit. In the second part, the output voltage Vope of the
integrator is initially lower than the reference voltage V.3,
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Fig. 1.  Chip architecture of a typical light-to-frequency generator (a) and the

operating timing diagram (b).

and then the reset control signal S, is off. As the capacitor
is continuously charged, when Vjo,e exceeds to Vi3, the
comparator enables S to force Viope down to the reference
voltage V qe2. Then, the integrating capacitor C; starts charging
again until the next reference voltage approaching. In the third
part, the output frequency, inversely proportional to V' yet3—V 1of2,
is obtained by the D-flip-flop-based /2 frequency divider with a
50% duty cycle. A de-coupling capacitor Cy is adopted in the
integrator to filter out the high frequency random current noise
and thus the output frequency random jitter can be attenuated.

B. Noise Analysis of Light-to-Frequency Generator

The frequency noise distribution of a typical light-to-
frequency converter chip, in root-mean-square (RMS), is sim-
ulated with enabling the transient noise option at a 50-kHz
converted pulse frequency, which considers the full chip and
part-circuit-only noise contributions, respectively. As summa-
rized in Fig. 2, the full chip RMS noise frequency is about
200 Hz, where the photocurrent (PC) buffer contributes most of
the noise (170 Hz), and eventually it concludes that the amplifier
Aj inside the photocurrent buffer dominates the whole chip noise
performance (150 Hz).
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Fig. 2. Noise distribution of a typical light-to-frequency converter chip when
a50-kHz converted pulse frequency Fogc is generated. Amplifier A1 dominates
the photocurrent (PC) buffer noise as well as the total noise.

Fig. 3. Noise model of the photocurrent buffer including the amplifier A,
transistor M1, and the total parasitic capacitor Cp.

Fig. 3 shows the noise model of the photocurrent buffer
including the amplifier A;, the long-channel NMOS transistor
M, and the total parasitic capacitor C'r (including the pho-
todiode capacitance in the level of hundred pF and the input
capacitance of the amplifier), where v412 and v,,12 are the
input-referred voltage noise power spectre density (PSD) of A,
and M, respectively. Using a PMOS transistor to implement
M, is difficult, since it changes V;, into a high impedance node
and the fast-tracking sensing feature is degraded. With a negative
feedback configuration, the output small signal of the amplifier
is directly fed back into the inverting-input through the voltage
buffer M;, where M; provides a 30-kHz bandwidth under a
500-nA photocurrent. In practice, the voltage noise power of
V, is much larger than the voltage noise at V,,, while the noise
current in rqs branch is much smaller than the transconductance
branch, then the small signal model can be simplified as expres-
sions shown in Eq. (1) and as a result, the output current noise
PSD 4,2 can be eventually derived as Eq. (2). According to the
expression, there are two methods can theoretically optimize the
output current noise. At first, decreasing the total parasitic ca-
pacitance C'r can significantly reduce the overall output current
noise. However, a smaller C'r- implies a size shrinkage of the pho-
todiode, which leads to less light-intensity sensitivity. Secondly,
ideally if the amplifier bandwidth is infinity large, 4kT/(gm.A;z2)
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' ' . .
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Fig. 4. Concept diagram of the output pulse frequency quantization noise

induced by limited operating frequency of MCUs.

noise component in Eq. (1) can be ignored. However, due to the
limited gain-bandwidth product (GBW) of A; for a low-power
design, the noise PSD introduced by M; becomes significant
at high-frequency region. Therefore, increasing the amplifier
GBW is an important method to reduce the output current noise
density, especially at high-frequency region. On the other hand,
the noise in low-frequency region (where gain of A; is very
large) is determined by s2Cp%v ;2. Thus, decreasing C and
v412 can efficiently reduce the output current noise power in
low-frequency region.

in? = gmi® [(%412 — W) A+ ’Um12:|
. (1)

R n
V2= ———
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— 2
_ 9711121)14121412 + §4kT§]m1
24 2
1+ ngl Ay

C. Noise Analysis of Pulse Frequency Quantizer

The output frequency F',. of the light-to-frequency converter
can be quantized by timer counting in the following MCU.
Fig. 4 depicts the concept diagram of the output pulse frequency
quantization noise induced by limited operating frequency in
the timer. Assuming that the rising edge of the input signal is 7’
and the next rising edge is 7, the actual period of F',¢. can be
defined by Eq. (3).

