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Abstract

This doctoral dissertation presents the development and digital hardware re-
alization of cardiac event detectors. Implantable medical appliances, as the
cardiac pacemaker, have progressed from a life sustaining device to a device
that considerably improves life quality for all ages. The number of electronic
devices and household appliances in everyday live has an ongoing exponential
growth. These devices contaminate their environment with electronic, magnetic
or electromagnetic radiation. Pacemaker patients exposed to this environment
may suffer due to malfunction of the pacemaker. Thus, the next generation of
pacemakers require a low-power consuming event detector that provides reliable
detection performance.

In this thesis two papers that present an artificial neural network based
event detector for R-wave detection are merged to an extended manuscript.
The neural network functions as a whitening filter prior to a matched filter.
It is shown how the neural network responds to sudden changes in the input
sequence. An algorithm that determines the initial template for matched fil-
tering is proposed, and a continuous update of the filter impulse response is
implemented in order to track long-term changes in signal morphology. Fur-
thermore, an updated threshold function is proposed which addresses amplitude
variations in the electrogram. Noise suppression and classification performance
under “real-life situation” are explored by analyzing recordings from databases
of electrograms and noise. Finally, the suitability for pacemaker application is
discussed.

Four papers that present a low-power digital hardware implementation of a
wavelet based event detector are merged and extended in the second part of this
thesis. The theory of the wavelet filterbank is presented, and it is shown how
the architecture was modified to achieve an area and power efficient silicon
implementation. An algorithm is presented that determines automatically a
threshold level during the initialization phase. A second operation mode is
proposed to shut down major parts of the hardware, if the patient is at rest or
in a “low-noise” environment. Power analysis on RTL-level shows that leakage
power is the dominant factor in the total power figure. An estimate for leakage
reduction is presented if sleep transistors are introduced between the supply
rails and the logic that is shut-off in low-noise operation mode. The R-wave
detector has been implemented in 0.13 pm low-leakage CMOS technology. The
design has been routed, and, thereafter, sleep transistors are introduced in the
layout. Detection performance is evaluated by means of databases containing
electrograms to which five types of exogenic and endogenic interference are
added. The results show that reliable detection is obtained at moderate and
low SNRs.
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Chapter 1

Thesis Overview
and Contribution

This thesis deals with the development and digital hardware realization of
detection algorithms for cardiac rhythm management devices, and is divided
into three parts. The introduction presents briefly the mechanisms of the heart
and the pacemaker, introduces low power digital circuit design, and presents the
terminology of artificial neural networks and wavelet decomposition, and the
second and third part present two implementations of cardiac event detectors:
the first implementation is based on an artificial neural network in combination
with a matched filter. The second implementation realizes a wavelet filterbank,
resulting in an ultra low-power digital hardware implementation.

The chapters of this thesis cover a broad spectrum: the reader will find
facts on the heart and the pacemaker, an introduction into biomedical signal
processing on account of artificial neural networks and wavelet filterbanks, and
digital hardware design on both high and low abstraction levels. This thesis is
structured such that the reader, unfamiliar with the topic, may comprehend a
digital hardware realization of a biomedical signal processing algorithm. The
reader with more insight in the thematic may skip certain parts, since every
section aims at one topic and may be read without the preceding sections.

1.1 Introduction

The first topic of the introduction is the basics of cardiology. The mechanism
that keeps the heart beating is illustrated from a simplified engineering point
of view with emphasis on cardiac pacing. Moreover, common cardiac diseases
that require permanent pacemaker treatment are presented, together with his-
torical highlights in artificial cardiac pacing and the functional characteristics



2 Thesis Overview and Contribution

of cardiac pacemakers.

The second part of the introduction identifies the power consuming sources in
digital circuit design. Commonly used power minimization techniques on both
architectural and circuit levels are discussed. Finally, design recommendations
to efficiently utilize energy sources are presented.

The signal processing part of the introduction briefly considers artificial neural
networks. Moreover, the basics and advantages of wavelet decomposition are
demonstrated by analyzing sequences.

1.2 Result Part

The result part presents two different types of R-wave detectors and is therefore
split into two chapters.

Part I The first section proposes the application of a time-lagged artificial
neural network for pacemaker application. The neural network functions as
a whitening filter prior to a matched filter. It is shown how the update of
the neural network weights is traced during training and how the network
adapts to sudden changes. An algorithm that determines the initial template
for matched filtering is proposed. A continuous update of the filter impulse
response is implemented in order to track long-term changes in signal morphol-
ogy. An updated threshold function is proposed which addresses amplitude
variations in the electrogram. Noise suppression and classification performance
under “real-life situations” are explored by analyzing recordings from databases
with electrograms and noise. It is concluded that a hardware realization for
pacemaker application is not feasible. The implemented features, which are
required to obtain reliable detection performance, would result in a too high
complexity and power dissipation, if implemented in digital hardware. Thus, a
better approach that is suitable for pacemaker application is proposed.

Part IT The second part presents a digital hardware realization of a wavelet
based cardiac event detector. The theory of the wavelet filterbank is presented.
Techniques such as numerical strength reduction and wordlength optimization
are considered for hardware implantation. It is shown how the architecture can
be modified to achieve an area and power efficient silicon implementation. An
algorithm is presented that automatically determines a threshold level during
the initialization phase. A second operation mode is proposed to shut down
major parts of the hardware, if the patient is at rest or in a “low-noise” envi-
ronment. For this purpose a low complexity noise detector has been developed
that operates in supervision mode. A power analysis on RTL-level shows that
leakage power is the dominant factor in the total power figure. An estimate for
leakage reduction is presented if sleep transistors are introduced between the



1.2 Result Part 3

supply rails and the logic that is shut-off in low-noise operation mode. The R-
wave detector has been implemented in 0.13 pum low-leakage CMOS technology
using a standard ASIC design flow. The design has been routed, and, there-
after, sleep transistors are introduced in the layout. Detection performance is
evaluated by means of databases containing electrograms to which five types of
exogenic and endogenic interference are added. The results show that reliable
detection is obtained at moderate and low SNRs.

The result section of this thesis is an extended version of the following publi-
cations:

Part 1

J. Neves Rodrigues, V. Owall, and L. Sérnmo, “QRS detection for pacemakers
in a noisy environment using a time lagged artificial neural network,” Pro-
ceedings of the 2001 IEEE International Symposium on Circuits and Systems,
ISCAS 2001, Sydney, Australia.

J. Neves Rodrigues, V. Owall, and L. Sérnmo, “R-wave detection for pacemak-
ers using a matched filter based on an artificial neural network,” Proceedings
of the 2002 IEEE International Conference on Neural Information Processing,
ICONIP 2002, Singapore.

Part 11

J. Neves Rodrigues, V. Owall, and L. Sérnmo, “A Wavelet Based R-wave De-
tector for Cardiac Pacemakers in 0.35 CMOS Technology,” Proceedings of the
2004 IEEE International Symposium on Circuits and Systems, ISCAS 2004,
Vancouver, Canada.

J. Neves Rodrigues, V. Owall, and L. Sérnmo, “A flexible wavelet filter struc-
ture for cardiac pacemakers: A power efficient implementation,” Proceedings of
the 2004 IEEE International Symposium on Biomedical Circuits and Systems,
BIOCAS 2004, Singapore.

J. Neves Rodrigues, T. Olsson, L. Sérnmo, and V. Owall, “A Dual-Mode Wave-
let Based R-Wave Detector using Single-V; for Leakage Reduction,” Proceedings
of the 2005 IEEE International Symposium on Circuits and Systems, ISCAS
2005, Kobe, Japan.
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J. Neves Rodrigues, T. Olsson, L. Sérnmo, and V. Owall, “On the Digital Imple-
mentation of a Wavelet Based Event Detector for Cardiac Pacemakers,” IEEE
Transactions on Circuits and Systems. Special Issue on Biomedical Clircuits
and Systems: A New Wave of Technology, accepted for publication.



Chapter 2

The Heart and its
Natural Control System

The human heart is a fist-sized muscle, usually located in the left chest.
With a rate of 60-70 beats per minute it maintains the blood circulation of
the body. The average human heart pumps 70 milliliters per heartbeat, and
the average workload at the age of 70 has become 184,086,000 liters of blood
by 2.5 billion beats. The heart consists of four chambers, an atrium and a
ventricle on each side, separated by a muscular wall named septum. Atria and
ventricles serve as blood in- and outlets, respectively. The walls of the heart are
of muscular nature, referred to as the myocardium. The right atrium receives
deoxygenated blood from the body through the superior vena cava. Figure 1
presents the heart and its connecting blood vessels. Blood in the atrium is
pushed into the right ventricle by contraction. Thereafter, the blood is pumped
into the lungs. The blood is oxygenated in the lungs before it returns to the
left atrium and ventricle. Ventricular contraction pumps the blood through the
aorta to supply the body with oxygen.

Cardiac output is due to consecutive contraction and relaxation of the my-
ocardium. The first to contract is the atria and thereby filling the ventricles
which very shortly after the atrial activity contract. Unidirectional blood flow
is sustained by valves between the atria and ventricles.

2.1 Cardiac Charge Propagation

The cardiac cycle is due to an electrical stimulus that originates at the nat-
ural pacemaker of the heart, called the sinoatrial (SA) node, located at the
epicardium of the right atrium. The electrical impulse propagates to the atria,
and slightly delayed through the atrioventricular (AV) node to the ventricles.
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The short delay in impulse propagation assures that both atria and ventricles
are filled with blood before contraction.The electrical impulse continues further
through the conduction fiber in the septum, referred to as the bundle of His.
Here, the impulse is split into the right and left bundle branch, and a wide
network of conduction fibers, called the Purkinje fibres, propagate the impulse
around the heart apex towards the atria. The origin of the cardiac events in-
dicated in the electrogram and the stimuli propagation path are presented in
Figure 2.

The impulse that originates at the SA node is transmitted by a change in
electrical potential on the epicardium, along the described propagation path.
The myocardial cells experience a potential difference across the cell membrane,
due to unbalanced ion concentration between the exterior and interior of the
cell. Thus, an electrical impulse can propagate as muscular cells are excited.

A deviation of the membrane permeability may cause a change in electrical
potential as this results in an inward flow of positively charged potassium ions.
Thus, a cell tends to be neutral or slightly positive, referred to as depolarized.

Superior
Vena
Cava

Right
Atrium

Left
Ventricle

Inferior

Vena

Cava . s
Right

Ventricle

Figure 1: Anatomy of the heart and its connecting blood vessels.
Reprinted with permission from St. Jude Medical.
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2.1 Cardiac Charge Propagation

Thereafter, the cell resumes to its negative potential and the cell is repolarized.
Figure 3 illustrates the depolarization of the cardiac cells and the resultant
development of the ECG. Magnitude and orientation of the dipoles during
depolarization and repolarization can be represented by vectors. Summation
of these vectors produces a dominant vector that indicates the charge direction
on the epicardium, as presented in Figure 3. The myocardial cells cannot
enter the depolarization phase immediately after repolarization. The time that
needs to pass is referred to as the refractory period. The depolarization and
repolarization correspond to the contraction and relaxation phase, respectively.

The cardiac charge propagation can be visualized by the electrocardiogram
(ECG), which is measured on the body surface by several electrodes [1]. The
first wave in the cardiac cycle, the P-wave, is the summation of the atrial cell
depolarization that results in contraction and pumps blood into the ventricles,

AV node
Com
bunlg]%n\»
Bundle
branches
Purkinj
Bhnje ﬂ
' 800 ms '

Figure 2: The heart and its impulse propagation system. Morphology
and timing of action potentials and their different origins in the heart and
the related cardiac cycle of an ECG measured on the body surface [1].
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as shown in Figure 4. The P-wave is low frequency with a spectrum well below
10 Hz, as shown in Figure 5.

The depolarization of the left and right ventricle is indicated by three waves
gathered in the QRS complex that lasts about 0.1 seconds [2,3], as illustrated
in Figure 5. During depolarization of the ventricles both chambers contract
and pump blood out of the ventricles, whereas the atria relax simultaneously
from contraction during repolarization. The R-wave peak in the QRS complex
is the sum of depolarization of individual cells in the chambers, which results
in the highest signal level in the example of Figure 2. The T-wave represents
repolarization of the ventricles and occurs approximately 300 ms after the QRS
complex. The distance of the T-wave to the QRS complex is heart-rate depen-
dent and becomes shorter for increasing heart rates. A typical ECG and the
definition of normal time intervals are presented in Figure 4.

Figure 3: An ECG recorded at an electrode positioned at . (a) All
cardiac cells at rest, (b) atrial depolarization, (c) electrical charge passes
the AV node, (d) — (g) ventricular depolarization, (h) ventricular depo-
larization, and (i) all cells at rest [1].
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2.2 The Malfunctioning Cardiac Control System

Certain types of cardiac arrhythmia are, in most cases, an indication that a
permanent pacemaker implant is required. If an arrhythmia becomes chronic
it may cause a too slow heart rhythm. Several common types of arrhythmias
exist which require pacemaker treatment, e.g., bradycardia, tachycardia, and
heart block.

Bradycardia Bradycardia refers to a too slow heart rate to meet the de-
mands of the body, where “too slow” depends on age and physical activity,
but is usually below 60 bpm. This causes fatigue, dizziness, lightheadedness,
fainting, extreme tiredness, poor exercise tolerance, and shortness of breath.

Tachycardia A rapid heart rate, usually above 100 bpm, during rest is re-
ferred to as tachycardia.

Heart Block A defect in the electrical conduction system is referred to as
heart block, and prevents the electrical impulse to reach the ventricles such
that cardiac activity may decrease dramatically.

T T T T T T T T T T T T T T
RR interval
2 |
g
~—" |
[}
e
=]
ey
= . :
g : : )
< | ) i
1k —_— ]
. P : QRS
duration duration
PQ interval QT interval
_2 | ) | J | L | | |

0 200 400 600 800 1000 1200 1400

Time (ms)

Figure 4: Wave definitions and durations of the cardiac cycle. The
time location of J indicates where the QRS complex turns into the ST
segment [1].
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2.3 Cardiac Fibrillation

The stimuli that originates at the AV node is normally propagated as presented
in Section 2.1. However, the charge propagation may be disorganized in some
patients, causing atrial or ventricular fibrillation.

Atrial Fibrillation A cardiac cycle is usually initiated at the SA node. How-
ever, multiple regions in the atria may produce an electrical charge at different
times. Such disorganized atrial stimuli generation results in atrial fibrillation
(AF), i.e., the atria does not fill up with blood at the beginning of the cardiac
cycle. These chaotic pulses, often at a rate of 300-600 bpm, are not further
transmitted to the ventricles by the AV node, as such does not conduct during
its recovery period. Thus, the ventricles contract at a disorganized rate and
the cardiac output is reduced by approximately 10 %. AF can be identified as
waves having a varying amplitude, duration, and shape. The likelihood of de-
veloping atrial fibrillation increases with age and three to five percent of people
over 65 suffer from atrial fibrillation.

1.0 T T T

0.75

! QRS complex

0.50

Power spectrum

0.25

0 . .;..] ..... . . L 1
0 10 20 30 40

Frequency (Hz)

Figure 5: Power spectra of the P-wave, QRS complex, and T-wave.
Large variation may exist between different leads and subjects [1].
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Ventricular Fibrillation Unsynchronized electrical activity in the ventricles
result in a critical degradation of the cardiac output, i.e., the heart pumps
only little or no blood, and is referred to as ventricular fibrillation (VF). This
condition is very serious as a person collapses and sudden cardiac death will
follow in minutes unless medical help is provided. Ventricular fibrillation is
manifested by a particular wave morphology that is chaotic and without QRS
complexes.

The ventricle may start fibrillating if an electrical impulse stimulates the
ventricle while being in the ventricle refractory period (VRP), as the ventricle
is vulnerable for fibrillation during the T-wave. Thus, an implanted pacemaker
must assure that no stimulus is produced during the vulnerable time of the
ventricle.






Chapter 3

The Cardiac Pacemaker

The cardiac pacemaker is one of the most successful implantable devices in the

area of biomedical engineering. The implantable pacemaker, now in its forties,
required almost nine decades of experiments and research before the first suc-
cessful implantation was announced in 1958 [4]. This section gives a historical
account of the predecessors of the implantable pacemaker and highlights the
milestones of cardiac pacemaker development of the past decades.

1871 The first mammal hearts to be artificially stimulated were chloroform-
arrested hearts. Steiner forced cardiac arrest in three horses, one donkey, ten
dogs, fourteen cats, and eight rabbits. The experiments were carried out by
stabbing a 1 mm in diameter and 13 cm long, electrode needle through the chest
into the ventricle. The anaesthetic level was deepened until cardiac arrest was
indicated by the electrode needle stopped moving. The second electrode was
connected by a moistened sponge to the epigastrium. The ventricle was stim-
ulated by a DC stimulus that was interrupted by a metronome to successfully
reanimate the animals [5].

1872 The first human heart was paced by Greene in the United Kingdom.
Sudden cardiac arrest was an occasional complication that could occur during
chloroform anesthesia. It is documented that he reanimated five of seven cases
of cardiac arrest by connecting hand-held electrodes, connected to a 300V
battery, to the neck and the lower left chest [6].

1929 — 1932 Lidwill described his portable cardiac AC device used to rean-
imate a stillborn infant. The infant recovered completely after cardiac treat-
ment. Lidwill’s device required a wall socket and a needle inserted into the
patient’s ventricle [7].

13
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Figure 6: A replica of the first implanted pacemaker molded in a shoe-
polish can.

Hyman presented a pacing device driven by a hand-cranked spring-wound
motor which provided electrical stimuli to the right atrium via an electrode
needle. Unfortunately, such a pacing device was seen as an infernal machine
that could interfere with the will of God, and no manufacturer dared to produce
it [8].

1948 The transistor is invented by Schockley’s research group at Bell Labo-
ratories [9].

1952 — 1957 Paul Zoll announced the reanimation of a patient suffering
from a serious cardiac disease. Zoll’s external pacing device sustained the
patient’s heartbeat for more than 50 hours at a time [10,11]. Thereafter, the
patient recovered sufficiently. The electrical stimuli was provided by a electrode
needle to the ventricles. However, the external pacemaker of these days had the
drawback that they were spacious, uncomfortable for the patient, and painful
as the skin often was burned where the electrodes were connected to the skin.
The first wearable pacemaker was developed in 1957 by Earl Bakken [12].
Transistors were used instead of vacuum tubes. The battery-powered wear-
able device had the size of about a soap bar. Furman developed a long term
transvenous lead that was used to maintain the heartbeat for 96 days.
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1958 Ake Senning and Rune Elmqvist implanted the first internal pacemaker
in Stockholm, Sweden. The device lasted for a short time and reimplantation
was required after five hours [4,13]. The device incorporated two transistors
driven by a nickel-cadmium battery. The pacemaker was molded with epoxy
resin in a hockey puck sized shoe-polish can, as shown in Figure 6. The pace-
maker battery was recharged by induction. An external charger unit main-
tained a power transfer by mutual induction. The charger coil was placed on
the patient’s skin above the pacemaker and power was generated by a coil
within the implanted pacemaker. The charging process required several hours,
usually done overnight, and the battery lasted a fortnight.!

The first integrated circuit (IC) was developed by Jack Kilby at Texas Instru-
ments [14]. Almost simultaneously, Bob Noyce developed a similar device at
Fairchild Semiconductor.?

1958 — Evolution of the Implantable Pacemaker The major design
constraints for a long-term implanted pacing device in the late 1950s were [3]:
e No interface in the skin through which infections could enter the body.

e A small battery with a high energy density that could be recharged or
last for some years.

e A small pulse generator that could fit into the abdomen.
e A lead that could withstand the cardiac flexion.

e An electrode that sustained a reasonable threshold level.
e A biocompatible encapsulation.

e Circuitry shielded from both battery discharge and incursion of body
fluids.

e Transistorized circuit that provides pulses of 2msec. Duration and am-
plitudes of 15 milliamperes at a steady rate of about 70 impulses per
beat.

Progress in pacemaker development has accelerated since the implantation of
the first device. Several improvements have been achieved in pacing lead tech-
nology, miniaturization, battery longevity, programmability, rate adaptive pac-
ing, telemetry, and autoprogrammability.

