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Chapter 1

High-Level Synthesis Overview

Introduction

This guide explains different concepts associated with High-Level Synthesis (HLS) and gives
a basic overview of High-Level Synthesis and the Xilinx® High-Level Synthesis tool.

« High-Level Synthesis transforms a C, C++ or SystemC design specification into a
Register Transfer Level (RTL) implementation which in turn can be synthesized into a
Xilinx Field Programmable Gate Array (FPGA).

« Coding style that explains how you can write C code (including C++ and SystemC) for
implementation on a Xilinx® FPGA device.

» High-Level Synthesis Reference information.

The introduction explains different concepts associated with High-Level Synthesis (HLS) and
gives a basic overview of High-Level Synthesis, the Xilinx® HLS tool.

Functional Abstraction Level

Definitions

The FPGA design community has moved through a few abstraction levels, to managethe
complexity of the designs. Each new abstraction level hides some of the complexity of a
design implementation step, offering productivity at the cost of less visibility in the
challenges associated with the lower abstraction level:

« Atransistor layout database hides the challenges in mask making and wafer processing.
The focus of the layout abstraction layer is to respect Design Rule Checks (DRC) which
models the basic layout.

« For FPGA design, a netlist avoids a detailed layout effort: the netlist is constructed with
instances from a pre-built library. The focus of the netlist abstraction layer is to define
the Boolean functionality of the design with appropriate area, performance and power.

« A Register Transfer Level (RTL) description captures the desired functionality by
defining datapath and logic between boundaries of registers. RTL synthesis creates a
netlist of Boolean functions to implement the design. The focus of the RTL abstraction
layer is to define a model for the hardware which is functionally correct.

High-Level Synthesis www.xilinx.com 6
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« A functional specification removes the need to the define register boundaries (and the
specific logic required between them) to implement the desired algorithm. The focus of
the designer is only on specifying the desired functionality.

As with previous moves up the abstraction level, using a functional specification with
high-level synthesis (HLS) to automatically create the RTL design provides productivity
benefits in both verification and design optimization.

« The significant benefits of acceleration in simulation time by using a functional C
language based specification and the resultant earlier detection of design errors has
been embraced for quite a while.

» High-Level Synthesis shortens the previous manual RTL creation process and avoids
translation errors by automating the creation of the RTL from the functional
specification.

« High-Level Synthesis automates the optimization of the RTL architecture, allowing
multiple architectures to quickly and easily be evaluated before committing to an
optimum solution.

C-based Specification

C-based entry is the most popular mechanism to create functional specifications. Currently,
ANSI-C (with C99), C++ and SystemC are standards deployed by many system architects to
define the functionality of systems intended to be implemented on an FPGA.

High-Level Synthesis provides comprehensive support for C, C++ and SystemC, the IEEE
standard (IEEE-1666) used for modeling and concurrent simulation of hardware. The
constructs which cannot be synthesized are those which unbounded at elaboration time
and for which a finite sized description cannot be determined.

Native C data types live within the classic boundaries of 8-bit, 16-bit, 32-bit and 64-bit
words (char, short, int, long, long long). Neither ANSI-C nor C++ has built-in data types to
deal with bit-accurate calculations, where the exact bit-width of the data type is used (and
which results in optimally sized hardware). High-Level Synthesis provides support for
arbitrary precision data types in both C and C++. High-Level Synthesis fully supports the
arbitrary precision data types provided by SystemC.

High-Level Synthesis (HLS)

The synthesis of C into RTL employs many advanced transformations working on all aspects
of the design area and performance. High-Level Synthesis provides synthesizable support
for a large subset of all three input C standards (C, C++ and SystemC) enabling it to
synthesize the C code with minimal modifications.

High-Level Synthesis performs two distinct types of synthesis upon the design:

High-Level Synthesis www.xilinx.com 7
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« Algorithm Synthesis takes the content of the functions, and synthesizes the functional
statements into RTL statements over a number of clock cycles.

« Interface Synthesis transforms the function arguments (or parameters) into RTL ports
with specific timing protocols, allowing the design to communicate with other designs
in the system.

o Interface synthesis can be performed on global variables, top-level function
arguments and the return value of the top-level function.

- The types of available interfaces are:
- Wire
- Register
- One-way & two-way handshakes
- Bus
- FIFO
- RAM

- In addition, a function level protocol can be synthesized to the top-level function.
The function level protocol includes signals which control when the function can
start operation and indicate when it has completed.

High-Level Synthesis synthesis is executed in multiple steps. The effect of interface
synthesis impacts what is achievable in algorithm synthesis and vice versa. Like the
numerous decisions made during any manual RTL design, the number of available
implementations and optimizations is large and the combinations of how they impact each
other is very large. High-Level Synthesis abstracts you away from these details and allows
you to productively get to the best design in the shortest time.

To better understand how High-Level Synthesis is able to abstract the designer away from
the implementation details, it is recommended to review the remainder of this section
which explains some of the fundamental concepts of High-Level Synthesis and type of
optimizations High-Level Synthesis provides:

« Control and Datapath Extraction
» Scheduling & Binding

» Arbitrary Precision Data Types

+ Optimizations

» Design Constraints

Control and Datapath Extraction

The first thing which is performed during High-Level Synthesis is to extract the control and
datapath inferred by the code. Figure 1-1 shows a small example on how this is performed.

High-Level Synthesis www.xilinx.com 8
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The control functionality is provided by the loops and conditional branches in the code.

Figure 1-1 shows how the control behavior can be extracted from the code. Each time the
function requires an entry or exit from a loop, it is equivalent to entering or exiting a state
in an RTL Finite State Machine (FSM)2.

In Figure 1-1 it is assumed that all operations take a single cycle (or state) to complete. In
reality, timing delays and the clock frequency may require more cycles to complete the

operations, for example state 1 may expand to states 11, 12 and 13, the control logic may
be impacted by the IO protocols inferred by interface synthesis and High-Level Synthesis
may create a more complex and optimized state machine.

The datapath extraction is more straightforward and can be determined by unrolling all the
loops and evaluating the conditional statements in the design.

void fir (
data_t *y,
coef_t c[4],
data_t x
1

static data_t shift_reg[4];
acc_t acc;
int i;

acc=0;
loop: for (i=3;i»=@;i--) {
if (i==0) {
acc+=x*c[0];
shift_reg[@]=x;
} else {
acc+=shift_reg[i]*c[i];

shift_reg[i]=shift_reg[i-1];

Figure 1-
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Control and Data Extraction

The final datapath implementation in the RTL is unlikely to be as simple as that shown in
Figure 1-1: High-Level Synthesis will easily determine that the first adder is not required
since it is an addition of zero and that the final shift operation is a power of 2 and does not
require any hardware to implement. Even more complex optimizations and decisions will be
made when the design is scheduled.

Scheduling & Binding

Scheduling and binding are the processes at the heart of high-level synthesis. High-Level
Synthesis will determine during the scheduling process in which cycle operations will occur.
The decisions made during scheduling take into account, among other things, the clock

High-Level Synthesis
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frequency and clock uncertainty, timing information from the device technology library, as
well as optimization directives.

For the same example code shown in Figure 1-1, multiple RTL implementations are
possible. Figure 1-2 shows just 3 possible implementations.

1. Using 4 clock cycles means a single adder and multiplier can be used, as High-Level
Synthesis can share the adder and multiplier across clock cycles: 1 adder, 1 multiplier
and 4 clock cycles to complete.

2. If analysis of the target technology timing indicates the adder chain can complete in 1
clock cycle, a design which uses 3 adders and 4 multipliers but which finish in 1 clock
cycle can be realized (faster but larger than option 1).

3. Take 2 clock cycles to finish but use only 2 adders and 2 multipliers (smaller than option
2 but faster than option 1).

High-Level Synthesis quickly creates the most optimum implementation based on its own
default behavior and the constraints and directives specified by . Later chapters explain how
to set constraints and directives to quickly arrive at the most ideal solution for the specific
requirements.

Clock

Option1 - * 4 4+ 4+
X
i

Option2 * B
< | [+

o

*
*

4]
Option3 * E * E

Figure 1-2: Scheduling

Binding is the process that determines which hardware resource, or core, is used for each
schedule operation. For example, High-Level Synthesis will automatically determine if an
adder and subtractor will used or if a single adder-subtractor can be used for both
operations.

High-Level Synthesis www.xilinx.com 10
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Since the decisions in the binding process can influence the scheduling of operations, for
example, using a pipelined multiplier instead of a standard combinational multiplier,

binding decisions are considered during scheduling.

Arbitrary Precision Data Types

Native C data types are on 8-bit boundaries (8, 16, 32, 64 bits). RTL operations
(corresponding to hardware) support arbitrary widths. High-Level Synthesis needs a

mechanism to allow the specification of arbitrary precision bit-widths or the RTL design
may use 32-bit multipliers when only 17-bit multipliers are required (not an issue to a C
program, but a major issue in an RTL design).

High-Level Synthesis provides arbitrary precision integer and fixed-point data types

(Table 1-1).
Table 1-1: Integer Data Types
Language Integer Data Type Required Header

C [u]int<precision> (1024 bits) #include "ap_cint.h"

C++ ap_[ulint<W> (1024 bits) #include "ap_int.h"
ap_[ulfixed<W,1,Q,O,N> #include "ap_fixed.h"

System C sc_[u]int<W> (64 bits) #include "systemc.h"
sc_[u]lbigint<W> (512 bits)
sc_[u]fixed<W,1,Q,O,N> #include "sc_fixed.h"

High-Level Synthesis

These arbitrary types are supported by functions which provide hardware like operations,
such as bit-slicing, concatenation and range-selection. Refer to the section “Arbitrary
Precision Data Types" section in this User Guide.

Optimizations and Performance Measurement

High-Level Synthesis can perform a number of optimizations on the design to produce high
quality RTL satisfying the performance and area goals. This section introduces a few of the
optimization techniques to give an overview of the capabilities.

Before performance improvements can be discussed, we first need to discuss the metrics
that are used to measure performance in a design created by High-Level Synthesis.

+ Area
* Latency

» Initiation Interval (II)

Area is the most easily understood of the performance metrics and is simply a measure of
how many hardware resources are required to implement the design. Details on the
optimizations which can control the area are discussed later in this document. The latency

www.xilinx.com 11
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and initiation interval (II) are the performance metrics which are less well understood and
which must be discussed before going any further.

Figure 1-3 shows two examples of the typical tasks found in a C program: a function and a
loop. The performance of both can be described by understanding their latency and
initiation interval. In both examples, the pseudo code is written to ensure the operations are
executed in a sequential manner. This is done purely to help with the explanation of latency
and initiation interval (the default behavior is discussed at the end of this section, once the
concepts are introduced).

« In the function example, sub-function func_C cannot start to execute until func_B
complete. Similarly, func_B must wait until func_A complete before it can start.

« In the loop example, the read operation must be performed, then the compute
operation and finally the write operation.

Function Level Loop level
void top (a,b,c,d) { void sub_func(...) {

func_A(a,b,i1[N]);
func_B(c,i1[N],i2[N]);
func_C(i2[N],d)

for (i=1;i»=@;i--) {
op_Read; | RD
op_Compute; CMP

op_lWrite; | WR

8 cycles 3 cycles

o »
< —

Initiation _
Interval _

ECTETTOEETTER (© o [ ] ® ] o [we)

Lat » ’
atency 8 cycles 6 cycles

(2 iterations)

»
L

Figure 1-3: Functions & Loops Without Pipelining

Latency is the number of clock cycle it takes to produce an output value. In the function

example the latency of the design is 8 clock cycles: it takes 8 clock cycles from the start of
function top until and output can be written. In the loop example, it takes 3 clock cycles to
execute each iteration of the loop and a total of 6 clock cycles to execute all loop iterations.

High-Level Synthesis www.xilinx.com 12
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The initiation interval (II), often called simply the interval or the II, is the number of clock
cycle between when the task can start to accept new input data. In the function example,
func_A cannot be executed again until func_C is finished. Since it takes 8 clock cycles until
func_C completes, the II of function top is 8 clock cycles: it will be 8 clock cycles before it
can start processing new input data. The loop takes 6 clock cycles to execute all loop
transactions, however it can accept a new input every 3 clock cycle and so the loop Il is 3.

In both these examples, everything is operating in a very sequential manner (much like the
C code itself). This is no concurrency and the latency and II are the same for both tasks.

One of the major performance advantages of hardware over software is the ability of
hardware to execute operations concurrently (in parallel). Pipelining is an optimization
which enables a sequential C description to be implemented as a concurrent hardware
implementation. Figure 1-4 shows the result when High-Level Synthesis is used to pipeline
the sub-functions inside function top and the operations in the loop.

Function Level Loop level
void top (a,b,c,d) { void sub_func(...) {
func_A(a,b,i1[N]); for (i=1;i>=0;i--) {
func_B(c,i1[N],i2[N]); op_Read; | RD
func_C(i2[N],d) op_Compute; CMP
op_lirite; [ wr |
}
}
}
Initiation S cyeles 1 cycle
>
Interval
s
Latency € > -
5 cycles 4 cycles
(2 iterations)
Figure 1-4: Functions & Loops With Pipelining
High-Level Synthesis www.xilinx.com 13
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With pipelining, both tasks can achieve higher performance. At the function level, dataflow
optimization allows the sub-functions (func_A, func_B and func_C ) to execute as soon as
data is available.

« If function func_A starts to produce data before it has completely finished, func_B can
start accepting that data as soon as it is ready. It does not have to wait for func_A to
complete.

« Similarly, func_C can start to execute as soon as data becomes available from func_B.

« More importantly, func_A can start the next transaction before func_C has completed
the current transaction.

By creating hardware which operates in parallel, the performance of the design has been
improved. The metrics of latency and II highlight the performance improvement. For the
function in Figure 1-3 the latency and II are both 8 clock cycles. In this pipelined version of
the design, the latency is only 5 clock cycles and the Il is 3 clock cycles: the pipelined design
outputs data in less time and can accept data at a faster rate (almost 3X).

Similarly performance improvements can be seen for a pipelined implementation of the
loop. As soon as the read operation has completed, the next read operation can start. The
performance of the loop can improve from an II of 3 to an Il of 1 and by performing
overlapping loop iterations, the overall loop latency can be reduced to 4 (even though the
latency of each iteration remains at 3).

The examples shown here were shown initially as purely sequential implementations. By
default, High-Level Synthesis will seek to execute operations in parallel and reduce and
minimize the latency of the design. Pipelining is an optimization which can be applied by
you to improve performance.

Pipelining optimizations are the most typical optimizations are performed on a design, but
many more optimizations can be applied and are discussed later. The important lesson to
learn from this brief overview of optimizations is that a sequential C description can be
implemented in a more parallel manner in hardware using optimizations and the
performance improvements are measured by reviewing the latency and the initiation
interval (II).

Design Constraints

Finally, in addition to the clock period and clock uncertainty, High-Level Synthesis offers a
number of constraints including the ability to:

« Specify a specific latency across functions, loops and regions.
« Specify a limit on the number of resources used.

« Override the inherent or implied dependencies in the code and permit operations (for
example, a memory read before write)

High-Level Synthesis www.xilinx.com 14
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These constraints can be applied using High-Level Synthesis directives to create a design
with the desired attributes.

Designing with High-Level Synthesis is a High-Level Synthesis flow allows the designer to
quickly implement an initial architecture, which will be defined by the dependencies in the
code and the default High-Level Synthesis interpretation of C language constructs, and
then easily direct the design with directives towards the desired high performance
implementation.

Using High-Level Synthesis

As shown in Figure 1-5, High-Level Synthesis accepts as input, a C-based design
description, and directives and constraints, specified using the Graphical User Interface
(GUI) or a Tcl batch script. A technology library specifying the timing and area details of all
supported Xilinx device is built-in and is not required to be supplied.

High-Level Synthesis outputs RTL design files in Verilog, VHDL and SystemC. In addition
verification and implementation scripts, used to automated the RTL verification and RTL
synthesis steps are also created.

This section provides an overview of these various inputs and outputs.

High-Level Synthesis www.xilinx.com 15
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Test
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SystemC Directives

U
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RTL Simulation RTL Export
IP-XACT Sys Gen PCore

Figure 1-5: High-Level Synthesis Use Model

Design Files
When referring to C, or C-based design, High-Level Synthesis covers all 3 standards:

« ANSI-C enhanced with a data type for arbitrary integer precision (GCC 4.6).

« C++ enhanced with classes for arbitrary integer precision and fixed point precision
(G++ 4.6).

« SystemC (IEEE 1666-2006 -Version 2.2-)

The documentation will elaborate on how to simulate the input specification, including
explanations of the provided arbitrary precision enhancements.

The C-based input can include a test bench. If provided, a C test bench can be re-used to
verify the output RTL: improving designer productivity by removing the need to create RTL
test benches for RTL verification. High-Level Synthesis supports multiple input files and
while the recommended flow separates the test bench from the design to be synthesized in
separate files, this is not required.

High-Level Synthesis www.xilinx.com 16
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Vivado HLS Licensed Technologies
Vivado™ HLS is provided with a license named either VIVADO_HLS or simply HLS.

» The VIVADO_HLS license is provided with Vivado System Edition, which includes the
Vivado HLS software. This license allows the target technology to be any device
supported by Vivado RTL synthesis (any 7-series or Zynq device).

« The HLS license is provided when Vivado HLS is purchased as a stand-alone version.
This license allows the target technology to be any device supported by ISE (all
devices).

Note: There is no stand-alone installation of the Vivado HLS software. The Vivado HLS software is

installed by installing Vivado System Edition.

Device Technology Library

A device technology library models the area and timing of each supported Xilinx device,
enabling the optimization engine to make the appropriate trade-offs. The device
technology library is built-in to High-Level Synthesis and does not need to be supplied.

Directives and Constraints

The directives and constraints are specified in the High-Level Synthesis GUI or with the
Tcl-based command language and drive the optimization engine towards the desired
performance goals and RTL architecture.

RTL Output

The RTL output is written automatically after the successful completion of synthesis.
High-Level Synthesis supports three hardware description language standards:

+ VHDL(IEEE 1076-2000)

« Verilog(IEEE 1364-2001)

» SystemC(IEEE 1666-2006 -Version 2.2-)

Note: The SystemC output from High-Level Synthesis is the design implementation at the Register
Transfer Level (RTL).

Simulation Output (RTL co-simulation)

High-Level Synthesis creates the scripts required to verify the generated RTL through
co-simulation with the original test bench and a variety of RTL simulators. The following RTL
simulators are supported:

«  ModelSim
« VCS
High-Level Synthesis www.xilinx.com 17
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* Open SystemC Initiative (OSCI)

+ NCSim
+ XSim
« ISim
* Riviera

The SystemC output can be verified using the built-in SystemC kernel and requires not third
part simulator or license. If Verilog or VHLD is selected for simulation, the selected HDL
simulator will be used: the HDL simulator requires a license from the appropriate vendor.
The VCS, NCSim and Riviera HLD simulators are only supported on the Linux operating
system.

Implementation Output

The final RTL output files are created using the RTL Export feature. The RTL files are written
to the solution implementation directory and are additionally packaged in one of three
Xilinx IP formats:

« IP-XACT format, which can be imported into the Vivado IP catalog.
« Pcore format, which can be imported into Xilinx Platform Studio.

« System Generator format, which can be imported into System Generator for DSP.

An optional step to the RTL Export process is to execute logic synthesis from within the
Vivado HLS environment to evaluate the results of RTL synthesis. Vivado HLS will
automatically select ISE or Vivado for RTL synthesis depending on the export format and
device technology.

Additional details on this step are available in the Exporting the RTL Design section.

Archiving

The Vivado HLS project can be archived to an industry standard zip file using by using the
File > Archive menu selection. The Archive Name allows the name of the zip file to be
specified.

By default, only the current active solution is archived. Unselecting the Active Solution
Only option will ensure all solutions are archived.

Using High-Level Synthesis

This section provides an introduction to High-Level Synthesis, explaining how to invoke
High-Level Synthesis, create a project, use solutions to manage the RTL implementation and
apply directives for optimization. After this introduction, details on a tutorial example are
provided.
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High-Level Synthesis can be invoked as a Graphical User Interface (GUI) or as a Command
Line Interface (CLI) which accepts Tcl commands in interactive or batch mode.

