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UNIT I

SoC and
Raspberry Pi

Chapter 1

Structure
1.1 System on Chip

1.1.1 What is System on Chip?
1.1.2 Structure of System on Chip

1.2 SoC Products
1.2.1 FPGA
1.2.2 GPU
1.2.3 APU (Accelerated Processing Unit)
1.2.4 Compute Unit

1.3 ARM 8 Architecture
1.3.1 SoC on ARM 8
1.3.2 ARM 8 Architecture

1.4 Introduction to Raspberry Pi
1.4.1 Raspberry Pi Hardware
1.4.2 Preparing Your Raspberry Pi

1.5 Raspberry Pi Boot
1.5.1 Learn How This Small SoC Boots Without BIOS
1.5.2 Configuring Boot Sequences and Hardware

1.1 System on Chip

A system on a chip or system on chip (SoC or SOC) is an Integrated Circuit (IC) that integrates
all components of a computer or other electronic system into a single chip. It is a collection of all
components and subcomponents of a system on to a single chip. SoC design allows high performance,
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good process technology, miniaturization, efficient battery life time and cost sensitivities. This
revolution in design had been used by many designers of complex chips, as the performance, power
consumption, cost, and size advantages of using the highest level of integration made available have
proven to be extremely important for many designs.

The emerging technologies in the field of semiconductors, along with the use of the System-on-
Chip (SoC) design, have made this possible. System development based on the use of a core-based
architecture, where the reusable cores are interconnected by means of a standard on-chip bus, which is
the most common way to integrate the cores into the SoC. This design methodology has been proven
to be very effective in terms of development time and productivity since it reuses existing Intellectual
Property (IP) cores. In a SoC design which uses multi-million gates the design and test engineers face
various problems such as signal integrity problems, heavy power consumption concerns and increase
in testability challenges.

1.1.1 What is System on Chip?
A system on a chip or system on chip (SoC or SOC) is an integrated circuit (also known as an

“IC” or “chip”) that integrates all components of a computer or other electronic systems. It may
contain digital, analog, mixed-signal, and often radio-frequency functions—all on a single substrate.
SoCs are very common in the mobile computing market because of their low power-consumption. A
typical application is in the area of embedded systems.

SoC integrates a microcontroller (or microprocessor) with advanced peripherals like Graphics
Processing Unit (GPU), Wi-Fi module, or coprocessor. If the definition of a microcontroller is a
system that integrates a microprocessor with peripheral circuits and memory, the SoC is to a
microcontroller what a microcontroller is to processors, remembering that the SoC does not
necessarily contain built-in memory.

In general, there are three distinguishable types of SoCs:

 SoCs built around a microcontroller,
 SoCs built around a microprocessor (this type can be found in mobile phones), and
 Specialized SoCs designed for specific applications that do not fit into the above two

categories.
A separate category may be Programmable SoC (PSoC), where some of the internal elements are

not predefined and can be programmable in a manner analogous to the FPGA or CPLD.
When it is not feasible to construct a SoC for a particular application, an alternative is a System

in Package (SiP) comprising a number of chips in a single package. When produced in large volumes,
SoC is more cost-effective than SiP because its packaging is simpler.

A SoC consists of both the hardware, and the software controlling the microcontroller,
microprocessor or DSP cores, peripherals and interfaces. Most SoCs are developed from pre-qualified
hardware blocks for the hardware elements together with the software drivers that control their
operation.

Another option, as seen for example in higher-end cell phones, is package on package stacking
during board assembly. The SoC includes processors and numerous digital peripherals, and comes in a
ball grid package with lower and upper connections. The lower balls connect to the board and various
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peripherals, with the upper balls in a ring holding the memory buses used to access NAND flash and
DDR2 RAM. Memory packages could come from multiple vendors.

1.1.2 Structure of System on Chip
A System-on-Chip (SoC) is an integrated circuit that includes various parts. Single monolithic

systems include a processor, a bus and other elements. Integrated circuits are used in a wide range of
electronic equipment like portable hand held devices.

In general, System-on-Chip technology is the ability to place multiple subsystems on a single
semiconductor chip. It typically uses a powerful processor and is capable of running software such as
the desktop versions of operating systems. The SoC design usually consumes less power, has lower
costs and higher reliability then the multichip systems that they replace:

 The SoC typically consists of a 32 bit CPU cores with a separate core for USB. The SoC are
optimized for efficient power consumption because in the most cases SoC has separate power
supply. The typical components are

 Microcontrollers or microprocessors,
 Memory blocks which include ROM, RAM, EEPROM and flash memory.

Another elements of SoC are peripherals like:
 Real Timer Controller (RTC) and
 External interfaces including industry standard such as USB, FireWire, SPI or Ethernet.
 Analog interfaces including ADCs and DACs
 Voltage regulators and power management circuits
 Timing sources including oscillators and phase-locked loops

MMC Flash GPIO

RAM USB
OTG

USB
Host

Camera

CPU GPU DMA Storage I/O

Interconnect

RAM
controller

USB
controller Display

Camera
controller

Debug

Fig. 1.1: Structure of SoC

The Fig. 1.1 Structure of SoC, shows that SoC is much more then only CPU cores. A SoC is to
some extent a circuit board with a bus interconnecting a variety of different components. Because
there is no standard, the manufacturer decides over the number and complexity of the components.
Although most SoCs include a similar set of basic components, the SoCs are produced by different
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manufacturers. It is to mention that not all components within a SoC operate at the same clock speed,
so CPU may work in gigahertz frequency and GPU with several hundred megahertz only. The GPU is
responsible for accelerating the rendering of graphics to the device display.

SoCs are found in every consumer product, from modems, mobile phones, DVD players,
televisions and iPOD.

A big advantage of SoC is its tiny and universal structure. A tiny structure of the system is due to
placing the components on the same circuit. The universal feature is based on the possibility of SoC to
be used on various devices with the minimalistic changes.

