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Abstract—An energy-efficient real-time processor that
enhances R-waves in an electrocardiogram (ECG) signal is
presented. The processor leverages a non-linear filter that models
a system consisting of a particle inside a monostable well potential.
The system is known to facilitate stochastic resonance (SR), where
additive noise helps improving detectability of a weak signal. The
processor is designed using analog signal processing techniques for
simplicity of implementation and energy efficiency. Based on the
schematic-level circuit simulations on the MIT-BIH arrhythmia
database, the processor achieves an average sensitivity of 99.78%
and an average positive predictivity of 99.65%. The power
consumption excluding the bias circuitry and the thresholding
stage is 3.75 nW with 1V supply voltage. The results serve as a
proof-of-concept demonstration towards facilitating SR in
practical signal enhancement and detection scenarios with limited
power budgets.

Keywords— analog signal processing, ECG processor, energy-
efficient signal processing, stochastic resonance

[. INTRODUCTION

Electrocardiogram (ECQ) is a biopotential originating from
electrical activity of the heart muscles and thus carries
invaluable information on cardiac health. From a single lead
ECG, abnormalities in heart rate (HR), which can originate
because of cardiovascular diseases [1, 2], can be detected.
Accordingly, ECG has extensive clinical use for arrhythmia
detection in several patient groups such as with premature
ventricular complexes (PVC), left ventricular ejection fraction
(LVEF), and cardiac arrest survivor [3].

Notably, arrhythmia events are intermittent and thus the
success of detecting such events increases if ECG monitoring is
performed outside the clinic for extended time periods from days
[4] to weeks, and to months [5]. To accommodate, several
research- and commercial-scale wearable [6] and injectable and
implantable [7, 8] ECG monitoring approaches have been
reported. Although wearable systems are well suited for ECG
monitoring for hours; injectable and implantable systems are
more appropriate for weeks and months of monitoring, from
both signal quality and convenience of use perspectives. It
should be mentioned that for implantable systems such as cardio
bands and pacemakers to have sufficiently long battery life,
large batteries are used, thereby increasing the footprint.
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Accordingly, implantable ECG systems necessitate surgery,
which is not desired especially when the age group of patients
are considered, and they are potentially associated with
complications including bleeding and migration [9, 10]. On the
other hand, injectable monitors offer smaller footprint for ease
of subcutaneous placement at the cost of limited battery size and
thus battery capacity. In fact, an injectable ECG system can
consume as low as 65 nW in total, which translates to five days
of battery lifetime with 3.7 mm? thin film battery [11], [12].
With the motivation of reducing the power consumption of long-
term implantable/injectable ECG monitoring systems, we
propose a real-time ECG processor performing R-wave
detection:

An implantable/injectable ECG monitor typically consists of
an ECG readout, signal conditioning, data acquisition, and data
transmission blocks [11], [13]. When the scarcity of arrhythmia
events is considered, digitizing and transmitting the ECG
waveform continuously is not a power efficient solution.
Instead, digitization and data transmission can be made when it
is important to store and analyze the full ECG waveform, such
as during arrhythmia events. An integrated energy-efficient
processor consisting of a low-power R-wave detection processor
and a succeeding low-power arrhythmia detector block such as
in [14] can detect such events using a power budget negligible
compared to typical pW-level radio power consumptions [15],
[16].

Previously, R-wave detectors using digital processing
techniques [17], [18] and analog processing techniques [19],
[20] have demonstrated detection sensitivities as high as 99.3%
[18] and power consumption as low as 4.8 nW [19]. In [21], an
analog implementation of the Pan Tompkins algorithm [22] is
reported to achieve a simulated R-wave detection sensitivity of
98.98% with a simulated power consumption of 0.5 nW. In this
study, we investigate low-power circuit implementation of a
new algorithm, which facilitates stochastic resonance (SR) to
enhance the R-waves.

