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Conventions

This document uses the following conventions. An example illustrates each convention.

Typographical

The following typographical conventions are used in this document:

Convention

Meaning or Use

Example

Courier font

Messages, prompts, and
program files that the system
displays

speed grade: - 100

Courier bold

Literal commands that you
enter in a syntactical statement

ngdbuild design_name

Helvetica bold

Commands that you select from |File — Open
a menu
Keyboard shortcuts Ctrl+C

Ttalic font

Variables in a syntax statement
for which you must supply
values

ngdbuild design_name

References to other manuals

See the Development System
Reference Guide for more
information.

Emphasis in text

If a wire is drawn so that it
overlaps the pin of a symbol,
the two nets are not connected.

Square brackets [ ]

An optional entry or parameter.
However, in bus specifications,
such as bus [7:01], they are
required.

ngdbuild [option name]
design name

Braces { } A list of items from which you |lowpwr ={on|off}
must choose one or more
Vertical bar | Separates items in a list of lowpwr ={on|off}

choices

Vertical ellipsis

Repetitive material that has
been omitted

IOB #1: Name
IOB #2: Name

QOuUT’
CLKIN'

Horizontal ellipsis ...

Repetitive material that has
been omitted

allow block block_namelocl
loc2 ... locn;

Online Document

The following conventions are used in this document:
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Conventions

Convention

Meaning or Use

Example

Blue text

Cross-reference link to a
location in the current
document

See the topic “Additional
Resources” for details.

Refer to “Title Formats” in
Chapter 1 for details.

Red text

Cross-reference link to a
location in another document

See Figure 2-5 in the Virtex-II
Platform FPGA User Guide.

Blue, underlined text

Hyperlink to a website (URL)

Go to http://www.xilinx.com
for the latest speed files.
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Chapter 1

Hardware Design Using System
Generator

System Generator is a system-level modeling tool that facilitates FPGA hardware design. It
extends Simulink in many ways to provide a modeling environment that is well suited to
hardware design. The tool provides high-level abstractions that are automatically
compiled into an FPGA at the push of a button. The tool also provides access to underlying
FPGA resources through low-level abstractions, allowing the construction of highly

efficient FPGA designs.

A Brief Introduction to FPGAs

Design Flows using System
Generator

System-Level Modeling in
System Generator

Automatic Code Generation

Compiling MATLAB into an
FPGA

Importing a System Generator
Design into a Bigger System

Configurable Subsystems and
System Generator

Provides background on FPGAs, and discusses
compilation, programming, and architectural
considerations in the context of System Generator.

Describes several settings in which constructing
designs in System Generator is useful.

Discusses System Generator's ability to implement
device-specific hardware designs directly from a
flexible, high-level, system modeling environment.

Discusses automatic code generation for System
Generator designs.

Describes how to use a subset of the MATLAB
programming language to write functions that
describe state machines and arithmetic operators.
Functions written in this way can be attached to
blocks in System Generator and can be automatically
compiled into equivalent HDL.

Discusses how to take the VHDL netlist from a System
Generator design and synthesize it in order to embed
itinto a larger design. Also shows how VHDL created
by System Generator can be incorporated into a
simulation model of the overall system.

Explains how to use configurable subsystems in
System Generator. Describes common tasks such as
defining configurable subsystems, deleting and
adding blocks, and using configurable subsystems to
import compilation results into System Generator
designs.

System Generator for DSP User Guide
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Notes for Higher Performance
FPGA Design

Processing a System Generator
Design with FPGA Physical
Design Tools

Resetting Auto-Generated Clock
Enable Logic

Design Styles for the DSP48

Using FDATool in Digital Filter
Applications

Generating Multiple Cycle-True
Islands for Distinct Clocks

Using ChipScope Pro Analyzer
for Real-Time Hardware
Debugging

A Brief Introduction to FPGAs

A field programmable gate array (FPGA) is a general-purpose integrated circuit that is
“programmed” by the designer rather than the device manufacturer. Unlike an

Suggests design practices in System Generator that
lead to an efficient and high-performance
implementation in an FPGA.

Describes how to take the low-level HDL produced by
System Generator and use it in tools like Xilinx's
Project Navigator, ModelSim, and Synplicity's
Synplify.

Describes the behavior of rate changing blocks from
the System Generator library when the ce_clrsignal
is used for re-synchronization.

Describes three ways to implement and configure a
DSP48 (Xtreme DSP Slice) in System Generator

Demonstrates one way to specify, implement and
simulate a FIR filter using the FDATool block.

Describes how to implement multi-clock designs in
System Generator

Demonstrated how to connect and use the Xilinx
Debug Tool called ChipScope™ Pro within System
Generator

application-specific integrated circuit (ASIC), which can perform a similar function in an
electronic system, an FPGA can be reprogrammed, even after it has been deployed into a
system.

An FPGA is programmed by downloading a configuration program called a bitstream into
static on-chip random-access memory. Much like the object code for a microprocessor, this
bitstream is the product of compilation tools that translate the high-level abstractions
produced by a designer into something equivalent but low-level and executable. Xilinx
System Generator pioneered the idea of compiling an FPGA program from a high-level
Simulink model.

An FPGA provides you with a two-dimensional array of configurable resources that can
implement a wide range of arithmetic and logic functions. These resources include
dedicated DSP blocks, multipliers, dual port memories, lookup tables (LUTs), registers, tri-
state buffers, multiplexers, and digital clock managers. In addition, Xilinx FPGAs contain
sophisticated I/O mechanisms that can handle a wide range of bandwidth and voltage
requirements. The Virtex®-4 FPGAs include embedded microcontrollers (IBM PowerPC®
405), and multi-gigabit serial transceivers. The compute and I/O resources are linked
under the control of the bitstream by a programmable interconnect architecture that allows
them to be wired together into systems.