Example: PCB of Apple iPhone

Fig. 1.2: One of the two main PCBs of an Apple iPhone. Main SoC is top, Left-centre

Example: A Cellphone

Fig. 1.3: An Apple SOC - Two ARM and 3 GPU cores. Made by arch rival Samsung

A modern mobile phone contains eight or more radio transceivers, counting the various cellphone
standards, GPS, WiFi, near-field and Bluetooth. For the Apple iPhones, all use off-SoC mixers and
some use on-SoC ADC/DAC.
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1.2 SoC Products

1.2.1 FPGA
The Field Programmable Gate Array, or FPGA is a type of device that is widely used in the logic

or digital electronic circuits. FPGAs are semiconductor devices that contain programmable logic and
interconnections. The programmable logic components, or logic blocks as they are known, may
consist of anything from logic gates, through to memory elements or blocks of memories, or almost
any element.

FPGA - Field Programmable Gate Array
The great advantage of the FPGA is that the chip is completely programmable and can be re-

programmed. In this way it becomes a large logic circuit that can be configured according to a design,
but if changes are required it can be re-programmed with an update. Thus if circuit card or board is
manufactured and contains an FPGA as part of the circuit, this is programmed during the
manufacturing process, but can later be re-programmed to reflect any changes. Thus it is field
programmable, giving rise to its name.

Although FPGAs offer many advantages, there are naturally some disadvantages. They are
slower than equivalent ASICs (Application Specific Integrated Circuit) or other equivalent ICs, and
additionally they are more expensive. (However ASICs are very expensive to develop by comparison).
This means that the choice of whether to use an FPGA based design should be made early in the
design cycle and will depend on such items as whether the chip will need to be re-programmed,
whether equivalent functionality can be obtained elsewhere, and of course the allowable cost.
Sometimes manufacturers may opt for an FPGA design for early product when bugs may still be found,
and then use an ASIC when the design is fully stable.

FPGAs are used in many applications. In view of the cost they are not used in cheap high volume
products, but instead FPGAs find applications in a variety of areas where complex logic circuitry may
be needed, and changes may be anticipated. FPGA applications cover a wide range of areas from
equipment for video and imaging, to circuitry for aerospace and military applications, as well as
electronics for specialized processing and much more.

FPGA Internals
A FPGA (Field Programmable Gate Arrays) is a device that contains a matrix of reconfigurable

gate array logic circuitry. When a FPGA is configured, the internal circuitry is connected in a way that
creates a hardware implementation of the software application. Unlike processors, FPGAs use
dedicated hardware for processing logic and do not have an operating system.

A single FPGA can replace thousands of discrete components by incorporating millions of logic
gates in a single Integrated Circuit (IC) chip. The internal resources of an FPGA chip consist of a
matrix of Configurable Logic Blocks (CLBs) surrounded by a periphery of I/O blocks. Signals are
routed within the FPGA matrix by programmable interconnect switches and wire routes.
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Programmable
Interconnects

I/O Blocks

Logic
Blocks

Programmable
Switch Matrix

Fig. 1.4: FPGA allows the user to Program Gates into Parallel Hardware Paths

FPGA vs Microcontroller
A microcontroller, like an Arduino, ATmega, 8051 the chip is already designed. Simply write

some software, usually in C or C++, and compile it to a hex file that you load onto the microcontroller.
The microcontroller stores the program in flash memory and will store it until it is erased or replaced.
With microcontrollers you have control over the software.

Fig. 1.5: FPGA Board
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FPGAs are different. We are the one designing the circuit. There is no processor to run software
on, We can configure an FPGA to be something as simple as an and gate, or something as complex as
a multi-core processor. To create your design, we have write some HDL (Hardware Description
Language). The two most popular HDLs are Verilog and VHDL. We then synthesize HDL into a bit
file which and can use to configure the FPGA. A slight downside to FPGAs is that they store their
configuration in RAM, not flash, meaning that once they lose power they lose their configuration.
They must be configured every time power is applied. With FPGAs we have control over the
hardware.

FPGA Applications
Due to their programmable nature, FPGAs are an ideal fit for many different markets. As the

industry leader, Xilinx provides comprehensive solutions consisting of FPGA devices, advanced
software, and configurable, ready-to-use IP cores for markets and applications such as:

 Aerospace and Defense: Radiation-tolerant FPGAs along with intellectual property for
image processing, waveform generation, and partial reconfiguration for SDRs.

 ASIC Prototyping: ASIC prototyping with FPGAs enables fast and accurate SoC system
modeling and verification of embedded software.

 Audio: Xilinx FPGAs and targeted design platforms enable higher degrees of flexibility,
faster time-to-market, and lower overall non-recurring engineering costs (NRE) for a wide
range of audio, communications, and multimedia applications.

 Automotive: Automotive silicon and IP solutions for gateway and driver assistance systems,
comfort, convenience, and in-vehicle infotainment.

 Broadcast and Pro AV: Adapt to changing requirements faster and lengthen product life
cycles with Broadcast Targeted Design Platforms and solutions for high-end professional
broadcast systems.

 Consumer Electronics: Cost-effective solutions enabling next generation, full-featured
consumer applications, such as converged handsets, digital flat panel displays, information
appliances, home networking, and residential set top boxes.

 Data Center: Designed for high-bandwidth, low-latency servers, networking, and storage
applications to bring higher value into cloud deployments.

 High Performance Computing and Data Storage: Solutions for Network Attached Storage
(NAS), Storage Area Network (SAN), servers, and storage appliances.

 Industrial: Xilinx FPGAs and targeted design platforms for Industrial, Scientific and Medical
(ISM) enable higher degrees of flexibility, faster time-to-market, and lower overall non-
recurring engineering costs (NRE) for a wide range of applications such as industrial imaging
and surveillance, industrial automation, and medical imaging equipment.

 Medical: For diagnostic, monitoring, and therapy applications, the Virtex FPGA and
Spartan® FPGA families can be used to meet a range of processing, display, and I/O interface
requirements.

 Security: Xilinx offers solutions that meet the evolving needs of security applications, from
access control to surveillance and safety systems.
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 Video and Image Processing: Xilinx FPGAs and targeted design platforms enable higher
degrees of flexibility, faster time-to-market, and lower overall non-recurring engineering costs
(NRE) for a wide range of video and imaging applications.

