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hardware. This means becoming familiar with everything from where the name of the diagram 
is located to how the states of the components shown within the diagrams are represented.

One of the most effi cient ways of learning how to learn to read and/or create a hardware dia-
gram is via the Traister and Lisk method[1.3], which involves:

Step 1. Learning the basic symbols that can make up the type of diagram, such as timing or 
schematic symbols. To aid in the learning of these symbols, rotate between this step and 
steps 2 and/or 3.

Step 2. Reading as many diagrams as possible until reading them becomes boring (in that 
case, rotate between this step and steps 1 and/or 3) or comfortable (so there is no longer 
the need to look up every other symbol while reading).

Step 3. Writing a diagram to practice simulating what has been read, again until it becomes 
either boring (which means rotating back through steps 1 and/or 2) or comfortable.

1.2 The Embedded Board and the von Neumann Model

In embedded devices, all the electronics hardware resides on a board, also referred to as a 
printed wiring board (PW) or printed circuit board (PCB). PCBs are often made of thin sheets 
of fi berglass. The electrical path of the circuit is printed in copper, which carries the electri-
cal signals between the various components connected on the board. All electronic compo-
nents that make up the circuit are connected to this board, either by soldering, plugging into 
a socket, or some other connection mechanism. All the hardware on an embedded board is 
located in the hardware layer of the Embedded Systems Model (see Figure 1.3).

Hardware
Layer

System Software Layer

Application Software Layer

Embedded Board

Hardware
Layer

System Software Layer

Application Software Layer

Embedded Board

Figure 1.3: Embedded board and the Embedded Systems Model.

At the highest level, the major hardware components of most boards can be classifi ed into fi ve 
major categories:

• Central processing unit (CPU). The master processor.

• Memory. Where the system’s software is stored.

• Input device(s). Input slave processors and relative electrical components.
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• Output device(s). Output slave processors and relative electrical components.

• Data pathway(s)/bus(es). Interconnects the other components, providing a “highway” 
for data to travel on from one component to another, including any wires, bus bridges, 
and/or bus controllers.

These fi ve categories are based on the major elements defi ned by the von Neumann model 
(see Figure 1.4), a tool that can be used to understand any electronic device’s hardware archi-
tecture. The von Neumann model is a result of the published work of John von Neumann 
in 1945, which defi ned the requirements of a general-purpose electronic computer. Because 
embedded systems are a type of computer system, this model can be applied as a means of 
understanding embedded systems hardware.

While board designs can vary widely, as demonstrated in the examples of Figures 1.5a–d, all 
the major elements on these embedded boards—and on just about any embedded board—can 
be classifi ed as either the master CPU(s), memory, input/output, or bus components.

To understand how the major components on an embedded board function, it is useful to fi rst 
understand what these components consist of and why. All the components on an embedded 
board, including the major components introduced in the von Neumann model, are made up of 
one or some combination of interconnected basic electronic devices, such as wires, resistors, 

Figure 1.4: Embedded system board organization.[1.4] 

Based on the von Neumann architecture model (also referred to as the Princeton architecture).
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the bits (or bytes) that make up the data are stored, or byte ordering. The two byte-
ordering approaches are big-endian, in which the most signifi cant byte or bit is stored 
fi rst, and little-endian, in which the least signifi cant bit or byte is stored fi rst.

 For example:

 • 68000 and SPARC are big-endian

 • x86 is little-endian

 •  ARM, MIPS and PowerPC can be confi gured as either big-endian or little-endian 
using a bit in their machine state registers

B. Register set. A register is simply fast programmable memory normally used to store 
operands that are immediately or frequently used. A processor’s set of registers is 
commonly referred to as the register set or the register fi le. Different processors have 

Memory Cell

ROM Matrix

Address Decoder

A2 A1 A0

3-state output
buffers

CE

D7 D6 D5 D4 D3 D2 D1 D0

Figure 3.6: Block diagram of memory array.[3.7]
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different register sets, and the number of registers in their sets varies between very few 
to several hundred (even over a thousand). For example, the SA-1110 register set has 
37 32-bit registers, whereas the MPC823, on the other hand, has about a few hundred 
registers (general purpose, special purpose, fl oating-point, etc.).

C. How registers are used. An ISA defi nes which registers can be used for what 
transactions, such as special purpose or fl oating point, and which can be used by the 
programmer in a general fashion (general-purpose registers).

 As a fi nal note on registers, one of many ways processors can be referenced is 
according to the size (in bits) of data that can be processed and the size (in bits) of 
the memory space that can be addressed in a single instruction by that processor. This 
specifi cally relates back to the basic building block of registers, the fl ip-fl op; we’ll 
discuss this concept in more detail in Section 3.3.

 Commonly used embedded processors support 4-bit, 8-bit, 16-bit, 32-bit, and/or 
64-bit processing, as shown in Table 3.2. Some processors can process larger amounts 
of data and can access larger memory spaces in a single instruction, such as 128-bit 
architectures, but they are not commonly used in embedded designs.

Table 3.2: “X”-bit architecture examples.

 “X”-Bit Architecture

  4 Intel 4004, …

  8 Mitsubishi M37273, 8051, 68HC08, Intel 8008/8080/8086, …

 16 ST ST10, TI MSP430, Intel 8086/286, …

 32 68K, PowerPC, ARM, x86 (386�), MIPS32, …

3.2.4 Addressing Modes

Addressing modes defi ne the way the processor can access operand storage. In fact, the use of 
registers is partly determined by the ISA’s Memory Addressing Modes. The two most common 
types of addressing mode models are:

• Load-store architecture, which only allows operations to process data in registers, 
not anywhere else in memory. For example, the PowerPC architecture has only 
one addressing mode for load and store instructions: register plus displacement 
(supporting register indirect with immediate index, register indirect with index, etc.).

• Register-memory architecture, which allows operations to be processed within both 
registers and other types of memory. Intel’s i960 Jx processor is an example of an 
addressing mode architecture that is based on the register-memory model (supporting 
absolute, register indirect, etc.).
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Data is usually stored in cache in one of three schemes:

• Direct mapped, where data in cache is located by its associated block address in 
memory (using the “tag” portion of the block)

• Set associative, where cache is divided into sets into which multiple blocks can be 
placed; blocks are located according to an index fi eld that maps into a cache’s particu-
lar set

• Full associative, where blocks are placed anywhere in cache and must be located by 
searching the entire cache every time

In systems with memory management units (MMU) to perform the translation of addresses 
(see Section 3.3), cache can be integrated between the CPU and the MMU or between the 
MMU and main memory. There are advantages and disadvantages to both methods of cache 
integration with an MMU, mostly surrounding the handling of DMA (direct memory access), 
which is the direct access of off-chip main memory by slave processors on the board without 
going through the main processor. When cache is integrated between the CPU and MMU, only 
the CPU accesses to memory affect cache; therefore DMA writes to memory can make cache 
inconsistent with main memory unless CPU access to memory is restricted while DMA data is 
being transferred or cache is being kept updated by other units within the system besides the 
CPU. When cache is integrated between the MMU and main memory, more address transla-
tions need to be done, since cache is affected by both the CPU and DMA devices.

3.3.2.4 On-Chip Memory Management

Many different types of memory can be integrated into a system, and there are also differences 
in the way software running on the CPU views memory addresses (logical/virtual addresses) 
and the actual physical memory addresses (the two-dimensional array or row and column). 
Memory managers are ICs designed to manage these issues and in some cases are integrated 
onto the master processor.

The two most common types of memory managers that are integrated into the master 
processor are memory controllers (MEMC) and memory management units (MMUs).
A memory controller (MEMC) is used to implement and provide glueless interfaces to the 
different types of memory in the system, such as cache, SRAM, and DRAM, synchronizing 
access to memory and verifying the integrity of the data being transferred. Memory 
controllers access memory directly with the memory’s own physical (two-dimensional) 
addresses.The controller manages the request from the master processor and accesses the 
appropriate banks, awaiting feedback and returning that feedback to the master processor. 
In some cases, where the memory controller is mainly managing one type of memory, it 
may be referred to by that memory’s name (such as DRAM controller, cache controller, 
and so forth).
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Memory management units (MMUs) are used to translate logical addresses into physical 
addresses (memory mapping) as well as handle memory security, control cache, handle bus 
arbitration between the CPU and memory, and generate appropriate exceptions. Figure 3.47 
shows the MPC860, which has both an integrated MMU (in the core) and an integrated mem-
ory controller (in the system interface unit).
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Real Time clock
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Figure 3.47: Memory management and the MPC860.[3.38]

Copyright of Freescale Semiconductor, Inc., 2004. Used by permission.

