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A 0.5V < 4 W CMOS Light-to-Digital
Converter Based on a Nonuniform Quantizer for a
Photoplethysmographic Heart-Rate Sensor

Mohammad Alhawari, Nadya A. Albelooshi, and Michael H. Perrott, Senior Member, IEEE

Abstract—A 0.5V CMOS light-to-digital converter (LDC) based
on a nonuniform quantizer and off-chip photodiode enables a pho-
todiode bias current (Ip;,s ) range spanning 4 nA to 3.5 A while
consuming less than 4 W of power. Using an off-chip LED as
a modulated light source, measurements with a photodiode cur-
rent signal having modulation frequency of 1.2 Hz (72 beats per
minute) and 0.5% peak-to-peak amplitude relative to Iy,;.: per-
formed at the low and high end of the I},;,s range confirm over
30 dB of SNR for an integration bandwidth spanning 0.5 to 5 Hz.
Using off-chip digital signal processing of the LDC output, instan-
taneous period jitter (a proxy for instantaneous heart rate) is mea-
sured to be less than 0.45% (rms) of the period, and the high sen-
sitivity of the LDC allows detection of the heart-rate signal from a
finger pressed against the off-chip photodiode using only ambient
light. Key circuit components of the LDC include a wide range
logarithmic digital-to-resistance converter (DRC) utilizing digital
multibit A> modulation to achieve fine resolution and a nonuni-
form quantizer based on a laddered inverter quantizer (LIQAF)
which also acts as a low-noise front-end amplifier and filter.

Index Terms—Analog-to-digital converter (ADC), Delta-Sigma,
digital-to-resistance converter (DRC), heart-rate sensor, laddered
inverter, light sensor, laddered inverter quantizer/amplifier/filter
(LIQAF), low-noise amplifier, nonuniform quantizer, photode-
tector, photoplethysmographic, resistor DAC, oximetry.

I. INTRODUCTION

EART rate is a key vital sign to assess the health of an

individual and is routinely monitored within clinical set-
tings using pulse oximetry or EKG instruments. Unfortunately,
for most individuals, the clinical setting is the only place where
their heart rate is observed, which leads to long time durations in
which this important vital sign is largely ignored. This issue has
been addressed within the context of athletic activities with the
advent of sport watches which measure heart rate using chest
straps, contact electrodes, and photoplethysmographic methods
as used in pulse oximetry devices. However, thus far there has
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Fig. 1. Overview of heart-rate sensor based on measurement of light fluctua-
tions due to pulsed blood flow through tissue such as a finger.

been very limited impact of such heart-rate monitor devices on
the general public due to issues such as their relatively high cost
and inconvenient form factor.

In this paper, we present a light-to-digital converter (LDC)
for photoplethysmographic-based heart-rate monitoring which
achieves high sensitivity and wide dynamic range while con-
suming very low power and operating with a low supply
voltage. As illustrated in Fig. 1, the LDC circuit, which utilizes
an off-chip photodiode, acts as the front-end of an overall
system which includes an off-chip LED, an LED driver op-
erating from a 0.5-V supply voltage [1], and digital signal
processing to estimate heart rate. The heart-rate signal is sensed
as fluctuations in light intensity as the light passes through
tissue such as a finger, with the photodiode generating a current
Thoto(t) proportional to the light intensity. The peak-to-peak
amplitude in photodiode current AL, is typically in the range
0f 0.5% to 2% of its bias current Iy, [2]. In general, it is highly
desirable to achieve high sensitivity by being able to sense the
signal at low values of I};,, and to support a wide dynamic
range (i.e., a large ratio of maximum to minimum Jy,;5s).

Within the overall system in Fig. 1, the LDC is the key circuit
for achieving high sensitivity and wide dynamic range. Low-
power operation is critical in order to achieve a small form
factor by minimizing the size of the energy storage device. A
low supply voltage of 0.5 V potentially enables a simple en-
ergy-harvesting approach consisting of a direct connection to
a solar cell that operates at such voltage levels. Using an LED
as the light source leads to the LED driver becoming the dom-
inant power consumer in the system, but improved sensitivity
in the LDC reduces the light intensity required from the LED
(since lower photodetector current becomes acceptable) and,
therefore, lowers the power of the LED driver. The preferred
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Fig. 2. Classical LDC consisting of a transimpedance amplifier and ADC.

operating mode is to avoid powering the LED light source and
instead use ambient light, which, as shown in Section V, may
be possible for some applications due to the high sensitivity of
the proposed LDC.

To highlight the key challenges in achieving the desired
performance characteristics of the LDC, consider the classical
implementation shown in Fig. 2. Here, a transimpedance am-
plifier is utilized to convert the photodiode current, Ip010(2),
to a voltage, Vamp(#), which is then converted to a digital
representation by an analog-to-digital converter (ADC). In this
structure, the feedback action of the transimpedance amplifier
maintains a constant photodiode voltage V;(#) and provides a
low impedance to the photodiode such that I,,0¢0 (%) is shunted
through an RC feedback network consisting of /2 and C';. The
conversion gain from current I,po10(%) to voltage Vo (2) is
set by the value of Iy, and low-pass filtering is provided by
including Cy in order to reduce the impact of noise and 50/60
Hz power line corruption. Note that, for heart-rate monitoring,
the signal bandwidth typically spans from 0.5 to 5 Hz, which
corresponds to 30-300 beats per minute (bpm), respectively.

To achieve high sensitivity, the opamp shown in Fig. 2 must
be designed to have adequately low 1/ f and thermal noise, the
ADC must have adequate resolution, and the RC filtering must
attenuate noise above 5 Hz, with reduction of 50/60 Hz power
line corruption being of particular concern. The large dc op-
erating range required of the ADC complicates its design, and
achievement of <5 Hz bandwidth with on-chip RC elements is
quite challenging when seeking a low area solution.

To achieve wide dynamic range, the feedback resistor 12 can
be made adjustable as is commonly done in variable gain ampli-
fiers (VGA) [3]. However, if one uses a typical VGA approach
of utilizing a switched resistor network for variable I, it leads
to discrete operating regions. Unfortunately, operation across
such regions leads to large perturbations of Iheto (%) and loss
of information due to the discrete nature of the gain switching
and its associated transient effects.