FPGAs are high performance data processing devices. DSP performance is derived from
the FPGA’s ability to construct highly parallel architectures for processing data. In contrast
with a microprocessor or DSP processor, where performance is tied to the clock rate at
which the processor can run, FPGA performance is tied to the amount of parallelism that
can be brought to bear in the algorithms that make up a signal processing system. A
combination of increasingly high system clock rates (current system frequencies of 100-200

14
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A Brief Introduction to FPGAs

MHz are common today) and a highly-distributed memory architecture gives the system
designer an ability to exploit parallelism in DSP (and other) applications that operate on
data streams. For example, the raw memory bandwidth of a large FPGA running at a clock
rate of 150 MHz can be hundreds of terabytes per second.

There are many DSP applications (e.g., digital up/down converters) that can be
implemented only in custom integrated circuits (ICs) or in an FPGA; a von Neumann
processor lacks both the compute capability and the memory bandwidth required.
Advantages of using an FPGA include significantly lower non-recurring engineering costs
than those associated with a custom IC (FPGAs are commercial off-the-shelf devices),
shorter time to market, and the configurability of an FPGA, which allows a design to be
modified, even after deployment in an end application.

When working in System Generator, it is important to keep in mind that an FPGA has
many degrees of freedom in implementing signal processing functions. You have, for
example, the freedom to define data path widths throughout your system and to employ
many individual data processors (e.g., multiply-accumulate engines), depending on
system requirements. System Generator provides abstractions that allow you to design for
an FPGA largely by thinking about the algorithm you want to implement. However, the
more you know about the underlying FPGA, the more likely you are to exploit the unique
capabilities an FPGA provides in achieving high performance.

The remainder of this topic is a brief introduction to some of the logic resources available in
the FPGA, so that you gain some appreciation for the abstractions provided in System
Generator.

»
=
E;
B
[

o

e

The figure above shows a physical view of a Virtex®-4 FPGA. To a signal DSP engineer, an
FPGA can be thought of as a 2-D array of logic slices striped with columns of hard macro
blocks (block memory and arithmetic blocks) suitable for implementing DSP functions,
embedded within a configurable interconnect mesh. In a Virtex®-4 FPGA, the DSP blocks
(shown in the next figure) can run in excess of 450 MHz, and are pitch-matched to dual
port memory blocks (BRAMs) whose ports can be configured to a wide range of word sizes
(18 Kb total per BRAM). The Virtex®-4 SX55 device contains 512 such DSP blocks and
BRAMSs. In System Generator, you can access all of these resources through arithmetic and
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logic abstractions to build very high performance digital filters, FFTs, and other arithmetic
and signal processing functions.
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While the multiply-accumulate function supported by a Virtex®-4 DSP block is familiar to
a DSP engineer, it is instructive to take a closer look at the Virtex® FPGA family logic slice
(shown below), which is the fundamental unit of the logic fabric array.
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Each logic slice contains two 4-input lookup tables (LUTs), two configurable D-flip flops,
multiplexers, dedicated carry logic, and gates used for creating slice-based multipliers.
Each LUT can implement an arbitrary 4-input Boolean function. Coupled with dedicated
logic for implementing fast carry circuits, the LUTs can also be used to build fast
adder/subtractors and multipliers of essentially any word size. In addition to
implementing Boolean functions, each LUT can also be configured as a 16x1 bit RAM or as
a shift register (SRL16). An SRL16 shift register is a synchronously clocked 16x1 bit delay
line with a dynamically addressable tap point.

In System Generator, these different memory options are represented with higher-level
abstractions. Instead of providing a D-flip flop primitive, System Generator provides a
register of arbitrary size. There are two blocks that provide abstractions of arbitrary
width, arbitrary depth delay lines that map directly onto the SRL16 configuration. The
delay block can be used for pipeline balancing, and can also be used as storage for time-
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division multiplexed (TDM) data streams. The addressable shift register (ASR) block,
with a function depicted in the figure below, provides an arbitrary width, arbitrary depth
tapped delay line. This block is of particular interest to the DSP engineer, since it can be
used to implement tapped delay lines as well as sweeping through TDM data streams.

T e = L

-

Address A\ /
o o

Although random access memories can be constructed either out of the BRAM or LUT
(RAM16x1) primitives, doing so can require considerable care to ensure most efficient
mappings, and considerable clerical attention to detail to correctly assemble the primitives
into larger structures. System Generator removes the need for such tasks.

For example, the dual port RAM (DPRAM) block shown in the figure below maps
efficiently onto as many BRAM or RAM16x1 components on the device as are necessary to
implement the desired memory. As can be seen from the mask dialog box for the DPRAM,
the interface allows you to specify a type of memory (BRAM or RAM16x1), depth (data
width is inferred from the Simulink signal driving a particular input port), initial memory
contents, and other characteristics.
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In general, System Generator maps abstractions onto device primitives efficiently, freeing
you from worrying about interconnections between the primitives. System Generator
employs libraries of intellectual property (IP) when appropriate to provide efficient
implementations of functions in the block libraries. In this way, you don’t always have to

System Generator for DSP User Guide www.xilinx.com 17
UG640 (v 12.2) July 23, 2010


http://www.xilinx.com

Chapter 1: Hardware Design Using System Generator & XILINX.

have detailed knowledge of the underlying FPGA details. However, when it makes sense
to implement an algorithm using basic functions (e.g., adder, register, memory), System
Generator allows you to exploit your FPGA knowledge while reducing the clerical tasks of
managing all signals explicitly.

