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Chapter 1

Introduction

Prerequisites

Tutorial Files

This tutorial describes how to use ISim Hardware Co-simulation to accelerate
the simulation of floating point fast Fourier Transform (FFT) and verify the FFT
implementation on a Xilinx® ML605 board.

Digital Signal Processing (DSP) designs are typically very time-consuming to simulate in
software due to their data and computation intensiveness. A fast bit-accurate model

is often used to speed up the simulation of a DSP function, but it does not provide

any cycle accuracy and is not straightforward to integrate with other Register Transfer
Level (RTL) modules. A behavioral RTL model provides bit-and-cycle accuracy but

is relatively slower to simulate. A structural RTL or gate-level model is even much
slower to simulate. Sometimes an IP does not provide a fast bit-accurate model or even a
behavioral RTL model, which leaves the slowest structural/gate-level simulation as the
only choice. ISim hardware co-simulation provides an additional mean to simulate DSP
functions by offloading intensive computations to FPGA. It can bring synthesizable HDL
code, synthesized or protected netlists such as IP cores generated by CORE Generator™
into FPGA for co-simulation. That solves the problem on getting a bit-and-cycle
accurate simulation models as well as bolstering the simulation performance. For many
complex DSP designs, not only does it accelerate the simulation of a design, it verifies
the implementation of the design on actual hardware. ISim hardware co-simulation
complements RTL, post-synthesis, and post-implementation simulation to complete

the verification tool suite.

* ISE® Design Suite, version 13.2
e Virtex®-6 FPGA ML605 Evaluation Kit
e Design File: rdf0125_fft sim_tutorial.zip

File Description

fp_fft_top.v Wrapper that instantiates the floating point FFT core.

fp_fft_tb.v Top-level test bench that generates test vectors to exercise the FFT
core.

FloatingPointFFT.xise ISE® project for this tutorial.

sim.tcl Custom simulation command file that measures the ISim

simulation time.

fp_fft_tb.wcfg Custom waveform configuration file.
fp_fft_tb.prj ISim project file for the command line flow.
full_compile.bat Windows batch file to fully compile the design for hardware

co-simulation with the Fuse command line.

Accelerating Floating Point FFT Simulation
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File Description

full_compile.sh Linux shell script to fully compile the design for hardware
co-simulation with the Fuse command line.

incr_compile.bat Windows batch file to incrementally compile the test bench for
hardware co-simulation with the Fuse command line.

incr_compile.sh Linux shell script to incrementally compile the test bench for
hardware co-simulation with the Fuse command line.

run_isim.bat Windows batch file to launch the ISim simulation.

run_isim.sh Linux shell script to launch the ISim simulation.

Note When performing this tutorial, all data files must be copied to your current
working directory.

Accelerating Floating Point FFT Simulation
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Chapter 2

Tutorial

This tutorial describes how to use ISim Hardware Co-simulation to accelerate
the simulation of floating point Fast Fourier Transform (FFT) and verify the FFT
implementation on a Xilinx® ML605 board.

This tutorial is separated into four sections that contain the steps you need to perform
to run an FFT design through ISim hardware co-simulation. Perform the steps in the
order that they are presented. These sections are as follows.

1. Generating a FFT Core in CORE Generator™

2. Creating a Test Bench

3. Compiling the Design for Hardware Co-Simulation
4. Running ISim Hardware Co-Simulation

Step 1. Generating a FFT Core in CORE Generator

In this tutorial, we will use the Fast Fourier Transform IP core in the CORE Generator
tool and create an ISim hardware co-simulation test bench that runs on the Virtex®-6
FPGA ML605 Evaluation Kit.

Note The screen captures in this tutorial are based on the Fast Fourier Transform
version 7.1. The CORE Generator GUI might look different in later versions of the tool.

1. Launch the ISE® Project Navigator.

2. Choose File > New Project to open the New Project Wizard. Enter a project name
(FloatingPointFFT) and location. Click Next.