In contrast to the classical approach discussed above, we pro-
pose the LDC structure shown in Fig. 3. Rather than cascading
the transimpedance amplifier with the ADC, the proposed struc-
ture combines these functions within a single closed-loop feed-
back structure. In this design, the traditional transimpedance
amplifier is replaced by a digital-to-resistance converter (DRC)
consisting of a logarithmic resistor network and digital multibit
AY modulator. A parallel resistor, [?,,,, improves sensitivity
and dynamic range by extending the minimum value of Ipj,s
that is supported. The combination of the DRC and 12, enable
continuous operation of the LDC over approximately three or-
ders of magnitude range of f},;5s. The DRC is controlled through
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feedback which consists of a digital accumulator and nonuni-
form quantizer based on a laddered inverter quantizer/ampli-
fier/filter (LIQAF) [4], which eliminates the need for external
passive components such as filter capacitors. The DRC value is
set such that the photodiode voltage, V,; (), matches the desired
operating point of an inverter-based low-noise amplifier (LNA)
that is realized by the LIQAF-based quantizer. The inverter-
based LNA structure provides an efficient means of achieving
good noise performance since it minimizes the number of de-
vices that contribute noise and uses the same current for both
NMOS and PMOS transconductor devices [5].

Closer inspection of Fig. 3 reveals that the proposed LDC
structure is similar to a Delta modulator [6]-[9], but utilizes a
multibit, nonuniform quantizer and digital accumulator. In con-
trast to AY. modulators, the noise of the quantizer is not shaped
for Delta modulators. However, AY. modulators require analog
integration before the quantizer, which leads to challenges in
achieving high dc gain, low area, and low power consumption.
The advantage of the proposed structure is that the fine resolu-
tion region of the LIQAF-based quantizer offers low quantiza-
tion noise (under the assumptions discussed below) and the dig-
ital accumulator provides the desired characteristics of low area
and low power consumption compared with using an analog in-
tegrator. The digital accumulator also provides infinite dc gain,
which is seen by examining its Z-transform as frequency f goes
to 0:
=0

(1
z=ed 27 Loy

where T, = 1/32 kHz represents the time step of the accumu-
lator and K ,.cum 1S a scale factor which is set to achieve the
desired closed loop bandwidth of the LDC. The infinite dc gain
of the accumulator allows perfect centering of the nonuniform
quantizer during steady-state operation such that, assuming
small perturbations to the system, the fine quantization region
is utilized to achieve low quantization noise. In the case of
large perturbations, the wide range of the nonuniform quantizer
characteristic offers a high slew rate which benefits the tracking
performance of the LDC.

In practice, the steady-state behavior of the LDC dynamics
will vary according to the influence of input stimulus and noise
on the nonuniform quantizer. Assuming small input stimulus
and noise such that saturation effects are avoided in the quan-
tizer, but sufficiently large stimulus and/or noise to cause suffi-
cient scrambling activity in the quantizer, the LDC feedback dy-
namics can be approximated as having linear behavior. In such
a case, moderate levels of quantizer mismatch will have only a
minor impact on LDC distortion performance since the quan-
tizer sees only the residual error of the feedback loop which,
in turn, is suppressed by the open-loop gain of the accumulator.
However, for cases where the input stimulus is sufficiently large
to cause saturation effects in the quantizer, slew-rate-limited be-
havior occurs in the LDC that can cause significant distortion.
For the proposed heart-rate (HR) detection application, such dis-
tortion is acceptable assuming that the desired information cor-
responds to the time between edges of the HR signal and that the
HR signal is significantly larger than interfering signals (such
as 50/60 Hz power line corruption). Given such assumptions,
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Fig. 3. Proposed LDC architecture.

SNR rather than SNDR is considered to be the key performance
metric for this application.

The remainder of this paper is organized as follows. Section I1
covers additional background information on previous circuit
approaches developed for LDC structures. Section III then
presents details of the proposed LDC circuits, with primary
focus being placed on the DRC and nonuniform LIQAF-based
quantizer. Section IV provides high-level system and noise
analysis, and Section V presents measured results from a
prototype IC. Finally, Section VI concludes.

II. BACKGROUND

Prior work on improving the performance of LDC circuits is
illustrated in Fig. 4. As indicated in Fig. 4(a), improved dynamic
range was pursued by rejecting the dc bias of the photodiode
current through the use of an auxiliary feedback amplifier and
photodiode bias circuit [10]-[12]. However, the additional cir-
cuitry in this approach adds noise, thereby reducing sensitivity,
and the resulting ac coupling of the photodiode current signal
causes a significant increase in settling time when large pertur-
bations are encountered. A dc-coupled solution to improving
dynamic range is shown in Fig. 4(b), in which the logarithmic
current-to-voltage characteristic of an NMOS device in the sub-
threshold region is utilized to allow a wide range of photodiode
current without saturating the transimpedance amplifier [13].
A key issue of concern in this design is that the reduced tran-
simpedance gain of the logarithmic current-to-voltage charac-
teristic can lead to reduced sensitivity due to the higher impact

of opamp noise. Finally, a closed-loop approach combining the
transimpedance amplifier and ADC is shown in Fig. 4(c) [14].
Here, a switched capacitor network provides current to the pho-
todiode in order to maintain the photodiode voltage V;(t) at a
constant value. This technique allows a simple quantizer to be
used for digitizing the signal, but the issue of achieving wide
dynamic range was not addressed in this work.

III. PROPOSED LDC ARCHITECTURE

The proposed system shown in Fig. 3 combines the ideas of
Fig. 4(b) and (c) by utilizing a logarithmic current-to-voltage
characteristic in combination with a closed-loop feedback
topology that provides digitization of the signal. However,
in contrast to the previous approaches, the proposed system
offers a highly digital implementation that minimizes analog
complexity. Further, as we will show later in this paper, the
design enables wide dynamic range and high sensitivity to be
achieved with low-voltage and low-power operation.