Tosc = Te - Ts (3)
Te =Tose — Ts + Te :NTQ “)

However, due to the timer quantization noise, the measured
period of the pulse signal 7, could be expressed in Eq. (4), where
Ts and T, are the quantization noise introduced by the timer.
Assuming that 75 and 7, are uniformly distributed in the ranges
of (=75, 0] and [(N-1) Tj, NT), respectively, the mean-squared
noise power of the measured period can be calculated as Eq. (5).

1 (T, 1
— de = =72 5
Tq/o x°dx 371 5)

T2 =72 =
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Fig. 5. Simulated signal-to-quantization-noise-ratio (SQNR) as a function of

the converted pulse frequency from light at a MCU timer clock of 25-MHz
frequency.

Then, the signal-to-quantization-noise ratio (SQNR) of the
quantized period could be estimated according to the powers
of measured period and quantization noise. In practice, the
obtained SQNR is expected to be higher than a minimum value
and because the smaller the period T4, the more significant
the quantization noise, the minimum SQNR can be derived as
Eq. (6). The relationship between SQNR and the pulse frequency
signal is illustrated in Fig. 5, at a typical timer clock of 25 MHz
for portable oximeter devices. If the minimum SQNR require-
ment is 60 dB, the frequency of the input signal must be limited
within 30.6 kHz, and when the quantization noise requirement
is increased to 65 dB, the input signal should be limited within
17.2 kHz.

_ B min(7T2,) 3 k ’
mm(SQNR) - 2. Tq2/3 o 5 [maX(Fosc)} (6)

III. PROPOSED LOW-NOISE LIGHT-TO-FREQUENCY
CONVERTER SCHEME

A. Proposed Low-Noise Photocurrent Buffer Scheme

Fig. 6 shows the transistor-level schematic of the proposed
photocurrent buffer, using a g,,,-boost operational amplifier A;
that can efficiently reduce noise. The fundamental circuit struc-
ture of the amplifier is folded-cascode with P-type differential
input-pair. Considering the induced stability issue due to the
high gain A, the PMOS part in the load impedance does not
have a cascode structure. On the contrary, the NMOS part in the
load impedance requires the cascode structure in order to ensure
that the drain voltage of Mg/, is clamped near 300 mV to
guarantee a zero volt input common-mode voltage. By mirroring
the bias current to M5 branch, the reference voltage V2 can
be generated through a long channel transistor M4 to provide a
DC bias for Mg 9. The proposed g,,-boost circuit is illustrated
inside the red dashed box in Fig. 6. The bias current flowing
through M4 generates a reference voltage Vi, to set DC
operating points of Mjy and M;; through two R; resistors,

respectively. In order to improve the AC transconductance of A1,
two Cy, capacitors are introduced to connect differential inputs
and gates of Mj/1;. At high-frequency region, the AC-part
of Vi, is superposed in the gate of M, /11 and as a result,
a larger equivalent g, is obtained, as shown by the AC-gain
definition in Eq. (7). According to the transistor voltage noise
model [15], the amplifier output noise can be efficiently reduced
if the input-stage g,, at the high-frequency region is increased.
It worth to be noted that, since there is no static current in Ry,
the DC operating point of A; has no change when compared
with traditional folded-cascode amplifier, which implies that the
proposed g,,-boost amplifier costs extra chip area but consumes
no additional power.

SRbe

Av = m PEE=———
! (g 2+ 1+ sRyCy

gmw) Tds5 (N

According to the simulation result, for the frequency region
below 3 kHz, the proposed g,,,-boost scheme has no effect on
noise reduction, because the capacitor Cj, can be seen as an
open circuit and the 1/f noise dominates the total noise in low
frequency. At the range of 3 kHz to 250 kHz, the proposed
scheme increases the noise PSD because of the introduced resis-
tor Ry. At the high frequency range beyond 250 kHz, the noise
PSD is effectively attenuated due to the extended bandwidth.
The total integrated noise from 100 Hz to 1 MHz is reduced
from 1.36 mVrms to 1.05 mVrms, showing more than 22%
improvement. Higher frequency noise is not taken into account
in this work, which is low-pass filtered during the photocurrent
integration. At high temperature of 85 °C, the noise reduction
of 18% is also verified.

