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            CHAPTER 2 FPGA Fundamentals 2.1 Overview This chapter provides a brief overview of programmable logic technology and history. It is intended for designers with limited programmable logic experience. Since the primary focus of this book is on rapid design implementation with FPGA technology, the technology over- view is at a higher level. This chapter provides a high-level overview of programmable logic technology. For a more detailed overview of programmable logic, refer to The Design Warrior's Guide to FPGAs by Clive Maxfield. Programmable logic devices have the potential to implement a broad range of func- tionality, unlike the fixed-function devices that preceded them. It is the flexibility inherent in FPGA technology that allows design teams to rapidly develop and field complex system implementations. In this chapter, we will first review programmable logic devices in general, and then go on to a detailed look at FPGA devices, with an eye toward their suitability for rapid proto- typing and design. 2.1.1 Categoriesof Programmable Logic Programmable logic devices (PLDs) are divided into three primary architectural groups: Simple Programmable Logic Devices (SPLDs) Complex Programmable Logic Devices (CPLDs) Field Programmable Gate Arrays (FPGAs) While each of these programmable logic device architectures have typical focused ap- plications, they also have some common feature overlap which leads to some overlap of applications. Figure 2.1 illustrates the overlap between the three PLD technologies. For example, some applications such as address decoding could be implemented in either a CPLD or an FPGA. Implementation within an FPGA allows this function to be integrated with a larger range of additional functionality. /3 
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C H A P T E R 2
 FPGA Fundamentals
 2.1 Overview This chapter provides a brief overview of programmable logic technology and history. It is intended for designers with limited programmable logic experience. Since the primary focus of this book is on rapid design implementation with FPGA technology, the technology over- view is at a higher level. This chapter provides a high-level overview of programmable logic technology. For a more detailed overview of programmable logic, refer to The Design Warrior's Guide to FPGAs by Clive Maxfield.
 Programmable logic devices have the potential to implement a broad range of func- tionality, unlike the fixed-function devices that preceded them. It is the flexibility inherent in FPGA technology that allows design teams to rapidly develop and field complex system implementations.
 In this chapter, we will first review programmable logic devices in general, and then go on to a detailed look at FPGA devices, with an eye toward their suitability for rapid proto- typing and design.
 2.1.1 Categories of Programmable Logic Programmable logic devices (PLDs) are divided into three primary architectural groups:
 �9 Simple Programmable Logic Devices (SPLDs)
 �9 Complex Programmable Logic Devices (CPLDs)
 �9 Field Programmable Gate Arrays (FPGAs)
 While each of these programmable logic device architectures have typical focused ap- plications, they also have some common feature overlap which leads to some overlap of applications. Figure 2.1 illustrates the overlap between the three PLD technologies. For example, some applications such as address decoding could be implemented in either a CPLD or an FPGA. Implementation within an FPGA allows this function to be integrated with a larger range of additional functionality.
 / 3
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Chapter 2
 Programmable Logic Devices ~ , ~ ~ . . _ _
 Figure 2.1 PLD categories
 The architectures are not mutually exclusive and it is often possible to implement the same functionality in more than one device type. In general, any function that can be implemented in a simpler device can also be implemented within a more complex device. The opposite is not necessarily true, since more complex functions may not be able to be implemented within simpler PLD device types at all. The following factors may influence the selection of a target PLD architecture for design implementation.
 PLD Target Architecture Decision Factors
 �9 Ability to implement required functionality within a PLD device category
 �9 Cost to implement functionality within a specific PLD device
 �9 Easy migration path from previous design implementation (reuse)
 �9 Need for expansion of functionality in the future
 �9 Absolute function implementation cost or real-estate limits
 �9 Familiarity with specific PLD architecture
 �9 Possession of or familiarity with specific PLD design and implementation tools
 �9 Availability of specific package type or style
 Figure 2.2 shows two PLD categories and some of their respective characteristics at a high level. These characteristics must be taken into account when deciding on a PLD tech- nology to target. For example, in larger applications the larger capacity and lower gate cost of FPGAs can influence designers to select the category of FPGAs to implement their required design functionality.
 CPLDs:
 More Predictable Timing
 Simple Architecture
 Fewer Registers
 i i J i i i
 versus
 FPGAs:
 Larger Capacity
 Complex Architecture
 More Registers
 Figure 2.2 PLD categories
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 Ultimately the design factors affecting PLD architectural selection break down into the categories shown in Table 2.1.