Further examination of Fig. 3 reveals two key circuits that
enable the highly digital LDC implementation while achieving
high performance. The first circuit is the DRC mentioned earlier,
in which a digital AY modulator dithers switches connected to
a resistor network in order to achieve high-resolution control of
resistance across a wide range. The second circuit is a nonuni-
form LIQAF-based quantizer that provides an efficient approach
to realizing the inverter-based LNA and nonuniform quantizer
as depicted in Fig. 3. Each of these circuits will be discussed in
further detail in the subsections to follow.
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A. Digital-to-Resistance Converter

Fig. 5 provides a more detailed view of the DRC circuit. The
variable resistance Rprc(t) is achieved with a set of PMOS
switches connected to taps of a polysilicon resistor string ladder,
with the PMOS switches being controlled by the output of a
digital AY modulator that provides high-resolution resistance
control through dithering.

In order to achieve a wide range of resistance values, the
resistor elements within the ladder are progressively scaled
according to the equation given in the figure. The maximum re-
sistance, which occurs when all switches are open, corresponds
to the sum of all resistor legs which yields Rprc = 10 M.
The minimum resistance, which occurs when all switches
are closed, corresponds to the resistor leg /23, which yields
Rpre = 64.9 k. As such, Rpgc can be varied by more than
two orders of magnitude using only 32 resistor elements.

Due to the nonlinearity of the resistor leg values, the multibit
digital A3 modulator is chosen to be first order in order to avoid
noise folding. To explain, a first order multibit AY modulator
only dithers one switch setting at a time such that the dithering
operation does not see the nonlinearity caused by unequal
resistor element values. In contrast, a higher order multibit A
modulator would dither between several switch settings and

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 1, JANUARY 2014

thereby expose the A to the nonlinearity of the individual
resistor element values. Fortunately, the oversampling ratio
is quite high given the clock frequency of 32 kHz versus the
desired signal bandwidth of <5 Hz, so that first-order noise
shaping is adequate for this application.

As indicated in Fig. 5, the closed-loop feedback dynamics
of the LDC maintain a relatively constant photodiode bias
voltage V;(t) such that the LIQAF-based nonuniform quan-
tizer is centered in its fine quantization region. To simplify
the analysis to follow, we will assume V;(#) =0.24 V under
nominal conditions for a 0.5-V supply. Given this assump-
tion, the minimum current supported by the Rprc(?) ladder
is 26 nA (i.e., (0.5 V-0.24 V)/10 M£2). In order to improve
sensitivity, a parallel resistor f2,,r is connected which reduces
the minimum photodiode current that is supported. Rpar is
made programmable using on-chip poly resistors and NMOS
switches in order to accommodate variation in Vy(t) away from
its assumed 0.24-V bias value. As discussed in Section IV,
the presence of Ii,,. provides substantial improvement to the
dynamic range of the LDC at a slight cost to SNR.

B. Laddered-Inverter Quantizer/Amplifier/Filter

To gain an understanding of the LIQAF circuit, consider the
simplified structure shown in Fig. 6(a) in which only two output
levels are implemented. As indicated in Fig. 6(b), we can view
this circuit as a combination of two CMOS inverters that have
different ratios of NMOS versus PMOS gate lengths, which
yields the shifted dc characteristics shown in the figure. To ex-
plain, note that, when Vj,, is low and both outputs are high,
transistor M is inactive such that V.o transitions with in-
creasing Vj, according to a CMOS inverter characteristic with
one NMOS device and two series PMOS devices. In contrast,
when Vj, is high and both outputs are low, M, is inactive such
that V1 transitions with decreasing V;,, according to a CMOS
inverter characteristic with two series NMOS devices and one
PMOS device. Since V,,19 cannot transition high unless Vo1
is also high, and V41 cannot transition low unless V¢ is also
low, the LIQAF circuit provides guaranteed monotonicity in the
quantizer characteristic regardless of the presence of mismatch.
Note that one should not confuse the curves shown in Fig. 6(a)
with the phenomenon of hysteresis—they instead correspond to
the dc characteristic of the structure that is independent of the
previous state of the input. As will soon be discussed, a very
useful aspect of the LIQAF circuit is that it can be utilized as an
inverter-based LNA when operating at the mid-rail voltage of a
given output (i.e., halfway between supply voltage and ground).
Finally, note that the same current is shared by all of the devices,
which aids in achieving low power consumption.

In order to increase the number of quantization levels, the pro-
totype LDC presented in this paper makes use of a 15-output
LIQAF structure. Fig. 7 depicts the extension of Fig. 6(a) to
achieve the increased number of outputs, and also shows sim-
ulated dc characteristics for each output as the supply voltage
is varied from 0.5 to 1.8 Volts, with the preferred voltage in
this application being 0.5 V. The simulated dc characteristics
reveal that the quantization behavior is robust across a large
supply range. Based on similar arguments as made for the two-
output LIQAF example, the quantizer levels are guaranteed to
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Fig. 7. The 15-output LIQAF circuit along with its simulated dc characteristic under different supply voltages.

be monotonic regardless of the impact of mismatch. To further
elaborate, let us define Vi, (xy as the input voltage such that
output voltage Vout(xy is at its mid-rail value. Since a given
output voltage Vo (x) must be strictly larger than V¢ (x 1)
and strictly lower than V,,,¢( 5 41), we see that Vi, (x) must have
a value strictly between Viy(x 1y and Vip(x41)-

With the increase in number of quantizer outputs in Fig. 7,
large output resistance is encountered due to the large effective
gate length of the respective inverter structures. Large output
resistance leads to low bandwidth and relatively high intrinsic
gain (i.e., g,,7,) When a given inverter is in its transition

region. Fortunately, the low bandwidth is an asset to the given
LDC application since it provides rejection of undesired noise.
However, when using the V,,,17 output as the input to the next
LIQAF stage, lower gain is desirable to avoid overly reducing
the range of the medium and high resolution quantizer regions
(as soon discussed). To address this issue, a transistor-based
load is added to the LIQAF V7 output, along with its closest
neighbors, as shown in Fig. 8. As seen in the measured dc
characteristic depicted in the figure, the presence of the load
leads to a reduced slope over the key portion of the V7
transition region impacting the LIQAF stage to follow.
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from the custom IC.

The overall three-stage LIQAF-based quantizer structure,
along with its measured dc characteristic, is shown in Fig. 9.
The quantizer characteristic reveals progressively improved
resolution as the input voltage is swept from coarse to fine
regions, with a center voltage at approximately 0.235 V based
on a supply voltage of 0.5 V. While more LIQAF stages could
be added to achieve even finer resolution, Section IV reveals
that this three-stage design achieves an adequately small step
size in its fine resolution region such that the fine range quan-
tization noise does not set the bottleneck in the overall LDC
noise performance.