IThe first internal pacemaker patient was Arne Larsson who passed away on December
28,2001, at the age of 86. At the time of his death, Larsson had received 26 pacemakers over
a period of 43 years.

2Kilby received the Nobel price in Physics in 2000 for his part in the invention of the
integrated circuit.
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Figure 7: (a) The EGM is sensed through a unipolar electrode. Body
tissue is the ground connection between pacemaker capsule and heart.
(b) A bipolar electrode senses the EGM as potential difference between
electrode tip and ring.

Lead Technology Breakage of the electrode wires was troublesome in
the early days of the pacemaker. A durable wire that could withstand more
than 36 million beats a year was a major design concern. A wire made of
escapement spring of watches was developed in 1961 [15,16].

The early leads were all unipolar and gradually replaced by bipolar leads.
The difference between uni- and bipolar sensing is depict in Figure 7. A unipo-
lar electrode uses the pacemaker capsule for GND connection, see Figure 7
(a), whereas a bipolar electrode uses a ring that surrounds the electrode tip
for GND connection, see Figure 7 (b). Other improvements were the use of
coaxial leads that reduced the lead diameter. A catheter electrode that could
be passed into the right ventricle via a superficial chest vein made thoracotomy
unnecessary [17].

Once it had been realized that the stimulation threshold may increase no-
ticeably if the location of the electrode tip changes, research on electrode fixa-
tion techniques started. The electrode tip was anchored by barbs, hooks, loops
in order to sustain a stable pacing threshold for a long time period. A typical
tip of a lead used for pacemaker treatment is shown in Figure 8.

The discovery that current density at the electrode-heart interface causes
cardiac stimulation, facilitated the development of smaller surface electrodes.
Thereby, less current was required to achieve the same current density and,
consequently, the pacemaker lifetime was prolonged.
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a

Figure 8: A typical electrode tip with screw thread and barbs.

Miniaturization Miniaturization of cardiac pacemakers was enhanced
by the application of transistors as a substitute for vacuum tubes. Thus, the
dimension of a pacemaker changed from being “bread box” sized to a wearable
device. Extensive functionality required more transistor which were accom-
modated on microprocessors. The number of transistors implemented in a
pacemaker follows Moore’s law. From two transistors in 1958 the number has
increased to over 200,000 in 1999, as presented in Figure 9 [18].

Hermetic sealing and biocompatible materials for encapsulation reduced the
risk for moisture damage, component fracture and tissue reaction. The size of
the pacemaker decreased from a device that had to be transported on a cart,
to a device as small as 12.8 grams, (Microny II SR+, 25625, ST-Jude Medical),
see Figure 10 [19].

Battery Longevity The first implantable pacemaker was powered by a
rechargeable nickel-cadmium battery, which could operate for two weeks before
recharging. To recharge the batteries a transmitter needed to be positioned
accurately above the pacemaker. However, the majority of patients receiving
permanent pacemaker treatment are elderly people who would have difficulties
carrying out such a charging procedure correctly. Therefore, long lasting single-
use batteries are used.

Long lasting nuclear-powered plutonium pacemakers were available for some
time; however, they never became popular due to United States governmental
restrictions.

The major breakthrough for pacemaker longevity occurred in 1968 when
the lithium battery was invented (patented in 1971). Today’s pacemakers may
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Figure 9: Moore’s law and number of transistors implemented in a
pacemaker from 1958 to 1990 [18].

last up to 20 years, e.g., the pacemaker Regency SC+, St-Jude Medical [19].
An opened pacemaker capsule is shown in Figure 10. The lithium battery has
acquired approximately 50 % of the total pacemaker volume. The circuitry on
visible side of the PCB is basically composed of capacitors, a coil for telemetry,
and an oscillator. The integrated circuits are on the other side of the PCB.

Programmability The pulse generator of early pacemakers maintained
a fixed heart rate. However, rate adjustment was considered as early as 1957.
The external pacemaker device developed by Bakken and Lillehei had a dial
for rate adjustment and another to tune the electrical output [20]. In the
1960s pacemakers were available that used two insulated potentiometers for
rate adjustment. The potentiometer could be adjusted with a specially shaped
needle and thereby increase or decrease the pacing rate [21,22].

Magnetic actuation was applied in 1972 to change the output pulse duration
at a fixed output voltage. The pacemaker was programmed by an external
device where bar magnets were manually rotated. Thereby, a rotation of the
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Figure 10: A typical pacemaker in full-scale. Half of the volume is
needed for the battery.

magnets inside the pacemaker was caused and the gear train within the pulse
generator adjusted.

Nowadays, radio frequency programming techniques are state-of-the-art
[23]. The programmer contains a magnet that closes a magnetic switch and
allows the pulse generator to be programmed.

Rate-Adaptive Pacing The pulse generators of the first pacemakers
provided a fixed-rate stimuli. Regardless of the natural cardiac activity the
ventricles were stimulated with a fixed rate, e.g., 70 or 100 bpm. However, in
order to eliminate the danger of competitive pacing, i.e., an artificial stimuli
is emitted during VRP and may cause fibrillation, research for rate-responsive
pacing started. In 1966 clinical trials were reported with the first implanted
R-wave sensitive pacemaker [24-27]. Thereafter, pacing electrodes have been
used to both sense and force ventricular activity by R-wave detection, where a
detected R-wave inhibited the artificial stimuli.

Rate-responsive pacing gave pacemaker patients not only a steady “natural”
cardiac activity, but the rate response necessary to accomplish a normal life,
e.g., exercising and working. Thus, pacemakers progressed from a life sustaining
device to a device that considerably improves life quality.
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Pacemaker

Figure 11: Location of a pacemaker in the human body [28]. The
pacemaker is sensing in both the ventricle and atrium.

Telemetry Bidirectional telemetry enables communication with the pace-
maker. The possibility to retrieve information from the pacemaker, e.g., pro-
gramming status, saved events, measured values, etc., has become very im-
portant [23]. Transfer of intracardiac data to external devices by telemetry
enhances the understanding and treatment of cardiac diseases.

Autoprogrammability With the progress in microprocessor technology,
more advanced features can be implemented in a pacemaker. Functionality,
such as sensing threshold adaptation or rate-responsive pacing, makes it nec-
essary that the pacemaker logic can adjust parameters automatically. Auto-
programmability was first used to tune parameters for rate responsive pacing,
e.g., the rate needs to be increased if the patient is physically active. Other
features like sensing and pacing threshold adjustments were also accomplished
by autoprogrammability [29].

Transvenous Implantation Early pacemakers were implanted putting
the patient under general anaesthesia, opening the abdomen and chest to ex-
pose the heart surface. Thus, pacemaker implantation was qualified as major
surgery. Average mortality rates in the days after this surgery was about 7.5 %
in the 1960s [30].

From the early 1970s, the lead was introduced in the inside of the right
ventricle by making a small incision in the upper chest and advancing the
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pacemaker lead down the vein. After positioning the lead in the ventricle, it
was tested for functionality and electrical properties before connecting it to
the pulse generator. The pacemaker was accommodated between the layers of
subcutaneous tissue (underneath the skin) and muscle. Fibrous tissue grows
over the electrode tip within days and binds the electrode to the inner wall of
the heart. The surgery requires only local anesthesia and less than an hour for
an experienced implanter. Thereafter, the patient needs some consultation for
parameter adjustment. This procedure is state-of-the-art of today’s pacemaker
implantations.

3.1 The Implanted Pacemaker — The Artificial Cardiac
Control System

The pacemaker is a permanent substitute or backup of the natural control
system. Depending on the cardiac disease, various types of pacemakers are
implemented to improve or sustain life quality. The operation mode of the
pacemaker is divided into three classes: asynchronous (fixed rate), synchronous
(on demand), and rate adaptive. Two different types of pacemaker exist: single
chamber and dual chamber. The former type has only one lead that is either
placed in the right atrium or ventricle. This type of pacemaker is often used
in patients whose SA node sends out pulses too slowly (bradycardia). The
latter type has two leads, one placed in the right atrium and the other in the
right ventricle. Patients with a slow SA node, a blocked electrical pathway, or
asynchronous atrial and ventricular contractions receive this kind of treatment.

Moreover, pacemakers are available which reduce the risk of atrial fibrilla-
tion. The pacemaker logic can be divided in three blocks: sensing unit, pacing
unit, and control unit, as shown in Figure 12.

Sensing Unit [

CI(_)Jgti{OI { Energy Source |

Pulse Generator

Pacemaker
Lead

Y

Figure 12: The pacemaker circuitry clustered in functional blocks [3].
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Sensing Unit The sensing unit amplifies and filters the cardiac signal ac-
quired at the electrode lead. Traditionally, filtering has been performed by an
analog bandpass filter and a decision rule that compares the filtered signal to a
reference value [3]. Thus, the logic of the sensing unit decides if an R-wave has
occurred and accordingly triggers reset of the timing circuitry if the R-wave
has been detected. Protection circuitry shields the sensing unit from pulses
that originate from the pacing unit.

Pacing Unit The pacing unit generates the artificial pulse delivered to the
myocardium. The voltage required to stimulate the myocardium is higher than
the supply voltage of the battery, e.g., two times Vg, = 5.6 V, and is generated
by a pump-up capacitor. This capacitor is discharged on demand of the control
unit in order to provide a stimulus. The voltage applied to the myocardium is
referred to as the stimulation threshold.

Control Unit The control unit manages the timing circuitry and determines
when a pulse needs to stimulate the myocardium. Today’s pacemakers allow
bidirectional data transfer: data is transmitted to the pacemaker to adjust
parameters, e.g., sensing and stimulation threshold, timing parameters, and
data that is read from the pacemaker required for diagnostics. The logic of the
control unit is based on digital components accommodated on a CMOS IC [3].

Energy Source The energy required to drive the units for sensing, pacing,
and control is provided by a lithium battery. As the battery cannot be replaced
or charged, the entire pacemaker capsule needs to be replaced as soon as the
battery weakens. The longevity of the battery strongly depends on the amount
of pacemaker treatment needed, i.e., the number of generated pulses. The
typical lifetime ranges from ten to twenty years.

3.2 Pacemaker Modes

The functionality of the pacemaker is deciphered by a code, see Table. 1. The
table lists the code standardized by the North American Society of Pacing
and Electrophysiology (NASPE) and the British Pacing and Electrophysiology
Group (BPEG) [31,32]. All five positions are needed to classify available pace-
makers. However, if adaptive rate pacing and multisite pacing are absent,
positions I to III suffice. Pacemakers with rate modulation are identified by
Position IV. Position V is used whenever the absence of adaptive rate pacing
requires attention. Presence or absence of multisite pacing is denoted by all
five positions [32].
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Position I: Chamber(s) Paced Indicates the chamber that receives the
electrical stimuli.

Position II: Chamber(s) Sensed Indicates the chambers in which spon-
taneous cardiac depolarizations or interference signals are sensed.

Position ITI: Response to Sensing Indicates whether sensing, as defined
by Position II, inhibits pacing or triggers a pacemaker output immediately in
the same chamber.

Position IV: Rate Modulation Indicates whether adaptive rate pacing
(rate modulation) is available. Today’s pulse generators are capable of com-
prehensive noninvasive adjustment and provide information by telemetry.

Position V: Multisite Pacing Indicates the presence and, to some extent,
the location of multisite pacing.

The pacemaker implanted in 1958 would be coded as VOO: A ventricle is
paced, no sensing, and thus no response to sensing, and, possesses only one
timing interval, i.e., lower rate interval (LRI) [3].

A more advanced pacemaker is coded as VVI and delivers a stimulus to
the ventricle whenever the heart fails to do so. This pacing mode is controlled
by two timing cycles, i.e., LRI and the ventricle refractory period (VRP), as
presented in the flow-chart of Figure 13. The flow diagram of a VVI mode single
chamber pacemaker is a modified version of the flow diagram presented in [3].
The modification enables a sleep mode of the sensing logic during the VRP.
Thus, the pacemaker logic can be switched off at least 20 % of its operation

Table 1: Type codes for cardiac pacemakers. Atr. and Ven. denotes atrium
and ventricle, respectively. Triggered and inhibited responses are indicated by
T and I, respectively.

Position 1 11 111 v \%
Category Chamber(s) | Chamber(s) | Response to Rate Modulation
Paced Sensed Sensing Modulation Pacing
O = None O = None O = None O = None O = None
A = Atr. A = Atr. A = Atr. R = Rate A = Atr.
Code V = Ven. V = Ven. V = Ven. | Modulation | V = Ven.
D =Dual D = Dual D = Dual D = Dual
(A+V) (A+V) (T+71) (A+V)
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Figure 13: The flow diagram of a VVI mode single chamber pacemaker
is a modified version of the flow diagram presented in [3].

time and this results in reduced energy consumption and, thus, longer battery
lifetime.

The timing cycle of a VVI pacemaker is always triggered either by a sensed
or paced a ventricular event (R-wave). After the pacemaker has just stimulated
the ventricle with a pulse, the internal counters for LRI and VRP are reset and
the pacemaker increments its counters until the VRP has expired. The sensing
logic can be set in sleep mode during this time period which is typically between
200 and 300 ms; when the VRP has expired, the sensing logic is activated to
monitor activity in the ventricle. The sensing of a R-wave causes a restart of the
pacemakers timing cycle by resetting the counter for LRI and VRP. However,
if the LRI expires before a ventricle activity is sensed the pacemaker stimulates
the ventricle with a pulse. To make the VVI pacemaker rate-adaptive (VVIR)
the LRI must be adjustable, which can be achieved by using sensor-controlled
LRI.

The most advanced pacemaker available is coded as DDD: atrial activity is
sensed in both atria and ventricles, both atria and ventricles are paced taking
into account six timing intervals.
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3.3 Variation in Sensing and Pacing Thresholds

Sensing as well as pacing is carried out with the same electrode. However, due
to time-dependent changes at the electrode tip, the thresholds of sensing and
pacing need to be updated with time. A sensing threshold that follows changes
in EGM morphology sustains reliable detection performance and, moreover, an
optimized pacing threshold reduces the power consumption.

The pacing threshold does not remain static since, e.g., pain or anxiety dur-
ing pacemaker surgery may cause lower thresholds whereas sleep increases the
threshold level. A more significant but smooth change of the sensing threshold
comes over the months. An electrode wire obtains the lowest threshold at the
time of pacemaker implantation, referred to as acute threshold. Within four to
six weeks the threshold increases to its highest level, approximately three or
four times its acute level. Thereafter, the threshold falls and remains almost
static at two to three times the acute level, called the chronic threshold [33].
These variations in pacing threshold are due to the following reasons: after
initial pacemaker implantation the electrode tip has direct contact with the
myocardium; inflammation of the myocardium separates the electrode from
the myocardium and the threshold reaches its peak level after three weeks; af-
ter six months, fibrous tissue has grown and surrounds the electrode tip; this
tissue layer usually remains unchanged and reaches the chronic threshold level.

Cardiac activity is sensed with the same electrode used for pacing. Thus,
changes in conductivity, as described above, affect the sensing threshold as
well. The EGM has the highest amplitude after pacemaker implantation and
changes accordingly with conductivity variations at the electrode tip.






Chapter 4

Energy and Power
Dissipation in Digital CMOS

Energy consumption is an essential design constraint for cellular devices such
as mobile phones and PDAs. Consumers demand devices that have a long op-
eration time between charging. However, for medical devices such as hearing
aids and cardiac pacemakers, energy consumption is even more crucial. The
batteries in a cardiac pacemaker of today can neither be replaced nor recharged.
When the battery power weakens the entire device must be replaced, resulting
in discomfort for the patient and high economical costs. The world’s longest
lasting pacemaker has an expected longevity of up to 20 years [19]. The limiting
factor of lifetime in a pacemaker is usually the energy source that is progres-
sively depleted by self-discharge and energy dissipated to drive the pacemaker
components, as presented in Section 3.1. Improved features, such as the pro-
posed wavelet-based event detection, must meet restricted energy constraints
in order to be considered as a viable alternative. Therefore, it is necessary to
minimize energy consumption of new circuitry.

Progress in digital CMOS technology enhances the functionality of digital
hardware accommodated on very limited chip area [34-37]. However, technical
issues such as heat dissipation and leakage pose obstacles that need to be
overcome in current and future technologies. Thus, hardware realizations for
implanted medical appliances need to be thoroughly designed in order to use
the limited energy effectively.

The total power consumption of a digital circuit can be approximated as

Ptot = Pswitch +Pdp+Pstat» (1)

where Psyicn 1s active power consumption, Py, is short-circuit or direct-path
consumption, and Py, is static or leakage power consumption [38].

27
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This chapter addresses power issues and is composed of three parts. The
first part gives a brief introduction to the origin of power dissipation in digi-
tal circuits, as approximated in (1). The second part presents an overview of
techniques on arithmetic and circuit level, used to reduce the different types of
power consumption. Moreover, it is shown how coherency of power dissipating
sources can be used to gain a highly effective energy reduction. The conclud-
ing part places emphasis on energy rather than on power consumption, and,
it is shown that power reduction does not necessarily result in lower energy
dissipation.

4.1 Active Power Consumption

Active power consumption, traditionally the dominating contributor to the
overall power figure in digital hardware, originates from two sources: switching
of the parasitic capacitors in transistors and wires, and a conducting path
between Vy; and GND during transition. The switching power in a digital
circuit is computed as

Pywiteh = Z aiCL,iijcfd,j» (2)

nodes

where «; is the switching activity in node ¢, C,; the parasitic capacitance at
node i, f; and Vyq,; the clock frequency and supply voltage of instance j, respec-
tively [39-41]. The approximation in (2) assumes Vyg = Vyying and accounts
for multiple supply voltages and clock frequencies. The power consumed by
switching is dissipated as heat.

The parasitic capacitance of a transistor shrinks with the transistor dimen-
sions. However, wiring capacitance gains a higher share in the total capacitance
figure, with contemporary technology. The wiring capacitance of deep submi-
cron technologies of today is an order of magnitude higher than transistor
capacitance [38,42].

The second source for active power consumption, direct-path power, is due
to the conducting path between transistor power supplies, i.e., Vyq and GND,
and occurs when both NMOS and PMOS devices are active at the same time.
This is referred to as direct-path power, approximated by

tr+1
Pdp = 7“Tf‘/DD-I'peakfa (3)

where ¢, and ty are the rise and fall times, respectively, and Ip,cqs is the peak
current in the conducting path. Such a peak current is proportional to tran-
sistor dimensions.

The clock distribution net in a synchronous digital circuit is composed of
buffers and wires, which results in a high capacitive load that need to be
switched, and, thus, switching activity and clock frequency determine power



4.2 Static Power Consumption 29

Long Short Nery Short  Nano
Channel Channel Channel ‘Sealed
Negligible Subthreshold  Subthreshold  Sul shold
Leakage Leakage +(iate stae
Leakage L

L>1pm L> 180nm L >90nm L«<%nam

Figure 14: Leakage origin in scaled technologies [50].

consumption. A clock-net power dissipation of nearly 50 % of the total power
dissipation has been observed for some designs [43,44]. Table 2 presents power
dissipation of selected synchronous clocked ASICs.

4.2 Static Power Consumption

Leakage is a minor contributor to the overall power figure in long channel CMOS
devices above 1 um, as presented in Figure 14. However, according to estimates
presented in [37,51], leakage power will be the dominant power source in the
future due to a lower threshold voltage in scaled technologies, as presented in
Figure 15. Already in 2004 it was observed that a design in 90nm CMOS
technology dissipates more power than an identical design in 130 nm [52]. In
appliances that operate at low clock frequencies leakage may already be the
dominant power source in 0.13 yum CMOS technology [53].

Static power consumption is due to leakage currents in the transistors |38,
41,54], and can be approximated as

Pstat = IleakVDDa (4)

where Pgq: is linearly dependent of Vy; and the cumulative leakage current

Table 2: Percentage of power consumed in the clock-net for a selection of
digital synchronous designs [45].

Design power in clock net
high-performance CPU [43] >45 %
MCORE microRISC [46] 36%
Alpha 21064 [47] 40%
Alpha 21164 [47] 40%
Alpha 21264 [48] 32%
TORCH MIPS R2000 [49] 36%
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Figure 15: Processor power: active and leakage. Leakage power is
going to replace the active power as dominant power source [37].

