Module 9: Week 9 - Design Synthesis

Module Objective: Upon the successful completion of this module, learners will develop a
comprehensive and in-depth understanding of the methodologies, decision-making
processes, and critical considerations involved in the design synthesis phase of embedded
systems. This includes:

e Deep Dive into Design Synthesis: Gaining a profound appreciation for the intricate
transition from high-level system requirements to a concrete, optimized, and
implementable hardware-software architecture, emphasizing the unique challenges
posed by embedded constraints.

e Advanced Hardware-Software Co-design: Mastering the principles of concurrent
design, including sophisticated partitioning strategies, the nuanced trade-offs
between hardware and software implementations, and the vital role of integrated
co-verification techniques in ensuring system correctness.

e Granular Architectural Design Elements: Acquiring detailed knowledge for
informed decision-making regarding processor selection (microcontrollers,
microprocessors, DSPs, FPGAs/ASICs), designing efficient and tailored memory
hierarchies, integrating a wide array of specialized input/output mechanisms and
communication peripherals, and structuring robust internal bus communications.

e Comprehensive Power Management: Developing a thorough understanding of
advanced power optimization techniques, from dynamic voltage and frequency
scaling to sophisticated clock and power gating strategies, recognizing their impact
on energy efficiency and system performance.

e Exploration of Advanced Design Methodologies: Engaging with established and
modern design flows such as top-down, bottom-up, platform-based, and
model-based design, understanding their operational intricacies, comparative
advantages, and applicability to diverse embedded projects.

e Strategic Design Space Exploration: Mastering the concept of navigating
multi-dimensional design spaces to identify optimal solutions that balance conflicting
metrics like performance, power, area, and cost, including an introduction to
systematic exploration techniques.

This module is designed to empower the learner with the critical analytical and
decision-making skills required to architect complex embedded systems effectively from
initial concept to a refined, optimized design.

9.1 Fundamentals and Context of Design Synthesis in Embedded Systems

Design synthesis is the pivotal engineering phase where the abstract functional and
non-functional requirements of an embedded system are translated into a tangible and
implementable hardware and software architecture. This phase is particularly challenging for
embedded systems due to their inherent constraints and specialized nature.

e 9.1.1 Defining Design Synthesis in Detail
Design synthesis is not merely about assembling components; it's an iterative
process of architecting, optimizing, and refining the system's structure. It involves
making strategic decisions about:



Computational Elements: What type of processing unit (or units) will
perform the required computations? This involves choosing between
general-purpose processors, specialized accelerators, or configurable logic.
Memory Subsystem: How will data and instructions be stored and accessed
efficiently to meet performance and power budgets?

Communication Infrastructure: How will different components within the
system, and the system with its external environment, exchange information
reliably and in a timely manner?

Input/Output (I/0O) Interfaces: How will the system interact with sensors
(inputs) and actuators (outputs) in the physical world?

Software Organization: How will the software be structured (e.g., bare-metal,
RTOS, Linux) and mapped onto the chosen hardware?

The complexity arises from the simultaneous need to optimize across
multiple, often conflicting, dimensions such as real-time performance, energy
consumption, physical size (area), manufacturing cost, and reliability, all while
ensuring functional correctness and meeting strict deadlines.

e 9.1.2 Comprehensive Goals of Design Synthesis
Achieving an optimal balance among these metrics is the hallmark of a
well-synthesized embedded system:

1.

Performance: This is multifaceted. It includes meeting hard real-time
deadlines (guaranteeing task completion by a specific time), achieving
required data throughput (e.g., Megabits per second for network processing),
minimizing latency (delay between input and output), and maximizing
computational speed (e.g., billions of operations per second). Performance is
often limited by clock speed, pipeline depth, memory access times, and
parallel processing capabilities.

Cost: Encompasses several elements:

m Bill of Materials (BOM): The direct cost of all components.

m Manufacturing Cost: Expenses related to assembly, testing, and
packaging.

m  Non-Recurring Engineering (NRE) Cost: The one-time cost of
design, verification, and tooling (especially high for ASICs). The
chosen architecture directly impacts these.

Power Consumption: Crucial for battery-operated devices (e.g., loT
sensors, wearables) and high-performance systems where heat dissipation is
a concern (e.g., automotive ECUs). Low power consumption extends battery
life, reduces cooling requirements, and often improves system reliability.
Area (Physical Size): Minimizing the footprint of the circuit board and
components is vital for compact devices (e.g., smartphones, medical
implants). This involves choosing smaller packages, integrating more
functionality onto a single chip, and optimizing board layout.

Reliability and Safety: Especially critical in domains like aerospace, medical
devices, and automotive. The design must incorporate fault tolerance, error
detection and correction mechanisms, and robust error handling to prevent
failures. Safety considerations often lead to redundancy and conservative
design choices.

Flexibility and Maintainability: The ease with which the system can be
updated, debugged, or adapted for future features. Software-intensive



solutions tend to offer greater flexibility than highly specialized hardware. A
modular architecture improves maintainability.