To better understand the role of the cascaded stages in
forming the nonuniform quantizer characteristic, Fig. 10 pro-
vides an intuitive look at how signal amplitude at the input of
LIQAF,, operating as an LNA, activates the various quanti-
zation levels of LIQAF,, operating as a quantizer. It should
be observed that the quantizer range of LIQAF, is referred
to the input of LIQAF, according to the dc characteristic of
output V,ui7 of LIQAF,, with dc gain at the mid level of Voy¢7
serving as an approximate metric to evaluate this relationship.
One should note that excessively large dc gain leads to an
unnecessarily reduced LIQAF, quantizer range when referred
to the LIQAF, input, which is undesirable since it limits the
input range of the cascaded quantizer over which smaller quan-
tization steps are available. This observation helps to clarify
the benefit of using the dc gain reduction load on the LIQAF
structure shown in Fig. 8.

Fig. 10 also indicates that achievement of monotonicity for
the cascaded LIQAF stages requires that the input-referred
quantizer range of LIQAF, be contained within the LIQAF,
quantizer transition boundaries of Vi, and V,us. Note that
in constructing the cascaded quantizer characteristic with the
digital combiner circuit shown in Fig. 9, V.47 of LIQAF, and

LIQAF, are ignored such that outputs Vouig and Vioues pro-
vide the nearest LIQAF,; quantization levels when operating
LIQAF, as an LNA. For the given prototype, the measured
quantizer characteristic in Fig. 9 indicates that the above mono-
tonicity condition is clearly met.

Process, voltage, and temperature (PVT) variations will alter
the LIQAF characteristics as it operates as either an LNA or
quantizer. Focusing first on the LNA-related issues of dc gain
and bandwidth, Fig. 11 shows the SPICE simulated frequency
response at the mid-rail output level for V47 on LIQAF,; and
LIQAF, under PVT variations, which reveal less than 4-dB
midpoint dc gain variation but significant bandwidth variation.
Fortunately, the bandwidth stays well above the <5-Hz closed-
loop bandwidth of the LDC, so that its impact on stability of the
closed-loop dynamics of the LDC is minimal. As indicated in
Fig. 11, LIQAF is sized to be much larger than LIQAF, in
order to reduce the impact of 1/f noise.

To investigate quantizer-related issues, Fig. 12 shows the
worse case SPICE simulated dc characteristics of LIQAF,
and LIQAF, under PVT variations in terms of minimum
and maximum input range. Fortunately, the overall quantizer
behavior appears robust. The key characteristics to consider
for the LIQAF-based quantizer under PVT variations are its
offset, gain, and filtering characteristic. Variations in offset
are accommodated by the infinite dc gain of the accumulator
within the LDC, which ensures that the steady-state input
into the cascaded quantizer centers it within its fine quanti-
zation region. The impact of the resulting shift of the bias
voltage (i.e., V(%)) on i, can be somewhat mitigated by
adjusting the value of 2., such that the LDC sensitivity is
maintained. Variations in gain correspondingly change the
open loop gain of the LDC, which results in variation of the
closed loop bandwidth of the LDC. To avoid stability issues
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in such case, the poles of the LIQAF LNA/quantizer, which
form the filter responses shown in Fig. 11, should be designed
to be sufficiently high relative to the closed loop bandwidth of
the LDC. This condition must also be met for the pole of the
front-end filter, which corresponds to the RC lowpass transfer
function from Ipnoto(?) to Vu(t) formed by the DRC/R, ..
resistance and photodiode/LIQAF input capacitance. Finally,
variations in the filtering characteristic of the LIQAF circuit,
as shown in Fig. 11, can lead to reduced attenuation of the
DRC shaped quantization noise, which could overly increase
activity in the nonuniform quantizer such that saturation effects
are more likely to occur. Fortunately, the front-end filter also
helps to attenuate such noise, particularly at low /1,5 where
LDC sensitivity is determined since the lowest front-end filter
bandwidth (i.e., highest value of R;,.q) occurs there.

IV. SYSTEM ANALYSIS

We now present modeling of the overall LDC topology with
the goal of calculating its achievable SNR performance. We
begin by further analyzing the DRC in terms of its gain and
the range of Iy, that it supports. The focus then turns to anal-
ysis of front-end noise sources which include photodiode shot
noise, DRC thermal noise, and LIQAF thermal and 1/f noise.
Finally, we calculate the impact of the LIQAF and AY. quanti-
zation noise, and show the theoretically achievable SNR across

the full /y,;.s range of the LDC. For all noise related calcula-
tions, we will assume an integration bandwidth of 4.5 Hz span-
ning from 0.5 to 5 Hz.

A. Analysis of Digital-to-Resistance Converter

The key characteristics of interest for the DRC are its gain and
the range of I, that it supports, which are calculated according
to the method shown in part (a) of Fig. 13. As indicated in the
figure, this analysis assumes a constant value for the photodiode
current, Iphoto () & Iuias, at a given DRC setting, where Iyjag
is chosen such that V;(¢) = Vijas. The value of Vs, in turn,
is set by the feedback of the LDC such that the LIQAF-based
quantizer is centered within its fine quantization region. We will
assume Viis & 0.24V for the analysis to follow. While PVT
variations will alter the value of Vj,i,5, as implied by Fig. 12, it
is presumed that the value of I?,,,; can be adjusted to maintain
the LDC sensitivity. Given the above constraint, the DRC code
is toggled between adjacent levels for every mid-code level and
the resulting voltage deviation, AV,,,, is calculated. Note that
Thias 18 set according to the midpoint operating point indicated
in the figure, and the DRC gain has units of V/step.

The resulting values of DRC gain, Kpgrc, and photodiode
bias current, Jj,;,5, versus the midpoint operating points of each
DRC code value are shown in parts (b) and (c) of Fig. 13. As
a reference point, Fig. 13(b) compares the result of including
R, = 10 MQ and removing it (i.e., [2p,,=00), and confirms
that inclusion of It ,,, indeed improves sensitivity by extending
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the minimum supported Ii,s value to approximately 4 nA.
Given the maximum supported I},i,s value of approximately
3.5 uA, the dynamic range is roughly three orders of magnitude
when including ;..

