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ABSTRACT

Implantable pacemakers are life-critical biomedical devices that
continuously monitor cardiac activity and regulate abnormal heart
rhythms through electrical stimulation. Modern pacemaker systems
require reliable and low-power memory architectures for bu!ering and
storing electrogram (EGM) signals acquired from sensing channels.
Existing pacemaker architectures mainly focus on sensing, stimula-
tion, and analog front-end circuitry, while e"cient large-scale digital
memory organization and low-power external memory interfacing
receive limited attention.

This thesis presents the design and implementation of a low-
power SPI-enabled SRAM architecture for implantable pacemaker
applications. The proposed architecture integrates a Serial Peripheral
Interface (SPI) communication protocol with a banking-based SRAM
organization to support e"cient external memory access and EGM
signal bu!ering. An 8192→8 single-port SRAM macro is implemented
as the basic memory block, and eight SRAM macros are integrated
to construct a 64 KB memory system using address partitioning and
decoder-based bank selection. n.

The complete RTL-to-GDSII implementation flow is carried out
using Cadence EDA tools in SCL 180 nm CMOS technology includ-
ing synthesis, floorplanning, placement, CTS, routing, and physical
verification. The final implementation achieves a maximum oper-
ating frequency of 48.95 MHz with total power consumption of
approximately 2 mW.

The proposed SPI-enabled SRAM architecture demonstrates
an e"cient and scalable low-power memory solution suitable for
implantable biomedical systems requiring continuous biomedical
signal bu!ering.
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Chapter 1

Introduction

1.1 Introduction to Implantable Biomedi-
cal Devices

Implantable biomedical devices have become an essential part
of modern healthcare systems due to their ability to continuously
monitor, diagnose, and assist critical physiological functions within
the human body. These devices are designed to operate inside the
body for extended durations while ensuring reliable performance,
minimal power consumption, and patient safety. Rapid advancements
in semiconductor technology, low-power integrated circuits, and
wireless communication systems have significantly improved the
functionality and e"ciency of implantable medical electronics. As
a result, implantable systems are increasingly being used for the
treatment and monitoring of various chronic medical conditions.

Common examples of implantable biomedical devices include
cardiac pacemakers, implantable cardioverter defibrillators (ICDs),
cochlear implants, neurostimulators, insulin pumps, and biomedical
monitoring systems. Among these, implantable cardiac pacemakers
are one of the most widely used life-supporting devices for patients
su!ering from cardiac arrhythmias and abnormal heart rhythms.
These devices continuously monitor the electrical activity of the heart
and provide electrical stimulation whenever irregular or insu"cient
heartbeats are detected.
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One of the most critical design requirements of implantable
biomedical devices is ultra-low power operation. Since these systems
are powered by compact batteries that are surgically implanted within
the body, replacing the battery frequently is highly undesirable
and may expose patients to additional surgical risks. Therefore,
implantable devices are expected to operate reliably for several
years while consuming minimal power. In addition to low power
consumption, high reliability, low heat generation, compact chip
area, and robust operation under varying environmental conditions
are also important requirements for biomedical integrated circuits.

Modern implantable biomedical systems increasingly rely on em-
bedded digital processing and memory units for storing physiological
data, bu!ering sensed signals, and supporting communication with
external monitoring equipment. In cardiac pacemakers, electrical
signals generated by the heart, commonly referred to as electrogram
(EGM) signals, must often be temporarily stored and processed
for diagnostic and therapeutic purposes. The growing demand for
continuous monitoring and multi-channel signal acquisition has in-
creased the requirement for e"cient on-chip memory architectures
in biomedical devices.

Conventional memory systems used in general-purpose electronic
applications primarily focus on high speed and large storage capacity.
However, implantable biomedical devices require memory architec-
tures optimized for low leakage power, stable low-voltage operation,
and long-term reliability rather than extremely high operating speed.
As a result, the design of energy-e"cient memory subsystems has
become an important research area in biomedical system-on-chip
(SoC) development.

To address these challenges, low-power SRAM-based memory
architectures integrated with compact communication interfaces
have gained significant attention for implantable applications. Such
architectures can provide reliable data storage, reduced power con-
sumption, and e"cient communication while satisfying the strict
constraints imposed by biomedical devices.
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Figure 1.1: Implantable Pacemaker System

1.2 Implantable Pacemaker System

Implantable pacemakers are compact biomedical electronic de-
vices designed to regulate abnormal heart rhythms by delivering
controlled electrical stimulation to the heart muscles. These devices
are primarily used for patients su!ering from arrhythmias, brady-
cardia, heart block, and other cardiac conduction disorders in which
the natural electrical pacing activity of the heart becomes irregular
or insu"cient. Modern pacemakers continuously monitor cardiac
activity and provide pacing pulses only when necessary, thereby
ensuring reliable and energy-e"cient operation.

A typical implantable pacemaker consists of several functional
blocks, including sensing circuitry, pacing circuitry, telemetry units,
control logic, memory subsystems, battery management circuits, and
electrode interfaces. These blocks work together to monitor cardiac
signals, process physiological information, store diagnostic data, and
generate appropriate pacing signals for maintaining normal heart
rhythm.

The controller interface acts as the central processing unit of
the pacemaker and coordinates communication among all internal
functional blocks. It controls sensing operations, pacing decisions,
telemetry communication, memory access, and battery management.
The telemetry block enables wireless communication between the
implanted pacemaker and external medical monitoring equipment,
allowing physicians to configure device parameters and retrieve diag-
nostic information without invasive procedures.
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Figure 1.2: Functional block diagram of implantable pace-
maker system

The pacing block generates electrical stimulation pulses for dif-
ferent chambers of the heart, including the atrium (A), ventricle (V),
and left ventricle (LV), depending on the pacing mode and patient
condition. These pacing pulses are delivered to the heart through
electrodes connected to the electrode configuration and high-voltage
output circuitry. The sensing block continuously monitors intrinsic
cardiac electrical activity and detects abnormalities in heart rhythm.
In addition, the electrogram (EGM) block records and processes
intracardiac electrical signals for monitoring and diagnostic purposes.

The battery measurement block supervises battery health and
power consumption to ensure long-term reliable operation of the
implantable device. Since pacemakers are battery-operated systems
expected to function for many years without replacement, e"cient
power management is a critical design consideration.

The memory subsystem, highlighted in Figure 1.2, plays an
important role in storing sensed cardiac data, event logs, pacing in-
formation, device configuration parameters, and electrogram signals.
As modern pacemakers increasingly support continuous monitoring
and multi-channel signal acquisition, the requirement for reliable
and low-power memory architectures has become significantly more
important.
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1.2.1 Overview of Pacemaker

The human heart functions through synchronized electrical im-
pulses that control the contraction and relaxation of cardiac muscles.
Under normal conditions, these electrical impulses originate from
the sinoatrial (SA) node, which acts as the natural pacemaker of
the heart. However, due to aging, cardiovascular diseases, or ab-
normalities in the cardiac conduction system, the heart may fail
to maintain an appropriate rhythm. Such conditions can lead to
irregular heartbeats, reduced blood circulation, fatigue, dizziness,
and potentially life-threatening complications.

An implantable pacemaker is designed to compensate for these
abnormalities by monitoring the heart’s electrical activity and gen-
erating artificial pacing pulses whenever the intrinsic heart rate falls
below a predefined threshold. The pacemaker is surgically implanted
beneath the skin near the chest region and connected to the heart
through insulated leads and electrodes.

Modern pacemakers support various pacing modes depending on
the patient’s medical condition. Single-chamber pacemakers stimu-
late either the atrium or ventricle, whereas dual-chamber pacemakers
coordinate stimulation between both chambers to maintain synchro-
nized cardiac activity. Advanced cardiac resynchronization therapy
(CRT) pacemakers additionally stimulate the left ventricle to improve
cardiac e"ciency in patients with heart failure.

In addition to pacing functionality, modern implantable pace-
makers incorporate sensing, data logging, telemetry communication,
and diagnostic monitoring capabilities. These additional functionali-
ties require e"cient digital processing and memory support while
maintaining ultra-low power consumption.

1.2.2 Working Principle of Pacemaker

The operation of an implantable pacemaker is based on continuous
monitoring and regulation of the electrical activity of the heart. The
sensing electrodes placed inside the heart chambers detect intrinsic
cardiac signals generated during each heartbeat. These signals are
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processed by the sensing circuitry and forwarded to the controller
unit for analysis.

The controller compares the detected heart rate and rhythm
against predefined pacing thresholds programmed by medical pro-
fessionals. If the controller determines that the heart is beating
normally, no pacing action is initiated. However, when the heart rate
falls below the programmed limit or irregular activity is detected, the
pacing block generates electrical stimulation pulses that are delivered
to the heart through pacing electrodes.

The pacing pulses depolarize cardiac muscle tissue and trigger
controlled heart contractions, thereby restoring a normal rhythm.
This closed-loop monitoring and stimulation process continues con-
tinuously throughout the operation of the device.

The telemetry block enables bidirectional wireless communication
between the implanted device and external programmers. Physicians
can use telemetry communication to modify pacing parameters,
retrieve stored patient data, monitor battery status, and analyze
recorded electrogram signals.

Battery management circuitry continuously monitors supply volt-
age and power consumption to maximize operational lifetime. Since
the device must operate reliably for many years using a limited
battery source, all functional blocks are carefully optimized for low-
power operation.

1.2.3 Electrogram (EGM) Signal Monitoring

Electrogram (EGM) signals are intracardiac electrical signals
sensed directly from the heart chambers through implanted elec-
trodes. These signals contain valuable diagnostic information regard-
ing cardiac rhythm, conduction abnormalities, arrhythmia events,
and pacing e!ectiveness. Continuous monitoring of EGM signals
enables the pacemaker to make accurate pacing decisions and helps
physicians analyze the long-term cardiac condition of patients.

Modern implantable pacemakers often support multiple sensing
channels for monitoring signals from di!erent chambers of the heart,
including the atrium, ventricle, and left ventricle. The sensed EGM

6



signals are amplified, filtered, digitized, and processed within the
device. These signals may also be temporarily bu!ered or stored for
diagnostic analysis and telemetry transmission.

Accurate EGM monitoring requires reliable sensing circuitry and
e"cient signal storage mechanisms. Since cardiac signals are con-
tinuously generated during device operation, the pacemaker must
support low-power data bu!ering and memory management tech-
niques to avoid excessive energy consumption. Furthermore, the
memory architecture must provide stable operation and reliable data
retention under low-voltage operating conditions.

The increasing requirement for continuous monitoring and multi-
channel signal acquisition has significantly increased the importance
of e"cient memory subsystems in modern implantable pacemakers.

Figure 1.3 illustrates the cardiac conduction system and a typical
electrocardiogram (ECG/EGM) waveform. The P-wave represents
atrial depolarization caused by electrical activation of the atria
through the sinoatrial (SA) node. The PR interval indicates signal
propagation from the atria to the ventricles through the atrioven-
tricular (AV) node.