Tjear, which consist of six different types of leakage [55]. A transistor model
that illustrates these leakage currents is presented in Figure 16. The notations
for the currents are:

e [i: reversed bias pn junction
e I5: gain-induced drain leakage (GIDL)
e I3: subthreshold + the drain induced barrier lowering (DIBL)

o [, gate leakage due to oxide tunneling + gate current caused by hot-
carrier injection

Contemporary CMOS technology suffer from subthreshold and gate leakage as
shown in Figure 14. It is predicted that the application of high-k dielectrics
will reduce gate leakage by a factor of 100, and is expected to be available
from 2007 [50]. Technology below 90 nm will experience higher reversed bias
leakage [54]. Gain-induced drain leakage as well as the pn junction leakage will
gain higher significance with each future CMOS technologies [55].

The presented types of leakage are existent at certain transistor states, i.e.,
the leakage currents in off or on-state are denoted as I,y and I,y,, respectively,
as presented in Table 3. Revers-bias and oxide tunneling leakage are present
in both on and off mode.
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Figure 16: Leakage current mechanisms of a submicron transistor.
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In submicron CMOS technology, a lower supply voltage reduces the electri-
cal field strength and thus the power dissipation [56]. The ratio between supply
voltage and threshold voltage determines the gate delay. In order to assure an
improved gate delay with shrinking technology, the decrease in supply voltage

Table 3: Leakage presence in transistor modes.

transistor mode
current ON | OFF

reverse bias pn junction || X X
subthreshold - X
channel punchthrough - X
oxide tunneling X X
gate current - X
gain-induced drain - X
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leads to a lower threshold voltage. Such threshold scaling results in an expo-
nential increase of the subthreshold current. CMOS technology below 70 nm
requires an oxide thickness of less than 1.5 nm, i.e., two to three layers of silicon
dioxide atoms. Such thin gate oxide results in tunneling and in an exponential
increase of gate leakage current [57-60], and, high-gate dielectrics have thus
received much attention recently to prevent direct gate tunneling [61]. Since
leakage is a limiting factor in future technologies, its reduction gains higher
attraction with each new CMOS technology generation [38,51,62].

4.2.1 Subthreshold Leakage

A transistor conducts as soon as Vigg exceeds the threshold voltage V;. How-
ever, even when Vgg is below V; (subthreshold region) a small drain-source
current is present, as shown in Figure 17. The closer the threshold voltage is
to zero voltage, the higher the leakage current.

Drain-Induced Barrier Lowering In long-channel devices the channel po-
tential is not affected by channel length or drain bias as the depletion regions
of source and drain are enough separated. However, as the source-drain dis-
tance shrinks with technology scaling, the source and drain depletion regions
get closer and thereby affect the channel potential. Thus, the threshold volt-
age and the resulting leakage current vary with the drain bias, referred to as
drain-induced barrier lowering (DIBL). Such an effect occurs if the depletion
regions of source and drain are close enough to interact with each other, i.e.,
the source injects carriers into the channel surface. Thus, a high supply voltage
to a short-channel device lowers the barrier height and thereby decreases the
threshold voltage. Figure 18 illustrates how V; changes with Vy4 [55,63, 64].
A lower switching threshold increases the subthreshold leakage as presented in
Figure 17. Subthreshold leakage is the dominant power source in current and
future CMOS technology [65].

4.2.2 pn Reverse Bias Leakage

Drain and source to well junctions are reverse biased and cause a pn junction
leakage current. This leakage current originates from two main sources: mi-
nority carrier diffusion/drift near the edge of the depletion region and electron-
hole pair generation in the depletion region of the reverse-biased junction. pn
junction reverse-bias leakage is dependent on junction area and doping con-
centration [66]. However, this leakage source has only a minor contribution in
current and future CMOS technologies.
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Figure 18: Drain-induced barrier lowering for short channel devices.
The threshold voltage increases with Vpg decreasing and reduces thereby
the leakage current [38].

4.2.3 Leakage Temperature Sensitivity

Subthreshold leakage current is very sensitive to temperature changes. Power
dissipation generates heat which in turn increases leakage power dissipation.
Thus, it is necessary to sustain a low silicon temperature. This can be achieved
by cooling devices, e.g., heat sinks. However, in cellular devices heat sinking is
troublesome as this requires space and is resulting in higher production costs.

For implanted medical appliances the operating temperature is elevated and
is equal to the body temperature. Thus, the normal operating temperature for
a cardiac pacemaker lies at 36.8° C. An increase in operating temperature from
room temperature 25° C to the body temperature results in an subthreshold
leakage current increase of approximately 2.2 for a 0.35 um CMOS technology
[67]. For this technology, subthreshold leakage is the dominant component of

IOff‘

4.3 Active Power Minimization

Dynamic power consumption of a digital ASIC can be approximated by equa-
tion (2). Progress in technology shortens gate propagation delay with each
new technology. Shorter gate delays lead to higher possible clock frequencies
that results in higher switching and short-circuit power. Moreover, due to
transistor size scaling it is possible to accommodate an increasing number of
gates on a single die. This increases the total capacitive load and thereby the
power dynamic power consumption. The predicted power consumption of a
high-performance digital circuit will be more than 200 W in 65 nm technology,
which puts high demands on cooling devices [68].

Dynamic power is dissipated as heat, which reduces the transistor threshold
voltage, as previously presented. Since reduced threshold voltage increases the
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subthreshold leakage current, it is necessary to have strong focus on dynamic
power reduction as this affects leakage as well [54].

This section presents how dynamic power minimization techniques can be
applied, and, how power sources are effectively addressed on architectural and
circuit level. The in this section presented techniques are summarized in Ta-
ble 4.

4.3.1 Dynamic Power Reduction

Switching power can be reduced by a lower clock frequency, minimization of
the capacitive load C, lower switching activity «, and reduction of the supply
voltage Vyq, according to (2). A reduction in clock frequency without compu-
tation power penalty can be achieved by parallelization. However, this leads
to substantial increase in silicon area. Another option, according to (2), is
the minimization of the total capacitive load. Such capacitive load reduction
comes with technology scaling and is mainly due to minimization of the transis-
tor gate and diffusion as well as wiring. Therefore, transistor dimensions should
be kept at a minimum where applicable and reasonable. Unfortunately, such
considerations are only possible on a layout level and most digital hardware
designers are bound to a higher abstraction level, using a hardware description
language (HDL). Switching activity can be minimized on an architectural level
by applying certain design strategies. The parameter that achieves the highest
power minimization is the supply voltage V4, as dynamic power in (2) depends
quadratically on V4. This section presents design techniques used to minimize
the switching activity. These design strategies can be divided in two groups:
the first is optimization on architectural level; the second can additionally be
applied on circuit level as presented in Table 4.

Pipelining The clock frequency of a digital circuit is usually determined by
the critical path. The relationship between propagation delay and Vg is

Voo (5)

tg o0 ——22
% Vop — Vp)®

Table 4: Implementation strategies on architectural and circuit level.

Architectural Circuit
Pipelining Multiple Vyq
Parallelization Multiple clocks
Wordlength Opt. Clock gating
Arithmetical Opt. Viq scaling
Strength Reduction
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where V; is the switching threshold and « the velocity saturation, i.e., o = 1.4
for current CMOS technologies. [38,69]. Thus, the maximum clock frequency,
which is the reciprocal of (5), can be increased by lowering t4. This can be
achieved by introducing additional registers in the critical path, referred to as
pipelining. A critical path that allows a higher clock frequency than needed
permits a lower supply voltage, i.e., V4 can be scaled according to (5). Thus,
pipelining is used to speed up the circuit or to reduce switching power.

Parallelization Parallel processing and pipelining techniques are dual as-
pects, i.e., if an implementation can be pipelined it can also be processed in
parallel [70]. In a parallel implementation at least duplicated hardware is used
to carry out computations simultaneously during one clock cycle. Hence, par-
allel processing results in higher computation speed. If a lower throughput is
sufficient V4 can be scaled. The disadvantage with a parallel implementation
is the significant increase in silicon area.

Balanced Path A glitch develops if two or more merging signal paths in
a design have different propagation delays. Implementing tree rather than
chain structures and pipelining reduces the number of glitches and thereby the
switching activity [39,70]. A balanced signal path evens out the delays such
that the number of ripples is minimized.

Resource Allocation A shared datapath is a popular technique to minimize
implementation area. However, depending on the signal properties multiplexed
datapaths may result in a higher switching activity [39]. If highly uncorrelated
data is transmitted over the path, all data bits may flip in a worst-case situation.
This charging and discharging operation increases the switching activity. The
implementation of two independent datapaths may result in lower switching
activity when data is correlated [41].

Fixed-Point Wordlength Optimization The wordlength after a mathe-
matical operation needs to be increased in order to sustain precision and to
avoid overflow, e.g., a 2’s complement addition of two N-bit numbers requires
a wordlength of N + 1 for the sum. If several arithmetical operations are se-
quentially carried out in a signal path the wordlength needs to be increased
accordingly, in order to avoid overflow. significantly. However, it is very un-
likely that every arithmetical operation results in overflow if the wordlength
is not increased. Thus, the wordlength of a result can be minimized after a
completed operation by rounding or truncation. This may introduce round-
ing errors, and higher precision can be sustained by scaling the wordlength
after several operations. Thus, wordlength optimization results in narrower
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datapaths and consequently in narrower logic in the following hardware. Sum-
marizing, the number of gates is reduced and, accordingly, capacitive load,
switching activity and leakage [70].

Arithmetical Optimization Signals in a digital circuit usually have differ-
ent switching probabilities. This may range from a very high switching activity,
i.e., a node switches every clock cycle, to a very low switching activity, e.g., a
node which switches every 10" clock cycle or less. If the transition likelihood of
a signal is known on architectural level, it is possible to minimize the switching
activity: late introduction in the datapath of a signal with a high switching
activity results in a lower switching activity internally and at the output node
and can be achieved by reordering gate inputs [38].

Numerical Strength Reduction Numerical strength reduction can be ap-
plied to reduce arithmetical complexity in the implemented algorithm. The
ranking of the basic operations in terms of required resources is:

1. Division

2. Multiplication

3. Subtraction / Addition
4. Bit-shift

The aim of numerical strength reduction is to transform a highly ranked
operation into lower ranked operations, e.g., multiplication is restructured as a
series of additions or bit-shift operations, or, the combination of both. Thereby,
the performance in terms of area, power, and speed is improved. Figure 19
illustrates how a multiplication with a fixed-point number is accomplished by
bit-shift and add operations. A multiplication with a fixed number, as shown in
Figure 19 (a), is implemented by splitting the coefficient into elements, which
are representable by powers of two, i.e., 1.95 is implemented as 2—1/16+1/128,
see Figure 19 (b). The coefficients can be hardwired by a left shift, and a
truncation of 4 and 7 LSBs, respectively. The hardware that remains is an
adder, which usually consumes less power than a fixed coefficient multiplier [71].

Multiple Clock Domains Digital designs can often be partitioned into
blocks which have different demands on the throughput. These blocks may
run on various clock an supply voltages and hardware that does not need to
provide a high throughput can be triggered by a lower clock rate. Such local
clocks can be generated by power efficient on chip generators. Thus, a par-
titioned ASIC that utilizes multiple clock domains is beneficial for dynamic
power minimization [45].



4.3 Active Power Minimization 37

y(n)
D
y(n) -~
1.95 = «1 » 4 » 7
A
x(n)
D
x(n)
(a) (b)

Figure 19: (a) Fixed point multiplication implemented as (b) a bit-shift
add instruction. The multiplicand 1.95 is implemented as 2 — 1/16 +
1/128.

Clock gating The clock tree switching power has a significant share of the
total power figure, as already previously presented. This power dissipation can
be minimized by reducing the load of clock buffers or the switching activity.
An efficient way to address the switching activity is the introduction of a gated
clock, i.e., the clock can be enabled or disabled for some parts of the design.
Thereby, it is possible to shut off parts of the design that do not operate
continuously, e.g., hardware required during an initialization phase or hardware
that is not required if operating in sleep mode. A logic that is used for clock
gating is presented in Figure 20.

Direct Path Power Direct-path power can be minimized by keeping equal
input and output rise and fall times [38,41]. A possibility to eliminate the
direct-path power is to keep V44 below Vi, + V4, where V,, is the threshold
voltage for NMOS and V;;, the threshold for PMOS devices. If such a condition
is met, the voltage between gate and source will always be below the threshold
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Figure 20: Clock gating logic.

voltage of either device, and, thus, one of the transistors will always be shut
off.

Direct-path power becomes less troublesome as the ratio of supply to thresh-
old voltage is decreasing with shrinking technologies [38,41]. For typical 0.13 um
CMOS technology direct path power is not existent for supply voltages below
0.7V and 1.1V for high-speed and low-leakage technologies, respectively [72].

Supply Voltage Scaling Reduction of the supply voltage V4 is the most ef-
fective power reduction technique since dynamic power consumption is quadrat-
ically dependent on V4. Various techniques, i.e., pipelining, and parallel com-
puting are available to minimize the critical path in a design. The gate delay
tqa < Vpp/(Vbp — V)@ increases with decreasing power supply voltage. Thus,
a shorter critical path and a reduced clock frequency facilitates a reduction in
supply voltage. The application of supply voltage scaling achieves high reduc-
tion of the dynamic power consumption [41,70].

A lower supply voltage often comes with a new generation in technology. In
Figure 21 the drop in supply voltage over the last three decades is presented.
It can be seen that the supply voltage has decreased significantly. From the
early 90s the supply voltage decreased more rapidly compared to the 70s and
80s. From 10V in the seventies, Vyq has decreased to 0.7V using a 65nm
technology in 2005 [37,73].

Multiple Supply Voltages Supply voltage scaling is an effective approach
to reduce overall power consumption [38,70]. However, for many designs this
is not a suitable method as it introduces a delay increase in all gates, according
to (5). Better overall performance is achieved by applying a reduced supply
voltage to only some of the gates or blocks. Therefore, critical and non-critical
blocks of the design are clustered, and powered by a supply voltage that meets
the to the block associated delay constraints. The supply voltage of the non-
critical clusters can be reduced as their speed requirement is lower with respect
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Figure 21: Scaling of CMOS supply voltages [37].

to the critical clusters [74,75]. Substantial local power minimization is achieved
as Vyq has a quadratic impact on dynamic power. However, the use of multiple
supply voltages requires an additional supply voltage that can either be fed
through the I/Os or generated on chip by power effective DC-DC converters
[76,77]. Additionally, level converters are required whenever a low-voltage
cluster drives a high voltage cluster [78].

4.4 Static Power Reduction Techniques

Static power consumption contributes significantly to the overall power con-
sumption in short-channel CMOS circuits. Leakage current is present in oper-
ation as well as in standby mode, as presented in Table 3. Therefore, leakage
power needs to be addressed in both modes in order to reduce the power con-
sumption effectively. Leakage minimization is achieved by applying
architectural- and circuit-level techniques, and, if possible, by process-level
techniques. However, optimization on process level is not possible in a stan-
dard design flow and, therefore, not considered in this thesis.
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Figure 22: A FIRfilter implemented (a) direct-mapped, and (b) folded
by 4.

This section discusses leakage power minimization techniques for digital
CMOS circuits. On architectural level time-multiplexing is proposed for leakage
reduction, and on circuit level voltage scaling, transistor stacking, and multiple
threshold are presented.

4.4.1 Time-Multiplexing

Leakage in a digital circuit can be reduced by minimizing the total gate width,
i.e., gate count, which eliminates leakage sources. Optimization techniques that
reduce gate count such as wordlength optimization or numerical strength reduc-
tion are already presented previously. Another method to minimize hardware
resources is a time-multiplexed hardware realization, i.e., multiple instructions
are computed by a single unit [70]. The basic concept of a time-multiplexed
architecture is:

e partial computation of the operation and result storage
e reuse stored result and continue until entire operation is complete
e deliver result after completion and restart

The difference between direct mapped hardware and a folded implementation
is demonstrated in Figure 22. The hardware in Figure 22 (a) and (b) is the
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isomorphic-mapped and time-multiplexed realization of

N—-1
y(n) = 3 hia(n — k),
k=0

respectively, where N = 4 [79]. The hardware in Figure 22 (a) runs all opera-
tions in parallel during one clock cycle and the result y(n) is immediately valid.
In Figure 22 (b) the product of z(n) hg is computed and stored during one clock
cycle, and three more cycles are required to compute a valid output, i.e., the ar-
chitecture in Figure 22 (b) is folded by four. Equal throughput is possible when
the clock frequency in Figure 22 (b) is four times higher than in Figure 22 (a).
However, area cost of Figure 22 (b) is advantageous compared to Figure 22 (a).
The time-multiplexed architecture requires control logic, memory or a register
to store the coefficients, and a generalized multiplier, but the number of adders
and fixed multipliers in the implementation in Figure 22 (b) is significantly
reduced. A comparison of required hardware resources is presented in Table 5.
The overhead for control logic and coefficient storage becomes negligible for
more taps, compared to the hardware savings. Thus, leakage dissipation of the
time-multiplexed architecture is approximately decreased by the folding factor.

The switching power may increase in a time-multiplexed architecture as
previously presented.

4.4.2 Supply Voltage Scaling

Supply voltage scaling is a very effective technique to reduce the switching
power due to the quadratic dependence of Vyy. Leakage power in (4) is linear
dependent on Vgq. However, scaling of the supply voltage comes with a positive
side effect: a lower supply voltage rises the barrier height which in turn increases
the threshold voltage, referred to as DIBL, as already presented in Section 4.2.1

Table 5: Hardware resources for the FIR filter in Figure 22 implemented in a
direct-mapped and a time-multiplexed architecture.

| HW | direct mapped | folded |

adder N-1 1
fixed mult N
general mult -
register N-1
control logic -
memory -
latency 1cc 4
mux -

— =

= o
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Figure 23: Stacked transistors in the PDN of a NAND gate.

[55]. A higher switching threshold result in less subthreshold leakage. Thus,
voltage scaling enhances leakage power minimization more than linearly since
Piiqs 18 linearly reduced with Vg, and, at the same time, ;.. decreases with
decreasing V4. Voltage scaling for a 0.13 pum CMOS technology was proven to
reduce leakage cubically [55,80,81].

4.4.3 Transistor Stacking

Complementary CMOS design is comprised of a pull-up (PUN) and a pull-down
network (PDN). Thus, the output of the gate is always connected through a
low-resistance path to either V;; or GND. Leakage current is reduced if at least
two transistors in the PUN or PDN are connected in series, and the transistors
are in off-mode. This is referred to as the stacking effect [82]. The stacking
effect is demonstrated by two transistors in the pull-down network of a NAND
gate, presented in Figure 23. If both transistors A and B are turned off, i.e.,
A,B = 0, a small current between the supplies will induce a small positive
voltage Vjs at the intermediate node. This positive voltage at V), increases
the threshold voltage at A as the bulk-to-source voltage Vgg becomes negative
and increases the threshold voltage. Such higher threshold voltage results in
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Figure 24: Complementary logic as a combination of a PUN and PDN
driven by V4 and a virtual GND. The sleep signal can originate either
on- or off chip.

lower subthreshold leakage [82].

In a digital circuit sleep transistors can be introduced between the logic
and the supply voltages, as presented in Figure 24. In this implementation the
PUN is as usually connected to Vyg. The PDN is connected to a virtual GND,
gated by a sleep transistor between the PDN and GND. The gate transistor is
controlled on-chip by a sleep signal which turns the transistor off whenever the
logic connected to this transistor is not needed. Thus, the logic experiences the
stacking effect as soon as the sleep signal is low, and, thereby, leakage is reduced
by at least order of tens. The application of a low-leaking gate transistor may
reduce leakage by order of thousands [38,55]. Another alternative that can
be considered for leakage reduction is input-vector control [54]. However, this
requires statistical information on the input vectors.

4.4.4 Dual Threshold

The use of dual threshold CMOS technology provides transistors with both
high- and low-threshold properties. Leakage power dissipation can be effectively
minimized by dividing the design into critical and noncritical-paths. Leakage
dissipation in the noncritical path is suppressed by high-V; devices, and, low-V;
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Figure 25: Dual V; CMOS design [55].

transistors in the critical path sustain speed performance, as demonstrated in
Figure 25. Gate delay for a low leakage gate is about twice compared to a high
speed gate in 0.13 um CMOS technology [72].

