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Abstract—This paper introduces a pulse oximeter front-end
with low-noise area-efficient offset cancellation current digital-
to-analog converter (DAC). The proposed offset cancellation
current DAC is implemented to cancel the input DC current to
improve the effective dynamic range (DR). The current DAC is
designed to have low-noise and area-efficient characteristics by
applying the dynamic element matching technique and reducing
the number of idle current mirror transistors. It can generate a
current of up to 256 pA. Due to the offset cancellation of the
current DAC, the proposed pulse oximeter has a signal-to-noise
ratio of 77.4 dB and an effective DR of 133.3 dB. The pulse
oximeter front-end is designed in 0.13 pm CMOS and consumes
3071 pW from a 1.65V supply. The figure-of-merit is
0.81 pJ/Sample.

Keywords—Analog front-end (AFE), pulse oximeter, current
digital-to-analog converter (DAC), area-efficiency, wide dynamic
range (DR)

I. INTRODUCTION

In recent years, various wearable devices that can monitor
health status have been developed as interest in health
problems increases due to the influence of pandemics [1].
Almost all the latest smart wearables and fitness trackers
support pulse oximeters. A pulse oximeter is a non-invasive
method to monitor blood oxygen saturation and pulse rate in
real time. The pulse oximeter illuminates the skin and
measures the amount of reflected light to obtain oxygen
saturation [2].

The light reflected from the skin contains a DC offset
signal. It is caused by various sources including ambient light
and non-pulsatile structures of a body. To address the DC
offset of the input signal, an offset cancellation current digital-
to-analog (DAC) has been used in a pulse oximeter analog

front-end (AFE) [3]-[5]. The bidirectional current DAC

subtracts the DC input signal, which accounts for most of the
pulse oximeter input. Canceling the DC signal enables AFE
reading out of small signals of interest, thereby improving the
dynamic range (DR) of the AFE. However, as the amplitude
of the DC signal to be subtracted increases, the area occupied
by the offset cancellation current DAC also increases. In
addition, since the current DAC is placed ahead of all other
conditioning circuits and directly connected to the input signal
path, the considerable noise of the current DAC can
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significantly worsen the signal-to-noise ratio (SNR) of the
pulse oximeter system.

Several works about implementing the current DAC have
been proposed [6], [7]. Chopper switches have been used to
apply the dynamic element matching (DEM) technique in the
current generator to average mismatch errors and lower the
flicker noise [6]. However, the flicker noise of the biasing
transistors in the reference current branches is multiplied
because only current-mirror branches are chopped. A current
generator that rotates the transistors of current-mirror
branches and those of reference current branches for DEM has
been proposed [7]. By including the biasing transistors of the
reference current branches in DEM operation, the flicker noise
of the biasing transistors has also been mitigated. However,
when the digital control codes are set to generate a multiplied
current smaller than its maximum capability, some current
branches are inevitably idle. These idle current branches can
help to generate the desired output current to save chip area.

This paper presents a pulse oximeter with low-noise area-
efficient offset cancellation current DAC. The proposed
current DAC can significantly reduce the number of total
transistors by reducing the number of idle current mirror
transistors. In addition, the DEM technique attenuates the
flicker noise of the current DAC, improving the noise
performance of the pulse oximeter. Implemented in 0.13 pm
CMOS, the proposed pulse oximeter has a DR of 133.3 dB
with a DC input current compensation of up to 256 pA.

Section II explains the operating principles of the pulse
oximeter. The system architecture is outlined in Section III.
Next, circuit implementation is described in Section IV. Pre-
layout simulation results are presented in Section V and
conclusions are provided in Section VI.

II. OPERATING PRINCIPLES

Hemoglobin (Hb) in the blood binds to oxygen and carries
it to organs and tissues in the state of HbO,. The saturation of
partial pressure oxygen (SpO>) is obtained by measuring the
ratio of HbO, and Hb in the blood. To this end, the
photoplethysmography (PPG) method is used, which
transmits light of different wavelengths and detects the
amount of light reflected from the body. It mainly uses red
light of 660 nm wavelength and infra-red (IR) light of 940 nm
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Fig. 2. Timing sequence used on pulse oximeter.

because HbO, and Hb have significantly different absorbance
at these two lights [8]. Hb has a higher absorption rate for red
light than HbO,, while the absorption rate for IR light is lower.
Some unabsorbed rays are reflected and converted to current
signals via a photodiode (PD). The receiver's AFE and analog-
to-digital converter (ADC) convert these currents to digital
signals.

The current signal reflected from the blood vessel consists
of large DC and small AC components. The AC component
generated by blood circulation changes over time, while the
DC components from the skin, tissue, and venous blood are
relatively constant. SpO, can be obtained through the ratios of
the AC component and the DC component, which are
measured with the red light and the IR light:

Sp0, = 110 — 25 x (@ ﬂ) [%] (1)

DCrep’ DCir

where ACrep, DCrep, ACr, and DCir are the AC and DC
components of the red light and the IR light, respectively [9].
Typically, a value of SpO, is 95-100 %, and if it is less than
85 %, it may be a sign of severe hypoxemia [10].