System Generator library blocks and the mapping from Simulink to hardware are
described in detail in subsequent topics of this documentation. There is a wealth of
detailed information about FPGAs that can be found online at http:/ /support.xilinx.com,
including data books, application notes, white papers, and technical articles.

Note to the DSP Engineer

System Generator extends Simulink to enable hardware design, providing high-level
abstractions that can be automatically compiled into an FPGA. Although the arithmetic
abstractions are suitable to Simulink (discrete time and space dynamical system
simulation), System Generator also provides access to features in the underlying FPGA.

The more you know about a hardware realization (e.g., how to exploit parallelism and
pipelining), the better the implementation you’ll obtain. Using IP cores makes it possible to
have efficient FPGA designs that include complex functions like FFTs. System Generator
also makes it possible to refine a model to more accurately fit the application.

Scattered throughout the System Generator documentation are notes that explain ways in
which system parameters can be used to exploit hardware capabilities.

Note to the Hardware Engineer

System Generator does not replace hardware description language (HDL)-based design,
but does makes it possible to focus your attention only on the critical parts. By analogy,
most DSP programmers do not program exclusively in assembler; they start in a higher-
level language like C, and write assembly code only where it is required to meet
performance requirements.

A good rule of thumb is this: in the parts of the design where you must manage internal
hardware clocks (e.g., using the DDR or phased clocking), you should implement using
HDL. The less critical portions of the design can be implemented in System Generator, and
then the HDL and System Generator portions can be connected. Usually, most portions of
a signal processing system do not need this level of control, except at external interfaces.
System Generator provides mechanisms to import HDL code into a design (see Importing
HDL Modules) that are of particular interest to the HDL designer.

Another aspect of System Generator that is of interest to the engineer who designs using
HDL is its ability to automatically generate an HDL testbench, including test vectors. This
aspect is described in the topic HDL Testbench.

Finally, the hardware co-simulation interfaces described in the topic Using Hardware Co-
Simulation allow you to run a design in hardware under the control of Simulink, bringing
the full power of MATLAB and Simulink to bear for data analysis and visualization.

Design Flows using System Generator

System Generator can be useful in many settings. Sometimes you may want to explore an
algorithm without translating the design into hardware. Other times you might plan to use
a System Generator design as part of something bigger. A third possibility is that a System
Generator design is complete in its own right, and is to be used in FPGA hardware. This
topic describes all three possibilities.
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Algorithm Exploration

System Generator is particularly useful for algorithm exploration, design prototyping, and
model analysis. When these are the goals, you can use the tool to flesh out an algorithm in
order to get a feel for the design problems that are likely to be faced, and perhaps to
estimate the cost and performance of an implementation in hardware. The work is
preparatory, and there is little need to translate the design into hardware.

In this setting, you assemble key portions of the design without worrying about fine points
or detailed implementation. Simulink blocks and MATLAB M-code provide stimuli for
simulations, and for analyzing results. Resource estimation gives a rough idea of the cost
of the design in hardware. Experiments using hardware generation can suggest the
hardware speeds that are possible.

Once a promising approach has been identified, the design can be fleshed out. System
Generator allows refinements to be done in steps, so some portions of the design can be
made ready for implementation in hardware, while others remain high-level and abstract.
System Generator's facilities for hardware co-simulation are particularly useful when
portions of a design are being refined.

Implementing Part of a Larger Design

Often System Generator is used to implement a portion of a larger design. For example,
System Generator is a good setting in which to implement data paths and control, but is
less well suited for sophisticated external interfaces that have strict timing requirements. In
this case, it may be useful to implement parts of the design using System Generator,
implement other parts outside, and then combine the parts into a working whole.

A typical approach to this flow is to create an HDL wrapper that represents the entire
design, and to use the System Generator portion as a component. The non-System
Generator portions of the design can also be components in the wrapper, or can be
instantiated directly in the wrapper.

Implementing a Complete Design

Many times, everything needed for a design is available inside System Generator. For such
a design, pressing the Generate button instructs System Generator to translate the design
into HDL, and to write the files needed to process the HDL using downstream tools. The
files written include the following:

e HDL that implements the design itself;

¢ A clock wrapper that encloses the design. This clock wrapper produces the clock and
clock enable signals that the design needs.

e A HDL testbench that encloses the clock wrapper. The testbench allows results from
Simulink simulations to be compared against ones produced by a logic simulator.

e Project files and scripts that allow various synthesis tools, such as XST and Synplify
Pro to operate on System Generator HDL

o Files that allow the System Generator HDL to be used as a project in Project
Navigator.

For details concerning the files that System Generator writes, see the topic Compilation
Results.
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System-Level Modeling in System Generator

System Generator allows device-specific hardware designs to be constructed directly in a
flexible high-level system modeling environment. In a System Generator design, signals
are not just bits. They can be signed and unsigned fixed-point numbers, and changes to the
design automatically translate into appropriate changes in signal types. Blocks are not just
stand-ins for hardware. They respond to their surroundings, automatically adjusting the
results they produce and the hardware they become.

System Generator allows designs to be composed from a variety of ingredients. Data flow
models, traditional hardware design languages (VHDL, Verilog, and EDIF), and functions
derived from the MATLAB programming language, can be used side-by-side, simulated
together, and synthesized into working hardware. System Generator simulation results are
bit and cycle-accurate. This means results seen in simulation exactly match the results that
are seen in hardware. System Generator simulations are considerably faster than those
from traditional HDL simulators, and results are easier to analyze.

