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in C

In the rapidly evolving world of embedded technology, the ability to assemble reliable, efficient, and scalable

systems hinges on the use of well structured building blocks. Engineers, hobbyists, and product developers alike

rely on complete and ready-to-use modules in Cto accelerate development, reduce risk, and ensure that their
devices perform flawlessly in the field. This article dives deep into the core components that make up modern
embedded systems, explains how to select and integrate ready made modules, and offers practical guidance for
crafting robust firmware that can be reused across projects.

Why Modular Design Matters in Embedded Development

Embedded systems are no longer isolated, one off projects. They are part of larger ecosystems—smart homes,
industrial automation, automotive safety, medical devices, and consumer electronics—all demanding rapid
time to market, stringent safety certifications, and long term maintainability. Modularity addresses these challenges

by:

¢ Reducing complexity: Each module encapsulates a specific function, making the overall system easier to
understand and debug.

e Enabling reuse: A well designed module can be deployed across multiple products, saving engineering hours
and ensuring consistency.

e Facilitating parallel development: Teams can work on different modules simultaneously, improving productivity.

¢ Simplifying testing: Unit tests can target individual modules, ensuring that changes do not ripple through the
entire codebase.

When you combine modular design with complete and ready-to-use modules in C, you create a powerful
development environment that leverages the strengths of the C language—predictable memory usage, low
overhead, and direct hardware access—while shielding developers from the pitfalls of low level programming.

Core Building Blocks of an Embedded System

Below is a high level view of the essential components that constitute most embedded systems. Each block can be
implemented as a dedicated module, often available from vendors or open source communities.

1. Hardware Abstraction Layer (HAL)

The HAL provides a uniform interface to the underlying microcontroller or processor, hiding vendor specific details
such as register maps and peripheral configurations. A HAL module typically includes:

e Peripheral drivers (GPIO, UART, SPI, 12C, ADC, PWM, timers)
¢ Clock management and power mode controls
e System initialization routines



By using a HAL, developers can write code that is portable across different hardware families, significantly reducing
the effort required to port firmware.

2. Real Time Operating System (RTOS) or Scheduler

For applications that require deterministic behavior, an RTOS is essential. It manages tasks, scheduling, inter task
communication, and synchronization primitives such as semaphores and mutexes. Ready to use RTOS modules
include:

¢ FreeRTOS
e Zephyr

e RT-Thread
e ThreadX

Most RTOS distributions provide a C API that can be integrated as a module, allowing developers to focus on
application logic rather than kernel development.

3. Communication Protocol Stack

Embedded devices rarely operate in isolation. They need to communicate with other devices, servers, or cloud
services. Common protocol stacks that can be incorporated as modules are:

e TCP/IP stacks (IwIP, ulP, FreeRTOS TCP)

« MQTT brokers and clients

¢ CAN, LIN, and FlexRay for automotive applications
Modbus, BACnet for industrial control

Bluetooth Low Energy (BLE), Zigbee, Thread for loT

Each stack typically offers a set of APIs that can be invoked from application code, enabling seamless integration.

4. Device Drivers

Drivers are the glue between the HAL and application layers. They provide higher level abstractions such as:
¢ File system interfaces (FAT, LittleFS)
e Sensor drivers (accelerometers, gyroscopes, temperature sensors)

 Display drivers (LCD, OLED)
e Audio codecs

Ready to use driver modules often come with configuration utilities and sample applications.

5. Middleware

Middleware sits between the RTOS and application code, offering services such as:

e Security (TLS/SSL libraries, cryptographic engines)
 Data serialization (JSON, CBOR, Protocol Buffers)
e Event handling and logging frameworks

e OTA (Over The Air) update mechanisms

These modules can be integrated as static libraries or dynamic components, depending on the target platform.

6. Power Management Module

Energy efficiency is crucial for battery powered devices. A power management module manages:

e Sleep modes and wake up sources
* Dynamic voltage and frequency scaling (DVFS)



 Battery monitoring and health diagnostics

Such modules are often vendor specific but can be abstracted through a common interface.

Choosing the Right Modules: A Decision Framework

With so many options available, selecting the appropriate modules can be overwhelming. The following framework
helps narrow down choices based on project requirements.

1. Define Functional Requirements: Identify the peripherals, communication protocols, and real time constraints
your application demands.