 Wired Communications: End-to-end solutions for the Reprogrammable Networking
Linecard Packet Processing, Framer/MAC, serial backplanes, and more.

 Wireless Communications: RF, base band, connectivity, transport and networking solutions
for wireless equipment, addressing standards such as WCDMA, HSDPA, WiMAX and
others.

1.2.2 GPU
A Graphics Processing Unit (GPU) is a specialized electronic circuit designed to rapidly

manipulate and alter memory to accelerate the creation of images in a frame buffer intended for output
to a display device. The term GPU was popularized by NVIDIA in 1999, who marketed the GeForce
256 as “the world’s first GPU”, or Graphics Processing Unit. It was presented as a “single-chip
processor with integrated transform, lighting, triangle setup/clipping, and rendering engines”. Rival
ATI Technologies framed the term “visual processing unit” or VPU with the release of the Radeon
9700 in 2002.

GPUs are very efficient at manipulating computer graphics and are generally more effective than
general-purpose CPUs for algorithms where processing of large blocks of data is done in parallel.

Modern smart phones are equipped with advanced embedded chipsets that can do many different
tasks depending on their programming. GPUs are an essential part of those chipsets and as mobile
games are pushing the boundaries of their capabilities, the GPU performance is becoming increasingly
important.

Vertex

Fragment

Composite

Memory
Partition

Memory
Partition

Memory
Partition

Memory
Partition

Courtesy Nick Triantos, NVIDIA

Fig. 1.6: Component of GPU – NVIDIA
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Fig. 1.7: Graphics Card Component

Types of GPU
Dedicated graphics cards

The GPUs of the most powerful class typically interface with the motherboard by means of an
expansion slot such as PCI Express (PCIe) or Accelerated Graphics Port (AGP) and can usually be
replaced or upgraded with relative ease, assuming the motherboard is capable of supporting the
upgrade. A dedicated GPU is not necessarily removable, nor does it necessarily interface with the
motherboard in a standard fashion. The term “dedicated” refers to the fact that dedicated graphics
cards have RAM that is dedicated to the card’s use, not to the fact that most dedicated GPUs are
removable.

Integrated graphics

IGPs (Integrated Graphics Processors) can be integrated onto the motherboard as part of the
chipset, or on the same die with the CPU (like AMD APU or Intel HD Graphics). Integrated graphics,
shared graphics solutions, Integrated Graphics Processors (IGP) or Unified Memory Architecture
(UMA) utilize a portion of a computer’s system RAM rather than dedicated graphics memory.

Hybrid graphics processing

Hybrid graphics cards are somewhat more expensive than integrated graphics, but much less
expensive than dedicated graphics cards. These share memory with the system and have a small
dedicated memory cache, to make up for the high latency of the system RAM. Technologies within
PCI Express can make this possible.

External GPU (eGPU)

An external GPU is a graphics processor located outside of the housing of the computer. External
graphics processors are sometimes used with laptop computers. Laptops might have a substantial
amount of RAM and a sufficiently powerful Central Processing Unit (CPU), but often lack a powerful
graphics processor, and instead have a less powerful but more energy-efficient on-board graphics
chip.On-board graphics chips are often not powerful enough for playing the latest games, or for other
graphically intensive tasks, such as editing video.
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1.2.3 APU (Accelerated Processing Unit)
Formerly known as Fusion, is the marketing term for a series of 64 bit microprocessors from

Advanced Micro Devices (AMD), designed to act as a Central Processing Unit (CPU) and Graphics
Accelerator Unit (GPU) on a single chip. An APU integrates a CPU and a GPU on the same die thus
improving data transfer rates between these components while reducing power consumption.

APUs can also include video processing and other application-specific accelerators. Examples:
Intel’s Sandy Bridge, AMD Fusion and NVIDIA’s Project ―Denver. An APU is the combination of a
CPU (generally a multi-core one), a graphics processing unit, and then some way to get them to play
together nicely. For many years, CPUs handled all non-graphics calculations, while GPUs were only
used for graphics operations.

As GPU performance increased, hardware manufacturers and software programmers realized
GPUs had a lot of unused potential. Therefore, they began to find ways to offload certain system
calculations to the GPU. This strategy, called ― parallel processing, enables the GPU to perform
calculations alongside the CPU, improving overall performance.

Fig. 1.8: Acclerated Processing Unit

The APU takes parallel computing one step further by removing the bus between the CPU and
GPU and integrating both units on the same chip.

Since the bus is the main bottleneck in parallel processing, an APU is more efficient than a
separate CPU and GPU. While this strategy may not make sense for desktop computers with dedicated
video cards, it can provide significant performance gains for laptops and other mobile devices that
have integrated graphics chips.

The Sony PlayStation 4 and Microsoft Xbox One eighth generation video game consoles both use
semi-custom third generation low-power APUs.

Although they do not bear the name “APU”, Intel’s CPUs with integrated HD Graphics are
architecturally very similar.
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1.2.4 Compute Unit
A compute unit is a stream multiprocessor in a NVidia GPU or a SIMD-Single instruction,

multiple data engine in an AMD GPU. Each compute unit has several processing elements
(ALU/stream processor).

The Graphical Processing Unit (GPU) is a dedicated, super-threaded, massively data parallel co-
processor. Unlike the CPU, GPUs are designed to be highly parallel, have a high computational
throughput, and have high memory throughput. CPUs are designed to perform well for single and
multi-threaded applications. A number of programming APIs have been introduced to allow
programmers to harness the power of the GPU to perform parallel tasks. Two such architectures are
OpenCL and Compute Unified Device Architecture (CUDA).

Compute Device

Host

Compute Unit
Processing Element

Fig. 1.9: Compute Unit

As shown in Fig. 1.9, the platform for running OpenCL programs somewhat resembles a network
of computer clusters. The similarity is quite significant, each Compute Device behaves like a cluster,
which consists of computers (in the form of Compute Unit - CU), and each Compute Unit can contain
multiple Processing Elements (PEs), much like a computer can contain multiple CPUs.