System Generator Blocksets Describes how System Generator's blocks are
organized in libraries, and how the blocks can be
parameterized and used.

Signal Types Describes the data types used by System Generator
and ways in which data types can be automatically
assigned by the tool.

Bit-True and Cycle-True Specifies the relationship between the Simulink-based

Modeling simulation of a System Generator model and the
behavior of the hardware that can be generated from
it.

Timing and Clocking Describes how clocks are implemented in hardware,

and how their implementation is controlled inside
System Generator. Explains how System Generator
translates a multirate Simulink model into working
clock-synchronous hardware.

Synchronization Mechanisms Describes mechanisms that can be used to
synchronize data flow across the data path elements
in a high-level System Generator design, and
describes how control path functions can be

implemented.
Block Masks and Parameter Explains how parameterized systems and subsystems
Passing are created in Simulink.
Resource Estimation Describes how to generate estimates of the hardware

needed to implement a System Generator design.
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System Generator Blocksets

A Simulink blockset is a library of blocks that can be connected in the Simulink block editor
to create functional models of a dynamical system. For system modeling, System
Generator blocksets are used like other Simulink blocksets. The blocks provide
abstractions of mathematical, logic, memory, and DSP functions that can be used to build
sophisticated signal processing (and other) systems. There are also blocks that provide
interfaces to other software tools (e.g., FDATool, ModelSim) as well as the System
Generator code generation software.
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System Generator blocks are bit-accurate and cycle-accurate. Bit-accurate blocks produce
values in Simulink that match corresponding values produced in hardware; cycle-accurate
blocks produce corresponding values at corresponding times.
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Xilinx Blockset

The Xilinx Blockset is a family of libraries that contain basic System Generator blocks.
Some blocks are low-level, providing access to device-specific hardware. Others are high-
level, implementing (for example) signal processing and advanced communications
algorithms. For convenience, blocks with broad applicability (e.g., the Gateway I/O
blocks) are members of several libraries. Every block is contained in the Index library. The
libraries are described below.

Library Description

Index Every block in the Xilinx Blockset.

Basic Elements ElementsStandard building blocks for digital logic

Communication Forward error correction and modulator blocks, commonly used in
digital communications systems

Control Logic Blocks for control circuitry and state machines

Data Types Blocks that convert data types (includes gateways)

DSP Digital signal processing (DSP) blocks

Math Blocks that implement mathematical functions

Memory Blocks that implement and access memories

Shared Memory Blocks that implement and access Xilinx shared memories

Tools “Utility” blocks, e.g., code generation (System Generator block),
resource estimation, HDL co-simulation, etc

Note: More information concerning blocks can be found in the topic Xilinx Blockset.

Xilinx Reference Blockset

The Xilinx Reference Blockset contains composite System Generator blocks that implement
a wide range of functions. Blocks in this blockset are organized by function into different
libraries. The libraries are described below.

Library Description

Communication Blocks commonly used in digital communications systems
Control Logic LogicBlocks used for control circuitry and state machines
DSP Digital signal processing (DSP) blocks

Imaging Image processing blocks

Math Blocks that implement mathematical functions

Each block in this blockset is a composite, i.e., is implemented as a masked subsystem, with
parameters that configure the block.

You can use blocks from the Reference Blockset libraries as is, or as starting points when
constructing designs that have similar characteristics. Each reference block has a
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description of its implementation and hardware resource requirements. Individual
documentation for each block is also provided in the topic Xilinx Reference Blockset.
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Signal Types

In order to provide bit-accurate simulation of hardware, System Generator blocks operate
on Boolean and arbitrary precision fixed-point values. By contrast, the fundamental scalar
signal type in Simulink is double precision floating point. The connection between Xilinx
blocks and non-Xilinx blocks is provided by gateway blocks. The gateway in converts a
double precision signal into a Xilinx signal, and the gateway out converts a Xilinx signal into
double precision. Simulink continuous time signals must be sampled by the Gateway In
block.

Most Xilinx blocks are polymorphic, i.e., they are able to deduce appropriate output types
based on their input types. When full precision is specified for a block in its parameters
dialog box, System Generator chooses the output type to ensure no precision is lost. Sign
extension and zero padding occur automatically as necessary. User-specified precision is
usually also available. This allows you to set the output type for a block and to specify how
quantization and overflow should be handled. Quantization possibilities include unbiased
rounding towards plus or minus infinity, depending on sign, or truncation. Overflow
options include saturation, truncation, and reporting overflow as an error.

Note: System Generator data types can be displayed by selecting Format > Port Data Types in
Simulink. Displaying data types makes it easy to determine precision throughout a model. If, for
example, the type for a port is Fix_11_9, then the signal is a two's complement signed 11-bit number
having nine fractional bits. Similarly, if the type is Ufix_5_3, then the signal is an unsigned 5-bit
number having three fractional bits.
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In the System Generator portion of a Simulink model, every signal must be sampled.
Sample times may be inherited using Simulink's propagation rules, or set explicitly in a
block customization dialog box. When there are feedback loops, System Generator is
sometimes unable to deduce sample periods and/or signal types, in which case the tool
issues an error message. Assert blocks must be inserted into loops to address this problem.
It is not necessary to add assert blocks at every point in a loop; usually it suffices to add an
assert block at one point to “break” the loop.