High-Level Synthesis Graphical User Interface

Windows

To invoke High-Level Synthesis on a PC Windows platform double-click on the desktop icon
as shown in Figure 1-6.

Vivado HLS

Figure 1-6: Vivado HLS GUI Icon

Linux

To invoke High-Level Synthesis on a Linux platform execute the following command at the
Linux command prompt.

$ vivado hls

The High-Level Synthesis GUI invokes as shown in Figure 1-7.
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|+ |Vivado HLS o | @] K]
File Edit Project Solution Window Help
' ] Vivado HLS Welcome Page & . hao =8 |
VIVADO™
High-Level Synthesis

Getting Started Documentation

/‘ ' Create New Project Tutorials

| ;’ ‘1 New Project Wizard will guide you through Invaluable for first time users or to fry new

73 features.

g the process of selecting design sources and
%- a target device for a new project.

i Open Project {4y =p User Guide
I". = Open one of the most recently used ﬁ More detailed info on Vivado HLS
\ = projects, or open any previously created : P\S W commands, dialogs and buttons.

project.

Release Notes Guide

Information about installation and new
features in this release.

Open Example Project
Browse example projects.

Figure 1-7: GUI Mode

The Getting Started options in Figure 1-7 allow the following tasks to be performed:

« Create New Project

- Launch the project setup wizard.
« Open project

- Navigate to an existing project or select from a list of recent project.
« Open Example Project

o Open High-Level Synthesis examples. These can also be found in the examples
directory in the High-Level Synthesis installation area.
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The Documentation options in Figure 1-7 allow the following tasks to be performed:

e Tutorials

- Opens the Vivado Tutorial page > Vivado Design Suite Tutorial: High-Level Synthesis
(UG871). All tutorial design file examples for Vivado HLS can be downloaded from
the same location. Please refer to Vivado Design Suite Tutorial: High-Level Synthesis
(UG871).

« User Guide

o Opens the Vivado User Guide page > Vivado Design Suite User Guide: High-Level
Synthesis (UG902) for more detailed information on Vivado HLS commands and
options. Please refer to Vivado Design Suite User Guide: High-Level Synthesis
(UG902).

e« Release Notes Guide

o Opens the Vivado Design Suite User Guide: Release Notes, Installation, and Licensing
(UG973) for the latest software version.

High-Level Synthesis Command Line Interface

On Windows the High-Level Synthesis Command Line Interface (CLI) can be invoked from
the start menu: Xilinx Design Tools > vivado 2013.1 > Vivado HLS Command
Prompt.

On Windows and Linux, using the -i option with the vivado hls command will open
High-Level Synthesis in interactive mode. High-Level Synthesis will wait for Tcl commands
to be entered.

$ vivado hls -i [-1 <log file>]
vivado hls>

By default, High-Level Synthesis creates an vivado_hls. log file in the current directory.
To specify a different file, the -1 <log files> option can be used.

The High-Level Synthesis commands have built-in help, which can be accessed with the
help command in High-Level Synthesis.

vivado hls> help <commands>

Any command or command option can be completed using the auto-complete feature.
Once a single character has been specified, pressing the tab key will cause Vivado HLS to
list the possible options to complete the command or command option. The more
characters which are present before the tab key is pressed will filter the number of possible
options displayed. For example, pressing the tab key after typing “open” will list the
characters typed and all commands which start with “open”.

open
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open_project
open_solution
vivado hls> open <press tab key>

Selecting the command key after typing open_p will auto-complete the command
open_project, since there are no other possible options.

Type the exit command to quit interactive mode, and return to the shell prompt:

vivado_ hls> exit

$
Additional options at the command prompt, which can be used to build more
-m: return the architecture of the machine (e.g. x86, x86_64)
-n: open the GUI without the Vivado HLS splash screen
-p: <string>
-r: return the path to the installation root directory
-s: return the type of system (e.g. Linux, Win)
-v: return the release version number.

Commands also can be embedded in a Tcl script and executed in batch mode with the - £
<script files> option.

$ vivado hls -f script.tcl

To further help with script automation High-Level Synthesis provides options which will
return details on the environment in which it is running, namely the -v option which returns
the version number of High-Level Synthesis, - s which returns operating system High-Level
Synthesis is running on, the -machine > -m option which returns the current machine
architecture and -r which returns the name of the directory where High-Level Synthesis is
installed.

Using the CLI Shell on Windows

On the Windows OS, the CLI shell is implemented using the Minimalist GNU for Windows
(minGW) environment which allows both standard Windows DOS commands to be used
and/or a subset of Linux commands to be used.

Figure 1-8 shows that both (or either) the Linux 1s command and the DOS dir command
can be used to list the contents of a directory.
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", | vivado HLS Command Prompt = ]

C:\Vivado_HLS\My_First_Project>dir
Uolume in drive C is 0SDisk
Uolume Serial Number is ZE06-09DE

Directory of C:\UVivado_HLS\My_First_Project

<DIR>
<DIR> ..
2,232 dect.cpp
346 dect.h
302 dct.tcl
455 det_coeff_table.
1.284 dct_test.cpp
13,595 in.dat
2.537 Makefile
386 out.golden.dat
8 File(s) 21,137 bytes
2 Dir(s) 43,358.687.232 bytes free

C:\Vivado_HLS\My_First_Project>ls
Makefile dct.h det_coeff_table.txt in.dat
dct.cpp det.tcl dect_test.cpp out.golden.dat

C:\Uivado_HLS\My_First_Project>

Figure 1-8: High-Level Synthesis CLI Icon

Be aware that not all Linux commands and behaviors are supported in the minGW
environment. The following represent some known common differences in support:

« The Linux which command is not supported.

» Linux paths in Makefile will be automatically expanded to minGW paths. In all Makefile,
replace any Linux style pathnames assignments such as FOO := :/ with versions where
the pathname is quoted such as FOO := “:/" to prevent any path substitutions.

Creating an High-Level Synthesis Project

The first step in using High-Level Synthesis is to create a new project or open an existing
project. As shown in Figure 1-7 on the Welcome page, clicking Create New Project and
Open Project corresponds to these commands.

When File > New Project is selected the High-Level Synthesis project wizard invokes. The
first screen of the project wizard asks for details on the project specification as shown in
Figure 1-9.

The fields for entering the project specification are:

« Project Name: In addition to being the project name this will be the name of the
directory when the project details are stored. The use of a file extension, such as the
.prj extension shown in Figure 1-9, makes the directory easily identifiable as a project
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directory but is not a requirement.

* Location: This is where the project will be stored.

+ New Vivado HLS Project o [ [
Project Configuration A f—,:
Create Vivado HLS project of selected type f

Project name: my.prj

Location: CA\Vivado_HLS\My_First_Project Browse...

[we]
.

M
~

Next = Einish Cancel

Figure 1-9: Project Specification

Selecting the Next > button will move the wizard to the second screen where details of the
project C sources files can be entered (Figure 1-10).

The name of the top-level function to be synthesized should be specified.

Note: This is not required when the project is specified as SystemC.

Use the Add Files... button to add the source code files to the project. Header files should
not be added to the project using the Add Files button (or with the associated add_files Tcl
command). Any header files which exist in the local directory will be automatically found.
Vivado HLS header files, such as those which define arbitrary precision integers or C
libraries are automatically included. For header files which reside in a different directory,
the CFLAGS option should be used to specify the location of the directory.
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The Edit CFLAGS button allows any C compiler flags required to successfully compile the
source files, to be added to the project.

Examples of C compiler flags include macro specifications such as -DMACRO_1 which
defines macro MACRO_1 during compilation, -fnested-functions which is required for any
design which contains nested functions and -I/project/source/headers which provides the
search path for any associated header files. Any headers which exist in the local directory
(as specified by the Location in Figure 1-9) are automatically found and included.

+ | New Vivado HLS Project o [
Add/Remove Files C\}"Ey
Add/remove C-based source files (design specification)

Top Function: dct
Design Files

MName CFLAGS

dctc mm—
PP New File...

< Back “ Next = Einish Cancel

Figure 1-10: Project Source Files

The next window in the project wizard allows the files associated with the test bench to be
added to the project.

The C test bench used to validate the C algorithm can be reused to verify the output RTL.
High-Level Synthesis automatically creates the adapters and wrappers to instantiate the RTL
design into the C test bench and verify the RTL through co-simulation of C and HDL,
negating the requirement to create an RTL test bench.
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+ | New Vivado HLS Project

Add/Remove Files

Add/remove C-based testbench files (design test)

TestBench Files

MName CFLAGS
dct_test.cpp
indat
out.golden.dat

< Back “ MNext = Finish

Add Files...
Mew File...
Add Folder...

Edit CFLAGS...

Remove

Cancel

Figure 1-11: Project Test Bench Files

As with the C source files, the Add Files button is used to add the C test bench and the Edit

CFLAGS button to include any C compiler options.

In addition to the C source files, all files read by the test bench should be added to the
project. In the example shown in Figure 1-11, the test bench opens file in.dat to supply
input stimuli to the design and file out.golden.dat to read the expected results. Since the
test bench accesses these files, both are (and must be) included in the project.

If the test bench files exist in a directory, the entire directory may be included rather than

the individual files.

If there is no C test bench, there is no requirement to enter any information here and the
Next> button will open the final window of the project wizard which allows the details for

the first solution to be specified (Figure 1-12)
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+ |New Vivado HLS Project =N Eoh <™
Solution Configuration

Create AutoESL solution for selected technology

Solution Name: solutionl

Clock
Period: 10 Uncertainty:

Part Selection

Part: [Please select part] u

Figure 1-12: Initial Solution Settings
The fields in Figure 1-12 allow the following details to be specified:

« Solution Name: High-Level Synthesis provides the initial default name solutionl but
any name can be specified for the solution.

« Clock: The clock period is specified using units of ns. The clock period used for
synthesis is the clock period minus the clock uncertainty. High-Level Synthesis uses the
timing information in the technology library to create the RTL design. The clock
uncertainty value allows you controllable margin to account for any increases in net

delays due to RTL synthesis, place and route. If not specified in ns, the clock uncertainty
defaults to 12.5% of the clock period.

« Part: Press to select the appropriate technology (Figure 1-13).
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+ | Device Selection Dialog @
RTL Tool Specify Filter
Auto - Parts Product Category: | Any ~ | Package: fbg484 b
Boards Family: kintex7 ~ | Speed Grade: | Any -
Sub-Family: Any - | Temp Grade:  Any v
Search: =
Device Family Package Speed
xC7k70tfbgd84-1 kintex7 fobg484 -1
wC7k70tfbg484-2 kintex7 fbg484 -2
xC7k70tfbgd84-2| kintex7 fog484 -2
wC7k70tfbg484-3 kintex7 fog484 -3
xc7k160tfbg484-1 kintex7 fbg484 -1
xc7k160tfbg484-2 kintex7 fog484 -2
wc7k160tfbg484-2| kintex7 fbg484 -2
xc7k160tfbg484-3 kintex7 fog484 -3
wc7k70tifbg484-21 kintex7I fog484 -2
xc7k160tifbgd84-21 kintex71 fbg484 -2
OK l l Cancel

Figure 1-13: Part Selection

The RTL tool selection can be set as auto, ISE or Vivado. Starting with the 2013.1 release the
ISE and Vivado RTL synthesis tools use different models for the floating-point cores. This
setting is used to ensure that the correct floating-point core is used for the target synthesis
tool. If this setting is left as the default auto setting, it is assumed that RTL synthesis for
7-series parts will be performed with Vivado and all other devices will be synthesized with
ISE. If this is not the case, the RTL synthesis tool should be explicitly set.

Selecting Finish will open the project as shown in Figure 1-14.
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' ?Vivado HLS - dct_prj (C\Vivado_HLS\My_First_Project\dct_prj)

File Edit Source Project Solution

Window Help

N4 RRX|HER R eS| @0 r U8 drF|«®

esis |&" Analysis

# constraints
o directives.cl

open_project dct_prj
set_top dct
add files dct.cpp

&5 Explorer & o = O seript.tel 22
2 dct_prj L R e e e s R e
i Includes 2 # This file is generated automatically by Vivado HLS.
= Source 3 ## Please DO NOT edit it.
4 ## Copyright (C) 2013 Xilinx Inc. All rights reserved.
f Test Bench I mrm R R R R e R e R e R R e R
= solutiont 6
7
8
9

W scriptic]

add files -th dct_test.cpp

0 add files -tb in.dat
1 add files -tb out.dat

open_solution “"solution1”
set_part {xc7k160tfbgl84-1}
create_clock -period 10

source "./dct_prj/solutionl/directives.tcl”
csynth_design

{ }

El Console 2 . € Emors| & Wamings
COT Build Console [dct_prj]

Writable Smart Insert 18:1

= 8|/5 Outlin % I Directi
BERu®w”

‘= sourced files

e

SR

[+

=0

Figure 1-14: New Project

All the Tcl commands for creating the project are stored in the script.tcl file within the

solution. Double-clicking on the script.tcl file in the Explorer pane (left-hand side of

Figure 1-14) opens the file in the Information pane, as shown in Figure 1-14.

For users wishing to develop Tcl batch scripts, the script.tcl file is an ideal starting point. The
containers shown in the Explorer pane can be found in the project directory: simply copy
the file from solution directory.

The primary commands for using High-Level Synthesis are provided in the toolbar

(Figure 1-15). Project control ensures only commands which can be currently executed are
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highlighted. For example, synthesis must be performed before RTL simulation can be
executed and thus the simulation toolbar button will remain grey until synthesis completes.

The primary command buttons, shown within the red box in Figure 1-15, are (in left to right

ord

File Edit Source Project Solution Window Help

er):

Create a New Project

Edit the existing Project Settings
Create a New Solution

Edit the existing Solution Settings
Index the C source code

Run the C/C++/SystemC executable.
Run Synthesize

Run RTL Simulation

Export RTL Design

Compare Solution reports

B -

Figure 1-15: Tool Bar

Each of the buttons on the tool bar has an equivalent command in the menus.

The first step after creating a project is to validate the C function. Pressing the Run C
Simulation toolbar button will open the dialog box shown in Figure 1-16, C Simulation
Dialog Box.

High-Level S

ynthesis www.xilinx.com
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=

n l C-Simulation Dialog

C-Simulation

|

Options

| Debug

[ Build Only

[C] Clean Build

"] Optimizing Compile

Input Arguments

|| Do not show this dialog box again.

[ OK ] [ Cancel

Figure 1-16: C Simulation Dialog Box

If no option is selected from the dialog box, the design will be compiled in debug mode and
the C simulation will execute. The results are shown in Figure 1-17.
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v |Vivado HLS - det_prj (CA\Vivado_HLS\My_First_Projectidct_pri) =G
File Edit Source Project Solution Window Help
3] o X HBE R €8 Bap-UE[drFa @
%+ Debug ||| Synthesis |¢+ Analysis
74 Explorer £ & = 0|4 scripttel 3 = O|[g= Outlin 22\ @ Directi| = 8
4.5 det_prj 1 N o | BERw@®"
i Includes 2 #t This file is generated automatically by Vivado HLS. ‘= epiivead Rils

3 #t Please DO NOT edit it.

4 ## Copyright (C) 2013 Xilinx Inc. ALl rights reserved.
» i Test Bench O A
4 = solution1

I = Source

open_project dct_prj
set top dct

~1 L

4 & constraints

o directivestel 8 add_files dct.cpp

4 scripttcl 9 add_files -tb dct_test.cpp
4 B csim 10 add_f}les -tb in.dat

s e 11 add_files -tb out.golden.dat

» (& build A

_ 12 open_solution "solutionl"
& report 13 set_part {xc7kl6@tfbgasa-1}
14 create _clock -period 10

6 source "./dct_prj/solutionl/directives.tcl"
17 csynth_design

4 ;

B Console 9] Errors._ Wamings:. X xpEE&E™O
<terminated> dct_prj.Debug [C/C++ Application] C\Vivado_HLS\My_First Project\dct_prj\solutionl\csim\build\csim.exe (3/15/13
Test passed ! 4

dct_prj

Figure 1-17: C Compiled with Build
The other options in the C Simulation dialog box are:

« Debug: This compiles the C in the default debug mode and opens the debug
perspective. From within the debug perspective the Synthesis perspective button (top
left) can be used to return the windows to synthesis mode.

» Build Only: The C code will be compiled, but the simulation will not be run.
« Clean Build: Remove any existing executable and object files from the project.

« Optimized Compile: The design will be compiled in release mode without any debug
information. This use a higher level of optimization effort when compiling the design.
This may increase compile time but should reduce simulation run time.
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If the Debug option is selected the debug environment can be opened (Figure 1-18) and
the debug step buttons (red box in Figure 1-18) to step through the code and analyze its
operation.
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!File Edit Project Solution Run Window Help

B4 BE|IHRE R BN &@
(% Debug | synthess ¢ Analysis

Mﬁ‘.} Bplorer % 4! > 1i..;_ (9770

(] dct_prj Debug [C/C++ Application]

W Variables 2 % Breakoains it Registes 4 Mociles| -0

BRI 2 1]

18 C\Vivado_HLS\My_First Projectidct prj\solutiont\csim\build\csimexe [9) Name

i Thread [1] 0 (Suspended : Breakpoint)
2 main atdet testepp7 0K4013%
o gdb

( M K

Type Value

}

W soripttel |16 dct testepp %

=08 outine 1\, R 0 %78

1// Copyright (C) 20068 AutofSL Design Technologies, Inc.
2// Al rights reserved.

3

4 #include "dct.h"

5

6 // KRR R R R R O R O R R Rk Rk

¥ 7int main() {

8 short a[N], b[N];
9 int retval = 0, i
(

’ ¥ deth
o main(): int

B Console £\ 4 Tass| £ Problms 0 Evectables 0 Memory

IXkGRAEE"D)

dct_prj.Debug [C/C++ Application] csimexe

High-Level Synthesis

Figure 1-18: C Debug Environments
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The next step is to execute synthesis. When synthesis completes the synthesis report is

available, it will open automatically in the information pane, and results can be analyzed.
(Figure 1-19)

It !Vivado HLS - dct_prj (C\Vivado_HLS\My_First_Project\dct_prj)
File Edit Project Solution Window Help
REeb%eorveaArE & @

= Detail
# Instance

_# Loopn

=

& Console &2 . @] Errors| & Wamings|
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3] o |E&
%5 Debug [ | Synthesis |5 Analysis
s Explorer 52 ¢ 7O 4 seripttel | det esynth.rpt X
i det_prj Performance Estimates
i Includes & Timsing i)
£ Source
it Test Bench = Summary
= solution Clock  Target Estimated
% constraints default 100 718
XE directives.icl & Latency (dlock cydies)
W scripticl
& csim ity
= build Latency Interval
& report min - max min  max
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Uncertainty
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Pipeline Type
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i=| Interface
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The report provides details on both the performance and area of the RTL design. The
outline tab can be used to navigate through the report. Reports are created for each

Figure 1-19:

Synthesis Report

function in the hierarchy (unless the function was inlined: an optimization discussed in later

chapters). The report for the top-level function provides details for the entire design.
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Table 1-2 explains the categories in the synthesis report.

Table 1-2:

Synthesis Report Categories

Using High-Level Synthesis

Category

Sub-Category

Description

Vivado HLS Report for
<Design Name>

Details on when the results were
generated, the version of the
software used, the project name,
the solution name and the
technology details.

Performance Estimates

Summary of timing analysis

The target clock frequency, clock
uncertainty and the estimate of the
fastest achievable clock frequency.

Estimated Latency (Clock Cycles):

Instance Latency

This reports the latency and
initiation interval for this block and
any sub-blocks instantiated in this
block. Each sub-function called at
this level in the C source will be an
instance in this RTL block, unless it
was inlined.

The latency is the number of cycles
it takes to produce the output. The
initiation interval is the number of
clock cycles before new inputs can
be applied.

In the absence of any pipelining
directives, the latency and initiation
interval will be the same (the next
input will be read when the final
output is written).
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Table 1-2: Synthesis Report Categories

Category Sub-Category Description

Estimated Latency (Clock Cycles): This reports the latency and
Loop Latency initiation interval for the loops in
this block. If any loops contain
sub-loops, the loop hierarchy is
shown.