SR is a phenomenon describing the use of noise in a
counterintuitive manner to enhance and detect weak signals
[23], [24]. In [25], [26], we have investigated a digital signal
processing algorithm that makes use of additive noise in the
system to enhance neural spikes. Motivated by the observation
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Fig. 1. Stochastic resonance (SR). See Section IL.A. (a) Classical SR
diagram of particle in a bistable well illustrating how optimum amount of
an additive noise can enhance a weak periodic signal. (b) A monostable
well also facilitates SR. The forces acting upon the particle are shown.

of SR in many biological and physical detection systems [24]
[27], [28], in this study, we investigate the implementation of
the algorithm in the physical domain using analog signal
processing principles. Another motivation for the analog
implementation stems from the high energy-efficiencies of the
analog R-wave detection algorithms in the literature.
Specifically, we present a new proof-of-concept application-
specific integrated circuit (ASIC) heart-beat detection processor
designed in a 65nm CMOS technology. We present the
algorithm and the circuit implementation, as well as schematic-
level circuit simulation results on the MIT-BIH arrhythmia
dataset [29].

II. STOCHASTIC RESONANCE AND THE ECG PROCESSOR

Below, we provide a description of stochastic resonance
(SR) and an algorithm facilitating SR. Then, the physical
implementation of the algorithm is presented in Section II.B.

A. Stochastic Resonance (SR) and Signal Enhancement

SR is a phenomenon where additive noise is used,
counterintuitively, to enable detectability of a weak signal [24],
[271, [28]. SR is classically explained by considering a particle
in a bistable well as illustrated in Fig. 1(a) [23]. In that system,
the particle stays inside one of the stable points. The input,
which is a weak periodic signal, is applied as force exerted onto
the particle. The other force acting upon the particle is
proportional to the local slope of the well potential, wherever the
particle is, in the opposite direction of the sign of the slope. The
output of the system is the x-position of the particle. The weak
signal, by itself, cannot make the particle pass the barrier and
move to the other stable point. Instead, it swings around the
stable point. On the other hand, if the input is added a proper
amount of noise, the particle will be able to move back and forth
between the two stable points, thereby increasing the output
signal amplitude. The major consideration to take advantage of
additive noise is the noise intensity. A small noise will not exert
the desired push on the particle and a high noise will swamp the
signal.

SR can also be facilitated when the particle is inside a
monostable well potential. In fact, in [26], we have shown that
electrocorticogram (ECoG) neural spikes can be enhanced by as
much as 92 dB when an underdamped monostable well is used.
In a monostable well, the additive noise, similar to the bistable
scenario, can push the particle up along the walls of the potential
well, more than the noise-free signal. In [26], we have shown
that there is an optimum noise intensity maximizing the output

for the particle in a monostable well, which demonstrates the
existence of SR in the system.

The system consisting of a particle inside a monostable well
potential can be considered as a non-linear filter with a time-
varying noisy input signal of s,, (¢) and a time-varying output of
x(t). The expression describing the input-output relationship of
the non-linear filter is governed by the generalized Langevin
equation as [30]:

d2x(t) dx(t) _ dUp(x)
dt? ac dx

+ sp (1), )

where y is the damping factor of the system and U,(x) is the
monostable well potential:
_ax?  bx*
Uo(x) = =+~ (2
In (2), a and b determine the wall slope and thus affect the
amount of force applied on the particle by the well potential.

The solution to (1) can be obtained in the digital signal
processing domain via the numerical Runge-Kutta method [14],
which provides an approximate solution through iterations.
Alternatively, (1) can be solved in the physical domain by
implementing the differential equation as an analog electronic
circuit. In fact, there have been physical demonstrations of SR
using analog electronic components [23], [31]. Unlike previous
circuit implementations, which aimed to build physical systems
allowing analytical investigation of the SR phenomenon, this
study aims to facilitate SR for signal enhancement in a practical
sensing application. Accordingly, this paper presents an ultra-
low power ASIC processor implementing (1) for the first time
to the best of authors knowledge. The processor performing real-
time R-wave detection for implantable and injectable ECG
monitor systems is detailed in the next sub-section.