The combination of both dual threshold technology and transistor stacking
achieves a highly effective subthreshold leakage minimization. The implemen-
tation of a high-V; device as a sleep transistor minimizes the leakage dissipation
by orders of magnitude. Optimal implemented dual-V; designs may operate at
the same frequency as a design with purely low-V;, with a limited low-V; usage
of 30%. It was observed that leakage power during active and standby mode is
reduced by a factor 3 without any performance degradation [83].

Reverse Body Bias A higher V;, and, thus, a lower leakage can be achieved
by applying a negative voltage to the body bias, referred to as reversed body
bias. Leakage savings of 14-55 % compared to zero body bias transistors for
nominal 70nm and 50nm transistors were observed in simulations [50]. How-
ever, this technique is not part of a traditional design flow.

4.5 Energy vs. Power

Dynamic power consumption in a digital circuit is due to switching and short
circuit power, as already presented in Section 4.1. Optimization techniques
such as pipelining and parallelization are already presented in Section 4.3.1.
Dynamic power as well as computational performance are proportional to the
clock frequency f. If the clock frequency is lowered, less computational power
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Figure 26: Process times of an arithmetical operation implemented as
(a) continuous process, (b) burst mode process, and (c¢) time-multiplexed
process. The processes run at different clock frequencies.

is available to carry out an operation. Thus, power consumption, according to
(2) and (3), is reduced such that time is traded for power consumption.

However, the limiting parameter for cellular or medical implanted devices
is the energy provided by the battery. Thus, energy needs to be minimized in
order to prolong the device lifetime, and, unfortunately, power minimization
techniques do not necessarily result in lower energy dissipation. This section
illustrates what a designer should bear in mind when designing for low energy
but purely focusing on power minimization techniques.

The difference between power and energy is illustrated with aid of Figure 26.
The horizontal axis represents the execution time of an arithmetical operation,
and the vertical axis represents the computation performance. Three differ-
ent implementations perform the same logical operation and are powered by
equal supply voltages. The hardware implementation in Figure 26 (a) runs
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continuously during one clock cycle. No halt instruction is available and the
design operates at a low clock frequency. The implementation in Figure 26 (b)
operates in burst mode: the task is executed with a high clock frequency, and
the hardware is halted as soon as the task has been completed. In Figure 26
(¢), a time multiplexed architecture carries out the operation. The arithmetical
operation is split and two clock cycles are needed to compute the result. The
clock frequency is higher than in Figure 26 (b), required to provide the result
at time instance t. Hardware is reused to minimize area, and, moreover, after
task completion the hardware is halted as in design Figure 26 (b).

The energy dissipated by either of the implementations is represented by
the area under the curves in Figure 26. In Figure 26 (a) energy is dissipated
uniformly distributed during one clock cycle. The implementation in Figure 26
(b) dissipates twice the power of Figure 26 (a) in half the time, which results
in equal energy dissipation compared to Figure 26 (a). The time-multiplexed
architecture in Figure 26 (c) dissipates the same amount of energy as Figure 26
(a) and (b) during two clock cycles. Power dissipation of the implementation
in Figure 26 (b) and (c) is higher than in Figure 26 (a). However, energy
consumption of the different hardware realizations, represented by the area
under the curves, is equal in all cases. The only difference is the amount of
power dissipated during a certain time.

The amount of energy needed to switch the total capacitive load of an
operation is approximated as

Eswitch - CYL Vde- (6)

The energy in (6) dissipated during an operation is proportional to the capaci-
tive load and quadratically dependent to the supply voltage [38]. A lower clock
frequency results in reduced power consumption, but, at the same time, in a
longer execution time. Thus, energy dissipation is not reduced by a lower clock
frequency.

Due to the quadratic dependence of V4 on energy dissipation in (6), scaling
of the supply voltage results in significant energy savings. However, a lower
Vaa increases propagation delay, according to (5). Thus, the maximum possible
clocking frequency is reduced. A reduction in supply voltage trades energy for
time [38].

The supply voltage needed to facilitate the clock frequency in Figure 26 (b)
and (c) is higher than in Figure 26 (a). Thus the implementation in Figure 26
(a) permits a lower supply voltage, and, therefore, dissipates less energy than
the implementation in Figure 26 (b) and (c).
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Figure 27: Simulated delay, energy, and energy-delay plots for a typical
0.13 pum CMOS technology [72].

Energy Delay Product Scaling of the supply voltage results in a slower
circuitry but benefits energy dissipation, and the opposite is true for high supply
voltages. A further analysis is carried out in order to find an optimum supply
voltage. The power-delay product (PDP) of a gate is defined as

PDP = CLV, fmaztps (7)

where frar = 1/(teprr + tprm) = 1/2t, is the highest possible clock rate [38],
which leads to

CrLViy

PDP =
2

®)
The definition of PDP in (8) is used to define a measure of performance and
energy as

CLVfdt
CrVia;

EDP = PDPt, = (9)

referred to as the energy-delay product. An optimum supply voltage can be
found by plotting EDP as presented in Figure 27. The curves are obtained
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by simulating delay, energy dissipation, and EDP for a typical 0.13 yum CMOS
process with V; = 0.28 V. It can be seen that energy increases quadratically and
the delay decreases exponentially with increasing supply voltage. An optimum
supply voltage is found around 0.5 V. Thus, scaling of Vgg from 1.2V to 0.5V
results in 82 % dynamic energy savings. Lower leakage dissipation, due to a
lower V4, is not considered in this analysis.

4.6 Digital Design Space

The progress in technology still obeys Moore’s law [34,37]. The transistor
channel length is scaled with each new technology, and, thus, transistor and
gate sizes are scaled. Accordingly, more gates can be accommodated on a single
die and the number of on-chip transistors is doubled every second year. The
increase in performance comes at a high cost from a power perspective:

e higher chip clock frequencies,
e increase of the interconnect overall capacitance and resistance,
e exponentially growing leakage power,

e higher power density and distribution.

v, A

Reduce

Pswitch ~ Vdd,

Design

Reduce Space

Pgrar ~ Vi

Increase
Performance

Vdad

Figure 28: Design dilemma due to V;, V44 and performance [84]. Design
space is shrinking with progress in technology.
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Increased clock frequency results in a higher dynamic power consumption and
issues such as cross-talk needs to be addressed [38]. Moreover, the threshold
voltage shrinks with technology scaling and increases the leakage power expo-
nentially. Thus, a higher on-chip power density is the consequence of these
power sources and requires advanced heat sink considerations.
System-on-Chip (SoC) designers have to deal with this progress and it is
required to continuously keep track of the roadmap since the design space is
getting smaller with shrinking technology, as presented in Figure 28. Available
design space, limited by performance, static power, and dynamic power dissi-
pation, is indicated by the shaded area. Designs that have been implemented
a decade ago may have to be revised in order to fit into the new design space.

4.6.1 Choice of Technology

Until recently dynamic power consumption was the dominant source in digital
circuits. A reduction in power consumption was achieved with each new tech-
nology due to a reduction of Cr, and Vg, e.g., Intel’s 180 nm Pentium running
at 2 GHz drew 72 W, the 130 nm Pentium running at the same speed consumed
52W [52]. However, with device scaling leakage takes up bigger shares of the
total power consumption. Intel experienced an increase in power, shifting from
the 130nm Pentium 4 (P4) to the 90nm P4; the processors did operate at
the same clock frequency, i.e., 3 GHz, but the 0.13 um processor consumed less
power than its competitor fabricated in 90 nm. This behavior was traced back
to an increase in leakage power [52].

The increase in leakage with technology progress for UMC processes is pre-
sented in Figure 29 [72]; leakage increases by a factor of 23 and 76 shifting
from 0.35 pm to 0.25 ym and 0.18 um, respectively. The introduction of a low-
leakage 0.13 um library (LL in Figure 29) that uses high-V; devices brought
leakage down to a factor of 30, related to the 0.35 ym device.

Depending on the target application, the most suitable technology needs
to be determined. For devices running at very high clock frequencies a low-
leakage 0.13 um technology is not suitable since gate delay of a low-leakage
(LL) gate is approximately doubled compared to a high-speed gate [72]. How-
ever, designs that operate at lower clock frequencies can utilize low-leakage
technology. Leakage power can be even further reduced by the introduction of
sleep transistors in the power supply rails, as previously presented, for parts
of the design that do not operate constantly. Sleep transistors reduce leakage
by orders of tens and by a thousand times using high-V; and low-V; devices,
respectively [38]. Leakage in Figure 29 for a 0.13 um devices with gated sup-
ply is approximated with a leakage reduction efficiency of 95 % and 99.9 %
(LL+ low V; and LL+ high V;) using low- and high-V; sleep transistors, re-
spectively.
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Figure 29: NMOS off-leakage currents in scaled technologies [72].

Moreover, scaling of the supply voltage raises V; due to the DIBL phe-
nomena, and, thereby reduces leakage [65]. Thus, it is expected that 0.13 um
technology leaks less than demonstrated in Figure 29.

Gate capacitance of a typical 0.13 ym LL CMOS technology is one fourth of
the gate capacitance in 0.35 um CMOS technology, as shown in Figure 30 [72].
Correspondingly, dynamic energy consumption is reduced by a factor of four.
A lower gate capacitance, introduction of sleep transistors, DIBL effect, and
supply voltage scaling makes 0.13 ym LL CMOS technology a reasonable choice
for applications that operate at supply voltages slightly above the switching
threshold. Decrease in dynamic power consumption with scaled technologies is
presented in Table 6.
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Figure 30: Normalized capacitive transistor load for scaled technologies [72].

4.7 Design Considerations for Low-Leakage

Minimization of static power consumption is posing a new low-power design
challenge for designs that cross the 0.1 um barrier. Static power, mainly sub-
threshold and oxide tunneling gate leakage, is dissipated by every gate regard-
less of its activity. This section summarizes the leakage minimization techniques
which are already presented in the preceding sections [85].

The most effective approach to minimize static power is the elimination of
its source. This is achievable by minimization of the total gate width, i.e., gate
count. The number of gates can be reduced by keeping the design complexity

Table 6: Energy per device switching and gate delays for different technologies
[68].

| Year | 2001 | 2004 | 2007 | 2010 |

Technology 130nm | 90nm | 65nm | 45nm
Energy [fJ/device] | 0.347 | 0.099 | 0.032 | 0.015
tp [ps] 1.6 0.99 0.68 0.30
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Figure 31: Propagation delays in the critical path.

at the lowest possible level, and can be achieved by:
e Numerical strength reduction.
e Wordlength optimization.
e Register minimization.
e Hardware reuse (Time-Multiplexing)

Designs that operate at low frequencies may be implemented in pure LL-
technology. It is beneficial to partition the design in clusters that can be pow-
ered down when not needed. Additional leakage reduction is achieved by in-
troducing sleep transistors in the power rails.

Static and dynamic power can be reduced by lowering the supply voltage.
The introduction of pipeline registers reduces the critical path, but increases the
total gate width. However, a shorter critical path permits a higher maximum
clock frequency. The time slack between f,,.. and the adequate clock frequency
utilizes a lower supply voltage, which significantly reduces power consumption.

Figure 31 illustrates how a time slack can be utilized to reduce power con-
sumption. The graph in Figure 31 (a) terminates at t,; and represents the
propagation delay of the critical path in a design. The propagation delay of
the same design is increased by lowering the supply voltage. The “new” prop-
agation delay is represented by the graph in Figure 31 (b).

The time that is available during one clock cycle is represented by Figure 31
(c). It is shown in Figure 31 (b) that Vg is decreased to V; + V,, where V,
is a small positive voltage that prevents the circuit from malfunctioning. The
original time slack ¢ —t,; has changed to ¢t —t,2. Pipelining of the critical path
in Figure 31 (a) is unnecessary, since supply voltage scaling is limited by the
threshold level in this example.
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Parallel structures also permit a lower operating voltage, however, a paral-
lel structure roughly doubles the total gate count, and, thus, increases leakage.
Pipelining is therefore the favorite choice for leakage oriented low-power opti-
mization. However, if the time slack in the critical path is very large, as in
Figure 31 (a), no additional pipeline stages are necessary. The time slack can
be utilized and computation performance is not affected as long as the supply
voltage does not result in a propagation delay that changes the maximum clock
frequency, i.e., tpe >t in Figure 31 (b).






Chapter 5

Artificial Neural Networks

Various types of adaptive filters represent a useful choice to achieve high
performance in signal processing. However, in the area of nonlinear signal pro-
cessing a better approach is required to model nonlinearities in a signal. This
may be achieved by replacing the linear amplification function in a conven-
tional adaptive filter by a nonlinear amplification function, called an artificial
neural network (ANN). This section illustrates the properties of an artificial
neural network and presents the operation modes, i.e., feedforward and back-
propagation.

5.1 ANN Properties

Artificial neural networks became a very popular scientific topic in the 90s with
many promising achievements. The benefits of an ANN are nonlinearity, input-
output mapping, adaptivity, evidential response, fault tolerance, and VLSI
implementability [86]:

Nonlinearity An ANN consists of nonlinear neurons, connected in a way
such that the nonlinearity is distributed throughout the entire network, as
shown in Figure 32. Nonlinearity is a highly important property when modeling
inherently nonlinear signals such as the ECG, EGM, or speech.

Input-Output Mapping The ANN is trained by subjecting classified sam-
ples to the synaptic weights. Each input sample results in a network response
that is compared to a desired response. The error is used to update the weights
such that it is minimized. Thus, the learning of the network is based on such
an input-output mapping.
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Adaptivity Changes in the input signal can be easily traced by a continuous
update of the synaptic weights. An ANN optimized for a certain environment
can be retrained in real-time to a modified environment, e.g., when noise occurs
in a signal.

Fault Tolerance An ANN is fault tolerant. If one or several neurons or
synaptic weights are damaged the network adapts the functioning synaptic
weights to minimize the error. However, serious performance degradation is
measurable if many neurons malfunction.

VLSI Implementability The parallel structure of an ANN is suitable for a
VLSI implementation. Moreover, such parallelization results in fast computa-
tion time for complex analysis.

5.2 Feedforward Pass

A time-lagged feed-forward neural network uses M past samples of the input
vector x(n) to compute the prediction of the current sample in the feed-forward
pass. The input vector x(n —1)...xz(n — M) is fed to the neurons in the input
layer. Such neurons multiply the time-varying weights with the inputs and
accumulate the products. The activation function of the neuron amplifies the
sum nonlinearly and the signal is ready to be transferred to the next layer. A
time-lagged neural network with two input neurons is depicted in Figure 32; in
this ANN the next layer is the output layer where all outputs of the preceding
layer are added. The error of the prediction is computed as

e(n) = xz(n) —y(n), (10)

where the sample y(n) is the prediction computed by the ANN. The error e(n)
is required in the back-propagation pass to minimize the prediction error by
adapting the synaptic weights.

5.3 Back-Propagation Pass

The error e(n) in (10) is required in the back-propagation pass in order to
minimize the prediction error by adapting the synaptic weights. All synaptic
weights, accommodated in vector w(n) are adapted using a least-mean square
error criterion, and is referred to as training of the network. The next feed-
forward pass makes use of the updated weights, as illustrated above, and the
process continues. Thereby, the ANN keeps track of changes in signal morphol-

ogy.
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Figure 32: A typical ANN that consists of 2 neurons in the input layer,
where z(n),x(n—1),...,2(n— M) is the input signal, w(n) a vector that
contains the time-varying synaptic weights, by, and b; the bias terms, and
©(+) the nonlinear activation function.






Chapter 6

Wavelet Decomposition

This section provides background information on wavelet decomposition. A
short introduction to the Fourier transform (FT) is given to illustrate the lim-
itations of the FT. These limitations can be overcome by making use of the
wavelet transform (WT).

6.1 The Fourier Transform

The Fourier transform (FT) provides information on frequency content; how-
ever, the information where in time these frequency components occur is lost.
A FT of a stationary and nonstationary signal is presented in Figure 33 (a1)
and (b1), respectively. The signal in Figure 33 (a1) contains the frequencies 10,
25, 50, and 100 Hz at any time instance, whereas the signal in Figure 33 (b;)
consists of four different frequency component at four different time intervals.
The interval 0 to 125 ms contains a 10 Hz sinusoid, the interval 125 to 250 ms
a 25 Hz sinusoid, the interval 250 to 375 a 50 Hz sinusoid, and the interval 375
to 500 ms a 100 Hz sinusoid. Moreover, the magnitude of the FT of both sig-
nals, displayed in Figure 33 (as) and (bs), provides similar information on the
frequency spectra.

The FT needs to be modified to obtain time localization of a frequency
spectrum. Time can be localized by breaking down the total range of an FT
into smaller blocks that cover a short time interval. The signal in each time
interval may be assumed to be stationary; an operation which is referred to
as the short time Fourier transform (STFT). Windowing a signal with the
STET thus provides the time localization. However, the use of a window of
finite length reduces the frequency resolution as only a portion of the signal is
covered. The resolution of the STFT is constant for time and frequencies, as
presented in Figure 34 (a). The narrower the time interval the better the time
resolution and the poorer the frequency resolution.
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Figure 33: The Fourier transform of two signals, where (a;) is a sta-
tionary and (b1) a nonstationary signal. (az) and (by) represent the FT
of the signals.
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6.2 The Wavelet Transform

Wavelet analysis resembles Fourier analysis in the sense that the analyzed signal
is decomposed into its constituent parts. The FT decomposes a signal into sine
waves, whereas the WT decomposes a signal into wavelets. The sine wave is a
smooth function of infinite length and distinct compared to a wavelet, which
may be irregular in shape and finite. Such irregularity enhances the analysis
of non-stationary signals as a discontinuity can be better captured by sharp
changes.

Unlike the FT, the WT provides information on both time and frequency in
the signal. Time localization is obtained by shifting and convolving a wavelet
function with the signal. Frequency information is determined by applying
scaled versions of the wavelet function. The application of WT solves the
difficulty to chose a window function, as in the STFT, and provides flexible
time and frequency resolution, see Figure 34 (b).

6.2.1 The Mother Wavelet

The term “wavelet” signifies an oscillatory window function of finite length and
ZEero average as
+oo
P(t)dt = 0. (11)
—00

The term “mother” implies that the functions used in the transform process are
derived from a principal function, referred to as mother wavelet. Commonly
used mother wavelets are named Haar, Mexican hat, and Daubechies [87,88].

6.2.2 Scale

Scaling is a mathematical operation that either compresses or dilates the mother
wavelet. Low frequencies are represented by coarser scales, and high frequen-
cies by finer scales. The scale factor determines the resolution in the time-
frequency plane, as presented in Figure 34 (b). The width and height of the
boxes change, however, the area of a box remains constant. Each box repre-
sents an equal share of the time-frequency plane, but the time/frequency ratio
changes. At low frequencies (coarse scales) the height of the box is shorter
which corresponds to better frequency resolution but poorer time resolution.
At higher frequencies (fine scales) the width of the boxes decrease as the height
increases. This results in a better time and a poorer frequency resolution.

The area of a box in Figure 34 is equal for a distinct mother wavelet,
however, different mother wavelets can result in a different area.

A scaled version of the mother wavelet is computed by

bual) = 720 (52)), (12)

S S
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Figure 34: Time and frequency resolution: (a) STFT (b) WT.

where s is the scale and « the translation, and the factor 1/4/s assures equal
energy for all scaled functions [1].

6.2.3 The Continuous and Discrete Wavelet Transform

The continuous wavelet transform (CWT) can be viewed as the convolution of
the mother wavelet and the signal over the length of the data. The scaling of
the mother wavelet can be defined from a minimum to a user-defined maximum,
and, thus, providing very high resolution. The trade-off for the high resolution
is computation time.

The continuous wavelet transform w(u,t) is defined by the correlation of a
function f at a scale s and translation u,

+o0 _
wls) = [ f(ﬂ%zb(t “) dt. (13)
The CWT is highly redundant, and, therefore, the scaling and translation

parameter s and u are discretized according to a suitable scaling grid [1]. The
most popular approach to discretization is dyadic scaling,

s=277, u=k277, (14)

where j and k are both integers. Thus, the discretized wavelet function is
defined by

Wi x(t) = 29/2p(27t — k). (15)
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Figure 35: Discrete wavelet decomposition tree.