Note: Simulink can display a model by shading blocks and signals that run at different rates with
different colors (Format > Sample Time Colors in the Simulink pulldown menus). This is often useful
in understanding multirate designs

Bit-True and Cycle-True Modeling

Simulations in System Generator are bit-true and cycle-true. To say a simulation is bit-true
means that at the boundaries (i.e., interfaces between System Generator blocks and non-
System Generator blocks), a value produced in simulation is bit-for-bit identical to the
corresponding value produced in hardware. To say a simulation is cycle-true means that at
the boundaries, corresponding values are produced at corresponding times. The
boundaries of the design are the points at which System Generator gateway blocks exist.
When a design is translated into hardware, Gateway In (respectively, Gateway Out) blocks
become top-level input (resp., output) ports.

Timing and Clocking

Discrete Time Systems

Designs in System Generator are discrete time systems. In other words, the signals and the
blocks that produce them have associated sample rates. A block’s sample rate determines
how often the block is awoken (allowing its state to be updated). System Generator sets
most sample rates automatically. A few blocks, however, set sample rates explicitly or
implicitly.

Note: For an in-depth explanation of Simulink discrete time systems and sample times, consult the
Using Simulink reference manual from the MathWorks, Inc.

A simple System Generator model illustrates the behavior of discrete time systems.
Consider the model shown below. It contains a gateway that is driven by a Simulink source
(Sine Wave), and a second gateway that drives a Simulink sink (Scope).

ﬁ‘u’ l.'=||n o Ol |—;|:|
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The Gateway In block is configured with a sample period of one second. The Gateway Out
block converts the Xilinx fixed-point signal back to a double (so it can analyzed in the
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Simulink scope), but does not alter sample rates. The scope output below shows the
unaltered and sampled versions of the sine wave.
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Multirate Models

System Generator supports multirate designs, i.e., designs having signals running at
several sample rates. System Generator automatically compiles multirate models into
hardware. This allows multirate designs to be implemented in a way that is both natural
and straightforward in Simulink.

Rate-Changing Blocks

System Generator includes blocks that change sample rates. The most basic rate changers
are the Up Sample and Down Sample blocks. As shown in the figure below, these blocks
explicitly change the rate of a signal by a fixed multiple that is specified in the block’s
dialog box.
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Other blocks (e.g., the Parallel To Serial and Serial To Parallel converters) change rates
implicitly in a way determined by block parameterization.

Consider the simple multirate example below. This model has two sample periods, SP1
and SP2. The Gateway In dialog box defines the sample period SP1. The Down Sample
block causes a rate change in the model, creating a new rate SP2 which is half as fast as SP1.
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Hardware Oversampling

Some System Generator blocks are oversampled, i.e., their internal processing is done at a
rate that is faster than their data rates. In hardware, this means that the block requires more
than one clock cycle to process a data sample. In Simulink such blocks do not have an
observable effect on sample rates.

One block that can be oversampled is the DAFIR FIR filter. An oversampled DAFIR
processes samples serially, thus running at a higher rate, but using less hardware.

Although blocks that are oversampled do not cause an explicit sample rate change in
Simulink, System Generator considers the internal block rate along with all other sample
rates when generating clocking logic for the hardware implementation. This means that
you must consider the internal processing rates of oversampled blocks when you specify
the Simulink system period value in the System Generator block dialog box.

Asynchronous Clocking

System Generator focuses on the design of hardware that is synchronous to a single clock.
It can, under some circumstances, be used to design systems that contain more than one
clock. This is possible provided the design can be partitioned into individual clock
domains with the exchange of information between domains being regulated by dual port
memories and FIFOs. System Generator fully supports such multi-clock designs, including
the ability to simulate them in Simulink and to generate complete hardware descriptions.
Details are discussed in the topic Generating Multiple Cycle-True Islands for Distinct
Clocks. The remainder of this topic focuses exclusively on the clock-synchronous aspects
of System Generator. This discussion is relevant to both single-clock and multiple-clock
designs.

Synchronous Clocking

As shown in the figure below, when you use the System Generator token to compile a
design into hardware, there are three clocking options for Multirate implementation: (1)
Clock Enables (the default), (2) Hybrid DCM-CE, and (3) Expose Clock Ports.
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The Clock Enables Option

When System Generator compiles a model into hardware with the Clock Enable option
selected, System Generator preserves the sample rate information of the design in such a
way that corresponding portions in hardware run at appropriate rates. In hardware,
System Generator generates related rates by using a single clock in conjunction with clock
enables, one enable per rate. The period of each clock enable is an integer multiple of the
period of the system clock.

Inside Simulink, neither clocks nor clock enables are required as explicit signals in a
System Generator design. When System Generator compiles a design into hardware, it
uses the sample rates in the design to deduce what clock enables are needed. To do this, it
employs two user-specified values from the System Generator block: the Simulink system
period and FPGA clock period. These numbers define the scaling factor between time in a
Simulink simulation, and time in the actual hardware implementation. The Simulink
system period must be the greatest common divisor (gcd) of the sample periods that
appear in the model, and the FPGA clock period is the period, in nanoseconds, of the
system clock. If p represents the Simulink system period, and c represents the FPGA
system clock period, then something that takes kp units of time in Simulink takes k ticks of
the system clock (hence kc nanoseconds) in hardware.

To illustrate this point, consider a model that has three Simulink sample periods 2, 3, and
4. The gcd of these sample periods is 1, and should be specified as such in the Simulink
System Period field for the model. Assume the FPGA Clock Period is specified to be 10ns.
With this information, the corresponding clock enable periods can be determined in
hardware.