Figure 1.3: Typical EGM waveform characteristics

The QRS complex corresponds to ventricular depolarization and
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represents the main contraction phase of the ventricles. The Q-wave
indicates the initial depolarization phase, the R-wave represents the
major ventricular activation peak, and the S-wave corresponds to
the final ventricular depolarization stage. The T-wave represents
ventricular repolarization or relaxation.

Figure 1.4: Cardiac conduction system

The timing characteristics of these cardiac waves are important
for detecting abnormalities in heart rhythm and conduction behavior.
Implantable pacemakers continuously monitor these signals and
store critical EGM events for diagnosis, arrhythmia detection, and
telemetry analysis.

1.2.4 Memory Requirement in Pacemakers

Memory subsystems play an important role in modern im-
plantable pacemakers by supporting temporary data storage, event
logging, signal bu!ering, and device configuration management. Un-
like conventional computing systems that require large-capacity
memories for general-purpose processing, pacemaker systems require
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compact, highly reliable, and ultra-low-power memory architectures
optimized for long-term biomedical operation.

In implantable pacemakers, the sensing block continuously moni-
tors cardiac activity and acquires electrogram (EGM) signals from
di!erent chambers of the heart. These sensed signals are first pro-
cessed by the controller interface, which performs signal analysis,
rhythm evaluation, and pacing decision operations. Based on the
detected cardiac activity, the controller generates event information
such as abnormal heart rhythms, pacing events, timing information,
and diagnostic records. This event-related data is then transferred
to the memory subsystem for temporary bu!ering and storage.

The stored data can later be accessed by the telemetry unit and
transmitted to external medical monitoring equipment for diagnostic
analysis and device programming. In addition to event storage, the
memory subsystem may also store pacing parameters, configuration
settings, device status information, and operational history required
for reliable long-term device operation.

As modern pacemakers increasingly support continuous monitor-
ing and multi-channel sensing, the amount of generated physiological
data has increased significantly. Therefore, the memory architecture
must provide: reliable data retention,low-latency access,low standby
leakage power,and stable operation under low supply voltages.

Among the available semiconductor memory technologies, Static
Random Access Memory (SRAM) is widely preferred for implantable
biomedical applications due to its fast access time, low operational
latency, and simple interface integration. SRAM stores data using
bistable latch structures and does not require periodic refresh opera-
tions for data retention during active operation. This characteristic
makes SRAM highly suitable for low-power biomedical systems where
energy e"ciency is extremely important.

In contrast, Dynamic Random Access Memory (DRAM) stores
data in capacitive elements and requires continuous refresh cycles
to maintain stored information. These periodic refresh operations
increase power consumption and introduce additional control com-
plexity, making DRAM less suitable for ultra-low-power implantable
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devices. Furthermore, DRAM sensing circuitry and refresh con-
trollers increase system overhead and may reduce long-term energy
e"ciency.

Non-volatile memories such as Flash memory and EEPROM pro-
vide permanent data storage but generally exhibit slower write speeds,
higher write energy consumption, and limited write endurance. Since
pacemakers may require frequent event updates and continuous data
bu!ering, such memories are less e"cient for real-time temporary
signal storage applications.

SRAM also o!ers better compatibility with standard CMOS tech-
nology and enables easier integration with digital controllers and
communication interfaces such as SPI. In addition, SRAM provides
high reliability, low access delay, and simpler peripheral circuitry com-
pared to several alternative memory technologies. These advantages
make SRAM a suitable choice for low-power implantable pacemaker
systems requiring reliable and e"cient short-term physiological data
storage.

Therefore, the development of an energy-e"cient SRAM-based
memory subsystem capable of supporting event-driven data bu!ering
and low-power communication has become an important research
area in implantable biomedical electronics..

1.3 Motivation for Low-Power Memory
Design

The rapid advancement of implantable biomedical devices has
significantly increased the demand for compact, reliable, and energy-
e"cient electronic systems capable of operating continuously for
extended durations. Among these devices, implantable cardiac pace-
makers require highly optimized hardware architectures due to their
life-critical functionality and stringent power constraints. Since
pacemakers are powered using miniature implanted batteries, min-
imizing power consumption is one of the most important design
objectives in modern biomedical electronics. Frequent battery re-
placement is undesirable because it requires surgical intervention,
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increases healthcare costs, and introduces additional risks to patients.
Therefore, every subsystem within the pacemaker must be carefully
designed to maximize operational lifetime while maintaining reliable
performance.

Modern pacemakers perform much more than simple cardiac
pacing operations. In addition to generating stimulation pulses, they
continuously monitor intracardiac electrical activity, detect abnormal
heart rhythms, record diagnostic information, and communicate
with external medical devices through telemetry interfaces. These
functionalities generate a significant amount of physiological and
event-related data that must be temporarily bu!ered and processed
within the device. As the complexity of monitoring algorithms
and multi-channel sensing capabilities continues to increase, the
requirement for e"cient low-power memory architectures has become
increasingly important.

Conventional pacemaker systems generally utilize limited inter-
nal memory resources and rely on event-driven storage mechanisms.
However, modern diagnostic and monitoring requirements demand
improved memory support for bu!ering electrogram (EGM) signals,
storing pacing history, maintaining configuration parameters, and
recording abnormal cardiac events. External memory solutions can
provide additional storage capacity, but they often introduce in-
creased interface overhead, higher communication latency, larger
routing complexity, and additional power consumption. These limi-
tations are particularly critical in implantable biomedical systems
where energy e"ciency and reliability are essential.

To address these challenges, low-power SRAM-based memory
systems integrated with compact serial communication interfaces
have emerged as a promising solution for biomedical applications.
Static Random Access Memory (SRAM) o!ers several advantages
such as fast access time, low operational latency, high reliability,
and compatibility with CMOS technology. Furthermore, SRAM
does not require periodic refresh operations unlike DRAM, thereby
reducing power consumption and simplifying control circuitry. These
characteristics make SRAM highly suitable for temporary bu!ering
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and real-time storage applications in implantable devices.
The use of Serial Peripheral Interface (SPI) communication fur-

ther improves system e"ciency by reducing pin count, minimizing
routing complexity, and simplifying memory interfacing. SPI-based
memory architectures are widely used in embedded systems due
to their simple hardware implementation and low communication
overhead. Integrating SPI-compatible SRAM systems within biomed-
ical devices can therefore provide scalable and energy-e"cient data
storage solutions while maintaining compact chip area and reliable
operation.

Another important motivation for this work is the increasing
emphasis on complete system-level integration in biomedical System-
on-Chip (SoC) designs. Modern implantable devices require memory
architectures that can be e"ciently integrated with digital controllers,
sensing blocks, telemetry units, and power management circuitry.
In addition, these systems must operate reliably under low-voltage
conditions while satisfying stringent timing, power, and area con-
straints.

Based on these requirements, this thesis focuses on the design
and implementation of a low-power SPI-enabled SRAM architecture
suitable for implantable pacemaker applications. The proposed work
aims to develop a scalable memory subsystem capable of supporting
reliable event-driven data storage while minimizing power consump-
tion, communication overhead, and implementation complexity.

1.4 Existing Memory Architectures and
Limitations

Existing implantable pacemaker systems primarily focus on car-
diac sensing, pacing control, telemetry communication, and analog
front-end circuitry. Although modern devices support basic event
logging and physiological data storage, the development of e"cient
large-scale memory architectures for biomedical applications has
received comparatively less attention. Most conventional pacemaker
systems utilize limited internal memory resources that are mainly op-
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timized for storing event-driven information rather than continuous
multi-channel signal bu!ering.

With the increasing demand for continuous cardiac monitoring
and advanced diagnostic capabilities, modern pacemakers require
improved memory support for storing electrogram (EGM) data,
pacing history, configuration parameters, and abnormal event records.
However, integrating larger memory subsystems within implantable
devices introduces several challenges related to power consumption,
reliability, area overhead, and interface complexity.

Several existing embedded memory architectures rely on external
memory communication interfaces for additional storage support.
Although such approaches improve storage capacity, they may in-
crease communication latency, routing complexity, and overall system
power consumption. These limitations become critical in implantable
biomedical systems where ultra-low-power operation and long-term
reliability are essential requirements.

SPI-based SRAM systems have been widely explored for embed-
ded and IoT applications because of their simple interface structure
and reduced pin count. However, many of these architectures are
primarily optimized for consumer electronics and low-cost embedded
systems rather than implantable biomedical environments. Biomed-
ical applications require memory systems that provide stable low-
voltage operation, reliable data retention, low leakage power, and
compact physical implementation.

In addition, conventional memory architectures often prioritize
high operating speed and storage density over energy e"ciency and
reliability. Such design approaches may not be suitable for im-
plantable devices that operate continuously using limited battery
energy for several years. Therefore, there exists a need for a scal-
able and low-power SRAM-based memory architecture specifically
optimized for implantable pacemaker applications.
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1.5 Problem Statement

Modern implantable pacemakers increasingly require e"cient
memory subsystems to support event-driven data storage, electro-
gram signal bu!ering, and continuous physiological monitoring. How-
ever, existing memory architectures used in embedded systems are not
specifically optimized for the stringent requirements of implantable
biomedical applications. Conventional external memory solutions
often introduce higher communication overhead, increased latency,
larger routing complexity, and additional power consumption, which
can significantly reduce device lifetime.

Furthermore, implantable pacemakers operate under strict con-
straints related to power consumption, reliability, chip area, and
long-term stable operation. The memory subsystem must therefore
provide e"cient data storage while minimizing leakage power and
interface complexity. Existing SPI-based SRAM architectures are pri-
marily targeted toward IoT and consumer applications and may not
adequately address the ultra-low-power and reliability requirements
of implantable biomedical systems.

Therefore, there is a need for a low-power and scalable SRAM-
based memory architecture capable of supporting reliable event
bu!ering and e"cient communication for implantable pacemaker
applications. The proposed work aims to address these challenges
through the design and implementation of an SPI-enabled SRAM
memory subsystem optimized for biomedical operation.

1.6 Objectives of the Thesis

The primary objective of this thesis is to design and implement
a low-power SPI-enabled SRAM memory architecture suitable for
implantable pacemaker applications. The specific objectives of this
work are as follows:

• To design a low-power SRAM-based memory subsystem for
implantable biomedical applications.
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• To implement an SPI-compatible memory interface for e"cient
communication between the controller and memory unit.

• To construct a 64 KB SRAM architecture using memory macro
integration and banking techniques.

• To minimize power consumption and interface complexity while
maintaining reliable memory operation.

• To perform complete ASIC design implementation and physical
verification of the proposed architecture using Cadence EDA
tools.

• To evaluate the proposed architecture in terms of power, timing,
area, and physical design performance.

1.7 Organization of the Thesis

The thesis is organized into six chapters covering the background,
design methodology, implementation, and evaluation of the pro-
posed SPI-enabled SRAM architecture for implantable pacemaker
applications.