[ x Y
=] Mew Project Wizard

Create New Project
Specify project lecaton and type,
Enfter & name, lncators, and comment for the project
N FlostrghontFT
Locabon: C: iAorials DS FloatngPont™FT
\Werkng Directory: | C: {TLAonials 5P FloatingPointeF T o
DesrpRon;

Select the type of top-level source for the project
[opevel source type:

HOL -|

Mare o | et Cancel
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3. On the Project Settings page, choose the part for the ML605 board, which is
Virtex®-6 device XC6VLX240T, package FF1156, and speed -1. Select ISim as the
simulator and Verilog as the preferred language. Click Next and then Finish to

complete the project creation.

@ Hew Progect Wizard

I!EI

Project Settings

Specfy device and oroject properted,
Selert the devioe and desion flow for the project

Property Name Value

| Product Cateqary I

Family Virted
Device MCEVLIZE0T
Package FFI156
R PR

Top-Level Source Type HDL
¥ET (VHDL Verilog)

Syntheszs Tool
Simulatos 15 (VHDL Verilog)
Preferred Lanquage Vesilog

Property Specification in Project File l’SloM all values
Manual Compile Order
VHIOL Source Anabysis Standard VHOL-93

Enable Message Filtenng

[Ltmer ]

|

FIEEIE]

FIEEEL

[x]

Ctme J[ coxe |

4. Choose Project > New Source to open the New Source Wizard. Select IP (CORE

Generator & Architecture Wizard) and name the IP as fp_fft_core. Click

Next.

I Mew Source Wizard

—l

Select Source Type

St source type, fle name and its lecabion.
# [P (CORE Geneator Bt Architecture Wizsd]
Il |le] Schematic
B User Docurment
W] Verilog Module
i Verilog Test Fectuie
WHOL Medule e
VHDL Library 3
[;J VHDL Package fo_Kft_core
[y WHDL Test Bench

Embedded Processor Legrtone

C: Tutonals DS FoatngPontFF Tipoone_dr i

I

5. Select Fast Fourier Transform version 7.1 from the IP list. Click Next and then

Finish.
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SelectIP

Create Coregen or Architecture \Wizard IP Core.

Yiew by Function YWiew by Name

Mame “ Wersion Status

=177 Digital Signal Processing
#- |7 Building Blocks

B[ Filters

=7 Modulation

B+ Transforms

@ |7 DFTs

Production

b0 Production
A Production

& Trig Functions
= |7 Waveform Synthesis

- 77 FPGA Features and Mesian 2
Search IP Catalog:| ” Clear
Al TP versions Only IP compatible with chosen part

I Mext ” Cancel ]

6. After launching the FFT core user interface, set the Transform Length to 16384.
Select Pipelined, Streaming I/O as the implementation. Click Next.

¥ Fast Fouer Tranatorm [
Documents  Yiew
IF Symbol 8%

" C"  Fast Fourier Transform 7

_RE[I1 5% 16_RE[1 8]
5 " Compoment Kams |lp_lﬂ._ﬂl

Channels Transform Langth
1 5] 16384 [1]
Emplemantation Options
- Target Clock Fraguency 50 Range: 1..550 MHz
Target Dato Throughput [SINNNN Range: 1..550 MSPS
@ Pipelined, Streaming 0
i Radoc4, Burst YO
O Fadic-Z, Burst IO

_i3a3) e, j31:84
L i % Radic-2 Lite, Burst 'O

Transform Length Options
"] Run Teme Configurabie Transfonm Length

Ar oG e T4 o | v (omushon ] <o | rogetofs [ tet> | [ Generste | [ concat | [ e |

7. Set the Data Format to Floating Point, and the Output Ordering to Natural Order.
Click Next.
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m View'
mg-‘ﬁi-‘cﬁ’f Fast Fourier Transform %
LA Eiatn Farmat
i Foed Point @ Floating Point
Pregision Options
wiput Dota it [32 -]
Phase Foctor Width 24 =]
Sealbrg Dptiors Rounding Mades
Unscaled & Trumcalion
ik Sealied
Block Flaabng P S et
T Gptional Pins Outpet Ordering
B ) Bit/Digit Reversed Order
I sar % Nabursl Order
] ovFLo Ciyelic Prefoc Insertion
Fput Data Timing
W Hao oifset
) 3 clock cycde offset (pra-v7.0 behavior)
- — p—m|qmlqcm [ <gock |Pagezof3 [ bet> | [ Generote | [ concel | [ ew |

8. Choose Use 4-multiplier structure (performance optimization) for the Complex
Multipliers option. Click Generate to generate the core.