The discrete wavelet transform (DWT) is obtained by inserting (15) in (13)

+oo
Wy g = / f(t)wjyk(t) dt. (16)

— 00

With the expression in (16) and dyadic sampling it is possible to exactly re-
construct the original function f(t), however, the computational effort of the
DWT is much lower than for CWT. The function f(t) is reconstructed by the
inverse DWT |

f@t)= Z Z w1V k(t), (17)

j=—00 k=—00

The signals previously analyzed with FT are analyzed by the DWT, as
presented in Figure 37 and 38. The applied scale factors of the WT are repre-
sented by their exponent on the vertical axis. In Figure 37 it can be seen that
all frequencies are present, whereas the signal in Figure 38 has non-stationary
properties. The spectrogram in Figure 38 (b) indicates the localization in time
for each frequency spectrum in the analyzed signal: the low frequency com-
ponent, represented by a fine scale, is present the first 250 ms and at 1000 to
1250 ms, respectively. The high frequency component, represented by a coarse
scale, is localized at 750 to 1000 ms.

6.3 DWT Realization

The discrete wavelet transform can be implemented as a tree of low and high
pass filtering functions. Each branch realizes a low pass filter, as presented
in Figure 35. The high frequency components are not considered for further

analysis. The original signal is successively decomposed into its different scales
[87].
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The frequency bands of the wavelet decomposition tree in Figure 35 are pre-
sented in Figure 36. The shaded frequency band contains the lowest frequency

Figure 37
sequence in Figure 35.
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Part 1

Implementation of an Artificial

Neural Network Based Event Detector

Abstract

A matched filter composed of a Time Lagged Feedforward artificial
neural Network (TLFN) and a pulse-shaping filter is used as an event
detector for cardiac pacemakers. The TLFN reduces the influence of
lower frequencies in the invasive electrogram (EGM) signals and condi-
tions the EGM to optimize the performance of the dynamically updated
matched filter. An algorithm that determines the initial template for
matched filtering is proposed. Detector performance is studied by means
of databases containing electrograms as well as different types of noise
and interferences, which are added to the signals. Average detection per-
formance in terms of detected events and false alarms for 25dB SNR is
Pp =0.98 and Pra = 0.05.

Based on:

J. Neves Rodrigues, V. Owall, and L. Sérnmo, “QRS detection for pacemakers in a
noisy environment using a time lagged artificial neural network,” Proceedings of the
2001 IEEE International Symposium on Circuits and Systems, ISCAS 2001, Sydney,
Australia, May 6-9 2001,

J. Neves Rodrigues, V. Owall, and L. Sérnmo, “R-wave detection for pacemakers
using a matched filter based on an artificial neural network,” Proceedings of the 2002
IEEE International Conference on Neural Information Processing, ICONIP 2002,
Singapore, November 18-22 2002.
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1 Introduction

In 1958 two breakthrough inventions in different scientific areas took place:
the first implantable pacemaker was developed by Rune Elmqvist in Stock-
holm, Sweden, and the first integrated circuit, IC, was developed by Jack Kilby,
USA [1,2]. This was the beginning of two successful histories. In those days
only visionaries would predict how much the pacemaker could benefit from the
progress in IC manufacturing several decades later. Since 1958 several fea-
tures, such as rate responsive sensing, programmability, miniaturizing, have
been developed to improve the acceptance of pacemakers among patients suf-
fering from heart diseases [3]. The size of the implantable pacemaker shrank
from being puck-sized to 33 x 33 x 6 mm with a weight of 12.8 g (Microny, St-
Jude Medical). The pacemaker from 1958 had rechargeable batteries, whereas
the lifetime of the first pacemaker with mercury cells was 2 to 3 years. Nowa-
days, the longevity of the pacemaker is up to 20 years, e.g., Regency SC+,
St-Jude Medical [4]. Despite these improvements, the event (R-wave) detec-
tion algorithm has remained largely unchanged. The event detection of today
is still based on a fixed bandpass filter, followed by a programmable amplitude
threshold.

During the last three decades a variety of R-wave detection algorithms for
electrocardiograms, ECGs, have been proposed [5-7]. However, most of are
very complex implemented in digital hardware, and, even more problematic,
they do not operate in real time.

The number of electronic devices and household appliances in everyday
live has an ongoing exponential growth. These devices contaminate their en-
vironment with electronic, magnetic or electromagnetic radiation. Pacemaker
patients exposed to this environment may suffer due to malfunction of the pace-
maker. In order to investigate how devices, such as cellular phones, electronic
article surveillance systems, EAS, etc., interfere with the pacemaker, various
research projects have been carried out in recent years. It turned out that sev-
eral EAS systems may interfere with the pacemaker such that a degradation in
performance is very likely [8-11], whereas cellular phones do not influence the
pacemaker performance [12]. The need for better event detectors is therefore
ever increasing and was already demanded two decades ago [13].

This chapter presents the databases required to demonstrate detector prop-
erties and used to carry out detector performance analysis. The detector, basi-
cally composed of a matched filter, an artificial neural network, and a decision
rule is presented. Detection performance in heavily distorted environment is
evaluated by subjecting recordings from an EGM and interference database to
the detector. The properties and suitability of the R-wave detector for pace-
maker application is discussed.
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2 Databases

Detector properties and performance are evaluated on account of databases
with EGMs and interference signals. The EGM database is a collection of
individual recordings obtained during pacemaker surgery. The interference
database contains different types of signals originating from household appli-
ances or electronic devices such as a hand drill or an electronic article surveil-
lance system (EAS).

2.1 EGM Database

The database contains EGMs from 50 patients, recorded from ventricular pace-
maker electrodes, and is used to evaluate the performance of the detector. The
EGMs were recorded either during initial implantation or pacemaker replace-
ment, throughout hospitals in Germany (coordinated by Justus-Liebig Univer-
sitdt, Gieflen, Germany). The recordings were obtained from patients suffering
from AV block and sick sinus syndrome [14]. Most signals were recorded from
a unipolar electrode, however, a few signals were recorded with a bipolar elec-
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Figure 1: Examples of EGMs from different patients.
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Figure 2: Exogenic interference recordings generated from (a) 500 W
AC hand drill, (b) an electric hand mixer, (c¢) EAS 1, (d) EAS 2. Endo-
genic interference caused by (e) muscular activity.

trode. The sampling rate was 44.1 kHz with a resolution of 16 bits. For this
particular study the signals were decimated to 1kHz, since frequencies above
400-500 Hz were judged to be less significant to detection. In order to be com-
pliant with the ADC in [15] a resolution of 8 bits is chosen. The recordings
were annotated with respect to a time reference of each R-wave, required for
performance evaluation of the detection algorithm. The annotation of an event
was defined as the steepest transition phase in the cardiac cycle. Three EGM
recordings from different patients are displayed in Figure 1, and illustrates the
inter-patient variability in morphology.
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Figure 3: A typical EGM interfered with (a) AC hand drill, and (b)
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2.2 Interference Database

The present event detector is tested with respect to sensitivity to exogenic
and endogenic interferences, originating outside and inside the body, respec-
tively [16]. The test is done in order to simulate situations when the pacemaker
patient is subjected to electronic or magnetic noise. Exogenic interference is
limited to sources in everyday life, e.g., caused by electronic household appli-
ances or electronic article surveillance (EAS) systems. Endogenic interference
is represented by muscular activity [17]. Figure 2 presents examples of the
different types of interference.

Household appliances represent a common source of interference, caused
by electric and magnetic activity within the same frequency range as the R-
wave. Furthermore, the magnetic field intensity is dependent on the signal
transiency. In this study, recordings from an AC powered hand drill and an
electric handmixer were used.

Electronic article surveillance systems have been identified as a common
interference source [8-11]. Such systems use widely different transmission tech-
niques which makes it difficult to generalize results to how such systems inter-
fere with the pacemaker. In this study two systems that operate within the
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R-wave frequency spectra have been tested. The EAS 1 system uses a 16.6 Hz
triangular wave modulated with 5 or 7.5kHz. The EAS 2 system transmits
3ms long bursts of 58 kHz acoustomagnetic signals with a high amplitude at
an interval of 27 ms. The pulse period of 30 ms (33 Hz) is considered to be the
reason for possible interference with pacemakers.

Muscular activity is an endogenic interference source which spectrally over-
laps with heart signals. In this study, signals recorded pressing the palms
together have been considered. The effect of muscular noise on pacemaker
performance was one of the first studies on pacemaker interference [17].

Figure 3 shows the morphology of an EGM with interferences originating from
a hand drill and muscular activity, respectively.
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Figure 4: Block diagram of the detector structure.

3 Detector Structure

The proposed real time digital R-wave detector is basically composed of a
whitening and a pulse-shaping filter, and a decision rule, as presented in Fig-
ure 4. The electrogram (EGM), obtained from the pacemaker lead, is after
analog-to-digital conversion (ADC) passed to the matched filter. The matched
filter consists of a whitening and a dynamically updated pulse-shaping filter.
The objective of the matched filter is to maximize the SNR such that an R-
wave is more easily detectable. The output of the matched filter is passed to a
dynamic decision rule, which determines whether an R-wave has occurred. If
an R-wave is identified the threshold of the decision rule and the template of
the matched filter is updated. Such updates are performed in order to track
slow changes in electrogram morphology. However, the update of the template
is only carried out if the update and the template are highly correlated.

3.1 The Whitening Filter

The practical application of the whitening filter is to reduce the influence of
low frequency components such as the far-field P- and T-wave, as presented in
Section 2. Moreover, various types of interferences that may exist in the EGM
are suppressed. The application of a time lagged artificial neural network as
a whitening filter for QRS detection in electrocardiograms (ECGs) has been
proposed in [18]. However, the ECG is a signal recorded from the body surface
with several electrodes and is significantly different compared to the EGM
[14,19]. Therefore, in this paper the proposed QRS detector in [18] is applied
as an R-wave detector for EGMs.
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Figure 5: The implemented time lagged feedforward artificial neural
network.

3.2 The Time Lagged
Feedforward Artificial Neural Network

The whitening filter in Figure 4 is an adaptive nonlinear filter, accomplished
by using a fully connected time lagged feedforward neural network (TLFN).
The TLEN can be viewed as a one-step predictor: the prediction of the current
sample is computed from a number of preceding samples. The TLFN is a
supervised network consisting of a forward and a backward pass, as illustrated
in Figure 5. In the forward pass, the time lagged inputs x(n —1) - - - x(n — M)
propagate through the network to produce the prediction y(® (n). The error
e(n), is computed by taking the difference of the prediction y®(n) to the
“desired” response, which ideally would be identical to the current sample z(n).
This error is propagated backwards through the entire network, in order to
update the synaptic weights and is referred to as the training of the network.
In this training phase all the synaptic weights w,,(n) are updated in order to
minimize the prediction error e(n). In the following sections the different parts
in the TLFN and their properties are presented.
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3.2.1 Forward Pass

The forward pass of the implemented neural network consist of two layers. The
first layer, called the input or hidden layer, has M input nodes, corresponding
to the M preceding samples of the prediction, and L neurons. Each neuron
in the input layer is comprised of synaptic weights w;;(n), an external applied
bias wjo(n), a summing junction, and a nonlinear amplification function ¢(-),
as illustrated in Figure 5. The number of synaptic weights in the input is
(M+1)L. The nonlinear amplifier is referred to as the activation function. The
second layer accommodates a single neuron that exist of L+1 synaptic weights,
a summing junction, and an activation function.

The input samples are amplified linearly on account of the synaptic weights
and summed at each node. The bias terms w;p and wyo either increase or
decrease the input terms of the activation function depending on whether they
are positive or negative [20]. The sum of the weighted inputs, including the bias
terms, is then amplified using the nonlinear activation function, before prop-
agating further to the next layer in the network. The output of the summing
junctions in the hidden layer is calculated as

M
vgl)(n) = wj((l))(n) + Zwﬁ)(n)xj(n —J) i=1...L, (1)
j=1

which can be written in matrix terms as

)] [wl) () wly (n) wiiy () 1

| el ) s ) e el =D
W] e ol e . e w] Lm0
V(l)(n) = W(l)(n)x(n)‘ (3)

The vector computed in (3) is amplified on account of the activation function
(). The activation function in the proposed neural network is the hyperbolic
tangent function as shown in Figure 6. The hyperbolic tangent function repre-
sents a graceful balance between linear and nonlinear behavior, i.e., the ampli-
fication is close to unity in the origin and saturates for larger values. Moreover,
the hyperbolic tangent function is differentiable, which is a requirement in the
backward pass and therefore commonly used in artificial neural networks [20].
Thus, the output of the first layer y(!)(n), is calculated according to

y (n) = atanh (bv(l) (n)) , (4)
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a tanh(bv)

Figure 6: Nonlinear activation function tanh with upper and lower
boundary a=1.79 and the temperature b=2/3.

where v(1) (n) and y() (n) are vectors with L elements. The steepness of the
activation function is determined by b, with the upper and lower boundary
defined by a. Recommended values for a and b are 1.79 and 2/3, respectively
[20]. These values obtain ¢(1) = 1 and ¢(—1) = —1. The vector obtained
according to (4) is the input to the next layer. In this case the next layer
consists of a single neuron and corresponds to the output layer. The output of
this neuron is a scalar computed according to

L
v@(n) = wig (n) + > wi (5)
j=1

The expression in (5) can be written as a vector operation

@ m=w2m| 4] ©)
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where

1
1
y\V(n)

1
v (n)

The activation function in the output layer is linear with unit gain [20]. Thus,
the final output of the second layer is the linearly amplified and summed re-
sponse of the first layer according to

y® (n) =v® (n), (7)

) = [l 1) el ) ) o) |

The whitened output of the TLFN is the difference of the prediction 3 (n) to
the desired value z(n) according to

e(n) =z (n) —y?(n). (8)

The output computed in (8) should ideally be a signal that only contains the
whitened high frequencies of an R-wave, and is passed further to the pulse-
shaping filter.

3.2.2 Back-Propagation Pass

In the back-propagation pass all the synaptic weights are updated with the
back-propagation algorithm [20]. The objective of the back-propagation al-
gorithm is the training of the network, which is carried out to minimize the
prediction error. As defined in (8), the error e(n) is the deviation of a desired
response x(n) to the current response y(n) of the network. In the general case
all errors which can be calculated directly at the output of the network are
squared and summed according to the following cost function

Emy=53 ), 9)

JjeC

where the set of C includes all the neurons in the output layer; in the presented
study C' = 1 since only one output node exists. The error function (9) is
minimized with the use of the LMS algorithm as [21]

0 (n)  6E(n) dej(n) dy; (n) dv; (n)
dwji (n)  de; (n) dy; (n) dv; (n) dwji (n)

S ey (1) 0y () s ). 1o

(51,0‘71‘ (’I’L

The correction Awj;(n) applied to the synaptic weights is performed with the
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delta rule as

0 (n)

D) = —n(m) g, (11)

where n(n) is the time varying learning rate in the back-propagation algorithm.
The negative sign in (11) is due to the gradient descent in weight space as shown
in Figure 7. Inserting (10) in (11) obtains

Awyi(n) = nd; (n) yi (n), (12)

where the local gradient §;(n) is defined as

= e; (n) @; (v; (n)) - (13)

As shown in (13), the local gradient for neuron j is the product of the corre-
sponding error signal e;(n) and the derivative ¢’ (v; (n)).

Momentum Term A problem that may occur when minimizing the error
e(n), is that the procedure can get stuck in a local minima, as shown in Figure 8.
A possible approach to reduce such risk is the use of a relatively high learning

Figure 7: Global minimum in weight space.
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E ... local minima

Figure 8: Local minima in weight space.

rate n(n), which results in large changes of the synaptic weights. The drawback
is that the network may become unstable. Conversely, the use of a small
learning rate results in a smooth trajectory in weight space. However, this is
attained at the cost of slower learning. A compromise solution is the use of a so-
called momentum term «. As shown in (14), the learning speed is accelerated
with the addition of a fraction of the previous weight update to the current
update as

Awji(n+1) =nn)d; (n) y; (n) + cAwj;(n). (14)

The advantage of updating the synaptic weights according to (14) with a rela-
tively high momentum term and a small learning rate is a fast learning and a
smooth trajectory in TLFN weight space, where the risk of getting stuck in a
local minima is reduced [20].

In Figure 9 the updates of the synaptic weights in the input and output
layers are shown. Therefore, an undistorted and a distorted EGM are sub-
jected to the TLFN and the weight update in the hidden and output layer is
monitored. The graphs Figure 9 (a;) and (ag) represents a weight update on
account of an undistorted EGM. It can be seen that the weights approximately
saturate after 30000 training samples. The graphs in Figure 9 (by) and (bs)
visualize a weight update for a distorted EGM. It can be observed that several
weight updates change abruptly at the time the interference is added, i.e., at
n = 3000, before the weights saturate again. The small ripples, existent in all
graphs, indicate a large prediction error which is due to R-wave occurrence.
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In Figure 10 the EGM recordings of two patients before and after he whiten-
ing process are shown. It can be seen that the low frequency components are
suppressed after the whitening process, such that the R-waves, indicated by
large changes in amplitude, are easily detectable.

3.2.3 The Updated Learning Rate

The performance of a neural network is strongly dependent on the learning
rate. Unfortunately, when dealing with data obtained from a nonlinear system,
e.g., the human heart, it is very difficult or even impossible to predict a feasible
learning rate a priori. The ideal case is that the update of the weights is paused
if the prediction error is very small. Conversely, for larger errors a “speed-up”
of the training is desirable. Thus, a convenient solution is to use a learning
rate that has the ability to vary with time and each training set. However,
the learning rate has to be limited within a certain boundary 7 and 7 to avoid
saturation in the backward pass. In this study it is proposed to let the learning
rate vary according to

1+9)nn-=1) if En)>EMnM—-1),n<7n
nn) =4 @=y)nrn-1) if En)<En-1),n>17 (15)
n(n) otherwise

As defined in (15), the learning rate increases if the preceding error is 1 percent
smaller than the current error. Conversely, if the preceding error is 1 percent
larger than the current error, the learning rate decreases. Moreover, the learn-
ing rate should be smaller in the output layer than in the front layers in order
to avoid large changes at the output [20]. In this study the learning rate of the
output layer is changing with the learning rate of the input layer, and is set to
70 % if the input layer rate.

3.3 The Pulse-Shaping Filter

The second block of the matched filter is referred to as the pulse-shaping filter
[21]. In the present R-wave detector such a pulse-shaping filter is applied after
the whitening process to maximize the SNR. The whitened signal contains
information on the occurrence of an R-wave, but the shape of such an event
has changed due to the whitening process. The impulse response of a the
matched filter is a time-reversed replica of the whitened R-wave. The filter
coefficients of the filter are given by

h(n) =e(N —1—n), 0<n<N-1, (16)
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where e(n) is a vector of length N containing a whitened R-wave template [21].
The output of the pulse-shaping filter is computed as

y(n) = h(n) xe(n) = Z_ h(n — k)e(k). (17)
k=0

Figure 11 presents how two heavily distorted EGMs are processed at different
instances of the R-wave detector. The graphs in Figure 11 (a1) and (by) repre-
sent two EGMs which are heavily distorted by interference from an AC hand
drill. In Figure 11 (b2) and (a2) the signal after the TLFN is presented. It can
be seen that in both cases the SNR improves significantly after approximately
1200 input samples. This can be seen as a evidence of how the synaptic weights
are adapted in order to minimize the prediction error. The graphs in Figure 11
(a3) and (bs) show the signal after matched filtering. The SNR is maximized
compared to the graphs in Figure 11 (ag) and (b2), and the R-waves, indicated
by spikes, are more easily detectable by the threshold function.