In hardware, we refer to the clock enables corresponding to the Simulink sample periods 2,
3, and 4 as CE2, CE3, and CE4, respectively. The relationship of each clock enable period to
the system clock period can be determined by dividing the corresponding Simulink
sample period by the Simulink System Period value. Thus, the periods for CE2, CE3, and
CE4 equal 2, 3, and 4 system clock periods, respectively. A timing diagram for the example
clock enable signals is shown below:

CE4 [ 1] [ 1 [ 1
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The Hybrid DCM-CE Option

If the implementation target is an FPGA with a Digital Clock Manager (DCM), you can
choose to drive the clock tree with a DCM. The DCM option is desirable when high fanout
on clock enable nets make it difficult to achieve timing closure.

System Generator instantiates the DCM in a top-level HDL clock wrapper and configures
the DCM to provide up to three clock ports at different rates for Virtex®-4 and Virtex®-5 and
up to two clock ports for Spartan-3A DSP. If the design has more clock ports than the DCM
can support, the remaining clocks are supported with the CE (clock enable) configuration.
The mapping of rates to the DCM outputs is done according to the following priority
scheme:

CLKO > CLK2x > CLKdv > CLKfx. The DCM supports the higher clock rates first.

System Generator for DSP User Guide

www.xilinx.com 27

UG640 (v 12.2) July 23, 2010


http://www.xilinx.com

Chapter 1: Hardware Design Using System Generator & XILINX.

A dcm_reset input port is exposed on the top-level wrapper to allow the external design
to reset the DCM after bitstream configuration. A dcm_locked output port is also exposed
to help the external design synchronize the input data with the single c1k input port.

Known Limitations: The following System Generator blocks are not supported by the
Hybrid DCM-CE Option:

e Clock Enable Probe

e Clock Probe

e DAFIR

e Downsample - when the Sample option First value of the frame is selected

¢ FIR Compiler - when the core rate is not equal to the input sample rate

e Parallel to Serial- when the Latency option is specified as 0 (zero)

¢ Time Division De-Multiplexer

¢ Time Division Multiplexer

e Upsample - when the Copy samples (otherwise zeros are inserted) option is not
selected.

The Expose Clock Ports Option

When you select this option, System Generator creates a top-level wrapper that exposes a
clock port for each rate. You can then manually instantiate a clock generator outside the
design to drive the clock ports.

Known Limitations: The following System Generator blocks are not supported by the
Expose Clock Ports Option:

¢ Clock Enable Probe

e Clock Probe

e DAFIR

¢ Downsample - when the Sample option First value of the frame is selected
¢ FIR Compiler - when the core rate is not equal to the input sample rate

e Parallel to Serial- when the Latency option is specified as 0 (zero)

¢ Time Division De-Multiplexer

e Time Division Multiplexer

e Upsample - when the Copy samples (otherwise zeros are inserted) option is not
selected.

Tutorial Example: Using the Hybrid DCM-CE Option

The following step-by-step example will show you how to select the Hybrid DCM-CE
option, netlist the HDL design, implement the design in ISE®, simulate the design and
examine the files and reports to verify that the DCM is properly instantiated and
configured.

The hybrid_dcm_ce_casel.mdl design example is located at the following pathname
..<ISE Design Suite tree>/sysgen>/examples/clocking options/hybri
d_dcm _ce casel/hybrid dcm ce casel.mdl

1. Open the model in MATLAB and observe the following blocks:
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¢ Addressable Shift Register (ASR): used to implement the input delay buffer. The

address port runs n times faster than the data port, where n is the number of the filter
taps (5 for this example)

e Coefficient ROM: used to store the filter coefficients

¢ Counter: used to generate addresses for the ROM and ASR

¢ Comparator: used to generate the reset and enable signals

e MAC Engine: used as a Multiply-Accumulator operator for the filter
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2. Double-click on the System Generator token to bring up the following dialog box:

) System Generator: hybrid_dem_ce_case B [ |

— Compilation Cptiors.

Compilation :

| > JHOL metist Setings.. |

Part :
[ = [[vitexs xcsvexso-1ri1136

Target directory ©

I.J'hdl_netlist_dcm Browse... |
Syrthesis tool : Hardware description language :
fsT = oL =

¥ Creste testhench I~ Impor &= configurable subsystem

— Clocking Options

FPGA clock seriod (ns) Clock pir lacstian @
fi |
Ilittirat= impementation : D input clock period (ns) @
Hvtaricd JCM-CE =] fio
Clock Enakles
Exposze Clock Ports |
L=t UL =R | 2 =2 |According to Slock Settings: j
Simulirk swstem period (sec) : |1QU
Hock 1con dsplay: |N0rmalized sammiple pariods |
Generate | Ok | Aaply | Cancel | Help |

As shown, select Hybrid DCM-CE, then click Generate. After a few moments, a sub-
directory named hdl_netlist_dcm is created in the current working directory containing
the generated files.

3. In the MATLAB Current Directory window, double-click on the file
hybrid_dcm_ce_casel_sysgen.log. As shown below, the DCM clocks are listed
tirst (highest rates first), followed by the CE driven clocks.

—————————————————————————————— DCH Clock Outputs ——————————————————————————————

Normalized Period DCH Ouzput Used Frecquency
1 CLEO 100.Cooc

2 CLEFX 50.Cooc

4 CLEDWV z5.CoOoc

=1 {CLADV, ue_8) 1z . E00C

z0 (CLEDV, e 2 S.Cooc

40 [CLEDWV, ce_i0]) Z.Eooc

4. Launch ISE, then load the ISE project at pathname
./hdl netlist dcm/hybrid dcm ce casel dcm mcw.ise

Under the Project Navigator Processes view, double-click on Implement Design.