The min and max latency values
indicate the latency to execute all
iterations of the loop. The Iteration
Latency is the latency for a single
iteration of the loop.

The tripcount shows the total
number of loop iterations.

If the loop has a variable latency,
the latency values cannot be
determined and will be shown as a
question mark (?). Refer to the
Tripcount directive for details on
how to specify meaningful values
for the report.

Any specified target initiation
interval is shown beside the actual
initiation interval achieved (as is an
indication on whether the loop was
pipelined or not).

Area Estimates Summary This part of the report shows the
resources (LUTS, Flip-Flops, DSP48s
etc.) used to implement the design.

The sub-categories are explained in
the Details section below.

Details: Instance The resources specified here are
used by the sub-blocks instantiated
at this level of the hierarchy.

If there are no instances the design
only has one level of RTL hierarchy.

If any instances are present, clicking
on the name of the instance will
open the synthesis report for that
instance.
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Table 1-2:

Synthesis Report Categories

Using High-Level Synthesis

Category

Sub-Category

Description

Details:

Expression

This category shows the resources
used by any expressions such as
multipliers, adders, comparators

etc. at the current level of hierarchy.

The bit-widths of the input ports to
the expressions are shown.

Details:

FIFO

The resources listed here are those
used in the implementation of any
FIFOs implemented at this level of
the hierarchy.

Details:

Memory

The resources listed here are those
used in the implementation of
memories at this level of the
hierarchy.

Details:

Multiplexors

This section of the report shows the
resources used to implement
multiplexors at this level of
hierarchy.

The input widths of the multiplexors
are show.

Details: Register A list of all registers at this level of
hierarchy is shown here. The report
includes the register bit-widths.

Details: ShiftMemory A summary of all shift registers

which were mapped into Xilinx SRL
components.

Additional mapping into SRL
components may occur during RTL
synthesis.

Interface Summary

Interface

This section shows details how the
function arguments where
synthesized into RTL ports.

The RTL port names are grouped
with their protocol and source
object: these are the RTL port
created when the source object is
synthesized with the stated 10
protocol.

If no 10 protocol was specified
using a directive, then this indicates
the default IO protocol for this C
type functional argument.

High-Level Synthesis
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The most typical use of High-Level Synthesis is to create an initial design, then perform
optimizations to meet the desired area and performance goals. Solutions offer a convenient
way to ensure the results from earlier synthesis rounds can be both preserved and
compared.

In addition to the synthesis report, the Design Viewer can be used to analyze the results.
The Design Viewer can be opened by switching to the Analysis perspective as shown in
Figure 1-20. The Synthesis perspective button can be used to return to the synthesis view.

i é‘u’ivado HLS - dct.prj (C\Vivado_HLS\My_First_Project\dct.prj)
File Edit Project Solution Window Help

NS R | 6| @
#¥ Debug |+ Synthesis

Figure 1-20: The Analysis Perspective

The Design Viewer provides both a tabular and graphical view of the design performance
and resources and supports cross-referencing between both views. Figure 1-21 shows the
default window configuration when the Design Viewer is first opened.

The Module Hierarchy pane provides an overview of the entire RTL design.

« This view can be used to navigate throughout the design hierarchy.
« It shows the resources and latency contribution for each block in the RTL hierarchy.
Reviewing the results shown in Figure 1-20 helps explain the information presented. The

entire dct design uses 6 BRAMs, approximately 300 LUTs and has a latency of around 3900
clock cycles. Sub-block dct_2b contributes 4 BRAMs, approximately 250 LUTs and about
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3600 cycle of latency to the total. It is immediately clear that most of the resources and
latency in this design are due to sub-block dct_2d.

+ |Vivado HLS - dct.prj (C\Vivado_HLS\My_First_Project\dct.prj)

File Edit Project Solution Window Help
B A~ b | @
%> Debug | Synthesis |¢ Analysis

'*"J Module Hierarchy I

BRAM DSP FF LUT

4 o dct 6 1 213 334 3959 3959

4 o dct 2d 4 1 159 248 3668 3668

® det1 1 86 104 209 209

Latency Interval Pipeline type
none
none
none

£ Performance Profile & . | Resource Profile

=0

<8

Pipelined Latency Initiation Interval Iteration Latency Trip count

o @R

I = Schedule Viewer - det i:?l =0
Current Module : det

[operation\Control §j| c0 || €l |[ c2 |[ c3 || cd4 |[ c5 |

[-]RD_Loop Row
exitcondl (icm
r 2(+)
[-]RD_Loop Co
exitcond (i
c 1(+)

|
gl
i
3
w
5

input load
p_addr7 (+)
node 37 (wr
det_2d(function)

o aa SR
@ RD_Loop_Row no 144 - 144
@ RD_Loop_Col no 16 - 16
® WR_Loop_Row no 144 - 144
4| T
] 11 3 I Performance 'Kesource Sharing
Figure 1-21: The Analysis Perspective

The Performance Profile pane provides details on the performance of the block currently
selected in the Module Hierarchy pane — in this case, the dct block (highlighted in the

Module Hierarchy pane).

« The performance of the block is a function of the sub-blocks it contains and any logic
within this level of hierarchy.The Performance Profile pane shows items at this level of
hierarchy which contribute to the overall performance.

« The performance is measured in terms of latency and the initiation interval. This pane
also includes details on whether the block was pipelined or not.

« In this example, we can see that two loops are implemented as logic at this level of
hierarchy and both contribute 144 clock cycles to the latency.

The Schedule Viewer pane shows how the operations in this particular block are scheduled
into clock cycles. The default view is the Performance view.

* The left-hand column lists the resources.

www.xilinx.com
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Sub-blocks are green.
Operations resulting from loops in the source are colored yellow.

Standard operations are purple.

The dct has three main resources:

o

A loop called RD_Loop_Row. In FIGURE 2-19+2 the loop hierarchy for loop
RD_Loop_Row has been expanded.

A sub-block called dct_2d.

u o n

A loop called WR_Loop_Row. The plus symbol “+" indicates this loop has hierarchy
and the loop can be expanded to view it.

The top row lists the control states in the design. Control states are the internal states
used by High-Level Synthesis to schedule operations into clock cycles. There is a close
correlation between the control states and the final states in the RTL Finite State
Machine (FSM) but there is no one-to-one mapping.

The information presented in the Schedule Viewer can be explained by reviewing the first
set of resources to be executed, the RD_Loop_Row loop.

The design will start in state CO.

It then starts to execute the logic in loop RD_Loop_Row.

o

In the first state of the loop, the exit condition is checked and there is an add
operation.

The loop executes over 3 states: C1, C2 and C3.

The Performance Profile pane shows this loop has a tripcount of 8: it will therefore
iterate around these 3 states 8 times.

The Performance Profile pane shows loop RD_Loop_Rows takes 144 clock cycles to
execute.

o

o

o

o

One cycle at the start of loop RD_Loop_Row.

The Performance Profile pane indicates it takes 16 clock cycles to execute all
operations of loop RD_Loop_Cols.

Plus a clock cycle to return to the start of loop RD_Loop_Row.

8 iterations of 18 cycles is why it takes 144 clock cycles to complete.

Within loop RD_Loop_Col we can see there are some adders, a 2 cycle read operation
and a write operation.

Figure 1-22 shows that if we right-click with the mouse on the write operation, or any other
operation for that matter, we can open the associated variable in the source code view
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which caused this operation. Here we can see the write operation is implementing the
writing of data into array but, from variable a variable called input.

‘ EVivado HLS - dct.prj (C\Vivado_HLS\My_First_Project\dct.prj) EI@
File Edit Project Solution Window Help
%# Debug || Synthesis
t| Module Hierarchy = 0| |= Schedule Viewer - det i3 = O 1[4 C Source &2 =0
BRAM DSP FF LUT | i j
! Current Module : dot File: C\Vivado_HLS\My_First_Project\dct.cpp
® dct 6 1 213 334 ¢ s5¢ a
e dct 2d 4 1 159 248 ||[operation\Control S}[ €0 |[ ¢ [ €2 |[ c3 |[ ¢4 |[ c§ 56 intr,c,
e dct_1 1 86 104 [-1RD_Loop Row =) 57
= — 58 RD_Loop_Row
t di — -
ez ttenndi(den S8 for (r= 0; r < DCT_SIZE; r++) {
60RD_Loop Col
61 for (o= 0 c <DCT SIZE ce+)
exitcond (1 62 buf[r][c] = input[r * DCT_SIZE + c].
c 1(%) 63 }
tmp 1 15(+ 2‘5‘}
7 o > 86 void write_data(short buf DCT_SIZEJIDCT_Sk
p_addr7? (+) 67{
£F performan 22 |~ Resource P | = O et T oo I_ - introc
- = Goto Source t
Pipelined Late det 2d(function) Goto Vi
= oto Verllog WR_Loop_Row
@ dct - 395¢ +]WR L R ” - P
o O oopfiow | 144 [+]WR_Loop Row Goto VHDL for (r=0- r < DCT_SIZE: r++) {
- - 72WR_Loop_Col: =
© RD_Loop_Col no 16 73 for (o = 0; ¢ < DCT_SIZE; c++)
© WR_Loop Row no 144 74 output[r * DCT_SIZE + ¢] = buf[r][c];
750}
76}
77
78 void dct(short input[N], short output[N])
-l 794
~|80 A
Fl | L3 |
q mn b ||| Performance | Resource Sharing d Ul D
Figure 1-22: C Source Code Correlation
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In addition to analyzing the performance details, the Design Viewer also allows the resource
usage to be analyzed. Figure 1-23 shows the resource profile and the resource sharing
panes.

The Resource Profile pane shows the resources used at this level of hierarchy. In this
example, we can see that most of the area is due instances: blocks which are instantiated

High-Level Synthesis
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- Vivado HLS - dctpj (CA\Vivado,_HLS\My_First_Projectidctpr) BE
file Edit Project Solution Window Help
R oAvEE|#@
15 Debug ] Synthesis
1| Module Hierarchy “ | & Resource Sharing - det 11 =
BRAM DSP FF LUT Latency Interval Pipeline type Current Module : dot
o det b 1 21333 359 3959 none
odtdd4 1 159248 3668 3668 none Resource\Control Stif ¢0 |[ ¢l ][ c2 |[ ¢3 [[ o4 ][ ¢5 |
odct 1 1 8 104 209 209  none [-]1Expressions &
=
+
icp
;
;
;
i
;
=
| :
& Performance Profile]= Resaurce Profile I ol + |
BRAM DSP FF LUT BitsP0 BitsPl BitsP2 BanksDepth :
o dd 6 213 334
0 Rors) 2 call
% Isances(l) 4 159 248 call
® Memories(2) 2 00 R call
¥, bpressions(12) 0 0 0525% &8 0 read
0+ 0 0 4 40 2B 0 write
o icmp 0 0 12 16 20 0 read
it Registers(14) 54 60 write
FIFO(0) 0 00 0
® Muttiplexers(7) 0 0 3 3
4 )
{ ] } Perfmmante'ResOurce Sharing
Figure 1-23: C Source Code Correlation
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inside this block. By expanding the Expressions we can see that most of the resources at this
level of hierarchy are used to implement adders.

The Resource Sharing pane shows in which control state the operations are used. Expanding
the Expressions In this example, all the adder operations are associated with a different
adder resource — there is no sharing of the adders (or more than one add operation would
be on each horizontal line indicating multiple operations on the same resource in different
state or clock cycles).

Since the adders are in the same cycles are memory accesses they are likely dedicated to
each memory - cross correlation with the C code can be used to confirm this.

The Design Viewer is a highly interactive feature. More details on the Design Viewer can be
found in the High-Level Synthesis tutorial "Design Analysis”. Remember, that even if a Tcl
flow is used to create designs, the project can still be opened in the GUI and the Design
Viewer used to analyze the design.

The Synthesis perspective button can be used to return to the synthesis view.

Using Solutions

The New Solution tool bar button (Figure 1-15) or the menu Project > New Solution can
be used to create a new solution. This opens the Solution Wizard (Figure 1-24).
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» | Solution Wizard = @

Solution Configuration

Create Vivado HLS solution for selected technoloagy

Solution Name: IsolutionE

Clock
Period: 10 Uncertainty:

Part Selection

Part: Xc7k160tfbgd84-1 B

Options
Copy existing directives from solution: solutionl -

Copy existing custom constraints from solution: solutionl -

Finish l | Cancel

Figure 1-24: Solution Wizard

The solution setting window has the same options as the final window in the New Project
wizard (Figure 1-14) plus two additional options which allow directives and customs

commands which were applied to a solution to be conveniently copied to the new solution,
where they may be modified or removed. The next section explains how directives can be

added to solutions.
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Using The High-Level Synthesis GUI

Before discussing how optimizations are performed, it is worth spending some time to
review how the High-Level Synthesis GUI displays information and how it can be
customized.

In some cases the default setting of the High-Level Synthesis GUI may prevent certain
information from being shown or have defaults which are not suitable for you. This sections
explains how the following can be customized:

« Information defined in header files.
« Comments in the source written in a language other than English.
« Console window buffer size.

« Default key behaviors.

Resolving Header File Information

By default, the High-Level Synthesis GUI does not automatically parse all header files to
resolve all coding constructs. The symptoms of this can be:

« Annotations in the code viewer which say a variable or value is unknown or cannot be
defined.

« Variables in the code which do not appear in the directives window.

In both cases, the definitions for the unknown values and missing variables will be defined
in a header file (a file with extension .h or .hpp). When C code is first opened the Vivado
HLS GUI the references to object defined in other files may show as undefined. An example
of this is shown on the left hand side of Figure 1-25 where the sidebars show undefined
references.

The Index C files toolbar button can be used to index all C files and resolve all object
definitions. The result of this operation is shown on the right hand side of Figure 1-25. An
alternative solution is permanently enable the indexing (this takes CPU cycles and may
impact the GUI refresh rate) by changing the project setting using menu item Project >
Project Settings > General > Parse All Header Files as shown in Figure 1-26.
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e firc 2 =m)
1#include "fir.h" -
2 //#include "ap_interfaces.h"
3 =
7 4void fir ( =
& 5 data t *y, =
&% 6 data t x,
47 coef t c[N+1]
8
9 //AP_INTERFACE(c, ap_none); i
210 // You should get the following by default: add:
11 #pragma AP interface ap_ctrl_hs port=return reg: =
w12 //
113 // Define the pcore interfaces and group into A =
14 #pragma AP resource core=AXI4LiteS metadata="-bi =
~ 15#pragma AP resource core=RAM_1P metadata="-bus_| =
16 //
817 int j;
218 Far (=0 icNeT - Gee) L i
<« i 3
Figure 1-25:
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After Indexing C Files

[ firc 2 =0
1#include "fir.h" -
2 //#include "ap_interfaces.h" [
3

dvoid fir (
f 5 data't *y,
6 data_t x,

1§

N 7 coef_t c[N+1]
B 8

9 //AP_INTERFACE(c, ap_none);

110 // You should get the following by default: add:
 11#pragma AP interface ap_ctrl_hs port=return reg:
§12//

=13 // Define the pcore interfaces and group into A
14 #pragma AP resource core=AXI4LiteS metadata="-bi
,’:lsﬁpragma AP resource core=RAM 1P metadata="-bus_|

16//

=17 int j;

¥ far (=0 N+ -1 =
4 \ 1 | »

Index C Files
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# EProject Settings (dct_prj) @

ElGeneral General

& Simulation
B> Synthesis Location: C\Vivado_HLS\My_First Project\dct_prj

[] Indexing C Source

|| Parse All Header Files

0K J ‘ Cancel

Figure 1-26: Enabling Header File Parsing

Note: When option Parse all header files is selected, the High-Level Synthesis GUI will continuously
pole all header files for any potential changes. This may result in a reduced response time from the
GUI as CPU cycles are used to check the header files.

Resolving Comments in the Source Code

In some localizations, non-English comments in the source file may appear as strange
characters. This can be corrected by:

1. Selecting the project in the Explorer Pane.

2. Right-click and select the appropriate language encoding using Properties > Resource.
In the section titled Text File Encoding select Other and choose appropriate encoding
from the drop-down menu.
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Customizing the Console Window

The console windows displays the messages issued during operations such as synthesize
and verification.

The default buffer size for this windows is 80,000 characters and can be changed, or the
limit can be removed to ensure all messages can be reviewed, by using menu Window >
Preferences > Run/Debug > Console.

Customizing the GUI Behavior

The behavior of the High-Level Synthesis GUI can be customized using the menu Windows
> Preferences and new user defined tool settings saved.

As an example on how detailed customizations can be performed using the Preferences
menu, the following change will be made: The default setting for the key combination
CTRL-TAB, is to make the active tab in the Information Pane toggle between the source code
and the header file. This will be changed to make the CTRL-TAB combination make each tab
in turn the active tab.

« In the Preferences menu, sub-menu General > Keys allows the Command value Toggle
Source/Header to be selected and the CTRL-TAB combination removed by using the
Unbind Command key.

« Selecting Next Tab in the Command column, placing the cursor in the Binding dialog
box and pressing the CTRL key and then the TAB key, will cause the operation CTRL-TAB
to be associated with making the Next Tab active.

Reviewing the sub-menus in the Preferences menu allows every aspect of the High-Level
Synthesis GUI environment to be customized to ensure the highest levels of productivity.

Using Directives to Optimize

Directives can be used to perform various optimizations on the design. This section explains
how optimizations are added to the solution. The various optimizations are discussed in
detail in later chapters of this User Guide

The first step in adding optimization directives is to open the source code in the
Information pane.

As shown in Figure 1-27, expand the source container, located at the top of the Explorer
pane, and double-click on the source file to open it for editing in the Information pane.
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'+ Vivado HLS - det_prj (C\Vivado_HLS\My_First Projectidct prj o B
File Edit Project Solution Window Help
Fl4BaX|EE B dfbhEe e -ua|d-F« @
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g5 } E
s 4void det_ld(dct data t src[DCT SIZE], dct data_t dst[DCT SIZE] S s
lel det.cpp 5 — @ write_data
iz Test Bench 6 unsigned int k, n; @ dct
(3 solutionl 7 int tmp; 1 buf_2d_in
= solution2 8  const dct data t dct_coeff_table[DCT_SIZE][DCT_SIZE] = { A1 buf 2d_out
% constraints 9#include "dct_coeff_table.txt" 3 input
4 directivestcl 'O 15 % output
i 12DCT Outer_Loop:
13 for (k = @; k < DCT_SIZE; k++) {
14DCT _Inner_Loop:
15 for(n = 8, tnp = @; n < DCT_SIZE; n++) {
16 int coeff = (int)dct_coeff_table[k][n];
17 tmp += src[n] * coeff;
18 ! N
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4| 11l ‘ 3
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Writable Smart Insert 78:9

Figure 1-27: Source and Directive

With the source code active in the Information pane, the directives tab on the right-hand
side becomes active.

Directives Tab

The directives tab contains all the objects in the opened source code upon which directives
can be applied.

 Functions

+ Interfaces
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o Interfaces are the arguments to the top-level function: these will become ports on
the RTL design and directives can be specified on these to specify the IO protocol

ports.
* Arrays
* Loops
* Regions

- Aregion is any named region of code surrounded by braces.

Note: The objects shown in the directives tab are only those from the file currently shown in the
information pane (current active file): not all files in the design.

The following example shows the outline of some source code, highlighting each of the
scopes and objects upon which directives can be applied and optimizations performed.

int foo_sub A (int mem_1[64],..) ({
for A: for (int n = 0; n < 3; ++n) {
}

}

int foo_sub B (int mem 1[64], int i) {

for B:for (int n = 0; n < 4; ++n) {
}
}

void foo top (int mem 1[64], int mem 2[64]) {

for top: for (int i = 0; 1 < 64; ++1i) {
my label: {

.
}
}

Figure 1-28 shows how this example code is represented in the directives tab.

High-Level Synthesis www.xilinx.com 51
UG902 (v2013.1) March 20, 2013



http://www.xilinx.com

& XILINX. Using High-Level Synthesis
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Figure 1-28: GUI Directives Objects
Applying Directives

Directives are applied by selecting an object in the directives tab and clicking with the
right-hand button of mouse to open the directives window, as shown in Figure 1-29.