B. Proposed Output Pulse-Frequency-Duty-Cycle
Modulation Scheme

Traditionally, Fos is the divided-by-2 converted pulse fre-
quency with 50% duty cycle, as shown in Fig. ??. In order to
limit the maximum F's. for higher SQNR, a digital process-
ing unit with pulse-frequency-duty-cycle modulation scheme
is proposed. The basic idea of this technique is to map the
output pulse duty cycle when F',¢. exceeds a certain threshold
frequency, and thus it significantly extends the sensing dynamic
range while a high frequency output can be avoided. As shown
by the schematic in Fig. 7, Flog is at first transformed into
four binary-scaled output frequencies F'y1 4 with different duty
cycles of 50%, 75%, 62.5% and 37.5%, respectively. Then,
the second digital block selects one of the four output signals
according to the comparison result with the reference frequency
Fef, as expressed in Eq. (8). For instance, the F'y; is selected
as the final output F',,; when the frequency of F'o. is less than
1/16 of the F'.o¢ frequency and Fout is equal to Foy if Flosc is
larger than F'..¢/4. The proposed digital processing unit output
frequency and its duty cycle as a function of F'o4, as normalized
to the reference frequency I',¢, are shown in Fig. 8. The output
multiplexer function is fully implemented in digital domain and
relies on the introduced stable reference frequency F'yof, which s
generated on-chip with insensitive characteristics to process and
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environmental temperature variations. Moreover, a hysteresis-
comparison mechanism should be adopted during the frequency
selection progress to avoid output frequency fluctuation.

Fol Fosc<Fref/16
F02 Fref/16§Fosc<E'ef/8

Fout: (8)
F03 Fref/8§Fosc<Fref/4

F,, otherwise

The maximum output frequency of F',,,; can be expressed by
Eq. (9). If the frequency of F'og is less than F'roe/4, F oy 1S NO
larger than F',¢f/32. Otherwise, F'oy is equal to Foy. In order
to guarantee the maximum frequency of F'y, is 30.6 kHz for
60-dB SNQR under 25-MHz timer clock, the converted pulse
frequency F'osc should be limited below 489.6 kHz, while F'q¢
is designed to be around 979.2 kHz.

Fl‘ef/32 Fosc<Fref/4
max(Fout) = )
Fosc/16  otherwise

C. Proposed Process-Insensitive Reference Frequency Source

The transistor-level schematic of the proposed process-
insensitive reference frequency source F'yf is given in Fig. 9,
which is composed of the compensation circuit and the ring
oscillator. In this work, an around 1-MHz reference frequency
is expected, operating from —25 to 85-°C environmental tem-
perature and across three main process corners [16] for the aim
of 90% wafer yield. The 2.2-V power supply for this circuit can
be generated from an on-chip voltage regulator.

The compensation circuit creates a process-dependent ref-
erence voltage by using a threshold-voltage (V1) sensing tech-
nique. The left part of Fig. 9 is a bandgap reference that provides
a proportional-to-absolute-temperature (PTAT) current I, for
the Vr sensing. Different from the previous design [17], the
proposed circuit can avoid using an operational amplifier. As

Transistor-level schematic of the proposed g;,,-boost low-noise operational amplifier A; inside the photocurrent buffer unit.

derived in Eq. (10), V} dependent on Vo which can be gener-
ated from the internal bandgap reference circuit. According to
the Spice model, when process corner increases from typical
to fast-fast (ff), the transistor Vp decreases and the electron
mobility increases, leading to larger V. Similarly, V}, decreases
if the CMOS process changes to slow-slow (ss) corner. This
process-dependent reference voltage is adopted to bias the fol-
lowing ring-oscillator.

2V log N
pinCox R (W/L)bﬁ

The reference frequency is generated using a ring-oscillator
with three stages delay elements and each one uses the simple
inverter structure to minimize the process variation. The output
reference frequency of this oscillator is given in Eq. (11), where
Cy is the total load capacitance of each delay element. V gy ing is
the output voltage swing. The key to generating a constant output
frequency is to get an accurate current with temperature and
process independence. Since V}, and the self-excited oscillator
frequency have inverse coefficients of the process corner and
temperature, the output frequency F'¢f can be compensated
and just remains a small residual variation. Fig. 10 shows the
simulated 1-MHz F'..; with the proposed compensated ring-
oscillator structure under different process corners and temper-
atures, which indicates that the frequency variation is able to
keep within 5% in the range of —25 to 85 °C.