In the case of translated addresses, the MMU can use level-1 cache on the processor, or por-
tions of cache allocated as buffers for caching address translations, commonly referred to as 
the translation lookaside buffer, or TLB, to store the mappings of logical addresses to physi-
cal addresses. MMUs also must support the various schemes in translating addresses, mainly 
segmentation, paging, or some combination of both schemes. In general, segmentation is the 
division of logical memory into large variable-size sections, whereas paging is the dividing of 
logical memory into smaller fi xed-size units.

The memory protection schemes then provide shared, read/write, or read-only accessibility to 
the various pages and/or segments. If a memory access is not defi ned or allowed, an interrupt 
is typically triggered. An interrupt is also triggered if a page or segment isn’t accessible dur-
ing address translation (i.e., in the case of a paging scheme, a page fault, etc.). At that point 
the interrupt would need to be handled; the page or segment would need to be retrieved from 
secondary memory, for example.

The scheme supporting segmentation and/or paging of the MMU typically depends on the 
software—that is, the operating system.
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Embedded Board Buses and I/O
Tammy Noergaard

CHAPTER 4

4.1 Board I/O

Input/output (I/O) components on a board are responsible for moving information into and 
out of the board to I/O devices connected to an embedded system. Board I/O can consist of 
input components, which only bring information from an input device to the master processor; 
output components, which take information out of the master processor to an output device; or 
components that do both (see Figure 4.1).

Any electromechanical system, both embedded and nonembedded and whether conventional 
or unconventional, can be connected to an embedded board and act as an I/O device. I/O is a 
high-level group that can be subdivided into smaller groups of output devices, input devices, 
and devices that are both input and output devices. Output devices receive data from board 
I/O components and display that data in some manner, such as printing it to paper, to a disk, 
or to a screen or a blinking LED light for a person to see. An input device such as a mouse, 

Figure 4.1: Von Neumann-based I/O block diagram.

Master Processor

Memory

OutputInputBrings data into the
Embedded System

Gets data out of the
Embedded System

Data from CPU or input
devices stored in

memory until a CPU
or output device request

5 System components commonly connected via buses

EMBEDDED SYSTEM BOARD

Controls usage and
manipulation of data 

Ch04-H8584.indd   137Ch04-H8584.indd   137 8/17/07   6:10:30 PM8/17/07   6:10:30 PMINTEL     EXHIBIT     1009     Page 23 
IPR2023-00785



138   Chapter 4

www.newnespress.com

keyboard, or remote control transmits data to board I/O components. Some I/O devices can do 
both, such as a networking device that can transmit data to and from the Internet, for instance. 
An I/O device can be connected to an embedded board via a wired or wireless data transmis-
sion medium such as a keyboard or remote control or can be located on the embedded board 
itself, such as an LED.

Because I/O devices are so varied, ranging from simple circuits to other complete embedded 
systems, board I/O components can fall under one or more of several different categories, the 
most common including:

• Networking and communications I/O (the physical layer of the OSI model)

• Input (keyboard, mouse, remote control, vocal, etc.)

• Graphics and output I/O (touch screen, CRT, printers, LEDs, etc.)

• Storage I/O (optical disk controllers, magnetic disk controllers, magnetic tape control-
lers, etc.)

• Debugging I/O (BDM, JTAG, serial port, parallel port, etc.)

• Real-time and miscellaneous I/O (timers/counters, analog-to-digital converters and 
digital-to-analog converters, key switches, and so on)

In short, board I/O can be as simple as a basic electronic circuit that connects the master proc-
essor directly to an I/O device, such as a master processor’s I/O port to a clock or LED located 
on the board, to more complex I/O subsystem circuitry that includes several units, as shown 
in Figure 4.2. I/O hardware is typically made up of all or some combination of six main 
logical units:

• The transmission medium, a wireless or wired medium connecting the I/O device to 
the embedded board for data communication and exchanges

• A communication port, to which the transmission medium connects on the board or, if 
a wireless system, which receives the wireless signal

• A communication interface, which manages data communication between master 
CPU and I/O device or I/O controller and is responsible for encoding data and decod-
ing data to and from the logical level of an IC and the logical level of the I/O port; this 
interface can be integrated into the master processor or can be a separate IC

• An I/O controller, a slave processor that manages the I/O device

• I/O buses, the connection between the board I/O and master processor

• The master processor integrated I/O
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• STROBE* (nSTROBE), AUTOFD* (nAUTOFEED), INIT* (nINIT), HSELECT* (nSE-
LECTIN), *ACK (nACK), BUSY, PE, PSELECT (SELECT), *FAULT (nER-ROR), …

4.2.6 Parallel and Serial I/O Example 4: Networking and Communications—Ethernet

One of the most widely implemented LAN protocols is Ethernet, which is primarily based 
on the IEEE 802.3 family of standards. These standards defi ne the major components of any 
Ethernet system. Thus, to fully understand an Ethernet system design, you fi rst need to under-
stand the IEEE specifi cations. (Remember, this is not a book about Ethernet, and there is a lot 
more involved than is covered here. This example is about understanding a networking proto-
col and then being able to understand the design of a system based on a networking protocol 
such as Ethernet.)

The fi rst step is understanding the main components of an Ethernet system, regardless of 
whether these components are implemented in hardware or software. This is important since 
different embedded architectures and boards implement Ethernet components differently. On 
most platforms, however, Ethernet is implemented almost entirely in hardware.

The hardware components can all be mapped to the physical layer of the OSI model. The 
fi rmware (software) required to enable Ethernet functionality maps to the lower section of the 
OSI data-link layer but will not be discussed in this section.

Several Ethernet system models are described in the IEEE 802.3 specifi cation, so let’s look at a 
few to get a clear understanding of some of the most common Ethernet hardware components.

Ethernet devices are connected to a network via Ethernet cables: thick coax (coaxial), thin 
coax, twisted-pair, or fi ber optic cables. These cables are commonly referred to by their IEEE 
names. These names are made up of three components: the data transmission rate, the type of 
signaling used, and either the cable type or cable length.

Network

Ethernet
Data-Link

Application

Presentation

Session

Transport

Physical

Figure 4.17: OSI model.
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mark data that has changed in cache under write-back mode. For example, if we read a value 
from memory that ends up in cache and the value is subsequently modifi ed by the processor, 
it is marked as “dirty.” The cache uses this bit as a reminder that before the data is completely 
removed from cache, it needs to be written out to its source memory. Processors often have a 
victim buffer that holds data that was replaced in the cache. Let’s consider why and how this 
helps performance.

When a data miss occurs in write-back mode and the entire cache contains valid data, some-
thing must be removed from the cache to hold the data about to be fetched. Recall that when 
this happens, the cache (assuming an LRU policy) will replace the data least recently used. 
What if there’s “dirty” data in the line that is replaced—that is, data which has changed and 
needs to be updated in the source memory? The processor is most immediately interested in 
obtaining data for the currently executing instruction. If it had to wait for the dirty data to be 
written back to source memory, and then wait again for the new data to be fetched, the core 
would stall longer than desired. This is where the victim buffer comes in; it holds the data 
that needs to be written back, while the core gets its new data quickly. Once the cache-line fi ll 
completes, the victim buffer empties and the source memory is current.

5.4 External Memory

So far in this chapter, our discussions have centered on internal memory resources. Let’s now 
focus on the many storage options available external to the processor. We generically refer to 
external memory as “L3” throughout this text, but you will soon see that the choices for L3 
memory vary considerably in terms of the way they operate and their primary uses. They all 
can play an important role in media-based applications. We will start with the highest-per-
formance volatile memories and move to various nonvolatile options. It is important to note 
here that the synchronous and asynchronous memories described here are directly memory-
mapped to a processor’s memory space. Some of the other memories we’ll discuss later in this 
chapter, such as NAND fl ash, are also mapped to an external memory bank, but they have to 
be indirectly accessed.

5.4.1 Synchronous Memory

We begin our discussion with synchronous memory because it is the highest-performance 
external memory. It’s widely available and provides a very cost-effective way to add large 
amounts of memory without completely sacrifi cing performance. We focus on SDRAM tech-
nology to provide a good foundation for understanding, but then we’ll proceed to an overview 
of current and near-term follow-ons to SDRAM: DDR-SDRAM 1 and 2.