7. Time-to-Market: The speed at which a product can be designed, developed,
and brought to market. Reusing existing IP, using higher-level design tools,
and effective co-design methodologies can significantly accelerate this.

e 9.1.3 Detailed Overview of the Embedded Design Flow
The design flow is often iterative, allowing for refinement and correction at each
stage:

1. Requirements Capture & Analysis: Translating vague customer needs into
precise, measurable, and verifiable functional (what it does) and
non-functional (how well it does it — performance, power, cost) specifications.
This includes identifying real-time deadlines, power budgets, security needs,
and safety integrity levels.

2. System-Level Design & Architecture Exploration: High-level conceptual
design, exploring different abstract architectural options. This involves
mapping specified functions to broad hardware or software blocks and
evaluating preliminary trade-offs without going into fine detail. This stage
defines the major system components and their interconnections.

3. Design Synthesis (Current Module Focus): This stage elaborates the
chosen high-level architecture into a detailed, implementable blueprint. It
involves:

m Hardware-Software Partitioning: Deciding which functions will be
implemented in hardware and which in software.

m  Component Selection: Choosing specific processors, memories,
communication modules, and I/O devices.

m Interface Design: Defining how these components will communicate
with each other.

m Bus Architecture Design: Selecting and configuring internal and
external bus structures.

m Power Management Scheme Design: Incorporating techniques for
energy efficiency.

4. Detailed Hardware Design: Involves circuit design (schematics), printed
circuit board (PCB) layout, FPGA logic design (using Hardware Description
Languages like VHDL/Verilog), and potentially custom chip (ASIC) design.

5. Detailed Software Design: Involves operating system selection (or
bare-metal approach), driver development for specific hardware, middleware
integration, and application-level code development using programming
languages (C/C++, Python).

6. Integration and Verification (V&V): Bringing together the hardware and
software. Extensive testing to ensure that the integrated system functions
correctly, meets all requirements, and is robust. This includes unit testing,
integration testing, system testing, and acceptance testing.

7. Deployment & Maintenance: Releasing the product, followed by field
support, bug fixes, and potential feature upgrades throughout the product's
lifecycle.

9.2 Advanced Hardware-Software Co-design Principles



Hardware-Software Co-design is a concurrent engineering approach that seeks to overcome
the limitations of sequential hardware and software development by viewing the embedded
system as a unified entity.

e 9.2.1 The Unified Concept of Co-design
Historically, hardware teams would design a board, then hand it off to software
teams. This often led to significant integration problems, as hardware choices might
inadvertently complicate software development or prevent performance goals from
being met, and vice-versa. Co-design tackles this "chicken-and-egg" problem by
promoting a unified design methodology from the very beginning. Designers consider
the impact of hardware choices on software performance and resource usage, and
how software algorithms can best leverage or compensate for hardware
characteristics. The goal is to optimize the entire system, not just its individual
components.

e 9.2.2 Detailed Advantages of Co-design

o System-Level Optimization: Enables global optimization, preventing
sub-optimal local decisions. For instance, a function implemented purely in
software might be too slow; moving parts of it to hardware can dramatically
improve performance.

o Accelerated Time-to-Market: Concurrent development reduces the overall
design cycle. Early detection of interface mismatches or performance
bottlenecks through co-simulation avoids costly redesigns later.

o Cost Reduction: By carefully partitioning, designers can choose the most
cost-effective implementation for each function. This might mean avoiding
expensive custom hardware for functions that can run efficiently enough in
software, or conversely, using a small custom hardware block to offload a
critical task from a more expensive general-purpose processor.

o Enhanced Performance: Critical, time-sensitive tasks (e.g., cryptographic
algorithms, real-time image processing) can be identified and accelerated in
dedicated hardware for superior speed and determinism.

o Power Efficiency: Functions consuming significant power in software can
often be implemented in specialized hardware with much lower power
footprints. Co-design allows for a holistic view of power consumption.

o Increased Flexibility: Strategic placement of functionality in software allows
for easier upgrades, bug fixes, and adaptation to evolving standards, while
hardware provides fixed performance.

e 9.2.3 In-depth Hardware-Software Partitioning
This is the central task of co-design, involving the precise allocation of system
functions to either hardware (e.g., custom logic on an FPGA or ASIC) or software
(e.g., code running on a CPU). The process is typically iterative, often starting with a
tentative partition and refining it through analysis and simulation.

o Refined Criteria for Partitioning:

m Computational Intensity & Parallelism: Tasks requiring extreme
speed, highly parallel execution, or complex arithmetic operations
(e.g., matrix multiplications, Fast Fourier Transforms) are strong
candidates for hardware acceleration. Software on a sequential
processor will struggle to achieve the same parallelism.



o

m Timing Criticality: Functions with very tight, hard real-time deadlines
(e.g., precise pulse generation, motor control loops in milliseconds)
often require dedicated hardware for guaranteed determinism.

m Data Throughput: High-bandwidth data processing (e.g., video
streaming, high-speed communication protocol processing) might
overwhelm a software processor; hardware offers dedicated data
paths.

m Control Flow vs. Data Flow: Functions with complex, sequential
control flow are generally better suited for software. Functions
dominated by repetitive data transformations are ideal for hardware.

m Flexibility & Upgradeability: If a function's behavior is expected to
change frequently, a software implementation is preferred due to
easier reprogramming. Hardware changes are costly and
time-consuming.

m Power Budget: Hardware implementations, especially ASICs, can
offer significantly lower power consumption for specific tasks
compared to a general-purpose processor executing software, but
may have higher NRE.

m Cost vs. Volume: For low-volume products, software on a standard
processor is cheaper. For very high volumes, the NRE of an ASIC
might be justified by lower per-unit cost.

m Intellectual Property (IP) Availability: Leveraging existing hardware
IP blocks (e.g., image codecs, communication controllers) or software
libraries can heavily influence partitioning decisions.