• Chapter 1 presents the introduction and motivation for low-
power memory design in implantable biomedical systems. It
discusses the importance of e"cient memory architectures
in pacemakers, introduces SRAM and SPI communication,
identifies existing limitations, and outlines the objectives and
contributions of the proposed work.

• Chapter 2 provides the theoretical background and literature
review related to SRAM memory architectures, SPI commu-
nication protocols, low-power memory design techniques, and
previously reported biomedical memory systems. The chap-
ter also discusses di!erent SRAM cell architectures and their
design trade-o!s.

• Chapter 3 describes the proposed SPI-enabled SRAM archi-
tecture in detail. It presents the overall system organization,
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SRAM macro integration, SPI interface design, memory bank-
ing structure, control logic, and functional operation of the
proposed memory subsystem.

• Chapter 4 explains the RTL-to-GDSII implementation flow
of the proposed architecture using Cadence design tools. This
chapter includes synthesis, floorplanning, power planning,
placement, clock tree synthesis, routing, physical verification,
and post-route validation.

• Chapter 5 presents the simulation and implementation re-
sults of the proposed design. The performance of the SRAM
subsystem is analyzed in terms of power consumption, tim-
ing, operating frequency, area utilization, and physical design
metrics. The chapter also discusses post-route verification and
system-level performance analysis.

• Chapter 6 concludes the thesis by summarizing the major
contributions and outcomes of the work. The chapter also
outlines possible future research directions for improving low-
power SRAM architectures for biomedical applications.
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Chapter 2

Literature Review

2.1 SRAM Basics

Static Random Access Memory (SRAM) is one of the most widely
used semiconductor memory technologies in modern digital systems
due to its high speed, low latency, and compatibility with CMOS
technology. Unlike Dynamic Random Access Memory (DRAM),
SRAM does not require periodic refreshing because the stored data
is maintained as long as the power supply remains active. SRAM is
extensively employed in cache memories, embedded systems, micro-
controllers, and high-performance computing architectures.

An SRAM array is generally composed of memory cells arranged
in rows and columns along with peripheral circuits such as row
decoders, column multiplexers, sense amplifiers, write drivers, and
precharge circuitry. The complementary bit-line architecture used
in SRAM improves read speed and noise immunity. During read
operations, sense amplifiers detect small voltage di!erences between
the bit lines and convert them into logic values. During write
operations, write drivers force the desired data onto the bit lines.

2.1.1 SRAM Architecture

A typical SRAM architecture consists of a memory cell array
together with supporting peripheral circuitry. The row decoder
activates a selected word line based on the input address, while the
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column multiplexer selects the appropriate bit-line pair corresponding
to the accessed memory location. Precharge circuits initialize the bit
lines before read operations, and sense amplifiers are used to detect
small voltage di!erences during data retrieval.

The SRAM array operates using complementary bit lines, de-
noted as BL and BLB, and a word line (WL). The complementary
bit-line structure improves noise tolerance and increases sensing
reliability. Figure 2.1 illustrates the SRAM sub-array organization
and associated peripheral circuits.

Figure 2.1: SRAM Sub-array Diagram with Peripheral
Circuits

2.1.2 Conventional 6T SRAM Cell

The conventional SRAM cell consists of six transistors and is
commonly referred to as the 6T SRAM cell. It is formed using
two cross-coupled CMOS inverters and two access transistors. The
cross-coupled inverters provide bistable operation and store one bit
of information, while the access transistors connect the storage nodes
to the bit lines during read and write operations.

The six transistors are categorized into:

• Pull-Up (PU) PMOS transistors,

• Pull-Down (PD) NMOS transistors,
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• Pass-Gate (PG) NMOS access transistors.

The internal storage nodes are commonly represented as N1 and
N2, where complementary logic values are stored. If N1 stores logic
‘1’, then N2 stores logic ‘0’, and vice versa. The access transistors
are controlled using the word line signal.

Figure 2.2: Conventional 6T SRAM Cell

2.1.3 SRAM Hold Operation

During hold operation, the SRAM cell preserves the stored data
without performing either read or write operations. In this mode, the
word line is maintained at logic low, thereby turning OFF the access
transistors and isolating the storage nodes from the bit lines. The
positive feedback provided by the cross-coupled inverters maintains
the stored logic state continuously as long as power is supplied.

The hold operation is essential for low-power standby conditions
where memory retention is required without active access. The
stability of the SRAM cell during this mode is generally characterized
using Hold Static Noise Margin (HSNM).

2.1.4 SRAM Read Operation

In a read operation, both bit lines are initially precharged to
the supply voltage VDD. Once precharging is completed, the word
line is activated, enabling the access transistors. Depending on the
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stored data, one of the bit lines begins to discharge slightly through
the pull-down transistor of the cell. This small di!erential voltage
between BL and BLB is then amplified using a sense amplifier to
generate the output data.

For example, if node N1 stores logic ‘0’, the corresponding bit
line discharges slightly while the complementary bit line remains
near VDD. The sense amplifier detects this voltage di!erence and
converts it into a digital output. Since the read operation disturbs
the storage node slightly, SRAM cells must be carefully designed to
ensure su"cient read stability.

Figure 2.3: SRAM Read Operation

Figure 2.4: SRAM Read Timing Diagram
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2.1.5 SRAM Write Operation

During the write operation, the desired data and its complement
are applied to the bit-line pair. The word line is then activated,
enabling the access transistors and allowing the bit-line voltages to
overwrite the previously stored data in the cell.

Figure 2.5: SRAM Write Operation

Figure 2.6: SRAM Write Timing Diagram

To successfully write data, the access transistors must be strong
enough to overpower the feedback mechanism of the cross-coupled
inverters. The write operation generally occurs in two stages:

1. The stored ‘1’ is first discharged to ‘0’.

2. The opposite node subsequently transitions from ‘0’ to ‘1’.
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2.1.6 Static Noise Margin (SNM)

Static Noise Margin (SNM) is an important parameter used to
evaluate the stability and reliability of SRAM cells. It represents
the maximum noise voltage that can be tolerated by the SRAM cell
without causing an unintended change in the stored data. SNM
is typically evaluated using the butterfly curve generated from the
voltage transfer characteristics (VTCs) of the cross-coupled inverters.

The major types of SNM are:

• Hold Static Noise Margin (HSNM),

• Read Static Noise Margin (RSNM),

• Write Static Noise Margin (WSNM).

During hold operation, the storage nodes remain isolated from the
bit lines, resulting in maximum stability. In read operation, however,
the storage node storing logic ‘0’ experiences a slight voltage rise
due to the voltage divider e!ect between the pull-down and access
transistors. Consequently, the read SNM is generally lower than the
hold SNM.

Similarly, write SNM characterizes the ease with which the stored
data can be overwritten during write operations. A proper balance
between read stability and write ability is necessary for reliable
SRAM design.

Figure 2.7: Butterfly Curve for SRAM HSNM
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Figure 2.8: Butterfly Curve for SRAM RSNM

Figure 2.9: Butterfly Curve for SRAM WSNM

2.1.7 Challenges in SRAM Design

As CMOS technology scales into deep submicron regions, SRAM
design faces several challenges including reduced noise margins, in-
creased leakage currents, process variations, and lower supply volt-
ages. Lower supply voltages reduce power consumption but also
decrease the read and write stability of SRAM cells. Additionally,
process variations can cause threshold voltage mismatches, leading
to failures during memory operations.

Another major challenge is balancing read stability and write
ability. Increasing the strength of pull-down transistors improves
read stability, whereas stronger access transistors are preferred for
better write performance. Therefore, SRAM design involves careful
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transistor sizing and optimization to achieve reliable operation under
varying conditions.

2.1.8 Selection of SPI Interface for Biomedical
Memory Systems

Implantable pacemaker systems continuously acquire and bu!er
electrogram (EGM) signals generated from multiple sensing channels.
Since these biomedical devices operate using compact batteries under
strict power and area constraints, the memory interface used for
external SRAM communication must provide low-power operation,
reduced routing complexity, and reliable data transfer.

Conventional parallel memory interfaces provide high-speed com-
munication but require a large number of interconnection lines for
address, data, and control signals. As memory size increases, par-
allel interfaces significantly increase routing complexity, chip area,
pin count, and switching power consumption. These limitations
make parallel communication less suitable for compact implantable
biomedical systems where minimizing interconnect overhead and
power dissipation is critical.

To overcome these limitations, serial communication protocols are
commonly preferred in embedded and low-power systems. Serial in-
terfaces reduce the number of interconnections required between the
controller and memory subsystem, thereby simplifying routing and
lowering hardware complexity. Common serial communication proto-
cols include Universal Asynchronous Receiver Transmitter (UART),
Inter-Integrated Circuit (I2C), and Serial Peripheral Interface (SPI).

UART is an asynchronous communication protocol that provides
simple point-to-point communication using separate transmit and
receive lines. Although UART requires minimal hardware, it gener-
ally supports lower communication speed and is not well suited for
high-speed memory interfacing applications.

I2C is a synchronous protocol that supports multiple master and
slave devices using only two communication lines. However, I2C
introduces additional communication overhead due to address arbi-
tration, acknowledgment cycles, and half-duplex operation, resulting
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in lower data transfer e"ciency for memory-oriented applications.

In contrast, SPI provides high-speed synchronous full-duplex
communication with comparatively lower protocol overhead. SPI
communication does not require address arbitration or acknowledg-
ment cycles, thereby reducing latency and improving memory access
e"ciency. The protocol also provides simpler timing control and
e"cient hardware implementation suitable for SRAM interfacing
applications.

Table 2.1: Comparison of Communication Protocols

Parameter Parallel UART I2C SPI
Communication Type Parallel Asynchronous Synchronous Synchronous

Duplex Mode Full Duplex Full Duplex Half Duplex Full Duplex
Communication Speed High Low Moderate High

Pin Count Very High Low Very Low Low
Routing Complexity High Low Low Low
Protocol Overhead Low Moderate High Low

Hardware Complexity High Simple Moderate Simple
Memory Interfacing Good Limited Moderate Excellent

Power E"ciency Low Moderate Moderate High
Suitability for Implantable Systems Limited Moderate Moderate High

For implantable biomedical systems, reliable and low-latency
memory access is important for continuous EGM signal bu!ering
and storage. Compared to UART, I2C, and conventional parallel
interfaces, SPI o!ers reduced pin count, lower routing complexity,
higher communication speed, and improved compatibility with ex-
ternal SRAM architectures. Therefore, SPI is selected in this work
for interfacing the proposed 64 KB SRAM architecture with the
pacemaker controller.