MITIH“ Wi |
wc:-;tﬁr Fast Fourier Transform =
Mernary Optioes
Data Fhase Factors
W Block RAM i Bhock RAM
Destributed RAM Distributed RAM
Number Of Stages Using Block RAM  Rearder Buffer
@ Biock RAM
2 El Distributed FAM
Hybirid Mérnones
M! ay
: Optirvize Options.
Complex Multipliers
) lse CLB logic
3 Use I-multiplier structure (resource eptimization)
@ Use 4-multiplier structure (performance optimization)
Buiterfly Arthmatic
W Use OLB logic
0 Vs MtremeDSF Slices
"‘vs,m "“mml'! m[‘i':m [—] [[<iock | rogesofs | et~ | [geserate | [ goncel ] [ e ]

9. Add a top-level module, fp_fft_top, that instantiates the generated fp_fft_core
IP core. This is required because ISim hardware co-simulation only supports a
Hardware Definition Language (HDL) top-level module. You can use the completed
fp_fft_top.v provided in this tutorial. Choose Project > Add Source. Add the
fp_fft_top.v.

Accelerating Floating Point FFT Simulation
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Step 2: Creating a Test Bench

1. Add a Verilog test bench module fp_fft_tb.v that generates test vectors to
exercise the fp_fft_top instance. You can use the completed fp_fft_tb.v file
provided in this tutorial. Choose Project > Add Source. Add the fp_fft_tb.v.

The test bench has four 32-bit by 16384 arrays fft_xn_re_data, fft xn_im_data,
fft xk_re data, fft_xk_im_data, for storing the real and imaginary components
of the FFT input vector xn and output vector xk.

When the simulation starts, the test bench loads the FFT input vector from a data
file fft_ xn_data.txt into fft_xn_re_data and fft_xn_im_data array. After the

FFT computation is done, the test bench stores the values in the fft_xk_re_data and
fft xk_im_data array in a result file fft_xk_data.txt. Both fft_xn_data.txt

and fft_xk_data.txt store one data point per line. Each data point compromises
two 32-bit hexadecimal values, the real and imaginary part respectively, separated by
a space. The hexadecimal values are the binary representation of the floating point
numbers using the IEEE 754 standard.

Note The TXT data files must be in the directory from which the simulation is being run.
The Verilog tasks defined in the test bench include:
e clear fft xk_data
Fills the fft_xk_re_data and fft_xk_im_data array with zeros.
e Joad_fft xn_data

Load the data samples from the data file, fft_xn_data.txt, into the
fft xn_re_data and fft_xn_im_data array.

e save_ fft xk_data

Save the data samples in the fft_xn_re_data and fft_xn_im_data array to the
result file, fft xk_data.txt.

Accelerating Floating Point FFT Simulation
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Step 3: Compiling the Design for Hardware Co-Simulation

After you create the test bench and the custom constraints file, you can compile the
design for hardware co-simulation using the ISim compiler. This can be done in Project
Navigator by enabling Hardware Co-Simulation on a selected instance in your design.
The selected instance, including its submodules, are co-simulated in hardware during
the ISim simulation. Other modules are simulated in software.

1. Switch to the Simulation View in Project Navigator. Right-click the dut - fp_£ft_top
instance from the Pane of the Design Panel, and click Source Properties.