From the Project Navigator Design Sources Hierarchy view, do the following:
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ce _casel dcm mcw.vhd, then scroll

down to view the DCM component declaration as shown below by the VHDL

a. Double-click on the file hybrid dem
code snippet:

580 component DCHM ADWV
551 generic |
552 CLEDV_DIVIDE: real := 4.0:
553 CLEFZ_MOLTIFPLY: integer := 2:
554 CLEFX DIVIDE: integer := #;
£S5 DF3_FREQUENCY MODE: string
(=1 DLL FREQUENCY MODE: string :=
587 CLEIN PERIOD: real := 10.0;
585 CLEIN DIVIDE BEY 2: boolean
A==t CLEOUT PHASE SHIFT: string :=
san CLE FEEDEALCK: string := "1X";
5aq PHASE SHIFT: integer := 0;
5oz SIM DEVICE: string := "WVIRTEXS
593 1:

"LON";
"LOI'I";

= false;

"HONE" ;

b. Observe that System Generator automatically infers and instantiates the DCM
instance and its parameters according to the required clock outputs.

c. Close the VHDL file.

Next, you are going to examine the clock propagation by examining the ISE timing report.

First, you must generate the report.

7. Open the following folder: Processes view

> Implement Design > Place & Route >

Generate Post-Place & Route Static Timing

information in the figure below:

Double -click on Analyze Post-Place & Route Static Timing and you should see the

Design +08 X Report Mavigation | Detived Constraint Repork £
[[] |View: o« ]:l':.i:[ Implementation ~ M Simulation i | - Timing report description ﬂ Derived Constraints far TS_clk_F02113be
] | Hererchy €3 | & toformainatnessa
- - ges
EIEJ -- ':"ﬂ heybrid_der_ce_casel_dem_rnow - Warning messages
= EE xc5v.s><50t-1.FF1 136 : [=}- Tirning constraints
[ mﬁﬁ h.ybrld_dcm_ce_casel_dcm_mcw - structural (hwbrid, 3-T5_clk_f1._HIGH 50%;
£|T ----- 4\ hybrid_dcm_ce_casel.md Setup paths
= Hold paths
- Carmponen...q limits
[ TS_ce_20_f. p" 200 ns;
[#}-TS_ce_40_f. p" 400 ns;
- [#-TS_ce_8_f0..up" 80 ns;
F] I _'I T3 _e_20_f.p" “200 ns; Derived Constraint Report
— - T5_ce_20_f..up" 40 ns; Derived Constraints for T3 clk £02113be
g | B2 Mo Processes Running - T5_ce_40_f..p" 200 ns; e o +
o - T5_ce_40_f..up" 80 ns; | | Period |
Eﬁ: Processes: hybrid_dem_ce_casel_dem_mew - skruckural I;I TS _ce_B_F0._up" 40 ns; I Constraint | Bequirement |
2t - PR Synthesize - 25T ~TS_re 8_F0.up"80ms; | | | I
0 | = B2ty Implement Design B TS_clockG. HIGH 50%; | +---—=———==——=-=-—-=--m-omm- oo tommmmmmmm - +
2 - Bt Translate [ TS_clocka. . HIGH 50%; ITE_clk_£0Z113be | 10.000ns|
- - P Map [ T5_clocka. . HIGH 50%; | T&_clockBen_dem_inst_CLEOD I 10.000ns|
_ E E}L\. Flace & Route E}- Derived Constraint Report | T2 clockGen dom_inst_CLEDV | 40 . 000ns |
- PRt Generate Post-Place & Route Static Timing 113be I T8_clockGen_dem inst CLEFX I Z0.000ns|
% Analyze Post-Place & Rouke Static Tim... - Constraint compliance Fommmmmmmmmmmmmom s L *
P2 iGenerate Primetime Metlist [~ Daka shest report )
. . i All constraints were met.
-[&] Analyze Timing § Floorplan Design (Planah. .. - Trace setkings
[Z)  viewEdit Routed Design (FPGA Editor)
E Start B3 Design | |u_"| Files I E Libraries | 1 ‘ hwbrid_dcm_ce_casel_dem_mcw, vhd | @ hebrid_dem_ce_casel_dem_mow, b @J 4

System Generator for DSP User Guide
UG640 (v 12.2) July 23, 2010

www.xilinx.com

31


http://www.xilinx.com

Chapter 1: Hardware Des

ign Using System Generator & XILINX.

This design is comprised of six clock rates -1, 2, 4, 8, 20, 40 with respect to the 10 ns
global clock constraint. The timing report validates the correct clock generation and
propagation by System Generator as follows:

¢+ DCM-based clocks: clk_1 (CLKO ->10 ns), clk_2 (CLKFX ->20ns), clk_4 (CLKDIV
->40 ns) generated by the DCM based on the 10 ns global clock input

¢ Clock Enable-based clocks: ce_8 (80 ns), ce_20 (200 ns), ce_40 (400 ns) generated
by clock enables based on the clk_4 clock input

Next you want to perform a behavior simulation using the ModelSim.

As shown in the following figure, move to the Sources for dialog box in the Sources
window, then select Behavioral Simulation

Note: System Generator automatically creates the top-wrapper VHDL testbench, script file and
input/output stimulus data files. The Processes tab changes and displays according to the
Sources type being selected.