The drop-down menu allows the appropriate directives to be added. The example in
Figure 1-29 shows the DATAFLOW directive being added. In addition to the options for the
directive (discussed in later chapters) the directives window allows the directive to be
inserted into the directive file as a Tcl command or to be inserted directly into the code as
a pragma.

Note: To apply directives to global variables, apply the directive to a function where the object is
used. Open the Directives tab on a function that uses the variable, apply the directive to the function
itself and enter the variable name manually in Directives Editor.

To apply directives to objects defined in a class, open the file where the class is defined (typically a
header file) and apply the directive using the Directives tab. As with functions, all instances of a class
will have the same optimizations applied to them.
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Figure 1-29: Adding Directives

When the Directive File option is selected in the directives dialog box, the directive is
written to file directives.tcl in the solution directory. The two advantages for this approach

are:

« Each solution can have its own directives.

« Users wishing to create Tcl batch files can simply copy the directive from the

directives.tcl file

Figure 1-30 shows the directive being added to the directives.tcl file and shows the

resulting directives.tcl opened in the information pane.
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Figure 1-30: Adding Tcl Directives

The alternative option for directives is to add a pragma to the code. The advantage to this
option is that the directive is permanently applied to the code and no additional files are
required. This is an ideal approach for releasing IP and for directives which will never
changed based on the technology target, such as the TRIPCOUNT directive.

Figure 1-31 shows the directive from the previous example being applied as a pragma, by
selecting option Source File in the Destination section of Directives Editor, and the resultant
source code open in the information pane.
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Figure 1-31: Adding Pragma Directives

In both cases, the directive will be applied and the optimization performed when synthesis
is executed.

The only disadvantage to using pragmas is that the directive is now permanently embedded
with the source code and will be used for every new solution.

First Example

A tutorial introduction on using High-Level Synthesis is available via the help menu.
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The tutorial uses a design example to provide a good understanding of the following topics
associated with using High-Level Synthesis:

« Perform validation of the C design

« Create an High-Level Synthesis project

» Perform Synthesis & Design Analysis

» Address Bit-accurate design

« Perform Design Optimization

¢ Understand how to perform RTL verification and export

» Review using High-Level Synthesis with Tcl scripts

The example design for use with the tutorial can be found in the examples directory in the
High-Level Synthesis installation area.

C Validation and Coding Styles

Verification in an HLS flow can be separated into two discrete processes. Pre-synthesis
validation which validates the C program correctly implements the required functionality
and post-synthesis verification which verifies the RTL is correct. It is not uncommon for
both processes to be referred to as simulation: C simulation and RTL simulation.

Pre-Synthesis Validation

Prior to synthesis, the function to be synthesized should be verified using a test bench. An
ideal test bench has the following attributes:

« The test bench is self-checking.

« The test bench is in a separate file from the design (not a requirement, as discussed
next, but advised).

Having the test bench and the function to be synthesized in separate files keeps a clean
separation between the process of simulation and synthesis. If the test bench is in the same
file as the function to be synthesized, there is a minor modification to the general
High-Level Synthesis flow: the file with the test bench and the function to be synthesized
should be added to the High-Level Synthesis project as a source file and as a test bench file.

Similarly, if the file with the function to be synthesized has functions above which are not in
the test bench file, the file(s) with the functions above the top-level function must added to
the project as a test bench file.
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Typically the entire process of compiling C designs for pre-synthesis validation can be
performed inside High-Level Synthesis as shown in Figure 1-17 and Figure 1-18. The C
validation can however also be performed at the command line in the High-Level Synthesis
Command Prompt.

C Validation outside the High-Level Synthesis GUI

Given a top-level design file "foo_top.c” and test bench file "tb_foo_top.c" the following
commands can be used to compile and execute the test bench:

$ gcc -o foo top foo top.c tb foo top.c
$ ./foo_top

C++ Validation outside the High-Level Synthesis GUI

Given a top-level C++ design file "foo_top.cpp" and test bench file "tb_foo_top.cpp" the
following commands can be used to compile and execute the test bench:

$ g++ -o foo_top foo top.cpp tb_foo top.cpp
$ ./foo_top

SystemC Validation outside the High-Level Synthesis GUI

Given a top-level design file "foo_top.cpp" and test bench file "tb_foo_top.cpp" the
following commands can be used to compile and execute the test bench (the command
options for the first gcc command are shown split over multiple lines for clarity but should
appear on the same command line):

$ g++ -o foo_top foo top.cpp tb_foo top.cpp
-Isvivado_hls_ROOT/Linux x86_64/tools/systemc/include/
-lsystemc
-L$vivado_hls ROOT/Linux_x86 64/tools/systemc/lib-1inux64
$ ./foo_top

Since SystemC is being used the "systemc.h" header file must be included in all
compilations.

Using a non-standard version of GCC

The supported version of gcc (or g++) should be used to compile the C code prior to synthesis.
High-Level Synthesis will create RTL to match the functionality of this version of gcc and this
is the version which will be used to co-simulate the C test bench with the RTL.

High-Level Synthesis can be instructed to use a different version of gcc for RTL simulation
by setting the environment variable AP_SIM_GCC prior to invoking High-Level Synthesis.
The variable should be defined with the path to the directory which contains the local
version of gcc.
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Visual Studio Compiler

Microsoft Visual Studio Compiler (MVSC) can be used to compile the code prior to using
High-Level Synthesis.

When the functions are to be compiled with High-Level Synthesis header files, such as
those used with arbitrary precision integers (these are discussed in section “Arbitrary
Precision Data Types” later in this chapter) there are special considerations to be aware of.

Compile C

C functions using arbitrary precision integers, as defined by High-Level Synthesis header
file "ap_cint.h” must be compiled with APCC as discussed in the section "Arbitrary Precision
Types with C". MVSC cannot be used for C designs which use High-Level Synthesis arbitrary
precision types.

Compiling C++

C++ functions which include High-Level Synthesis header files must have the location of
the header file specified in MVSC.

To specify the location of the High-Level Synthesis header files in MVSC,

1. Click Project

2. Click Properties

3. In the panel that opens, select C/C++

4. Select general

5. Click on additional include directories and add the path as show in Figure 1-32.
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Figure 1-32: Setting High-Level Synthesis Include Path in Visual Studio

Unsupported C Language Constructs

While High-Level Synthesis is able to synthesize a large subset of all three C modeling
standards (C, C++ and SystemC) there are some constructs which cannot be synthesized.
This section outlines the constructs which cannot be synthesized.

In order to be synthesized, the C function must contain the entire functionality of the design
(none of the functionality can be performed by system calls to the OS), the C constructs
must be of a fixed/bounded size and the implementation of those constructs unambiguous.
The following constructs fail to satisfy one or more of these characteristics.

System Calls

System calls cannot be synthesized since they are actions which related to performing some
task upon the operating system in which the C program is running. A few examples show
how system calls cannot be synthesized into anything within the hardware design itself.

» The printf() call prints information to the system console: this is useful during C
simulation but cannot be a feature of the final hardware design and as such cannot be
synthesized.

« The fprintf() call accesses files in the system upon which the program is executing.
Again, this cannot be performed by the final hardware: access to external data must be
performed via the top-level function arguments or to global variables.
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Other examples of such calls are getc(), time(), sleep() etc. all of which make calls to the
operating system.

In general, most system calls cannot be synthesized. Some commonly used system calls are
automatically ignored by High-Level Synthesis (e.g. printf and cout) but in general they
should be removed from consideration by synthesis by using the __SYNTHESIS__ macro.

Some system calls, such as those which allocate memory for the program to access, are part
of the functionality of the design and must be both removed and transformed to maintain
the functionality.

Dynamic Memory & Functions

Any system calls which manage memory allocation within the system, for example malloc(),
alloc() and free(), must be removed from the design code prior to synthesis.

The reason for this is that they are implying resources which are created and released
during runtime: to be able to synthesize a hardware implementation the design must be
fully self-contained, specifying all required resources.

However, since they also typically used to define the functionality of the design, they must
be transformed into equivalent bounded representation. The following examples show how
dynamic memory allocations are transformed into equivalent bounded representations.

#ifndef  SYNTHESIS
// If synthesis is not required, use this code
long long x = malloc (sizeof (long long)) ;
int* arr = malloc (64 * sizeof (int)) ;
#telse
// For synthesis, use this code
static long long x;
int arr[é4];
#end

The recommended approach is to make the above changes and re-execute the C simulation
to verify the simulation with the synthesizable code is identical to the original (by adding
the option -D__SYNTHESIS__ to the gcc or g++ compilation).

Similarly dynamic virtual function calls are not synthesizable. The following cannot be
synthesized since it create new function at run time.

Class A {
public:
virtual void bar() {..};

bi

void fun(A* a) {

a->bar () ;
!
A* a = 0;
if (base)

A= new A();
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else
A = new B();

foo(a) ;

Pointer Casting

Pointer casting is not supported in the general case but is supported between native C
types. The following is not synthesizable and must be transformed as shown in the example,
where values are assigned using the original type.

struct
short first;
short second;
} pair;
#ifndef _ SYNTHESIS
// If synthesis is not required, use this code

* (unsigned*)pair = -1U;
#else
// For synthesis, use this code
pair.first = -1U;
pair.second = -1U;
#end

Standard Template Libraries

Many of the C++ Standard Template Libraries (STLs) contain function recursion and use
dynamic memory allocation. For this reason the STLs cannot be synthesized.

The solution with STLs is to create a local function with identical functionality which does
not exhibit these characteristics.

Arbitrary Precision Data Types

C-based native data types are on 8-bit boundaries (8, 16, 32, 64 bits). RTL busses
(corresponding to hardware) support arbitrary lengths. HLS needs a mechanism to allow
the specification of arbitrary precision bit-width and not rely on the artificial boundaries of
native C data types: if a 17-bit multiplier is required, you should not be forced to implement
this with a 32-bit multiplier.

High-Level Synthesis provides arbitrary precision data types for C, C++ and supports the
arbitrary precision data types which are part of SystemC.

The advantage of arbitrary precision data types is that they allow the C code to be updated
to use variables with smaller bit-widths and then for the C simulation to be re-executed to
validate the functionality remains identical.

The __SYNTHESIS__ macro can be used to add arbitrary precision data types to the source
code while retaining the original types for reference:

void foo {
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ifdef  SYNTHESIS
// use bit accurate type
int8 a,
#else
// Original Source
int a,
#endif

}i
High-Level Synthesis provides both integer and fixed point data types.

Integer Data Types

High-Level Synthesis provides arbitrary precision integer data types (Table 1-3) which
manage the value of the integer numbers within the boundaries of the specified width.

Table 1-3: Integer Data Types

Language Integer Data Type Required Header
C [u]int<precision> (1024 bits) apcc none
gcc #include "ap_cin.h”
C++ ap_[ulint<W> (1024 bits) #include "ap_int.h"
System C sc_[u]int<W> (64 bits) #include “systemc.h”
sc_[ulbigint<W> (512 bits)

Arbitrary Precision Types with C

For the C language, the header file “ap_cint.h” defines the arbitrary precision integer data
types [u]int. The "ap_cint.h” file is located in $VIVADO_HLS_ROOT/include (where
$VIVADO_HLS_ROOT is the High-Level Synthesis installation directory).

Note: The header files defining the arbitrary precision types are also provided with Vivado HLS as a
stand-alone package with rights to use them in your own source code. This package does not include
the C arbitrary precision types defined in ap_cint.h: these types cannot be simulated with standard C
compilers and required the APCC option in Vivado HLS. The package, xilinx_hls_lib_2012_3.tgz, is
provided in the directory include, which can be found in the Vivado HLS installation area.

To use arbitrary precision integer data types in a C function,

« Add header file "ap_cint.h" to the source code.
« Change the bit types to intN or uintN, where N is a bit-size from 1 to 1024.
« Compile using the apcc compiler

- Select the Use APCC for Compiling C Compiler option in the GUL

o Use apcc in place of gcc at the command prompt

The following example shows how the header file is added and the two variables are
implemented to use 9-bit integer and 10-bit unsigned integer types:

High-Level Synthesis www.xilinx.com 62
UG902 (v2013.1) March 20, 2013



http://www.xilinx.com

& XILINX. C Validation and Coding Styles

#include ap cint.h

void foo top (..) {
int9 varl; // 9-bit
uintl0 var2; // 10-bit unsigned

Note: Standard C compilers will not correctly simulate C arbitrary precision types and the
High-Level Synthesis apcc utility must be used.

Standard C compilers such as gcc will compile the attributes used in the header file to
define the bit sizes, but they do know what they means. The final executable created by
standard C compiler will issue messages such as the following

$VIVADO HLS ROOT/include/etc/autopilot dt.def:1036: warning: bit-width attribute
directive ignored

and proceed to use native C data types for the simulation and producing results which do
not reflect the bit-accurate behavior of the code.

High-Level Synthesis includes a compiler, apcc, which overcomes this limitation and allows
the function to be compiled and verified in a bit-accurate manner.

The apcc compiler can be enabled in the project setting using menu Project > Project
Settings > Simulation, select Use APCC for Compiling C Files as shown in Figure 1-33.
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Figure 1-33: Enabling the APCC Compiler

Note: When option Use APCC for Compiling C Files is selected, the design can no longer be
analyzed in the debugger: this is a side-effect of using arbitrary procession type in C code.

For functions specified using C++ or SystemC there are no such limitations when using arbitrary
precision types. This limitation only exists with C, not C++ or SystemC.

APCC should not be used to compile C++ or SystemC functions (it will be ignored if selected).

If compiling at the command prompt, the apcc compiler should be used at the shell prompt:
it is command line compatible with gcc and will process the arbitrary precision arithmetic
correctly (respecting the boundaries imposed by the bit-width information).

When apcc is used the High-Level Synthesis header files are automatically included (no
need to use -I$VIVADO_HLS_ROOT/include) and the design will simulate with the correct
bit-accurate behavior.

$ apcc -o foo top foo top.c tb foo top.c
$ ./foo_top
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Arbitrary Precision Types with C++

For the C++ language ap_[u]int data types, the header file "ap_int.h"” defines the arbitrary
precision integer data. The “ap_int.h" file is located at $VIVADO_HLS_ROOT/include (where
$VIVADO_HLS_ROOT is the High-Level Synthesis installation directory).

To use arbitrary precision integer data types in a C++ function:

« Add header file "ap_int.h" to the source code.

« Change the bit types to ap_int<N> or ap_uint<N>, where N is a bit-size from 1 to 1024.

The following example shows how the header file is added and two variables have been
implemented to use 9-bit integer and 10-bit unsigned integer types:

#include ap_int.h

void foo top (..) {
ap_int<9> varl; // 9-bit
ap _uint<10> var2; // 10-bit unsigned

If arbitrary precision integers are used, the simulation must include the path to header file
"ap_int.h":

$ g++ -o foo top foo top.cpp tb foo top.cpp -ISVIVADO HLS ROOT/include
Arbitrary Precision Types with SystemC

The arbitrary precision types used by SystemC are defined in the "systemc.h" header file
which is required to be included in all SystemC designs. They include the SystemC sc_int<>,
sc_uint<>, sc_bigint<> and sc_biguint<> types.

The path to the SystemC header file must be included when simulating SystemC designs.
Given a top-level design file "foo_top.cpp" and test bench file "tb_foo_top.cpp"” the
following commands can be used to compile and execute the test bench on a Linux system
(the command options for the first gcc command are shown split over multiple lines for
clarity but should appear on the same command line):

$ g++ -o foo top foo top.cpp tb _foo top.cpp
-ISVIVADO HLS ROOT]\Win x86\tools\systemc\include
-lsystemc
-L$VIVADO HLS ROOT\Win x86\tools\systemc\1lib

$ ./foo_top

Fixed Point Data Types

The use of fixed-point types is of particular importance when using HLS since the behavior
of the C++/SystemC simulations performed using fixed-point data types will match that of
the resulting hardware created by synthesis, allowing analysis of the effects of bit-accuracy,
quantization and overflow to be analyzed with fast C-level simulation.
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High-Level Synthesis offers arbitrary precision fixed point data types (Table 1-4) for use
with C++ and SystemC functions.

Table 1-4: Fixed Point Data Types

Language Fixed Point Data Type Required Header
C -- Not Applicable -- -- Not Applicable --
C++ ap_[ulfixed<W,1,Q,O,N> #include "ap_fixed.h"
System C sc_[u]fixed<W,[,Q,O,N> #define SC_INCLUDE_FX
[#define SC_FX_EXCLUDE_OTHER]
#include "systemc.h”

These data types manage the value of floating point numbers within the boundaries of a
specified total width and integer width (Figure 1-34).

Y

Binary Point
W=I+8B

Figure 1-34: Fixed Point Data Type
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Table 1-5 provides a brief overview of operations supported by fixed point types.

Table 1-5: Fixed Point Identifier Summary
Identifier Description
w Word length in bits
I The number of bits used to represent the integer value (the number of bits above the
decimal point)
Q Quantization mode dictates the
behavior when greater
precision is generated than can
be defined by smallest
fractional bit in the variable
used to store the result.
SystemC Types: AP_Fixed Types: Description:
SC_RND AP_RND Rounding to plus infinity
SC_RND_ZERO AP_RND_ZERO Rounding to zero
SC_RND_MIN_INF AP_RND_MIN_INF Rounding to minus
AP_RND_INF AP_RND_INF infinity
AP_RND_CONV AP_RND_CONV Rounding to infinity
AP_TRN AP_TRN Convergent rounding
AP_TRN_ZERO AP_TRN_ZERO Truncation to minus
infinity
Truncation to zero
(default)
(o] The number of saturation bits in
wrap modes.
SystemC Types:
SC_SAT AP_SAT Saturation
SC_SAT_ZERO AP_SAT_ZERO Saturation to zero
SC_SAT_SYM AP_SAT_SYM Symmetrical saturation
SC_wrapper.h AP_WRAP Wrap around (default)
SC_WRAP_SM AP_WRAP_SM Sign magnitude wrap
around
N The number of saturation bits in wrap modes.
ap_fixed

In this example the High-Level Synthesis ap_fixed type is used to define an 18-bit variable
with 6 bits representing the numbers above the decimal point and 12-bits representing the
value below the decimal point. The variable is specified as signed, rounding is specified as
the quantization mode and the default wrap-around mode is used for overflow.

#include <ap fixed.hs>

ap fixed<18,6,AP RND > my type;
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sc_fixed

In this sc_fixed example a 22-bit variable is shown with 21 bits representing the numbers
above the decimal point: enabling only a minimum accuracy of 0.5. Rounding to zero is
used, such that any result less than 0.5 will round to 0 and saturation is specified.
#define SC_INCLUDE_FX
#define SC_FX EXCLUDE_ OTHER

#include <systemc.h>

sc_fixed<22,21,S8C_RND_ZERO,SC_SAT> my_ type;

Floating Point Types

To synthesize any design, High-Level Synthesis coverts the operations in the design into
operators which are then mapped to cores from the technology library. For floating point
designs not all operators have an associate floating point core in the library.

If there is no core in the technology library which can be mapped to, High-Level Synthesis
synthesis will halt synthesis with a message that there is no library core to map to. A
complete list of core in the High-Level Synthesis library is provided in the “High-Level
Synthesis Operator and Core Guide" chapter.

Floating Point Arithmetic

In order to use a floating point core from the library, all arguments of the operation must be
floating point argument. The following example code:

A = B/2;
Must be converted to:
A =B * 0.5;

In order for a floating point operator to be used (for the multiplication). High-Level
Synthesis will not automatically convert the constant data type.

The standard arithmetic operations (+, -, *, / and %) are supported by floating point cores
in the technology library. Simply defining a variable as a float and then using it with the
standard arithmetic operators will result in a floating point core being used in the
implementation.

Floating Point Math Functions

For C/C++ math functions, the function must be declared. For example, to use the sqrtf()
function the following must be added to the code:

#include <math.h>
extern “C” float sqgrtf(float) ;
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The sqrtf() function can then be used with floating point variables.