3.3.1 The Initial Template for the Matched Filter

The drawback with matched filtering is that the properties of the event, such
as waveshape and duration, have to be known a priori. When dealing with
a well defined and specified system this task can be easily solved. However,
when dealing with EGMs it is not possible to define properties for the whitened
R-wave that is applicable to all possible morphologies. One solution could be
to take an averaged whitened R-wave template and update it with the actual
coefficients. Unfortunately, not enough data is available to compute such a
template and, moreover, it is not guaranteed that such an averaged template
is suitable for all the different morphologies. Thus, the most convenient so-
lution is to initialize the matched filter with individual coefficients. This has
to be done during the implantation of the pacemaker either by the surgeon,
or even better, automatically. It is a evident that a automatic initialization
is more desirable than a supervised one for following reason: the signals are
interpreted differently by different persons and hence the sensing performance
is very dependent on the experience of the surgeon. The drawback is that the
morphology differs from patient to patient and therefore it is not easy to find
an algorithm which does the automatic initialization as good as it can be done
manually.

In this section an algorithm for the automatic initialization of an R-wave
template is proposed. The algorithm has been tested on all the recordings in
the EGM database and was able to find a typical whitened R-wave template
for all the tested signals. This analysis was carried out with the assumption
that the EGM was not interfered (no strong muscle contractions of the patient,
which is very reasonable under the circumstance of an esthesia) during the ini-
tialization. Even though the EGM morphology differs from patient to patient
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Figure 11: EGM recordings (a;) and (by) are heavily by interference
generated by an AC hand drill. (a2) and (bs) distorted EGMs after the
TLFEN. (ag) and (bs) are outputs of the pulse-shaping filter.

all the investigated QRS complexes in the signals had similar or comparable
properties. The whitened R-wave had either a local maximum peak followed
by a local minimum peak or a local minimum peak followed by local maximum
peak, respectively, as presented in Figure 12. The signal changed from max-
imum é peak to the minimum peak é within 12 ms, or vice versa, in all the
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Amplitude

(a) (b)

Figure 12: a) Typical whitened R-waves for signal #1, #10, #28. A
local minimum is followed by a local maximum. b) Typical whitened
R-~waves for signal #13, #16, #22. A local maximum is followed by a
local minimum.

investigated signals. In order to find the initial R-wave template the output of
the predictor is scanned for minimum peaks the first four seconds. In respect
to this minimum peaks the signal is scanned for maximum peaks prior or after
the minimum peak. The center of the initial template is assigned to the larger
value. If there is no sequence in the signal which meets the constraints the
initialization phase can be lengthen or even it can be done manually. However,
this was never necessary for the used signals.

3.3.2 The Update of the Impulse Response

When dealing with signals that originate from a human body it is very likely
that the signal properties will change over time, e.g., the physical condition of
the patient changes. With the lifetime of the today’s pacemaker it is necessary
for the filter parameters to adapt over time with respect to changing signal
properties. Thus, the template containing the replica sequence needs to be
updated. However, the vector that contains the update may be corrupt, due
to presence of noise, or even worse, due to a false detection. In the long



3 Detector Structure 97

run this will lead to a template which is not at all a replica of a whitened
R-wave. This will result in an output where any event which coincides with
the corrupt template will be maximized. In such a case more false detections
are announced and the template would be updated with sequences, which are
even more corrupt and, finally, the pacemaker would malfunction. In order to
avoid such an improper update of the template, a quality constraint needs to
be defined which decides whether the template should be updated. Thus, the
objective is to find a quality constraint that causes an update of the template if
the update h(n) is close enough to a mean h;(n). In this section two algorithms
are explored for their update efficiency. The first method calculates the distance
d of the update to the h(n) according to

d; < - _ . (18)

The drawback with (18) is to define a value for d, which is applicable for any
EGM morphology in the database. In Figure 13 it is shown that the average
distance of each update to its correspondent mean varies between 0.005 and in
the worst cases more than 2. The average distance for all means lies at 0.3.
However, it is obvious that with such a distance spread of the updates it is
impossible to define a value for d which guarantees a reasonable update of the
template. Thus, a better approach needs to be explored.

The second proposed method is based on the computation of the cross-
correlation of h;(n) and h;(n). The cross-correlation coefficient p,;, of two
vectors h;(n) and h;(n) of the length N is defined according to [21]

Phhi = . (19)
N N _
nzlh?(n)n;h?(m

The value for p,; lies between ‘-1" and ‘+1’, where -1’ indicates antiphase of
h(n) and h(n) and ‘+1’a 100 % correlation, respectively. A value of zero indi-
cates two independent vectors which might be the case due to a false detection.
The normalized cross-correlation allows a comparison independent of the ab-
solute values of the data. In Figure (14) it is shown that all cross-correlation
coefficients of all the recordings in the EGM database lie between 0.2 and 1.
The mean correlation coefficient for all the signals is above 0.85. In order to
define a quality constraint that decides whether the template should be up-
dated, py; has to exceed 0.8 in this study. Thus, h;(n) will be updated with
the majority of the updates h;(n). If p,j; is below 0.8 no update of h;(n) will
be carried out. Thus, it is likely that the template will not be updated with an
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Figure 13: The best and worst distances of noise-free template updates
to their respective mean for all the EGM recordings in the database. The
minimum distance is marked with A, the maximum distance with V and
the average distance with x, respectively.

impulse response that is heavily corrupt, e.g., generated due to a false detec-
tion. Thus, the template is unlikely to change if the EGM is heavily interfered,
even over a longer time period. Moreover, it is possible to track slow changes
in the EGM morphology by updating h;(n). If (19) is met the template for the
matched filter is updated according to

hit1(n) = c- hi(n) + (1 —c) - hi(n), (20)

where ¢ is an update factor. The larger ¢ the smaller the update of the template
according to (20), where ¢ is limited as 0 < ¢ < 1. However, in order to get
a mean template of the previous R-wave complexes and not to overweight a
new template containing the latest impulse response, it is convenient to chose
a high update factor close to 1. Another advantage is, that in the case of a
false detection, although (19) is met, the influence of the update is kept rather
small.
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3.3.3 The Template Length of the Pulse-shaping Filter

The maximum delay for the detector to decide whether an R-wave occurred is
40 ms [22]. The pulse-shaping filter is introducing a delay of 4 — 1, where N
is the template length. Thus, the maximum template length is 80 ms. How-
ever, sufficient filtering performance is achievable with a shorter template. In
the applied matched filter a template length is set to 48 ms, as presented in
Figure 12.

3.4 The Time-Varying Decision Rule

After matched filtering a decision rule decides whether an R-wave has occurred.
However, the sensing threshold changes significantly the first months due to
time-dependent changes on the electrode tip, as presented in Section 3.3. More-
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over, due the long term changing signal properties it is not sufficient to use a
fixed threshold level which is programmed at pacemaker implantation. If such
level is set to a too low level, many false alarms may occur, which is a threat-
ening situation for the patient. False alarms are indicated as beats and due to
this misclassification the pacemaker does not emit a pulse when required. This
can lead, in the worst case, to a cardiac arrest. Conversely, if the threshold
is set to a too high level, occurring beats may not be detected, and the pace-
maker will emit a pulse, although not supposed to. Such additional pulses are
uncomfortable for the patient and shortens the pacemaker lifetime. Thus, it is
necessary that the decision rule adapts to the changing signal properties.

This section presents an algorithm the currently updates the threshold func-
tion. In the initialization phase a mean, s, of the peak amplitude of the R-wave
detections 4;, is computed according to

1 P
Yo = <=2 V> 21
Zj; ) (21)

where P is the number of detections during the initialization. Multiplying 4,
with j gives the early detections a lower weight. This is necessary since at the
beginning of the training e(n) is usually higher due to the inadequate synaptic
weight adjustments. However, after the initialization phase the threshold is
smoothly updated in order to track long term signal changes according to

Yigr = 0y + (1 — )% (22)

where § is a updating factor and v is used as 7; immediately after the initial-
ization phase. The value for ¢§ is set close to one to perform a slow update.
The final threshold function is a fraction of (22) computed according to

Vehi = 3%, (23)

where ( is a constant that defines the size of the fraction. Finally, the threshold
defined in (23) decides whether an R-wave occurred according to

y@ () = Ve (24)

If y(2)(n) exceeds 7yp; an R-wave is indicated and an update of the template
for the matched filter and the threshold function according to (20) and (22) is
eventually carried out. However, if

y (1) > 274, (25)
y? (n) is truncated according to
y?(n) =y (n-1), (26)

to limit the influence of the update. In the case that no R-wave is detected
within a certain time range the pulse generator is alerted in order to send out
an artificial impulse.
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Figure 15: The VRP is the time gray shaded time period and starts
after a sensed R-wave. It lasts typically 200—-350 ms.

3.4.1 Pausing of the Threshold Function

After an identified R-wave the detector does not expect any further event for
a certain time span. This time span is called the ventricular refractory period
(VRP), as presented in Section 2.1. During this time span parts of the detector
cab be shut off for following reasons [14]:

e An emitted pulse from the generator must not be sensed again.

e The R-wave detector should not be disturbed by an R-wave due to a
paced ventricular beat

e To prevent the sensing of afterpotentials

The ventricular-based refractory period (VRP) of a single chamber pacemaker
is shown in Figure 15. The VRP is a parameter that can be programmed during
pacemaker implantation. In the proposed R-wave detector the VRP is set to
200 ms.

For the duration of the VRP major parts of the detector can be powered
down, if implemented in digital hardware. With a VRP duration of 200-350 ms
the hardware is in a sleep mode for 20-35 % of the time. This sleeping mode
result in energy savings and hence a prolongation of the pacemaker lifetime.
The drawback with the VRP is that the detector is absolutely inactive for a
certain time period.
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4 Detection Performance

In this section the detection performance for the R-wave detector is studied.
This is carried out by adding interferences to the EGM recordings with different
SNRs before subjecting them to the detector. Different SNRs are applied since
the interferences were recorded in a non working condition, e.g., the AC hand
drill was switched on but not drilling a hole. It is assumed that under working
conditions the amplitude of the interference would increase significantly. Thus,
the interferences are amplified in order to simulate a working condition of the
devices. Moreover, shape and body constitution of humans vary considerably
and, therefore, it is not possible to find one single estimate of how much noise
can interfere with the pacemaker. However, a SNR of 20dB corresponds to
a very high interference level which should include the worst-case situation
in real life. Thus, noise levels are chosen which results in SNRs of 20 and
25 dB to assure that this situation can be handled by the detector. The signals
are subjected to the TLFN, the pulse-shaping filter and the decision rule, as
described in the preceding sections. The detected events, according to (24),
are finally analyzed by computing the detection rate (Pp) and the false alarm
rate (Pra) as

NT NFA

P e ——— P =,
D= Nr+ Ny FA™ Ny + Npa

(27)

where Nt is the number of true detections, Nj; the number of missed de-
tections and Ng,4 the number of false alarms, respectively. A true detection
is defined as one event that occurs within 100ms, 50 ms before and after the
annotated event. Remaining events are declared as false alarms. With these
quality measurements the dependency of the detection performance on chang-
ing parameters, such as SNR and threshold levels can be compared. Finally,
the average performance of the R-wave detector is expressed as the mean of all
PD and P, FA-

4.1 Signal-to-Noise Ratio Definition

The analyzed signal consists of the nonstationary EGM, xz(n), to which a noise
signal, v(n), has been added. The signal-to-noise ratio (SNR) of y(n) is defined
as

SNR=20-log Y2, (28)
ov

where V4 is the average peak-to-peak amplitude of all the R-waves in one EGM
recording and oy the standard deviation of the noise to be added. The peak-
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to-peak amplitude V, is calculated according to

]
V, = Fx;

_|_

—50€m<20 {z (B + m)}‘
T (29)

silin Aw (R +m)}

)

where x (R;) is a vector containing an R-wave positioned at R;, and N, is
the number of R-wave templates. The standard deviation oy is calculated
according to

1| (& ’
ov = | v =7 (30)
Ny i=1
where ¥ is the mean of the noise signal and N,, the number of discrete samples.

4.2 Detection Performance for the Noise-Free Case

Despite the importance of handling heavily disturbed EGMs, the R-wave detec-
tor is mostly operating in a low-noise environment. Therefore, a performance
analyzes where only “physiological” noise, such as the far-field P- and T-wave,
has to be suppressed is also carried out in this study. In Figure 16 the means of
Pp and Pg4 for a threshold between 0.25 and 0.75 are shown. The maximum
value for Pr4 is 0.01 at a threshold level 8 = 0.25 and a desirable P4 that
equals zero is achieved at a threshold level 8 = 0.45. In this threshold span
the detection rate Pp drops from 0.9985 to 0.9956. From this analysis it is
concluded that a threshold that compromises Pp and Pg4 lies in the range of
0.45 < 8 < 0.55. Using a threshold below the lower limit, § =0.45 would result
in a higher false alarm and detection rate, whereas exceeding the upper limit
would only reduce the detection rate.

4.3 Detection Performance for Interfered EGMs

Although the pacemaker patient is mostly exposed to low-noise environment,
the importance of handling heavily disturbed EGMs must nonetheless be ad-
dressed. The detection performance for the circumstance when the pacemaker
patient is exposed to various interferences is analyzed in this section. The
EGMs are disturbed with recordings of the interference database, see Sec-
tion 2.2 and 2.3. Shape and body constitution of humans vary considerably
and, therefore, it is not possible to find one single estimate of how much noise
can interfere with the pacemaker. However, a SNR of 20dB corresponds to a
very high interference level which should include the worst-case situation in real
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Figure 16: Average detection Pp and false alarm rate Pp 4 for all the
EGM recordings. The threshold § is varied from 0.25 to 0.75.

life. Thus, noise levels are chosen which results in SNRs of 20, 25, and 30dB
to assure that this situation can be handled by the detector. The threshold
level 3 is varied from 0.4 to 0.6. The means of the detection rate Pp and false
alarm rate Pr 4 are shown in Figure 17. The R-wave detector is most sensitive
to interferences originating from EAS2 and muscle contractions at SNRs of 20
and 25 dB, as demonstrated in Figure 17. However, for a SNR of 25 dB, noise
originating from a AC hand drill causes more false alarms and less detections
than from EAS2.

In Figure 18 the average detection performance for disturbing all the record-
ings in the EGM database with the interference recordings is shown. It can be
seen that the detector has reliable detection performance at 30 dB interference
level for the threshold levels 3 = 0.4 and 8 = 0.6. In both cases Pp is over
0.99, whereas the values for Pry4 are below 0.006. The use of a higher threshold
level results in lower values of Pp.

For higher interference levels, i.e., 20 and 25 dB, both detection and false
alarm rate get worse.
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tion rate Pp and false alarm rate Pp4. The recordings from the EGM
database are disturbed with interferences originating from a hand drill,

mixer, EAS1, EAS2, and muscle contraction. The applied SNRs are
20dB, 25dB and 30dB. The threshold § is varied from 0.4 (dark bars)

to 0.6 (bright bars).
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5 Discussion

In this study an R-wave detector for pacemakers has been developed. The de-
tector consists of a TLFN, an dynamically updated pulse-shaping filter and a
time varying threshold level. Recordings from an EGM database are disturbed
with recordings from an interference database to determine the detection per-
formance when the pacemaker patient is exposed to electric or magnetic radi-
ating devices. The detector properties adapt automatically to changes in the
EGM morphology. The detection performance is measured in terms of detec-
tion and false alarm rates for different SNRs and threshold levels. It is observed
that detection performance is sustained by the pulse shaping filter although the
synaptic weights are mismatched due to sudden interference occurrence. De-
spite the reliable detection performance, the suitability for an implementation
in a low power digital ASIC for pacemaker application is rated as low. The
algorithm is very complex. The synaptic weights in the forward pass would al-
ready result in 19 generic multipliers. The nonlinear activation function can be
accomplished using a lookup-table. Moreover, due to a continuously ongoing
update of the synaptic weights of the TLFN, the template of the matched filter
and the threshold level, the computational costs and consequently the power
dissipation will be too high.
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Part 11

Digital Implementation of a
Wavelet Based Event Detector

Abstract

This chapter presents a digital hardware implementation of a novel
wavelet based event detector suitable for the next generation of cardiac
pacemakers. Significant power savings are achieved by introducing a
second operation mode that shuts down 2/3 of the hardware for long
time periods when the pacemaker patient is not exposed to noise, while
not degrading performance. Due to a 0.13 um CMOS technology and
the low clock frequency of 1kHz, leakage power becomes the dominating
power source. By introducing sleep-transistors in the power supply rails,
leakage power of the hardware being shut off is reduced by 97 %. Power
estimation on RTL-level shows that the overall power consumption is
reduced by 67 % with a dual operation mode. Under these conditions
the detector is expected to operate in the sub-uW region. Detection
performance is evaluated by means of databases containing electrograms
to which five types of exogenic and endogenic interference are added.
The results show that reliable detection is obtained at moderate and low
SNRs. Average detection performance in terms of detected events and
false alarms for 25dB SNR is Pp = 0.98 and Pra = 0.014, respectively.
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Figure 1: Block diagram of the event detector and the target environ-
ment. Solid lines represent the dataflow while dashed-dotted lines the
mode-select signals.

1 Introduction

Device longevity is a crucial design constraint in the evolving area of medical
implants since replacement of implanted devices results in discomfort for the
patient and high economical costs. Medical implants such as the cardiac pace-
maker may last up to 20 years, e.g., Regency SC+, St-Jude Medical [1]. At
the same time, reliable detection performance, closely related to longevity, is
essential as the number of devices that may interfere with the pacemaker is
ever increasing.

A variety of event detectors for electrocardiograms (ECGs) have been pro-
posed during the last three decades [2-4]|. However, most of them are unsuitable
for pacemaker applications since they do not operate in real time. Traditionally,
event detectors are composed of a bandpass filter followed by a programmable
threshold level, implemented in analog circuitry [5]. The proposed implemen-
tation is optimized for digital circuitry, and the wavelet based structure offers a
higher flexibility for different morphologies. Together with a low power analog-
to-digital converter (ADC) a single-chip solution becomes possible.

Digital hardware is feasible for today’s pacemaker generation due to recent
development in low power ADCs, e.g., the ADC in [6] operates at 2.2 uW.
Moreover, shrinking technologies and advances in low power digital circuitry
makes a digital solution a competitive alternative to analog solutions. In favor
to analog circuitry [7], a digital implementation has the advantage of accom-
modating more advanced signal processing such as features for morphology
classification, e.g., in implantable cardioverter defibrillators (ICDs) and data
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compression for postanalysis [8,9]. Postanalysis provides better knowledge of
diseases and improves pacemaker /ICD parameter tuning [10,11].

The proposed event detector is based on a wavelet filterbank that decom-
poses the input signal into subbands, followed by hypothesis testing , as pre-
sented in Figure 1 [12-16]. The threshold initialization hardware monitors the
output of the hypothesis test and sets initial value. The threshold function of
the hypothesis test determines whether the incoming beat is considered as car-
diac activity or as noise. A dual operation mode of the detector is proposed by
which major parts of the hardware can be shut down when the pacemaker pa-
tient is at rest or in a low-noise environment. Reliable detection performance is
sustained by a noise detector that operates in supervision mode and reactivates
the sleeping hardware when necessary, see Figure 1.

Dynamic power savings are achieved using a gated clock to shut off parts of
the deactivated detector. However, as the event detector is targeted to operate
at a low frequency of 1kHz, leakage power is the main contributor to the total
power figure. Therefore, leakage reduction techniques are required to efficiently
address power reduction. In the present implementation gate transistors are
used to effectively turn off the supply voltage and, thereby, reduce the leakage
power [17-20].

In Section 2 the detector principles are presented as well as the databases
used for evaluation. Section 3 describes the implementation and optimization in
digital hardware. Moreover, a hardware realization for a dual operation mode
is presented. The performance of the event detector is discussed in Section 4.
Power optimization, an estimate for the core power consumption, and ASIC
placement and routing are presented in Section 5. Finally, conclusions are
presented in Section 6.
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Figure 2: Electrogram events with (a) a typical biphasic and (b)
monophasic signal [26].

2 Materials and Methods

The electrical activity at the pacemaker electrode tip is reflected by the in-
tracardiac electrogram (EGM) [21-24]. The depolarization and repolarization
waves are decomposed into two perpendicular waves: one that propagates hori-
zontally and another that propagates transversally to the myocardial wall [25].
Thus, the morphologies of these two waves differ significantly. The horizontal
wave is composed of a large positive charge that rapidly changes to a negative
charge resulting in a biphasic wave, whereas the transversal wave results in a
monophasic wave, see Figure 2.