Iﬂ ISE Project Nawgatur[M'-"ﬂd} C\Iulenal‘s\D’:'P\Flo-uhngPumFFr\FlouhnngmFFr:ﬂe [fp_ﬂ'tJb ] =k
,3 File Edit '-'-ew Project Souwrce Process Tools  Window La)-out Help - | & X
| 1P Xl | »: 8 AR AQ|IA REDZ: AR ;L LT
- x a i 4
|| Deson o# 1 e ins / ipa -
| Wiz @-hﬂqﬂﬂanﬂn a ms:minbnn =
Behaviorl 3 3 module fp ffc th ()7 =
4 localparam FET_XN_DATA WIDTH = 32; 1
5'.3 Hierarchy s i EFI_XK_DATh WIDIH = 32;
2 | FloatingPomtFFT & FET_TRANSFORM LENGIH = 16384
1. 0 xcbda0t-1H1156 7 m FET_TRANSEORM LENGTH LOG 2 = 14;
] O] :p_m_th Lip_ﬁ"t_lbv] 2 localparam STATE_INIT FET = 5'h0000
o ! = “Falparam STAIE _START FET = 5'b0001
a g fi- Ip_ﬁ"l;_rure[fp eSS alparam STATE_COMPUTE_FET = 5°'b0010
= 43 Add Source... Fa;:a:a:. STATE_FET_UNLOADING = 5'b0100
Ll : i w ETATE F 2y
] Add Copy of Source... |;:a-1:ara... STATE_FET_DONE = 5'b1000
-
Open F ;;k =
= [+ t_ s
# | B3 boProcesses Running &i| Remave ke [(FET_XN DATA WIDTH-1):0] ffc_x
e [(EET_X¥ DATA WIDIH-1):0] fic m
?{: Processes: dut - fp_fft_tep Manual Compile Order i;_-e SUESE = ::u:,:—
e W IimSimulstor TRt ule Fe  [(FFT_TRANSFORM LENGTH LOG 2-1):0) ffr m
- 3  Behsvioral Check Synta e ifc £
e B Simulate Behavioral Mo o fc_f
= File/Path Display Lo ffc b
re fic e
Expand All re ffc_d
Collapse All re fic o
e [ (FFT_TRANSFORM LENGTH LOG 2-1):0)] fft x
) Find.. Cul+F e [(FET _XK_DATA WIDTH-1):0] e x|,
f
. - LS Design Properties... E
bl Stert | B2 e iy Fles | nfoCenter e Summary B mrb
el B2 pesgn |4 |E‘1 Desion B pfey B
Edit the properties for the highlighted sourc Ln3Coll Verilog

2. Select the Hardware Co-Simulation category. Check the Enable Hardware
Co-Simulation check box. Set the Clock Port to clk. Select ML605 (JTAG) as the
Target Board for the Hardware Co-Simulation. Leave the Enable Incremental
Implementation option unchecked.

Note The enabled instance for Hardware Co-Simulation is now marked with a
special icon.

The Enable Incremental Implementation option can be used after the design has
been compiled for Hardware Co-Simulation. If the instance selected for Hardware
Co-Simulation does not change in subsequent runs, you can turn on this option
to skip the synthesis, implementation, and bitstream generation for Hardware
Co-Simulation. It allows the test-bench or any portion simulated in software to be
modified and simulated again quickly.

3. Select the fp_fft_tb instance from the Pane of the Design panel. Go to the Pane of the
Design panel, right-click on Simulate Behavioral Model and click Process Properties.

4. Change the Property display level to Advanced. Set the properties for the Simulate
Behavioral Model process.

5. Run the Simulate Behavioral Model process for the fp_£ft_tb instance.

Accelerating Floating Point FFT Simulation
12 www.xilinx.com UG817 (v 13.2) July 28, 2011



& XILINXe Chapter 2: Tutorial

Compiling the Design on the Command Line

You can invoke the ISim compiler through the Fuse command line tool. You must
provide Fuse a project file, the design top level module(s), and other optional arguments
such as libraries to link in and library search paths. To compile the design for hardware
co-simulation, you must provide the following extra arguments:

fuse -prj [project file] [top level modules]
-hwcosim_instance [instance]
-hwcosim_clock [clock]
-hwcosim_board [board]
-hwcosim_constraints [constraints file]
-hwcosim_incremental [0|1]

e hwecosim_instance: Specifies the full hierarchical path of the instance to
co-simulate in hardware

¢ hwecosim_clock: Specifies the port name of the clock input for the instance.
—  This is the clock in the lock-step portion, that is to be controlled by the test bench.