Both SDRAM and DDR are widely available and very cost-effective because the personal 
computer industry uses this type of memory in standard DIMM modules.
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5.4.1.1 SDRAM

SDRAM is synchronous addressable memory composed of banks, rows, and columns. All 
reads and writes to this memory are locked to a processor-sourced clock. Once the processor 
initializes SDRAM, the memory must be continually refreshed to ensure that it retains its state.

Clock rates vary for SDRAM, but the most popular industry specifi cations are PC100 and PC133, 
indicating a 100 MHz and 133 MHz maximum clock, respectively. Today’s standard SDRAM 
devices operate at voltages between 2.5 V and 3.3 V, with the PC133 memory available at 3.3 V.

Memory modules are specifi ed in terms of some number of Mbits in addition to a variety of 
data bus sizes (e.g., �8, �16, �32). This sometimes causes confusion, but it is actually a 
straightforward nomenclature. For example, the �16 designation on a 256-Mbit device implies 
an arrangement of 16 Mbits � 16. Likewise, for a �32 bus width, a 256-Mbit device would be 
confi gured as 8 Mbits � 32. This is important when you are selecting your fi nal memory size. 
For example, if the external bus on your processor is 32 bits wide and you want 128 Mbytes of 
total memory, you might connect two 32 Mbits � 16 modules.

At its lowest level, SDRAM is divided into rows and columns. To access an element in an 
SDRAM chip, the row must fi rst be “opened” to become “active.” Next, a column within that 
row is selected, and the data is transferred from or written to the referenced location. The proc-
ess of setting up the SDRAM can take several processor system clock cycles. Every access 
requires that the corresponding row be active.

Once a row is active, it is possible to read data from an entire row without re-opening that row 
on every access. The address within the SDRAM will automatically increment once a location 
is accessed. Because the memory uses a high-speed synchronous clock, the fastest transfers 
occur when performing accesses to contiguous locations, in a burst fashion.

Figure 5.11 shows a typical SDRAM controller (SDC) with the required external pins to inter-
face properly to a memory device. The data access size might be 8, 16, or 32 bits. In addition, 
the actual addressable memory range may vary, but an SDC can often address hundreds of 
Mbytes or more.

Figure 5.11: Representative SDRAM controller.

Processor

Data [15:0]
ADDR [19:1]
SDQM [1:0]
SMS
CLKOUT
SCKE
SA10
SRAS
SCAS
SWE

Data [15:0]
ADDR [19:1]
QM [1:0]
MS
CLK
SCKE
SA10
RAS
CAS
WE

SDRAM
Controller

SDRAM

Ch05-H8584.indd   196Ch05-H8584.indd   196 8/17/07   10:14:30 AM8/17/07   10:14:30 AMINTEL     EXHIBIT     1009     Page 27 
IPR2023-00785



 Memory Systems   197

www.newnespress.com

SDRAMs are composed of internal banks—most commonly, four equally sized banks. So if you 
connected 64 Mbytes of SDRAM to a processor, the SDRAM would consist of four 16-Mbyte 
internal banks. This is important to remember because you’ll derive performance benefi ts from 
partitioning your application across the internal banks. Another thing to note—the term bank is 
unfortunately used to describe both the internal structure of an SDRAM and an entire SDRAM 
module (as viewed from the system level). For example, two 64-Mbyte external SDRAM banks 
may connect to a processor, and each 64-Mbyte module may consist of four 16-Mbyte inter-
nal banks each.

The SDRAM controller uses the external pins shown in Figure 5.11 to issue a series of com-
mands to the SDRAM. Table 5.1 provides a brief description of each of the pins, and Table 
5.2 shows how the pins work in concert to send commands to the SDRAM. It generates these 
commands automatically based on writes and reads by the processor or DMA controller.

ADDR External address bus

DATA External data bus

SRAS SDRAM row address strobe (connect to SDRAM’s RAS pin)

SCAS SDRAM column address strobe (connect to SDRAM’s CAS pin)

SWE SDRAM write-enable pin (connect to SDRAM’s WE pin)

SDQM SDRAM data mask pins (connect to SDRAM’s DQM pins)

SMS Memory select pin of external memory bank confi gured for SDRAM

SA10 SDRAM A10 pin (used for SDRAM refreshes; connect to SDRAM’s A[10] pin)

SCKE SDRAM clock-enable pin (connect to SDRAM’s CKE pin)

CLKOUT SDRAM clock pin (connect to SDRAM’s CLK pin; Opverates at SCLK frequency)

Table 5.1: SDRAM pin description.

Command SMS SCAS SRAS SWE SCKE SA10

Precharge All low high low low high high

Single Precharge low high low low high low

Bank Activate low high low high high –

Load Mode Register low low low low high –

Load Extended Mode Register low low low low high low

Read low low high high high low

Write low low high low high low

Auto-Refresh low low low high high –

Self-Refresh low low low high low –

NOP (No Operation) low high high high high –

Command Inhibit high high high high high –

Table 5.2: SDRAM commands.
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It is important to consider the way your processor’s SDC multiplexes SDRAM addresses. 
Consider two possibilities shown in Figure 5.13 as an example. In Figure 5.13b, the SDRAM 
row addresses are in the higher bit positions. In Figure 5.13a, the bank address lines are in 
the higher bit positions, which can result in better performance, depending on the applica-
tion. Why is this the case? The SDRAM can keep four pages open across four internal banks, 
thus reducing page opening/closing latency penalties. If your system is connected as shown in 
Figure 5.13b, it would be very hard to partition your code and data to take advantage of this 

Figure 5.12: Basic SDRAM timing diagram.
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Figure 5.12 illustrates an SDRAM transaction in a simplifi ed manner. First, the higher bits of 
the address are placed on the bus and /RAS is asserted. The lower address bits of the address 
are then placed on the bus and /CAS is asserted. The number of rows and columns will depend 
on the device you select for connection.
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feature. Specifi cally, you would have to slice up your data and code and essentially interleave 
it in memory to make use of all open rows.

Let’s now discuss briefl y some of the key commands that the SDRAM controller uses to inter-
face with the memory device.

The Bank Activate command causes the SDRAM to open an internal bank (specifi ed by the 
bank address) in a row (specifi ed by the row address). The pins that are used for the bank 
and row addresses depend on the mappings of Figure 5.13. When the SDC issues the Bank 
Activate command, the SDRAM opens a new row address in the dedicated bank. The memory 
in the open internal bank and row is referred to as the open page. The Bank Activate command 
must be applied before issuing a read or write command.

The Precharge command closes a specifi c internal bank in the active page or all internal banks 
in the page.

The Precharge All command precharges all internal banks at the same time before executing 
an auto-refresh.

A Read/Write command executes if the next read/write access is in the present active page. 
During the Read command, the SDRAM controller drives the column address. The delay 
between Bank Activate and Read commands is determined by the tRCD parameter in the 
SDRAM data sheet. The SDRAM then makes data available after the CAS latency period 
described below.

In the Write command, the SDRAM controller drives the column address. The write data 
becomes valid in the same cycle. The delay between Bank Activate and Write commands is 
determined by the tRCD parameter in the SDRAM data sheet.

Whenever a page miss occurs (an access to a location on a row that is not open), the SDC exe-
cutes a Precharge command followed by a Bank Activate command before executing the Read 
or Write command. If there is a page hit, the Read or Write command can be issued immedi-
ately without requiring the Precharge command.

The Command Inhibit and NOP commands are similar in that they have no effect on the cur-
rent operations of the SDRAM. The only difference between the two is that the NOP is used 
when the actual SDRAM bank has been selected.

The Load Mode command is used to initialize an SDRAM chip. Load Extended Mode is an 
additional initialization command that’s used for mobile SDRAMs.

Auto-Refresh and Self-Refresh commands regulate the way the contents of the SDRAM are 
refreshed periodically. We’ll talk more about them shortly.
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5.4.1.2 CAS Latency

SDRAM data sheets are swimming in numbers that specify the performance of the device. 
What do all these parameters really mean?