For implantable biomedical systems, reliable and low-latency
memory access is important for continuous EGM signal bu!ering
and storage. Compared to UART, I2C, and conventional parallel
interfaces, SPI o!ers reduced pin count, lower routing complexity,
higher communication speed, and improved compatibility with ex-
ternal SRAM architectures. Therefore, SPI is selected in this work
for interfacing the proposed 64 KB SRAM architecture with the
pacemaker controller.
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2.2 SPI Communication Protocol

Serial Peripheral Interface (SPI) is a synchronous serial com-
munication protocol widely used for data exchange between digital
devices such as microcontrollers, sensors, memory units, and embed-
ded peripherals. SPI provides high-speed communication with simple
hardware implementation and is commonly used in System-on-Chip
(SoC) and embedded system applications.

SPI follows a master-slave communication architecture in which
the master device controls clock generation and communication
timing, while the slave devices respond to commands from the
master. Data transmission in SPI is synchronized using a serial
clock generated by the master device. Since SPI is a full-duplex
protocol, data transmission and reception can occur simultaneously
between the communicating devices. The SPI interface generally
consists of four primary signals:

• Serial Clock (SCLK)

• Master Output Slave Input (MOSI)

• Master Input Slave Output (MISO)

• Chip Select (CS) or Slave Select (SS)

The SCLK signal is generated by the master device and is used
for synchronization during data transfer. MOSI carries data from the
master to the slave, while MISO transfers data from the slave to the
master. The CS signal is used to activate a specific slave device during
communication. Compared to parallel communication interfaces, SPI
requires fewer interconnection lines and provides simpler hardware
implementation with lower routing complexity. These characteristics
make SPI suitable for compact embedded systems and low-power
biomedical applications.
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Figure 2.10: Basic SPI communication interface between
master and slave devices.

2.2.1 SPI Architecture

A typical SPI communication system consists of one master
device connected to one or more slave devices. The master initiates
communication by selecting the target slave using the chip select
signal and generating the clock pulses required for synchronization.

Data transmission occurs through shift registers present in both
master and slave devices. During each clock cycle, one bit of data is
shifted from the master to the slave through SDO, while another bit
is simultaneously shifted from the slave to the master through SDI.
Therefore, SPI communication supports full-duplex data transfer.

In multi-slave configurations, multiple slave devices share the
same SCK, SDI, and SDO lines, while separate chip select lines are
used to activate individual slave devices.

2.2.2 SPI Modes

SPI communication supports four operating modes based on two
timing parameters known as Clock Polarity (CPOL) and Clock Phase
(CPHA). These parameters determine the clock idle state and the
clock edge used for data sampling.

Clock polarity defines whether the clock remains LOW or HIGH
during idle conditions:

• CPOL = 0 : Clock remains LOW during idle state.

• CPOL = 1 : Clock remains HIGH during idle state.

Clock phase determines the clock edge at which data is sampled:

• CPHA = 0 : Data is sampled on the first clock edge.

27



• CPHA = 1 : Data is sampled on the second clock edge.

The combination of CPOL and CPHA results in four SPI oper-
ating modes, as shown in Table 2.2.

Table 2.2: SPI Communication Modes

SPI Mode CPOL CPHA
Mode 0 0 0
Mode 1 0 1
Mode 2 1 0
Mode 3 1 1

Figure 2.11: Timing diagrams of di!erent SPI modes.

2.2.3 SPI Timing Diagram

The SPI timing diagram illustrates the relationship between
clock transitions, data transfer, and chip select activation during
communication. Communication begins when the master activates
the chip select signal by driving it LOW. Once the slave device is
selected, clock pulses are generated through the SCLK signal.

During each clock cycle, data bits are shifted serially through
MOSI and MISO lines. Depending on the SPI mode, data is sampled
either on the rising edge or falling edge of the clock signal. Proper
synchronization between clock edges and data transitions is essential
for reliable communication.

At the end of communication, the chip select signal is deactivated
by driving it HIGH, thereby terminating the data transfer session.
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2.2.4 Advantages of SPI Communication

SPI communication o!ers several advantages that make it suitable
for embedded systems and memory interfacing applications:

• Simple hardware implementation

• High-speed synchronous communication

• Full-duplex data transfer capability

• Reduced pin count compared to parallel interfaces

• Lower routing complexity

• Easy integration with digital controllers and memory systems

Due to these advantages, SPI is widely used in embedded memory
architectures, biomedical electronics, sensor interfacing, and low-
power System-on-Chip applications.

2.3 Literature Review

Implantable pacemakers have evolved significantly from simple
fixed-rate stimulators to highly programmable embedded biomedical
systems. Richard S. Sanders and Michael T. Lee [1] explained that
modern pacemakers incorporate microprocessors, telemetry, sensors,
embedded memory, and lithium-based power sources to improve
reliability, longevity, and functionality. Their work highlighted that
advancements in hybrid integration, low-power electronics, and mem-
ory technologies enabled the miniaturization and sophistication of
present-day pacemakers. However, the focus of existing systems
remained mainly on pacing functionality, sensing, and device pro-
grammability rather than large-scale digital memory architecture.

Larry J. Stotts [2] discussed the role of CMOS integrated circuits
in implantable biomedical devices and emphasized the importance of
ultra-low-power circuit techniques for extending battery lifetime. The
study presented weak inversion MOS operation and low-voltage cir-
cuit design methodologies suitable for long-term implantable systems.

29



It also highlighted the importance of minimizing leakage current and
optimizing power consumption in implantable electronics. Although
the work addressed low-power circuit design extensively, it primarily
focused on analog biomedical circuitry rather than e"cient memory
bu!ering architectures for biomedical signal storage.

Sigfredo E. González Díaz [3] proposed a cardiac pacemaker pro-
totype using the MSP430F1611 ultra-low-power microcontroller. The
research demonstrated programmable pacing operations, embedded
software control, electrogram acquisition, and low-power embed-
ded implementation techniques. The system successfully achieved
microampere-level current consumption, proving the e!ectiveness of
embedded low-power architectures for implantable devices. However,
the design mainly concentrated on controller implementation and pac-
ing algorithms, with limited emphasis on scalable external memory
architectures for continuous electrogram (EGM) signal bu!ering.

Santosh Chede and Kishore Kulat [4] designed a processor-based
implantable pacemaker using an MSP430 ultra-low-power proces-
sor. The work implemented pacing functionalities such as pulse
generation, refractory period management, and VOO pacing mode
while evaluating software-related energy consumption and battery
longevity. The authors showed that software optimization and em-
bedded low-power methodologies can significantly reduce energy
consumption in implantable pacemakers. Nevertheless, the design
focused mainly on pacing control and processor energy optimiza-
tion, while memory organization and multi-channel biomedical signal
storage received limited attention.

The SPL-2 [5] implantable pacemaker ASIC specifications de-
veloped by Shree Pacetronix introduced an integrated biomedical
ASIC architecture containing pacing blocks, sensing blocks, teleme-
try circuits, battery monitoring units, and EGM storage support.
The specification included programmable pacing channels, sensing
amplifiers, analog filtering, telemetry communication, and memory
interfacing features. Although the architecture supported EGM
signal acquisition and storage, it primarily emphasized analog front-
end design and controller interfacing rather than e"cient large-scale
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memory bu!ering mechanisms optimized for multiple sensing chan-
nels.

The SPL-2 [6] requirements document further described detailed
electrical and functional requirements for implantable pacemaker
ASICs, including sensing circuits, pacing pulse generators, watchdog
systems, telemetry communication, and EGM storage circuits. The
document highlighted important implantable device constraints such
as ultra-low power consumption, EMI/ESD protection, leakage cur-
rent minimization, and high reliability. While the design supports
intracardiac electrogram storage, it does not provide an optimized
memory architecture for continuous multi-channel EGM bu!ering
with reduced communication overhead.

Wong et al. [7] proposed a leakage current cancellation technique
for switched-capacitor circuits intended for low-power implantable
medical devices. The study introduced an active feedback mechanism
to minimize leakage currents and thereby reduce power dissipation
in battery-operated biomedical systems. This work is highly relevant
for implantable pacemaker applications because leakage reduction
directly contributes to longer battery life and improved reliability in
continuously operating biomedical electronics.

Prasant Kumar Swain et al.[8] designed a compact SPI-based
SRAM using 0.6 µm CMOS technology for low-power IoT applica-
tions. The SRAM used the Serial Peripheral Interface (SPI) protocol
for read, write, and control operations, enabling compact design and
reduced power consumption. The architecture demonstrated e"cient
serial communication-based memory access and low-power SRAM op-
eration. However, the proposed SRAM system was intended mainly
for IoT sensor applications and was not optimized for implantable
biomedical systems requiring continuous multi-channel EGM signal
bu!ering, ultra-high reliability, and strict power constraints.

Robert Balas et al. [9] proposed the CV32RT RISC-V archi-
tecture with fast interrupt handling and e"cient context switching
mechanisms for real-time applications. The work demonstrated the
importance of minimizing latency and improving deterministic be-
havior in embedded systems. Such real-time processing concepts are
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important for implantable pacemakers where timely acquisition and
storage of cardiac events are critical.

2.4 Existing SRAM Architectures

The conventional 6T SRAM cell is widely used due to its com-
pact structure and high integration density. However, as CMOS
technology scales toward lower supply voltages, the 6T SRAM cell
faces challenges such as reduced read stability, poor write ability,
increased leakage current, and higher sensitivity to process variations.
During read operation, the internal storage nodes may get disturbed
because the same access transistors are used for both read and write
operations.

To overcome these limitations, advanced SRAM architectures
such as 8T, 9T, and 10T SRAM cells have been developed. These
architectures introduce additional transistors to separate read and
write paths, thereby improving read stability and reducing distur-
bance during memory access. Separate read ports also help improve
Static Noise Margin (SNM) under low-voltage operation.

Some advanced SRAM cells additionally employ leakage reduction
techniques, feedback control mechanisms, and transistor stacking
methods to minimize standby power consumption. Although these
architectures improve reliability and low-power operation, they gen-
erally increase area overhead and circuit complexity compared to
conventional 6T SRAM cells.

Therefore, selecting an appropriate SRAM architecture involves
balancing stability, power consumption, area, and performance re-
quirements depending on the target application. In this work, a
conventional 6T SRAM architecture is utilized due to its simpler
design, compact area, easier integration, and suitability for imple-
menting the proposed SPI-based memory system.

2.4.1 Research Gap

Existing implantable pacemaker systems mainly focus on pacing
control, sensing circuitry, telemetry communication, and analog
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front-end design. Most current systems utilize event-based storage
methods with limited on-chip memory support, while e"cient large-
scale digital memory architectures for continuous biomedical signal
bu!ering are generally not emphasized. Multi-channel electrogram
(EGM) signals generated from di!erent sensing channels require
reliable temporary bu!ering and storage, but current systems are
not optimized for e"cient multi-channel EGM data management.