Interplay and Communication Overhead: A critical consideration during
partitioning is the communication overhead between hardware and software
components. If a function is split, the data transfer between the hardware and
software parts must be efficient. Excessive data transfer or inefficient
communication interfaces (e.g., slow serial buses for high-bandwidth data)
can negate the benefits of partitioning. This highlights the need for careful
interface design.

e 9.2.4 Advanced Co-simulation and Co-verification Techniques
These techniques are indispensable for validating hardware-software interfaces and
overall system behavior early in the design cycle.

o

Transaction-Level Modeling (TLM): An abstraction level for system
simulation where communication between components is modeled as
high-level transactions rather than detailed signal-level transfers. This allows
for very fast simulation of complex systems to explore architectural choices
early.

Virtual Platforms: Software models of the entire embedded system
hardware, including processors, memory, and peripherals. Software can run
natively on these virtual platforms, enabling early software development,
debugging, and co-verification before any physical hardware is available.
FPGA Prototyping: Porting the hardware design (or a significant portion of it)
onto an FPGA for real-time emulation. This allows software to run on
near-final hardware at high speeds, enabling extensive testing and debugging
of the integrated system.



o Mixed-Signal Simulation: For systems with analog and digital components,
tools that can simulate both domains concurrently are used to verify
interactions.

o Hardware-in-the-Loop (HIL) Simulation: (See 9.6.4 for more detail) While
generally a testing phase, co-verification can leverage HIL setups to test
hardware/software interactions with realistic external stimuli.

9.3 Detailed Architectural Design of Embedded Systems

Once the hardware-software partitioning is conceptually set, the architectural design phase
delves into selecting specific components and defining their intricate interconnections.

e 9.3.1 In-depth Processor Selection
The choice of processing element dictates much of the system's capabilities and
constraints.
o Microcontrollers (MCUs):

m Architecture: Typically feature a compact CPU core (e.g., ARM
Cortex-M, 8-bit PIC, AVR), on-chip Flash memory for code, SRAM for
data, and a rich set of integrated peripherals (timers, ADCs, DACs,
GPIO, communication interfaces like UART, SPI, I12C, CAN, USB).
Often highly optimized for low power consumption.

m Use Cases: Control applications, sensor data acquisition, simple user
interfaces, loT edge devices, automotive body control.

o Microprocessors (MPUs):

m Architecture: More powerful CPU cores (e.g., ARM Cortex-A series,
Intel Atom/Core) designed for higher clock speeds, deeper pipelines,
larger caches, and memory management units (MMUs) to support
virtual memory and complex operating systems (Linux, Android,
Windows Embedded). Require external RAM (DRAM) and non-volatile
storage.

m Use Cases: Complex HMI (Human Machine Interface), networking
gateways, multimedia processing, high-performance computing,
servers, robotics.

o Digital Signal Processors (DSPs):

m Architecture: Specialized CPU architectures with dedicated hardware
for parallel Multiply-Accumulate (MAC) operations, saturating
arithmetic, and optimized memory access for signal processing
algorithms (e.g., FIR/IIR filters, FFTs). Often have specialized
instruction sets and parallel processing units.

m Use Cases: Audio processing, voice recognition, image and video
compression/decompression, radar/sonar processing, real-time
control loops with complex signal filtering.

o Field-Programmable Gate Arrays (FPGAs) / Application-Specific
Integrated Circuits (ASICs):

m  FPGAs: Configurable logic blocks (CLBs), configurable 1/0O blocks
(IOBs), and programmable interconnects, allowing designers to
implement custom digital logic circuits. Can contain embedded



processor cores (Soft-core like Nios Il, MicroBlaze; or Hard-core like
ARM Cortex-A/R in Xilinx Zynq).

ASICs: Fully custom integrated circuits designed for a specific
application.

Strengths: Provide extreme parallelism, dedicated hardware
acceleration for specific algorithms, highly deterministic real-time
behavior. FPGAs offer flexibility and reconfigurability; ASICs offer
ultimate power/performance/area optimization for very high volumes.
Use Cases: High-speed network interfaces, custom accelerators for
Al/ML, cryptography, complex industrial control, high-volume
consumer electronics (ASICs).

e 9.3.2 Deep Dive into Memory Architecture
Memory is a bottleneck in many embedded systems, requiring careful design.
Memory Types and Characteristics:

o

o

o

SRAM (Static RAM): Faster, consumes more power (per bit), more
expensive, used for caches and small, high-speed working memory.
Each bit stored in a latch, no refresh needed.