—  For a design with multiple clocks, specify the fastest clock using this option so
that ISim can optimize the simulation. Other clock ports are treated as regular
data ports.

* hwcosim_board: Specifies the identifier of the hardware board to use for
co-simulation.

e hwcosim_constraints (optional): Specifies the custom constraints file that
provides additional constraints for implementing the instance for hardware
co-simulation. We also use the constraints file to specify which ports of the instance
are mapped to external I/Os or clocks.

e hwcosim_incremental (optional): Specifies whether Fuse should reuse the last
generated hardware co-simulation bitstream and skip the implementation flow.

For example, to compile the FFT design for this tutorial, you can run the Fuse command
line as follows:

fuse -prj fp_fft_th.prj fp_fft_tb
—o fp_fft_th.exe
-hwcosim_instance /fp_fft_tb/dut
-hwcosim_clock clk
-hwcosim_board ml605-jtag

Step 4: Running ISim Hardware Co-Simulation

The simulation executable generated by the compiler runs in the same way in both
software simulation and hardware co-simulation flow. Project Navigator automatically
launches the simulation executable in GUI mode after the compilation finishes.

Accelerating Floating Point FFT Simulation
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In the Instances and Processes view, the instance selected for hardware co-simulation is

indicated with a special icon 8. As the instance runs in hardware, you cannot expand it
to see its internal signals and submodules.

i"-?‘.. ISim (M.70d) - [fp_fft_tb.wcfg]

@ Eile Edit Wiew Simulation Window Layout Help
DAEIL X DEX®|o oM@
Instances and Proces.. + O & X||Dbjects +0F X|

Simulation Objects for dut

. MOEBED

Instance and Process Mame
7 i fp_fft_th Object Mame Value
Fix) reverse_vector clk 1
Fix) clear_fft_xk_data % ft_start 1]
Fix) load_fft_xn_data |- @ fftxn_re3L0] 00000
Fix) save_fft_xk_data [ fit_xn_im[31:0] 00000
fit_fwd_inv 1
(5 Initial_83_0 ft_fwd_inv_we 0
() Cont 891 ft_rfd 0
() Always 91 2 B fft_xn_index[... 00000
(L Always 94 3 ft_busy ]
() Always_101 4 fit_sdone ]
() Cont 149 5 fit_done ]
({; Cont_150.6 fft_dv ]
() Always_ 1527 |- S fftdk_index(.. 00000
= 1 bl [ @ fftxk_re31:0] 00000
[ @ fftck_im(31:0] 00000
QT .
Q%Insiﬁnc... Memory {E 4 [l 3
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Before the simulation starts, ISim programs the FPGA with the bitstream file generated
for hardware co-simulation. You might notice the message in the ISim console window:
“Downloading bitstream, please wait till status is READY”. After the

FPGA is configured, the console shows “Bitstream download is complete.

READY for simulation.” From this point, you can run the simulation and interact

with the ISim GUI the same way you do in the software simulation flow.

[ 15im (ML704) - [fp_the_thuwelg]

=

I
| | - x

[5 File fdit Wew Simulation Window Leyout Help
12 H| % X X ®| o o |

Irstances and Proces.. ++ O & X | Objects 0O Fx &

= Saulation ts for dut 2
J_ & ) Simulation Objec! J
Instance and Process Name shlSalial ol 8115 e B
@ tnstis Object Mame: Value | &
#x) reverse_vector _+ ke 1
=) clear_fit_xk_data L fr_stant Q

i=) load tt o data

= sae_fft_wk_data J_r’_ Mo imBEL0) 00000 1

S Mo reB10] 00000 Q
- -]
=
-
L]

B o Ly #t_twd_ierw

15 Initial 83_0 ,,i 1t P ien_we 0

) Con 891 L ft_rld -]

5 Always 91_2 -1‘"' it _index]... 00000

5 Always 94 3 L it _buesy a

2 Ahways_ton_4 I fft_edone 0 %

) Cont 1495 L& #1t_done 3

LY Cont 1506 _‘T‘ it dv ]