Host

Compute Unit Compute Device

Processing
Element

Fig. 1.10: Compute Unit

The meaning of a compute unit depends on who manufactured a particular GPU but as we know
the top two GPU vendors are NVIDIA and AMD: A compute unit is a stream multiprocessor in a
NVidia GPU or a SIMD engine in an AMD GPU. Each compute unit has several processing elements
(ALU/stream processor). For example, A compute unit of a HD 5000 series GPU has 80 processing
elements (16 processing cores with 5 ALUs per processing core).
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1.3 ARM 8 Architecture

The first ARM processor was developed at Acorn Computers Limited, of Cambridge, England,
between October 1983 and April 1985. At that time, and until the formation of Advanced RISC
Machines Limited (which later was renamed simply ARM Limited) in 1990, ARM stood for Acorn
RISC Machine. Acorn had developed a strong position in the UK personal computer market due to
the success of the BBC (British Broadcasting Corporation) microcomputer. The BBC micro was a
machine powered by the 8 bit 6502 microprocessor and rapidly became established as the dominant
machine in UK schools following its introduction in January 1982 in support of a series of television
programmes broadcast by the BBC. It also enjoyed enthusiastic support in the hobbyist market and
found its way into a number of research laboratories and higher education establishments.

ARM makes 32 bit and 64 bit RISC multi-core processors. RISC processors are designed to
perform a smaller number of types of computer instructions so that they can operate at a higher speed,
performing more Millions of Instructions Per Second (MIPS). ARM processors are extensively used in
consumer electronic devices such as smart phones, tablets, multimedia players and other mobile
devices, such as wearable. Because of their reduced instruction set, they require fewer transistors,
which enables a smaller die size for the Integrated Circuitry (IC).

The ARM processor’s smaller size, reduced complexity and lower power consumption makes
them suitable for increasingly miniaturized devices.

The ARMv8 architecture introduces 64 bit support to the ARM architecture with a focus on
power-efficient implementation while maintaining compatibility with existing 32 bit software. ARM
has 3 different product tiers supporting the ARMv8-A architecture: High Performance, High
Efficiency, and Ultra-High Efficiency. Processors that have a RISC architecture typically require
fewer transistors than those with a Complex Instruction Set Computing (CISC) architecture (such as
the x86 processors found in most personal computers), which improves cost, power consumption, and
heat dissipation. These characteristics are desirable for light, portable, battery-powered devices—
including smart phones, laptops and tablet computers, and other embedded systems. For
supercomputers, which consume large amounts of electricity, ARM could also be a power-efficient
solution.

Enhancements to a basic RISC architecture enable Arm processors to achieve a good balance of
high performance, small code size, low power consumption and small silicon area. The Arm
architecture has evolved over time, introducing several architecture extensions throughout its history.
These include:

 Security Extensions (Trust Zone technology)
 Advanced SIMD (NEON technology)
 Virtulization Extensions, introduced in Armv7-A.
 Cryptographic Extensions, introduced in Armv8-A.

ARM Architecture
The ARM architecture processor is an advanced Reduced Instruction Set Computing (RISC)

machine and it’s a 32 bit Reduced Instruction Set Computer (RISC) microcontroller. It was
introduced by the Acron computer organization in 1987. This ARM is a family of microcontroller
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developed by makers like ST Microelectronics,Motorola, and so on. The ARM architecture comes
with totally different versions like ARMv1, ARMv2, etc., and, each one has its own advantage and
disadvantages.

Fig. 1.11: ARM Architecture

ARM Architecture
The ARM cortex is a complicated microcontroller within the ARM family that has ARMv7

design. There are 3 subfamilies within the ARM cortex family:

 ARM Cortex Ax-series
 ARM-Cortex Rx-series
 ARM-Cortex Mx-series
The ARM Architecture:

 Arithmetic Logic Unit
 Booth multiplier
 Barrel shifter
 Control unit
 Register file
This article covers the below mentioned components.

The ARM processor conjointly has other components like the Program status register, which
contains the processor flags (Z, S, V and C). The modes bits conjointly exist within the program
standing register, in addition to the interrupt and quick interrupt disable bits; Some special registers:
Some registers are used like the instruction, memory data read and write registers and memory address
register.

Priority encoder: The encoder is used in the multiple load and store instruction to point which
register within the register file to be loaded or kept.
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Multiplexers: Several multiplexers are accustomed to the management operation of the
processor buses. Because of the restricted project time, we tend to implement these components in a
very behavioural model. Each component is described with an entity. Every entity has its own
architecture, which can be optimized for certain necessities depending on its application. This creates
the design easier to construct and maintain.

Resister
FilePriority

Encoder

Vector
Rom

Control
Logic

DOUT

DATA

ADDR

MDRW IR IR_Prefetch MDRR MAR

Register
Count

Booth
Multiplier

Status Register

Shifter

Fig. 1.12: ARM Block Diagram

Arithmetic Logic Unit (ALU)
The ALU has two 32 bits inputs. The primary comes from the register file, whereas the other

comes from the shifter. Status registers flags modified by the ALU outputs. The V-bit output goes to
the V flag as well as the Count goes to the C flag. Whereas the foremost significant bit really
represents the S flag, the ALU output operation is done by NORed to get the Z flag. The ALU has a 4
bit function bus that permits up to 16 opcode to be implemented.

Booth Multiplier Factor
The multiplier factor has 3 32 bit inputs and the inputs return from the register file. The multiplier

output is barely 32-Least Significant Bits of the merchandise. The entity representation of the
multiplier factor is shown in the above block diagram. The multiplication starts whenever the
beginning 04 input goes active. Fin of the output goes high when finishing.

Booth Algorithm

Booth algorithm is a noteworthy multiplication algorithmic rule for 2’s complement numbers.
This treats positive and negative numbers uniformly. Moreover, the runs of 0’s or 1’s within the
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multiplier factor are skipped over without any addition or subtraction being performed, thereby
creating possible quicker multiplication. The figure shows the simulation results for the multiplier test
bench. It’s clear that the multiplication finishes only in 16 clock cycle.