The Column Address Strobe (CAS) latency, abbreviated as CL2 or CL3, is the delay in clock 
cycles between when the SDRAM detects a Read command and when it provides the data at 
its output pins. This CAS latency is an important selection parameter. A common term used 
to identify SDRAM devices is either CAS2 or CAS3. These actually represent CL2 or CL3, 
since they refer to CAS latency timings (e.g., two system clocks versus three system clocks). 
An SDRAM with a CAS latency of two cycles will likely yield better throughput than one 
with a three-cycle latency. This is based on the fact that for random accesses, a cycle will be 
saved each time an access is made. You should specify this parameter based on application 
needs. Does the extra performance of the faster device justify the extra cost? For high-per-
formance systems, the answer is usually “Yes.”

The CAS latency of a device must be greater than or equal to its column access time (tCAC) 
and its frequency of operation (tCLK). That is, the selection of CL must satisfy this equation:

CL � tCLK 	 tCAC

For example, if tCLK is 7.5 ns (133 MHz system clock) and tCAC is 15 ns, you can select a CL2 
device. If tCAC is 20 ns, you must choose CL3. The PC133 SDRAM specifi cation only allows 
for CAS latency values of 1, 2, or 3.

Sometimes you will see memory devices described as 3-2-2 or 2-2-2. These numbers repre-
sent the CAS latency, RAS-to-CAS delay (tRCD), and Row Precharge (tRP) values, respectively, 
in clock cycles at 100 MHz. Note that for any other speed of operation, such as 66 MHz or 
133 MHz, these numbers would change. For example, let’s assume that for a given module, 
tCAC is 25 ns, tRCD is 20 ns, and tRP is 20 ns. This would indicate 3-2-2 timings at 100 MHz 
(substituting tRCD or tRP for tCAC in the preceding equation as appropriate), but what would 
they be at 133 MHz? Since 133 MHz corresponds to a 7.5 ns clock cycle (tCLK), our equation 
gives timings of 4-3-3, which would be invalid for the SDRAM, since the CAS latency cannot 
be higher than 3. Therefore, you would not be able to operate this module at 133 MHz.

One more point to understand about the CAS latency fi gure (CAS2 or CAS3) is that SDRAM 
suppliers often advertise their top PC100 SDRAM as CAS2. Recall that the CAS latency 
number is derived from tCAC. Unfortunately, the vendor doesn’t provide you with the tCAC 
value. Imagine a CL2 part with a 20-ns tCAC and a CL3 part with a 21-ns tCAC. At 133 MHz 
(7.5 ns clock period), both parts would have a CAS latency value of 3. This means that 
although a CL2 part may be designed to handle a faster system clock speed than a CL3 part, 
you won’t always see a performance difference. Specifi cally, if you don’t plan on running 
your SDRAM faster than 125 MHz, the device with the lower value of CL doesn’t provide any 
additional benefi t over the device with the higher CL value.
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5.4.1.3 Refreshing the SDRAM

SDRAM controllers have a refresh counter that determines when to issue refresh commands 
to the SDRAM. When the SDC refresh counter times out, the SDC precharges all banks of 
SDRAM and then issues an Auto-Refresh command to them. This causes the SDRAM to 
generate an internal refresh cycle. When the internal refresh completes, all internal SDRAM 
banks are precharged.

In power-saving modes where SDRAM data needs to be maintained, it is sometimes necessary 
to place the SDRAM in self-refresh mode. Self-refresh is also useful when you want to buffer 
the SDRAM while the changes are made to the SDRAM controller confi guration. Moreover, 
the self-refresh mode is useful when sharing the memory bus with another resource. It can pre-
vent confl icts on shared pins until the fi rst processor regains ownership of the bus.

When you place the SDRAM in self-refresh mode, it is the SDRAM’s internal timer that initi-
ates auto-refresh cycles periodically, without external control input. Current draw when the 
SDRAM is in self-refresh mode is on the order of a few milliamps, versus the typical “on” 
current of 100 mA.

The SDC must issue a series of commands, including the Self-Refresh command, to put the 
SDRAM into this low power mode, and it must issue another series of commands to exit self-
refresh mode. Entering self-refresh mode is controlled by software in an application. Any 
access made by the processor or the DMA controller to the SDRAM address space causes the 
SDC to remove the SDRAM from self-refresh mode.

It is important to be aware that core or DMA accesses to SDRAM are held off until an in-process 
refresh cycle completes. This is signifi cant because if the refresh rate is too high, the potential 
number of accesses to SDRAM decreases, which means that SDRAM throughput declines as 
well. Programming the refresh rate to a higher value than necessary is a common mistake that 
programmers make, especially on processors that allow frequency modifi cation on the fl y. In 
other words, they forget to adjust the Refresh Control register to a level commensurate with the 
newly programmed system clock frequency. As long as the effective refresh rate is not too slow, 
data will not be lost, but performance will suffer if the rate is too high.

5.4.1.4 Mobile SDRAM

A variant of SDRAM that targets the portable device realm is called mobile SDRAM. It comes 
in a smaller form factor and smaller memory sizes than its traditional cousin, and it can oper-
ate down to 2.5 V or 1.8 V, greatly reducing SDRAM power consumption. Mobile SDRAM 
is also known as LP SDRAM, or low-power SDRAM. It is worth mentioning that mobile 
SDRAM devices typically specify a supply voltage and an I/O voltage. For the most power-
sensitive applications, the supply voltage is at 2.5 V while the I/O supply is 1.8 V.

In addition to a reduced form factor and greatly reduced power budget, mobile SDRAM has 
three key JEDEC-specifi ed features that set it apart from SDRAM. The fi rst is a temperature 
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compensated self-refresh mode. The second is a partial array self-refresh capability, and the 
third is a “deep power-down” mode.

The temperature-compensated self-refresh capability allows you to program the mobile SDRAM 
device to automatically adjust its refresh rate in self-refresh mode to accommodate case tempera-
ture changes. Some mobile devices assume you will connect a temperature sensor to the case 
and adjust the parameters associated with this feature. Others have a built-in temperature sensor. 
Either way, the goal is to save power by adjusting the frequency of self-refresh to the minimum 
level necessary to retain the data.

The partial array self-refresh feature allows you to control which banks within a mobile SDRAM 
are actually refreshed when the device is in self-refresh mode. You can program the device so 
that 100%, 50%, or 25% of the banks are kept in self-refresh mode. Obviously, any data you 
need to keep must reside in a bank that is self-refreshed. The other banks are then used for data 
that does not need to be retained during power-saving modes.

Finally, the deep power-down feature allows you to remove power from the device via a write 
to the control register of the SDRAM chip to prevent any current draw during self-refresh mode 
(thus saving hundreds of μA). Of course, all data is lost when you do this, but this mode can be 
very useful in applications in which the entire board is not powered down (e.g., some compo-
nents are operational and are powered by the same regulator) but you want to extend the battery 
life as long as possible.

5.4.1.5 Double Data Rate (DDR) SDRAM/DDR1

SDRAM and mobile SDRAM chips provide the bulk of today’s synchronous memory in produc-
tion. This is quickly changing, however, as an evolved synchronous memory architecture pro-
vides increased performance. Double data rate (DDR) SDRAM provides a direct path to double 
memory bandwidth in an application. In addition, although the industry has more or less skipped 
2.5 V SDRAM devices (with the notable exception of mobile SDRAM), standard DDR1 chips 
are all at 2.5 V.

The traditional SDRAM controller often shares processor pins with various types of asynchro-
nous memory, but the DDR specifi cation is much tighter to allow for much faster operation. 
As such, a DDR memory module will not share pins with other types of memory. Additionally, 
DDR memories require a DDR controller to interface with them; a processor’s SDRAM con-
troller is incompatible with DDR memory.

As the name suggests, a key difference between SDRAM and DDR is that whereas SDRAM 
allows synchronous data access on each clock cycle, DDR allows synchronous access on both 
edges of the clock—hence the term double data rate. This results in an immediate increase in 
peak performance when you use DDR in an application.

Ch05-H8584.indd   202Ch05-H8584.indd   202 8/17/07   10:14:33 AM8/17/07   10:14:33 AMINTEL     EXHIBIT     1009     Page 33 
IPR2023-00785



 Memory Systems   203

www.newnespress.com

As an example, whereas the peak transfer rate of a PC133 SDRAM running at 133 MHz 
would be 4 bytes � 133 MHz, the maximum peak transfer rate of the equivalent DDR1 mod-
ule running at the same frequency is 4 bytes � 266 MHz.

Another important advantage DDR has over SDRAM is the size of the “prefetch” it accepts. 
DDR1 has a prefetch size of 2n, which means that data accesses occur in pairs. When reads 
are performed, each access results in a fetch of two data words. The same is true for a single 
write access—that is, two data words must be sent.