In many existing pacemaker architectures, external memory in-
terfacing is performed using serial communication protocols such as
SPI. Although SPI-based memory systems provide compact imple-
mentation and reduced pin count, they introduce additional latency,
communication overhead, and power consumption compared to di-
rect on-chip memory access. Furthermore, most SPI-based SRAM
architectures reported in literature are primarily targeted toward IoT
and embedded sensor applications rather than implantable biomed-
ical systems operating under strict ultra-low-power and reliability
constraints.

From the literature survey, it is observed that there is a lack of
a low-power external SRAM architecture specifically optimized for
implantable pacemaker systems. Existing designs do not e"ciently
support bu!ering of EGM signals from multiple sensing channels
while satisfying important implantable device requirements such as
low power consumption, limited chip area, reduced interface overhead,
and high reliability.

Therefore, the proposed work focuses on the design of a low-power
SPI-based SRAM system for implantable pacemaker applications.
The proposed architecture interfaces a 64 KB SRAM memory with
the pacemaker controller to support e"cient event-driven multi-
channel EGM signal bu!ering while minimizing power consumption
and communication overhead.
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Chapter 3

Proposed SPI Enabled SRAM
Architecture

3.1 Proposed 64 KB SRAM Architecture

The proposed memory subsystem consists of a 64 KB SRAM
architecture constructed using eight 8192→8 Single Port SRAM
(SPRAM) macros. The architecture is designed to support low-power
operation, scalable memory organization, and e"cient memory access
suitable for implantable biomedical applications.

Instead of implementing a large monolithic memory block, the
complete memory is organized using smaller SRAM macros connected
through address decoding and output multiplexing circuitry. This
banking-based organization improves modularity, simplifies physical
implementation, and reduces switching activity during memory access
operations.

The overall organization of the proposed 64 KB SPRAM archi-
tecture is shown in Figure 3.1. The architecture consists of:

• Eight 8192→8 SRAM macros

• Address decode and control logic

• 8-to-1 output data multiplexer

• Shared address and data buses
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The architecture receives a 16-bit address input A[15:0], an 8-bit
input data bus I[7:0], and control signals CE, WEB, OEB, and CSB.
The address bus is divided into two parts:

• A[15:13] : Bank selection address

• A[12:0] : Local address inside SRAM macro

Figure 3.1: Proposed 64 KB SPRAM architecture using
eight 8192→8 SRAM macros.

The higher-order address bits A[15:13] are connected to the address
decode and control logic block. This block selects one of the eight
SRAM macros depending on the applied address. Only the selected
SRAM bank becomes active during read or write operation, while
the remaining memory banks remain disabled. This selective bank
activation reduces unnecessary switching activity and improves power
e"ciency.
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The lower-order address bits A[12:0] are connected simultaneously
to all SRAM macros and are used to select the memory location
inside the selected SRAM bank. Since each SRAM macro contains
8192 memory locations, 13 address bits are required for internal
memory addressing.

The major features of the SRAM macro are summarized below:

• Memory Type : Single Port SRAM

• Capacity : 8192→8 bits (8 KB)

• Technology : TSL18S100 (180 nm)

• Synchronous read and write operation

• Tri-state output bus

• Clock-based memory operation

• Low leakage memory architecture

• Width = 526.84 µm , Height = 699.51 µm

• Macro Area = 0.368 mm²

• Maximum Frequency = 263 MHz

The outputs from all SRAM banks are connected to an 8-to-1
output multiplexer. Depending on the selected bank address A[15:13],
the corresponding SRAM output is routed to the final output bus
O[7:0].

3.1.1 SRAM Read Operation

During read operation, the write enable signal WEB remains
HIGH to indicate read mode operation. The chip select signal CSB
is asserted LOW to activate the memory system, while the output
enable signal OEB is also asserted LOW to enable output data
transfer.
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The higher-order address bits A[15:13] select the required SRAM
bank through the address decode and control logic block. Simul-
taneously, the lower-order address bits A[12:0] select the required
memory location inside the selected SRAM macro.

At the active clock edge, the address and control signals are
internally latched by the SRAM macro. After the specified access
time delay, the stored data appears at the corresponding bank output.
The 8-to-1 output multiplexer forwards the selected bank output to
the final output bus O[7:0].

Only the selected SRAM macro drives the output bus during
read operation, while all remaining SRAM banks remain disabled in
tri-state condition. This prevents bus contention and reduces unnec-
essary power dissipation. The synchronous read timing waveform of
the SRAM macro is shown in Figure 3.2.

Figure 3.2: Read cycle timing diagram of the SRAM macro.
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3.1.2 SRAM Write Operation

During write operation, the selected SRAM macro stores input
data into the specified memory location. To perform write operation,
the write enable signal WEB and chip select signal CSB are asserted
LOW while the desired input data is applied to the input data bus
I[7:0].

The higher-order address bits A[15:13] activate the required
SRAM bank through the address decode and control logic block,
while the lower-order address bits A[12:0] select the target memory
location inside the selected SRAM macro.

At the active clock edge, the address, control signals, and input
data are internally latched by the SRAM macro, and the input data
is written into the selected memory location. During write operation,
the output enable signal OEB generally remains HIGH to disable
output data transfer and avoid bus conflicts.

Only the selected SRAM bank performs the write operation, while
all remaining memory banks remain disabled. This selective bank
activation minimizes unnecessary switching activity and improves
overall memory power e"ciency. The write timing waveform of the
SRAM macro is shown in Figure 3.3.

The proposed banking-based SRAM organization provides im-
proved modularity, simplified memory expansion, reduced switching
activity, lower routing complexity, and e"cient memory access suit-
able for low-power implantable biomedical systems.

3.1.3 SRAM Hold Operation

During hold operation, the SRAM macro retains the previously
stored data without performing any read or write activity. In this
mode, the chip select signal CSB remains HIGH, thereby disabling
the memory bank and isolating it from external operations. The write
enable signal WEB remains HIGH, while no switching activity occurs
on the data bus. Since only the internal cross-coupled storage nodes
maintain the stored data, the hold mode minimizes dynamic power
consumption and supports low-power standby operation suitable for
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Figure 3.3: Write cycle timing diagram of the SRAM macro.

implantable biomedical applications.

3.2 SPI Interface Design

The proposed memory architecture employs a Serial Peripheral
Interface (SPI) for communication between the controller and the
external SRAM subsystem. SPI communication is selected because of
its simple hardware implementation, synchronous operation, reduced
routing complexity, and lower pin requirement compared to parallel
communication interfaces. The SPI interface enables e"cient serial
communication between the controller and SRAM memory while
minimizing hardware overhead and interface complexity.

The SPI interface mainly consists of serial communication
logic, synchronous counters, decoder circuitry, SRAM control logic,
read/write registers, and SRAM memory blocks. The SPI-based
memory interface architecture used in the proposed system is shown
in Figure 3.5.

The SPI interface receives serial input data through the sdo line
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Figure 3.4: SPI interface connected with SRAM memory

Figure 3.5: SPI interface internal architecture

along with synchronization signals such as sclk, cs, and Rst. The
synchronous counter increments with every clock cycle and generates
counter outputs required for sequencing SPI communication and
memory operations. The counter outputs are applied to the 4→16
decoder, which activates di!erent control signals during various
stages of SPI communication.

The SRAM control logic block acts as the central controller of the
interface. It receives inputs from the decoder, SPI communication
signals, and read/write registers to generate memory control signals
such as Clock Enable signal (CE), chip select signal CSB, WEB ,
addr[15:0]), data[7:0] and muxen signal. The SPI interface contains
two major registers are 8-bit Write Register (SIPO) and 8-bit Read
Register (PISO). The Serial-In Parallel-Out (SIPO) register receives
serial input data from the SPI interface and converts it into parallel
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data before transferring it to the SRAM memory during write oper-
ation. Similarly, the Parallel-In Serial-Out (PISO) register converts
SRAM output data into serial format for transmission back through
the SPI interface during read operation.

The SRAM memory block stores the received data and performs
read/write operation based on the control signals generated by the
SRAM control logic block. The synchronous operation of the com-
plete architecture ensures reliable data transfer between the SPI
controller and SRAM subsystem.

The proposed SPI architecture operates in SPI Mode-3 configu-
ration, where:

• Clock Polarity (CPOL) = 1

• Clock Phase (CPHA) = 1

In SPI Mode-3 operation, the serial clock remains HIGH during
idle condition, and data sampling occurs on the rising edge of the
clock signal. This mode provides reliable synchronization between
serial data transfer and clock transitions.

3.2.1 SPI Finite State Machine (FSM) Operation

The operation of the SPI controller is managed using a Finite
State Machine (FSM) which controls serial communication, address
transfer, data transfer, and memory access sequencing. The FSM
ensures proper synchronization between SPI communication and
SRAM read/write operations.

The FSM used in the proposed SPI memory architecture is shown
in Figure 3.8.

Initially, the controller remains in the Idle state waiting for SPI
communication to begin. Once the chip select signal becomes active,
the FSM moves to the Read/Write state where the operation type is
identified.

For write operation, the FSM first enters the W_Addr state to
receive the target memory address serially from the SPI interface.
After address reception, the controller moves to the W_Data state
where input data is serially received and stored into the write register.
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Figure 3.6: Finite State Machine (FSM) of the SPI memory
controller

The FSM then enters the Memory Write state, where the SRAM
control logic generates the required control signals to store data into
the selected SRAM location.

For read operation, the FSM enters the R_Addr state to receive
the memory address from the SPI interface. The controller then
moves to the Memory Read state where the selected SRAM location
is accessed. The retrieved data is loaded into the read register, and
the FSM enters the R_Data state to serially transmit the output
data back through the SPI interface.

The FSM-based operation provides synchronized memory access,
simplified control sequencing, and reliable serial communication
between the SPI controller and SRAM subsystem.

3.2.2 SPI Timing Operation

SPI communication is fully synchronized using the serial clock
generated by the SPI master. The chip select signal activates the
communication session, while serial data transfer occurs through the
SPI communication lines.

During write operation, serial input data is shifted into the
SIPO register at every clock cycle. After complete address and
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data reception, the SRAM control logic generates the required write
control signals for storing data into the selected SRAM memory
location.

Figure 3.7: Write Timing Diagram

During read operation, the selected SRAM memory location is
accessed, and the output data is loaded into the PISO register. The
PISO register then serially transmits the output data back through
the SPI interface using clock synchronization.

Figure 3.8: Read Timing Diagram

Proper synchronization between clock edges and serial data trans-
fer ensures reliable communication and accurate memory access
operation.

3.3 Integration of SPI with SRAM

The proposed architecture integrates the SPI communication
interface with the SRAM subsystem to provide e"cient serial memory
access suitable for low-power embedded biomedical applications. The
SPI controller acts as an interface between the external controller
and SRAM memory system.

During write operation, serial input data received through the
SPI interface is converted into parallel format using the SIPO write
register. The SRAM control logic generates the required address,
write enable, and control signals for storing the received data into
the selected SRAM memory location.
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During read operation, the SRAM subsystem retrieves data from
the selected memory location and transfers it to the PISO read
register. The read register converts the parallel SRAM output into
serial format and transmits it back through the SPI communication
interface.