LinCoxW (Vdd — Vi — Vithy)?
L 600 ‘/swing

(10)

%—VMW%¢

Fref = (11)

IV. MEASUREMENT RESULTS

A. Light-to-Frequency Converter Chip Measurement Result

The proposed light-to-frequency converter chip is imple-
mented and fabricated using 0.35-ym CMOS process. Fig. 11
shows the chip microphotograph. The total chip areais about 1 X
0.9 mm? with on-chip 7 x 7 Nwell-Psub photodiode array which
are shorted in parallel. About 24000 dies in each 8-inch wafer
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Fig. 7. Digital processing schematic of the proposed pulse-frequency-duty-
cycle modulation scheme.

using 80-um standard scribe line width is able to be produced and
the yield is about 91%. A colorless resin package is adopted with
a side-looker lens and 98% transparency [18]. The wafer-level
measurement for verifying the process variation is performed by
testing the output frequency deviations under a typical condition
of 20-kHz mean output frequency. According to Fig. 12, the
normalized output frequency variations are between +5% and
—4% with approximately Gaussian distribution.

The intrinsic noise performance of the proposed chip is
characterized by measuring the frequency jitter of F,¢. using
a Keysight oscilloscope MS0O9254A. Fig. 13 shows the mea-
surement setup. A stable LED light source and a light integrating
sphere are adopted when testing the chip performance. As shown
in Fig. 14, the typical random jitter frequency of the proposed
light-to-frequency converter at 100-kHz output is about 156 Hz

Digital blockl [ Fo2 o Fout

Output frequency F,, (KHz)

Fou duty cycle (%)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Normalized pulse frequency Fose (Frer)
(b)

Fig. 8. Digital processing unit output frequency Foy+ (2) and its duty cycle (b)
as a function of the converted pulse frequency Fsc normalized to the reference
frequency Fief.

Vdd = 2.2V from on-chip LDO

Vier
Vr sensing

My My
Rui 1
Ib -
Ql @ N
Fig. 9. Transistor-level schematic of the proposed process-insensitive 1-MHz

reference frequency source for F';..¢ generation with compensated ring-oscillator
structure.

in standard deviation (referring to a 56.1-dB SNR), which is
calculated with about 1000 continuous output cycles, while the
peak-to-peak frequency deviation is about 1.24%. The measured
SNR results of Fog as a function of its frequency from 50 Hz to
near | MHz is illustrated in Fig. 15. According to the comparison
between the proposed design (blue line) and the previous design
(red line), the peak SNR is about 60 dB and a 9-dB SNR
improvement is achieved at 10-kHz typical output oscillation
frequency, which is expectedly benefited from three aspects:
first, the proposed low-noise photocurrent buffer reduces the
output random jitter noise of about 3 dB; second, the transistor
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Fig. 11. Fabricated chip microphotography of the proposed g,,-boost low
noise light-to-frequency converter with 1 x 0.9-mm? die size.

width of the input-differential pair in the photocurrent buffer is
increased from previous 300 xm to 1 mm (with the same 500-nm
transistor length) to reduce the flicker noise; third, the layout
of this work is improved compared with the previous design
with a larger decoupling capacitor and grounded guard-ring for
each analog unit. It shows the previous design has smoother
SNR response than the proposed design, which implies that the
environmental interference light during the chip test causes the
noise change since the proposed design has much smaller noise
floor.

The functionality is proven by measuring the transient wave-
forms of both F'os. and F, 4. As shown in Fig. 16, the original
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Fig. 12.  Measured normalized output frequency deviations among 24000 dies
in a wafer with 20-kHz mean frequency.
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Fig. 13. The measurement setups for the chip testing using light integration
sphere and the blood SpO2 sensing system testing.

[Acquisition is stopped.
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Frequency(1e)
166.61472 kHz

1.047 k

Fig. 14. Measured transient output F'os. waveform at 100-kHz frequency with
156-Hz standard deviation jitter noise.

pulse frequency Flos. (upper line) is 500 kHz with 50% duty
cycle, while the modulated final output frequency F'o¢ (lower
line) becomes 37.5% duty cycle. The random jitter is reduced
from 1 kHz to only 13.7 Hz due to the low-pass filtering effect
benefiting from the digital frequency divider, which refers to an
output SNR of 66 dB increasing from 54 dB as indicated by the
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s

MRARhEbAbbbkbabkbabbbbbbbL LEELELLLLRELLLLLLLLELL L LR L LA LLLLELE L ELLE LI L UL

(I L Itk Ll LU I ! \
ubuid 7m G O e

encyi
Current  31.320356 kHz
Mean ? 31.311365 kHz
Min ? 31.260186 kHz

Max 7 31.359171 kHz
Std Deviation 7 13.7893936 Hz
Number of Meas 1.119 k

1.126 k

Fig. 16. Measured transient output waveforms for 500 kHz 50% duty cycle
Fosc (upper line) and divided-by-16 final output frequency 37.5% duty cycle
Fout (lower line), as well as their standard deviation jitter results, proving a
significant noise reduction.