 Table 2.1 Design Factors aFFecting PLD architectural selection
 Design Category Availability Cost Debug Efficiency Flexibility
 Design Factor Detail Long-term component availability, vendor stability Component cost, implementation cost, support cost Access to technology which makes design debug easier Efficiency to implement, update, modify and maintain Ability to accommodate change, future function expansion
 Familiarity Familiarity with the architecture, tools History
 ..... Options Popularity
 Prior design experience with the architecture/tools, availability of prior design implementation to leverage Tools, package, implementation options Popular architectures are likely to have better support and longer availability
 _Support Access to vendor support staff and industry support _Training Access to training on design implementation
 The design considerations listed in Table 2.1 will be common to many of the engineering trade studies and essential design decisions required to implement a design with program- mable logic. As the design team addresses each of these considerations, there are additional design decisions that must be made. Knowing which PLD technology to target does not an- swer which manufacturer, family or tool set to use. The flexible nature of programmable logic brings with it a wide range of options to evaluate and choose from. Many of these decisions will be affected by a combination of cost and complexity, as illustrated in Figure 2.3.
 Complexity
 Figure 2.3 PLD design spaces
 15
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 2.1.2 SPLD Device Overview The simplest PLD device architectures are programmable array logic (PAL) devices and programmable logic array (PLA) devices. Both of these devices are generally categorized into a family of logic devices known as simple programmable/og/c devices (SPLDs). PLA device architectures are based on the implementation of two logic gate array structures. One array is of Boolean ANDs and the other of Boolean ORs. Combined, these arrays are capable of implementing a sum of products that implement the required Boolean logic equations. These devices also have input and output blocks and limited programmable internal signal routing paths that can support output signal feedback. The inputs and outputs can be either synchro- nous or asynchronous (clocked or unclocked).
 While PLA devices allow both the AND and OR planes to be programmed a PAL device has a fixed OR plane. The trade-off between these two architectures is speed over logic flexibility. However, both of these devices architectures are relatively fast and possess a propagation delay (commonly referred to as Tpd) in the order of a few nanoseconds. Figure 2.4 shows a simplified PAL architecture block diagram.
 Both PAL and PLA devices are relatively small in size, generally ranging from 8 to 24 logic cells with low pin counts on the order of 16 to 28 pins. The configuration technologies used for these devices include EPROM and EEPROM. A popular PAL architecture example is the 22V10. The typical ranges of SPLD characteristics are outlined in Table 2.2.
 ,/o
 Macro ; ~ ~ ; ; ~ ~ Cell "~~~] [~ [~ [~ ~ ~ 9 [~ ~-- Product
 , ~ ~ , , ,
 M a c r ~ I I i I *
 Pins""-~~ ~ ~ ~ ~ ~ ~ [ ~
 Figure 2.4 CPLD data flow
 Clock
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 Table 2.2
 SPLD Characteristic Number of pins Number of macro cells Number of flip-flops (FFs) Configuration technology Power-up status Programmability Programming mechanism Size
 Range 16 to 28 pins 8 to 24 logic cells 8 to 24 FFs EPROM, EEPROM Nonvolatile Can be reprogrammed after being erased Generally programmed off-board Small
 2.1.3 CPLD Device Overview
 The next group of PLD devices are referred to as complex programmable logic devices (CPLDs). CPLDs expand the range of potential functionality of SPLD devices since they are extensions of the SPLD architecture with additional resources. CPLDs can be reprogrammed in-circuit.
 CPLD components cover a middle ground in terms of complexity and density between SPLDs and FPGAs. A CPLD in its simplest form is based on the implementation of mul- tiple SPLD blocks with inter-block routing resources and an enhanced peripheral ring of I/O blocks within a single package. Figure 2.5 shows a generic CPLD architecture.
 Macro Macro Macro
 Switch Fabric
 I Macro Macro Macro
 . _ . . -
 Figure 2.5 Basic CLPD Structure
 Input/Output
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 CPLD devices can potentially replace thousands or even tens of thousands of equivalent logic gates. CPLD architectures continue to evolve and increase in density, capability, speed and architectural complexity. The more complex CPLD families have characteristics and at- tributes traditionally associated with FPGAs. Figure 2.6 reflects some of the design decisions that must be made when implementing a design with a CPLD.