Ventricular depolarization usually represents the cardiac event in an EGM
and is referred to as the “R-wave” in this study, see Figure 3; its duration is
normally between 60 and 100 ms [5, 21].

2.1 Wavelet Filterbank and
Generalized Likelihood Ratio Test

This section presents a brief theoretical background of the wavelet filterbank
and generalized likelihood ratio test needed to comprehend the hardware im-
plementation. A more detailed description is to be found in [16,26].

The detector structure was developed with efficient digital hardware im-
plementation in mind. The wavelet filterbank is a combination of a biphasic
(antisymmetric) and a monophasic (symmetric) filter function that approxi-
mates biphasic and monophasic morphologies. The transfer function hy ;(n) of
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Figure 3: Electrogram of a cardiac cycle. Ventricular depolarization is
reflected by the R-wave.

the biphasic wavelet filterbank is modeled as

hip(n) = go(n)

hap(n) = f(n)=*gs(2n)

hsp(n) = f(n)* f(2n) x gp(4n)

hap(n) = f(n)s*--x f(297%n) * g,(27 'n), (1)

where ¢ is the scale factor [16]. An analysis has shown that three scales,
q = 2,3,4, are sufficient to cover the frequency spectrum of an R-wave [16].
The case ¢ = 1 is not considered in the design, as no prior filtering is defined.
The functions g,(n) and f(n) in (1) are defined as

g(n) = [-11] (2)
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and

fln)=[1331], 3)

respectively. To achieve power-efficient hardware mapping, short filters with
integer values are chosen, and, therefore, g,(n) in (2) is chosen as a first order
difference, and the impulse response f(n) in (3) was chosen as a third order
binomial function [16]. The monophasic filterbank g,,(n) is modeled by reusing
gv(n) as

gm(n) = go(n) * go(n) = [1 —21], (4)

such that the transfer function hy ., (n) of the monophasic filterbank is modeled
as

hgm(n) = f(n) %+ f(297%n) % g (297 ). ()
The output of the wavelet filterbank is defined as
y(n) =x"(n)H, (6)
where
x(n) = [z(n) - x(n+ N - 1) (7)
is the input to the wavelet filterbank; H is defined as
H = [H, Hp|, (8)

and can be efficiently implemented by Mallat’s algorithm [27]. The matrices
H,, and H; in (8) denote the reversals of H,, and Hy, respectively, where the
latter is defined, defined by

H, = [hay hsp hy ). 9)

The matrix H,, in (8) is computed according to (5).
Finally, the decision signal T'(n) is computed by a generalized likelihood
ratio test (GLRT) as

T(n) = x"(n)HH"H) 'H x(n), (10)

and compared to a threshold [12,16]. Due to orthogonality of the mono- and
biphasic functions, the matrix (H7H)~! in (10) is symmetric and sparse with
half of the elements equal to zero. Thus, half of the multiplications with the
elements of the matrix in (10) do not need to be implemented. The threshold
level determines the presence of an R-wave and controls the pulse generator as

T(n) > BT max, (11)

where § denotes a amplitude threshold fraction, and 7T5,,, the average value of
the maximum amplitudes of the previously detected events. If the condition in
(11) is met, an R-wave is detected.
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Figure 4: Examples of EGMs from different patients.

2.2 The EGM Database

The database contains EGMs from 50 patients, recorded from ventricular pace-
maker electrodes, and is used to evaluate the performance of the detector. The
EGMs were recorded either during initial implantation or pacemaker replace-
ment, throughout hospitals in Germany (coordinated by Justus-Liebig Univer-
sitit, Giefsen, Germany). The recordings were obtained from patients suffering
from AV block and sick sinus syndrome [5]. Most signals were recorded from
a unipolar electrode, however, a few signals were recorded with a bipolar elec-
trode. The sampling rate was 44.1 kHz with a resolution of 16 bits. For this
particular study the signals were decimated to 1kHz, since frequencies above
400-500 Hz were judged to be less significant to detection. In order to be com-
pliant with the ADC in [6] a resolution of 8 bits is chosen. The recordings
were annotated with respect to a time reference of each R-wave, required for
performance evaluation of the detection algorithm. The annotation of an event
was defined as the steepest transition phase in the cardiac cycle. Three EGM
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Figure 5: Exogenic interference recordings generated from (a) 500 W
AC hand drill, (b) an electric hand mixer, (c¢) EAS 1, (d) EAS 2. Endo-
genic interference caused by (e) muscular activity.

recordings from different patients are displayed in Figure 4, and illustrates the
inter-patient variability in morphology.

2.3 Interference Database

The present event detector is tested with respect to sensitivity to exogenic
and endogenic interferences, originating outside and inside the body, respec-
tively [28]. The test is done in order to simulate situations when the pacemaker
patient is subjected to electronic or magnetic noise. Exogenic interference is
limited to sources in everyday life; e.g., caused by electronic household appli-
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Figure 6: A typical EGM interfered with 20 dB SNR from an (a) AC
hand drill and (b) muscular activity.

ances or electronic article surveillance (EAS) systems. Endogenic interference
is represented by muscular activity [29]. Figure 5 presents examples of the
different types of interference.

Household appliances represent a common source of interference, caused
by electric and magnetic activity within the same frequency range as the R-
wave. Furthermore, the magnetic field intensity is dependent on the signal
transiency. In this study, recordings from an AC powered hand drill and an
electric handmixer were used.

Electronic article surveillance systems have been identified as a common
interference source [30-33]. Such systems use widely different transmission
techniques which makes it difficult to generalize results to how such systems
interfere with the pacemaker. In this study two systems that operate within the
R-wave frequency spectra have been tested. The EAS 1 system uses a 16.6 Hz
triangular wave modulated with 5 or 7.5kHz. The EAS 2 system transmits
3ms long bursts of 58 kHz acoustomagnetic signals with a high amplitude at
an interval of 27 ms. The pulse period of 30 ms (33 Hz) is considered to be the
reason for possible interference with pacemakers.

Muscular activity is an endogenic interference source which spectrally over-
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laps with heart signals. In this study, signals recorded pressing the palms
together have been considered. The effect of muscular noise on pacemaker
performance was one of the first studies on pacemaker interference [29].

Figure 6 shows the morphology of an EGM with interferences originating from
a hand drill and muscular activity, respectively.
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3 Digital Hardware Mapping and Optimization

This section describes how the wavelet filterbank and the GLRT are imple-
mented in digital hardware. The proposed structure has been optimized with
respect to wordlength and numerical strength reduction to reduce area and
power consumption [34,35].

3.1 Implementation of the Wavelet Filterbank

The wavelet filterbank is comprised of scaled version of a monophasic and
biphasic functions. The mother wavelets used in this implementation are scaled
according to the wavelet theory described in Section 6. Low frequencies are
represented by coarse scales whereas high frequencies are modeled with fine
scales. The scale is increased from ¢ = 2 to ¢ = 4 in this study. This stretches
the mother wavelets and is referred to as dilation. Consequently, propagation
delay for each biphasic and monophasic output differs in every scales and needs
to be adjusted before hypothesis testing.

3.1.1 Dilation

In this implementation frequency components in the EGM are decomposed by
(3) and (2), and the hardware realization of f(2n) and g,(2n) is presented
in this section. The narrowest filter functions f(n) and gy(n) in the wavelet
filterbank are defined as

fn)=1[1331] and gy(n)=[-11].

The impulse responses of these filters are dilated by inserting zeros between
the coefficients which leads to

f2n)=[1030301], (12)
and
9(2n) = [-101]. (13)

The biphasic filterbank for ¢ = 2 is realized by convoluting f(n) with gy(2n),
as defined in (1). The discrete transfer functions of f(n) and g(2n) are

F(z) =143z  +3272+273, (14)
and

Gop(z) = —1+4 272 (15)
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Figure 7: Block diagram of the R-wave detector. The darker shaded
blocks in the wavelet filterbank and GLRT are inactive in normal mode.
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Figure 8: Impulse responses of the wavelet filterbank. The biphasic
impulse responses y, 4(n) for ¢ = 2,3,4 are displayed in the left panel
and the monophasic impulse responses y,, x(n) in the right panel.

In order to reduce hardware area the delays and multiplications in (14) are
minimized by factoring out the fixed multiplication and a delay element as

Fi(2) =1+27'8(1+2"1) +277), (16)

which reduces the number of delay elements and multipliers by two and one,
respectively. The biphasic output Y ;(z) for ¢ = 2 is computed as

Yau(2) = Fi(z) * Gap(2), (17)
and the monophasic output is obtained by reusing G2 (%) as
Yop(2) = Fi(2) * Gop(2) * Gop(2). (18)

The branches for ¢ = 3 and ¢ = 4 are dilated and optimized in the same
fashion as illustrated above. Hardware is reduced by factoring out the delays
and multipliers in all branches.
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Figure 9: Data flow diagram of the first wavelet filterbank branch using
Mallat’s algorithm [27]. The number of registers in F(z) is minimized,
and bi- and the monophasic filter output are represented as y,;, and
Yq,m, respectively.

3.1.2 Time Alignment

The propagation delay of the branches differs as dilation of the impulse re-
sponses is accomplished by inserting delays. The longest impulse response is
found in the branch that computes the monophasic output y4,, (¢ =4). Thus,
all other impulse responses need to be symmetrized in respect to y4,,. This is
accomplished by additional delay elements in the filterbank architecture. The
biphasic and monophasic output of the first branch needs to be delayed by 16
and 15 time units, respectively. Delay elements used to postpone the biphasic
impulse response are partially reused to lag the monophasic output. Thus, the
number of delays is minimized, i.e., the number of delays needed to symmetrize
the output of the first branch is reduced from 31 to 15. This optimization is
carried out in branch two and three as well, and the total number of delays in
all scales is reduced from 57 to 25. The implementation of a wavelet filterbank
branch is presented in Figure 9. A summary of the additional delays needed
for symmetrization is presented in Table 1, and the impulse responses of the
filterbank are presented in Figure 8.

Table 1: Delays in G(2) as illustrated in Figure 9.

| q ” bi,q | MSq | bsg |
2 2 15 1
3 4 10 2
4 8 0 4
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3.2 Implementation of the GLRT

The decision signal T'(n) is computed in the GLRT as defined in (10). The input
to the GLRT is computed as presented in Section 3.1. Thus, the remaining part
of (10) to be implemented is the multiplication by (HTH)~!, a matrix which
is symmetric and sparse with half of its elements equal to zero,

425 —281 071 0 0 0

281 447 —1.75 0 0 0

ree 1| 071 —175 149 0 0 0
(H H)™ = 0 0 0 484 -231 0.6 (19)

0 0 0 —231 420 —1.49

0 0 0 06 —149 177

The multiplication of y(n) with (H'H)™! is illustrated in Figure 10, where
ci,j are elements of (HTH)~!. This representation is an aid to comprehend
the hardware implementation which is depicted in Figure 11. Each elements
of vector y(n) is multiplied with its associated coefficient in the fixed matrix,
before summing them to an element in a new vector, named k(n). The hardware
realization to the representation in Figure 10 as presented in Figure 11. The
inputs y1(n) ... ys3(n) are fed to fixed multipliers which realize the multiplication
of the first three elements in y(n) with the upper part of the matrix (HH) 1.
Each element in the input vector is multiplied with its associated elements in the
matrix. This results in a hardware cost of three fixed multipliers and two adders
per matrix column. Thereafter, the elements of y(n) are multiplied with the
column sums ki(n)...ke(n), and the attained products are accumulated,and
this sum is the decision signal 7'(n). The hardware cost for this operation is
six multipliers and five adders.

3.3 Hardware Optimization

The aim of hardware optimization is the reduction of silicon area as well as the
reduction of power dissipation.

3.3.1 Optimization of the Wavelet Filterbank

The wordlength of the wavelet filterbank output y(n) is bit-optimized in or-
der to reduce complexity. In a theoretically worst-case scenario mathematical
operations in the filterbank leads to an extended dynamic range and therefore
wordlength has to increase accordingly, in order to be sure to avoid overflow.
However, this is a very pessimistic approach leading to large overhead due to
excessive number of bits. In order to determine the maximum number of re-
quired bits for a more realistic scenario, all recordings in the EGM database
have been analyzed using the filterbank. The internal wordlength at F(z) and
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c11 c12 13 0 0 0
y(HTH)_:l C21 Co9 C23 0 0 0

C31 C32 C33 0 0 0
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Figure 10: Illustrative representation for a vector-matrix multiplication.

the output Y1(2),...,Ys(2) was traced in order to determine the number of bits
required to represent the largest occurring number. This analysis has shown
that overflow can be avoided if the dynamic range is increased by two bits com-
pared to the input wordlength N. Thus, the wordlength, Ny, for a worst-case
scenario could be reduced significantly from N 4 15 to N + 2, see Table 2,
and the target implementation has a wordlength of ten bits at y1(n), ..., ys(n).
Saturation logic guarantees that the signal at y(n) is upwards limited to values
representable by ten bits if overflow should occur. This optimization leads to

significant reductions in the filterbank and results in narrower multipliers and
adders in the following GLRT.

Furthermore, the fixed multipliers in each branch of the filterbank are im-
plemented as shift-add instructions, carried out during one clock cycle, referred
to as numerical strength reduction [34]. This optimization results in area and
power reduction.

The straightforward block diagram of the filterbank in Figure 9 has an ex-
cessive number of delays. Thus, the number of registers in Gy(z) are minimized
by reusing the registers needed to center the impulse responses in Figure 8. This
results in a reduction of approximately 300 (1-Bit) registers.

Table 2: Comparison of the worst-case scenario and implemented wordlength
Nye and Niyp, respectively, where N = 8 is the width of the input signal
provided from the ADC.

| | i) | g2() | ys(n) | wa(n) | ws(n) | we(n) |
Nyc | N+6 | N+7 | N+11 | N+12 | N+14 | N+15
Nimp | N+1|N+1| N+2 | N+1 | N+2 | N+1
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Figure 12: Decision signal T'(n) computed for floating-point values
(solid line) and integer values (dashed line).

3.3.2 Optimization of the GLRT

Substitution of the real values in (HTH)~! with their respective rounded in-
teger values reduces the computational cost of the GLRT, see Table 3. As
multiplication is a more complex operation than addition, complexity reduc-
tion is achieved by trading multipliers against adders [34]. Therefore, all the
multiplications with the elements of (HTH)~! are replaced with shift and add
operations performing the same operation during one clock cycle. The only
multiplication that remains in the GLRT is the one by H?x(n), where H x(n)
is already computed in (6). The result of this operation is implemented by the

multiplier inputs y1(n)...ys(n) as presented in Figure 11.

This optimization achieves a reduction of 77 % in multipliers while the number
of adders is increased by 41 %, see Table 3. Thus, power and area is reduced
in filterbank hardware.

A typical decision signal using Matlab floating point and integer coeffi-
cients, respectively, is presented in Figure 12. It is shown that the deviation
of the GLRT output after numerical strength reduction is minor. Detection
performance using the database, between optimized and original structure was

compared, and remained unchanged.
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Table 3: Summary of the strength reduction after optimization of the wavelet
filterbank and the GLRT.

| | not optimized | optimized | savings % |
MULT 26 6 =77
ADD 32 45 +41

3.4 Sensing Threshold Initialization

After pacemaker implementation the acute sensing threshold is automatically
computed by the proposed threshold initialization hardware [36]. This is carried
out by computing a mean value of the highest amplitudes of indicated R-waves
at the output of the GLRT as

_ 1 ’L"Iﬂr(l,.’l«'
Tacc = Z Tmaac,ia (20)

tmax im1

where i,,4; 18 the maximum number of R-waves in the initialization phase,
Tinaz,i the peak amplitude of an R-wave, and Tgee the mean of the R-wave
amplitudes. The threshold initialization phase is triggered by resetting the
device. The observation of T(n) for the highest R-wave amplitudes provides the
initial amplitude Tinqz,1, used to identify the succeeding R-waves. Following
R-waves are indicated by any amplitude that exceeds 0.5T},4z,1, and their
highest amplitude 7}y, is sensed for 100 ms after crossing the threshold level.
A threshold level of 50 % minimizes the risk of considering noise as cardiac
activity. This procedure is iterated until a predefined number of R-waves,
Imaz, 1s found.

The implementation of the division hardware in (20) is optimized by as-
signing 4,4, a number that can be represented by powers of two. Thus, the
division hardware is realized by truncation of the LSBs. For this study imqaz
has been set to eight events since the signals in the EGM database are limited
in time.

The hardware that computes the threshold mean is triggered by a gated
clock which terminates after the initialization phase. However, in order to
address the leakage power effectively, appropriate sized sleep transistors need
to be placed in the supply lines. The threshold initialization hardware has an
independent supply in order to carry out a power analysis.

3.5 Dual Operation Mode

The R-wave detector in [13] is designed to assure good detection performance
when the EGM is corrupted with noise, see Figure 15. However, during long
periods the pacemaker patient is not exposed to noise, e.g., during sleep (rest),
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low physical activity, etc. Therefore, it is highly desirable to automatically shut
off parts of the R-wave detector during such periods to save power. At the same
time the R-wave detector must be able to operate with full noise suppression
performance whenever necessary. Operation when the patient is not exposed
to noise is referred to as normal mode as this is the case most of the time. Alert
mode is when the entire filterbank and GLRT are active.

One approach is to shut off one or two branches in the wavelet filterbank
during normal mode. Thus, it is also possible to shut off parts of the GLRT
with respect to the inactivated branches in the filterbank. Section 4.3 presents
a performance analysis of how the branches are activated or deactivated in
alert and normal mode, respectively. The parts of the R-wave detector being
shut off in normal mode are triggered by a gated clock [37]. This clock tree is
enabled by the noise detector.

3.6 Time-multiplexed Architecture

An alternative technique that can be considered for leakage minimization is a
time-multiplexed architecture, i.e., multiple instructions are computed by a sin-
gle [34]. Such hardware transformation reduces the total gate width, equivalent
to the gate count, approximately.

A possible transformation of two additions implemented in a parallel struc-
ture, carried out in the GLRT, into a time-multiplexed structure is presented
in Figure 13 (a) and (b), respectively. The products b(b) and ¢(n) in (a) are
computed simultaneously and kq(n) is valid after one clock cycle. In (b) the
first clock cycle feds a(n) and b(n) to the adder. The addition is carried out
and the sum is stored in the delay element. The next clock cycle switches c¢(n)
and the sum stored in the delay element to the adder and the adder output is
stored in the delay element. The value d(n) is valid with the next clock cycle,
and, simultaneously a(n+1) and b(n+1) are subjected to the adder and the
process continues. Thus, the time needed to compute k1(n) is twice compared
to the original structure. Area is traded for computation time [34]. To revive
the original computation speed the clocking frequency must be doubled, and,
thus, dynamic power consumption is doubled as well. However, an increase
in power consumption does not necessarily increase energy dissipation, as pre-
sented in Section 4.4.1. Therefore, an analysis is carried out that determines
whether an increase in clock frequency leads to higher energy dissipation.

Energy dissipation of an operation in a digital ASIC is consumed as

Eswitch - C'L ‘/dev (21)

where C, is the gate capacitance that is switched during an operation.
The dynamic energy dissipation of a single operation in (21) is proportional
to C'r, and quadratically dependent on Vgg4. In a time-multiplexed architecture
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additional hardware, e.g., control logic and pipeline registers, is introduced,
and, therefore, C, increases by a small fraction.

The simulated critical path in the R-wave detector has a propagation delay
of 16 ns which results in a large time slack using a clocking frequency of 1000 Hz.
The time slack in a design is a factor that determines how much the supply
voltage can be decreased without performance penalty. However, the slack in
this implementation would theoretically permit a supply voltage equal to the
switching threshold. Thus, the lower limit of the supply voltage is set by the
switching threshold plus an additional small voltage that prevents the circuit
from malfunctioning.

