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Adaptive Pulse Width Control and Sampling for Low
Power Pulse Oximetry

Sagar Venkatesh Gubbi and Bharadwaj Amrutur, Senior Member, IEEE

Abstract—Remote sensing of physiological parameters could be
a cost effective approach to improving health care, and low-power
sensors are essential for remote sensing because these sensors are
often energy constrained. This paper presents a power optimized
photoplethysmographic sensor interface to sense arterial oxygen
saturation, a technique to dynamically trade off SNR for power
during sensor operation, and a simple algorithm to choose when
to acquire samples in photoplethysmography. A prototype of
the proposed pulse oximeter built using commercial-off-the-shelf
(COTS) components is tested on 10 adults. The dynamic adapta-
tion techniques described reduce power consumption considerably
compared to our reference implementation, and our approach is
competitive to state-of-the-art implementations. The techniques
presented in this paper may be applied to low-power sensor
interface designs where acquiring samples is expensive in terms of
power as epitomized by pulse oximetry.

Index Terms—Design-space analysis, low-power, pulse oximetry,
SpO2, tracking-loop.

I. INTRODUCTION

NFANT mortality in rural India is substantially higher than

in the developed world [1]. The Remote Neonatal Intensive
Care Unit (RNICU) Project aims to provide affordable health
care in rural areas by monitoring various physiological param-
eters of neonates, remotely [2]. To remotely monitor physio-
logical parameters, it is desirable to have sensor nodes that are
small and discreet, and the battery powering those nodes would
therefore be of limited capacity. To reduce the frequency of bat-
tery replacement, a sensor node that consumes as little power as
possible has to be designed.

Arterial oxygen saturation is an important physiological pa-
rameter in modern medicine [3]. Pulse oximeters are commonly
used in intensive care units, sleep studies, neonatal care etc.
[3]-[6]. Low-power pulse oximeters are useful for remotely
monitoring heart rate and oxygen saturation [7]-[14].

In this paper, we present a novel low-power pulse oximeter.
First, we propose a photocurrent detector architecture that uses a
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time-to-digital converter (TDC) and perform design-space anal-
ysis to optimize the circuit parameters. Second, we describe a
technique to estimate SNR of the captured photoplethysmogram
and use this information to dynamically adjust the LED on-time.
This reduces power consumption by operating the sensor at just
sufficient SNR. Third, we propose a simple algorithm that re-
duces the number of samples required, thereby reducing power
consumption. Finally, we evaluate power benefit of the pro-
posed dynamic adaptation techniques.

There have been numerous efforts in the past to reduce power
consumption in pulse oximetry. A photodiode structure that
lowers power consumption in the photodiode interface circuit is
proposed in [15] and a method to optimally size the photodiode
is described in [16]. Our work, however, is about designing a
low-power interface circuit for a given photodiode. The authors
in [17], [18] argue that low power analog circuits are suitable
for sensing physiological parameters. A recently proposed
photodiode interface circuit targeted to pulse oximetry uses
energy efficient transimpedance amplifiers and is a completely
analog design [19]. In contrast, the photodiode interface we
propose is more digital in nature and employs a time-to-digital
converter (TDC). A switched integrator has been used in [20]
to reduce noise. Our work complements this design to further
reduce power consumption. Although our implementation is
similar, it differs in subtle ways. The idea of dynamically
reducing power consumption based on the characteristics of
the acquired plethysmogram has been claimed in [21]. We
propose a way of accomplishing this and measure the power
conserved. In [22], compressive sensing is used to minimize
power consumption by reducing the number of samples ac-
quired. However, existing photodiode interface circuits use
analog band pass filters that do not easily permit sub-Nyquist
sparse random sampling, which is necessary for compressive
sensing to effectively reduce power. Our work addresses this
issue, and the proposed architecture can acquire samples at
arbitrary time instants. A trade-off between noise performance
required of the photodetector circuit and the duration for which
the LED is turned on for each measurement is shown in [23],
[24]. We extend this by proposing a power model for opamps
in terms of their noise performance. Using this, we optimize
the trade-off between burning power in the LED versus the
front-end amplifier.