 SPLD
 PLD CPLD
 FPGA
 Size Tool Set Architecture 5 V I/O Tolerance Low Voltage (3.3 Volts) Low Power (Zero Power) Package (DIP, PLCC, SSOP, etc.)
 Figure 2.6 CPLD decision tree
 The typical ranges of CPLD characteristics are outlined in Table 2.3. Tal
 CPLD Characteristic . . . . . .
 Number of Pins Number of Macro Cells Number of FFs Configuration Technology Power-up Status Programmability Programming Mechanism Size Equivalent Gate Count
 ~le 2.3
 R~nge 44 to 3()0+ pins 32 to 500+ logic cells 32 to 500+ FFs EEPROM, EPROM, FLASH Nonvolatile Can be reprogrammed Can be programmed in-circuit Medium 900 to 20,000+ equivalent gates
 Larger CPLD devices can implement functionality, which could also be targeted to smaller FPGA devices. Design teams will need to determine if the targeted CPLD family has the headroom required for future product implementations. While a design may currently be implemented within a CPLD device, designs with potential for significant future expansion should be considered for implementation within an FPGA. Architecturally, FPGAs tend to be more complex than CPLDs. The implementation of logic and signal interconnection within CPLDs and FPGAs is significantly different, as illustrated in Figure 2.7. For a more detailed comparison, review the data sheets for Xilinx's CoolRunner-2 and VirtexTM-4 fami- lies. FPGA architectures will be presented in more detail in the following sections.
 Notice that FPGAs tend toward data-path oriented functions at the cost of a more complex architecture. The more complex architecture requires more advanced design imple- mentation decisions with the resulting advantages of higher I/O count, more flexible routing and more register resources. However, the increased complexity is largely handled at the design implementation tool level and is not the primary responsibility of the design team.
 18
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 Figure 2.7 CPLD to FPGA comparison a n n e
 2':': D IUILAIL_JI 0 N
 ~:_~.
 CPLD Architecture
 Jmml m H l m l B m l m l Rm mm
 FPGA Architecture
 Due to their architectural characteristics, CPLDs and FPGAs are optimized to imple- ment similar but different ranges of functionality efficiently. CPLDs are well suited to combinatorial functions with limited register requirements, while FPGAs can implement larger, more register-intensive functionality. The primary trade-offs for PLD technology deci- sions include cost versus density, I/O capability and speed.
 For the most part, at small densities the CPLD wins because of price. At high densities, the FPGA tends to win due to lower overall logic cost. However, when crossing over from CPLD to FPGA, the middle ground is gray and it becomes a battle of technologies as illustrated in Figure 2.8. Figure 2.8 presents a mapping of functionality for CPLD and FPGAs.
 sT e q u e n t i a I
 F u n c t i o n s
 Data Path Oriented
 Functions
 Flexible Routing
 Higher ] IIO Count /
 Higher Register Count
 FPGAs
 Register Intensive
 ipromise
 Control Functions
 State Machines
 ~ ~ ~ L o w e r Lower I/O Count
 Simple Register Count
 Predictable Routing
 Combinatorial Functions
 CPLDs
 Figure 2.8 PLD categories
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 The main trade-offs for PLDs center around cost versus density, speed, and I/O. Figure 2.9 shows some of the operational categories of FPGA devices.
 More ,~ __-.------- .. _ . ~ Feature I / ~ ~ ~ ' - Per fo rmance -~c.......,, Rich ( ~ Oriented / "~,
 Less N ~ ~ ~ F a m i l y / f ~ 7 - ~ More Logic f" ~ ' ' - - ~ - " " ~ "~Log~c -" ( I/0- ~ Logic- I "-
 ~,. / Oriented ~ .d}, Feature Less
 Optimized I/O
 Figure 2.9 FPGA family optimization
 2.1.4 FPGA Device Overview Since field programmable gate array (FPGA) devices are the focus of this book, we will now consider FPGA architectures in more detail. FPGA or field programmable gate array devices were introduced in 1985 by Xilinx. FPGAs were developed m address the gap between CPLD and Application-Specific Integrated Circuits (ASIC) sevices. These new components provided a reduced-cost logic platform with the densities and I/O capabilities of gate arrays and the programmable nature of CPLDs. They supported faster time to market, enhanced design flexibility and simplified design debug, all prerequisites of rapid system prototyping and development.