The highest possible clocking frequency finq., according to the propagation
delay in the critical path, is 62.5 MHz. The lowest possible supply voltage is
approximated as

Vmin = /81 + /82fno'rma (22)

where /81 = ‘/t/vmam» 62 =1- 61» and fnorm = (fmax/f)_l [38] According to
the approximation in (22), a minimized supply voltage would be equal to the
threshold level using a low-leakage cell library. However, the supply voltage
needs to be higher than the switching threshold. The large timing slack per-
mits a higher clock frequency, needed to sustain computation speed in a time
multiplexed architecture. A clock frequency of 2kHz permits a propagation
delay of approximately 50 ms whereas the hardware requires only 16 ns. Thus,
the supply voltage remains on the same level and dynamic energy dissipation
will increase by a significantly small fraction, introduced by the Cp, of the ex-
tra register and control logic in a time-multiplexed architecture. However, the
total gate count and thus leakage is reduced.

Suitable Hardware in Detector Hardware that is shut down in normal
mode is suitable for a time-multiplex implementation as area reduction achieves
a significant leakage minimization. In the wavelet filterbank the add operations
in branch two and three can be performed by a single hardware unit. Hardware
in the GLRT can be reused such that two additions and one multiplier are
accommodated in a hardware unit that sequentially carries out the operations
associated to y3(n)...ys(n). Moreover, hardware in the wavelet filterbank that
is shut off in normal mode is suitable for a time-multiplexed architecture as well.
Remaining leakage can be further reduced by sleep transistors.

In order to get a better estimate on leakage reduction due to a time-
multiplexed architecture, digital hardware needs to be fabricated.

3.7 Noise Detector

In order to make the R-wave detector resilient to noise, a noise detector has been
supplemented, as shown in Figure 7. The noise detector operates in supervision
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Figure 13: (a) Two additions from the GLRT in Figure 4.3.1. (b) Time
multiplexed architecture where the 2 additions are carried out by a single
adder and a additional pipeline stage.

mode and guarantees full noise suppression performance by reactivating the
hardware that has been shut off during normal mode. The power savings
gained by deactivating parts of the R-wave detector must not be dissipated by
the noise detector since the proposed modification would then lack significance.
Therefore, it is necessary to design a low complexity noise detector. Noise
quantification is based on a zero-crossing rate measurement Zg(n) [39]; the
number of zero crossings is the number of times a sequence changes sign. The
Zs(n) measurement on all the recordings in the database show that an typical
upper bound for a patient ranges from 5 to 7 zero-crossings during 100 ms.

If the input signal has a DC component, a zero-crossing measurement cannot
be carried out correctly. Therefore, any DC component of an EGM is filtered
out before Zg(n) is estimated by a differencing filter as

d(n) = z(n) —x(n —1), (23)

which has a low complexity implemented in digital hardware. The zero crossing
measure in the long term, i.e., from 0 to oo, is defined as [39]

Zp =33 lsan{d(n)} — senfd(n — 1)}, (24)
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Figure 14: Zero-crossing detector logic.

where
+1 d(n)>0
sgn{d(n)} = { -1 d((n)) < 0. (25)
In order to define a short-term Zg(n), (24) can be used as
1 n
Zs(n) =5 D, Isen{d(m)} —sgn{d(m — 1)}, (26)
m=n—N+1

where N is the length of the short-term interval. Since most zero-crossings
occur during an R-wave, the length of N needs to be longer than this interval,
usually no longer than 100 ms [5]. However, to achieve a flexible implementation
N is a programmable parameter in the target implementation.

3.8 Noise Detector Implementation

A zero crossing can be identified by comparing the signs of two successive sam-
ples computed in (23). Using digital hardware and two’s complement represen-
tation the comparison can be carried out by analyzing the most-significant-bit
(MSB) which indicates the sign of a number. A zero crossing has occurred if

MSB{d(n)}®MSB{d(n — 1)} = 1,

where @ is the XOR function. The number of zero-crossings, indicated by a
low to high transition at the XOR gate, is accumulated for the time N, see Fig-
ure 14. Noise is detected when Zg(n) exceeds an upper bound Zg, causing the
R-wave detector to switch to alert mode. Zg differs for every patient and needs
to be programmed during pacemaker surgery or check-up. The Zg-accumulator
is reset after N samples are processed to start a new Zg determination for the
next input sequence. Thus, a counter that provides a reset signal after N sam-
ples is needed in addition to the schematic in Figure 14. The Zg-accumulator
is implemented by a register and an adder. The simple noise detector struc-
ture results in very little area and power overhead when implemented in digital
hardware. More sophisticated alternatives can be considered but would result
in higher complexity.
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4 Detection Performance

The performance of the implemented detector is analyzed by adding various
interferences to the EGM recordings such that different SNRs are obtained.
Detection performance is measured by computing the probability of missed
detection, Pp and false alarms, Pr4 as

~ Nr+ Ny

Nra

and Prp=——""—,
FA™ Nr + Nea

Pp (27)
where Nt is the number of true detections, Nj; the number of missed detec-
tions, and Np4 the number of false alarms. A true detection is defined as an
event that occurs within 50 ms of the annotation, whereas events outside this
interval are declared as false alarms.

4.1 Signal-to-Noise Ratio Definition

The analyzed signal consists of the nonstationary EGM, z(n), to which a noise
signal, v(n), has been added. The signal-to-noise ratio (SNR) of y(n) is defined
as

SNR = 20-log 22, (28)
oy

where V4 is the average peak-to-peak amplitude of all the R-waves in one EGM
recording and oy the standard deviation of the noise to be added. The peak-
to-peak amplitude V,, is calculated according to

max  {z(R; + m)}‘

1 N
Vﬂ:’ = Z
N, 4 + | -50<m<20
1=

+

(29)
{o (Ri +m)}

3

min
—50<m<20

where x (R;) is a vector containing an R-wave positioned at R;, and N, is
the number of R-wave templates. The standard deviation oy is calculated
according to

1 N ’
ov =5 (Zv(z‘)—@) , (30)
v i=1

where ¥ is the mean of the noise signal and N,, the number of discrete samples.
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4.2 Detection Performance for Noisy EGMs

Although the pacemaker patient is mostly exposed to low-noise environment,
the importance of handling heavily disturbed EGMs must nonetheless be ad-
dressed. The detection performance for the circumstance when the pacemaker
patient is exposed to various interferences is analyzed in this section. The
EGMs are disturbed with recordings of the interference database, see Sec-
tion 2.2 and 2.3.

Shape and body constitution of humans vary considerably and, therefore,
it is not possible to find one single estimate of how much noise can interfere
with the pacemaker. However, a SNR of 20dB corresponds to a very high
interference level which should include the worst-case situation in real life.
Thus, noise levels are chosen which results in SNRs of 20 and 25 dB to assure
that this situation can be handled by the detector. A typical EGM that is
disturbed by interference and the corresponding decision signal T'(n) is shown
in Figure 15.

The threshold level 3 is varied from 0.3 to 0.5. A low value for 8 produces
high rates of Pp, however, Pra will also increase as more false events will
exceed the threshold. A high ( leads to a lower value for Pp and Pr 4.

It can be observed that the detector is more sensitive to interference that
originates from the EAS2 system and muscular activity than from other sources,
see Figure 16. This is the case for Pp and Pg 4 for both noise levels. Interference
that originates from muscle contractions is the most difficult noise to suppress
in all the tested EGMs [29]. The results show that the detector attains reliable
detection performance at moderate to low SNRs. For 20dB and 25dB SNR
the average performance for all noise sources is Pp = 0.88 and Pr4 = 0.13 and
Pp = 0.98 and Prs = 0.014, respectively. Moreover, a threshold level that
strikes a good balance between Pp and Pp4 is f = 0.4.

4.3 Detection Performance for Normal Mode

The pacemaker is mostly operating in a low-noise environment and, therefore,
a performance analysis is carried out where no additional noise is added to the
EGM. The threshold level g is 0.4, see Table 4. The total number of 3200
events for all the recordings in the EGM database has been analyzed.

In order to find out which branches of the filterbank can be shut off without
performance degradation for all recordings in the EGM database, the branches
have been activated in different combinations. The mode of a single branch,
active or inactive, binary coded. If a branch is active it is coded as 1 in a 3
digit word, e.g., 110 indicates that branches one and two (¢ = 2, 3) are active
while three (¢ = 4) is inactive. However, as the branches are connected in
series it is not possible the entirely shut off the first branch if the second or
third branches is active, see Figure 7. For such cases, only the filtering part
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Figure 15: (a) An EGM recording distorted by an AC hand drill (20 dB
SNR). (b) The output T(n) of the GLRT.

Gyp(z) of the preceding branches are shut off, see Figure 9.

The average detection and false alarm rate, Pp and Prg, respectively, is
presented in Table 4. In none of the simulated cases, the detection performance
drops below 0.97 whereas the highest P 4 rate is less than 0.021, for a threshold
level 8 = 0.4. The highest detection and lowest false alarm rates, Pp and Pp 4,
are obtained if all branches, i.e. 111, in the filterbank are operating, > 0.99
and < 0.001, respectively. However, the difference between 111 and 100 is
negligible as only a minor difference for Pr 4 is measurable. Furthermore, it is
possible to shut off block three to six in the GLRT, whereas block one and two
operate partially, see Figure 7. As the first branch has to operate partially in
all the combinations it is of further advantage to inactivate filterbank two and
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Table 5: Comparison of detection performance for noisy EGMs, 25dB SNR.
The R-wave detector operates in alert mode and forced normal mode, § = 0.4.

mode normal alert

Noise PD | PFA PD | PFA
- 0.997 | 0.001 || 0.997 | <0.001

drill 0.926 | 0.083 || 0.982 | 0.009
mixer || 0.983 | 0.019 || 0.980 | 0.007
EAS1 || 0.975 | 0.024 || 0.991 | 0.003
EAS2 | 0.513 | 0.082 || 0.970 | 0.016
muscle || 0.960 | 0.083 || 0.970 | 0.034

three since the amount of hardware that can be shut off is higher compared to
other combinations.

In the target implementation not all presented modes will be implemented.
Only two modes will be considered, 100 for the normal mode and 7111 for the
alert mode.

Noisy Signal in Normal Mode The noise detector reactivates branch two
and three if the EGM is corrupted by noise, and, thereby, sustains filtering
performance. Nevertheless, it is of interest to analyze detection performance
for the circumstance that noise is present but not indicated by the noise de-
tector. To evaluate detection performance for such a circumstance, noise is
added (25dB SNR) to the recordings in the EGM database. The situation
that no noise is detected is simulated by a forced normal operation mode, i.e.,
branch two and three are permanently off. Detection performance is analyzed
by computing Pp and Pp4 for 8 = 0.4 for all the recordings in the database,
see Tab. 5. It can be seen that performance degrades if the EGM is disturbed
and the R-wave detector continues the normal mode operation. The Pp rate
for EAS2 drops to approximately 0.52 which is unacceptable. Thus, it is neces-
sary to switch to alert mode and to reactivate branch two and three to sustain
reliable performance.
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5 Power Consumption
The power consumption of a digital ASIC is defined as
P:den+Pdp+Pleak, (31)

where Py, is the switching power, Py, the direct-path power, and P the
leakage power [40]. For a long time, dynamic power consumption has been the
dominant source whereas leakage power has been ignored for most applications.
However, with shrinking technology and decreasing threshold voltage V;, Pieak
represents a substantial or dominant share of the total power. Leakage power is
consumed as long as the supply voltage is switched on, regardless of the switch-
ing activity. For the presented design leakage power is the main contributor
due to the low clock frequency and correspondingly low switching activity.

5.1 Gated Supply Lines

The R-wave detector is operating at a low clock frequency of 1kHz, implying
that leakage power will have a large share of the total power consumption. To
reduce the leakage current effectively three approaches can be applied: a mul-
tithreshold CMOS (MTCMOS) process, transistor stacking or the combination
of transistor stacking and MTCMOS [19], [17,41]. Using MTCMOS the design
is implemented using high V; devices for the noncritical and low-V; devices
for the critical path. Transistor stacking, on the other hand, cuts off one of
the supply rails and thereby reduces the leakage power. This can be imple-
mented by using a standard CMOS process without dual V;. Combining the
two techniques by using high-V; transistors for transistor stacking will lead to
a higher leakage reduction but requires extra process steps with corresponding
costs [19].

The presented design has been implemented in a UMC low-leakage process
that provides high-V; devices. Furthermore, transistor stacking is applied to
achieve substantial leakage power reduction. An extra gate transistor is intro-
duced in the leakage path and can either be placed between the power supply,
Vaa, and the cells or between ground, GND, and the cells, see Figure 17 [40].
The gate-transistor is turned on and off in the alert and normal mode, re-
spectively, and thus the cell supply voltage is gated which achieves significant
leakage reduction. An extra sleep transistor reduces leakage current by orders
of ten [40] and the gate-transistor can be shared among multiple cells which
amortizes the area overhead of an extra transistor.

Transistor Sizing The gate-transistor must be large enough to sink the
current flowing through the cells during alert mode. However, a too large
transistor degrades the stacking effect and introduces an area overhead. The
dimensions of a transistor that match the needs to gate a single cell can be
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Figure 17: Schematic of the gate-transistor circuit simulation;
Lp/Wp =0.13/100, Ly /Wn = 0.13/33, Laate/Wgate = 0.13/33.

determined analytically. Unfortunately, this is not the case if several cells with
different properties are driven by one gate-transistor, which is the case in the
proposed design. Therefore, Spice level simulations are carried out to find out
how leakage current is influenced by the chosen size of the gate-transistor, see
Figure 17. The static resistance of a transistor can be computed as

R = Lc
PN = Wi [Vas — Vi — Vps|’

(32)

where L is the channel length, W is the channel width and k;/> the process
transconductance, which for the provided cell library results in Ryp ny < 1€2 for
a 33 um wide NMOS and a 69 pm wide PMOS transistor [40]. Thus Ryp ny is
negligible compared to the wire resistance for power routing. The width of the
gate-transistor in Figure 17 is set to 33 um and loaded with an increasing num-
ber of balanced inverters with the transistor dimension of Lp/Wp = 0.13/100
and Ly/Wy = 0.13/33. The dimensions of the inverter are restricted to the
maximum dimensions allowed by the simulation tool.

5.2 Leakage Reduction Estimation

The number of equivalent inverter cells with respect to the R-wave detector
hardware that is shut off needs to be determined. Therefore, the number of cells
to shut off in normal mode and their corresponding leakage power are identified.
A brief overview of these cells is presented in Table 6. This overview represents
(88 %) of the hardware being shut off in normal mode, and is considered to
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Table 6: Brief summary of the cells that are shut off in normal mode. The
summary represents approximately 88 % of the implemented hardware.

Number | ljeqr | INV equivalent

D-latch 395 46 1211
NAND 365 11 277
NOR 329 11 241

FA 633 43 1815
XOR 61 11 45
AND2 91 18 109
INV 791 15 791

| total | 2665 | - | 4489

be sufficient to determine the sleeping hardware leakage in this simulation. In
order to be consistent with the schematic in Figure 17, the inverter leakage
power of the cells in Table 6 is interpolated to the leakage power using only
inverters, e.g., an AND2 cell has 20 % higher leakage than an INV cell, thus 91
AND?2 cells are approximated by 109 INV cells. Thus, an equivalent leakage
power to the shut down part of the detector would result in ~ 4500 minimum
sized inverter cells. The maximum dimension for a transistor is restricted by
the simulation tool, and is 625 times the minimum size, which is indicated as
load factor, (L). With the dimensions of the inverter cell in the schematic in
Figure 17 a load of at least 7 can be assumed.

In order to find an estimate for leakage reduction, the schematic in Fig-
ure 17 is used, since gate-transistors cannot be included in a gate level power-
simulation. The width of the PMOS transistor is thrice that of the NMOS
width to balance the inverter cell. The leakage current I; is measured for hav-
ing either NMOS/PMOS of the inverter gate in on or off mode, with equal
likelihood. The average of these measurements is presented in Table 7, where
Iy and Ipp is the gated leakage current and the non-gated leakage current,
respectively. Simulation on Spice level results show that the leakage reduction
rate increases with the number of inverters driven by the gate-transistor. As
presented in Table 7, gated-ground is more suitable if a large number of cells
will be shut-off, and the area overhead for a NMOS gate-transistor is 52 %
smaller compared to the PMOS solution. Thus gated ground is chosen for this
silicon implementation. The expected leakage reduction is approximately 96 %
according to the simulation results presented in Table 7.
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Table 7: Leakage current reduction (red.) using gated Vg4 and gated GND.
The load is the number of cellblocks that are supplied by the gate-transistor.
Wp = 100um, Wy = 33um, Lp = Ly = 0.12um, Wg = 33um, L: #
inverters in Figure 17.

PMOS NMOS

L | LumA] | InnA] | Red. || Lu[nA] | In[nA] | Red.

1| 464 85% | 50.1 84 %

2 | 276 91% 32 89%
317 317

5 | 184 94% 15 95 %

0] 125 96% || 7.9 97 %

5.3 Gate Level Power Estimation

In order to confirm the expected power savings, the power dissipation of the two
modes is estimated on gate level [42]. Since sleep-transistors cannot be included
in a gate level simulation, results of the leakage reduction estimation in Table 7
are used. The power estimation in normal mode is carried out by removing the
hardware that is shut off from the netlist, i.e., the hardware neither leaks nor
switches. However, leakage is included in the estimate by adding a fraction,
according to Table 7, of the power difference between normal and alert mode
and a reduction of 97 % is considered. The power analysis confirms that leakage
power is the dominant power source, using the provided technology and a clock
frequency of 1kHz, see Table 8. Using solely a gated clock would not result in
equal power savings since this only effects the dynamic power consumption and
leakage current still exists as long as the cells are connected to the supplies.
Thus, the power saving would only be 29 % if no gated-supply is used. The
presented estimates only serve for identification of the dissipation sources and
to provide a relative measurement of the power savings. A more accurate
estimate will be available on the fabricated ASIC level. Due to a large time
slack in the critical path it is possible to gain further power savings by lowering
Vaa, as a low supply voltage lowers the barrier height and thereby decreases
the threshold voltage [43-45].

However, such estimates cannot be obtained in the current gate-level sim-
ulation. The ASIC core is expected to operate in the 100nW region in the
target implementation.
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Table 8: Core power estimation at gate level using a 0.13 um low-leakage
library. f=1kHz, Vgq = 1.2.

Alert [nW] | Normal [nW] | Reduction
dynamic 24.6 6.8 2%
short-circuit 221 6.1 2%
leakage 67.8 < 25 > 63%
total 114 < 38 >67%

5.4 Placement and Routing

The ASIC core consists of three blocks: the hardware used in normal and alert
mode, respectively, and the hardware of the threshold initialization are accom-
modated in separate blocks. All blocks share a common V4, however, GND
is connected individually, as presented in Figure 18. Individual GND supply
is used in the verification process to measure the current of each hardware
block. Sleep transistor that gate GND are introduced between the GND pad
and the core ring for the logic that is powered down in normal mode. The
transistor gates are manually connected to the alert signal that originates in
the noise detector, and, GND supply is automatically gate on account of the
sleep transistors.

The total chip area, inclusive pads, is 2.8 mm? using a 0.13 m LL UMC
process, see Figure 18. The ASIC has been sent for fabrication and further
power analysis will be carried on the fabricated ASIC.

The design is pad-limited as various control signals are fed to the 10s for
verification purpose. These control signals are not needed in the target im-
plementation and therefore is it possible to reduce the chip size significantly.
Moreover, the sleep-transistors can be accommodated in the supply pads which
results in further area reduction.

6 Conclusions

The implementation of a wavelet based R-wave detector in 0.13 ym low-leakage
UMC technology has been presented in this paper. The design has been power
optimized by applying strength reduction, as well as wordlength and register
minimization. The inclusion of a noise detector facilitates a dual operation
mode. Thus, 2/3 of the hardware can be shut down if the pacemaker patient
is at rest or not exposed to interferences (normal mode). Reliable detection
performance is sustained by reactivating the sleeping hardware whenever nec-
essary.
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Figure 18: Layout of the routed ASIC.

Gate transistors in the GND supply lines are used to address the dominating
leakage power and to effectively reduce the power consumption when operating
in normal mode. Gate-level power estimation predicts 67 % power savings if
operating in normal mode; no performance degradation is measurable for such
cases. The total chip area is 2.8 mm? and is expected to operate in the sub-uW
range.

The ASIC has been fabricated in 0.13 um UMC low-leakage technology and
further performance measures as well as power analysis will be carried out.
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