The SRAM control logic coordinates communication between the
SPI interface and SRAM subsystem by controlling address generation,
read/write sequencing, register operation, and memory access timing.
The integrated architecture ensures synchronized data transfer be-
tween serial communication logic and parallel memory organization.

The integrated SPI-SRAM architecture provides several advan-
tages including:

• Reduced pin count

• Simplified routing complexity

• E"cient serial memory access

• Reduced hardware overhead

• Scalable memory organization

• Low-power operation

.

3.4 Overall System Operation

The overall operation of the proposed SPI-enabled SRAM archi-
tecture involves coordinated communication between the controller,
SPI interface, control logic, and SRAM subsystem. The architecture
is designed to support e"cient serial memory access with reliable data
transfer and low-power operation suitable for implantable biomedical
applications.

The complete system operation begins when the external con-
troller initiates SPI communication by activating the chip select
signal. Once the SPI communication session starts, serial clock
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pulses generated by the SPI master synchronize the transfer of ad-
dress and data information through the SPI interface.

Depending on the received command, the system performs either
read operation or write operation. During write operation, serial
input data received through the SPI interface is shifted into the
Serial-In Parallel-Out (SIPO) register. Simultaneously, the received
address is decoded to identify the required SRAM bank and local
memory location.

The SRAM control logic generates the necessary control signals for
activating the selected SRAM bank and performing write operation.
The received parallel data is then stored into the specified SRAM
memory location.

During read operation, the controller first transmits the target
memory address through the SPI interface. The address decode logic
selects the required SRAM bank, while the local address bits select
the corresponding memory location inside the SRAM macro.

The SRAM subsystem retrieves the stored data from the selected
memory location and transfers it to the Parallel-In Serial-Out (PISO)
register. The PISO register serializes the output data and transmits
it back through the SPI communication interface.

The proposed architecture supports synchronized memory access,
e"cient serial communication, and scalable memory organization
while minimizing switching activity and communication overhead.
The use of memory banking and SPI communication enables reli-
able event-driven data bu!ering suitable for implantable biomedical
systems.
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Chapter 4

RTL to GDSII
Implementation Flow

4.1 ASIC Design Methodology for SPI-
Enabled SRAM

In the proposed work, the basic 8192→8 SRAM macro was already
available as a pre-designed and verified memory block. To integrate
eight SRAM macros along with SPI communication logic, address
decoding circuitry, bank selection logic, multiplexers, counters, FSM-
based control logic, and peripheral digital blocks to realize a complete
64 KB SPI-enabled SRAM architecture.

Implementing the complete system directly using full-custom
CMOS transistor-level design would significantly increase design
complexity and verification e!ort. Since the architecture contains
large digital control logic and multiple interconnected SRAM macros,
manual transistor-level implementation would make timing closure,
clock distribution, routing optimization, and large-scale layout in-
tegration extremely di"cult. In addition, full-custom integration
of multiple memory macros may introduce large numbers of DRC,
LVS, connectivity, and routing violations, thereby increasing overall
design time and physical verification complexity.

The RTL-to-GDSII design methodology provides a more e"-
cient approach for implementing such large digital systems. Using
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RTL-based design, the complete architecture can first be modeled
behaviorally using Verilog HDL and then automatically synthesized,
optimized, placed, and routed using standard ASIC design tools.
The methodology also simplifies integration of pre-designed SRAM
macros with standard-cell-based digital logic while enabling auto-
mated timing optimization, clock tree synthesis, congestion reduction,
and physical verification.

Therefore, the RTL-to-GDSII flow is adopted in this work to
achieve reliable large-scale SRAM integration, simplified physical
implementation, improved timing closure, and manufacturable layout
generation for the proposed SPI-enabled 64 KB SRAM architecture.

4.2 RTL to GDSII Implementation Flow

The RTL to GDSII flow represents the complete ASIC physical
design methodology used to transform a behavioral hardware de-
scription into a manufacturable integrated circuit layout. The flow
begins with Register Transfer Level (RTL) design and functional
verification, followed by logic synthesis, physical implementation,
timing verification, and final tapeout generation in GDSII format.

In this work, the complete RTL to GDSII implementation of
the proposed SPI-enabled SRAM architecture is carried out using
Cadence EDA tools in 180 nm CMOS technology. The flow ensures
that the design satisfies functional correctness, timing constraints,
power requirements, and physical manufacturability conditions before
fabrication.

The RTL to GDSII implementation flow followed in this work is
illustrated in Figure 4.1.

Figure 4.1: Complete RTL to GDSII implementation flow.
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The overall design flow consists of four major stages:

1. RTL Design

2. RTL Verification

3. RTL Synthesis

4. Physical Design (PnR to GDSII)

Each stage contains multiple verification and optimization steps
to ensure that the final chip satisfies the required design specifications.
If any stage fails to meet the design goals, the flow iterates back to
the previous stage for necessary modifications and optimizations.

4.2.1 RTL Design

RTL design is the first stage of ASIC implementation where the
proposed architecture is described using synthesizable Verilog HDL.
The RTL defines data flow, control logic, memory operations, and
communication protocols of the system.

As shown in Figure 4.1, the RTL design stage consists of the
following steps:

1. Design Specification

2. Architectural Definition

3. Micro-Architectural Definition

4. RTL Design

4.2.2 Design Specification

The design specification defines the functional and performance
requirements of the proposed system including memory organization,
SPI communication, read/write operation, clock frequency, power
constraints, and IO requirements.

For the proposed work, the specifications include SPI-based com-
munication with SRAM memory blocks, serial data transfer, and
memory access control operations.
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4.2.3 Architectural Definition

The architectural definition stage determines the high-level or-
ganization of the system. The architecture consists of SPI con-
troller, SRAM banks, decoder, FSM controller, read/write logic, and
SIPO/PISO registers. The interaction between these modules is
finalized during this stage.

4.2.4 Micro-Architectural Definition

The micro-architectural stage defines the internal implementation
of each module including FSM transitions, control signals, datapath
operations, timing synchronization, and data transfer sequence.

4.2.4.1 RTL Design

After finalizing the micro-architecture, synthesizable Verilog RTL
code is developed for all modules. Each functional block is coded
individually and later integrated into the top-level design.

The RTL implementation includes SPI protocol implementation,
SRAM read/write logic, Serial-to-parallel conversion and viceversa.
The RTL code forms the input for functional verification and syn-
thesis stages.

4.3 RTL Verification

RTL Verification is performed after completion of RTL design
to validate the functional correctness of the proposed architecture
before proceeding to synthesis and physical implementation.

If the design fails to satisfy the required functional goals during
verification, the design is modified at the RTL stage and verified
again before proceeding further in the implementation flow.

The RTL verification stage mainly focuses on validating:

• Functional correctness of the design

• FSM state transitions
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• Data transfer operations

• Timing synchronization

Successful RTL verification significantly reduces implementation
errors during later stages of ASIC design flow.

4.4 Advanced RTL Verification Checks

In digital ASIC design flow, advanced RTL verification checks
such as Lint Checking, CDC/RDC analysis, and X-Propagation
verification are performed to improve design reliability and detect
errors at early stages.

4.4.1 Lint Checking

Lint checking is a static RTL verification technique used to detect
coding errors, synthesis issues, and violations of coding guidelines
without simulation.

The major objectives of lint checking are:

• Detect syntax and coding issues

• Identify unused or uninitialized signals

• Detect inferred latches and combinational loops

• Verify FSM and reset coding styles

• Detect width mismatches and multiple drivers

Lint checking improves RTL quality by detecting coding errors,
synthesis mismatches, inferred latches, and reset-related issues at an
early stage.

4.4.2 CDC and RDC Verification

Clock Domain Crossing (CDC) and Reset Domain Crossing
(RDC) verification are performed in designs containing multiple
clocks and reset domains.
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CDC verification checks signal transfers between di!erent clock
domains, while RDC verification analyzes reset signal crossings
between reset domains.

The objectives of CDC/RDC verification are:

• Detect metastability issues

• Verify synchronization circuits

• Validate safe clock and reset crossings

• Detect unsafe asynchronous transfers

Common synchronization methods include Two-flop synchro-
nizers, Asynchronous FIFOs, Handshake synchronizer, Gray-code
counters.

CDC/RDC verification prevents metastability issues and im-
proves reliability in multi-clock and multi-reset designs.

4.4.3 X-Propagation Verification

X-Propagation verification analyzes unknown logic states caused
by uninitialized registers, incomplete resets, or floating signals. It
helps prevent simulation mismatches and improves FSM reliability.

4.5 Logic Synthesis

Logic synthesis converts the RTL design into an optimized gate-
level netlist using technology-specific standard cell libraries. The
synthesis flow reads RTL files, timing constraints, and libraries to
generate a timing, power, and area optimized implementation.

Logic synthesis requires several input files and design constraints
for successful implementation. The major inputs used during syn-
thesis are RTL Verilog source files, Constraint files (SDC), TCL
synthesis scripts, Standard cell libraries, IO pad libraries.

The RTL source files contain the behavioral description of the
complete architecture.Constraint files define clock definitions, input

51



and output delays, clock uncertainty, false paths, timing exceptions,
load and transition constraints.

Technology library files provide timing, area, and power infor-
mation of the standard cells used during technology mapping. The
synthesis flow also includes IO pad instantiation before gate-level
implementation.

The generated gate-level Verilog netlist represents the synthesized
hardware implementation using technology-specific standard cells.
The generated SDC files preserve timing constraints for later physical
design stages.

The synthesis flow also generates Standard Delay Format (SDF)
files containing timing delay information required for gate-level tim-
ing simulation.

4.5.1 Synthesis Reports

Synthesis reports provide timing, area, power, and constraint
information of the synthesized design. Timing reports contain critical
paths and setup/hold slack. Area reports provide cell utilization
statistics, while power reports estimate dynamic and leakage power
consumption. These reports are analyzed before physical implemen-
tation.

4.6 Logic Equivalence Checking (LEC)

Logic Equivalence Checking (LEC) is performed to verify that the
synthesized gate-level netlist is functionally equivalent to the original
RTL design. During synthesis, optimization and technology mapping
modify the internal implementation of the circuit. Therefore, LEC
is required to ensure that these optimizations do not change the
intended functionality of the design.

In this work, post-synthesis LEC is performed using Cadence
Conformal LEC tool. The RTL design is considered as the golden
design, while the synthesized gate-level netlist is treated as the
revised design.

The Conformal LEC tool compares:
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• Primary inputs and outputs

• Combinational logic and Sequential elements

• State transitions and Internal connectivity

Successful LEC verification confirms that the synthesized imple-
mentation is logically correct and functionally identical to the RTL
design before proceeding to physical design stages.

4.7 Post Synthesis Gate Level Simulation
(GLS)

Gate Level Simulation (GLS) verifies the functionality of the
synthesized gate-level netlist using standard cell timing information.