Multi-Access Pointer Interfaces

Designs which use pointers in the argument list of the top-level function need special
consideration when multiple accesses are performed using the pointers. Multiple accesses
occur when a pointer is read from or written to, multiple times in the same function.

In the following example, (input) pointer “d_i" is read from four times and (output) "d_o" is
written to twice.

#include "fifo.h"

void fifo ( int *d o, int *d_i) {
static int acc = 0;
int cnt;

acc += *d_i;
acc += *d_1i;
*d o = acc;
acc += *d_1i;
acc += *d_i;
*d o = acc;

}

When multi-access pointers are used, the following must be performed:

« Itis a requirement to use the volatile qualifier.

« Specify the number of accesses on the port interface if verifying the RTL with
cosim_design.

« Be sure to validate the C prior to synthesis to confirm the intent and the C model is
correct

Understanding Volatile Interfaces

The code above is written with intent that input pointer "d_i" and output pointer "d_o" will
be implemented in RTL as interfaces with handshakes (such as FIFO or handshake ports)
which will ensure:

« Upstream producer blocks will supply new data each time a read is performed on RTL
port "d_i".

« Downstream consumer blocks will accept new data each time there is a write to RTL
port "d_o".

However, when this code is compiled by C compilers, the multiple accesses to each pointer
will be reduced to a single access: as far as the compiler is concerned, there is no indication
that the data on "d_i" changes during the execution of the function and only the final write
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to "d_o" is relevant (the other writes will be over-written by the time the function
completes).

High-Level Synthesis will match the behavior of the C compiler and optimize these reads
and writes into a single read operation and a single write operation.

This design can be made to work as intended at the RTL by using the volatile qualifier in the
code, as shown in the next example.

#include "fifo.h"

void fifo ( volatile int *d o, volatile int *d_i) ({
static int acc = 0;
int cnt;

acc += *d_i;
acc += *d_i;
*d o = acc;
acc += *d_1i;
acc += *d_1i;

*d o = acc;

}

The volatile qualifier tells the C compiler, and High-Level Synthesis, to make no
assumptions about the pointer accesses (the data is volatile and may change and the
compiler should therefore not optimize pointer accesses).

This example results in an RTL design which will perform the expected four reads on input
port "d_i" and two writes to output port "d_o".

However, even if the volatile keyword is used, this coding style (accessing a pointer multiple
times) introduces two additional issues associated with the test bench and verification.

It can easily result in:

¢ RTL cosim_design simulation failures.

» Modeling and Simulation mismatches.

RTL cosim_design simulation failures

The following test bench can be used to validate the algorithm above. This test bench
models four executions of the function, or four transactions, to highlight the operation of
the code.

Note: This test bench is not self-checking: the self-checking code is omitted for clarity.

#include <stdio.h>
#include "foo.h"

int main () {
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int d o, d i;

for (d_i=0;d i<4;d i++) {
foo(&d o,&d 1i);
printf("$d %d\n", d_1i, d_o);

}

return 0O;

}

The header file “foo.h” used with this example would be the following, where the function
is simply declared, and allowing function “foo” to be defined in a separate file:

#ifndef FOO_H_
#define FOO_H
void foo ( volatile int *d o, volatile int *d i);

#endif

The issue with this test bench is that it only supplies a single value to the function each
transaction.

In each transaction, the test bench will apply a single value, but since the volatile keyword
is used, the function foo will perform four reads and hence will read the same value four
times.

The test bench will validate the algorithm with the following results, showing the output is
the accumulation of four input reads plus the accumulation (or output) from the previous
transaction:

i Do
0
4
12
24

w N R o U

When RTL verification is performed the volatile qualifier tells High-Level Synthesis to create
RTL which performs four reads and if synthesized with a handshake interface, this will
ensure the interface signals for new data each time port "d_i" is read.

To verify the RTL with cosim_design, High-Level Synthesis creates a SystemC wrapper with
adapters around the RTL and instantiates this (C code) wrapper into the existing C test
bench, as shown in Figure 1-35.
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main.c(pp)
DUT wrapper
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Figure 1-35: Cosim_design Wrapper Overview

The wrapper created by High-Level Synthesis models any required handshakes on the RTL
interface and as such must ensure the input values to the DUT, presented by the test bench,
are ready when required by the RTL design. This requires storage.

High-Level Synthesis cannot determine from this type of function interface, using pointers,
how many reads or writes are performed. Neither of the arguments in the function interface
tells High-Level Synthesis how many values will be read or written.

void foo ( volatile int *d_o, volatile int *d_i)

Unless something on the interface informs High-Level Synthesis as to how many values are
required, such the maximum size of an array, High-Level Synthesis will assume a single value
and only create simulation wrappers for a single input and single output.

If the RTL ports are actually reading or writing multiple values, this will result in the RTL
cosim_design simulation stalling: since the wrapper is modeling the producer and
consumer blocks which will be connected to the RTL design, the RTL design will try to read
or write the next value but the handshake interfaces will tell the design to wait, since there
is currently no value to read or no space to write.

When multi-access pointers are used at the interface, High-Level Synthesis must be
informed of the maximum number of reads or writes on the interface. When specifying the
interface, use the depth option on the INTERFACE directive as shown in Figure 1-38.
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Vivado HLS Directive Editor

Type
Directive: [INTERFACE -

Destination
Source File
@) Directive File

Options

mode (optional): |ap_ﬁfo -
depth (optional): 4

port (required): d_1

| Help | | Cancel | [ OK ]

Figure 1-36: Interface Directive Dialog: Depth Option

In the above example, argument/port “d_i" is set to have a (FIFO interface) depth of 4,
ensuring that cosim_design will provide enough values to correctly verify the RTL.

Simulation Mismatches and C Modeling

Once the ports are defined to have a maximum depth and cosim_design can be used to
verify the RTL crated from the function, the next issue will be a simulation mismatch.

The RTL input interface will not supply the same four values in each transaction as the test
bench does. At the RT level, the wrapper (modeling the RTL producer block the design will
eventually be connected to) will supply a new value each time one is requested by the
handshake interface. It therefore supply 4 values in the first transaction of this example: 0
the value supplied by the test bench and then three undefined values, x, y and z since the
test bench only provided one value to the RTL wrapper.

There will be a simulation mismatch between the C and RTL.

Note: The issue here is the inability of this C code and test bench to correctly model multiple a
situation where multiple reads or writes is required.

At the start of this example, the function was verified by reading the same four values from
the test bench. This was done with the assumption that at the RT level, the data would be
updated but somehow things would work out. This was the mistake.
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This example was not contrived. It is something seen all too often with C function to be
synthesized into hardware: the code is often written and synthesized but it does not
execute as expected and a great deal of time is wasted debugging RTL.

Note: Always validate the C code with a C simulation prior to synthesis.

The limitations of this coding style can be overcome by re-writing the code.

The code shown in the next example has been updated to ensure it will read four unique
values from the test bench. This is achieved by having the code access explicit values
defined in the test bench. Since the pointer accesses are sequential and start at location

zero, a streaming interface type can be used during synthesis.

#include "foo.h"

void foo ( volatile int *d o, wvolatile int *d i)

}

static int acc = 0;
int cnt;

acc += *d_1i;

acc += *(d_i+1);
*d o = acc;

acc += *(d_i+2);
acc += *(d_1i+3);
*(d_o+1) = acc;

The test bench is updated to model the fact that the function will read four unique values
in each transaction.

Note: To keep the example small and easy to understand, this new test bench only models a single
transaction and the self-checking code is omitted.

#include "foo.h"

int main () {

High-Level Synthesis

int d_ol4], d_il4];
int 1i;

for (i=0;1i<4;i++) {
d i[i]=1;

}
foo(d o,d 1i);

printf ("Di Do\n") ;
for (i=0;i<4;i++) {
if (i<2)
printf ("$d %d\n", d_1i[i]l, d_olil);
else
printf ("$d\n", d_il[il);

}

return 0;
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The test bench will validate the algorithm with the following results, showing there are two
outputs from a single transaction and they are an accumulation of the first two input reads,
plus an accumulation of the next two input reads and the previous accumulation:

Di Do

[ )

This design will synthesize and the RTL will be verified by cosim_design if the port interfaces
are set to a depth of four (port “d_i") and two (port “"d_o").

However, this updated example suffers from an additional limitation. Each time the function
is called, it will start reading data from position 0 in the external array (d_i[0] in the test
bench). This function requires that all data be available to read when the function is called.

This example has shown that modeling streaming data, which is often a requirement for
performance in hardware designs, is non-trivial when using C. Vivado HLS provides a class,
hls::stream<>, which allows streaming data, and hence applications which use streaming
data, to be more easily modeled in C.

The hls::istream<> class provides a more intuitive way to model the typical algorithms used
in hardware designs (video, communications, etc.). These are discussed in the “Designing
with Streaming Data” section.

Interface Management

In C based design, all input and output operations are performed, in zero time, through
formal function arguments. In an RTL design these same input and output operations must
be performed via a port in the design interface and must operate using a specific IO
(input-output) protocol.

High-Level Synthesis supports two solutions for specifying the type of 10 protocol used:

« Interface synthesis, where the port interface is automatically created based on efficient,
safe and standard interfaces.

« Manual interface specification where the interface behavior is explicitly described in
the input source code. This allows any arbitrary IO protocol to be used, hence allows
the function to interface with any hardware resource.

o This solution is more typical with SystemC designs, where the IO control signals are
specified in the interface declaration and their behavior specified in the code.

- High-Level Synthesis also supports this mode of interface specification for C and
C++ designs. This is detailed later in this chapter.
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Interface Synthesis

When a C program is synthesized into an RTL design, the C arguments are synthesized into
RTL data ports. Interface synthesis allows an interface protocol to be automatically added to
the RTL data port. The interface protocol could be as simple as an output valid signal
indicating when an output is ready or it could include all the ports required to interface with
a BRAM, such that the date could be read from or written to a BRAM.

The type of interfaces which can be created by interface synthesis depend on the C
argument. For example, for an output valid signal to be created by interface synthesis, the
C argument must be a point or C++ reference, since pass-by-value scalars can only be
inputs. Figure 1-37 summarizes the types of interface which are supported for each type of
C function argument.

Note: Interface synthesis is not generally supported for SystemC designs.

In SystemC designs all IO protocol signals are declared in the interface declaration and their behavior
is fully specified in the code.

The exception to this is for memory interfaces, as discussed in “SystemC Interface Synthesis”.

If no interface type is specified for the port, the interface will be implemented with the
default interface as detailed in Figure 1-37.If an unsupported interface type is specified, as
also shown in Figure 1-37, High-Level Synthesis will issue a warning message and revert to
the default interface type.

Bus Interfaces

Variable Pointer - Reference
Argument Variable Ve ——

AXI4

Pass-by- valus Pass-by-referance Pass-by- Pass-by-reference

referance

Type

Interface Type I 10 o il 10 o I o o il 10 o

ap_none o o o

ap_stable

ap_ack

ap_vid D D

ap_ovld D D

ap_hs

ap_memory o o o

ap_fifo

ap_bus
a _Er _none

ap_ctrl_h=s D

RS RNINNNY!

ap_ctrl_chain

| Supported Interface || Unsupported Interface |

Figure 1-37: Data Type and Interface Synthesis Support
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The notes in Figure 1-37 are explained as follows:

1. The concept of inputs and outputs is somewhat different between C functions and RTL
blocks. The following convention is used here for the purposes of explaining interface
synthesis:

« A function argument which is read and never written to, like an RTL input port, is
referred to as an input (I).

« A function argument which is both read and written to, like an RTL inout port, is
referred to as an inout (I0)

« A function argument which is written to but never read, like an RTL output port, is
referred to as an output (O)

2. A standard pass-by-value argument cannot be used to output a value to the calling
function. The value of an argument such as this can only be returned (or output from the
function) by the function return statement.

« Any pass-by-value function argument which is written to but never read, (like an RTL
output port) will be synthesized as an RTL input port with no fanout.

« Any pass-by-value function argument which is written to and read, (like an RTL inout
port) will be synthesized as an RTL input port only.

3. The ap_ovld interface type is only valid for output ports.

4. The interface types ap_ctrl_none and ap_ctrl_hs are used to control the synthesis of
function level interface protocols. These interface types are specified on the function
itself (all other interface types are specified on the function arguments).

Interface Types

This section details each of the interface types supported by High-Level Synthesis. The
details on how to specify an interface are discussed after this section: first comes an
explanation of the interfaces.

There are two distinct types on interface synthesis. Interface synthesis which is performed
on C function arguments and interface synthesis which is performed at the function or
block level.

Block level interface synthesis applies an IO protocol to the entire block, adding control
signals to control when the block can begin operation, when it is ready for new data and
when it completes. Block level synthesis is controlled by interface modes ap_ctrl_none,
ap_ctrl_hs (the default), and ap_ctrl_chain which are applied to the function or the function
return port.

Standard port level interface synthesis is specified by applying the appropriate interface
mode to a function argument. A function argument which is both read from and written to
(an RTL inout port) is synthesized in the following manner:
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« For interface types ap_none, ap_stable, ap_ack, ap_vld, ap_ovld and ap_hs: as separate
input and output ports. For example, if function argument argl was both read from and
written to, it would be synthesized as RTL input data port argl_i and output data port
argl_o and any specified or default IO protocol is applied to each port individually.

« Forinterface types ap_memory and ap_bus: a single interface is created. Both these RTL
interfaces support read and write.

« For interface type ap_fifo: read and write are not supported for ap_fifo interfaces.

Structs on the interface are flattened and all hierarchy is removed before being
implemented as ports: the first argument in the struct hierarchy is implemented in the LSBs
of the port and the last argument implemented in the port MSBs. The implementation of
arrays inside structs depends on whether the struct is a pass-by-value or pointer argument.

« In pass-by-value structs, arrays are completely scalarized with all elements inlined to
create single-wide bus.

« In pointer structs, arrays ports are maintained and can be implemented in the same
manner as any other array (as discussed below).

If a design is to be verified using the cosim_design feature, the following must hold true:

« The design must use block-level handshakes, as specified by ap_ctrl_hs.

« Each output port must use an interface type which indicates when a write operation has
occurred: ap_vld, ap_ovld, ap_hs, ap_memory, ap_fifo or ap_bus.

The default interface types ensure the design can be verified by the cosim_design feature.
SystemC designs do use interface synthesis and there are no such requirements to verify a
SystemC design with cosim_design.

In the following explanations, producer blocks are those RTL blocks which provide data to
the current block inputs and consumer blocks are those which consume the output data of
the current block.

Note: If the design is combinational,no protocol signals are added to the design.
ap_ctrl_none, ap_ctrl_hs and ap_ctrl_chain

Interface types ap_ctrl_none, ap_ctrl_hs and ap_ctrl_chain are used to specify if the RTL is
implemented with block-level handshake signals or not. Block-level handshake signals
specify when the design can start to perform its standard operation and when that
operation ends. These interface types are specified on the function or the function return.

Figure 1-38 shows the resulting RTL ports and behavior when ap_ctrl_hs is specified on a
function (note, this is the default operation). In this example the function returns a value
using the return statement and thus output port ap_return is created in the RTL design: if
there is no function return statement this port is not created.
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#include "adders.h"

intadders(intin{, intin2, intin3) { int aoders ap_retum
| In2 )
Int sum;
sum=inf +in2 +in3; 3 ap_ready
return sum; -

ap_done
ap_idle

ap_start

Figure 1-38: Example ap_ctrl_hs Interface

The ap_ctrl_chain interface mode is similar to ap_ctrl_hs but provide an additional input
signal ap_continue to apply "back-pressure" and is recommend when chaining Vivado HLS
blocks together. The protocols for ap_ctrl_hs and ap_ctrl_chain are explained below.

"nou

If ap_ctrl_none is specified, none of the handshake signal ports (“ap_start”, “ap_idle” and
“ap_done”) shown in Figure 1-38 are created and the block cannot be verified with the
cosim_design feature.

The behavior of the block level handshake signals created by interface mode ap_ctrl_hs are
shown in Figure 1-39 and summarized below.

VHLS_Function_Level_Start_Ready

| | | | | |

| I | I I I
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ap_start 1 | | , | | | | | ’ | |
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apready, | 44
| | ] | | ] | | ] | | | | ] |
pdone, 4o
| | | | | | | | | | | | | | | |
I I ! =151 InpLithe= I =oLast [npube= I I I I I I I I
| | | | | | | | | | | | | | | |
D | | | | | [ \ | | | | | | | |
sllps 1\ A S

Figure 1-39: Behavior of ap_ctrl_ctrl Interface
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After reset:

« The block will wait for "ap_start” to go High before it begins operation.

« The ap_start signal should remain High until ap_ready signal indicates the design is
ready for new inputs: ap_start and be taken Low or remain High to start another
transaction.

« Output "ap_idle” goes Low when “ap_start” is sampled High.
« Data can now be read on the input ports.

o The first input data may be sampled on the first clock edge after "ap_idle” goes
Low.

«  When the block completes all operations, any return value will be written to port
ap_return.

o If there was no function return, there will be no ap_return port on the RTL block.

o Other outputs may be written to at any time until the block completes and are
independent of this IO protocol.

« Output "ap_done” goes High when the block completes operation.

- When the design is ready to accept new inputs, the ap_ready signal will go High. In
non-pipelined designs this signal will be asserted at the same time as ap_done. At
this point, ap_start can be taken Low or remain High to start a new transaction.

o If there is an ap_return port, the data on this port will be valid when "ap_done” is
High.

- The "ap_done” signal can therefore used to validate when the function return value
(output on port ap_return) is valid.

« The idle signal goes High one cycle after “ap_done” and remains High until the next
time "ap_start” is sampled High (indicating the block should once again begin
operation).

If the "ap_start” signal is High when “ap_done” goes High:

« The "ap_idle"” signal will remain Low.
« The block will immediately start its next execution (or next transaction).

« The next input may be read on the next clock edge.

High-Level Synthesis supports pipelining, allowing the next transaction to begin before the
current one ends. In this case, the block can accept new inputs before the first transaction
completes and output port “ap_done” is asserted High.

If the function is pipelined, or if the top-level loop is pipelined with the -rewind option the
ap_ready signal will go High before the ap_done signal and the decision on whether to start
the next transaction or not must be made before the current transaction has completed. To
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obtain data already in the pipeline at this point, use the -enable_flush option with the

pipeline directive.

The ap_ctrl_chain interface protocol is similar to the ap_ctrl_hs protocol but provides an

additional input port ap_continue. Asserting the ap_continue signal Low informs the design
that the downstream block which consumes the data is not ready to accept new data.

When ap_continue is asserted Low, the design will stall when it reaches the final state of the
current transaction: the output data will be presented on the interface, the ap_done signal
will be asserted High and the design will remain in this state until ap_continue is asserted

High. This is shown in Figure 1-40.

Note: In a pipelined design, keep in mind the end of the current transaction may occur in the very

next clock cycle after ap_continue goes Low (if the design is pipelined with a throughput of one).

This "back pressure” signal allows downstream blocks to prevent any more data being

generated.

cfock:'l' |2| |3| |4| |5| |6| |?| IB |9| |'IO| |'I'I| |12| |!3| |M| |T‘S| |1E| |1?|

| I | | |
ap_rst | ' \ [ [ [
| | 1 i i
ap. smﬂ | | (—\\ i

ap COHIH‘IUE | I ‘ /

M
M

| I |
. ; : l
ap_ide, | | \“’\ l l i
oy | L L1 1 [
| | I | | |
wone| | L 1 : R
| | I I | | | | .
| | =+ 1 51 INpUle- I | retum = | |
| | | | | | | |
| i | f | | | | !—'
D f ; - .
Fatuml | I | | |_'|_|l | I | |!_L |
i1 T | St A | S
S i 4 & ¢ 8 4 & % 1
| | | | | | | i |
o oaps — : —— —
Figure 1-40: Behavior of ap_ctrl_chain Interface
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Note: The only data which is guaranteed to be valid when “ap_done” is asserted is the data on the
optional ap_return port (this port will only exist if a value is returned from the function using the
return statement).