The rest of this paper is organized as follows. First, we briefly
review the principle behind pulse oximetry. We then present the
proposed photodetector architecture. Next, we describe how it
is optimized for power. Section 4 presents a technique that dy-
namically lowers the duration for which the LED is turned on,
and proposes a simple algorithm that further decreases power
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Fig. 1. Photodetector architecture. C'y is the parasitic capacitance across the photodiode.

by reducing the number of samples that are acquired. We then
evaluate the performance of the proposed pulse oximeter in Sec-
tion 5. Finally, Section 6 concludes the paper.

II. BACKGROUND

Oxygen saturation is the percentage of haemoglobin in the
blood that is oxygenated. If [Hb] is the concentration of de-oxy-
genated haemoglobin in the blood and [HbO5] is the concentra-
tion of oxygenated haemoglobin, then

[HbO,]

PO )+ [1.0;]

Q)

Pulse oximetry is an optical technique to measure arterial
oxygen saturation which takes advantage of volumetric pulsa-
tions in the arteries as the heart pumps blood. Light from an
LED is transmitted through a body part, usually a finger or an
ear lobe, and the intensity of the light that passes through to the
other side is measured using a photodiode. From [3], the nor-
malized absorption ratio R is calculated as

R—
by,

2
where the perfusion P is the ratio of AC to DC of the corre-
sponding plethysmogram for red and infra-red wavelengths

I d(ac)

p=7
Ipd(dc)

(€))

Here, I,,4 is the received photocurrent. Substituting absorp-
tion coefficient values from [3] gives

0.81 —0.18R

Sp0, = —o- — - Of
P2 = 063+ 0.11R

x 100%. @)

In practice however, SpQ, is assumed to be a linear function
of R as in

SpO, =a — bR (%)

where a and b are constants obtained by calibration.
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Fig. 2. The red and IR LEDs are alternately flashed once every 5 ms, and for
each photocurrent measurement the LED is kept on for a duration ., whose
precise value depends on the photocurrent at that time.

III. PHOTODIODE INTERFACE CIRCUIT

A. Proposed Architecture

The receiver circuit we propose is shown in Fig. 1. To acquire
a sample, the analog circuitry and the TDC are powered up, one
of the LEDs is turned ON, and the switch S1 is opened. The
first stage is a current integrator which converts the photocur-
rent to a voltage ramp. The amplified ramp is then thresholded
against two voltage references. Finally, a time-to-digital con-
verter (TDC) measures the difference between the times when
the amplified ramp hits the two reference voltages. After the
measurement is recorded, the LED, the entire analog circuitry,
and the TDC are powered down to save power. Fig. 2 shows this
process and Fig. 3 illustrates the output we expect from the TDC
for one of the channels (red or IR). It is a discrete time wave-
form with samples separated by 10 ms. To acquire each sample,
the switched integrator in Fig. 1 accumulates photocurrent for
a duration that typically lasts a few hundred microseconds, and
the measurement made by the TDC is recorded. As illustrated in
Fig. 3, the recorded plethysmogram has a large DC component
Lide(de) @and a small AC component ¢ige(ac)-

Suppose that the circuit starts to acquire a sample at £ = 0.
The output of the first stage is

Ing

i) =

Q)

where I,q is the photocurrent. This is amplified by the second
stage to give

I
Va(t) = A2y

“ )
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Fig. 3. Illustration of the output of the TDC. The samples in this discrete
time waveform are separated by 10 ms. The heart rate is exaggerated in this
illustration.

where A is the gain of the second stage. After thresholding, the
TDC measures

bae = tyo — oy = S5V, ®)

rl — m
where 8V, = V2 — V1. t,1 and t, are the instants when V(%)
crosses V.1 and V. respectively. Thus, t;4. is inversely pro-
portional to the photocurrent [25]. It can be shown that (Ap-
pendix A) the perfusion is

t clac
p — _tde(ac)
trde(de)

)