Oy Alvaays 152 7 2%tk indexl... conoa| [ H]
i# oo S ok _re(10]  00000)

25 ttoa imB1)  oo000
7 v ¥ p 3 ] -
p— | - Unloading
I ] LA 3 )
Output
Corsale
Firished cirouit insalzation process. T
=22 BET Done
Stopped b e ; 655585 ns : Fis CHTyborisk DEP FlasingPontFFT o M " (e 144

s Semlaton Tene: 79,236 5

ISienc= |
B Corsole | @ Brealponts | FrdinFlesResuts | g Search Resuts
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Chapter 3

Benchmark

The following table compares the performance! between ISim simulation and ISim
hardware co-simulation.

e The FFT design takes about 65700 simulation clock cycles to finish.

* The compilation time measures the time taken to compile the FFT design into a
simulation executable using the ISim compiler (Fuse).

* ISim hardware co-simulation takes more time for compilation as it runs through
synthesis, implementation, and bitstream generation for the portion of design under
co-simulation. As the number of simulation cycles increases, the performance gain
in simulation using ISim hardware co-simulation becomes more substantial and
amortizes the overhead in compilation.

As a good practice, you can first simulate your design in software for a small number of
cycles to verify a few test cases. Then you switch to ISim hardware co-simulation for a
longer simulation with more comprehensive test cases.

Using the Enable Incremental Implementation option, you can reuse the previously
generated bitstream to save the compilation time if the portion of design under
co-simulation has not changed. The compilation time could be even faster than a regular
ISim compilation because only a subset of the design is recompiled. You can thus
continuously modify the test bench or other portions of design that are simulated in
software and achieve more design turns per day.

Simulation performance varies on different hardware co-simulation interfaces. The
JTAG co-simulation interface is readily available on almost any FPGA board with a
JTAG port. It consumes fewer resources on FPGA for implementing the hardware
co-simulation interface; however, its latency and throughput are worse than other
interfaces like Ethernet.

The point-to-point Ethernet co-simulation interface supports an Ethernet connection
of 10/100/1000 Gbps and achieves a much higher throughput than JTAG; however,
it consumes more resources on FPGA for implementing the hardware co-simulation
interface and is not supported on all boards.

1. The benchmark was performed using ISE® 13.2 on a machine with a Core i7 2.8GHz CPU, 8GB RAM, and running a 64-bit
Windows OS.

Accelerating Floating Point FFT Simulation
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Comparison on Simulation Performance

Note Speed-ups relative to ISim simulation are in parenthesis

ISim simulation

Compilation Time

49s

Simulation Time

1383s

Total Time
1432s

ISim hardware
co-simulation on
ML605 through
JTAG?

685s (0.07x)

90s (15x)

775s (1.8x)

ISim hardware
co-simulation on
ML605 through
JTAG? (Enable
Incremental
Implementation)

5s (10x)

90s (15x)

95s (15x)

ISim hardware
co-simulation on
ML605 through
point-to-point
Ethernet?

887s (0.05x)

5s (277x)

892s (1.6x)

ISim hardware
co-simulation on
ML605 through
point-to-point
Ethernet3 (Enable
Incremental
Implementation)

5s (10x)

5 (277x)

10s (143x)

2.
3.

The JTAG co-simulation interface uses a Platform Cable USB with the speed configured to 12 MHz.

The point-to-point Ethernet co-simulation interface uses a Gigabit Ethernet connection directly connecting the PC and the

ML605 board.
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& XILINX.
Appendix

Additional Resources

e Xilinx Glossary -
http://www.xilinx.com/support/documentation/sw_manuals/glossary.pdf

¢ Xilinx Documentation - http://www.xilinx.com/support/documentation

* Xilinx Support - http://www.xilinx.com/support
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http://www.xilinx.com/cgi-bin/SW_Docs_Redirect/sw_docs_redirect?locale=en&topic=glossary
http://www.xilinx.com/cgi-bin/SW_Docs_Redirect/sw_docs_redirect?locale=en&topic=xilinx+literature
http://www.xilinx.com/cgi-bin/SW_Docs_Redirect/sw_docs_redirect?locale=en&topic=support
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