SNR improvement expression in Eq. (12).

F,
SNR;, = 10log (0*‘3) (12)

F, out

The noise performance as a function of the power supply
voltage from 2.4 to 3.3 V is measured, as shown in Fig. 17.
When the supply voltage is larger than 2.6 V, output SNR is
almost constant above 53.5 dB. As the power supply becomes
below 2.6 V, for example because of battery-low, the obtained
signal quality obviously deteriorates and the 1-dB SNR voltage
corner happens at 2.4 V, where the SNR drop at lower power
supply is mainly due to the limitation of amplifier’s operating
voltage range. Since the adopted transistors in this work are 5-V
thick-gate-oxide types, the acceptable operating supply voltage
covers the range from 2.4 to 5.5 V. The output frequency dynamic
range is measured under different incident light irradiance at

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 14, NO. 5, OCTOBER 2020

54.2

54

53.8

53.6

Fowe SNR (dB)
S
N

53.2

53

2.6 2.7 2.8 2.9 3 3.1 3.2 3.3
Power supply voltage (V)
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incident light irradiance.

room temperature, as shown in Fig. 18. It indicates that the
output linear range covers from 10 Hz to 1 MHz, which refers
to 100-dB linear dynamic range of the output frequency. Table I
summarizes the detailed performance of the proposed chip and
the reference designs. The additional current consumption and
chip area due to the proposed design are is 12% and 15%,
respectively.

B. Blood SpO+ Sensing System Measurement Result for
Hypoperfusion Applications

To implement a portable blood oximeter prototype, a typical
3-V battery voltage source is firstly boosted and then linearly
regulated down to 3.3-V supply for both the MCU and the pro-
posed device-under-test (DUT). Both 660-nm red and 905-nm
infrared LED light sources are used in parallel, while the LED
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TABLE I
SUMMARY AND COMPARISON OF THE LIGHT-TO-FREQUENCY CONVERTER CHIP MEASUREMENT RESULTS
SPECIFICATION T-ED 2016 T-BIOCAS 2019 T-ED2013  J-SSC2014  Sensors ISSCC 2017 SENSOR J. THIS WORK
[71 [16] [19] [20] [22] [23] [24]
CMOS Process 350 nm 350 nm 180 nm 180 nm 180nm 180nm 700nm 350 nm
Supply Voltage 25V~55V 2.5V~55V 12V25V 05V 33V 0.15V~0.36V 33V 24V-55V
Operating Temp. ~ -40~125°C 25~80°C Upto70°C  -40~125°C  -20~80°C -25~85°C
Supply Current 0.5 mA 1.9 mA @500kHz Fo =~ --- 8 A - <3.6nA 0.3 mA 1.6~1.8 mA
0.7 mA @25kHz Fo
Sensitivity 550 Hz/uW/cm? 2.2 kHz/pW/cm? 85 Hz/lux 4 nA 115 pA/lux - 280 Hz/nA 2.2 kHz/uW/cm?
Dynamic Range Linear 126 dB Linear 100 dB 124 dB 58 dB - >140dB - Linear 100 dB
SNR @ 500kHz Fo ~ --- 39dB - - 50.5dB~ - - 54dB before
modulating
52.64dB
66dB after
modulating
Step Response >=10 cycles <=2 new cycles -—- -—- - --- --- <=2 new cycles
Settling Cycles
Temperature Co. - +/-205 ppm/°C - - - --- --- +/-200 ppm/°C
AFo @2.7V~55V  +/-1% +-1% +-1%
Chip area (mm?) 1.02x 0.83 1x0.9 1.63 x 1.63 0.76 x 0.45 Ix1 0.25x 0.07 1x0.9
switching is realized by controlling the flowing direction of the 1 ‘ ‘ 1© ‘ +—r -
. . . . = | | | | |
LED current. An industrial 32-bit ARM Cortex-M3 MCU is E w w \ \ \
. . =4 | | | | |
used for photoplethysmography (PPG) signal procession and S 05 -——-— R Lo [ Ao I
.. . . . . an | | | | |
LED driving. A resistor R, in-series is adopted to attenuate g \ \ \ \ \
e . . . o | | | | |
the LED curre.ant, thus the émlttmg light 1ptens1ty can be con- % " S N (O S RN
trolled according to the resistance. To verify the micro-system bt w \ \ | |
. . . S [ [ [ \ \
functionality of the blood SpOs sensor using the proposed 5 s w w ! | |
. . . o 0.5 ———-— H4-——=-= t-———== --—- —3% PR—
light-to-frequency converter, a Fluke index 2 pulse oximeter -} | | i © == TR
) | | | PI=0.1%, PR = 75b|
tester is adopted as the golden standard [21]. The SpOs error . I I I * il
: : - ‘ i ‘ —+o0le——o
as a function of the golden standard SpOs is measured, under Yo 50 60 70 80 90 100
conditions of 3% PI, 75-bpm PR and 0.1% PI, 75-bpm PR, SpO: (%)
respectively, as demonstrated in Fig. 19.a, which proves that the . ) @
measured SpOs, in the range from 40% to 100%, has an absolute | . | | |
. q . | | | |
sensing error within 1-percentage-point. The pulse rate can also - | | | !
. £ 05l ————_ [ d_ e Lo |
be correctly sensed by the proposed light-to-frequency converter & | | I I
. . . . = | | | |
chip with an absolute sensing error of 1 bpm, under conditions g | | | |
. | | |
of 96% SpOa, 3% PI and 96% SpO-, 0.1% PI, respectively, as s T -®ePOCOGO+e [ - ---[---—- B 4
. . < | | | |
shown in Fig. 19(b). 5 | | | |
In order to estimate the minimum measurable perfusion index 2 05F-————+ ————— 4-————- o $p00=96% PI= 0
.. . . . | | | B A B 2T
condition, two f:xperlments gre .carrled. out. First, the SpOq | | | v spou-oenpi-01%
error as a function of perfusion index is measured as shown A \ Lo \ I
- . 0 50 100 150 200 250
in Flg 20(a), under 75-bpm pulse rate gnd d1ffer'ent SpO2 Pulse rate (bpm)
conditions of 30%, 60% and 90%, respectively, which proves (b)
that the absolute SpOs sensing error is within 2-percentage-point
while the minimum measurable perfusion index condition is Fig. 19. Measurement results of: (a) SpOq errors as a function of the golden