Even if the photocurrent I,,; is a constant, the output of the
TDC will exhibit variance due to noise. This is illustrated in
Fig. 4. To quantify the effect of noise, we define signal-to-noise
ratio (SNR) of the acquired plethysmogram as follows [23].

ttdc(ac)

Otdc

SNR = (10)
where g4, is the standard deviation of the jitter in the output of
the TDC due to noise. It can be shown (Appendix B) that

2
Ipd(ac)

202 A2 12 Wnp 2 I
2 in,n ' N*pd(de)“"” pd,n?pd(de)
A ( 52 ) +A( cav, )
(11)

where Ay = 1+ (Cy)/(C) is the noise gain of the first stage,
vfzmn is the input referred noise spectral density of the opamp
used for the switched integrator, wy, = (wugs)/(An) is its
noise bandwidth and w3 its unity gain bandwidth, and izd‘n
is the photocurrent noise spectral density.

We employ a switched integrator front-end because it gives
a simple way to control the duration of photocurrent measure-

ment. The gain of the second stage can be digitally controlled

SNR? =

tref'l tref2

Fig. 4. Noise in the ramp is reflected as jitter in the output of the TDC.

(but the two reference voltages are held fixed). This allows
a control algorithm to analyze the acquired photoplethysmo-
gram and adjust the gain, A, to dynamically trade-off SNR
for measurement duration [(11) and (8)]. This reduces the
power consumption since measurement duration determines
the percentage of time for which the LED and the circuitry are
powered.

In the proposed circuit, the amplified ramp is thresholded
against two references, and the difference between the times
when the ramp crosses these two references is measured. This
suppresses the effect of 1/f noise in the integrator stage, which
can be severe because of the very low signal frequency involved
(0.5-6 Hz). This is similar to correlated double sampling [26].
However, only the 1/f noise from the amplifiers (and not due
to the comparator) is suppressed. Comparator 1/f noise has a
smaller effect on SNR because the signal would have under-
gone substantial amplification before reaching the comparator.
Furthermore, since the power supply to the entire analog circuit
is duty cycled, 1/f noise gets further suppressed [27]. Moreover,
TDC measurements at the peak and trough are subtracted to ob-
tain £;qc(ac), Which suppresses comparator 1/f noise below the
heart rate.

Another aspect of the proposed circuit is that the LED cur-
rent is fixed so as to enable the LEDs to always operate at their
highest efficiency (luminosity per unit current). This is in con-
trast to implementations such as [19], [28], and [20], that con-
trol the current so that the DC value of the red and IR photo-
plethysmogram are equal to some pre-determined value. By op-
erating each LED at its maximum efficiency point and control-
ling only the duty cycle, we not only save power but also elim-
inate one more amplifier that would have otherwise been used
to control the LED current. Finally, the proposed circuit uses a
time-to-digital converter (TDC) as opposed to an ADC. This is
because it is relatively easier to obtain large dynamic range in
TDCs in contrast to ADCs, particularly as the supply voltage
shrinks.

To deal with low perfusion, current oximeter implementa-
tions use AC coupled amplifiers to separate the large DC level
from the AC signal. Only the amplified AC signal is fed to the
ADC to make the best use of its dynamic range [20], [28]. How-
ever, the use of AC coupled amplifiers and low pass filters in
the pipeline, as illustrated in Fig. 5, make the process of turning
ON the LED and sparsely sampling the photocurrent at arbi-
trary time instants harder to implement. This is because (a) low
pass filters do not allow the plethysmogram to change rapidly
as would happen if the LED is turned ON at arbitrary time in-
stants, and (b) it is difficult to build a sample-and-hold circuit
that droops voltage by no more than a few hundred microvolts
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Fig. 5. Photocurrent detector based on transimpedance amplifier.

over the duration when samples are not taken (on the order of
one second). Such a sample-and-hold circuit will need a large
capacitor as well as additional circuitry to isolate it from other
amplifiers whose power supply is being duty cycled. These are
undesirable in both integrated and discrete implementations.