DRAM (Dynamic RAM): Slower, cheaper, higher density, consumes
less power (per bit) but requires periodic refresh cycles. Each bit
stored in a capacitor. Used for main system memory.

Flash Memory: Non-volatile, high density, block-erasable (writes are
slow), common for program storage. Types: NOR (byte-addressabile,
faster read, slower write, often for boot code) and NAND
(block-addressable, faster write, higher density, often for file systems,
data logging).

EEPROM (Electrically Erasable Programmable Read-Only
Memory): Non-volatile, byte-addressable, slower writes than Flash
but faster than Flash block erase, lower density, used for configuration
data, calibration values.

Memory Hierarchy and Cache Coherency: To bridge the speed gap
between a fast CPU and slower main memory, a hierarchy of memories is

used.
| ]
| |

Registers: Fastest, directly in CPU.

Caches (L1, L2, L3): Small, very fast SRAM memories that store
copies of frequently accessed data and instructions from main
memory. They exploit locality of reference (temporal: recently
accessed data likely to be accessed again; spatial: data near recently
accessed data likely to be accessed). A cache miss (data not in
cache) incurs a significant performance penalty as the CPU must fetch
from slower memory.

Main Memory: Larger, slower DRAM.

Mass Storage: Non-volatile, very slow (e.g., SD card, eMMC, hard
disk).

Memory Mapping: The process of assigning unique addresses to all memory
devices and peripherals so the CPU can access them as if they were memory
locations. Peripherals often have "memory-mapped registers" that the CPU
reads/writes to control their behavior.



e 9.3.3 Comprehensive I/O and Peripheral Integration
These enable the embedded system to interact with its environment and other
components.
o Communication Interfaces (Detailed):

m  UART (Universal Asynchronous Receiver/Transmitter): Simple,
point-to-point serial communication. Asynchronous (no shared clock),
uses start/stop bits for synchronization. Common for debugging
consoles, GPS modules.

m SPI (Serial Peripheral Interface): Synchronous, full-duplex,
master-slave serial bus. Uses separate clock, data in, data out, and
chip select lines. Fast and efficient for communicating with sensors,
ADCs, Flash memory.

m 12C (Inter-Integrated Circuit): Synchronous, half-duplex,
multi-master/multi-slave serial bus. Uses only two wires (SDA-data,
SCL-clock). Slower than SPI but good for connecting multiple
low-speed peripherals like EEPROMSs, real-time clocks, temperature
Sensors.

m  CAN (Controller Area Network): Robust, high-speed,
broadcast-oriented serial bus designed for automotive and industrial
control. Message-based, with built-in error checking and arbitration.

m Ethernet: High-speed, packet-based network interface for local area
networks. Essential for connected embedded devices.

m USB (Universal Serial Bus): Master-slave, hot-pluggable, high-speed
serial bus for connecting external peripherals (keyboards, mice,
cameras, storage). Supports various device classes.

o Interrupt Mechanisms: A vital feature for responsiveness.

m Definition: Hardware signals that temporarily suspend the CPU's
current execution to handle an urgent event.

m Types: Maskable Interrupts (IRQs): Can be enabled or disabled by
software (e.g., timer expiring, UART data ready). Non-Maskable
Interrupts (NMis): Cannot be disabled by software, usually reserved
for critical system errors (e.g., power failure, memory error).

m Interrupt Latency: The time from an interrupt signal asserting to the
first instruction of the Interrupt Service Routine (ISR) executing.
Minimizing this is critical for real-time systems.

m Interrupt Service Routine (ISR): A short, highly optimized piece of
code executed in response to an interrupt. It should complete quickly
to return control to the interrupted task.

o Direct Memory Access (DMA):

m Concept: A hardware controller (DMA controller) that can transfer
data directly between peripherals and memory (or between different
memory locations) without continuous CPU intervention.

m Benefit: Frees the CPU to perform other computations, significantly
improving system throughput and reducing CPU load for
data-intensive operations (e.g., transferring data from an ADC to a
buffer, sending data over Ethernet).

e 9.3.4 Bus Architectures and Their Impact
The bus system defines the communication backbone of the embedded system.



Bus Characteristics:
m  Width: Number of parallel data lines (e.g., 8-bit, 16-bit, 32-bit, 64-bit).
Wider buses transfer more data per cycle.
m Speed (Frequency): Clock rate at which data is transferred.
m Arbitration: The mechanism by which multiple devices (masters)
compete for access to the bus.
m Topology: How devices are connected (e.g., shared bus,
point-to-point).
On-Chip Buses (System-on-Chip Interconnects): Modern SoCs integrate
many IP blocks. Specialized high-performance buses (e.g., ARM's AMBA
AXI, AHB; OpenCores' Wishbone) connect these blocks. These are often
complex networks with multiple masters and slaves, supporting different
performance requirements.
External Buses: For off-chip communication (e.g., external memory buses,
peripheral buses like PCle, I/O expansion buses).
Impact on Performance and Scalability: The bus architecture significantly
influences overall system throughput, latency, and the ability to add or
upgrade components. A poorly designed bus can become a bottleneck,
limiting the performance of even powerful processors.

e 9.3.5 Comprehensive Power Management Strategies
Designing for energy efficiency is a key constraint in most embedded systems.

o

Dynamic Voltage and Frequency Scaling (DVFS): A cornerstone of modern
power management. Based on the principle that power consumption in digital
circuits is proportional to Voltage squared (V2) and Frequency (f). DVFS
dynamically adjusts the processor's core voltage and clock frequency based
on the current workload. When less performance is needed, voltage and
frequency are reduced, leading to significant power savings.