 FPGAs are manufactured by multiple manufacturers utilizing several different technolo- gies. Each manufacturer offers different device "families" with common features, voltages and low-level device (IC) geometries. Each device family differs in the details of device architec- ture, device programming technology, internal signal routing, power, capacity, voltage, I/O support, and packaging. This broad range of implementation is due to strong competition be- tween manufacturers, and a desire to differentiate products by targeting specific applications requiring different features and architectures, such as increased on-board memory or specific I/O support. Despite these differences, there are also significant design architecture, feature and development process similarities between the broad ranges of offered devices. Table 2.4 provides a listing of typical FPGA characteristics.
 20
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 Table 2.4
 FPGA Characteristic Number of Pins Number of Logic Cells Number of FFs Configuration Technology Power-up Status Reprogrammability Pro gramming Mechanism Size Equivalent Gate Count
 Range 50+ 5,000+ 5,000+ Flash, EEPROM SRAM: volatile, OTP: nonvolatile SRAM: can be reprogrammed, OTP: no SRAM: can be programmed in-circuit Medium to Large 10,000+ equivalent gates
 Manufacturers have refined their offerings with fine-tuned architectures and function sets that target specific applications and functional categories. In many cases new features were added as technology advanced. Many of these features were not of interest to the broad market, so further component variations occurred. Feature differences include device granu- larity, I/O interface support, resource mix (logic versus register), logic capacity, operational speed and power consumption.
 Most FPGA manufacturers offer two main FPGA family categories: performance-optimized and cost-optimized. Within these families, the devices have a range of I/O and logic capabili- ties. Some families and devices will have a higher ratio of logic-to-I/O and are referred to as logic-centric. Other devices will have relatively more I/O than logic and are referred to as I/O-centric. Figure 2.9 illustrates the relationships between these categories. These categories are methods of clarifying the relative amount and cost of available resources.
 With this competitive environment and evolution brought about by technology advancements, FPGA resources have continued to increase in density, complexity, speed, and I/O count as well as architecturally, by adding larger, more versatile blocks of embed- ded RAM, embedded hard and soft processor cores, dedicated hardware multipliers and high-speed communication capabilities. These larger device sizes, with more architectural enhancements along with advanced FPGA design tool integration, extensive hardware description language (HDL) usage and the availability of more intellectual property (IP), addressed later in this book, are allowing design teams to implement increasingly complex designs within shorter schedules.
 The current high-end FPGA families feature millions of equivalent gates of functionality and high-speed interfaces capable of supporting a very broad range of engineering solutions including nontraditional applications. These high-end FPGA components are capable of implementing complex functionality which in the past would only have been practical with ASICs or extensive discrete-component board designs.
 21
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 2.1.5 FPGA Types There are two broad categories of FPGA devices, reprogrammable and one-time programmable (OTP) devices. FPGA devices must be programmed at some point in the design process to define their functional operation. There are four different technologies for programming (configuring) FPGAs and they are detailed in Table 2.5.
 Table 2.5
 �9 ConfiRuration T e c k n o l o y o ,
 SRAM-based
 Anti-Fuse-based
 EPROM-based
 EEPROM-based
 Tecknolof~y Overview and Features An external device (nonvolatile memory or pP) programs the device on power up. Allows fast reconfiguration. Configura- tion is volatile. Device can be reconfigured in-circuit. Configuration is set by "burning" internal fuses to implement the desired functionality. Configuration is nonvolatile and cannot be changed.
 Configuration is similar to EPROM devices. Configuration is nonvolatile. Device must be configured out of circuit (off- board). Configuration is similar to EEPROM devices. Configuration is nonvolatile. Device must be configured and reconfigured out of circuit (off-board).
 Configuring volatile FPGAs or SRAM FPGAs typically takes a few hundred milliseconds or less to complete. This time is mainly dependent on the size of the part, the configura- tion interface implemented and the speed of data transfer. However, the length of the configuration delay period often is a minor consideration at the system design level, when compared to the benefits of being able to dynamically reconfigure the FPGA in-circuit. This is especially the case when other types of devices, such as a processor, are present that also require a boot-up.