Barrel Shifter

The barrel shifter features a 32 bit input to be shifted. This input is coming back from the register
file or it might be immediate data. The shifter has different control inputs coming back from the
instruction register. The Shift field within the instruction controls the operation of the barrel shifter.
This field indicates the kind of shift to be performed (logical left or right, arithmetic right or rotate
right). The quantity by which the register ought to be shifted is contained in an immediate field within
the instruction or it might be the lower 6 bits of a register within the register file.

The shift_val input bus is 6 bits, permitting up to 32 bit shift. The shift type indicates the needed
shift sort of 00, 01, 10, 11 are corresponding to shift left, shift right, an arithmetic shift right and rotate
right, respectively. The barrel shifter is especially created with multiplexers.

Control Unit

For any microprocessor, control unit is the heart of the whole process and it is responsible for
the system operation, so the control unit design is the most important part within the whole design.
The control unit is sometimes a pure combinational circuit design. Here, the control unit is
implemented by easy state machine. The processor timing is additionally included within the control
unit. Signals from the control unit are connected to each component within the processor to supervise
its operation.

ARM Functional Diagram

The final thing that must be explained is how the ARM will be used and the way in which the
chip appear. The various signals that interface with the processor are input, output or supervisory
signals which will be used to control the ARM operation.
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Fig. 1.13: ARM Functional Diagram

ARM Functional Diagram
Additional Uses of the Cortex Processor
It is a reduced instruction set computing Controller:
 32 bit high performance central processing unit
 3-stage pipeline and compact one
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It has THUMB-2 technology:

 Merges optimally with 16/32 bit instructions
 High performance
It supports tools and RTOS and its core Sight debug and trace:

 JTAG or 2-pin serial wire debugs connection
 Support for multiple processors
Low power Modes:

 It supports sleep modes
 Control the software package
 Multiple power domains
Nested Vectored Interrupt Controller (NVIC):

 Low latency, low noise interrupts response
 No need for assembly programming
Arm produces a whole family of processors that share common instruction sets and

programmer’s models and have some degree of backward compatibility. Processors implementing the
Arm Architecture conform to a particular version of the architecture. These are:

 The Architecture (‘A’) profile for high performance markets such as mobile and enterprise.
 The Real-Time (‘R’) profile for embedded applications in automotive and industrial control.
 The Microcontroller (‘M’) profile for the microcontroller market, meeting a broad range of

gate count critical, real time and performance requirements.

1.3.1 SoC on ARM 8
Latest architecture Armv8 architecture

The latest architecture Armv8 architecture has three variants of the architecture describing
processors targeting different markets:

 The Armv8-A architecture is the latest generation Arm architecture in the A-profile. It
heralded the introduction of a 64 bit (AArch64) architecture alongside the well-established 32
bit (AArch32) architecture, and allows different levels of AArch64 and AArch32 support.

 The Armv8-R architecture is the latest generation Arm architecture in the R-profile. This
architecture includes a deterministic memory structure and a Memory Protection Unit (MPU),
and supports the A32 and T32 instruction sets.

The Armv8-M architecture is the latest generation Arm architecture in the M-profile. It defines
an architecture aimed at low cost deeply embedded systems, where low-latency interrupt processing
is vital. It uses a different exception handling model to the other profiles and supports the T32
instruction set.
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Fig. 1.14

The difference between an SoC and CPU
The number one advantage of an SoC is its size: An SoC is only a little bit larger than a CPU,

and yet it contains a lot more functionality. If you use a CPU, it’s very hard to make a computer that’s
smaller than 10 cm (4 inches) squared, purely because of the number of individual chips that you need
to squeeze in. Using SoCs, we can put complete computers in smartphones and tablets, and still have
plenty of space for batteries.

Due to its very high level of integration and much shorter wiring, an SoC also uses considerably
less power — again, this is a big bonus when it comes to mobile computing. Cutting down on the
number of physical chips means that it’s much cheaper to build a computer using an SoC, too.

Fig. 1.15

Conventional PC motherboard (left) vs. the main iPad 3 circuit board (right). This image is
roughly to scale.

The only real disadvantage of an SoC is a complete lack of flexibility. With your PC, you can put
in a new CPU, GPU, or RAM at any time — you cannot do the same for your smart-phone. In the
future you might be able to buy SoCs that you can slot in, but because everything is integrated this
will be wasteful and expensive if you only want to add more RAM.
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1.3.2 ARM8 Architecture
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Fig. 1.16: ARM 8 Block Diagram

Overview of ARM8 Architecture
The ARM8 is part of the Advanced RISC Machines (ARM) family of general purpose 32 bit

microprocessors, which offer very low-power consumption and price for high-performance devices.
The architecture is based on Reduced Instruction Set Computer (RISC) principles, and the instruction
set and related decode mechanism are much simpler than those of microprogrammed Complex
Instruction Set Computers.

This simplicity results in a high instruction throughput and impressive realtime interrupt response
from a small and cost-effective chip. The ARM8 processor is a fully static CMOS implementation of
the ARM which allows the clock to be stopped in any part of the cycle with extremely low residual
power consumption and no loss of state. It has been designed to provide better system performance
through the new implementation and internal architecture design, giving lower average Cycles Per
Instruction (CPI) and a higher clock speed than previous ARM implementations.

The inclusion of a branch predicting Prefetch Unit and a double bandwidth on-chip memory
interface means that the overall CPI and power consumption of the Core are reduced. This is mainly
because fewer instructions are passed to the Core: some branches can be removed from the instruction
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stream altogether. The ARM8 design is optimised for use in systems that provide fast on-chip memory
(such as a cache), and can take advantage of the double-bandwidth interface.

Control signals are provided that make power-efficient use of on-chip memory accesses. When
used on its own, the ARM8 may exhibit performance degradations should the memory system be
incapable of supplying more than an average of one word per cycle. The memory interface has been
designed to maximise performance without incurring high costs in the memory system. Speed-critical
control signals are pipelined to allow system control functions to be implemented in standard low-
power logic, and these control signals facilitate the exploitation of on-chip memory. ARM8 has a 32
bit address bus, but can be operated in 26 bit modes for backwards compatibility with earlier
processors.