This means that the minimum burst size of DDR1 is two external data words. For reads, the 
DDR controller can choose to ignore either of the words, but the cycles associated with both 
will still be spent. So you can see that although this feature greatly enhances performance of 
sequential accesses, it erodes performance on random accesses.

DDR SDRAM also includes a strobe-based data bus. The device that drives the data signals 
also drives the data strobes. This device is the DDR module for reads and the DDR control-
ler for writes. These strobes allow for higher data rates by eliminating the synchronous clock 
model to which SDRAM adheres.

When all these DDR feature enhancements are combined, performance really shines. For 
example, at 400 MHz, DDR1 increases memory bandwidth to 3.2 Gbytes/s, compared to 
PC133 SDRAM theoretical bandwidth of 133 MHz � 4 bytes, or 532 Mbytes/s.

Just as a low-power version of SDRAM exists, mobile DDR1 also exists, with many simi-
larities to mobile SDRAM. Mobile DDR1 devices run as low as 1.8 V. Another advantage of 
mobile DDR1 is that there is no minimum clock rate of operation. This compares favorably to 
standard DDR1, whose approximate 80 MHz minimum operating frequency can cause prob-
lems in power-sensitive applications.

5.4.1.6 DDR2 SDRAM

DDR2 SDRAM is the second generation of DDR SDRAM. It offers data rates of up to 
6.4 Gbytes/s, lower power consumption, and improvements in packaging. It achieves this higher 
level of performance and lower power consumption through faster clocks, 1.8 V operation and 
signaling, and a simplifi ed command set. Like DDR1, DDR2 has a mobile variety as well, 
 targeted for handheld devices.

Table 5.3 shows a summary of the differences between DDR1, mobile DDR1, and DDR2. 
It should be noted that DDR1 is not compatible with a conventional SDRAM interface, and 
DDR2 is not compatible with DDR1. However, DDR2 is planned to be forward-compatible 
with next-generation DDR technology.

5.4.2 Asynchronous Memory

As we have just seen, SDRAM and its successors both are accessed in a synchronous manner. 
Asynchronous memory, as you can guess, does not operate synchronously to a clock. Each 
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access has an associated read and write latency. Burst operations are always available with 
synchronous memory, but the same can’t be said of asynchronous memory.

The asynchronous bus of today has evolved from buses that were popular in the past, such as 
IBM’s Industry Standard Architecture (ISA) bus. Asynchronous devices come in many differ-
ent fl avors. The most common include Static RAM (SRAM), which is volatile, and nonvolatile 
memories like PROM and Flash. SRAM can substitute for the pricier SDRAM when high per-
formance isn’t required.

Processors that have an asynchronous memory controller (AMC) typically share its data and 
address pins with the SDRAM controller. As we mentioned earlier, because DDR has much 
tighter capacitive loading requirements, an AMC would not share pins with a DDR controller.

A characteristic AMC is shown in Figure 5.14. It contains read- and write-enable pins that can 
interface to memory devices. Table 5.4 shows a summary of the common AMC pins. Several 

Feature DDR1 Mobile DDR1 DDR2

Data transfer rate 266, 333, 400 MHz 200, 250, 266,
333 MHz

400, 533, 667, 
800 MHz

Operating voltage 2.5 V 1.8 V 1.8 V

Densities 128 Mb–1 Gb 128–512 Mb, 
1 Gb(future)

256 Mb–4 Gb

Internal banks 4 4 4 and 8

Prefetch 2 2 4

CAS latency 2, 2.5, 3 2, 3 3, 4, 5, 6

Additive latency No No 0, 1, 2, 3, 4, 5

READ latency CAS latency CAS latency Additive latency �
CAS latency

WRITE latency Fixed � 1 cycle Fixed � 1 cycle READ latency � 1 cycle

I/O width �4, �8, �16 �4, �8, �16, �32 �4, �8, �16

On-die termination No No Selectable

Off-chip driver No No Yes

Burst length 2, 4, 8 2, 4, 8, 16, full page 4, 8

Burst terminate
command

Yes Yes No

Partial array self-refresh No Full, 1/2, 1/4, 1/8, 
1/16

No

Temperature-compen-
sated self-refresh

No Supported No

Deep power-down No Supported No

Table 5.3: Comparison of DDr1, mobile DDR1, and DDr2.
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memory-select lines allow the AMC to choose which of several connected devices it’s talking 
to at a given point in time. The AMC has programmable wait states and setup/hold timing for 
each connected device, to accommodate a wide array of asynchronous memories.

The AMC is especially useful because, in addition to interfacing with memory devices, it 
allows connection to many other types of components. For example, FIFOs and FPGAs eas-
ily map to an asynchronous bank. Chip sets for USB and Ethernet, as well as bridges to many 
other popular peripherals, also easily interface to the asynchronous memory interface.

When connecting a nonmemory device to an AMC, it is always best to use a DMA channel to 
move data into and out of the device, especially when the interface is shared with SDRAM. 
Access to these types of components usually consumes multiple system clock cycles, whereas 
an SDRAM access can occur in a single system clock cycle. Be aware that, when the AMC 
and SDC share the same L3 memory bus, slow accesses on an asynchronous bank could hold 
off access to a SDRAM bank considerably.

Synchronous random access memory (synchronous SRAM) is also available for higher per-
formance than traditional SRAMs provide, at increased cost. Synchronous SRAM devices are 
capable of either pipelined or fl ow-through functionality. These devices take the asynchronous 
devices one step closer to SDRAM by providing a burst capability.

ADDR External address bus (outputs)

DATA External data bus (inputs/outputs)

AMS Asynchronous memory selects (outputs)

AWE Asynchronous memory write enable (output)

ARE Asynchronous memory read enable (output)

AOE Asynchronous memory read enable (output)

ARDY Asynchronous memory ready response (input)

ABE[1:0] Byte enables (outputs)

Table 5.4: Typical AMC pins.

Figure 5.14: A typical asynchronous memory controller (AMC).
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Whereas synchronous SRAM provides for higher performance than ordinary SRAM, other tech-
nologies allow for lower power. Pseudo-SRAM (and a variant called CellularRAM) connect to 
a processor via an SDRAM-like interface. Additionally, they sport an I/O supply requirement in 
line with other processor I/O (2.5 V or 3.3 V, for instance) while powering the Vcc supply of the 
memory itself at 1.8 V. This presents a good compromise that allows processors to take advan-
tage of some power savings even when they don’t have 1.8 V-capable I/O.

Figure 5.15 shows a high-level view comparing several representative types of external mem-
ory from the dual standpoints of performance and capacity.
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Figure 5.15: External memory comparison of performance and capacity.

5.4.3 Nonvolatile Memories

Nonvolatile memories—memories that retain their contents even when not powered—come in 
several forms. The simplest, a ROM (read-only memory), is written once (at the factory) but 
can be read many times. A PROM, or Programmable ROM, also can only be written once, but 
this can be done in the fi eld, not just at the time of manufacture. An erasable PROM (EPROM) 
can be reprogrammed after erasing its contents via ultraviolet light exposure. An electrically 
erasable PROM (EEPROM), commonly used today, needs only electricity for erasure. A Flash 
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EEPROM takes this technology one step further by allowing data to be stored and erased in 
blocks, rather than in byte-sized increments. This signifi cantly speeds up access rates to Flash 
memories compared with regular EEPROM access times. Finally, a burst-mode Flash sharply 
reduces read access times for sequential bytes by adding a few extra control pins to the stand-
ard Flash interface.

5.4.3.1 NAND and NOR Flash Memories

The two main types of nonvolatile Flash memory widely used today are NOR-based and 
NAND-based. There are many differences between these two technologies, each of which is 
optimal for certain classes of use. Table 5.5 gives a rundown of their major characteristics.