 To configure an SRAM FPGA, the configuration data is usually loaded from an exter- nal nonvolatile configuration PROM, although FPGAs can also be configured directly by a processor or via a download cable from a PC. One-time programmable (OTP) devices, on the other hand, are made up of traditional logic gates interconnected by employing anti- fuse technology. The connections between the gates are not "blown" but instead made into permanent connections. Therefore, OTP devices cannot be modified after they are pro- grammed. OTP parts power up "configured" and thus have the advantage of no configuration time or "instant on" performance. Figure 2.10 illustrates an OTP FPGA implementation. The I1 block represents an input block, O1-O3 represent output blocks, and the white boxes within the FPGA represent design logic and registers. Each of the filled boxes represents a permanent connection internal to the FPGA. These connection points define the signal routing and interface to logic and fixed-function blocks. Within a non-OTP component, these connections can be reconfigured, but are fixed within an OTP component. OTP FPGA architecture details can be found in the Quicklogic and Actel family of data sheets.
 2 2
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 Figure 2.10, OTP FPGA example
 For rapid prototyping applications, the most critical FPGA technology feature is ease of function definition and re-definition. Typically, the function, content and implementation of the FPGA will change numerous times over the life of the development and integration cycle. For this reason, the configuration technology selected must be reprogrammable rather than OTP. (Note that OTP FPGAs and non-ISP FPGAs may have significant applications within stable, well-tested products.)
 SRAM-based FPGAs are often the best design choice for prototyping and development projects. Due to the many advantages of developing designs with SRAM-based FPGAs, this book focuses on development with these devices. It is important to realize, however, that almost all of the concepts and approaches presented within this book also apply to OTP and non-ISP FPGA technologies.
 The FPGA technology field has exhibited a turbulent history with many mergers, acqui- sitions and market departures. While at any given time there are a medium number of FPGA manufacturers, there are only a few manufacturers with significant sales and shipping designs. It is interesting to note that no major FPGA manufacturer owns their own fab; they are all fabless and rely on foundry partners to produce their silicon. Table 2.6 lists some of the larg- est current players in the FPGA market. The relative market shares of the top five vendors constantly fluctuate based on many factors. New families, devices, technologies and design innovations are regularly announced. The information in this table is not comprehensive and may not list the full range of any company's offering.
 Manufacturer Altera|
 Table 2.6
 TecknoloRy SRAM, Flash
 Actel Antifuse Lattice SRAM, Flash Quicklogic Antifuse Xilinx SRAM
 1"6"
 ~EY ~'IJ ~OIN7
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 2.2 SRAM-Based FPGA Architecture An FPGA device is an integrated circuit with a central array of logic blocks that can be con- nected through a configurable interconnect routing matrix. Around the periphery of the logic array is a ring of I/O blocks that can be configured to support different interface standards. This flexible architecture can be used to implement a wide range of synchronous and combi- natorial digital logic functions. Figure 2.11 shows a simplified view of a basic FPGA device.
 W m l
 m U m
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 m m
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 Figure 2.11 Simplified FPGA block diagram
 /'o" \ , ~EY~ ~OIN7
 SRAM FPGAs can be configured and reconfigured with the IC permanently mounted to the HW target board. This allows system engineers to accommodate design fixes, updates, or feature enhancements, without costly board re-spins or white-wires. Avoiding the significant time penalty and NRE costs associated with board re-spins or addition of wires and compo- nents to existing hardware is critical with rapid system development.
 FPGA devices are based on a number of common configurable structures. While there are minor and major variations in the implementation of these structures between manu- facturers and device families, the structures are common to almost all mainstream FPGA devices. The fundamental FPGA structures are as follows.
 FPGA Structures
 �9 Logic Blocks
 �9 Routing Matrix & Global Signals
 �9 I10 Blocks
 �9 Clock Resources
 �9 Multiplier
 �9 Memory
 �9 Advanced Features
 24
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 2.2.1 FPGA Logic Block Structure FPGA logic blocks may have different architectures within different families, even if they are from the same manufacturer. Each manufacturer tends to call the lowest-level FPGA logic block by different names including logic cell, slice, rnacrocell, and logic element (LE). To clar- ify further discussions, the term slice will be used to refer to this structure. A traditional slice will typically contain one or more N-input look-up tables (LUTs) along with one or more flip- flops, signal routing muxes, control signals and carry logic. Figure 2.12 shows a generic slice. In the advanced FPGA families, the internal architecture of a slice is often quite complicated.