GLS is performed in three stages:

• Zero Delay Simulation

• Unit Delay Simulation

• SDF Simulation

Zero delay simulation verifies logical functionality without delays.
Unit delay simulation introduces equal delay to all gates to identify
timing-related issues. SDF simulation uses actual back-annotated
delays for accurate post-layout timing verification.

GLS helps detect timing violations, glitches, synchronization
issues, and RTL-to-netlist mismatches before fabrication.

4.8 Floorplanning

Floorplanning defines the physical structure of the chip including
die size, core area, IO placement, and macro locations before place-
ment and routing. Proper floorplanning improves timing, routability,
congestion, and power distribution.

The major objectives of floorplanning are:

• Define chip dimensions and core area
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• Place IO pads and power pads

• Plan macro locations

• Minimize routing congestion

• Improve timing performance

• Support e"cient power distribution

4.8.1 Macro Planning

Macro planning determines the placement of SRAM macros to
minimize wirelength, congestion, and timing violations. Proper
spacing and orientation are maintained for routing resources and
power distribution.

Since SRAM macros occupy a large portion of chip area, macro
planning strongly influences placement quality, clock tree synthesis,
routing complexity, and overall chip performance.

4.8.2 MMMC Configuration

Modern ASIC implementation requires verification under multiple
operating conditions.Multi-Mode Multi-Corner (MMMC) analysis is
configured to verify timing under di!erent process, voltage, and tem-
perature conditions using worst-case and best-case timing libraries.

Thus, floorplanning establishes the initial physical framework of
the ASIC design and significantly impacts the overall implementation
quality, timing closure, power integrity, and routing e"ciency of the
final chip.

4.9 Power Planning

Power planning establishes a reliable power distribution network
for standard cells, macros, and IO cells while minimizing IR-drop
and electromigration e!ects.

The major objectives of power planning are:

• Provide stable power and ground connections
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• Reduce IR-drop and electromigration

• Support high current flow

• Improve power integrity

4.9.1 Power Distribution Network

The power distribution network consists of Power and ground
pads, Core power rings, Macro power rings and Power stripes.

Core rings distribute power across the chip, while macro rings
provide stable supply to SRAM macros. Power stripes connect
the rings to internal standard cells and memory blocks. Dedicated
routing layers are selected for power rings and stripes to improve
current carrying capability and reduce voltage drop.

4.10 Placement

Placement is an important stage in physical design flow in which
all standard cells are positioned inside the predefined floorplan region
after completion of floorplanning and power planning. The primary
objective of placement is to arrange the standard cells in a manner
that minimizes routing congestion, reduces wirelength, and satisfies
timing constraints.

The quality of placement strongly a!ects:

• Timing closure and Routing congestion

• Power consumption

• Signal integrity and Clock tree synthesis

• Overall chip area utilization

Improper placement may result in excessive routing congestion,
large interconnect delays, timing violations, and di"culty during
routing stages. Therefore, placement acts as a critical optimization
stage in the ASIC implementation flow.

The placed database generated after placement is used as the
input for Clock Tree Synthesis (CTS) and routing stages.
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4.11 Clock Tree Synthesis (CTS)

Clock Tree Synthesis (CTS) constructs the clock distribution
network to deliver the clock signal uniformly across all sequential
elements.

The major objectives of CTS are:

• Minimize clock skew

• Control clock latency

• Balance clock arrival time

• Improve timing closure

During CTS, clock bu!ers and inverters are inserted to distribute
the clock e"ciently throughout the design. After CTS, the clock
changes from an ideal clock to a propagated clock with actual routing
delays.

4.12 Routing

Routing creates physical metal interconnections between standard
cells, SRAM macros, IO pads, and clock networks while satisfying
timing and design rule constraints.

Routing a!ects:

• Timing performance

• Signal integrity

• Routing congestion

• Manufacturability

Routing is generally divided into:

• Global Routing

• Detailed Routing
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Global routing estimates routing paths and congestion, while
detailed routing generates exact metal and via connections.

Post-route optimization is performed to fix setup/hold violations,
antenna violations, and signal integrity issues before signo!.

4.13 Post-Route Logic Equivalence Check-
ing

Post-Route Logic Equivalence Checking (LEC) is performed after
placement and routing stages to verify that the final routed netlist
remains functionally equivalent to the synthesized netlist or RTL
design. During physical implementation, several optimizations are
performed such as bu!ering, clock tree insertion, routing optimiza-
tion, antenna fixing, and ECO modifications.

Therefore, post-route LEC is necessary to ensure that these
physical modifications do not alter the logical functionality of the
design.Without post-route LEC, undetected functional mismatches
may propagate into fabrication, resulting in chip failure.

Successful completion of post-route LEC ensures that the final
routed design is functionally correct and ready for final signo! stages
such as DRC, LVS, and GDSII generation.

4.14 Post-Route Gate Level Simulation
(GLS)

Post-route GLS verifies the functionality of the routed gate-level
netlist using actual routing and clock delays extracted after physical
implementation.

The simulation is performed using:

• Zero Delay Simulation

• Unit Delay Simulation

• SDF Simulation
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SDF simulation uses back-annotated routing delays to validate
timing-correct operation under realistic post-layout conditions.

Post-route GLS helps identify setup/hold violations, glitches,
race conditions, and clock synchronization problems before tapeout.

4.15 Signo! Verification

Signo! verification is the final stage of ASIC physical design flow
performed before tapeout and GDSII generation. It ensures that the
routed design satisfies timing, connectivity, and manufacturability
requirements before fabrication.

The major objectives of signo! verification are:

• Verify timing closure

• Validate routing connectivity

• Check physical design correctness

• Ensure DRC-clean layout

4.15.1 Physical Signo!

Physical signo! includes RC extraction, connectivity verification
and DRC verification

RC extraction generates parasitic information required for ac-
curate timing analysis, while DRC and connectivity checks ensure
layout correctness and manufacturability.

4.15.2 Timing Signo!

Timing signo! is performed using Static Timing Analysis (STA)
with post-route netlist, SDC constraints, SPEF parasitic files, and
timing libraries.

The analysis verifies:

• Setup and Hold timing

• Clock timing and signal integrity e!ects
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Timing analysis is performed across multiple process, voltage,
and temperature corners to ensure reliable chip operation. The
generated GDSII file is used for tapeout and fabrication.

4.16 Physical Verification

Physical verification is performed after routing to ensure that the
final layout is manufacturable and electrically correct before tapeout.
The major verification stages include:

4.16.1 Design Rule Check (DRC)

Design Rule Check (DRC) verifies whether the layout satisfies
the foundry manufacturing rules.The major DRC checks include:

• Minimum metal width and spacing

• Via enclosure rules

• Minimum area violations

• Routing geometry correctness

In this work, DRC verification was performed using Calibre
integrated with Cadence Virtuoso.

4.16.2 Antenna Checks

Antenna checks identify charge accumulation on long metal wires
during fabrication which may damage transistor gate oxide layers.
These checks help prevent:

• Gate oxide damage

• Antenna rule violations

• Fabrication reliability issues
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4.16.3 Layout Versus Schematic (LVS)

Layout Versus Schematic (LVS) verification checks whether the
final layout matches the intended circuit netlist.

LVS verifies:

• Device and net connectivity

• Pin matching

• Power and ground connections

• Missing or extra devices

In this work, LVS verification was performed using Calibre nmLVS
integrated with Cadence Virtuoso. After successful DRC, LVS, and
antenna verification, the design is considered ready for fabrication.
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Chapter 5

Results and Performance
Analysis

This chapter presents the functional verification, synthesis, physi-
cal implementation, and performance analysis results of the proposed
SPI-enabled 64 KB SRAM architecture implemented using 180 nm
CMOS technology. The results obtained at di!erent stages of the
RTL-to-GDSII flow are discussed and analyzed in detail.

5.1 64KB SRAM Results

5.1.1 SRAM Macro Verification

Figure 5.1: 8192x8 (8KB) Macro Simulation

The simulation results confirm the correct read and write op-
eration of the 8192×8 SRAM macro. The waveform and console
outputs verify proper address decoding, data storage, and data re-
trieval functionality. The results demonstrate stable synchronous
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memory operation suitable for integration into larger memory archi-
tectures.

Figure 5.2: 8192x8 (8KB) Macro Simulation Console Output

5.1.2 64 KB SRAM Verification

Figure 5.3: 64KB SRAM Simulation

The simulation results validate the successful integration of eight
SRAM macros to form the 64 KB memory architecture. Correct
bank selection, address partitioning, and data transfer operations
are observed in the waveform results. The console output confirms
reliable multi-bank memory access and overall functional correctness
of the architecture.
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Figure 5.4: 64KB SRAM Simulation Console Output

5.1.3 Synthesis Results

Figure 5.5: 64KB SRAM Schematic

The synthesized schematic confirms successful RTL-to-gate level
conversion of the proposed 64 KB SRAM architecture. The gener-
ated netlist correctly represents the interconnection between SRAM
macros, decoder logic, and memory control circuitry. The synthesis
results demonstrate proper hardware realization of the proposed
design.
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Figure 5.6: 64KB SRAM Area Report

The area report shows that the majority of the chip area is occu-
pied by the SRAM macros, while the standard cell logic contributes
comparatively smaller area. The obtained area utilization demon-
strates e"cient banking-based memory integration suitable for large
memory implementation in 180 nm technology.

Figure 5.7: 64KB SRAM Power Report

The power analysis indicates that the proposed SRAM architec-
ture achieves low overall power consumption suitable for biomedical
applications. The results demonstrate that the banking architecture
and controlled memory access help reduce unnecessary switching
activity and power dissipation.

5.1.4 Synthesis Summary

The synthesis results show that the proposed design successfully
meets the target operating frequency of 20 MHz with significant
timing margin. The architecture achieves low power consumption and
moderate area utilization while supporting reliable SRAM operation.
These results confirm the suitability of the design for low-power
implantable applications.
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Table 5.1: Performance Summary of Proposed 64KB SRAM Archi-
tecture

Parameter Value
Technology SCL 180 nm

Maximum Frequency 104.6 MHz
Clock Frequency 20 MHz

Standard Cell Area 0.284 mm2

Macros Area (8) 2.949 mm2

Total Area 3.233 mm2

Total Power 3.936 mW

5.1.5 Post Synthesis LEC Results

Figure 5.8: LEC Compare Results

Figure 5.9: LEC Comparison

The LEC results confirm that the synthesized gate-level netlist
is functionally equivalent to the original RTL design. No logical
mismatches were observed during comparison, ensuring correctness
of the synthesis process and preserving intended design functionality.
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5.1.6 Post Synthesis GLS Results

Figure 5.10: Zero Delay Gate Level Simulation

Figure 5.11: Unit Delay Gate Level Simulation

Figure 5.12: SDF Gate Level Simulation

The gate-level simulation results verify correct functional behavior
of the synthesized design under zero delay, unit delay, and SDF delay
conditions. The results confirm that the synthesized netlist operates
correctly even after inclusion of gate and interconnect delays.