ARM 8 Instruction Set
The ARM8 uses the ARM instruction set, which comprises eleven basic instruction types: Two

perform high-speed operations on data in a bank of thirty one 32 bit registers, using the on-chip
arithmetic logic unit, shifter and multiplier. Three control data transfer between the registers and
memory, one optimised for flexibility of addressing, another for rapid context switching and the third
for swapping data. Three adjust the flow, privilege level and system control parameters of execution.
Three are dedicated to the control of coprocessors which allow the functionality of the instruction set
to be extended in an open and uniform way. Note that ARM8 only supports register transfers between
ARM8 and coprocessors. The ARM instruction set is a good target for compilers of many different
high-level languages, and is also straightforward to use when programming in assembly language -
unlike the instruction sets of some RISC processors which rely on sophisticated compiler technology
to manage complicated instruction interdependencies. ARM8 employs a Prefetch Buffer, along with
instruction and data pipelining, to ensure that all parts of the processing and memory systems can
operate continuously. Typically, while one instruction is being executed: its successor is being
decoded the third is being fetched from the Prefetch Buffer further instructions are being prefetched
from memory data for previous instructions is being read/written

ARM 8 Architecture
The ARM8 consists of a Core and a Prefetch Unit (PU). An ARM8 system would typically

comprise the ARM8 and some fast on-chip memory. The memory system is expected to be able to
provide the Core (or the PU) with two words of data (or instructions) on each cycle. These double-
bandwidth transfers may be supplied with no wait states for maximum performance, or with wait
states at a reduced overall performance. The Core and PU can be forced to make single-bandwidth
transfers (at a reduced performance) should the memory system dictate this.

The ARM8 Prefetch Unit (PU)
The presence of the double-bandwidth interface to on-chip memory means that instructions can

be pre fetched (and pre-processed) ahead of the Core. The ARM8 Prefetch Unit (PU) prefetches and
buffers instructions, and makes use of the extra bandwidth by removing some of the Branches from
the instruction stream altogether - giving them a CPI of zero. The removal procedure uses a scheme
that predicts whether or not a Branch will be taken. If a Branch is predicted taken, then its destination
address is calculated, and further instructions are fetched from there



SoC and Raspberry Pi 21

ARM 8 Core
The most significant change to the Core when compared to earlier ARM processors is the

extension of the data pipeline to four stages, making the ARM8 a processor with a 5-stage pipeline.
This means that execution is spread over more cycles, reducing the amount of work done at each stage
and thus allowing the use of higher clock rates. The four-stage data pipeline requires more careful
instruction scheduling to maximize performance: for example, a cycle is wasted each time an LDR
instruction is followed immediately by an instruction that uses the loaded value. Improvements to the
ARM C compiler will take account of this wherever possible. In addition to the pipeline changes, the
shifter and adder now operate in parallel rather than in series. This also reduces the Core cycle time
(since the adder and shifter no longer contribute to the same cycle) but means that the shifter and adder
cannot be used in the same cycle. The penalty for this change is an extra cycle for instructions that
require both the adder and some shifter operations, since the result of the shifter goes through the
adder in the following cycle (note that this does not apply to simple left-shifts by 0, 1, 2 or 3). Usually,
under 1% of instructions require the extra cycle (rising to 10% for some code). The increase in clock
speed resulting from the parallel arrangement, however, outweighs this extra cycle penalty. Double-
bandwidth reads to the on-chip memory reduces the average Load Multiple CPI value by nearly a
factor of 1.5 for most software. Also, the single Load and Store instructions have been reduced to a
single cycle for the normal cases. (This assumes zero-wait-state on-chip memory and no interlocking.)
The ARM8 multiplier is bigger than that of ARM7 and similar (in algorithm) to that of ARM70DM. It
operates on 8 bits per cycle.

Interfaces – Coprocessor
The Coprocessor interface is entirely on-chip. This means that existing coprocessors are not

directly supported. The on-chip interface provides a means to support all of the current coprocessor
instructions in hardware should software emulation be too slow. Existing coprocessors may be
connected via an on-chip “interfacing coprocessor” should the functionality of this off-chip device be
required. Such an “interfacing coprocessor” would conform to the ARM8 coprocessor interface on one
side, and the off-chip coprocessor on the other. This interfacing coprocessor is not implemented as
part of ARM8.

1.4 Introduction to Raspberry Pi

A Raspberry Pi is a credit card-sized computer originally designed for education, inspired by the
1981 BBC Micro. Creator Eben Upton’s goal was to create a low-cost device that would improve
programming skills and hardware understanding at the pre-university level. But thanks to its small size
and accessible price, it was quickly adopted by tinkerers, makers, and electronics enthusiasts for
projects that require more than a basic microcontroller (such as Arduino devices).

The Raspberry Pi is slower than a modern laptop or desktop but is still a complete Linux
computer and can provide all the expected abilities that implies, at a low-power consumption level.

The Raspberry Pi is open hardware, with the exception of the primary chip on the Raspberry Pi,
the Broadcomm SoC (System on a Chip), which runs many of the main components of the board–
CPU, graphics, memory, the USB controller, etc. Many of the projects made with a Raspberry Pi are
open and well-documented as well and are things you can build and modify yourself.
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The Raspberry Pi Foundation was formed in 2008 after a group of academics and technicians—
Eben Upton, Rob Mulins, Jack Lang, Alan Mycroft, Pete Lomas, and David Braben—were concerned
about students’ declining interest in computer sciences. Their solution was to come up with a low-cost
computer to inspire children and make it more accessible.

The “Raspberry” derives is an homage to early computer companies being named after fruit, like
Apple, Tangerine Computer Systems, Apricot Computers, and Acorn (which inspired the
microcomputer’s design). The “Pi” derives from the original idea to make a small computer to run
only the Python programming language.