2. Assess Platform Constraints: Consider memory footprint, CPU speed, power budget, and target
microcontroller family.

3. Verify Compatibility: Ensure the chosen modules support the same compiler, toolchain, and build system.

4. Check Licensing and Support: Open source modules may offer community support, while commercial ones
may provide dedicated technical assistance.

5. Evaluate Documentation and Samples: Comprehensive documentation and example projects accelerate
onboarding.

6. Plan for Future Growth: Choose modules that can scale with additional features or higher performance
demands.

Example Decision Matrix

Below is a simplified decision matrix for selecting an RTOS and communication stack for a battery powered IoT
sensor node.



Criteria FreeRTOS Zephyr ThreadX

Memory Footprint Low ("H5 /kB heap) Moderate ("H20 /kB heap) High ("H30 /kB heap)
Community Support Large, active Growing, vendor backed Limited, commercial
License MIT Apache 2.0 Commercial
Integration Complexity Simple Moderate Complex

For a low power sensor node, FreeRTOS combined with IwIP for TCP/IP and a lightweight MQTT client would often
be the optimal choice.

Integrating Ready to Use Modules in C

Once the modules are selected, the next step is integration. Below is a step by step guide that covers the typical
workflow for embedding modules into a C project.

Step 1: Set Up the Build Environment

Choose a build system that supports C and cross compilation. Popular choices include:

« Makefiles with GCC or Clang toolchains
e CMake for multi platform builds
e PlatformlO for Arduino, ESP32, STM32, and more

Ensure that the compiler flags, include paths, and linker scripts are correctly configured for the target MCU.

Step 2: Add Module Source Code

Modules can be added as:

 Static libraries (.a files)
e Dynamic libraries (.so or .dll, rarely used in bare metal)
e Source files directly included in the project tree

For static libraries, link them during the build step. When including source files, make sure to avoid symbol
collisions by using hamespaces or prefixing.

Step 3: Configure the HAL

Most HALs expose configuration headers where you set pin assignments, peripheral clocks, and other hardware
parameters. Example:

#include &lt;hal_config.h&gt;

#define LED_GPIO_PORT GPIOA
#define LED_GPIO_PIN GPIO_PIN_5

#define UART_INSTANCE USART2
#define UART_BAUDRATE 115200



Adjust these definitions to match your board’s schematic.

Step 4: Initialize the RTOS

RTOS initialization typically involves creating tasks, queues, and semaphores. A minimal FreeRTOS example looks
like this:

void vApplicationldleHook(void) {
/I Low power idle loop

int main(void) {
HAL_ Init();
SystemClock_Config();

xTaskCreate(vTaskLED, "LED", 128, NULL, 2, NULL);
vTaskStartScheduler();

for(;;); // Should never reach here

Replace vTaskLED with your application logic.

Step 5: Integrate Middleware and Protocol Stacks

After the RTOS is running, instantiate middleware components. For example, to set up an MQTT client using an
IwIP TCP/IP stack:

#include &lt;mqtt_client.n&gt;
#include &lt;lwip/tcpip.h&gat;

int matt_init(void) {
tepip_init(NULL, NULL);
mqtt_client_t *client = mqtt_create();
mqtt_connect(client, "broker.hivemg.com", 1883);
return O;

Ensure that network callbacks are properly routed to the RTOS event loop.

Step 6: Implement Device Drivers

Most driver modules expose a set of functions such as sensor_init(), sensor_read(), display_draw(). Wrap these
calls in higher level abstractions if needed.

int sensor_read_temperature(float *temp) {
int raw = sensor_read_raw();
*temp = (float)raw * 0.1f; // Convert to degrees Celsius



return O;

Step 7: Add Power Management Hooks
Insert power management callbacks into idle tasks or event handlers. Example for FreeRTOS:

void vApplicationldleHook(void) {
HAL_SuspendTick();
__WFI(); // Wait for interrupt
HAL_ResumeTick();

Step 8: Compile, Flash, and Test

Use the vendor’s flashing tool or open source alternatives like OpenOCD. Perform unit tests on each module, then
run integration tests to verify end to end functionality.

Best Practices for Maintaining Modular Firmware

As projects evolve, maintaining a clean, modular codebase becomes crucial. Here are key practices to
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