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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.

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 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 13.1
e Virtex®-6 FPGA ML605 Evaluation Kit

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.

full_compile.sh Linux shell script 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

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 Please note that 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 may 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

Accelerating Floating Point FFT Simulation
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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.

==

G oo

Project Settings

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

Property Name Value

Famiby Virbeds | =]
Device NCEVLEET =]
Package FFI156 =]
R PR 8

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

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

FIEEEL

]

Enable Message Filtenng

[Ltmer ] Ctme J[ coxe |

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.

5 i

I Mew Source Wizard

Select Source Type

St source type, fle name and its lecabion.

P (CORE Genesator B Architecture Wizssd)

©f 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 Lot

C: Tutonals DS FoatngPontFF Tipoone_dr i

[Leret | I

Select Fast Fourier Transform version 7.1 from the IP list. Click Next and then
Finish.
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Select [P

Create Coregen or Anchitecture Wizard IP Core,

o | et |

Mame “ Mersion ANM  Status License 2
& [ Digital Signal Processing
7 Translormns
& OFTs -
% Discrete Fourier Transform 31 Production |
o [ eFts g}
#  Fast Founer Tranaform
ty Fast Fourier Trantfarm Pre-Productien
| LTE Fast Fourier Transform 100 Production 2 -
Search [P Catalog; | Fouier
1 M IP wersons [7] nly IP cocpatitde with chosen part
[ cme |

6. When the FFT core GUI is launched, set the Transform Length to 16384. Select
Pipelined, Streaming I/O as the implementation. Click Next.

4] Fast Fousier Transtorm
Documants  View

o P

_nAa )

= lgic **  Fast Fourier Transform

1

Companent Name w

Charnals
1 i@

Implamantation Optiors
0 Automatically Select

@ [Pipelined, Streaming L0

1 Radoe-4, Burst 1O

1 Radoe-2, Burst O

1 Feadbe-2 Lite, Burst 1O

Transform Length Optiens

] Run Tene Configurable Transform Length

- .
QP sym.. | Resourc..| | Latency | || € Models  stasheat | ==

Transform Length

16394 [+]

| TorgetClock Fraquency 250 | Range: 1550 Mez

Toriet Data Throughput |80 | Range: 1..550 MSPS

fagelof3 | Hed> | [ geoerate | [ goecel | [ mew |

7. Set the Data Format to Floating Point, and the Output Ordering to Natural Order.

Click Next.
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m View
L i
.| kg’C "' Fast Fourier Transform %
o4 e o) o0 R e

i ) Foued Point @ Floating Faint

- ||
o wiput Dota it [32 -]

e | Phase Foctor Width 24 [#]
e Scaing Opions oy e
ok RE Unscaled @ Truscaton
10, BE # Scaled
it B Bk P Pl Comergent Rounding

”U"""U i 8 Ogtional Pins: Outpet Order
. B ) Bit/Digit Reversed Order
i [ sar @ Natural Order
.. : ] ovFLo Ciyelic Prefoc Insertion
; Input Data Timing

S @ Ho offsat

i 3 dock oyde offset (pre-v7.0 behavior)

-’“vs,m. Qmm m[chM [[<gock | Poge2ofs [ bet> | [Genwrate | [ Concel | [ iwe |

8. Choose Use 4-multiplier structure (performance optimization) for the Complex

Multipliers option. Click Generate to generate the core.

Documents  Yiaw ]
5 % 3
. ky'C "' Fast Fourier Transform =
x Data Fhase Factors
3 1 i Block RAM @) Botk RAM
Distributed RAM Distributed RAM
3 Number OF Stages Using Block RAM  Reorder Buffer
=T RE W Block RAM
i 2 E Distributed RAM
”U‘l’ a TIN5
4. : Il
. Complex Multiphers
2 © e B loge
X i Use 3-multiplier structure (resource eptimization)
; @ Use 4-multiplier structure (performance optimization)
ok Butterfly Arthmobe
rih @ Use CLB logic
g 0 Vs MtremeDSF Slices
"‘vs,m ‘?wl'} mlch[ﬁ] [[<iock | rogesofs | et~ | [geserate | [ goncel ] [ e ]

Add a top-level module, fp_fft_top, that instantiates the generated fp_fft_core IP
core. This is required as ISim hardware co-simulation currently only supports a
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_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_xn_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.
There are some Verilog tasks defined in the test bench:
e clear fft xk_data
Fills the fft_xk_re_data and fft_xk_im_data array with zeros.
e load_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
UG817 (v 13.1) March 18, 2011 www.xilinx.com 11
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Step 3: Compiling the Design for Hardware Co-Simulation

Once you have created 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, will be co-simulated in
hardware during the ISim simulation. Other modules will be simulated in software.