The other outputs in the design may be valid at this time, the end of the transaction when
"ap_done” is asserted, but that is not guaranteed. If it is a requirement that an output port
must have an associated valid signal, it should be specified with one of the port-level 10
protocols discussed in the remainder of this section.

ap_none

The ap_none interface type is the simplest interface and has no other signals associated
with it. Neither the input nor output signals have any associated control ports indicating
when data is read or written. The only ports in the RTL design are those specified in the
source code.

An ap_none interface requires no additional hardware overhead but does require that
producer blocks provide data to the input port at the correct time or hold it for the length
of a transaction (until the design completes) and consumer blocks are required to read
output ports at the correct time: as such, a design with interface mode ap_none specified
on an output cannot be automatically verified using the cosim_design feature.

The ap_none interface cannot be used with array arguments, as shown in Figure 1-37.

ap_stable

The ap_stable interface type, like type ap_none, does not add any interface control ports to
the design. The ap_stable type informs High-Level Synthesis that the data applied to this
port will remain stable during normal operation, but is not a constant value which could be
optimized, and the port is not required to be registered.

The ap_stable type is typically used for ports which will provide configuration data - data
which may change but which will remain stable during normal operation (configuration
data is typically only changed during or before a reset).

The ap_stable type can only be applied to input ports. When applied to inout ports, only the
input part of the port is considered to be stable.

ap_hs (ap_ack, ap_vld and ap_ovld)

An ap_hs interface provides both an acknowledge signal to say when data has been
consumed and a valid signal to indicate when data has been read. This interface type is a
superset of types ap_ack, ap_vld and ap_ovld.

« Interface type ap_ack only provides an acknowledge signal.
» Interface type ap_vld only provides a valid signal.

« Interface type ap_ovld only provides a valid signal and only applies to output ports or
the output half of an inout pair.

High-Level Synthesis www.xilinx.com 82
UG902 (v2013.1) March 20, 2013



http://www.xilinx.com

& XILINX. Interface Management

Figure 1-41 shows how an ap_hs interface behaves for both an input and output port. In
this example the input port in named “in” and the output port named “out”. Note how the
control signals are automatically named, based on the original port name (For example, the
valid port for input “in” is added and named “in_vld").

clock i : | 2 3 4 5 6 7 8 ] 10 11 12 13 14 15
aprsti T\ i | i i | i i | i i 1 |
ap_start | | :/—> A i i | | i | i i 1 |

|

ap_idle | | A i I I | I I i I 1 ¥
I I 1 I T T T T T T T T T T T

ap_done l | l l i l l i l l i | 1L
i | | i | i i | | i | i i 1 |
| 1 1 | | 1 1 1 I 1 1 | | 1
In:_vid | | I 1 | &:)/ L ] | | : | l :
I I 1 I I 1 1 I I 1 I | 1
in ack ! 1 1 I 1 1 1 1 1 1 ] 1 I 1
i I. 1 1 1 1 1 I 1 1 1 1 L 1 L il
o
; l | l l i . l | l . i | l |
I 1 1 - operate re-wait = ] 1 1 ] ] ] ] | 1
; | | i I i i | : I I i | 1 i
out_vid | 1 1 I ] | I ] ’ | I '\ | i I |
T T T T T T T 1 I 1 T T T T
out_ack | i 1 I i ; I i l/5 | 5 1 |
I T T T T T T T I 1 1 T T T
out | 7 i i i 7 i Wprite & noid — i ; i
I I 1 I | ) I 1 1 I I 1 I I 1
I 1 I | | ] I 1 I I 1 ] I | 1
I I 1 I | 1 I I 1 I I 1 I I 1

I 1 I I | ] | 1 ] I | ] I \I—l-\

e T

Figure 1-41: Behavior of ap_hs Interface
For inputs:

« After reset and start have been applied, the block will begin normal operation.

« If the input port is to be read but the input valid is Low, the design will stall and wait for
the input valid to be asserted; indicating a new input value is present.

« As soon as the input valid is asserted High, an output acknowledge will be asserted
High to indicate the data was read.

For outputs:

« After reset and start have been applied, the block will begin normal operation.

«  When an output port is written to, its associated output valid signal is simultaneously
asserted to indicate valid data is present on the port.

« If the associated input acknowledge is Low, the design will stall and wait for the input
acknowledge to be asserted.

«  When the input acknowledge is asserted, the output valid is de-asserted on the next
clock edge.
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Designs which use ap_hs interfaces can be verified with cosim_design and provide the
greatest flexibility in the development process, allowing both bottom-up and top-down
design flows: all intra-block communication is safely performed by two-way handshakes,
with no manual intervention or assumptions required for correct operation.

The ap_hs interface is a safe interface protocol, but requires a two-port overhead, with
associated control logic.

With an ap_ack interface, only an acknowledge port is synthesized.

« Forinput arguments, this results in an output acknowledge port which is active High in
the cycle in which the input is read.

« For output arguments, this results in an input acknowledge port.

- After a write operation, the design will stall and wait until the input acknowledge
has been asserted High, indicating the output has been read by a consumer block.

- However, there is no associated output port to indicate when the data can be
consumed.

Care should be taken when specifying output ports with ap_ack interface types. Designs
which use ap_ack on an output port cannot be verified by cosim_design.

Specifying interface type ap_vld results in a single associated valid port in the RTL design.

« For output arguments this results in an output valid port, indicating when the data on
the output port is valid.

Note: For input arguments this valid port behaves in a different manner than the valid port
implemented with ap_hs.

« If ap_vld is used on an input port (there is no associated output acknowledge signal),
the input port will be read as soon as the valid is active: even if the design is not ready
to read the port, the data port will be sampled and held internally until needed.

« The input data will be read each cycle the input valid is active.

An ap_ovld interface type is the same an ap_vld but can only be specified on output ports.
This is a useful type for ensuring pointers which are both read from and written to, will only
be implemented with an output valid port (and the input half will default to type ap_none).

ap_memory

Array arguments are typically implemented using the ap_memory interface. This type of
port interface is used to communicate with memory elements (RAMs, ROMs) when the
implementation requires random accesses to the memory address locations. Array
arguments are the only arguments which support a random access memory interface.
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If sequential access to the memory element is all that is required, the ap_fifo interface
discussed next can be used to reduce the hardware overhead: no address generation is
performed in an ap_fifo interface.

When using an ap_memory interface, the array targets should be specified using the
set_directive_resource command as shown in section "Memory Resource Selection". If no
target is specified for the arrays, High-Level Synthesis will automatically determine if a
single or dual-port RAM interface will be used.

TIP: Ensure array arguments are targeted to the correct memory type using RESOURCE directive before
O synthesis as re-synthesizing with new, correct, memories may result in a different schedule and RTL.

Figure 1-42 shows an example where an array named “d” has the resource specified as a
single-port BRAM.

I
clock : 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
I I ] | ] I | ] I I i [ | ]
ap_rst | "\ : : : ! 1 i . : : : 1 ; :
| I | ] | I ] I I 1 I I 1 |
ap_start | 1 I ’ 1 \ I 1 1 1 1 I I 1 1 I 1
P - ) - - - + - - - - -
I | | ] ] | I ] | I ] | I ] |
ap_idle Q—q-
| l l |\ ' f : ' f ; : ; , ' J
| I | | ] | I ] I | ] I I ] |
ap_done | [ | | 1 | I | | [ 1 | | | I I \
I T T T T T T T T T T T T T |
| I | | 1 | I ] | I 1 | I ] |
I I | I ] | I I | I 1 I I | |
| | I | 1 L I L I | 1 | L L |
[
dgaggress———————H  }—{ Y F—H FH—H | F——
I I I I 1 - I - I - I ; - I
el 8 B} M B OGN 4 WY 4 v
| | | | ] | ] ] I I ] |
[ \ [ \
d_q0 | ‘ ; : X 1 Read1 | A Readzx Reads | - : : : :
I I | I ] | I I 1 I 1 I I 1 |
I I ) | ] | I | | I ] | I ] |
I 1 1 I ] I I 1 1 I 1 I 1 | I
| I ] I ] | I | I I ] | I |
d_we | I I I 1 I I | I |] :\ |/ i I \ I
I 1 T Uy T t T T t T 1 T | 1
d_do | : : : - : : - ! : ( Wiite1 } : { Wri1e2XWril93)—;_
I 1 | | ] | I 1 1 I T I T T |
| I | I ] | I I I I ] | I | |
I I I I 1 I I l ] I 1 I I 1 I
I I I I 1 ] I 1 ] I 1 I I | —
retum | T | | : | T l i i | : T n /

Figure 1-42: Behavior of ap_memory Interface
After reset:

« After reset and start have been applied, the block will begin normal operation.

« Reads will be performed by applying an address on the output address ports while
asserting the output signal “d_ce”.

- For this BRAM target, the design expects the input data to be available in the next
clock cycle.
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« Write operations will be performed by asserting output ports “d_ce” and “d_we" while
simultaneously applying the address and data.

A memory interface cannot be stalled by external signals, provides an indication of when
output data is valid and can therefore be verified using cosim_design.

ap_fifo

If access to a memory element is required and the access is only ever performed in a
sequential manner (no random access required) an ap_fifo interface is the most hardware
efficient. The ap_fifo interface allows the port to be connected to a FIFO, supports full
two-way empty-full communication and can be specified for array, pointer and
pass-by-reference argument types.

Functions which can use an ap_fifo interface will often use pointers and may access the
same variable multiple times. Refer to "Multi-Access Pointer Interfaces" to understand the
importance of the volatile qualifier when this coding style is used.

Note: An ap_fifo interface assumes that all reads and writes are sequential in nature.
If High-Level Synthesis can determine this is not the case, it will issue an error and halt.

If High-Level Synthesis cannot determine that the accesses are always sequential, it will issue a
warning that it is unable to confirm this and proceed.

In the following example “in1” is a pointer which accesses the current address, then two
addresses above the current address and finally one address below.

void foo(int* inl, ...) {
int datal, data2, data3;

datal= *inl;
data2= * (inl+2) ;
data3= *(inl-1);

.

If “in1" is specified as an ap_fifo interface, High-Level Synthesis will check the accesses and
determine the accesses are not in sequential order, issue an error and halt. To read from
non-sequential address locations use an ap_memory interface as this random accessed or
use an ap_bus interface.

An ap_fifo interface cannot be specified on an argument which is both read from and
written to (an inout port). Only input and output arguments can be specified with an ap_fifo
interface. An interface with input argument “in” and output argument "out” specified as
ap_fifo interfaces will behave as follows:
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[
clock} 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1—y-\ ] ] I 1 ] [ 1 I 1 ] 1 [ ]
1 I 1 I I 1 ] 1 1 I | I I 1 I
apirs‘ 1 ] i 4 L Il 'l . ' Il I
. 1 I |/—r\ I 1 ] I 1 I 1 ] 1 1 ]
ap_start | I 1 j 1 I 1 1 [ 1 1 1 ] 1 1 ]
. I T T T 1T I 1 ] [ 1 I I ] I 1 ]
ap_idle | 1 ] \ 1 1 1 I 1 1 1 1 1 [ 1
1 I I ] t + + t t t t t
| 1 1 I l 1 I [ | I I ] I 1 ]
ap_done l | I i | | [ | l | ] [ [ I
I T T T T T T T T T T T T T 1
1 I ] I I 1 I I 1 I I I I 1 I
1 I I ] I 1 ] I 1 I 1 ] I 1 ]
I I I " | | L . L : L :
1 I 1 ] l 1 ] I | I 1 ] I 1 ] \
n_empty_n | 1 1 1 I 1 / ] [ 1 I 1 ] I I ]
! I I ] | l I [ I [ ]
in read ! I I ] I ’ ] [ \ 1 I I / ] \ I 1 ]
- 1 1 1 1 I 1 I | I 1 I ] 1 I 1
| ] ] ] | | | ] I ] [ ]
in_dout 1 I 1 ] I 1 Readt | Reac2 1 I I \ﬂf I 1 ]
1 I 1 ] I 1 ] 1 1 I 1 ] I 1 ]
I 1 1 —» Operate rewait -» | I I 1 I | 1 [ 1
1 I I ] I 1 ] [ 1 I | ] I [ I
1 I 1 I I 1 I [ 1 I T T T T T
out_full_n I 1 ] I l ] I l ] I ] I I ]
I T T T T T T t T 1 i I I
1 1 1 ] 1 1 1 I 1 Z I ] 1 [ ]
out_write I 1 1 I 1 1 I 1 1 ] I 1 1
I T T I T T T T 1 1 1 1
out_din | : L : : : : H witetahola [ wiite2 )—-7: :
1 I 1 ] I 1 ] [ T T T T I T ]
| ! ! ! ! | -l Operate ls-wait -+ ! ! ! ! | !
1 I 1 I I 1 I I 1 I 1 I I 1 I
1 I 1 ] I 1 ] I 1 I 1 ] I 1
return | L L : L . ' L L . | \
1 I 1 ] 1 1 ] I 1 I 1 ] 1 [ SE—

Figure 1-43: Behavior of ap_fifo Interface
After reset and start have been applied, the block will begin normal operation.
For reads:

« If the input port is to be read but the FIFO is empty, as indicated by input port
“in_empty_n" Low, the design will stall and wait for data to become available.

« Assoon as the input port “in_empty_n" is asserted High to indicate data is available, an
output acknowledge (“in_read”) is asserted High to indicate the data was read in this
cycle.

- If data is available in the FIFO when a port read is required, the output acknowledge
will be asserted to acknowledge data was read in this cycle.

For outputs:

« If an output port is to written to but the FIFO is full, as indicated by “out_full_n" Low,
the data will be placed on the output port but the design will stall and wait for the
space to become available in the FIFO.

*  When space becomes available in the FIFO (input “out_full_n" goes High) the output
acknowledge signal “out_write” is asserted to indicate the output data is valid.

« If there is space available in the FIFO when an output is written to, the output valid
signal is asserted to indicate the data is valid in this cycle.
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In an ap_fifo interface the output data port has an associated write signal: ports with an
ap_fifo interface can be verified using cosim_design.

If top-level function is pipelined or if the top-level loop is pipelined with the -rewind option,
an additional out port with the suffix _lwr is created. This port is active high when the last
write to the FIFO interface is performed.

ap_bus

An ap_bus interface can be used to communicate with a bus bridge. The interface does not
adhere to any specific bus standard but is generic enough to be used with a bus bridge
which in-turn arbitrates with the system bus. The bus bridge must be able to cache all burst
writes.

Functions which can employ an ap_bus interface will often use pointers and may access the
same variable multiple times. Refer to "Multi-Access Pointer Interfaces" to understand the
importance of the volatile qualifier when this coding style is used.

An ap_bus interface can be used in two specific ways.

« Standard Mode: The standard mode of operation is to perform individual read and
write operations, specifying the address of each.

« Burst Mode: If the C function memcpy is used in the C source code, burst mode will be
used for data transfers. In burst mode, the base address and the size of the transfer is
indicated by the interface: the data samples are then quickly transferred in consecutive
cycles.

« Arrays accessed by the memcpy function cannot be partitioned into registers.

f IMPORTANT: Operations in burst mode cannot be pipelined. For example, if the memcpy operation is
inside a loop and the loop is pipelined, the operations for the next iteration will be scheduled after the
burst read or write for this iteration has completed.

Figure 1-44 and Figure 1-45 show the behavior for read and write operations in standard
mode, when an ap_bus interface is applied to argument “d” in the following example:

void foo (int *d) {
static int acc = 0;
int i;
for (i=0;i<4;i++) {
acc += dl[i+1];
d[i] = acc;

}
}

While Figure 1-46 and Figure 1-47 show the behaviors when the C memcpy function and
burst mode is used, as in this example code:

void bus (int *d) {
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int bufl[4],
int i;

buf2[4];

memcpy (bufl,d,4*sizeof (int)) ;
for (i=0;1i<4;i++) {

buf2[i] = bufl[3-i];

}

memcpy (d,buf2,4*sizeof (int)) ;

}

Interface Management
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Figure 1-44:

After reset:

Behavior of ap_bus Interface: Standard Read

« After reset and start have been applied, the block will begin normal operation.

« Ifareadis to be performed, but there is no data in the bus bridge FIFO

("d_rsp_empty_n" is Low):

o Output port "d_req_write” is asserted with port "d_req_din" de-asserted, to indicate

a read operation.

o The address is output.

o The design will stall and wait for data to become available.

«  When data becomes available for reading the output signal “d_rsp_read” is immediately

asserted and data is read at the next clock edge.

« Ifareadis to be performed, and data is available in the bus bridge FIFO

("d_rsp_empty_n" is High):
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o Output port "d_req_write” is asserted and port “d_req_din" is de-asserted, to
indicate a read operation.

o The address is output.

- "d_rsp_read” is asserted in the next clock cycle and data is read at the next clock

edge.
I
clock : 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
) ] ] I ] 1 | I [} 1 I I 1 1 ]
ap_rst | [ \ ] 1 I 1 1 1 1 I [ 1 1 1 1 ]
| \ : : L s : : . s : : : s
tart I 1 I T T T T T T T T T T T T T
ap_start | [ ,—7 1 I 1 1 1 1 I 1 1 1 1 ]
P I . 1 1 1 1 I 1 [} 1 I 1 1 1 |
R I T T T [ ] 1 | I I 1 I I T T T
ap_idle | [ 1 L‘l’\ I 1 1 1 1 [ I 1 1 / 1 1 ]
1 1 ) I T T T T T T 1 T 1 1 1 I
cr T N N R R B D T A e O A
I T T T T T T T T T T T ] T T T
1 1 ] I 1 1 1 I I 1 1 I I 1 1 I
I 1 ] I ] 1 1 | I I I 1 1 ] 1
| \ " | i | 1 : : . : : : : :
] 1 ] I ] 1 ] I 1 I I I I 1 1 |
d_reQ_iu”_n I 1 L 1 1 1 dl/) | 1 1 I 1 1 1 1
1 1 ] ) 1 1 1 [} I L] 1 1 I
i ] 1 ] I ] 1 H I \ I I i \ I I 1 1 |
d_req_w”te 1. L L 1 L 1 1 | | L : 1 | 1 L 1
N 1 1 ] ) 1 1 1 [} T I L] 1 1 I
d_req din | : ! : : : t/ 4. 4| 1 : : H ‘
! 1 ] I I 1 ] i I I I I I I ] ]
d_rsp_read 1 [ 1 1 I 1 1 | 1 | I | I ! 1 ]
I 1 ] I L) 1 = 1 I 1 I 1 I ] | 1 I
| [ | 1 1 - wait = | I I 1 1 I I 1 |
1 1 ] 1 I 1 1 I I [ 1 I 1 1 ]
[ \ 1 o \ i I i 1 |
d_address | - : ; 7 T \ T T ] T T
) L ' L L \_fﬁ_,-! L L \_J 1 L 1 L 1
d_size | Zero
1 T T T ——— 0 T T T T T T T
] 1 L 1 1 = 1 Il = 1 1 1 L 1
d_dataout ] 7 - \ 2 Write I \ m Write T - : ¥ .
1 1 I I I 1 ] I I I I ] 1 1 1
l 1 ] I I | 1 | 1 I 1 1 I 1 1 ]
] 1 ] I ] 1 1 I 1 I ] I I 1 1 |
1 [ ] I I 1 1 1 1 [ [ L 1 ] ]
return \ }
u ] 1 I ] 1 ] I 1 I I 1 1 |

Figure 1-45: Behavior of ap_bus Interface: Standard Write
After reset:

« After reset and start have been applied, the block will begin normal operation.

« If awrite is to be performed, but there is no space in the bus bridge FIFO (“d_req_full_n"
is Low):

o The address and data are output.

o The design will stall and wait for space to become available.

*  When space becomes available for writing:

o Output ports “d_req_write” and “d_req_din" are asserted, to indicate a write
operation.

- The output signal “d_req_din" is immediately asserted to indicate the data is valid at
the next clock edge.

« If a write is to be performed, and space is available in the bus bridge FIFO
("d_req_full_n" is High):
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o Output ports “d_req_write” and “d_req_din" are asserted, to indicate a write
operation.

o The address and data are output.