B. The ECG Processor

Equation (1) includes the 1% and 2™ time derivatives of x(t)
that can be implemented with integrators. It also requires the 3
power of x(t), which can be implemented via translinear loops
on current signals. Operating on current signals is advantageous
also because of the ease of implementing additions and
multiplications, which are needed to introduce the constants,
a, b, and y. Schematic of the proposed processor is presented in
Fig. 2 (a). The processor output, I, (t) in Fig. 2 (a), corresponds
to x(t) of the non-linear filter. The processor is designed in a
TSMC 65nm CMOS technology and is supplied by 1 V single
supply. All bias voltage and currents are supplied externally.

A 13-transistor source-degenerated operational
transconductance amplifier (OTA) is designed to serve as a Gm-
element in integrator blocks (Fig. 2 (b)). A leaky Gm-C
integrator followed by voltage-to-current buffer serves as a
current-mode integrator (Fig. 2 (c¢)). The cutoff frequency of the
Gm-C integrator is set to 100 mHz by using a C = 20pF and
setting the bias current as 30 pA. Squaring is achieved in the
current domain via a translinear loop stage. Accordingly, a wide
dynamic-range (I1pA — 1nA) translinear loop stage is designed
for squaring I, (Fig. 3 (a)). To process both positive and
negative values, bidirectionality is achieved by steering the
positive and negative currents to PMOS- and NMOS- translinear
circuits via a class-B stage. The devices of the class-B stage are
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Fig. 2. The schematics of the proposed processor. (a) Complete system architecture of the proposed processor. (b) 13-transistor OTA that is used as Gm block
in integrators. (c) Current mode integrator realized by current-to-voltage Gm-C leaky integrator and voltage-to-current converter.

controlled by the output of an inverter. The devices My; — My
and Mp; — Mps are sized to operate in subthreshold region. A
KVL analysis along the branch starting from the source of
My1p1) and ending at the source of Mys(psy yields to the
following input-output relationship:

en+1

(Ix - IDsubs ’ Ix <0

oy
12 = 0, I;p=0 3)
Ikp+1
l;‘T_IDsubs 4 Ix >0
Spa

where I, is a subtraction current controlled by Vs to
remove the dc offset originating from difference between x,and
Kp, With K, ) being the capacitive ratio of depletion and oxide

capacitances of the NMOS (PMOS) in subthreshold regime,

C ox,n(p)

Knp) = —— . Similar to the squaring block, a wide
Cox,n(p)*Cdepn(p)

dynamic-range (1p — 20nA) multiplier is designed with two
translinear stages for bidirectionality (Fig. 3 (b)). Notably, I2
represents a positive value and thus is unidirectional. On the
other hand, the current steering scheme of the squaring block
explained above is implemented for the bidirectional I,,. The
well parameters of a and b are introduced via current mirrors at
the multiplier output. I3 is mirrored with a factor of b and I, is
mirrored with a factor of a, which is followed by reversing the

2
directions of al,, and bI3 to obtain d;"t (zt) at the input of the 1%

integrator (I in Fig. 2 (a)) as:
dI2(t) dlx(t)
oo = Y=o — al(t) = DIE(O) + Igeg. (4

In (4), which has the same form as (1), I,(t) and Iggq
respectively correspond to x(t) and s, (t) in (1).

III. RESULTS AND DISCUSSION

The processor is simulated in Cadence Virtuoso Analog Design
environment for validation and R-wave detection performance
assessment. For R-wave detection performance assessment, the
48 ECG recordings of the MIT-BIH arrhythmia database [29] is
used. The recordings are sampled at 360 Hz with 11-bit
resolution. To feed recordings into the simulation environment,
recordings are pre-conditioned by representing them in the
current domain with a maximum amplitude of 100 pA,p. Pre-
conditioned recordings are fed to the Virtuoso simulation
environment and outputs of the proposed processor are moved
to MATLAB, where a 10 pA constant threshold is applied to
identify the detected R-waves. The R-waves detected are
compared with the true R-waves provided in the database. R-
wave detection performance of the processor is assessed using
the metrics of detection sensitivity (Se), positive predictivity
(+P), error rate (DER), and accuracy (Acc) calculated using true
positive (TP), false positive (FP), and false negative (FN)
values as:

TP

Se=1prry *100 P =rp e * 100 5
pEr =N 00 4 P 100 ©
- - % .