One consequence of including 12,,., is that it causes DRC gain
variation by a factor of two as shown in Fig. 13(c), which di-
rectly impacts the open loop gain of the LDC. This gain varia-
tion could be reduced by changing the resistor element scaling
from what is shown in Fig. 5, but is somewhat balanced out by
a counter gain variation in the LIQAF-based nonuniform quan-
tizer as discussed later in this paper.

B. Front-End Noise Analysis

Fig. 14 shows a simplified view of the front-end of the LDC,
which includes the photodetector, combined resistance of the
DRC and R,,,, and the LIQAF; quantizer along with their
noise sources designated as zjz,_n i2,,, and v ga fn> TESPECtively.
As depicted in the figure, LIQAF is assumed to be operating
as an inverter-based LNA. The signal portion of the photode-
tector current, Iphoto(t), is assumed to consist of a bias current,
I;.s and a sine wave modulation waveform with peak-to-peak
amplitude, AT,,, and frequency, fi4, such that

IPP

: @

We will assume that A/, is 0.5% of I, and that f,;, is within
the range of 0.5 to 5 Hz.

Iphoto(t) = I])ias + Sin(27rf5’i9t)'

Single-sided spectral density calculations for each of the
front-end noise sources are provided in Fig. 14. In the given
formulations, £ is the Boltzmann constant, ¢ is the magnitude
of charge of an electron, and Tk is temperature in Kelvin.
Note that the thermal noise and flicker noise corner (1.3 Hz)
of LIQAF; operating as an inverter-based LNA were deter-
mined from SPICE noise simulations. Also, the impedance of
the reverse-biased photodiode is assumed to be much larger
than Ry,.4(%), and the impact of thermal and flicker noise of
LIQAF, is assumed to be negligible due to the large gain
provided by LIQAF, .

In order to simplify calculation of the front-end SNR, we ig-
nore the impact of feedback of the LDC other than setting the
nominal DRC resistance as a function of Iy, such that the
LIQAF-based quantizer is centered, which presumably leads to
Va(t) = 0.24 V. Given this assumption, Fig. 15 shows the re-
sulting signal amplitude, rms voltage noise, and SNR as a func-
tion of ;5. For reference, the signal amplitude and SNR cal-
culations also include the impact of having 2., removed (i.e.,
having infinite value).

Inspection of Fig. 15(a) leads to a key observation re-
garding the conversion of the photodetector current signal
to the front-end voltage at node V,(¢). Namely, assuming
R, = 10M(Q, the front-end signal swing increases by over an
order of magnitude as [j,j,s is increased. When considering the
impact of the LDC feedback, the actual front-end signal swing
under closed loop conditions will be substantially lower than
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as a quantizer. The worse case PVT corners shown are drawn from simulation results across PVT variations consisting of SS, FS, SF, and FF process, £10%

supply voltage, and 0, 70 °C temperature.

shown in the figure. However, the relative increase in signal
swing between low and high Ij,;,s conditions remains valid,
which has implications for the operation of the LIQAF cascaded
quantizer as will be discussed in the following subsection. As
a point of reference, note that a constant signal swing could be
achieved by removing I2,,,; at the cost of either reduced range

of Ij,i»s or additional control bits and considerably more area
for the DRC.

Inspection of Fig. 15(b) leads to several key observations re-
garding the impact of the various front-end noise sources. First,
we observe that the influence of noise from the photodiode and
DRC resistor ?y,,4 decreases with increasing Iy, due to the



280

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 1, JANUARY 2014

V¢, =0.5V 5. ki
V,(t) Binary to ';
R t
v ore(t) “| Thermometer DRG Code
Viiasx0.24V
PP :IZHZIZF bias -1 Vd(t) ----------------- n+2 ( )
—t I (t)l e Mid-Code | '
// photo n+0.5 4 Operating
-n Point

- _ Vsup"vbias Viias L 1
IPhoto(t) o Ibias - - "
Rorcpom  Rpar ——t

10uA
TuAE:
100nAL.

lpias (AMps)

10nAL:::

1nA

(b)

15
DRC Code (n)
DRC Gain Versus DRC Code Midpoint Values

25

20

0.045

0.040
0.035
0.030
0.025

Rpar = infinite

10 MegaOhms

Kprc (Volts/Step)

(c)

0.020

0

10 15 25 30
DRC Code (n)

Fig. 13. Simulated plots for DRC within feedback assuming V4ias = 0.24 V, Vi, = 0.5 V: (a) characterization approach, (b) supported photodiode bias current

versus DRC code, and (c) DRC gain versus DRC code.

Rioad® = Rpar || Rore(®)

LIQAF,
p1
v2 '
Vd(t) ligafn V1
$ ( X J )
i_‘z;" llphoto(t)
Mn1
Single-Sided Noise Spectra
2
SVquafn(f) =|77.8nVI-IE 1+ 1-1j5sz
Tk 5 )
Simll=R_~ A Mz [ S, ()= 2l AZHz
oa

Fig. 14. Key front-end noise sources of proposed LDC.

decreasing value of I{j,,4. For the photodiode in particular, note
that its current is multiplied by I?),,q4 to form the voltage at node
Va(t), and that reduction of R),,q outweighs the increase in
photodiode shot noise that occurs as Iy, is increased. Second,
assuming [, = 10 MS), the dominant noise source varies
from 12,4 thermal noise at low [, to the LIQAF thermal and
1/f noise at high Iy;,;. While not shown, for the case where
12, 1s removed, the noise behavior is similar at high Iy, but
is dominated by photodetector shot noise at low Ij,j,¢. Third, we
see that the LIQAF thermal and 1/ f noise has only a minor im-
pact for the assumed 0.5-5-Hz integration bandwidth, such that

correlated double sampling or chopping techniques [15] are un-
necessary. Further on this issue, it should be noted that the in-
verter-based LNA provided by the LIQAF quantizer has a very
long effective transistor length since it consists of the series cas-
cade of multiple CMOS devices, which aids in reducing the im-
pact of 1/ f noise.