- "d_req_din" is asserted to indicate the data is valid at the next clock edge.

c\ock:ll |2| |.‘.3| |4| |5 |6| |?| |s| lsl |1o| |1|| ||2| ||3| Iml |15|
I ] ] I

K * ] ] 1 I 1 1 1 1 1
XS T VS S S R S S N S S S S S S
tart | [ 1 T T T T T T T T
ap_start 1 [ 1 1 1 1 ] I 1 1 1 [ I 1 1
P :—.—J J 1 1 1 1 1 1 1 1 1 1 1
v T T T 1 1 ] 1 1 1 ] [ 1 T
ap_idle [ 1 L—‘l‘\ 1 1 1 I 1 1 ] ] ' ,l‘ 1 1
1 1 | T t T T 1 1
ap_done | i i i | i i i i i if P\ i
r T T T T T T T T T ' T T
' | 1 ] ' 1 ' ] [ ' ' '
1 1 1 ] ' 1 1 1 ] ' 1 1
' 1 | 1 1 ] s 2 1 1 s 2
1 ] 1 ] ] ]
d_rsp_empty_n | N S N S S R N A
| I 0 ] 1 1 1 1 1 ' ' 1
d_req_write | [ I 1 " 1 i1 1 ] i 1 1 1 [ i 1 1
— L L 1 1 1 1 1 1 L L 1 1 L L
] [ [ | 1 1 [ [ [ 1 ] [ [ 1 1
d_req_din | 1 I | 1 1 / I / 1 1 1 I 1 1
1 1 1 1 1 ] T T 1 T 1 1 1
d_rsp_read 1| I 1 1 1 ('r/ i L‘Pi‘ |’ 1 r\ i i 1
I 1 ] ]
' | l ol ot ' Il 1 ] ] ' ' '
I 1 e wait e wait = I 1 1 1 1 I 1 1
I 1 L 1 i i I 1 1
d_address | o

r T T T T T
d_size |——— : H + — : :
I I I I J T I T - I - - \ : : :

L I I L L 1 ) (
d_datain l ] ] ] T\ oo ] Elood /] I ] ]
1 I 1 1 1 ] T 1 1 T [ I 1 1
1 1 1 1 1 1 1 1 1 1 ] 1 1 1
1 1 1 1 ' ] ' 1 1 ] [ ' ' '
1 I 1 1 1 I 1 1 ] L — 1 1
retum T I 1 | | I 1 1 ] [ E— 1 1

Figure 1-46: Behavior of ap_bus Interface: Burst Read
After reset:

« After reset and start have been applied, the block will begin normal operation.

« Ifareadis to be performed, but there is no data in the bus bridge FIFO
("d_rsp_empty_n" is Low):

o Output port "d_req_write” is asserted with port "d_req_din" de-asserted, to indicate
a read operation.

o The base address for the transfer and the size are output.
o The design will stall and wait for data to become available.

«  When data becomes available for reading the output signal “d_rsp_read” is immediately
asserted and data is read at the next N clock edges, where N is the value on output
port size.

« If the bus bridge FIFO runs empty of values, the data transfers stop immediately and
wait until data is available before continuing where it left off.

« Ifareadis to be performed, and data is available in the bus bridge FIFO

- Transfer begin as above and the design will stall and wait if the FIFO empties
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ap_done | l : : : : i l i i l i/ "\ l l |
1
i i i i i i i i i i ! i i i
] 1 ] 1 ] ] ] 1 I 1 | ] I ] I ]
1 1 ] 1 1 1 1 L . 1 - 1 L 1 i 1
d_req_fuil_n | ‘ : : : : 4/} : N 3 : : : : :
1 [} 1 1 [] 1 1 I 1 I 1
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D e S S SN SN s < W s s N N S N
d_rsp read: I : : : : : : : : : : : : :
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Figure 1-47: Behavior of ap_bus Interface: Burst Write
After reset:

« After reset and start have been applied, the block will begin normal operation.

« If a write is to be performed, but there is no space in the bus bridge FIFO (“d_req_full_n
is Low):

o The base address, transfer size and data are output.

o The design will stall and wait for space to become available.

*  When space becomes available for writing:

o Output ports “d_req_write” and “d_req_din" are asserted, to indicate a write
operation.

- The output signal “d_req_din" is immediately asserted to indicate the data is valid at
the next clock edge.

o Output signal “d_req_din” will be immediately de-asserted if the FIFO becomes full
and re-asserted when space is available.

- The transfer will stop after N data values have been transferred, where N is the
value on the size output port.

« If a write is to be performed, and space is available in the bus bridge FIFO
("d_rsp_full_n" is High):

- Transfer begins as above and the design will stall and wait when the FIFO is full.
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The ap_bus interface can be verified by cosim_design.

Controlling Interface Synthesis

Interface synthesis is controlled by the INTERFACE directive or by using a configuration
setting.

Configuration settings can be used to:
+ Add a global clock enable to the RTL design.

« Create RTL ports for any global variables.

« Remove dangling ports, such as those create by elements of a struct which are not used
in the design.

The configuration can be set using the GUI option Solution > Solution Settings > General
> config_interface, as shown in Figure 1-48.
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e

;- iSDIution Settings (solution2) |£ |
B General Configuration Settings
B+ Synthesis
W Cosimulation Commands
EﬂExpDrt | P o e e | Daramatare Addm |
] —
Command: E
o
Parameters
clock enable [
expose_global ]
trim_dangling_port [
P
OK Cancel ‘
OK ] | Cancel

Figure 1-48: Setting a Configuration

The interface configuration setting clock_enable adds global clock enable (CE) to be added
to the RTL design when selected. This adds port ap_ce to the top-level ports: when port
ap_ce is active Low, the clock is inhibited to all registers in the design.

Any C function can use global variables: those variables defined outside the scope of any
function. By default, global variables do not result in the creation of RTL ports: High-Level
Synthesis will assume the global variable is inside the final design. The configuration
setting expose_global tells High-Level Synthesis the global variable will actually be
implemented outside the scope of the function/design and to create an RTL port.
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More details on the synthesis of global variables can be found in the Types section in
Chapter 1, High-Level Synthesis Overview.

Specifying Port Interface Types

The type of interface can be set on specific ports. Simply select the port in the GUI
directives tab and right-click on the mouse to open the directives menu as shown in

Figure 1-49.
. - . = QOutline |24 Directive &2 =0
Vivado HLS Directive Editor

Type @ fir
Yy

Directive: |INTERFACE - @ C

Destination 4 X

Source File Hlc

=1 shift_reg

@) Directive File o
% Shift_Accum_Loop
Options

mode (optional): ap_hs -

register:
depth (optional):

port (required): X

Help ‘ ‘ Cancel ‘ [ oK

Figure 1-49: Specifying Port Interfaces

The interface can also be specified in Tcl command file. In this example, the same operation
as Figure 1-49 is specified and port x in function foo is set to type ap_hs.

set directive interface -mode ap hs fir x

If an unsupported port interface type is selected, a message will be issued and the default
port type as shown in Figure 1-37 will be implemented.

Specifying Port Options

The INTERFACE directive has two options. The first specifies if the port should be registered
or not (the default) and second specifies the number of values read from or written to the
port.

By default High-Level Synthesis does not register ports. It will read input ports when the
data is required saving the area overhead of a register. If the register option is selected
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High-Level Synthesis will register all pass-by-value reads in the first cycle of operation. For
pointer read it will register the read but it will perform the read one cycle before the data is
required. For output ports, the register option will guarantee the output is registered. For
memory, FIFO and bus interfaces the register option has no effect.

For cases where a pointer is read from or written to multiple times within a single
transaction, the depth option should be used to specify the maximum number of values
read or written. Failure to specify this correctly may results in a verification failure when the
cosim_design feature is used to verify the RTL.

Specifying Bus Interfaces

In addition to the standard interfaces explained in the Interface Synthesis section, Vivado
HLS can also automatically add bus interfaces to the RTL design.

The primary difference between bus interface ports and the RTL ports created by interface
synthesis (ap_none, ap_hs, etc) is that the bus interfaces are added to the design during the
Export RTL process. Details on the RTL export process are provided later in the chapter
Exporting the RTL Design.

As such:

« Bus interfaces are not reported in the synthesis reports.

« Bus interfaces are not present in the RTL written after synthesis.
The following bus interfaces are available:

+ AXI4 Lite Slave
 AXI4 Master
e AXI4 Stream

Another important aspect of bus interfaces is that the type of bus interface which can be
used depends on the protocol of RTL port (ap_none, ap_hs, ap_bus etc). Each type of RTL
interface can only be connected to certain bus interfaces.

Figure 1-50 shows a list of the RTL interface ports Vivado HLS creates and bus interfaces
which can be connected to them. For example, an AXI4 Stream bus interface can only be
added to ports of type ap fifo.

High-Level Synthesis www.xilinx.com 96
UG902 (v2013.1) March 20, 2013



http://www.xilinx.com

& XILINX

Interface Management

Bus Interfaces
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Figure 1-50: Bus Interfaces

For example, if the RTL port protocol is of type ap fifo, it can be connected to an AXI4
Stream. If on the other hand, the RTL port is of type ap _ov1d or ap _memory, it cannot be
connected to any bus interface:

« An ap_memory interface does not require an interface and can be directly connected to
memories (BRAM) in EDK.

« Any port with ap_ovld interface should be modified to be one of the supported types,
for example ap_hs, or it cannot be connected to an interface.

Adding a Bus Interface

To add a bus interface onto existing RTL interface, a resource is specified on the port using
the RESOURCE directive. (The same process and directive is used to specify which type of
memory resource is connected to an array port).

The RESOURCE directive requires that a core be specified. A complete list of all bus
interface and their corresponding cores is provided in the "Vivado HLS Library Guide” and
is shown in Table 1-6.

Table 1-6: Bus Interfaces
Bus Interface Core Description
AXI4 Lite Slave AXI4LiteS AXI4 slave interface
AXI4 Master AXI4M AXI4 Master interface
AXI4 Stream AXI4Stream AXI4 Steam interface
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The processing of creating a bus interface is therefore a two-step process:

« Create an RTL interface.

« Specify a bus interface resource.

The following example shows how port “out” can be connected to an AXI4 Master bus
interface.

Selecting an RTL Interface

The first step in creating a bus interface is to create an RTL port which supports the required
bus interface. Since an AXI4 Master bus interface is required, Table 1-6 shows that the RTL
port must be implemented with an ap bus protocol.

In Figure 1-51, function argument “out” is selected and a directive is applied by
right-clicking with the mouse. After selecting INTERFACE from the drop-down menu, the
interface mode is specified as ap_bus.

The other options in the directive dialog allow the port to be optionally registered and the
required depth to be specified for RTL verification (if the port is a pointer which is accessed
multiple times, the number of accesses must be specified here).

Vivado HLS Directive Editor

Type
Directive: |INTERFACE -

Destination
Source File
@) Directive File

Options

mode (optional): ap_bus v

depth (optional):

port (required): out

Help ‘ | Cancel ‘ l OK

Figure 1-51: RTL Interface Directive Dialog Box
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Selecting a Bus Interface

To specify an AXI4 Master bus interface, the RESOURCE directive is used as shown in
Figure 1-52 to add resource AXI4M to port/argument out.

The options associated with the RESOURCE directive allows certain bus interfaces to contain
multiple ports and allow use of side-channel signals in AXI4 interfaces.

«  When adding AXI4 Lite Slave interfaces, the port map option allows multiple ports to
be grouped into a single slave port. Use of this option is discussed with these bus
interfaces.

« The metadata option is used to map specific variables in the C function to specific
signals in the AXI4 interface standard. Examples of this are shown below for AX14
Stream and AXI4 Master interfaces.

AXl4

Bus
o AXI4 Lite Slave : ;
L OLb Interface

(slv0)

RTL
Design

AXI4 Lite Slave

Interface H

(slv1)

Exported Design

Figure 1-52: Bus Interface Resource Directive

SystemC Bus Interfaces

Bus interfaces can be added to SystemC designs. The processes for performing this is
slightly different from adding the interfaces to C or C++ designs and an example of adding
a bus interface to a SystemC design is provided below for each of the AXI4 interfaces (lite,
stream and master).

Another difference when adding AXI4 bus interfaces to SystemC design is in how the
directives are added.

When adding directives as pragmas into the source code, the directive must be added
inside a function called by the SC_MODULE. The pragma directives cannot be added where
the ports are specified, inside the SC_MODULE declaration. Examples of this are shown
below.
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When adding directives using the GUL:

Interface Management

+ Use the menu Project > Project Settings to ensure Parse All Header Files is selected.

« Open the C source code and directives tab. Select the function and the directive to the
function.

« Alternatively, from the C source code, press the CTRL key and select the SystemC
header file. The ports will now be shown in the directives tab.

AXIl4 Lite Slave Interface

An AXI4 slave interface is typically used to allow the design to be controlled by some form
of CPU or microcontroller. As such, it provides features only available in slave ports:

» Multiple RTL ports can be grouped into the same bus interface.

«  When the design is exported to the IP Catalog or as a Pcore for the EDK environment,
the output includes C function and header files for use with the code running on the
processor.

The following example shows how multiple RTL ports are bundled into a common AXI4
slave interface, allowing multiple RTL ports to be accessed through a single bus interface,
and reviews the C files created.

int foo_

top

(int *a,

int *b, int *c, int *d) {

// Define the RTL interfaces

#pragma
#pragma
#pragma
#pragma
#pragma

HLS
HLS
HLS
HLS
HLS

interface
interface
interface
interface
interface

ap_hs port=a

ap_none port=b

ap_vld port=c

ap_ack port=d

ap_ctrl hs port=return register

// Define the pcore interfaces and group into AXI4 slave “slv0”
#pragma HLS resource core=AXI4LiteS metadata="-bus_bundle slv0"
#pragma HLS resource core=AXI4LiteS metadata="-bus_bundle slv0"

// Define the pcore interfaces and group into AXI4 slave “slvl”
#pragma HLS resource core=AXI4LiteS metadata="-bus bundle slvl"
#pragma HLS resource core=AXI4LiteS metadata="-bus bundle slvl"
#pragma HLS resource core=AXI4LiteS metadata="-bus_bundle slvl"

*a += *Db;
return

}

(*c¢ + *d);

variable=a
variable=Db

variable=return
variable=c
variable=d

In the example above, ports “a” and "b” are grouped into a common AXI4 Lite Slave
interface as shown in Figure 1-53.

Block-level 10 protocol is explicitly set by applying interface mode ap_ctrl hs to the
function return. (This is the default but shown explicitly in this example). Grouping the
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return port with ports “c” and “d", means all the block level IO protocol signals
(ap_start, ap_done, etc) are assigned to the AXI4 Lite Slave interface slvl.

If the RESOURCE directive is applied using the GUI, the bus bundle string used to create the
groupings (e.g. "-bus_bundle slvl") should be entered into the metadata option box. Use
the same bus_bundle name e.g. slvl, for each RTL port to be grouped.

AXl4
Bus

RTL

-
Design AXI4 Lite Slave /Iiﬁ'
‘llll
Interface

(slv0)

p
AXI4 Lite Slave

Interface
(slv1)

Exported Design

Figure 1-53: AXI4 Lite Slave Interfaces with Grouped RTL Ports

When the design is exported as a Pcore, the following C files are output in addition to the
RTL design, Refer to the chapter Exporting the RTL Design (the files and filenames shown
are for this example):

« xfoo_top_hw.h

« xfoo_top_linux.c
+ xfoo_top_sinit.c
« xfoo_top.h

« xfoo_top.c

The file xfoo_top_hw.h provides the memory mapped locations of the RTL ports grouped in
interface slv0 and slvl. The comments in the file show how the RTL port data and control
signals are mapped into the AXI4 bus interface. For adapter slv0:

« Port “a”" is read-write signal and so it implemented as separate input and output ports.

« Port "a" has both a valid and acknowledge signal associated with it.
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« Port "b" is type ap_none and has no associated control signal.

// 0x00 reserved

// 0x04 reserved

// 0x08 reserved

// 0x0c reserved

// 0x10 : Control signal of a i

// bit 0 - a i ap vld (Read/Write/COH)
// bit 1 - a_i ap ack (Read)

// others - reserved

// 0x14 : Data signal of a_i

// bit 31~0 - a 1[31:0] (Read/Write)

// 0x18 : Control signal of a_o

// bit 0 - a_o_ap vld (Read)

// bit 1 - a_o ap ack (Read/Write/COH)
// others - reserved

// 0xlc : Data signal of a o

// bit 31~0 - a o[31:0] (Read)

// 0x20 reserved

// 0x24 : Data signal of Db

// bit 31~0 - b[31:0] (Read/Write)

Interface Management

// (SC = Self Clear, COR = Clear on Read, TOW = Toggle on Write, COH = Clear on

Handshake)

#define XFOO_TOP_SLVO ADDR A I CTRL 0x10
#define XFOO_TOP_SLVO ADDR A I DATA 0x14
#define XFOO_TOP_SLVO BITS A I DATA 32
#define XFOO TOP_SLVO ADDR A O CTRL 0x18
#define XFOO TOP_SLVO ADDR A O DATA Oxlc
#define XFOO_TOP_SLVO BITS A O DATA 32
#define XFOO_TOP_SLVO ADDR B DATA  0x24
#define XFOO_TOP_SLVO BITS B DATA 32

File xfoo_top_hw.h provides similar information for interface “slvl”, however, since interface
“slvl” includes the block level IO protocol signals (associated with the function return) it
also includes functionality for setting and controlling the block interrupt.

In addition to providing support for starting the block, the block control registers also
provide support for repeating auto-start. Setting the control register for ap_start signal to
logic 1 will cause the block to execute for one transaction but it will need to be set to logic
1 again (any time after ap_ready is nigh) to start the next transaction. Alternatively, the
auto_restart register can be set to ensure the ap_start signal is set to logic 1 until removed.

// 0x00 Control signals

// bit 0 - ap_start (Read/Write/COH)

// bit 1 - ap_done (Read/COR)

// bit 2 - ap idle (Read)

// bit 3 - ap_ready (Read)

// bit 7 - auto restart (Read/Write)

// others - reserved

// 0x04 Global Interrupt Enable Register

// bit 0 - Global Interrupt Enable (Read/Write)
// others - reserved

// 0x08 IP Interrupt Enable Register (Read/Write)
// bit 0 - Channel 0 (ap_done)

// bit 1 - Channel 1 (ap_ready)

High-Level Synthesis www.xilinx.com

UG902 (v2013.1) March 20, 2013

102


http://www.xilinx.com

& XILINX. Interface Management

// others - reserved

// 0x0c : IP Interrupt Status Register (Read/TOW)
// bit 0 - Channel 0 (ap_done)

// bit 1 - Channel 1 (ap_ready)

// others - reserved

// 0x10 : Control signal of c

// bit 0 - c_ap vld (Read/Write/SC)

// others - reserved

// 0x14 : Data signal of c

// bit 31~0 - c[31:0] (Read/Write)

// 0x18 : Control signal of d

// bit 1 - d_ap ack (Read/COR)

// others - reserved

// 0xlc : Data signal of d

// bit 31~0 - d[31:0] (Read/Write)

// 0x20 : Data signal of ap return

// bit 31~0 - ap return[31:0] (Read)

// (SC = Self Clear, COR = Clear on Read, TOW = Toggle on Write, COH = Clear on
Handshake)

#define XFOO_TOP_SLV1 _ADDR_AP CTRL  0x00

#define XFOO TOP_SLV1 ADDR GIE 0x04
#define XFOO TOP SLV1 ADDR_IER 0x08
#define XFOO TOP SLV1 ADDR_ISR 0x0c
#define XFOO_TOP_SLV1_ADDR_C_CTRL 0x10
#define XFOO_TOP_SLV1 ADDR C_DATA 0x14
#define XFOO_TOP_SLV1 BITS C_DATA 32

#define XFOO_TOP_SLV1 ADDR D CTRL 0x18
#define XFOO TOP SLV1 ADDR D DATA oxlc
#define XFOO TOP SLV1 BITS D DATA 32

#define XFOO_TOP_SLV1_ADDR_AP RETURN 0x20
#define XFOO_TOP_SLV1 BITS AP RETURN 32

Each of the registers/addresses provided in the xfoo_top_hw.h file has an associated C
function to access it. These functions are provided the remainder of the C driver files:
xfoo top.c, xfoo sinit.c¢, xfoo linux.c, and xfoo top.h.