The first commercially available Raspberry Pi unit was launched on February 19, 2012, and sales
started ten days later. This version could run Linux-based desktop operating systems, and featured
256MB of RAM, one USB port, and no Ethernet port. This was named the Model A.

The Raspberry Pi Foundation has just recently released a new model, the Raspberry Pi 2, which
supersedes some of the previous boards, although the older boards will still be produced as long as
there is a demand for them. It is generally backwards compatible with previous versions of the board,
so any tutorials or projects you see which were built for a previous version of the board should still
work.

There are a two Raspberry Pi models, the A and the B, named after the aforementioned BBC
Micro, which was also released in a Model A and a Model B. The A comes with 256MB of RAM and
one USB port. It is cheaper and uses less power than the B. The current model B comes with a second
USB port, an ethernet port for connection to a network, and 512MB of RAM.

The Raspberry Pi A and B boards been upgraded to the A+ and B+ respectively. These upgrades
make minor improvements, such as an increased number of USB ports and improved power
consumption, particularly in the B+.

The Raspberry Pi was designed for the Linux operating system, and many Linux distributions
now have a version optimized for the Raspberry Pi.

Two of the most popular options are Raspbian, which is based on the Debian operating system,
and Pidora, which is based on the Fedora operating system. For beginners, either of these two work
well; which one you choose to use is a matter of personal preference. A good practice might be to go
with the one which most closely resembles an operating system you’re familiar with, in either a
desktop or server environment.

Raspberry Pi models can be a bit confusing. There are two levels to the naming system. Pi 1, Pi 2,
and Pi 3 indicate the “generation” of the model, where roughly Pi 1 is 2012-14 models, Pi 2 is 2015
models, and Pi 3 is 2016 models. So 3 is better than 2, which is better than 1.

Model A, A+, B, and B+ indicate the power and features. It’s not like grades though, A is lower
than B.

Currently, only the the Pi 3 Model B, the Pi 2 Model B, the Pi 1 Model B+, and Pi 1 Model A+
are available for purchase. Here’s a quick comparison chart:
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Regular people can use the Raspberry Pi in a wide variety of tasks. It’s perfect for projects where
you need a computer but don’t require much processing power, want to save on space, and keep the
costs low. Here’s a brief list of some ideal uses of the Pi:

 Teach kids (or yourself) how to code
 Use it as a desktop PC
 Easily make a media center with Rasplex or an always-on downloading machine
 Build a motion capture security camera or a DIY pan and tilt camera with Raspberry Pi
 Make your own retro gaming console
 You can make a world clock or an FM radio with the Pi Zero
 Put together a low-cost time-lapse photography camera with the camera module
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How Does the Raspberry Pi Work?

1.4.1 Raspberry Pi Hardware

Fig. 1.17

The two Raspberry Pi models share some common features, which are summarized in Table. The
Hardware column lists the broad categories; the Features column provides additional specifics.

Hardware Feature Comments
System on a chip Broadcom BCM2835 CPU, GPU, DSP, SDRAM, and USP port
CPU model ARM1176JZF-S core With floating point
Clock rate 700 MHz Overclockable to 800 MHz

GPU Broadcom VideoCore IV

OpenGL ES 2.0 3D

OpenVG 3D

2 × 2 USB-A
Ports to PC

Ethernet Out Port

3.5mm Audio and
Composite Output Jack

CSI Camera
Connector

5V Micro USB
Power

SMSC LAN9514 USB
Ethernet Controller

40 GPIO
Headers

4 Squarely Placed
Mounting Holes

HDMI Out Port

40 GPIO
Headers

Run Header Used
to Reset the PI

Broadcom BCM2835

MicroSD Card
Slot(Underneath)

DSI Display Connector

Switching Regulator for
Less Power Consumption

GPIO Pinout Diagram
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MPEG–2

VC–1 Microsoft, licensed

1080p30H.264 Blu-ray Disc capable, 40 Mbit/s

MPEG–4 AVG high-profile decoder and encoder

1 Gpixel/s, 1.5 Gtexels/s 24 GFLOPS with DMA

Video output Composite RCA PAL and NTSC
HDMI Rev 1.3 and 1.4
Raw LCD panels Via DSI

Audio output 3.5 mm jack

HDMI

Storage SD/MMC/SDIO Card slot

Peripherals 8 × GPIO

UART

12C bus 100 kHz

SPI bus

Power Sources 5 V via micro-USB

Detail Look
Audio: The sound output from the original model B is generally considered something of a

joke. If you need reasonable quality audio, you have to use an external sound card. The Raspberry
Pi (like almost all computers) is digital. It process information in 1s and 0s, or high and low
voltages. However, sound waves are analogue. That means that they vary across a whole spectrum
rather than just flipping between two states. The model B had no problem processing the digital
sound, however the Digital-to-analogue Converter (DAC) was prone to adding noise into the
output that wasn’t supposed to be there. The reason for this is that on the model B, there was a 3.3
volt supply that powered several components on the board, one of which was the DAC. If one of
the other components drew current from the 3.3 volt line while sound was playing, it could cause
the power supply to fluctuate slightly, and this fluctuation caused distortion to the analogue output.
On the B+, the DAC has its own power supply from the new regulator, which means there’s
nothing else to make the current fluctuate and therefore the sound output is much better. There are
also some other minor changes to the audio processing to make it perform better. Serious
audiophiles may still want additional audio hardware, but the Pi’s sound output should now be
good enough for most people.
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Fig. 1.18

USB: The most obvious improvement in the B+ is the addition of two more USB 2 ports,
bringing the total up to four. Without the improved regulator, these wouldn’t have been very useful
since there wouldn’t have been enough power to run many peripherals. However, we found that we
could run most USB peripherals. We tried to overload it with a mouse, keyboard, USB webcam and
memory stick and it still worked. We even had some success with a keyboard, mouse, webcam and
microphone, though we wouldn’t recommend that setup for any serious recording. For normal use of
the Pi (such as with mouse, keyboard and USB memory stick), the ports should work without any
problems.