Finally, inspection of Fig. 15(c) leads to several key ob-
servations regarding the front-end SNR. First, the front-end
SNR increases with increasing Ip;,s, with a minimum SNR
of approximately 34 dB achieved with ;s = 4 nA. Second,
SNR could be improved by removing F.., but at the cost
of either reduced range of Iy, or of significantly more area
in the DRC. Of course, the achievable front-end SNR will be
influenced by PVT variations, with the primary influence being
variations in the LIQAF quantizer which lead to variations in
the bias voltage on the photodiode (which is set through the
LDC feedback such that the LIQAF quantizer is centered in
its fine quantization region) and variations in the bias current
through the LIQAF (due to its inverter-based implementa-
tion). The former issue leads to a shift in the supported Ip;g
range, though adjustment of Ry, can be used to maintain
LDC sensitivity (i.e., minimum I};,4). The latter issue leads to
increased/decreased input-referred thermal noise of the LIQAF
LNA for lower/higher LIQAF bias current, respectively.

C. Impact of LIQAF and AY. Quantization Noise

In a well-designed LDC, the front-end noise sources set the
SNR as calculated in the previous subsection. Here, we will
show that the proposed LDC architecture largely maintains the
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front-end SNR despite the presence of quantization noise that is
introduced by the LIQAF quantizer and A3 dithering of DRC
resistor values. As such, we affirm that using the LIQAF quan-
tizer and DRC is theoretically sound for achieving a high-per-
formance LDC.

Fig. 16 provides a block diagram of the overall LDC along
with its key noise sources. In addition to the front-end noise
sources already discussed, quantization noise of the LIQAF
quantizer and DRC digital AY modulator are also included and
are denoted as qﬁqaf and ¢2,, respectively. In contrast to the
continuous-time (CT) front-end noise sources, the quantization
noise sources are discrete-time (DT) in nature. To model the
impact of passing between CT and DT domains, the operations
of sampling and reconstruction are included in the figure as
scale factors 1/T.x and Ty, respectively [16]. Here, T
corresponds to the period of the 32-kHz clock used by the
LDC.

In order to simplify the noise analysis, we observe that the
poles of the front-end filter and LIQAF quantizer should be
higher than the closed-loop bandwidth of the LDC in order to
assure robust stability of its dynamics. As such, for frequencies
within the LDC bandwidth, which is < 5 Hz, it is a reasonable
approximation to ignore the front-end filter and LIQAF quan-
tizer poles. In doing so, the various noise sources of the LDC
become separated by simple gain blocks as shown in the top

portion of Fig. 17. Therefore, we can refer all noise sources to
the front-end of the LDC as shown in the bottom portion of the
figure. Note that the extra 1/T¢y, scale factor present in both
spectral density calculations is required due to the translation
from DT to CT when referring the quantization noise sources to
the front-end [16].

Calculation of the single-sided spectral density for the first-
order A3} quantization noise [16] is given by

1 _
Spu(P) =21 2 1P
where
=l 27T (3)

The above equation assumes well-scrambled quantization noise,
but this assumption is often violated by first-order modulators.
Instead, their noise spectra often contains significant spurious
tones that vary in frequency according to the input of the mod-
ulator. In practice, detailed behavioral simulations must be uti-
lized in order to estimate the actual noise spectra of the first-
order A3 modulator under different operating conditions. How-
ever, for the sake of simplicity, we will use (3) for the analysis
to follow.

Calculation of the single-sided spectral density of the cas-
caded LIQAF quantization noise, Sq, .. (f), is complicated by
its nonuniform characteristic. Fig. 18 shows equivalent circuit
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diagrams for the front-end and cascaded LIQAF quantizer under
fine and medium quantization regions assumed for low and high
Iias Operation, respectively. In the figure, note that C,; repre-
sents the overall capacitance at node V(). It is assumed that,
under normal steady-state operating conditions, the voltage de-
viation at node Vy(t) is too small to activate the coarse quanti-
zation region. Movement from fine to medium quantization re-
gions as a function of J},;,4 is due to the relative change in signal
swing at node V;(¢) as a function of Iy,;,s, as shown in Fig. 15(a),
and also due to increased influence of the DRC AY. quantiza-
tion noise since the front-end bandwidth increases as 12),.q de-
creases. Measurements of the prototype validate the correspon-
dence between quantization region operation and the value of
Thias for the assumed I po10 (%) amplitude of ATy, = 0.5% of
I bias -

Due to the change in quantization region as a function of Iy,
the dc gain K)iqar, transfer function Hyigar( ), and spectral den-
sity of the quantization noise Sy, (f) of the LIQAF quantizer
also vary with I}, as indicated in the figure. In particular, note
that the value of Kjjqar reduces by nearly half in going from low
to high I,i,s conditions, which somewhat offsets the factor of
two increase in DRC gain occurring over the same conditions.

The culmination of our quantization noise analysis is a
summary of its influence on the noise and SNR of the LDC
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Fig. 18. Modeling of LIQAF as a function of I,;..; conditions. (a) Small varia-
tion of V ( t) with low [y, exercises quantization behavior of third LIQAF
stage to achieve fine quantization levels. (b) Larger variation of V4 (#) with
high I1,;., exercises quantization behavior of second LIQAF stage to activate
medium quantization levels.

as depicted in Fig. 19. Here, we see the relative influence
of the AY. and LIQAF quantization noise compared with
the overall front-end noise that was shown in Fig. 15. As
revealed by part (a) of the figure, the influence of the A noise
within the 0.5-5-Hz integration bandwidth is relatively minor
assuming (3) is valid (i.e., the DRC A3 quantization noise
is well scrambled). In contrast, the influence of the LIQAF
quantization noise depends on whether it is operating in its
fine or medium quantization region. In the case of low Iyiys,
the fine quantization region is active such that the LIQAF
quantization noise has very little impact. However, in the case
of high Ij,j,s, the medium region is active and the resulting
LIQAF quantization noise becomes the dominant noise source.
As revealed by Fig. 19(b), these observations are confirmed by
noting that the SNR plot under low Iy,;,5 conditions (with fine
quantization noise assumed) is nearly the same as that obtained
for the front-end noise shown in Fig. 15(c), whereas the SNR
plot under high Iy, conditions (with medium quantization
noise assumed) reveals somewhat degraded performance.
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Fig. 20. Die photograph of LDC prototype IC in 180-nm CMOS.