Clock Gating: A technique to reduce dynamic power consumption. If a
particular functional block within a chip is not currently in use, its clock signal
is temporarily disabled, preventing the flip-flops and logic gates within that
block from switching and thus consuming power. This is a fine-grained
power-saving technique.

Power Gating: A more aggressive power-saving technique where power to
entire blocks or sections of the chip is completely switched off when not in
use. This offers greater power savings than clock gating but introduces a
"wake-up" latency and requires careful design to avoid data loss.
Low-Power Modes / Sleep Modes: Most microcontrollers and processors
offer various power-saving modes (e.g., ldle, Sleep, Deep Sleep, Standby).
These modes selectively power down different parts of the chip (CPU,
peripherals, clocks) to reduce power consumption to minimal levels. Wake-up
is typically triggered by external events (e.g., interrupt on a GPIO pin,
real-time clock alarm).

Software Power Optimization: Efficient algorithm design (reducing
computation cycles), avoiding busy-waiting (using interrupts for event
handling), optimizing data structures for cache efficiency, and intelligently
scheduling tasks to allow the processor to enter low-power states more often
are crucial software-level power optimizations.



o

Component Selection: Choosing low-power versions of components (e.g.,
low-power RAM, energy-efficient sensors) directly impacts the overall power
budget.

9.4 Advanced Design Methodologies and Flow

Structured approaches guide the embedded system design process, each optimized for
different project characteristics and scales.

9.4.1 Refined Top-Down vs. Bottom-Up Design Approaches

o

Top-Down Design: This hierarchical approach begins with a high-level,
abstract view of the entire system, progressively decomposing it into smaller,
more detailed modules and sub-modules. Each module's functionality and
interfaces are defined before its internal implementation.

m Advantages: Excellent for managing complexity in large, new
systems. Encourages modularity and clear interface definitions,
facilitating parallel development by different teams. Easier to verify
overall system behavior against high-level requirements.

m  When to use: Developing novel, complex embedded systems with
new functionality or high integration needs; aerospace, large industrial
control systems.

Bottom-Up Design: This approach starts with individual, well-understood
components or existing intellectual property (IP) blocks and then integrates
them to form larger subsystems, eventually assembling the complete system.

m Advantages: Leverages proven, existing components, potentially
shortening development cycles for systems that reuse a lot of
functionality. Can be quicker for simpler systems or minor variations of
existing products.

m  When to use: Product derivatives, leveraging extensive internal IP
libraries, rapid prototyping, or when specific off-the-shelf components
dictate the design.

Real-world Practice: Most complex embedded projects employ a hybrid
approach. A top-down strategy defines the overall architecture and major
sub-systems, while bottom-up methods are used to integrate existing

components or design specific modules once their interfaces are defined.

9.4.2 Comprehensive Platform-Based Design (PBD)

PBD is a powerful methodology for managing complexity and accelerating
development by designing around a pre-verified, reusable hardware and software
foundation.

o

o

Core Concept: A "platform” is a re-usable abstraction that encompasses both
hardware (e.g., a specific SoC, development board, or custom ASIC) and a
significant portion of the software stack (e.g., operating system, drivers,
middleware, communication protocols). The platform provides a known,
stable base onto which application-specific functionalities are added.
Elements of a Typical Platform:

m Processor Core(s): Often a well-established architecture like ARM

Cortex-A/M.



Standard Peripherals: Pre-integrated UART, SPI, 12C, Timers, GPIO,
ADCs, DACs.

Memory Interfaces: Controllers for external RAM (DDR), Flash
memory.

Operating System/RTOS: A pre-integrated and optimized OS (e.g.,
Linux, FreeRTOS, VxWorks) with drivers for the platform's peripherals.
Middleware/Libraries: Common software libraries for communication
protocols, file systems, graphics, etc.

o Advantages:

Significant Time-to-Market Reduction: Eliminates the need to
design core hardware and low-level software from scratch.
Reduced Development Risk: The platform's components are
typically pre-verified, reducing integration issues and unexpected
bugs.

Lower Design Costs: Less NRE by reusing proven IP.
Enhanced Reliability: Benefits from the extensive testing and
maturity of the underlying platform.

Scalability: Allows for product families derived from the same
platform with minor modifications.

o Examples: Automotive platforms based on specific NXP or Renesas
microcontrollers; industrial control platforms based on ARM System-on-Chips;
general-purpose loT development boards like Raspberry Pi or BeagleBone
Black that provide a robust Linux-based platform.