1. Switch to the Simulation View in Project Navigator. Right click on the dut —
fp_fft_top instance from the Hierarchy view and click Source Properties.

i3] ISE Project Navigator [M.704) - C\Tutorials\DSP'\FloatingPointF FT\FloatingPointFFT.xise - [fp_fft_th.v] =
E File Edit WView Project Source Process Tools Window Layouwt Help - | & X
.J} H o b L3 Xwa| »: A AR AE| A BB D] NP o i
| Design w08 x 1 T = ina / ipa ' -
i | vew: O i wtation @ B Smulation ; 2
et T = 3 module fp ffc cb () =
fz] |Behandoral | = =
&l g L] local m FET_XN_DRTA WIDTH = _32; 1
[fa] | Heerarchy | = 5 w FET_XE_DATA WIDTH = 33:
] FloatingPointFFT & w FET_TRANSEORM_LENGTH = 163847
| 60 | & O acbvh240t-11156 7 m FET_TRANSFORM LENGTH LOG 2 = 14;
#J 5 (W) fp_th_tb (fp_fft_tha) 8 m STATE_INIT_FET = 5'b0000
i - dut—rp_m_tu{f_fﬁ ——— = m STATE_START FET = 5'pO001
a 1t fp_fit_core (fp, (Ll New Source.. m STRTE_COMPUTE_EET = 5'b0010
= A1 Add Source... n STATE_FEI_UNLOADING = 5'b0100
14l {f:] Add Copy of Source m STATE_FEFT_DONE = 5'b1000
L} o
ope b
| » £ Mo Processes Running di] Remove [ (EET_XN_DATA WIDTH-1):0] fft_w
o ;l:;cum:dm—fp“mut-n-p Mariual Compile Ordes [(EET_XN_DATA WIDTH-1):0] z:zzz:
i e W ISimSimulster o Set 8z Top Module [ (EET_TRANSFORM LENGTH LOG 2-1):0] ffr
o P)  Behavieral Check Syntal  SmanGuide., ffc_f
-] Sirnulate Behavioral Mo ffc o
i File/Path Display » ffc b
L fic e
Expand All ffc_dr
Collapse All ffc o
[ (EET_TRANSEFORM LENGTIH LOG 2-1):0) fft x
() Find... Curd+F [(EET_XK DATA WIDIH-1):0] fre xf
L3
e S ———— Design Properties... - —
[ | %
e Start | B Desgn (K] Flts.]"b R — ter | L Design Summary fo_fit by B3 |
_Edit the properties for the highlighted sourc Ln3Coll Verilog |
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Compiling the Design on the Command Line

You can invoke the ISim compiler through the Fuse command line tool. As in the pure
software simulation flow, you need to 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 need to provide the extra
arguments listed below:

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

* hwcosim_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, which 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.

* 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.

* 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_tb.exe
-hwcosim_instance /fp_fft_tb/dut
-hwcosim_clocnk 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
the pure 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
UG817 (v 13.1) March 18, 2011 www.xilinx.com 13
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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 may notice the message in the ISim console window:
“Downloading bitstream, please wait till status is READY”. Once 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
Loading | - = TE
d Inp 1 ;

[5 File fdit Wew Simulation Window Leyout Help
18 Hd| %] % X ®| o o | M H
~O&x &

Irstances and Proces_. + O & X | Chyects

T Sl t o

J_ & - _J_ - Srmudation Objects for dul J

Instance and Process Name shlSalial ol 8115 e }-c

@ tnstis Object Mame: Value | &
=) reverse_vector

1 ek 1
_-'t frt_start 2

=) dlear fit_xk_data 0
S Mo reB10] 00000 Q
- -]
=
i

= load tt_mn_data

= sae_fft_wk_data B o mB10) 00000 1

B o Ly #t_twd_ierw
15 Initial 83_0 ,,i 1t P ien_we 0
) Con 891 L ft_rld -]
% Ahays_91_2 -1‘"' it _index]... 00000
5 Always 94 3 L it _buesy a I
2 Ahways_100_4 I fft_edone 0 %
) Cont 1495 L& #1t_done 3
LY Cont 1506 _‘T‘ it dv ]
O Alays 152 7 St index(l
# Bt E_re[31A0)

Y ok imE10)

5 X

£ tratanc,.|Egh Memery 43k}

Corsale

Firished cirouit insalzation process. T
=22 BET Done

Siopped ot time ; 56985 ns : B

=== Semulaton Teme: 79,2865

I Tyborishe DSPIFabngPoin IFFT Mo 8t th,v* Line 144

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. 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 so long as the portion of design
under co-simulation has not changed. The compilation time may be even faster than a
regular ISim compilation since 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 and is very easy to set up. It also 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. It, however, consumes more resources
on FPGA for implementing the hardware co-simulation interface and is only supported
on several boards.

Comparison on Simulation Performance

Note Speed-ups relative to ISim simulation are in parenthesis

Compilation Time Simulation Time Total Time
ISim simulation 49s 1383s 1432s
ISim hardware 685s (0.07x) 90s (15x) 775s (1.8x)
co-simulation on
ML605 through
JTAG?
ISim hardware 5s (10x) 90s (15x) 95s (15x)
co-simulation on
ML605 through

1. The benchmark was performed using ISE® 12.3 on a machine with a Core 17 2.8GHz CPU, 8GB RAM, and running a
64-bit Windows OS.
2. The JTAG co-simulation interface uses a Platform Cable USB with the speed configured to 12 MHz.

Accelerating Floating Point FFT Simulation
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JTAG? (Enable
Incremental
Implementation)

Compilation Time

Simulation Time

Total Time

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)

55 (277x)

10s (143x)

3.

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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Appendix

Additional Resources

* Global 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

Accelerating Floating Point FFT Simulation
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