III. SYSTEM ARCHITECTURE

Fig. 1 shows the structure of the pulse oximeter system.
The pulse oximeter consists of a driver circuit for light-
emitting diodes (LEDs), a read-out integrated circuit (ROIC)
that receives the current signal from the photodiode, a digital
back-end, and peripheral blocks. The LED driver can support
two LEDs, and each LED current can be driven up to 200 mA
through an 8-bit current control signal. Due to the differential
2-to-1 multiplexer (MUX), up to 2 photodiodes are supported.

A trans-impedance amplifier (TIA) which works as an I-V
converter, converts the photodiode current signal to a voltage
signal. To support the programmable gain functionality,
feedback resistors (Rg) are controlled from 10 kQ to 2 MQ by
a 4-bit signal. Choppers at the input and the output of the
amplifier reduce the amplifier’s low-frequency noise.
However, the large DC portion of the current signal limits the
gain of TIA, resulting in DR degradation. The proposed low-
noise arca-efficient offset cancellation current DAC is
implemented to subtract most of the DC signal. This allows a
TIA gain of 2 MQ improving the DR. TIA output voltage is
sampled and held by duty-cycled low-pass filters (LPFs).
These 4-channel anti-aliasing filters are for noise reduction
and sample and hold (S&H) operation. In addition to the
reflected LED light, the light entering through the photodiode
has ambient light from a light source in the external
environment. The duty-cycled LPF should be configured as a
4-channel to eliminate the effect of ambient light by
measuring both reflected and ambient light signals.

Fig. 2 shows the timing sequence for pulse oximeter
operation. First, after the LED driver turns on the red LED, the
switch SP; is closed to sample the reflected red light signal at
the sampling capacitor (Cs;) of the 1% LPF. Then, the red LED
is turned off, SP; is open, and SP; is closed to sample the
ambient light signal at Cs; of the 2" LPF. In the same way, IR
light and ambient light signals are sequentially sampled by the
3 and 4 LPFs using SP; and SP, switches. Meanwhile, the
sampled signal is converted to a 24-bit digital signal with the
following buffer, incremental delta-sigma modulation (I-
DSM) ADC, and a decimation filter. At the same time, another
LPF block is being used for sampling. CV| is set to high, and
the voltage signal sampled at Cs; is converted by the [-DSM
ADC and stored in the FIFO register, while the 2™ LPF
samples the ambient signal. In the digital back-end, the valid
red light signal can be obtained by subtracting the digital code
of the CV, phase from the digital code of CV;. A valid IR
signal can be obtained with the identical process explained
above. After the above 4-channel sample and conversion
process, AFE is powered down for power efficiency. The
active and sleep phases are repeated every pulse repetition
period (PRP).

In addition to the blocks mentioned above, the pulse
oximeter has an internal oscillator, several digital controllers,
12C/SPI interfaces, and peripheral blocks, including bandgap
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Fig. 3. Architecture of the proposed offset cancellation current DAC.

reference, low-dropout regulator (LDO), and reference
generator block for stable supply voltage and bias currents.

IV. BLOCK IMPLEMENTATION

A. Offset Cancellation Current DAC

Fig.3 shows the structure of the proposed offset
cancellation current DAC. The switch controller controls six
switching blocks to generate the desired current output. The
switching blocks receiving the S1 signal from the switch
controller utilize all transistors in the current mirror no matter
what amplitude of the desired output current is needed. Two
current outputs generated by the switching block which S1
controls are calculated as follows:

IRZ =nX IREF and IR3 = (N - n) X IREF (2)

for 0 £ n < Nand N > 2. Iz and Irs are applied to different
switching blocks that S2 controls, and the output currents
generated from the switching blocks, Io; and Io, are
calculated as follows:

IOI =nX (m + 1) X IREF and (3)
lop = (N —n) X m X Irgp “)

for0 < m £ M and M 2> 2. The current flowing through the

positive output of the current DAC, Iop, is the sum of lo; and
oz and is expressed as follows:

IOP = (N Xm + n) X IREF' (5)

Similarly, the negative output of the current DAC (Ion), which
has the same magnitude as Iop and the opposite polarity, can
be obtained.

The proposed current DAC can generate output current up
to NX(M+1) times Irgr. The total number of transistors used
in the proposed current DAC is (N+2XM). In contrast, a
conventional unary coded current DAC, which is designed to
generate the same output current, uses NX(M+1) transistors.
In the proposed DAC, N and M are chosen to be 16 and 7,
respectively, so it can output up to 128 times Irgr. The
conventional current DAC requires 128 transistors to have
same output current capability, whereas the proposed current

lo1 = lo2 =
nx(m+1)X lrer

(N—n)x mx Iger

DAC requires only 30 transistors. By implementing the
proposed current DAC, the total area of the current DAC
including switching blocks is saved by 35.9 %.