TABLE 1
MEASURED CURRENT CONSUMPTION OF KEY BLOCKS
WITHIN THE LDC AT 0.5-V SUPPLY VOLTAGE

Circuit Current consumption | Current consumption
Component at lj,s = 4nA at l,;,s = 3500nA
LIQAF (3 Stages) 165nA 165nA
DRC 100nA 3.5pA
Digital Circuits 3.1pA 3.1pA
Total <3.5pA <7TuA

In summary, comparison of the SNR plots in Figs. 15(c) and
19(b) reveal that the proposed LDC will achieve its front-end
noise limit at low values of /.5, and will lose about 13 dB in
SNR at high values of I},;,5. Since the key specification is the
minimum SNR, which occurs at low [},;,5 under the assumptions

(b)

Fig. 21. Physical test setup for (a) using ambient light through a finger to
measure heart rate and (b) using a 0.5%, 1%, and 2% peak-to-peak modulated
LED to stimulate the photodiode at different bias currents and modulation
frequencies.

of the above analysis, we see that the proposed approach of
using the LIQAF nonuniform quantizer and DRC theoretically
maintains the sensitivity set by the front-end noise sources and
offers the advantages of a wide dynamic range and highly dig-
ital implementation.

V. MEASURED RESULTS

Fig. 20 displays a die photograph of the proposed LDC,
which is fabricated in a 180-nm CMOS process. As indicated
in the figure, the overall die area is 2.7 mm? (i.e., 1.63 mm x
1.63 mm), and the active area is 0.65 mm? (i.e., 1.05 mm x
0.62 mm). Interestingly, we see that the active die area is dom-
inated by digital blocks, with the analog DRC and three-stage
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Fig. 22. Block diagram of test setup with digital signal processing used for calculation of heart rate.
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Fig. 23. Measured results using ambient light through a finger: (a) output of digital bandpass and (b) instantaneous HR frequency.

LIQAF quantizer consuming less than one third of the active
area. Note that the LDC prototype achieves less than 5-Hz
closed-loop bandwidth with no off-chip components other than
the external photodiode and bypass capacitors for the supply
voltage.

Measured current consumption of the IC prototype varies
with the photodiode bias current, with the maximum current oc-
curring at maximum /y,s. As shown in Table I, measured cur-
rent consumption of the IC at 0.5-V supply voltage is < 7 pA
(excluding output data drivers) across the Iy,;,5 operation limits
of 4 nA/3.5 1A, which corresponds to power consumption of
< 4 wW. Note that operation of the LDC was also confirmed
through measurements at 0.4- and 0.6-V supply voltages. Mea-
sured IC current consumption (excluding output data drivers)
at 0.4-V supply was 2.9 £ A/5.3 1A across the I,i,5 Operation
limits of 4 nA/2.5 11A, and at 0.6-V supply was 4.6 ©A/8.8 1A
across the Iy, operation limits of 4 nA/4.3 pA.

Fig. 21 shows the test setup used to characterize the LDC per-
formance. The board contains two parallel channels (i.e., two
photodiodes and two LDC ICs), a clock source, voltage regula-
tors (to minimize 50 Hz power supply noise), and connectors for
voltage supplies, digital controls, and test data. The photodiode
(part number SFH 2430 from OSROM Opto Semiconductors)

contributes 1 nF of capacitance to the LDC front-end filter. The
clock source has a frequency of 2 MHz in order to facilitate se-
rialization of test signals and is divided down by a factor of 64
internal to the IC in order to achieve an LDC clock frequency of
1/T.y = 31.25 kHz. Fig. 21(a) indicates the test case in which
a finger is placed on top of the photodiode in order to assess the
ability of the system to sense heart rate using only ambient light
[17]. One can see the photodiode of the other channel in the
figure, which was not used in the set of experiments discussed
in this paper. Fig. 21(b) indicates the test case in which a sepa-
rate board containing an LED is mounted on top of the IC test
board in order to characterize the sensitivity and dynamic range
of the LDC. When performing such characterization, the setup
is placed in a light-shielded environment and the LED current
is modulated with a sine wave such that the photodiode current
has Af,, = 0.5%, 1% and 2% of I,j,s with both Iy, and the
sine wave frequency being varied across the operating range of
the LDC. The photodiode current is measured for this test by
examining the voltage across a 10 kS resistor that is placed in
series with the photodiode.

In order to extract the LED modulation frequency or heart
rate from the LDC output, external digital signal processing is
applied as shown in Fig. 22. The heart-rate detection algorithm
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Fig. 24. Measured results using a sine wave modulated LED source. (a) RMS error versus photodiode bias current. (b) RMS error versus modulation frequency.
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view.

consists of a digital bandpass filter followed by edge detection
and a digital counter which keeps track of times between edges.
The LED modulation frequency or heart rate is then computed
based on the measured times between consecutive rising edges
as well as consecutive falling edges.

Given the above setup, Fig. 23 displays the measured results
in the case where ambient light within an office environment

is used with a finger placed over the photodiode. For the plots
shown, the measured photodiode bias current is J,,i,s = 17 nA.
Fig. 23(a) shows the LDC output after it passes through the
digital bandpass filter shown in Fig. 22, and Fig. 23(b) shows
calculated instantaneous heart rate. One should note that the es-
timated heart rate is on a per-beat basis with no additional aver-
aging applied across beats. The variation in the heart rate would
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Fig. 26. Measured spectrum of LDC output for approximately 60 seconds of data sampled at 31.25 kHz with AT,,,, = 0.5% of L. at 1.2 Hz (72 bpm) frequency
under (a) low i of 4 nA for the photodiode and (b) high I},i.. of 3.5 A for the photodiode. (¢), (d) Zoomed-in time-domain view of measured accumulator
and quantizer combiner outputs corresponding to the spectra in (a) and (b), respectively.

be reduced if such averaging were employed. When considering
the use of ambient light across a wider range of conditions, we
note that indoor versus outdoor light varies by three orders of
magnitude in intensity [18], which is a reasonably close match
to the I},i,s range supported by the proposed LDC. However,
full benchmarking of ambient light-based HR detection perfor-
mance was beyond the scope of this work.