Fundamentally, NAND and NOR Flash technologies differ in the structure of their respec-
tive memory cell arrays. In NOR devices, memory cells are connected in parallel between a 
bit line and ground, such that selecting any number of memory cells can end up grounding 
a bit line. Because this is similar to a wired-OR confi guration, it is termed NOR Flash. This 

Trait NOR Flash NAND Flash

Capacity/bit density Low (�64 MB) High (16–512 MB)

Directly execute code from? Yes No

Erase performance Very slow (5 sec) Fast (3 ms)

Write performance Slow Fast

Read performance Fast Medium

Reliability OK Low; requires error checking and 
bad-block checking

Erase cycles 10 K–100 K 100–1000 K

Life span OK Excellent (10� NOR)

Interface ISA-like/MCU-friendly; (Addr � 
Data � Control), Serial
(SPI or I2C)

I/O only (command sequence)

Pin count High Low

Access method Random Sequential

Ease-of-use Easy; memory-mapped address � 
data scheme

Diffi cult (fi le system needed)

Cost/bit High Low

Primary usage Low-density, high-speed code 
access, some data storage

High-density data block storage

Bootable? Yes Not generally

Power/Energy Dissipation Higher (due to long program and 
erase cycles)

Lower

Table 5.5: Summary of NOR and NAND Flash characteristics.
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arrangement enables very fast read times and thus makes NOR Flash a good candidate for ran-
dom access—a trait associated with processor code.

NAND realizes a more effi cient cell architecture that results in only about half the space taken 
by a NOR cell. However, this space-saving layout connects memory cells in series, sharing 
bit-select lines across several cells. To ground a bit line, an entire group of memory cells must 
be turned on simultaneously. This makes NAND Flashes a poor choice for random accesses, 
but it provides excellent cell compactness. What’s more, it allows several NAND cells to 
be programmed simultaneously, providing very fast write performance compared to NOR 
devices.

NOR Flash holds the edge in read access speed, but NAND is superior in programming and 
erasing speeds. Erase time is especially crucial because Flash devices must all be erased (each 
bit set to 1) before programming occurs (selectively setting bits back to 0). Therefore, erasing 
is an integral part of writing to a Flash device. Moreover, NAND Flashes can tolerate many 
more erase cycles than NOR Flashes can, usually on the order of tenfold, thus providing much 
longer life spans than NOR devices.

One intricacy of NAND Flashes is that a fi le system is necessary to use them. This is because, 
to maintain high yields, NAND Flashes are shipped with randomly located bad blocks. It is 
the job of the fi le system (running on the embedded processor) to fi nd these bad blocks, tag 
them, and avoid using them. Usually, the memory vendor has already scanned and marked the 
bad blocks at the factory, and the fi le system just needs to maintain a table of where these are 
located, keeping in mind that some additional bad blocks will be formed over the lifetime of 
the part. The good news is that because each block is independent of all others, the failure of 
one block has no impact on the operation of others.

As it turns out, NOR Flash can also have bad blocks, but manufacturers typically allocate 
extra blocks on the chip to substitute for any bad blocks discovered during factory tests. 
NAND has no such spare blocks because it’s assumed that a fi le system is necessary anyway 
for the mass storage systems of which NAND devices are a part.

As another consideration, NAND is somewhat prone to bit errors due to periodic program-
ming (one bit error out of every 10 billion bits programmed). Therefore, error-correcting codes 
(Hamming codes, usually) are employed by the fi le system to detect and correct bit errors.

As far as processor interface, NOR devices have a couple of options. For one, they hook 
directly up to the asynchronous memory controller of microprocessors, with the conventional 
address and data bus lines as well as write/read/select control. Depending on the address space 
desired, this interface can encompass a large number of pins. As a slower, lower pin-count 
alternative, serial Flash devices can connect through just a few wires via an SPI or I2C inter-
face. Here, the address and data are multiplexed on the serial bus to achieve memory access 
rates only a fraction of those attainable using parallel address/data buses.
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Interfacing to NAND devices is more complex and occurs indirectly, requiring a sequence of 
commands on the 8-bit bus to internal command and address registers. Data is then accessed 
in pages, usually around 528 bytes in length. Although this indirect interface makes NAND 
unsuitable for booting, this approach provides a fi xed, low pin-count interface that remains 
static as higher-density devices are substituted. In this respect (and many others), NAND Flash 
acts like a conventional hard disk drive. This accounts for the similar structure and access 
characteristics between the two storage technologies.

In fact, NAND Flash devices were specifi cally intended to replace magnetic hard disk drives 
in many embedded applications. To their advantage, they are solid-state devices, meaning that 
they have no moving parts. This leads to more rugged, reliable devices than magnetic disk 
drives, as well as much less power dissipation.

NAND fl ash serves as the basis for all of the most popular removable solid-state mass storage 
cards: CompactFlash, SmartMedia, Secure Digital/Multimedia Card (SD/MMC), Extreme 
Digital Picture Card (xD), MemoryStick, and the like. With the exception of SmartMedia, all 
these cards have built-in controllers that simplify access to the NAND memory on the device. 
These products fi nd wide use in consumer electronics (like cameras, PDAs, cell phones, etc.) 
and other embedded applications requiring mass storage. Table 5.6 provides a high-level com-
parison of these storage cards.

Devices like SD, MemoryStick, and CompactFlash also have an I/O layer, which makes them 
quite attractive as interfaces on embedded processors. They enable a wide range of peripherals 
through these interfaces, including Bluetooth, 802.11b, Ethernet transceivers, modems, FM 
radio, and the like.

5.4.3.2 Hard Disk Storage: IDE, ATA, and ATAPI

The terms IDE and ATA actually refer to the same general interface, but they mean different 
things, and people often get confused and use the terms interchangeably. For simplicity, we’ll 
just refer to the interface as ATA or ATAPI, as explained below.

IDE is short for Integrated Drive Electronics, which refers to a pivotal point in the PC storage 
market when the disk drive controllers were integrated directly on the hard disk itself, rather 
than as a separate board inside the PC. This reduced the cost of the interface and increased 
reliability considerably. IDE drives can support a master and a slave device on each IDE 
channel.

ATA stands for AT Attachment, dating back to the days of the IBM PC/AT. It describes a device 
interface for hooking up to hard disk drives. ATAPI stands for ATA Packet Interface, which 
specifi es a way to hook up to CD-ROM, DVD and tape drives, which communicate by means of 
packetized commands and data. Although the packet layer of ATAPI adds considerable complex-
ity, it still maintains the same electrical interface as ATA. ATA is such a ubiquitous standard for 
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Table 5.6: Storage card comparison.

SmartMedia MMC CompactFlash Secure Digital 
(SD)

MemoryStick xD TransFlash/
Micro SD

Developer Toshiba Infi neon, SanDisk SanDisk SanDisk, 
Panasonic, 
Toshiba

Sony (later with 
SanDisk)

Fujifi lm, 
Olympus

SanDisk, 
Motorola

Variants MMCplus, 
HS-MMC 
(High Speed), 
RS-MMC 
(Reduced Size), 
SecureMMC
MMCmobile

Mini-SD MemoryStick,
ProMemoryStick, 
DuoMemory 
Stick Pro Duo

Volume (mm3) 1265 1075605 
(RS-MMC, 
MMCmobile)

5141 (Type I) 
7790 (Type II)

1613 (SD) 
602 (mini-SD)

3010992 (Duo 
and Pro Duo)

850 165

Weight (g) 2 1.5 11.4 2 (1 for 
mini-SD)

4 (2 for Duo & 
Pro Duo)

2 0.4
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Interface pins 22 7–13 50 9 10 18 8

Present capacity 128 MB 1 GB 8 GB 2 GB (1 GB 
for mini-SD)

128 MB 4 GB (Pro 
and Pro Duo)

1 GB 512 MB

Content security ID copy 
protection

Depends on 
variant

No CPRM, SD MagicGate ID copy 
protection

CPRM, SD

Max data 
transfer rate

1 MB/s Write, 
3.5 MB/s Read

Up to 52 MB/s 
(depends on 
variant)

66 MB/s 10 MB/s 1.8 MB/s Write, 
2.5 MB/s Read, 
20 MB/s (Pro and 
Pro Duo)

3 MB/s 
Write, 
5 MB/s 
Read

1.8 MB/s 
typical

Comments No on-board 
controller, 
limited 
capacity

Small form factor, 
compatible with 
SD interfaces

IDE-
compatible

Mini-SD has 
adapter to fi t 
SD card slot

Mostly Sony 
products, sup-
ports real-time 
DVD-quality 
video transfer

Adapters 
available 
to other 
card types

bridges 
between 
embedded 
and remova-
ble memory 
worlds

I/O capability? No No Yes Yes Yes No No

Voltage 3.3 V/5 V 3.3 V (1.8 V/3.3 V 
for MMCplus and 
MMCmobile)

3.3 V/5 V 3.3 V 3.3 V 3.3 V 3.3 V

Interface 8-bit I/O SPI, MMC IDE SPI, SD MemoryStick NAND 
Flash

SPI, SD
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mass storage (dwarfi ng SCSI, for instance) that ATA-compliant storage has found its way into 
the PC-MCIA and CompactFlash worlds as well.