Fig. 1.19

GPIO: After the additional USB ports, the most noticeable thing on the B+ is the additional
GPIO headers. There are now 40 rather than 26 (there are actually 34 on the B, but the 8 on pad 5
don’t have headers). These provide 19 GPIOs (including pad 5) on the B and 26 on the B+. In
technical terms, the whole of Bank 0 from the SoC is now exposed (and the other banks are put to
work elsewhere). The first 20 of the 40 headers on the B+ are the same as the B, so some existing
expansion boards should work without problems. However, because the board layout has changed,
larger expansion boards that fit around the components may not fit on anymore. For example, the
PiFace doesn’t. This is something that schools and workshops that already have a significant number
of expansion boards may wish to consider. Since the headers just need raising to lift the expansion
board above the level of the components on the board, it’s quite likely that someone will start selling
adaptors for this. The additional 7 GPIOs probably won’t have much effect on most projects since
expansion boards tend to use one of the GPIO communications protocol (i2C or SPI) and these only
use a few pins. If you need more GPIOs, it’s fairly trivial to use one of these protocols to drive more,
and this will provide some protection for the pins on the Raspberry Pi as well. There are also no more
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feature pins in the GPIO, so don’t expect any more PWMs or UARTs. One area where the extra pins
could come in useful is in implementing communication protocols that need more channels. For
example, the model B doesn’t have enough pins to run either DPI or SLI (protocols to communicate
with displays), but the B+ does. This won’t actually be supported by the Raspberry Pi Foundation, but
will, in theory, be possible should someone implement it. Hopefully we’ll see some interesting
expansion boards that take advantage of the new possibilities soon.

Fig. 1.20

Smaller Tweaks: The analogue video is now combined with the audio jack into an single AV
port. There are now four mounting holes, and they’re in a rectangle which makes them a little more
useful. The USB ports no longer overhang the PCB by much (it’s now the same as the Ethernet),
which should make it a little easier to make cases for the board, or fit it inside embedded devices.
Perhaps the biggest of the little changes is the SD card switching from full size to micro. As well as
being smaller, the new card holder feels more secure. While we’ve never came across a Pi with a
broken SD card slot, the old ones never felt sturdy to us. Despite their smaller size, microSD cards
come in the same capacities as full size ones (and usually for about the same prices). Other than the
size, there’s no difference between them. In fact, in our testing, we used exactly the same micro SD
card in the Model B as the B+, we just put it in an adaptor when using it with the B. As long as you
have the latest version of Raspbian (version 1.3.9 or higher), everything should work.

Fig. 1.21



28 Physical Computing and IoT Programming

The only issue we had with the new card holder is that it is now a click in – click out style. The
first time we picked up our Model B+ while it was running, we placed one finger on the SD card and
another on the opposite side of the Pi (we got used to picking our old Pi up in this way). Instead of
securing the SD card in place like this did on the Model B, this pushed in the microSD and clicked it,
and as soon as we put it down, the card popped out. This isn’t a huge problem, just something to be
aware of. The board also gets a few aesthetic improvements. It now has rounded corners, and more
importantly, most of the connectors are now marked. The camera and (as yet unused) display
connector are labeled. It’s a minor improvement that will make it a little easier for newcomers. We
were able to run our test Pi in the turbo over clocking setting without problems. This is something we
haven’t had much luck with on Model B’s in the past (although we have heard of plenty of people
whose Pis have performed well at this setting). We’ve only been sent one B+ to test, so we obviously
can’t extrapolate and say that the B+ performs better in this regard. If they do, it’ll be a welcome
performance improvement for many people.

1.4.2 Preparing Your Raspberry Pi

Fig. 1.22

Following are the Steps to prepare Raspberry Pi
1. Insert SD card
2. Connect display

(a) Analogue TV or display if HDMI is not present
(b) Digital TV or Monitor

3. Connect USB keyboard and Mouse
4. Connect the network
5. Power up
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To set up your Raspberry Pi following things are need

Sr. No. Item Minimum Recommended Specification
1. SD card  Minimum size 4Gb; class 4 (the class indicates how fast the card is).

 Use of branded SD cards as they are more reliable.
2. HDMI to

HDMI/DVI lead
 HDMI to HDMI lead (for HD TVs and monitors with HDMI input).

OR
HDMI to DVI lead (for monitors with DVI input).

 Leads and adapters are available for few pounds -- there is no need
to buy expensive ones!

3. RCA video lead  A standard RCA composite video lead to connect to your analogue
display if you are not using the HDMI output.

4. Keyboard and
mouse

 Any standard USB keyboard and mouse should work.

 Keyboards or mice that take a lot of power from the USB ports,
however, may need a powered USB hub. This may include some
wireless devices.

5. Ethernet (network)
cable [optional]

 Networking is optional, although it makes updating and getting new
software for your Raspberry Pi much easier.

6. Power adapter  A good quality, micro USB power supply that can provide at least
700mA at 5V is essential.

 Many mobile phone chargers are suitable—check the label on the plug.
 If your supply provides less than 5V then your Raspberry Pi may

not work at all, or it may behave erratically. Be wary of very cheap
chargers: some are not what they claim to be.

 It does not matter if your supply is rated at more than 700mA.
7. Audio lead [optional]  If you are using HDMI then you will get digital audio via this.

 If you are using the analogue RCA connection, stereo audio is
available from the 3.5mm jack next to the RCA connector.

In order to use your Raspberry Pi, you will need to install an Operating System (OS) onto an SD
card. An Operating System is the set of basic programs and utilities that allow your computer to run;
examples include Windows on a PC or OSX on a Mac. These instructions will guide you through
installing a recovery program on your SD card that will allow you to easily install different OS’s and
to recover your card if you break it.

1. Insert an SD card that is 4GB or greater in size into your computer
2. Format the SD card so that the Pi can read it

(a) Windows:
(i) Download the SD Association’s Formatting Tool 1 from

https://www.sdcard.org/downloads/formatter_4/eula_windows/
(ii) Install the Formatting Tool on your machine

(iii) Run the Formatting Tool
(iv) Set “FORMAT SIZE ADJUSTMENT” option to “ON” in the “Options” menu
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