Fig. 24 displays measured results in the case where the ex-
ternal, modulated LED is used to characterize the LDC over
its full range of photodetector bias current and modulation fre-
quency by sensing rms error of the calculated modulation fre-
quency, which serves as a proxy for heart rate. Fig. 24(a) demon-
strates that the rms error versus I},;,5 1S less than 0.45% across
the entire [},;ys range from 4 nA to 3.5 A assuming an LED
modulation frequency of 1.2 Hz. As such, a minimum sensitivity
of Tirias = 4 nA and dynamic range of 201log(3.5 pA/4 nA) =
58.8 dB is achieved. Fig. 24(b) displays rms error versus mod-
ulation frequency with Iy, = 4 nA, 10 nA, and 3.5 1A. Note
that the worst case rms error of 2.5% occurs at the maximum
frequency of 5 Hz (i.e., 300 bpm) due to the fact that the small
period at this 5-Hz frequency leads to a larger percentage error.
The high-frequency performance could also be somewhat im-
proved if the bandpass filter within the digital signal processing
block was designed to be adaptive in its center frequency setting.

Fig. 25 shows the measured response of the accumulator, in-
dividual quantizer stages, and the overall quantizer combiner

for a step change in LED light intensity across the full dynamic
range of the LDC. The response is slew-rate limited due to satu-
ration of the quantizer. The slight glitch seen at the beginning of
the first step is due to the external function generator that was
used to drive the LED current. Note that the plot reveals that
the fine quantizer levels are active at low 5, and the medium
quantizer levels are active at high Iy,j,5. Since no LED modula-
tion is occurring in this test, the increase in quantizer activity at
higher I},;, is attributed to the higher impact of the DRC AY.
quantization noise due to the increased front-end filter band-
width (i.e., reduced value of Rj,.q).

Measured spectra of the LDC output (i.e., accumulator
output) for AZ,, = 0.5% of s are shown in Fig. 26 under
low and high [,;,s conditions of 4 nA and 3.5 pA, respec-
tively. Measured SNR is obtained from the spectral plots
assuming 0.5-5-Hz integration bandwidth and should be com-
pared with the calculated SNR plots shown in Fig. 19(b). As
observed from this comparison, measured SNR is about 3 dB
worse than theoretical calculations under low and high pj,s
conditions. The measured SNDR values are close to their
SNR counterparts, which indicates that the LDC feedback
dynamics are approximately linear in behavior. Finally, the
time domain plots of the quantizer combiner output shown in
Fig. 26(c) and (d) confirm that the fine quantization region is
active at low Ipjns and the medium region is active at high
Ibias-
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Fig. 27. Measured spectrum of LDC output for approximately 60 seconds of data sampled at 31.25 kHz with AT,,, = 2% of I,;.. at 1.2 Hz (72 bpm) frequency
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TABLE II
COMPARISON WITH OTHER PUBLISHED WORK
Power | Vg 501y | Photodetector | Photodetector

Ref Process (uW) | (Volts) [ I,i.s Sensitivity | 1,;,s Range |Application

[10] 0.35u CMOS | 600 25 100nA 54.6dB Heartrate

[11] 0.35u CMOS | 4500 Not Reported 40dB Heartrate

[13] 1.5u BiCMOS | 400 50nA (typical) | Not Reported | Oximetry
This Work| 0.18u CMOS <4 0.5 4nA 58dB Heartrate

To see the impact of higher modulation amplitude, measured
spectra of the LDC output for Al,, = 2% of I;,;,s are shown
in Fig. 27 under the same low and high /i, conditions as in
Fig. 26. Here, we see that measured SNR improves by approx-
imately 12 dB due to the fact that the signal for AZ,, = 2%
of Iyias is 12 dB higher than for Al,, = 0.5% of /.. How-
ever, the time-domain plots shown in Fig. 27(c) and (d) reveal
saturation behavior in the quantizer and corresponding slewing
behavior in the accumulator output such that SNDR is signif-
icantly degraded. As revealed by the rms error measurements
results shown in Fig. 24, the improved SNR at higher modula-
tion amplitude generally leads to better performance despite the
nonlinear behavior of the nonuniform quantizer.

Finally, Table II compares the performance of the proposed
LDC to other recent work. As shown by the table, the prototype
presented in this paper achieves better sensitivity and range than
other published work while also operating at significantly lower
supply voltage and power dissipation.

VI. CONCLUSION

This paper presented a 0.5-V CMOS LDC that supports a
wide photodiode bias current range of 4 nA to 3.5 pA with less
than 4 ;tW of power consumption. Assuming a 1.2-Hz modu-
lated photodiode current having 0.5% peak-to-peak amplitude
relative to Iy,;,s, better than 30 dB SNR is achieved at the low
and high end of the Iy, range for an integration bandwidth
spanning 0.5 to 5 Hz. Off-chip digital signal processing of the
LDC output is used to calculate instantaneous period jitter (a
proxy for instantaneous heart rate), which was measured to be
less than 0.45% (rms) of the period across the full I},;,5 range. In
addition, the excellent sensitivity of the LDC allowed detection
of the heart-rate signal from a finger pressed against the off-chip
photodiode using only ambient light.

Key circuit components of the LDC include a wide range
logarithmic DRC utilizing digital multibit A modulation to
achieve fine resolution, and a nonuniform quantizer based on a
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cascaded, laddered inverter quantizer (LIQAF) which also acts
as a low-noise front-end amplifier and filter. The DRC, com-
bined with a parallel resistor R, allows nearly three orders
of magnitude in range for [i;,s With only a 5-b design. The
LIQAF-based quantizer provides a low-noise analog-to-digital
interface with low power and low analog design complexity.
As revealed by detailed calculations which assume I, am-
plitude of Al,, = 0.5% of I, the theoretical worst case
LDC SNR performance under low I;,5s conditions is limited
by front-end noise rather than quantization noise from the DRC
or LIQAF-based quantizer.

Due to the 0.5-V supply voltage and extremely low power
consumption of < 4 p'W, the proposed LDC may offer the pos-
sibility of enabling compact solar-powered heart-rate sensors
that are embedded in rings [19] or other wearable devices. Since
the excellent sensitivity of the LDC allows ambient light to be
used, such devices could potentially operate without LED light
sources and be used to sample heart rate when appropriate am-
bient light levels are present.
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