 Logic Block
 i i : ! : i i :
 Figure 2.12 Simplified slice architecture
 Each LUT element can implement any Boolean function with N or fewer inputs. The size and interrelationship of LUTs within the logic block can affect the resource utilization and implementation of a design. Designers should be familiar with the details of the logic block architecture for the most efficient design implementation. Traditionally, a majority of the implementations of LUT architectures have four inputs.
 The LUT is simply a memory element. The delay through an LUT is constant regard- less of the Boolean function implemented. The LUT delay is fixed, since it is based on a memory element implementation. LUT elements may also be used as memory elements such as FIFOs. This feature will be discussed in more detail in the memory section of this chapter. Figure 2.13 illustrates the equivalence between a Boolean logic gate implementation and an LUT-based implementation of the same functionality.
 I i '
 - - - - Z
 B
 c D . . . . . .
 Combinatorial Logic
 B Z
 : i . i ...... ........... !
 D C B A Z
 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0
 �9 �9 �9
 1 0 0 1 1 1 0 1 0 0 1 0 1 1 0 1 1 0 0 0 1 1 0 1 1 1 1 1 0 0 1 1 1 1 1
 Figure 2.13 Look-up table equivalence
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The LUT elements can either feed out of the slice or into a register. Registers are also referred to as flip-flops, or FFs. FFs are time-based elements and are fundamental elements of all clock-based circuits. The flips flops can support clock enable and asynchronous set and reset functionality. There are typically many different potential configurations for these flip-flops. For more details on a specific device family, refer to the manufacturer device family documentation.
 In order to support higher levels of functionality, slices may be grouped together by the manufacturer, forming a larger structure. Figure 2.14 illustrates a grouping of slices forming a larger structure. The nomenclature, architecture, features and sizes of these larger blocks var- ies between supplier, family and device. Some example names for these combined logic block groups are: tile, configurable logic block (CLB), logic array block (LAB), and MegaLAB. To clarify further discussions, the term CLB will be used to refer to multislice structures.
 .........
 ~:!!!iiii i!!iii~i!ill iii i;i: ii!~
 i}il i!i)ii~
 :;i ii; ili
 i!~; i! i: ill ,i ::i~
 :iil.
 !i!!i:?i
 :!!:ii i: ii ~
 Figure 2.14 Simplified Xilinx CLB
 Finally, these logic tiles or blocks can have different architectures within different devices and may even vary between families of a specific FPGA vendor. The generic FPGA logic block goes by different names including: logic cell, slice, macrocell, and logic element. Groups of logic blocks are also called by various names including: configurable logic block (CLB), logic array block, and MegaLAB.
 26

Page 15
                        

FPGA Fundamentals
 2.2.2 FPGA Routing Matrix and Global Signals The fundamental routing elements for an FPGA are the horizontal/vertical routing channels and programmable routing switches. The number of routing channels varies between FPGA device manufacturers and families. The function of the horizontal and vertical routing chan- nels is to provide a connection mechanism between routing switches. The routing switch is programmable and can provide either 180- or 90-degree routing path. The routing switches are located between each column and row of CLBs. The switches are connected to the CLBs at their inputs and outputs with wire segments. Figure 2.15 shows a typical routing matrix.
 |m
 m m
 �9 l
 I l
 ) I l
 __21
 I
 t ~ Slice
 Routing Segments
 ~i , , ~ S w i t c h Box
 Figure 2.15 FPGA signal routing
 Constraints have a significant impact on routing path implementation, which will affect logic timing. Constraint implementation is an important topic and will be addressed in a lat- er chapter. The next mechanism the FPGA employs for connecting both switches and CLBs is carry chain logic. The direction of the carry chain can either be vertical or horizontal depending on the architectural convention of the FPGA device. Carry chain logic is com- monly used to build large efficient structures for implementing arithmetic functions within the general logic fabric. Figure 2.16 shows an example of a carry chain implementation.
 27

Page 16
                        

Chapter 2
 Figure 2.16 Carry logic
 In parallel with the regular signal routing matrix, most manufacturers have also imple- mented global low-skew routing resources. These resources are typically limited in quantity and should be reserved for high-performance and high-load signals. Global routing resources are often used for clock and control signals, which tend to be both high-performance and high-fanout. Designers can allow the tools to select the signals that are assigned to global routing resources, or they can control global assignments through the use of design con- straints and tool switches.