These files provide support for both a standalone environment and a Linux environment.
The header files automatically detect if a Linux environment is present, ensuring all files can
all be added to the software project and the correct functions will be used.

For reference:

« For astandalone system, files xfoo top.c, xfoo sinit.c, and xfoo top.h will be
used.

« For a Linux OS, files xfoo top.c, xfoo linux.c, and xfoo top.h will be used.
In both cases the functions are defined in header file xfoo top.h, as shown next:

int XFoo top Initialize(XFoo top *InstancePtr, XFoo top Config *ConfigPtr) ;

void XFoo_ top Start (XFoo_top *InstancePtr);
u32 XFoo_top_IsDone (XFoo_top *InstancePtr);
u32 XFoo_top_IsIdle(XFoo_top *InstancePtr);
u32 XFoo_ top_ GetReturn (XFoo_ top *InstancePtr);
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void XFoo top SetC(XFoo top *InstancePtr, u32 Data);
u32 XFoo top GetC(XFoo top *InstancePtr);

void XFoo top SetCVld(XFoo top *InstancePtr);

u32 XFoo_top_GetCVld(XFoo top *InstancePtr) ;

void XFoo_top SetD(XFoo_top *InstancePtr, u32 Data);
u32 XFoo_top_GetD(XFoo_top *InstancePtr);

u32 XFoo_ top_ GetDAck (XFoo top *InstancePtr) ;

void XFoo top SetA i(XFoo top *InstancePtr, u32 Data);
u32 XFoo top GetA 1i(XFoo top *InstancePtr);

void XFoo_ top SetA iVld(XFoo_ top *InstancePtr) ;

u32 XFoo_top_GetA iV1d(XFoo_top *InstancePtr);

u32 XFoo_top_GetA iAck(XFoo_top *InstancePtr) ;

u32 XFoo_ top GetA o(XFoo_ top *InstancePtr);

u32 XFoo_ top GetA oV1d(XFoo_ top *InstancePtr);

void XFoo top SetA oAck (XFoo top *InstancePtr) ;

u32 XFoo_top_GetA oAck (XFoo_top *InstancePtr);

void XFoo_ top SetB(XFoo top *InstancePtr, u32 Data);
u32 XFoo_top_GetB(XFoo_top *InstancePtr);

void XFoo top InterruptGlobalEnable (XFoo top *InstancePtr) ;
void XFoo top InterruptGlobalDisable (XFoo top *InstancePtr);
void XFoo_top_InterruptEnable (XFoo_top *InstancePtr, u32 Mask) ;
void XFoo_top_ InterruptDisable(XFoo_ top *InstancePtr, u32 Mask) ;
void XFoo_ top InterruptClear (XFoo_top *InstancePtr, u32 Mask) ;
u32 XFoo_ top InterruptGetEnabled(XFoo top *InstancePtr);

u32 XFoo top InterruptGetStatus (XFoo top *InstancePtr) ;

The names of these functions will vary depending upon the design name and the types of
ports in the design. This example includes every type of port and is useful for explaining the
general case. The functions created for this example are explained here, in the order they
would typically be called in the C program used to control and access the block via the AXI4
Lite Slave interface.

For example, the block is first instantiated in the program space, then the interrupts are set,
the block is started, port values are accessed and the results are read at the end.

First, use this function to instantiate an instance of XFoo_ Top in the program space:
int XFoo top Initialize(XFoo top *InstancePtr, XFoo top Config *ConfigPtr) ;

If interrupts are to be used, they must first be enabled in the processor. Refer to the
documentation for the processor for details on performing this task. If the interrupts are not
enabled in the processor the interrupt functions provided here will have no effect.

As shown later, it is possible to poll the device rather than use an interrupt service routine.
The following functions are however provided for use with an interrupt service routine.
There are two interrupts supported in the AXI Lite Slave interface:

« The first is status of the ap_done signal and available is in location 1.

« The second is a task level interrupt and is available in location 2. The task level interrupt
shows when a new task can be started and allows operations on the port to be
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pipelined: a new task can be started before the ap_done signal/interupt indicates the
first task is finished.

These functions will (in this order) allow the following interrupt service tasks to be
performed in the C code:

« Return the status of all interrupt sources.
« Show which interrupts are enabled.

« Allow individual interrupts to be cleared.

u32 XFoo top InterruptGetEnabled(XFoo top *InstancePtr);
u32 XFoo_ top_InterruptGetStatus (XFoo_ top *InstancePtr);
void XFoo_top_InterruptClear (XFoo_top *InstancePtr, u32 Mask) ;

The next task is to enable the interrupts. The global interrupt function enables all interrupts
from the hardware block.

void XFoo_ top InterruptGlobalEnable (XFoo top *InstancePtr) ;

The individual interrupts can be enabled using the following function. A mask value of 1
enables an interrupt from the ap done signal; a value of 2 enables task level interrupt; a
value of 3 enables both types of interrupt.

void XFoo top InterruptEnable (XFoo top *InstancePtr, u32 Mask) ;

At this stage, before starting the block, any ports which do not use an input handshake (e.g.
ap_none or ap_ack) should be configured (else, as soon as the block is started it will read
the default values in the interface registers). In this example, port "b” and “d” have such
protocols. The following functions can be used to set the value on these ports:

void XFoo top SetB(XFoo top *InstancePtr, u32 Data);
void XFoo top SetD(XFoo top *InstancePtr, u32 Data);

Although not a requirement, the following functions can be used to read back the data from
ports "b” and “d” to verify the correct data was written.

u32 XFoo_ top GetB(XFoo_ top *InstancePtr);
u32 XFoo top GetD(XFoo top *InstancePtr);

The block can be started by issuing a call to the start function (first, it may be worth
checking the status of the idle signal to confirm the last process is indeed finished):

u32 XFoo_ top IsIdle(XFoo_ top *InstancePtr);
void XFoo top Start (XFoo top *InstancePtr);

Input ports which use handshakes can have their values set before the block is started, or
after the block is started. If the block is already started, but there is no valid value on an
input, the block will stall until valid data is present.

High-Level Synthesis www.xilinx.com 105
UG902 (v2013.1) March 20, 2013



http://www.xilinx.com

& XILINX. Interface Management

These writes should be performed in a similar manner to the hardware protocol: write the
data value, then set the valid bit to specify the data is valid. When the data is read by the
block, the valid bit in the adapter is automatically cleared.

In this example, ports “a” (input side) and "c” are being set after the block has been started.
The following functions can be used to set these values.

void XFoo_ top SetA i(XFoo top *InstancePtr, u32 Data);
void XFoo_ top SetA iVld(XFoo_ top *InstancePtr) ;

void XFoo top SetC(XFoo top *InstancePtr, u32 Data);

void XFoo top SetCVld(XFoo top *InstancePtr);

In a similar manner to ports “b” and “d", the values on ports “a” and “c” can be read back
using the following functions to confirm they are correct.

u32 XFoo_ top GetA i (XFoo top *InstancePtr);
u32 XFoo top GetC(XFoo top *InstancePtr);

In addition, the status of the valid flags can be read: remember, if the block has already been
started the valid flag will be automatically cleared as soon as the data is read by the
hardware.

u32 XFoo_top_ GetA iVld(XFoo_top *InstancePtr) ;
u32 XFoo_ top GetCVld(XFoo top *InstancePtr) ;

In this example, port “a” and port “"d” have output acknowledge signals associated with their
IO protocol. The status of the output acknowledges can also be read: if this is High, the data
read has been acknowledged by the hardware.

The following functions can be used to obtain the status of the acknowledge ports — as soon
as these registers are read by the function call, the register bit is cleared and can only be set
by the hardware.

u32 XFoo_top_GetA iAck(XFoo_top *InstancePtr);
u32 XFoo_top_GetDAck (XFoo_ top *InstancePtr) ;

In this example, while the block is running port “a” (output side) and the return port
(ap_return) are the only ports which will return data. The following function can be used to
check if there is any valid output data on port "a":

u32 XFoo top GetA oV1d(XFoo_ top *InstancePtr);
Once valid data is present on the output port, it can be read:
u32 XFoo_top_GetA o(XFoo_top *InstancePtr);

If the read is successful, the following function can be used to acknowledge the read.
Remember, the hardware will stall until an output write is acknowledged.

void XFoo top SetA oAck (XFoo top *InstancePtr) ;
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Once the hardware has read acknowledge register in the AXI Lite Slave interface, it will
automatically clear the acknowledge register. This can be confirmed using function:

u32 XFoo_ top GetA oAck (XFoo_ top *InstancePtr);

Finally, with all other ports serviced the return value from the function can be read. If no
interrupts are being used, the device can be polled to check if it is done:

u32 XFoo_ top_ IsDone (XFoo top *InstancePtr);

Whether polling for the ap_done signal, or using an interrupt service routine, the following
function can be used read the return value:

u32 XFoo_ top_ GetReturn (XFoo_ top *InstancePtr);

Finally, if interrupts are being used, the interrupts for the block can be disabled (individually
and/or globally).

void XFoo_top InterruptDisable(XFoo top *InstancePtr, u32 Mask) ;
void XFoo top InterruptGlobalDisable (XFoo top *InstancePtr);

Memory Interfaces

Memory interfaces can be included in an AXI4 Lite Slave Interface by ensuring the memory
interface has the same group name (-bus_bundle option) as the AXI4 Lite Slave Interface.

Note: This requires that the memory RESOURCE is explicitly specified, rather than allowing it to
default to a single or dual-port RAM.

In this example, the block control signals are grouped into the same AXI4 Lite Slave
Interface as memory port coeff.

void fir (
data_t *y,
data_t x,
coeff t coeff [N+1]

) A

// The following are the default interfaces for these ports: added here to be
explicit

#pragma HLS interface ap ctrl hs port=return

#pragma HLS interface ap mem port=coeff

/7

// Define the AXI4 interfaces and group into AXI4 slave COEFF_CONTROL

#pragma HLS RESOURCE core=AXI4LiteS metadata="-bus_bundle COEFF_CONTROL"
variable=return

#pragma HLS RESOURCE core=RAM 1P metadata="-bus bundle COEFF_CONTROL" variable=c
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When a memory port is added to an AXI4 Lite Slave Interface following additional C
functions are provided. In this case, since the function is called fir, file xfir.c would contain
the following functions to manage the memory interface from the CPU:

u32 XFir GetCBaseAddress (XFir *InstancePtr);
u32 XFir GetCHighAddress (XFir *InstancePtr);
u32 XFir GetCTotalBytes (XFir *InstancePtr) ;
u32 XFir_GetCBitWidth (XFir *InstancePtr) ;
u32 XFir GetCDepth (XFir *InstancePtr) ;

SystemC AXI4 Lite Slave Interface

An AXI4 Lite Slave interface can be added to any SystemC ports which of are of type sc_in
or sc_out.

To apply an AXI4 Lite interface to a SystemC design, the same process of assigning the ports
to a named AXI4 Lite resource is used. However, when dealing with SystemC designs, and as
explained in the section SystemC Bus Interfaces above, there are some differences in how
the directives are applied to the design (and when using the GUI). The pragma directives for
ports can only be applied inside design functions called by the SC_MODULE. An example
best explains this.

The following shows the top-level of a typical SystemC design. In this case, as is typical, the
SC_MODULE and ports are defined in a header file:

SC_MODULE (sc_sequ_cthread) {
//Ports
sc_in <bool> clk;
sc_in <bool> reset;
sc_in <bool> start;
sc_in<sc_uint<1l6> > a;
sc_in<bool> en;
sc_out<sc_uint<l6> > sum;
sc_out<bool> vld;

//Variables
sc_uint<l6> acc;

//Process Declaration
void accum() ;

//Constructor
SC_CTOR (sc_sequ_cthread) {

//Process Registration
SC_CTHREAD (accum, clk.pos()) ;
reset signal is(reset,true);

}
Vi
The RESOURCE directives can be added directly to the source file. The directives can be
applied to any member function of the SC_MODULE, however it is a good design practice to
add them to the function where the variables are used.
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For this example, ports start, a, en, sum and valid are grouped into a single AXI4 Lite
interface (using the same name “slv0” for each directive ensures all are grouped into the
same interface).

#include "sc_sequ cthread.h"

void sc_sequ_cthread: :accum() {

//Group ports into AXI4 slave slv0

#pragma HLS resource core=AXI4LiteS metadata="-bus bundle slv0" variable=start
#pragma HLS resource core=AXI4LiteS metadata="-bus bundle slv0" variable=a
#pragma HLS resource core=AXI4LiteS metadata="-bus bundle slv0" variable=en
#pragma HLS resource core=AXI4LiteS metadata="-bus bundle slv0" variable=sum
#pragma HLS resource core=AXI4LiteS metadata="-bus bundle slv0" variable=vld

//Initialization
acc=0;
sum.write (0) ;
vld.write (false) ;
wait () ;

// Process the data
while (true) {
// Wait for start
wait () ;
while (!start.read()) wait();

// Read if valid input available
if (en)
acc = acc + a.read();
sum.write (acc) ;
vld.write (true) ;
} else {
vld.write (false) ;

}
}

}

Note: Memory ports in the SystemC design cannot be grouped into an AXI4 Lite interface.

AXl4 Master Interface

To create an AXI4 Master interface, the RTL port must have an ap_bus interface, as shown in
Table 1-6. This example sets the port “m” as an ap_bus and then specifies that the port
connect to an "AXI4M" resource.

The block-level interface protocol is removed in this example by setting the IO protocol to
ap_ctrl_none. This ensures there are no other interface signals in this example (no
block-level handshakes signals and there is no return port).

#include "ap cint.h"

#define N 256
typedef uint32 DT;
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void foo top (volatile DT *m)
// Define the RTL interfaces
#pragma HLS interface ap ctrl none port=return

#pragma HLS interface ap bus port=m

// Define the pcore interface as an AXI4 master
#pragma HLS resource core=AXI4M variable=m

DT buff[N], tmp;

int 1, J;
memcpy (buff, m, N * sizeof (DT)) ;
for (1 =0, j =N - 1; i < 3; i++, j--) {

tmp = buff[il;
buff[i] = buff[j];
buff[j] = tmp;

}

memcpy (m, buff, N * sizeof (DT)) ;

}

When the pcore is generated, an AXI4 Master interface will be connected to port “m” and
this can connect to an AXI4 system bus, as shown in Figure 1-54.

AX14

Bus
RTL

Design

AXI4 Master
Interface ﬁ

Exported Design

Figure 1-54: AXI4 Master Interface
SystemC AXI4 Master Interface

The process for adding an AXI4 master interface to a SystemC is similar to creating it for a
C/C++ design.

« Create an RTL interface with the ap_bus IO protocol.

» Assign an AXI4M resource to the port.
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This entire process is simplified by using the Vivado HLS SystemC port class
AXI4M_bus_port. Full details on using this port class are provided in the "SystemC Interface
Synthesis” section, where there is coding example on using bus ports.

When this port class is used, it automatically results in an RTL design with an ap_bus
interface and when the export_rtl command is used, results in a design with an AXI4 master
port. There is no requirement to use directives to define an ap_bus protocol or specify an
AXI4 resource.

AXl4 Stream Interface

An AXI4 Stream interface is an AXI4-Stream master/slave interface. This interface can be
applied to any ap_fifo RTL port.

Note: If a Vivado HLS block using an AXI4 Stream interface is to be connected in EDK, refer to the
section Connecting an AXI4 Stream in EDK at the end of this section.

When applying a stream interface it is typical to define a struct whose members correspond
to the desired AXI4 Stream bus signals. In this example, struct DATA is defined and contains
two members, data and strb. This example requires that both the port map and grouping
options are used. If there is only a single data variable, no other options are required.

The AX14 Stream interface provided by Vivado HLS is designed to fit the flexibility of the bus
standard. Most signals (e.g. TREADY, TKEEP, TSTRB) in the AXI4 Stream standard are
optional. Only two signals TVALID and TREADY are mandatory (TREADY is optional in the
bus standard, but it is used in the Vivado HLS AXI4 Stream interface).

This example maps struct member data to the TDATA signal and struct member strb to the
TSTRB signal.

port map={{data i data TDATA} {data_ i strb TSTRB}}
port_map={{data o data TDATA} {data_o_strb TSTRB}}

Using a struct allows multiple variables to be mapped into a single AXI4 Stream. However,
the default behavior in Vivado HLS is that each member of a struct creates a separate RTL
interface port. The bus bundle option is required to keep all members mapped to the same
AXI4 grouped.

Multiple RTL ports can be grouped into a single AXI4 stream interface in the same manner
as an AX14 slave interface. The RTL ports grouped into an AXI4 stream interface however
must be either all input ports or all output ports. Bidirectional interfaces are not supported
for grouping.

Output interfaces are implemented a AXI4 Stream master interface and input interfaces an
AX14 Stream slave interface.

In this example, the block-level interface protocol is removed by setting the 10 protocol to
ap_ctrl_none. This ensures there are no other interface signals in this example (no
block-level handshakes signals and there is no return port).
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#include "ap cint.h"
#define N 256

typedef struct ({
uint32 data;
uint4 strb;
} DATA;

void foo top (DATA data i[N], DATA data ol[N])
// Define the RTL interfaces

#pragma HLS interface ap ctrl none port=return
#pragma HLS interface ap fifo port=data i

#pragma HLS interface ap fifo port=data o

// Define the pcore interfaces AXI4 slave

Interface Management

{

#pragma HLS resource core=AXI4Stream variable=data i metadata="-bus_bundle
AXI4Stream S" port map={{data i data TDATA} {data i strb TSTRB}}

// Define the pcore interfaces AXI4 master

#pragma HLS resource core=AXI4Stream variable=data_o metadata="-bus_bundle
AXI4Stream M" port map={{data_o_data TDATA} {data o _strb TSTRB}}

int 1i;

DATA buf [N] ;

for (i = 0; i < N; i++) {
buf [i] = data_i[il;

}

for (i = 0; i < N; i++) {
data o[i] = buf[N-1-i];

}

If the port mappings are applied using the GUI, each port map should be enclosed by

braces {RTL_PORT AXI4_INTERFACE_SIGNAL} and all

maps enclosed by an outer set of

braces. The entire string must be entered into the port_map option box. For example:

{{data_o_data TDATA} {data o strb TSTRB}}

Figure 1-55 shows the interface created from the example shown above, with RTL inputs

and outputs grouped into separate interfaces.
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Figure 1-55: Pcore: AXI4 Stream Interfaces
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This example used a unique struct. The header file ap_axi_sdata.h, located in the include
directory in the Vivado HLS installation area, defines signed and unsigned structs for all
possible signals in the AXI4 interface standard. These can be used in place of creating your
own structs.

e ap_axi_s is a signed interpretation of the AXI stream
e ap_axi_u is an unsigned interpretation of the AXI stream

template<int D,int U,int TI,int TD>
struct ap_axis{

ap_ int<D»> data;

ap_uint<D/8> keep;

ap_uint<D/8> strb;

ap_uint<Us> user;

ap_uint<ls> last;

ap uint<TI> id;

ap uint<TD> dest;

bi

template<int D,int U,int TI,int TD>
struct ap_axiu{

ap uint<D> data;
ap_uint<D/8> keep;
ap_uint<D/8> strb;
ap_uint<Us> user;
ap_uint<ls> last;
ap_uint<TI> id;

ap_uint<TD> dest;

}i
Connecting an AXI4 Stream in EDK

If a Vivado HLS block with an AXI4 Stream interface is to be connected inside the EDK GUI,
the stream protocols have to be updated to match the stream protocols of the block(s) to
which the AXI4 Streams will connect.

By default, Pcore blocks created by Vivado HLS will have the following stream protocols
(These can be accessed in the core configuration settings inside EDK):

+ C_INPUT_STREAM_PROTOCOL = GENERIC
« C_OUTPUT_STREAM_PROTOCOL = GENERIC

An AXI DMA block for example, will have the following stream protocols:

+ C_INPUT_STREAM_PROTOCOL = XIL_AXI_STREAM_ETH_DATA
+ C_OUTPUT_STREAM_PROTOCOL = XIL_AXI_STREAM_ETH_DATA

To be able to connect two AXI4 Stream interfaces in the EDK GUI, each interface must have
the same stream protocol.
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