TDCs solve this problem by offering very large dynamic
range, thereby permitting the photocurrent to be digitized
directly without having to separate the AC signal from the DC.
For example, a 22-bit TDC with a resolution of 110 ps was
demonstrated in [29]. With such a large dynamic range, even
under low perfusion, quantization noise is sufficiently small.
Furthermore, because the samples are separated by a relatively
large interval of 5 ms, some TDC architectures such as Vernier
TDCs may comfortably take more time than the sampling
duration to resolve the time difference.

On the flip side, the noise bandwidth in Fig. 1 is the full circuit
bandwidth, whereas the noise bandwidth in Fig. 5 is limited to
the signal bandwidth,! which is usually about 6 Hz. The excess
noise bandwidth is the price for the ability to sample at arbitrary
time instants and to power down the entire circuit between sam-
ples.

Having decided on the architecture, we proceed to select the
parameters of the amplifiers in Fig. 1. In selecting the gain,
bandwidth, and noise performance of the amplifier, a trade-off
presents itself. The higher the gain-bandwidth and lower the
input referred noise level of the amplifier, the larger will be its
bias current and lower will be the necessary measurement dura-
tion to achieve a target SNR leading to smaller power burnt in
the LED (because it can be shut off sooner). Conversely, using
an amplifier with smaller gain-bandwidth and poorer noise per-
formance will lead to lower power burnt in the amplifier. How-
ever, the duration of measurement will now have to be longer to
achieve the desired SNR, which means that more power is burnt
in powering the LED while the photocurrent is being measured.
To optimally select the parameters of the amplifier, we develop
a power model for opamps in terms of bandwidth and noise per-
formance. We then perform design-space analysis.

B. Interface Circuit Design

The photocurrent Ij4q.), perfusion P, photodiode capac-
itance (g, and photocurrent noise spectral density ipq,n are
known. We design the circuit parameters C, V,.1, and V,.o, and
also the gain, bandwidth, and input referred noise levels of
the opamps in Fig. 1. These parameters are chosen so that the
total power consumption of the LED and the interface circuit
is minimized. For the following analysis, only the noise from

'High frequency noise in the circuit before the sample-and-hold (S/H) stage
aliases into the signal band. This results in higher noise than if the LED was
kept continuously ON without the S/H stage.
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’
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Fig. 6. Illustration of the non-ideal switched integrator output.

the first stage is considered, and the second stage is assumed to
have unity gain. We also assume that V,.; and V,.; are fixed and
explain later how we choose V,.1 and V..

1) Gain: If the desired average duration for turning on the
LED to acquire a sample is ¢,y (avg), the integration capacitor,
C, is set to be

Tpaac)

“=7,

on(avg)- (12)

This sets the noise gain Ay at (1 + (Cy)}/(C)). At this point,
the value of #,,(avg) at which the total power consumption will
be minimized is not known. This will be the subject of a subse-
quent section.

2) Bandwidth: The output of the switched integrator, V3 (¢) in
Fig. 1, will not be a perfect ramp because the bandwidth of the
opamp is limited (see Fig. 6). We choose the minimum band-
width that keeps non-linearity below the acceptable level. In
order to do this, it can be shown that the opamp bandwidth has
to satisfy

Wnh (%) ton(avg)
7(Cwnb"m) 7(Cwnb"r1 )
e \ Traer ) _ o\ Tpdide)

where SNR,,. is the minimum SNR necessary to make suffi-
ciently accurate SpQ, calculations [23], wnp = (wWugs)(AN) is
the noise bandwidth, and w,,g3 is the unity gain bandwidth. This
equation has to be solved iteratively to find the minimum accept-
able bandwidth for a given £,5(avg) - Equation (13) indicates that

as ton(avg) 18 increased, the required bandwidth reduces.
3) Input Referred Noise: Referring the jitter in the output of
the TDC (o44.) back to the input of the opamp [30], the max-
imum permissible input referred noise spectral density of the

opamp (above which the SNR of the acquired plethysmogram
will become lower than SNR,,.) can be shown to be

> SNR,

(13)

2 Vol agacytonave) | P28Viton(avg)
in,n — QWZA?VCQWT”’ SNR,Q.‘/TZ

-3
v tpd,n

T2
Ipd(dc)

(14)

Equation (14) (derived in Appendix B) shows that as {onavg)
is increased, the input referred noise requirement gets relaxed.