0.06%. Second, the SpO, error as a function of perfusion index,
under 90% SpO- and different pulse rate conditions of 30 bpm,
120 bpm and 250 bpm, respectively, is measured as shown in

standard SpO2 under conditions of PI = 3%, PR = 75 bpm and PI = 0.1%,
PR = 75 bpm, respectively; (b) pulse rate errors as a function of the golden
standard pulse rate under conditions of SpO2 = 96%, PI = 3% and SpO2 =
96%, P1 = 0.1%, respectively.
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Fig. 20. Measurement results of (a) SpOq errors as a function of perfusion

index, under different SpO2 conditions of 30%, 60% and 90%, respectively.
Minimum measurable perfusion index condition of 0.06% is proved and (b)
SpOa errors as a function of perfusion index, under different pulse rate conditions
of 30 bpm, 120 bpm and 250 bpm, respectively. Minimum measurable perfusion
index condition of 0.06% is proved.

Fig. 20(b), which proves that the SpO, sensing error is within —2
to 1-percentage-point while the minimum measurable perfusion
index condition is also 0.06%. The sensing results under lower
perfusion index condition are unstable. If the PI condition is
lower than 0.02% such as medical treatments for pets or infants,
the sensor SNR should be higher than 90 dB, which can be
realized by a high resolution XA ADC.

V. CONCLUSION

This paper presents a low-noise light-to-frequency sensor.
Two noise reduction techniques are introduced that are low-
noise photocurrent buffer with transconductance-boost (g,,-
boost) circuit structure and digital frequency limiter using
pulse-frequency-duty-cycle modulation. The proposed light-to-
frequency sensor chip is silicon-proven with 0.35-pm CMOS
process and the overall chip area is 1 x 0.9 mm? while the
total current consumption is 1.8 mA from a 3.3-V power sup-
ply. The measurement results show that the SNR of a typical
output frequency increases from 50 dB to 59 dB while the
frequency divider can contribute an additional 12-dB peak SNR
improvement. For the 9-dB improvement, 2-3 dB stem from the
gm-boosting and the other 6dB from improvements in layout
that are standard practice. The additional current consumption
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and chip area are 12% and 15%, respectively. In-system experi-
mental results show that the minimum measurable PI using the
proposed blood SpO- sensor could be as low as 0.06%, which
shows the advancement for portable sub-0.1% hypoperfusion
blood oximeter applications.
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