“TTP+FN+FP

The performance metric values are presented in Table I and
example simulated waveforms from the processor are presented
in Fig. 4. Based on the analysis, the proposed processor achieves
an average Se=99.78% (+0.84) and an average +P=99.65%
(£1.38). The worst R-wave detection performance is obtained
from the recording 207 (§e=94.35% and +P=90.74%). Reasons
for poor performance in recording 207 include high amplitude
ringing, R-waves with only negative portion, and tall T-waves.
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Fig. 3. Schematics of squaring and multiplication circuits. (a) Squaring
block. Squaring is done with two translinear loops each for one direction
of the input current. (b) Multiplication block. Similarly, multiplication is
realized by two translinear loop to achieve bidirectionality.

In recording 207, 35% of FNs are caused by short R-waves and
43% percent of FNs are caused by R-waves with only negative
portion. 30% and 70% of FPs are caused by tall T-waves and
high amplitude ringing, respectively. To analyze the effect of the
temperature on the processor performance, operating
temperature is swept from -100°C to 100°C while recording 100
is fed to the processor. Sweep results indicate that the
temperature changes the peak amplitude of the output, which
can be eliminated via adaptive thresholding.

A comparison of the results with low power R-wave
detection implementations is presented in Table II. The
proposed processor achieves better power performance than the
analog approaches in [19], [20]. In fact, in terms of power
consumption, there is only one processor [21] that outperforms
the proposed processor. On the other hand, detection sensitivity
of the proposed processor is better than [21]. A closer
investigation on the output signals reveal that, tall T-waves in
some recordings are falsely detected as R-waves (Fig. 5).

Previously we showed that, well and damping parameters
a,b, and ¥ can be tuned to maximize signal enhancement and
noise suppression [26]. In light of those results, the R-wave
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Fig. 4. Example simulated waveforms from the raw ECG signal and the
proposed processor output are shown for two recordings from the MIT-
BIH arrhythmia database. QRSgetecteq 1S detected R-waves by the
proposed processor and QRS;. is ground truth R-wave locations
obtained from database (a) 25s portion of recording 103. (b) 15s portion
of recording 105.
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Fig. 5. Two example simulated waveforms experiencing false positives
due to tall T-waves are shown. (a) 13s portion from recording 208. (b)
Another 20s portion from recording 208.

detection performance of the processor can be potentially
improved by fine tuning on well parameters and damping factor
to better suppress tall T-waves and noise only portions.
Moreover, adaptively controlling the threshold level with the
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TABLEI
PERFORMANCE EVALUATION OF THE PROPOSED ECG PROCESSOR