5.1.7 Floor Planning and Macro Planning Results

Figure 5.13: After FloorPlannig & Macro Placement
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• Die Size : 3 mm → 3 mm

• Core Area : 5.57 mm2

• Core Utilization : 57.8%

• Number of Macros : 8

• Aspect Ratio : 1

• IO Pad Area : 2.75 mm2

The floorplanning results show successful placement of eight
SRAM macros with balanced utilization and proper routing space
between macros. Adequate routing channels and aspect ratio selec-
tion help improve routability and timing performance during later
physical design stages.

5.1.8 Power Planning and Placement Results

Figure 5.14: After Power planning & Placement

• Core & Macro Rings :
M4(H), M3(V)

• Routing Channel Between
Macros : 173 µm

The placement results demonstrate successful standard cell place-
ment around the SRAM macros while maintaining proper routing
resources. Core rings and macro power rings ensure reliable power
distribution across the chip and help minimize IR drop issues during
operation.
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5.1.9 CTS and Routing Results

Figure 5.15: After CTS & Routing

• Max Frequency: 43.6 MHz

• Clock Skew : 0.2 ns

• Routing Congestion : 0

• DRV Violations : 0

The CTS and routing results indicate successful clock distribution
with low clock skew and zero routing congestion. The absence of
DRV violations confirms that the design satisfies timing and routing
constraints after physical implementation.

5.1.10 Post Route LEC

Figure 5.16: Post Route LEC Comparison

The post-route LEC results confirm that the routed netlist re-
mains functionally equivalent to the synthesized design. This ensures
that no functional modifications were introduced during placement
and routing stages.
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5.1.11 Post Route GLS

Figure 5.17: Zero Delay Simulation

Figure 5.18: Unit Delay Simulation

Figure 5.19: Post Route GLS SDF Simulation

The post-route GLS results validate correct functionality of the
final routed design under realistic timing conditions. The simulations
confirm successful operation after considering routing parasitics and
extracted interconnect delays.

5.1.12 Signo! & Verification

Figure 5.20: Signo!
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The signo! results indicate successful completion of timing, rout-
ing, and physical verification stages. The design satisfies all major
implementation constraints required for final tapeout readiness.

Figure 5.21: DRC Report

The physical verification results confirm that the final layout is
free from design rule violations and matches the intended circuit
netlist.Capcacity .C violations can be ignored. Successful DRC, LVS,
and antenna verification demonstrate the correctness and manufac-
turability of the proposed layout.

The final implementation demonstrates successful realization of
the proposed SPI-enabled SRAM architecture in 180 nm CMOS
technology. The achieved frequency, power, and area results confirm
the feasibility of the architecture for low-power biomedical memory
applications.

5.2 SPI Enabled SRAM Results

5.2.1 SPI Enabled SRAM Verification

Figure 5.22: SPI Enabled Memory Simulation

The SPI simulation results confirm correct serial communication
between the SPI controller and SRAM memory system. Proper
read/write sequencing, serial data transfer, and FSM operation are
successfully verified through the waveform results.

70



5.2.2 Synthesis Results

Figure 5.23: SPI SRAM Schematic

The synthesized SPI SRAM schematic confirms successful inte-
gration of SPI controller logic with the SRAM memory architecture.
The generated hardware implementation correctly realizes serial
communication and memory control functionality.

Figure 5.24: SPI SRAM Area Report

The area report indicates that the additional SPI control logic
introduces minimal area overhead compared to the SRAM macro
area. This demonstrates e"cient implementation of the SPI-enabled
memory interface.
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Figure 5.25: SPI SRAM Power Report

The power analysis shows that the SPI-enabled SRAM architec-
ture maintains low power operation suitable for implantable systems.
Controlled serial communication and e"cient memory access con-
tribute to reduced overall power consumption.

5.2.3 Synthesis Summary

Table 5.2: Performance Summary of Proposed 64KB SPI-Enabled
SRAM Architecture

Parameter Value
Technology SCL 180 nm

Maximum Frequency 81.8 MHz
Clock Frequency 20 MHz

Standard Cell Area 0.25 mm2

Macros Area (8) 2.949 mm2

Total Area 3.2 mm2

Total Power 2 mW

The synthesis results demonstrate that the SPI-enabled SRAM
architecture successfully satisfies the target operating frequency with
low area and power consumption. The results confirm e"cient
integration of communication and memory subsystems.
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5.2.4 Post Synthesis LEC Results

Figure 5.26: LEC Comparison

The LEC comparison confirms functional equivalence between the
RTL and synthesized SPI SRAM design. This validates correctness of
the synthesis process and preservation of intended SPI functionality.

5.2.5 Post Synthesis GLS Results

Figure 5.27: Gate Level Simulation

The gate-level simulation results verify correct operation of the
SPI-enabled SRAM architecture after synthesis. The design functions
correctly under timing-aware simulation conditions.
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5.2.6 Physical Design Results

Figure 5.28: After Routing Stage

• Core and Macro Rings :
M4(H), M3(V)

• Routing Channel Between
Macros : 173 µm

• IO Pad Area : 2.75 mm2

• Maximum Frequency :
48.95 MHz

• Clock Skew : 0.2 ns

• Routing Congestion : 0

The CTS and routing results show successful physical implemen-
tation of the SPI-enabled SRAM design with low clock skew and
zero routing congestion. Proper routing resource allocation ensures
reliable signal propagation across the chip.

5.2.7 Post Route GLS Results

Figure 5.29: Gate Level Simulation

The post-route simulation results confirm correct operation of
the final routed SPI-enabled SRAM architecture after inclusion of
routing delays and parasitic e!ects.
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5.2.8 Post Route LEC Results

Figure 5.30: LEC Comparison

The post-route LEC results verify that the routed SPI SRAM
netlist remains functionally equivalent to the synthesized design
without introducing logical mismatches.

5.2.9 Signo! & Verification

Figure 5.31: Signo!

Figure 5.32: DRC Report
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The signo! verification confirms that the SPI-enabled SRAM
architecture successfully satisfies physical verification and implemen-
tation requirements required for fabrication readiness.

Table 5.3: Comparison of 64 KB SRAM Architecture With and
Without SPI Interface

Parameter 64KB SRAM SPI-Enabled 64KB SRAM
Technology SCL 180 nm SCL 180 nm

Maximum Frequency 43.6 MHz 48.95 MHz
Target Clock Frequency 20 MHz 20 MHz

Total Area 3.233 mm2 3.2 mm2

Total Power 3.936 mW 2 mW

The comparison results show that both architectures success-
fully satisfy the target operating frequency of 20 MHz in SCL 180
nm CMOS technology at 1.8V supply voltage. The SPI-enabled
SRAM architecture achieves lower total power consumption of 2
mW compared to 3.936 mW for the standalone SRAM architecture,
while maintaining nearly similar chip area. The SPI-enabled memory
provides e"cient serial communication, reduced interface complex-
ity, and improved suitability for low-power implantable biomedical
applications.

5.3 Final Results Summary

The complete RTL-to-GDSII implementation of the proposed
SPI-enabled 64 KB SRAM architecture was successfully carried
out using Cadence EDA tools in SCL 180 nm CMOS technology.
Functional verification, synthesis, physical implementation, and post-
route verification confirmed the correctness and reliability of the
proposed design.

Post-route implementation results show that the proposed SPI-
enabled SRAM architecture achieved a maximum operating frequency
of 48.95 MHz while meeting the target operating frequency of 20
MHz. The total chip area obtained was approximately 3.2 mm2,
including SRAM macro area and standard cell area. The overall
power consumption of the complete architecture was approximately
2 mW.
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The final results demonstrate that the proposed architecture pro-
vides an e"cient, scalable, and low-power external memory solution
suitable for implantable biomedical applications requiring reliable
EGM signal bu!ering and SPI-based memory interfacing.
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Chapter 6

Conclusion and Future Scope

6.1 Summary of Work

This thesis presented the design and implementation of a low-
power SPI-enabled SRAM architecture for implantable pacemaker
applications. The work focused on developing an e"cient external
memory system for bu!ering and storing electrogram (EGM) signals
in implantable biomedical devices.

An 8192→8 single-port SRAM macro was implemented as the
basic memory block. Eight SRAM macros were integrated using
banking architecture to construct a 64 KB memory system. Address
partitioning and decoder-based bank selection were used for e"cient
memory access.

An SPI Mode-3 communication interface was integrated with the
SRAM architecture using FSM-based control logic, counters, and
SIPO/PISO registers to support serial read and write operations.

The complete architecture was modeled using Verilog HDL and
verified through functional simulation. The design was implemented
using the Cadence RTL-to-GDSII flow in SCL 180 nm CMOS technol-
ogy, including synthesis, floorplanning, power planning, placement,
CTS, routing, and physical verification.
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6.2 Conclusion

The proposed SPI-enabled 64 KB SRAM architecture for im-
plantable pacemaker applications was successfully designed and im-
plemented using SCL 180 nm CMOS technology. The architec-
ture demonstrated e"cient integration of SPI communication with
banking-based SRAM organization suitable for low-power biomedical
memory applications.

The final implementation achieved a maximum operating fre-
quency of 48.95 MHz with a target operating frequency of 20 MHz.
The total chip area obtained was approximately 3.2 mm2 with a
total power consumption of nearly 2 mW. The design achieved low
routing congestion, clock skew of 0.2 ns, and zero DRV violations
during physical implementation.

Functional verification, gate-level simulation, and post-route ver-
ification confirmed correct SRAM and SPI operation. The final lay-
out successfully passed DRC, LVS, and antenna verification checks,
demonstrating the correctness and manufacturability of the proposed
architecture.

6.3 Limitations

Although the proposed architecture successfully demonstrates
SPI-enabled SRAM integration for biomedical applications, certain
limitations still exist.

• The implemented architecture uses conventional SRAM macros
without advanced low-leakage SRAM optimization techniques.

• The work focuses mainly on digital implementation and does
not include transistor-level SRAM analysis such as SNM char-
acterization.

• The design is implemented in 180 nm CMOS technology, re-
sulting in larger silicon area compared to advanced technology
nodes.
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6.4 Future Scope

The proposed work can be extended further to improve power
e"ciency, scalability, and performance.

• Advanced SRAM architectures such as 8T or 10T SRAM cells
can be used to improve stability and reduce leakage power.

• The design can be migrated to smaller technology nodes to
reduce area and power consumption.

• High-speed interfaces such as Quad SPI (QSPI) can be imple-
mented for faster memory access.

• Additional low-power techniques such as clock gating and power
gating can be incorporated.

• Error correction and fault-tolerant techniques can be added to
improve reliability for biomedical applications.

• The architecture can be extended for larger memory capacity
and multi-channel biomedical signal bu!ering systems.
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