9.4.3 Detailed Model-Based Design (MBD)
MBD represents a paradigm shift where abstract models become the primary artifact
throughout the entire design lifecycle, from concept to deployment.

o Core Concept: Instead of starting with textual specifications and manually
coding, MBD uses executable graphical or textual models to capture system
behavior. These models serve as a single source of truth for all stakeholders.

o MBD Process Steps:

System Modeling: Creating executable models of the embedded
system's behavior using specialized tools (e.g., MathWorks
Simulink/Stateflow, ANSYS SCADE). Models can represent different
aspects, such as control algorithms (using block diagrams),
state-based behavior (using statecharts), or data flow.

Simulation and Verification: Executing the models to simulate the
system's behavior under various inputs and scenarios. This allows
designers to verify functional correctness and identify design flaws
early, at a high level of abstraction, where changes are significantly
cheaper and easier to implement than in hardware or compiled code.
Refinement and Optimization: Iteratively refining the models based
on simulation results and performance analysis. This can involve
optimizing algorithms, adjusting control parameters, or exploring
different architectural mappings within the model.

Automatic Code Generation: A key feature of MBD.
Production-quality C/C++ code (for software) or Hardware Description
Language (HDL) code (for FPGAs/ASICs) can be automatically



generated directly from the validated models. This drastically reduces
manual coding errors and accelerates implementation.

m Hardware-in-the-Loop (HIL) Testing: The generated code runs on
the actual embedded hardware, which interacts with a simulated
environment (plant model). This allows for rigorous testing of the real
embedded system against realistic conditions.

o Advantages:

m Early Error Detection: Catches design flaws at the modeling stage,
significantly reducing debugging time and costs later.

m Improved Quality & Reliability: Automated code generation
eliminates human coding errors.

m Accelerated Development: Faster iteration cycles and automatic
code generation streamline the process.

m Enhanced Collaboration: Models provide an unambiguous,
executable specification understandable by both hardware and
software engineers, and even domain experts.

m Support for Formal Verification: Models can sometimes be
analyzed using formal methods to mathematically prove certain
properties (e.g., deadlock-freedom, safety).

m Systematic Design Space Exploration: Models can be easily
parameterized and simulated to explore different design options.

9.4.4 Comprehensive Verification and Validation (V&V)
V&YV are distinct but complementary processes crucial throughout the embedded
system lifecycle to ensure the product meets expectations.
o Verification: "Are we building the product right?" This focuses on whether
the system conforms to its specified design and requirements.

m Simulation:

m Behavioral Simulation: Simulating high-level models to verify
functional correctness without implementation details.

m Register-Transfer Level (RTL) Simulation: Simulating
hardware designs described in HDL at the register-transfer
level.

m Gate-Level Simulation: Simulating hardware designs at the
gate level, closer to physical implementation, for timing
verification.

m Emulation: Using specialized hardware (emulators) that can execute
the hardware design faster than software simulation, allowing for more
extensive testing and co-verification with software.

m Formal Verification: Using mathematical techniques to prove or
disprove the correctness of certain properties of a design (e.g., using
model checking to ensure a state machine never enters an unsafe
state).

m Code Reviews & Static Analysis: Manual inspection of code and
automated tools to identify potential bugs, security vulnerabilities, or
style violations without executing the code.

o Validation: "Are we building the right product?" This focuses on whether
the system satisfies the actual needs and expectations of the user/customer.



m Unit Testing: Testing individual software modules or hardware blocks
in isolation.

m Integration Testing: Testing the interaction between integrated
modules/blocks.

m System Testing: Testing the complete integrated embedded system
against its functional and non-functional requirements.

m Acceptance Testing: User-centric testing to ensure the system meets
operational requirements in its intended environment.

m Regression Testing: Re-running previous tests after changes to
ensure no new bugs have been introduced and existing functionality
remains intact.

9.5 Strategic Design Space Exploration (DSE)

The choices available during embedded system design (e.g., processor type, clock
frequency, memory size, communication protocols, hardware vs. software implementation)
form a multi-dimensional design space. DSE is the systematic process of navigating this
vast space to identify optimal or near-optimal solutions that best balance conflicting design
metrics.

e 0.5.1 The Complexity of Design Space Exploration
Unlike simple single-objective optimization (e.g., "make it fastest"), embedded
systems typically have multiple, often conflicting, objectives (e.g., "fastest AND
lowest power AND lowest cost"). Improving one metric often degrades another.
Furthermore, the design parameters can be continuous (e.g., clock frequency) or
discrete (e.g., choosing between an ARM Cortex-MO or Cortex-M4), leading to a
highly complex, non-linear search space. The number of possible design points can
be astronomically large, making exhaustive search impractical.

e 9.5.2 Key Design Metrics for DSE (Elaborated)

o Performance: Quantified by specific metrics like maximum throughput (e.g.,
megabits per second for a network interface), minimum latency (e.g., reaction
time of a control loop in microseconds), worst-case execution time (WCET)
for real-time tasks, or frames per second for video processing.

o Power/Energy Consumption: Crucial for battery life and thermal
management. Measured as average power (Watts) and total energy (Joules)
consumed over a typical operational cycle. Includes static (leakage) and
dynamic power.

o Areal/Cost:

m Chip Area: For custom silicon, this directly translates to
manufacturing cost and yield.

m Board Area: For PCB-based systems, smaller component footprints
and fewer components reduce board size and manufacturing cost.

m  Monetary Cost: The sum of component costs (BOM), NRE,
manufacturing, and recurring software licensing.

o Reliability: The probability of operating without failure for a specified period,
often quantified by Mean Time Between Failures (MTBF). Design choices



(e.g., component quality, redundancy, error correction codes) directly impact
reliability.