The ATA interface specifi es the way commands are passed through to the hard drive control-
ler, interpreted, and processed. The interface consists of eight basic registers: seven are used 
by the processor’s I/O subsystem to set up a read or write access, and the eighth one is used to 
perform block reads/writes in 512-byte chunks called sectors. Each sector has 256 words, and 
each access utilizes a 16-bit data bus.

The original scheme for addressing drive data followed a CHS method of accessing a particu-
lar cylinder, head, and sector (CHS) of the hard disk. A more intuitive mode known as logical 
block addressing (LBA), in which each sector on a hard disk has its own unique identifi cation 
number, was soon added. LBA led the way toward breaking through the 8 GB addressing bar-
rier inherent in the CHS approach (which allows for only 1,024 cylinders, 256 heads, and 63 
sectors).

ATA lays down timing requirements for control and data accesses. It offers two modes of data 
access—Programmed I/O (PIO) and DMA—each offering various levels of performance. PIO 
modes operate in analogous fashion to direct processor accesses to the hard drive. That is, the 
processor has to schedule time out of what it’s doing to set up and complete a data processing 
cycle. DMA modes, on the other hand, allow data transfer between the drive and processor 
memory to occur without core intervention. The term Ultra DMA refers to higher-perform-
ance levels of DMA that involve double-edge clocking, where data is transferred on both the 
rising and falling edges of the clock. Ultra DMA usually requires an 80-conductor IDE cable 
(instead of the standard 40-pin one for parallel ATA drives) for better noise immunity at the 
higher transfer rates, and it also incorporates cyclical redundancy checking (CRC) for error 
reduction.

Table 5.7 lists the several different levels of ATA, starting with ATA-1 and extending to ATA/
ATAPI-7, which is still under development. At Level 4, ATAPI was introduced, so every level 
from 4 onward is designated ATA/ATAPI. The levels differ mainly in I/O transfer rates, DMA 
capability, and reliability. All new drives at a given ATA level are supposed to be backward-
compatible to the previous ATA levels.

5.4.3.3 Other Hard Drive Interfaces

SATA
Serial ATA (SATA) is a follow-on to ATA that serializes the parallel ATA data interface, thus 
reducing electrical noise and increasing performance while allowing for longer, skinnier 
cabling. SATA uses differential signaling at very high clock rates to achieve data transfer rates 
of several hundred megabytes per second. SATA sheds the legacy 5 V power supply baggage 
that parallel ATA carries, and its differential signaling operates in the range of 200–300 mV. 
More good news: It’s software-compatible with parallel ATA. This allows simple

Ch05-H8584.indd   212Ch05-H8584.indd   212 8/17/07   10:14:40 AM8/17/07   10:14:40 AMINTEL     EXHIBIT     1009     Page 43 
IPR2023-00785



 Memory Systems   213

www.newnespress.com

SATA-to-parallel-ATA converters to translate between the two technologies in the near term, 
without disturbing the software layer underneath the different physical layers. On the downside, 
SATA allows only for point-to-point connections between a controller and a device, although 
external port multipliers are available to effect a point-to-multipoint scheme.

SATA is targeted primarily at the PC market, to improve reliability and increase data transfer 
speeds. It will slowly make its way into embedded applications, fi rst targeting those systems 
where the storage density of solid state fl ash cards isn’t adequate, leaving parallel or serial 
ATA as the only options. But as fl ash card densities grow into the several-Gbyte range, they 
will maintain a fi rm foothold in a wide swath of embedded applications due to the increased 
reliability of their solid-state nature and their small form factors.

SCSI
SCSI stands for Small Computer Systems Interface, a high-end interconnect that outperforms 
ATA but is also much more complex. It offers expandability to many more devices than ATA 
and has a feature set geared toward higher performance. SCSI is more expensive than ATA for 
the same storage capacity, and it’s typically the realm of niche applications, not very popular 
in the embedded world.

Microdrive
The Microdrive is an actual miniature hard disk in a CompactFlash Type II form fac-
tor. Invented by IBM, the product line is now owned and propagated by Hitachi. Whereas 
CompactFlash is a solid-state memory, Microdrives are modeled after conventional magneti-
cally based hard drives, with tiny spinning platters. For this reason, they are not as rugged and 
reliable as CompactFlash memory, and they also consume more power. Currently they are 
available at capacities up to several gigabytes.

ATA Version Max PIO 
Transfer Rate 

(MB/s)

Max DMA 
Transfer Rate 

(MB/s)

Added Features

ATA-1    8.3    8.3 Original standard for IDE drives

ATA-2   16.7    16.7 Logical Block Addressing

Block Transfers

ATA-3   16.7    16.7 Improved reliability, Drive security, SMART 
(self-monitoring)

ATA/ATAPI-4   16.7    33.3 Packet Interface extension. Ultra DMA (80-conductor 
ribbon cable), CRC error checking and correction

ATA/ATAPI-5   16.7    66.7 Faster Ultra DMA transfer modes

ATA/ATAPI-6   16.7   100 Support for drives larger than 137 GB

ATA/ATAPI-7   16.7   133 SATA and DVR support

Table 5.7 ATAPI summary.
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USB/Firewire
These drives are nothing more than Parallel ATA disk drives with a USB 2.0 high-speed or 
Firewire (IEEE 1394) front end, usually used to facilitate access to a PC. However, in the 
embedded world, where USB and Firewire are gaining traction, these interfaces provide a 
handy way to add storage to a system.

USB pen drives, also called keychain drives, are not related to these ATA drives. Instead, they 
are Flash memory devices with a USB front end, similar in all respects to the NAND memory 
devices described previously.

5.4.3.4 Emerging Nonvolatile Memory Technologies

There are some exciting new technologies on the horizon that will probably be very important 
in high-performance embedded applications. Two of particular interest are FRAM and MRAM. 
FRAM, or Ferroelectric RAM, uses electric fi eld orientation to store charge. This gives it almost 
infi nite write capability. By comparison, conventional EEPROMs can only be written on the 
order of 10,000 times. MRAM, or Magnetoresistive RAM, uses electron spin to store informa-
tion. It represents the best of several memory domains: it’s nonvolatile, it has bit densities rival-
ing DRAM, and it operates at SRAM-like speeds.

5.5 Direct Memory Access

The processor core is capable of doing multiple operations, including calculations, data 
fetches, data stores, and pointer increments/decrements, in a single cycle. In addition, the core 
can orchestrate data transfer between internal and external memory spaces by moving data 
into and out of the register fi le.

All this sounds great, but in reality you can only achieve optimum performance in your appli-
cation if data can move around without constantly bothering the core to perform the transfers.

This is where a direct memory access (DMA) controller comes into play. Processors need 
DMA capability to relieve the core from these transfers between internal/external memory 
and peripherals or between memory spaces. There are two main types of DMA controllers. 
“Cycle-stealing” DMA uses spare (idle) core cycles to perform data transfers. This is not a 
workable solution for systems with heavy processing loads like multimedia fl ows. 
Instead, it is much more effi cient to employ a DMA controller that operates independently 
from the core.

Why is this so important? Well, imagine if a processor’s video port has a FIFO that needs to 
be read every time a data sample is available. In this case, the core has to be interrupted tens of 
millions of times each second. As though that’s not disruptive enough, the core has to perform 
an equal amount of writes to some destination in memory. For every core processing cycle 
spent on this task, a corresponding cycle would be lost in the processing loop.
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We know from experience that PC-based software designers transitioning to the embedded 
world are hesitant to rely on a DMA controller for moving data around in an application. This 
usually stems from their impression that the complexity of the programming model increases 
exponentially when DMA is factored in. Yes, it is true that a DMA controller adds another 
dimension to your solution. We will, in fact, explore some intricacies that DMA introduces—
such as contention for shared resources and new challenges in maintaining coherency between 
data buffers. Our goal, however, is to put your mind at ease, to show you how DMA is truly 
your friend. In this chapter, we’ll focus on the DMA controller itself.