4) Reference Voltages: 1t is desirable to choose V,.; and V.,
that are as high as possible within the input common mode range



276 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 9, NO. 2, APRIL 2015

of the comparator so that the noise performance of the com-
parator is optimized. If V1 and V.5 are close to each other, §V,
becomes small, and from (14), the permissible input referred
noise of the opamp reduces, which in turn causes an increase in
the opamp power consumption. On the other hand, if they are far
apart, from (13), the bandwidth required increases, which also
causes an increase in the power consumption of the opamp. This
may be intuitively understood from Fig. 6 which illustrates the
output of the switched integrator. If §V,. is small, the output is
closer to a straight line between V,.; and V,.2. On the other hand,
if 8V, is large, a larger portion of non-linearity gets captured. As
acompromise, we choose V,.; = 1.25 Vand V.2 = 2.5 V. Small
variations in the reference voltages due to comparator offset or
reference generator offset are insignificant because we use only
the ratio of readings and the voltage reference terms get can-
celed.

C. Op-Amp Power Model

We would like to estimate the power consumption of an
opamp, given its gain, bandwidth, and input referred noise
level. To do this, we assume that the opamp is constructed
by cascading a number of simple amplifiers, each having a
gain of 10. Consequently, the required number of stages is
log;o(Av (total))» Where Ay (¢oral) is the required opamp gain.
So, the current consumption of the opamp is

Ip(total) = IOglo(AV(total)) X Ipps (15)
where Ipys is the current per stage. The bandwidth is approxi-
mated [31] by

BW = KiIpps (16)
where K is a model parameter.

We ignore 1/fnoise in this model because the proposed circuit
is designed to be resistant to 1/f noise and approximate input
referred noise [31] as

BW

1}2 = KQ
IDps

in,n

(17)

where K3 is a model parameter. Given the input referred noise
and the bandwidth, we choose Ip,; as

BW K2~BW>' as)

Ipps — max | —
ps Kl ) ’U~2

in,n

Therefore, the current consumption of the opamp according
to our model is

BW K, -BW
Ky’ 3 )

in,n

ID(total) = loglO(AV(total)) X max (

(19)

Fig. 7. Scatterplot of supply current versus bandwidth on a log-log scale for
discrete opamps. Ky = 1.32 - 1019,

Fig. 8. Scatterplot of supply current versus bandwidth per input referred noise
for discrete opamps. One outlier was ignored during fitting and is not shown in
this plot. Ko = 3.02 - 10727

Parameters K7 and K, were obtained from least mean
squares fits performed in MATLAB using data from 35 discrete
opamps from Texas Instruments with input bias currents below
50 pA [32]. Figs. 7 and 8 show scatterplots of supply current
against opamp parameters and the least mean squares fit. The
mean of the absolute relative errors is 57.3%. Although this is
high, we deem this to be sufficient for reasons that will become
apparent when we discuss dynamic adaptation techniques in
the next section.

D. Trade-Off Between LED Power and Amplifier Power

We assume that an SNR of 100 is necessary, perfusion is
1.5%, photodiode junction capacitance is 1 nF, and that the DC
value of the photocurrent is 100 nA. With this, we sweep the
LED on-time (%45 (avg))» cOmpute opamp parameters needed for
each o5 (avg), determine power for that opamp from the previ-
ously described power model and then plot the power consump-
tion against LED on-time in Fig. 9.

When designing low-power pulse oximeters, it is tempting
to reduce LED on-time aggressively since the LEDs consume a
major chunk of power. However, Fig. 9 shows that it is wiser to
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samples is expensive in terms of power because of the need
to light an LED during sampling. Design-space analysis was
performed to explore the trade-off between spending power in
the LED and burning power in a higher performance amplifier.
However, designing for the worst-case results in excessive
power consumption in most situations. We showed that dy-
namic adaptation techniques lower power considerably by
operating the sensor at the edge of the SNR requirement and
acquiring samples only when necessary.