 2.2.3 FPGA I /O Blocks The ring of I/O banks surrounding the array of CLBs is used to interface the FPGA device to external components. Traditionally, the ring of I/O banks is either staggered or in-line around the FPGA device. The difference between staggered and in-line I/O is just as the names describe. A trade-off must be made architecturally between the number of available signal pins and the amount of resources implemented within the device. This ratio is deter- mined and implemented by the manufacturer and will vary from device to device. Figure 2.17 shows a generic I/O bank implementation method.
 28
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 0 / 1
 LOGIC ARRAY
 5 m 4
 Figu re 2.17 FPGA I /O banks
 I/O block (IOB) is a common term used to describe an I/O structure, although other names may also be used. An lOB includes input and output registers, control signals, muxes and clock signals. The signals routed through the I/O block can be registered or unregistered. The output block may also support the implementation of a three-state circuit within the lOB. In contrast, the input registers will not have a path through a three-state device. Since CMOS circuits use power in the indeterminate state, inputs left floating can cause extra power to be consumed. Thus, unused FPGA inputs should not be left floating. One approach is to configure unused pins as outputs. Figure 2.18 presents a simplified lOB architecture.
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 In order to interface to different types of logic, an FPGA device IOB must support multi- ple IO interface standards. Both single-ended and differential operational modes are typically supported. Examples of single-ended standards include PCI and LVTTL. Examples of differ- ential standards are LVDS and LVPECL. Due to the large number of standards, it is essential that FPGA family data sheet and appropriate application notes be reviewed prior to hardware design to guarantee correct FPGA operation. It may also be necessary to reference specific standards since FPGA documentation may not repeat standard technical specifications.
 The selection of a specific I/O standard can be implemented via a selection within the FPGA tool set. This selection is typically made when assigning pin locations to specific signals. Pin location assignment can significantly impact design implementation and performance. Pin assignment and pin locking is discussed in detail later in this book. Other I/O features and operational modes may also be implemented within the FPGA and be under the control of the design team. Following is a list of potential configurable I/O features.
 10B Configurable Features
 �9 Pull-up or pull-down
 �9 Status of"unused" I/0
 �9 I/0 slew rate
 �9 I /0 drive strength
 �9 Supported I/0 standards
 �9 Characteristic impedance termination
 2.2.4 FPGA Clock Resources The primary FPGA element for handling, managing and adjusting FPGA local and system clocks is the CLOCK block. Clock manipulation can be implemented based on two different technologies: the phase-locked loop (PLL) and the delay lock loop (DLL).
 PLLs generate the desired clock phase or frequency output by making adjustments to a voltage-controlled oscillator. PLLs are inherently analog circuits and therefore they perform better when supplied with "clean" power and ground. It may be desirable to provide split planes to provide isolated power and grounds. This can complicate board layout.
 DLLs access signals from a calibrated tapped delay line circuit internal to the FPGA to produce the desired clock phase or frequency. DLLs are digital circuits. Figure 2.19 presents a graphical representation of the two technologies.
 To provide worst-case clocking delays within FPGA devices, both global and regional clocking techniques are used to disperse clocking across the FPGA fabric. Global clocking includes the implementation of global steering logic and buffers for distributing the clock within the FPGA. Global clocking typically begins in the middle of the device and then branches into smaller regions. FPGA devices are typically divided into four or more clock- ing regions. Regional clocking can also be provided to individual FPGA regions. Figure 2.20 illustrates this point.
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 Figure 2.19 PLL and DLL clocking
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 Figure 2.20 Potential clocking implementation
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 Differential clocking is typically implemented for global signal distribution and is essential for high-speed memory I/O interface (Example DDR2 interface). The desirable characteristics of differential clocking include faster edge rates, improved noise immunity, and inherently balanced duty cycles. Differential clocking also supports higher frequency operation and more reliable data transmission.
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 2.2.5 FPGA Memory Memory resources are critical for many advanced FPGA applications. There are two primary types of memory within FPGAs, distributed and block memory. Distributed memory takes advantage of the fact that LUT elements are implementations of SRAM memory blocks. Block memory is the implementation of dedicated SRAM memory blocks within the FPGA.
 Memory elements embedded within FPGAs are usually referred to as block RAM, embedded system blocks (ESB), system RAM, and content addressable memory (CAM).