Flexibility: The ease and cost of adapting the design to new requirements or
fixing bugs after deployment. Hardware designs are less flexible than
software.

e 9.5.3 Advanced Techniques for DSE

o

Manual Exploration: Trying a limited number of design points based on
designer experience and intuition. Suitable for small design spaces or minor
refinements.

Analytical Modeling: Developing mathematical models (e.g., queuing theory
for performance analysis, power models based on circuit characteristics) to
quickly estimate design metrics for different parameter values. This allows for
rapid evaluation of many design points without full simulation.
Simulation-based DSE: Running detailed simulations (e.g., system-level,
RTL, instruction-set simulator) for a selected set of design points to obtain
accurate metric values. This is more computationally intensive but offers
higher fidelity.

Heuristic Search Algorithms: Algorithms that use "rules of thumb" or greedy
approaches to efficiently explore the design space. Examples include:

m Hill Climbing: lteratively moving towards a better solution by making
small changes, but can get stuck in local optima.

m Simulated Annealing: Inspired by the annealing process in
metallurgy, this allows occasional "bad" moves to escape local optima,
improving chances of finding global optimum.

m  Genetic Algorithms: Inspired by biological evolution, these maintain
a population of design solutions, apply genetic operators (mutation,
crossover), and select the "fittest" designs for the next generation,
effectively exploring the space.

Meta-heuristics and Optimization Frameworks: Leveraging sophisticated
optimization algorithms (like those mentioned above) integrated into DSE
tools. These tools automate the process of generating design configurations,
running simulations or analytical models, collecting results, and guiding the
search.

e 9.5.4 Understanding Pareto Optimality and Trade-off Curves
In multi-objective optimization, a single "perfect" solution that optimizes all metrics
simultaneously rarely exists. Instead, we look for Pareto optimal solutions.

o

Pareto Optimal Solution: A design solution is Pareto optimal if it's
impossible to improve one design objective (e.g., make it faster) without
making at least one other objective worse (e.g., increasing power
consumption or cost).

Pareto Front (Trade-off Curve): When plotted on a graph (e.g., Power vs.
Performance), the set of all Pareto optimal solutions forms a "Pareto front" or
"trade-off curve." This curve visually represents the inherent compromises in
the design space. Designers use the Pareto front to make informed decisions,
choosing a point on the curve that best balances the specific needs of their
application. For example, a battery-powered device might select a point on
the curve that emphasizes low power, even if it means slightly lower
performance.



9.6 Essential Practical Considerations in Design Synthesis

Beyond the theoretical and methodological aspects, successful embedded system design
demands attention to practical, organizational, and verification details.

e 9.6.1 Meticulous Documentation:
Comprehensive documentation is the backbone of any complex engineering project.
For embedded systems design synthesis, this includes:

o Architectural Specifications: Detailing the chosen hardware and software
architecture, including block diagrams, component lists, and their rationale.

o Interface Control Documents (ICDs): Precise definitions of all
hardware-software interfaces, communication protocols, and data formats.

o Design Decision Records: Documenting all significant design choices and
the trade-offs considered (e.g., why a specific processor was chosen over
another).

o Power Budget Analysis: Detailed breakdown of power consumption by each
component and operational mode.

o Performance Analysis Reports: Documenting expected throughput, latency,
and WCET for critical tasks.

o Test Plans and Verification Reports: Outlining testing strategies, test cases,
and the results of verification activities.

Proper documentation facilitates knowledge transfer, simplifies debugging,
enables future maintenance and upgrades, and is often a regulatory
requirement for safety-critical systems.
e 9.6.2 Robust Version Control:
Using powerful version control systems (e.g., Git, SVN) is non-negotiable for
managing embedded system projects, which involve diverse types of files.

o Code Management: Tracking changes to software source code (C/C++,
assembly).

o Hardware Design Files: Managing HDL code (VHDL/Verilog), schematic
capture files, PCB layout files, and FPGA configuration files.

o Documentation and Configuration Files: Storing and tracking changes to
specifications, build scripts, and linker command files.

o Key Features: Allows for tracking every change made, reverting to previous
versions, branching for parallel feature development, and merging changes
from different developers, significantly reducing conflicts and errors in
collaborative environments.

e 9.6.3 Strategic Debugging Approaches:
Debugging embedded systems is complex due to their integrated nature and
real-time constraints.

o Hardware Debugging: Utilizes specialized equipment:

m Oscilloscopes: To visualize electrical signals on various pins and
buses, verifying timing and signal integrity.

m Logic Analyzers: For capturing and analyzing multiple digital signals
simultaneously, essential for debugging bus communications and
sequential logic.