APPENDIX A
PERFUSION IN TERMS OF TDC MEASUREMENTS

The peak and trough of the TDC measurements in Fig. 1 may
be written as

CsV,
t = — 20
tdc(peak) AIpd(trough) (20)
and
CoV,
ttdc(trough) = m (21)

where Ing(peak) and Ipg(trough) correspond to the peak and
trough of the photocurrent (see Fig. 3). Thus

ttdc(ac) = ttdc(peak) - ttdc(trough)

CoV,

= I 22
AIpd(peak) Ipd(trough) pd(ac) ( )
and
7-‘tdc(peak) + ttdc(trough)
ttdc(dc) = 5
sV,
= Lacde (23)
AIpd(peak)Ipd(trough) pd(de)
where Ipd(ac) is Ipd(peak) - Ipd(trough) and Ipd(dc) is

(Ipd(peak) + Ipd(trough))/(2). From (22) and (23), the perfusion
Pis

Tpi(ac Ltde(ac
P Ipaae) _ tidctao) 24)
Ipd(dc) ttdc(dc)

Thus, the perfusion computed from TDC measurements is
equal that computed from the photocurrent measurements.

APPENDIX B
NOISE ANALYSIS OF THE PHOTODIODE INTERFACE CIRCUIT

In this section, we analyze the noise performance of the
switched integrator and derive (14). The ramp that is fed to the
comparator may be written as

Va(t) = g /0 (Lpa + in(7))dr + Avn (2) (25)

where i,, is the photodiode noise current and v,, is the voltage
noise due to the opamp voltage noise. Substituting £ = ¢,; and
t = t,q2 and subtracting

Al A [
Ve = Vo1 = Cz,)d(t727tr1)+5/o in(T)dr
A i
e in(T)dr + A(vy(tr2) — vn(tr1)) (26)
0
Substituting ;4 = tp2 — t,1 from (8)
Via = V4
Eltiac) =~ 27)
C

Re-arranging (26), squaring, and taking expectation
Al

4 2 A tra
L =F — ; 5
o ttdc> [(C/o in(T)dT

_ 2/0 = in(T)dr + A(vy, (tr2) — vn(t,,,l))> ] . (28)

E

<Vr2 — Ve —

Since the photodiode noise and opamp noise are uncorrelated,
the chain rule for expectations can be used to obtain

L A2 ) AT
(Via = Vin)* + CQPdE [tiac] —2 C?dE [trac] (Vi — Vi)
AZ,l'Zd
= %(E[m] + Elt,2]) + 24%07

A2 tr1 tr2
_ QEE [/ z'n(:v)d,x/ in(y)dy] .
4 0 Q

Substituting for E[tig.] from (27)

(29

AQI'Qd : 2 ¢ AQiQd n
o E [tie] = (Via — Via)* +24%02 + o Eltacl.
(30)
Since 07, = E[t}y.] — Eltiac]* and o7 = i | AXwns,
. 2
3 2vi2n,n‘4?\7wnb + (lpg:ﬂ) E[ttdc]
T = 5 . 31
< Ipd
(%)
Substituting this in (10)
2
SNR? = Lt
. 211;‘)“ 77_142 12 o Wn 32 Ipacae ’
A2 ( S b) +A( bag s >)
(32)

Re-arranging terms in (31), using (10), and setting A = 1

2 . 2
T 1 Ipa(de) tedctac) \~ [ ipdn traetder | -
e = 542 I\ C SNR, ¢ ) e

(33)
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From (8) and (12)

oV
tide(de) = 7 ton(ave)- 34
tde(de) = = ~Lon(ave) (34)
Substituting this into (33) and using (9), the maximum per-
missible input referred noise spectral density is

2 .
2 - 5‘/7‘Ipd(dc)t0n(a"g) PQ&‘/Tton(avg) . 1'123d,n

'Uin,n - y :
24, CWogwms | SNRZViy Ly

(35)
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