Meanwhile, the noise of the current DAC consists of the
thermal noise and the flicker noise. Since the flicker noise of
the transistor is inversely proportional to the size of the
transistor, DEM is applied to the switching controller. DEM
technique reduces low-frequency noise as well as mismatches
among unit elements. The flicker noise of the transistors is up-
modulated by DEM and removed by the following duty-
cycled LPF.
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B. Duty-cycled LPF

The 4-channel duty-cycled LPF consists of resistors,
sampling capacitors, and the switches SP; and CV; for
sampling and conversion phases, as shown in Fig. 1. The
resistors with SP; have been used to realize a very low
bandwidth of the filter [11]. When the resistance of Rg is
1.25 MQ, the equivalent resistance of 20 MQ can be obtained
with the duty-cycled operation. The equivalent resistance, Req,
is calculated as follows:

Req = Rs/D = R/ (2242 ©)

where D is the duty of the LPF and Tsawmp is the time for the
sampling phase. Due to the area-efficient duty-cycled LPFs,
the modulated flicker noise of the current DAC can be
effectively removed.

V. SIMULATION RESULTS

The proposed pulse oximeter front-end was designed in
0.13 um CMOS technology and verified in pre-layout
simulations. Fig. 4 shows the output of the offset cancellation
current DAC over multiple output range settings. The current
output range can be switched by changing the magnitude of
the reference current (Irer), and the current DAC output is
controlled using 8-bit signals at each output range setting. In
fig. 5, the input-referred noise of the offset cancellation
current DAC without and with DEM is compared with that of
conventional current DAC when the output current is set to

TABLE L. COMPARISON WITH THE CURRENT STATE OF THE ART

This
Work VLSI [3] SSCL [4] JSSC [5]
Technology 0.13 pm 0.18 pm 0.18 um 0.13 pm
Supply (V) 1.65 12/33 1/25 1.5/2.5
Pulse
Repetition 100 Hz 512 Hz 100 Hz 600 Hz
Frequency
be 256 pA 200 28.2 A 10
Cancellation K KA “K KA
Effective DR
(dB) 1333 119 92.7 112
Gain (Q) 10k - 2M 5k - 4M - 19k - 90M
LED Duty
cycle (%) 44 - 10.24 1.7
AFE Power
307.1 89 8.1 340
(uW)
FOM
(pl/Sample) 0.81 0.24 2.3 1.74

6 pA. The flicker noise of the proposed current DAC without
DEM doesn't differ much from that of the conventional
current DAC. However, it can be seen that the flicker noise is
decreased significantly after applying DEM to the proposed
current DAC. The reason is that, as mentioned above, the low-
frequency noise of the current DAC is up-modulated and then
attenuated by following duty-cycled LPF. The simulated DNL
and INL of the proposed current DAC are + 0.329 LSB and +
0.647 LSB, respectively.

Fig. 6 (a) shows the power spectrum density of the AFE
when DC and AC input of 800 Hz is applied. The amplitude
of the offset cancellation current DAC is set to the same value
as the input DC current from the PD to compensate for the
input DC current. An SNR of 77.4 dB is achieved when both
input DC and DAC currents are zero. It decreases as the DAC
current is set to a more considerable value due to the noise of
the DAC current. The effective DR of 133.3 dB is shown in
Fig. 6 (b). The effective DR of the AFE goes to its maximum
point when the DAC current and the gain of the TIA are set to
a maximum value.

The overall performance of the proposed pulse oximeter
front-end is compared with several CMOS PPG sensor AFEs

with DC cancellation current DAC [3]-[5] in Table I. The

proposed AFE with low-noise area-efficient current DAC
cancels an input DC current to secure a wide effective DR. It
also achieves Walden’s figure-of-merit (FOM) of
0.81 pJ/Sample, which shows a competitive performance.

VI. CONCLUSION

This paper presents a pulse oximeter front-end with low-
noise area-efficient offset cancellation current digital-to-
analog converter (DAC). The pulse oximeter consists of a
LED driver, a read-out integrated circuit (ROIC), an internal
oscillator, digital controllers, I2C/SPI interfaces, and
peripheral blocks. The proposed current DAC can cancel the
input DC current up to 256 pA while using only 30 transistors
for current mirrors. Also, the flicker noise of the current DAC
is effectively reduced by applying dynamic element matching
(DEM). Due to the offset cancellation of the current DAC, the
proposed pulse oximeter has a signal-to-noise ratio (SNR) of
77.4 dB and an effective dynamic range (DR) of 133.3 dB.
The pulse oximeter front-end is designed in 0.13 pum CMOS
and consumes 307.1 uW from a 1.65 V supply. The figure-of-
merit (FOM) is 0.81 pJ/Sample.
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