 Higher-performance FPGA devices typically have larger numbers of dedicated memory banks in addition to the inherent distributed memory functionality. Dedicated memory blocks in dual-port configuration may support asynchronous and synchronous reads and writes. Other potential capabilities include parity, clocking control and reset functional- ity. They can be configured to support a broad range of applications. Example applications include cache for an embedded FPGA processor core or a FIFO supporting data buffering for a DSP function.
 f ~ \ ,
 (EY~J ~OIN1
 2.3 Advanced FPGA Features As FPGA devices and architectures continue to evolve, certain advanced structures will be implemented in significantly different ways by different manufacturers. Often these advanced FPGA structures and features are targeted toward very specialized applications and technol- ogy specialties. The competitive market of programmable devices encourages manufacturers to develop and offer features that no one else offers. This allows manufacturers to differentiate their products, claim superior performance and develop some user loyalty to an architecture that meets their specialized needs effectively.
 Some of the technology areas where manufacturers are offering advanced features include:
 Advanced FPGA Structures and Implementations
 �9 Enhanced clock features
 �9 Intellectual property (IP)
 �9 Embedded processors (hard and soft)
 [] Digital signal processing (blocks, tools, design flow)
 Advanced I /0 standards and protocol support
 2.4 Summary This chapter provided a high-level overview of the primary categories of programmable logic and the factors that affect PLD technology selection. The three PLD categories include SPLDs, CPLDs and FPGAs. The crossover between CPLD and FPGA applications was discussed. The overlap between the two technologies can be significant; however, for larger, more complex projects, FPGA technology provides many benefits. The primary types of FPGAs and major FPGA manufacturers were presented. The primary FPGA categories are OTP and SRAM-based. SRAM-based FPGAs are typically better suited for rapid system
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 prototyping applications due to their reprogrammability and flexibility. Since SRAM-based FPGAs are well suited for rapid system prototyping, special attention was focused on the architecture of SRAM-based FPGAs. The structures introduced in this chapter will be ref- erenced throughout the remainder of the book. Figure 2.21 illustrates the FPGA structures presented in this chapter.
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 The fundamental FPGA structures presented included the CLB and slice, routing matrix, global signals, I/O blocks, clocking resources and memory. The advanced features, including intellectual property, embedded processors, DSP blocks and advanced I/O will be presented in more detail in dedicated chapters later in the book.
 This book uses the term slice to represent the lowest-level element within an SRAM- based FPGA. A slice is the fundamental element within an SRAM-based FPGA that is used to build larger logic structures. Slices may have different architectures within different families, even among FPGA devices from the same manufacturer. Alternative names for a slice include logic cell, macrocell, and logic element. The elements making up a slice include LUTs, flip-flops, dedicated logic and routing for connecting the elements. The LUT is a memory element used to implement any Boolean function with N or fewer inputs, where N is the number of inputs into the LUT. The number of inputs to the LUT may vary between manufacturer, family and device.
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 Manufacturers of SRAM FPGAs may also group slices into larger structures to form more complex logic blocks capable of providing a higher level of functionality. The name that is used for slice groups within this book is CLB. As with slices, the nomenclature, architecture, features, and size of these larger blocks may vary between manufacturer, family and device. Alternative names for CLBs include tile, lo~c array block and MegaLAB.
 To build large logic structures, SRAM FPGAs use vertical and horizontal routing signals in a matrix arrangement that are paired with switch boxes at intersections to support FPGA element interconnection. These switch boxes or routing switches can implement both 90- and 180-degree routing connections. Switch boxes are located at the intersection of rows and columns and interfaces of CLBs and slices.
 SRAM FPGAs interface to external circuitry via a ring of I/O blocks. These I/O blocks are referred to in this book as IOBs. Groups of I/O blocks can be collected into I/O banks. Individual lOBs have the ability to interface with a wide range of I/O standards, which can be selected by the FPGA designer. Available lOB standards may be limited based on the configuration of the I/O bank of individual lOBs. The primary FPGA element for handling, managing and adjusting FPGA local and system-level clocks is the CLOCK block. To provide improved margin timing within FPGAs, global and regional clocks should be utilized.
 SRAM FPGAs have two primary types of embedded memory: distributed and block memory. Distributed RAM takes advantage of the memory-based structure of LUTs within the logic fabric; block RAMs are dedicated memory blocks placed within the FPGA fabric. The size and supported modes of operation for block memories may vary between manufac- turers and device families.
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