ECG Total #

record #  of Beats Se (%) P (%) DER Ace (%)
100 2273 100 100 0 100
101 1865 100 100 0 100
102 2187 100 99.82 0.18 99.89
103 2084 100 100 0 100
104 2229 100 100 0 100
105 2572 99.96 99.5 0.54 99.46
106 2027 100 99.9 0.09 99.9
107 2137 100 99.76 0.23 99.76
108 1774 99.88 99.94 0.16 99.83
109 2532 100 100 0 100
111 2124 99.95 100 0.04 99.95
112 2539 99.96 100 0.03 99.96
113 1795 99.94 99.83 0.22 99.78
114 1879 100 99.79 0.21 99.79
115 1953 100 100 0 100
116 2412 99.09 99.96 0.96 99.05
117 1535 99.94 100 0.06 99.94
118 2288 100 100 0 100
119 1987 100 100 0 100
121 1863 99.95 100 0.05 99.95
122 2476 100 100 0 100
123 1518 100 100 0 100
124 1619 100 100 0 100
200 2601 99.76 100 0.23 99.76
201 1963 99.79 97.51 2.75 97.32
202 2136 99.95 99.76 0.28 99.72
203 2980 99.83 99.96 0.2 99.79
205 2657 99.89 100 0.12 99.89
207 1860 94.35 90.74 16.18 86.07
208 2955 99.72 99.93 0.33 99.66
209 3005 99.93 99.93 0.13 99.87
210 2650 99.93 99.78 0.3 99.7
212 2748 100 100 0 100
213 3251 100 100 0 100
214 2262 100 99.96 0.05 99.96
215 3363 99.94 100 0.05 99.94
217 2208 100 100 0 100
219 2154 100 99.27 0.74 99.27
220 2048 100 100 0 100
221 2427 100 100 0 100
222 2483 98.35 98.15 3.56 96.56
223 2605 99.93 100 0.09 99.93
228 2053 99.86 99.86 0.29 99.71
230 2256 100 100 0 100
231 1573 99.94 99.94 0.12 99.88
232 1780 99.78 99.78 0.45 99.55
233 3079 100 100 0 100
234 2753 100 100 0 100

Overall 109518 99.78 99.65 0.59 99.46

help of an energy-efficient analog memory such as in [34] could
further enhance the detection performance.

It is worth noting that, the proposed processor should be
provided with current-mode ECG, which can be obtained via a
current-mode instrumentation amplifier architecture such as in
[35, 36]. Also, although the thresholding is performed digitally
in this proof-of-concept study, the constant threshold can be
applied to the current output of the processor via a winner-take-
all circuit [37, 38] while consuming ~6 pW [39]. Additionally,
bias voltages and currents can be generated by pW-level bias
circuitry based on the principle of self-regulated push-pull
voltage reference generator [40] with ~10 pW power
consumption [41].

TABLE II
COMPARISON WITH ENERGY-EFFICIENT R-WAVE DETECTORS
Perf
Algorithm / Type / —-criormance
Domain Technology Se Pp Power
n) (%)
. SR-based ASIC/ 3.75nW
This work Analog 650m 99.78  99.65 (Simulated)
PT-based ASIC/ 0.5 nW
(21] Analog 65nm 98.98 ~ 98.9 (Simulated)
QSWT ASIC/
[17] Digital 1800m 99.29 N/A 457 nW
PT-based ASIC/
2] Digital 65nm 99.83  98.65 2.78 pyW
PT-based ASIC/
[33] Digital 1300m 99.85  99.93 3.84 uW
A-CLT ASIC/ 6.5 nW
18] Digital 65nm 993 99.38 (Simulated)
ASIC/
[19] Analog 180nm N/A N/A 4.8 nW
800 nW
20] Analog + ASIC/ \UA N/A  (Excluding
Digital 180nm L
digital)

It should be noted that, the investigation of physical
implementation of a system known to facilitate SR in enhancing
the weak signals is performed with the primary goal of achieving
high accuracy R-wave detection while consuming low power.
Demonstration of the characteristic bell-shape curve of SR [26],
[31] and investigation of the effects of well types and parameters
are left as a future work. However, those studies are expected to
provide valuable insights as to how the processor parameters
should be tuned, and if and how much noise should be added to
the ECG signal to optimize the R-wave detection performance.

IV. CONCLUSION

An energy-efficient ECG processor to detect R-waves in real
time is presented. The processor innovatively implements a non-
linear filter modeling the physical interaction of a particle in a
monostable well potential, a system known to facilitate
stochastic resonance (SR). The processor implemented in a
65nm CMOS process using analog signal processing techniques
demonstrates low power consumption and high R-wave
detection sensitivity and positive predictivity when validated
against a public ECG database through schematic-level
simulations. The processor is the first example towards
leveraging SR to enhance weak signals and improve
detectability in low power-budget sensor system scenarios.
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