5.5.1 DMA Controller Overview

Because you’ll typically confi gure a DMA controller during code initialization, the core should 
only need to respond to interrupts after data set transfers are complete. You can program the 
DMA controller to move data in parallel with the core while the core is doing its basic process-
ing tasks—the jobs on which it’s supposed to be focused! In an optimized application, the core 
would never have to move any data but rather only access it in L1 memory. The core wouldn’t 
need to wait for data to arrive, because the DMA engine would have already made it available 
by the time the core was ready to access it. Figure 5.16 shows a typical interaction between 
the processor and the DMA controller. The steps allocated to the processor involve setting up 
the transfer, enabling interrupts, and running code when an interrupt is generated. The dashed 
lines/arrows between memory and the peripheral indicate operations the DMA controller makes 
to move data independent of the processor. Finally, the interrupt input back to the processor can 
be used to signal that data is ready for processing.

In addition to moving to and from peripherals, data also needs to move from one memory space 
to another. For example, source video might fl ow from a video port straight to L3 memory, 
because the working buffer size is too large to fi t into internal memory. We don’t want to make 
the processor fetch pixels from external memory every time we need to perform a calculation, 

Figure 5.16: DMA controller.
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so a memory-to-memory DMA (MemDMA for short) can bring pixels into L1 or L2 memory 
for more effi cient access times. Figure 5.17 shows some typical DMA data fl ows.

Memory Peripheral

FIFO

DMA

(a)

Memory Peripheral

FIFO

DMA

Memory Memory

DMA

(b)

(c)

Figure 5.17: Typical DMA fl ows.

So far we’ve focused on data movement, but a DMA transfer doesn’t always have to involve 
data. We can use code overlays to improve performance, confi guring the DMA controller to 
move code into L1 instruction memory before execution. The code is usually staged in larger 
external memory.

In this chapter, we will use the Blackfi n processor’s DMA controller as a model to illustrate 
the basic concepts of direct memory access and how it can boost system performance. We will 
also offer some helpful ways to manage the DMA controller and review examples of “two-
dimensional” transfers that can save valuable data passes by markedly reducing the time an 
application spends traversing a data buffer.

5.5.2 More on the DMA Controller

A DMA controller is a unique peripheral devoted to moving data around a system. Think of it as 
a controller that connects internal and external memories with each DMA-capable peripheral via 
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has to complete before the next transfer is initiated, Stop mode can guarantee this 
sequencing.

5.5.6 Descriptor-Based DMA

DMA transfers that are descriptor-based require a set of parameters stored within memory 
to initiate a DMA sequence. The descriptor contains all of the same parameters normally 
programmed into the DMA control register set. However, descriptors also allow the chaining 
together of multiple DMA sequences. In descriptor-based DMA operations, we can program 
a DMA channel to automatically set up and start another DMA transfer after the current 
sequence completes. The descriptor-based model provides the most fl exibility in managing a 
system’s DMA transfers.

Blackfi n processors offer two main descriptor models—a Descriptor Array scheme and a 
Descriptor List method. The goal of these two models is to allow a tradeoff between fl exibility 
and performance. Let’s take a look at how this is done.

In the Descriptor Array mode, descriptors reside in consecutive memory locations. The DMA 
controller still fetches descriptors from memory, but because the next descriptor immediately 
follows the current descriptor, the two words that describe where to look for the next descrip-
tor (and their corresponding descriptor fetches) aren’t necessary. Because the descriptor does 
not contain this Next Descriptor Pointer entry, the DMA controller expects a group of descrip-
tors to follow one another in memory like an array.

A Descriptor List is used when the individual descriptors are not located “back-to-back” in 
memory. There are actually multiple sub-modes here, again to allow a tradeoff between per-
formance and fl exibility. In a “small descriptor” model, descriptors include a single 16-bit 
fi eld that specifi es the lower portion of the Next Descriptor Pointer fi eld; the upper portion is 
programmed separately via a register and doesn’t change. This, of course, confi nes descriptors 
to a specifi c 64 K (�216) page in memory. When the descriptors need to be located across 
this boundary, a “large” model is available that provides 32 bits for the Next Descriptor 
Pointer entry.

Regardless of the descriptor mode, using more descriptor values requires more  descriptor 
fetches. This is why Blackfi n processors specify a “fl ex descriptor model” that tailors the 
descriptor length to include only what’s needed for a particular transfer, as shown in Figure 5.27. 
For example, if 2D DMA is not needed, the YMODIFY and YCOUNT registers do no need to be 
part of the descriptor block.

5.5.6.1 Descriptor Management

So what’s the best way to manage a descriptor list? Well, the answer is application-dependent, 
but it is important to understand what alternatives exist.
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The fi rst option we will describe behaves very much like an Autobuffer DMA. It involves setting 
up multiple descriptors that are chained together as shown in Figure 5.28a. The term “chained” 
implies that one descriptor points to the next descriptor, which is loaded automatically once the 
data transfer specifi ed by the fi rst descriptor block completes. To complete the chain, the last 
descriptor points back to the fi rst descriptor, and the process repeats. One reason to use this tech-
nique rather than the Autobuffer mode is that descriptors allow more fl exibility in the size and 
direction of the transfers. In our YCbCr example (Example 5.5), the Y buffer is twice as large 
as the other buffers. This can be easily described via descriptors and would be much harder to 
implement with an Autobuffer scheme.

The second option involves the processor manually managing the descriptor list. Recall that a 
descriptor is really a structure in memory. Each descriptor contains a confi guration word, and 
each confi guration word contains an “Enable” bit which can regulate when a transfer starts. Let’s 
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Figure 5.27: DMA descriptor models.
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assume we have four buffers that have to move data over some given task interval. If we need to 
have the processor start each transfer specifi cally when the processor is ready, we can set up all 
of the descriptors in advance, but with the “Enable” bits cleared. When the processor determines 
the time is right to start a descriptor, it simply updates the descriptor in memory and then writes 
to a DMA register to start the stalled DMA channel. Figure 5.28b shows an example of this fl ow.

When is this type of transfer useful? EMP applications often require us to synchronize an 
input stream to an output stream. For example, we may receive video samples into memory 
at a rate that is different from the rate at which we display output video. This will happen in 
real systems even when you attempt to make the streams run at exactly the same clock rate. 

Figure 5.28: DMA descriptor throttled by the processor.
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In cases where synchronization is an issue, the processor can manually regulate the DMA 
descriptors corresponding to the output buffer. Before the next descriptor is enabled, the proc-
essor can synchronize the stream by adjusting the current output descriptor via a semaphore 
mechanism. For now, you can simply consider semaphores tools that guarantee only one entity 
at a time accesses a shared resource.

When using internal DMA descriptor chains or DMA-based streams between processors, it 
can also be useful to add an extra word at the end of the transferred data block that helps iden-
tify the packet being sent, including information on how to handle the data and, possibly, a 
time stamp. The dashed area of Figure 5.28b shows an example of this scheme.

Most sophisticated applications have a “DMA Manager” function implemented in software. 
This may be provided as part of an operating system or real-time kernel, but it can also run 
without either of these. In both cases, an application submits DMA descriptor requests to the 
DMA Queue Manager, whose responsibility it is to handle each request. Usually, an address 
pointer to a “callback” function is part of the system as well. This function carries out the 
work you want the processor to perform when a data buffer is ready, without needlessly mak-
ing the core linger in a high-priority interrupt service routine.

There are two general methods for managing a descriptor queue using interrupts. The fi rst is 
based on interrupting upon the completion of every descriptor. Use this method only if you 
can guarantee that each interrupt event will be serviced separately, with no interrupt overrun. 
The second involves interrupting only on completion of the work transfer specifi ed by the last 
descriptor of a work block. A work block is a collection of one or more descriptors.

To maintain synchronization of the descriptor queue, you need to maintain in software a count 
of descriptors added to the queue, while the interrupt handler maintains a count of completed 
descriptors removed from the queue. The counts are then equal only when the DMA channel 
pauses after having processed all the descriptors.

5.5.7 Advanced DMA Features

5.5.7.1 System Performance Tuning

To effectively use DMA in a multimedia system, there must be enough DMA channels to sup-
port the processor’s peripheral set fully, with more than one pair of Memory DMA streams. 
This is an important point, because there are bound to be raw media streams incoming to 
external memory (via high-speed peripherals), while at the same time data blocks will be 
moving back and forth between external memory and L1 memory for core processing. What’s 
more, DMA engines that allow direct data transfer between peripherals and external memory, 
rather than requiring a stopover in L1 memory, can save extra data passes in numerically 
intensive algorithms.

As data rates and performance demands increase, it becomes critical to have “system perform-
ance tuning” controls at your disposal. For example, the DMA controller might be optimized 
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