m In-Circuit Emulators (ICE): Sophisticated tools that can replace or
connect directly to the target processor, providing deep visibility and
control over its internal state, memory, and registers.



m JTAG/SWD Debuggers: Standardized interfaces on modern
processors and FPGAs that allow external debug probes to control the
target, set breakpoints, step through code, and inspect
memory/registers.

o Software Debugging:

m Integrated Development Environment (IDE) Debuggers: Software
tools that connect to the hardware debugger (e.g., via JTAG) and
allow source-level debugging (stepping through code, setting
breakpoints, viewing variables).

m Print/Logging: Simple but effective method of outputting debug
information to a serial port or console.

m Real-Time Operating System (RTOS) Aware Debugging:
Debuggers that can interpret RTOS internal structures (tasks, queues,
semaphores) to aid in debugging multi-threaded applications.

o Co-debugging: Specialized tools that can simultaneously debug hardware
behavior and software execution, essential for resolving complex interactions
and timing-dependent issues between hardware and software components.

e 9.6.4 Rigorous Testing in the Loop:
For embedded systems, especially those controlling physical processes, simulating
the environment is crucial for thorough testing.

o Software-in-the-Loop (SIL) Testing: The embedded system's software code
is executed on a host computer (e.g., desktop PC) and interacts with a
software model of the physical system (the "plant") it controls.

m Benefits: Early testing without hardware, fast execution, easy to
debug the software logic.

m Limitations: Doesn't account for real-world hardware characteristics,
timing issues, or environmental noise.

o Hardware-in-the-Loop (HIL) Testing: The actual embedded hardware (with
its real software) is connected to a sophisticated simulator that emulates the
behavior of the physical plant in real-time. The HIL simulator provides sensory
inputs to the embedded system and receives control outputs from it,
effectively tricking the embedded system into believing it's interacting with the
real world.

m Benefits: Provides highly realistic testing, uncovers
hardware-software integration issues, verifies real-time performance,
allows testing of dangerous or expensive scenarios safely.

m Limitations: Requires complex and often expensive HIL simulation
setups.

Module Summary and Key Takeaways:

Module 9 has provided an extensive and in-depth exploration of Design Synthesis—the
pivotal phase in embedded system development that transforms abstract requirements into a
robust, implementable hardware-software architecture.



We began by thoroughly defining design synthesis, emphasizing its role in navigating the
intricate trade-offs between performance, cost, power, area, reliability, flexibility, and
time-to-market under stringent embedded constraints. A detailed overview of the embedded
design flow highlighted synthesis as the central bridge between conceptualization and
implementation.

A significant focus was placed on Hardware-Software Co-design, where we explored its
fundamental principles of concurrent development to achieve system-level optimization. We
delved into the nuanced process of partitioning functionalities based on refined criteria
like computational intensity, timing criticality, data throughput, and cost-effectiveness. The
module also covered advanced co-simulation and co-verification techniques, including
Transaction-Level Modeling, Virtual Platforms, and FPGA prototyping, as crucial tools for
early error detection and interface validation.

The intricacies of Architectural Design were examined in detail. We gained a
comprehensive understanding of factors influencing processor selection, contrasting the
architectural strengths and use cases of Microcontrollers, Microprocessors, Digital Signal
Processors, FPGAs, and ASICs. We then explored sophisticated memory architectures,
discussing different memory types (SRAM, DRAM, Flash, EEPROM), the importance of
memory hierarchy and caching for performance, and the concept of memory mapping. The
module provided an in-depth look at integrating various 1/O and peripherals, explaining the
operational principles of common communication interfaces (UART, SPI, I12C, CAN,
Ethernet, USB) and the critical roles of interrupts and DMA in real-time responsiveness and
data transfer. We also discussed the impact of bus architectures on system performance
and the strategic implementation of comprehensive power management strategies such as
DVFS, clock gating, power gating, and various low-power modes.

We then dissected advanced Design Methodologies, contrasting the Top-Down and
Bottom-Up approaches and highlighting their appropriate use. We extensively explored
Platform-Based Design (PBD) as a powerful strategy for accelerated development through
reuse of pre-verified hardware/software foundations. Furthermore, we delved into
Model-Based Design (MBD), recognizing its transformative potential for early verification,
automated code generation, and improved collaboration by using executable models as
primary design artifacts. The module reinforced the continuous importance of rigorous
Verification and Validation (V&V), detailing various simulation, emulation, formal, and
testing techniques.

Finally, we understood the challenge of Design Space Exploration (DSE) — systematically
searching for optimal solutions across a multi-dimensional set of design parameters and
conflicting metrics. We explored various DSE techniques, including analytical models,
simulation-based approaches, and advanced heuristic/meta-heuristic algorithms, culminating
in the understanding of Pareto optimality and trade-off curves for making informed design
decisions. Practical aspects such as meticulous documentation, robust version control,
strategic debugging approaches, and the critical role of testing in the loop (SIL, HIL)
were emphasized as essential for project success.



This module has equipped you with the granular knowledge and strategic thinking required
to effectively synthesize complex embedded systems, optimizing for performance, power,
cost, and reliability while ensuring adherence to critical deadlines and system requirements.
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