Dresi

gn HDEXI

i

fiim =]

A B || &

EEERD

Viems: £ I:l"g'} Implementation + g Simulation
Behavioral
Hierarchy 1. Select
-- "‘5'1 hybrid_dem_ce_casel _dem_mew
Bl £ wcSvsxSOt-1FF1136
=8 hybrid_dem_ce_casel_dem_rmcw_th - structoral (heybrid_dem_c
m clk_driver - xlclk - behawvior (hvbrid_den_ce_casel_deom_n
Mg clk_driver 0 - xlclk - behavior (hybrid_dem_ce_casel_der
e chksource_gated - =lcksource_gated - behavior (hyvbrid_dei
m din_driver - xlthsource - behavior (hybrid_dcm_ce_casel «
m doutl_lnad - xltbsink - behavior (hybrid_dcm_ce_rcasel _dc

I S % Arn? lmad - wlFhesink - hﬂhawin{ (hochrid drrn re ra:ﬂ-l_rhill
A 3

2. Double Click
f2 MaProcesses Running

Processes; hybrid_dom_ce_casel_gem_mow_th - structural |
- ﬁ‘ MadelSim Sirmulakor

I

- M Simulake Behavioral Model

10.

Simulate the design, as shown above, by double-click on Simulate Behavioral Model
in the Processes window
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11. After the simulation is finished, you should be able to observe the simulation
waveforms as shown in the figure below:

Transcript

# - Ignored: 0(0,0%:) Don't Cares
#  Test completed with no errors,
*

# ** Simulation summary For instance hybrid_dem_ce_casel_doukd:
#  Samples Processed: 20

* - Checked: 20 {100,0%:)

#* - Ignored: 0 (0.0%:) Don't Cares
#  Test completed with no errors.

#

# ** Simulation summary For instance hybrid_dem_ce_casel_douts:
# Samples Processed: 50

# - Checked: 50 (100.0%)

# - Ignored: 0 (0.0%) Don't Cares

#  Test completed with no errors,

*
# ** Simulation summary For instance hybrid_dem_ce_casel _dout:
#  Samples Processed: 400
* - Checked: 400 {100,0%:)
#* - Ignored: 0 (0.0%:) Don't Cares
Test completed with no errors,

All DCM clocks are included in the top-level wrapper testbench file
(hybrid_dcm_ce_casel_decm_mcw_tb.vhd) — clk_1, clk_2 and clk_4.

Summary

When you select the Hybrid DCM-CE option, System Generator automatically infers and
instantiates a DCM without further manual intervention. In addition, the tool intelligently
generates different clock rates by using a combination of DCM and CE clock generation
algorithms and by assigning appropriate clock rates to either the DCM or CE in order to
obtain optimal Quality of Results and low power consumption. You do not have to set
attributes or specify DCM clock outputs. You should expect minimal clock skew when
selecting the Hybrid DCM-CE option compared to the Clock Enables option alone.

Tutorial Example: Using the Expose Clock Ports Option

The following step-by-step example will show you how to select the Expose Clock Ports
option, netlist the HDL design, implement the design in ISE, simulate the design, then
examine the files and reports to verify the design.

The expose_clock_ports_casel design example is located at the following pathname
<ISE Design Suite tree>/sysgen>/examples/clocking options/expose c
lock ports casel/expose clock ports casel.mdl

1.  Open the model in MATLAB and observe the following blocks:

e Addressable Shift Register (ASR): used to implement the input delay buffer. The
address port runs n times faster than the data port, where n is the number of the filter
taps (5 for this example)

e Coefficient ROM: used to store the filter coefficients
e Counter: used to generate addresses for the ROM and ASR

e Comparator: used to generate the reset and enable signals
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e MAC Engine: used as a Multiply-Accumulator operator for the filter

I B )t

[ L S plaadr o z System
a_req Generater
ASR 3
El
out] ol addr! =1 b q—md 1
i % =
b_reg '3 L b m
Cruncer vt e ot en EviFoun Samplepoﬂ_'eg i ateway OLt
REth Castus
ol & Register
b =
Cemparater

‘l This subsystem implements a multiply-accumulate engine. I|

UFix_%_0
{ : ——="="1a
a s Rab) Fix_1 Fix_12 0 b
Fix_&_D0 .
b int_reg Fix_13 8
1)
Mult q

@ Bonl it

Arcumulator

2. Double-click on the System Generator token to bring up the following dialog box:
LI

— Compilaticn Oat ons:
Commpilation :
Ii"—lDL etlist Sciings...
Part :

Ii“‘/irtexs xcSvgE0l 1111135

Targct dincctory @

I.hdl_netlls‘t BirTwze |

Eynthcziz tool : Hardwecre coscription longuegs
st =] froL |
v Cieale leslbench [ linpurl = coniigurak e subsysiem

— Clacking Qpticns

F'C L clocl poriod [re): Zhocl piv lecaion

fio |

Mulirat= inalementatior : DM inpgut clock perod (ns):
lock Farts |—| i

I~ Prwin= ~Inrk erable dear pn

Ciwerrid e it dachles |.n.c>c0rd ry to Slocl: Settngs j
Simulirk: system perioc (2e2): |1 =
BlCck 160 disgiay: |[3313Ln d

e jerdle | (=], | Apply | Zancel | ela |

As shown above, select Expose Clock Ports, then click Generate. After a few moments, a
sub-directory named hdl_netlist is created in the current working directory containing the
generated files.

3. Launch ISE, then load the ISE project at pathname
./hdl netlist/expose clock ports casel mcw.ise
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