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Engineers have long developed DSP algorithms using floating point due to the wide dynamic
range. Often in C using float or double type designation or wilasithworksMATLAB

modeling environment. However, when it comes to implementing DSP algorithms in HW,
the algorithms are most often turned into fixed point algorithms. This conversion can take
weeks or months and lead to traafés in the algorithm. The reason for the conversion is the
inability for HW to implement Floating Point in a cost efficient manner while maintaining
adequate performance. Altera has been working to solve this problem for some time and
have developed a powerful new floating point design flow for FPGAs.

So, in this webcast we will start with the basics of floating point. Then we then discuss
options for implementing floating point DSP, this includes CPUs DSPs, GPUs, and FPGAs.
Next we will discuss the innovations Altera has made to achievegffestive high
performance Floating point DSP in an FPGA,
Builder tool and finally wrajup with a couple examples and validation conducted by BDTI,

one of the leaders in independent DSP analysis.

If you are wellversed in floating point notation, IEEE floating point standard, and the basics
of floating point arithmetic. Please feel free to jump to slide 11, and skip the first section
AFl oating Point Overviewo

we



Floating-Point Overview

L e tbégm with the Floating Point Overview



What is Floating Point?

= Fixed-point representation
- Computer representation of an integer = 1250

m Floating-point representation
— Computer representation of a real number
— Example: 1250.357 = 1.250357 x 10°

m Mathematical convention

, Exponent

X=8Xxbe

 \

Mantissa (Significand) Radix (or Base)
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Whatis FloatingfPoi nt ? | tdéds easiest to start with fixe
the computer representation of an integer. So, floating point is the computer representation
of a real number. Letds | ook at the two examp

number that can be represented in fixed point decimal with 4 digits. If the number has a
fractional portion, like in our second example, .357, you can represent the number in

scientific notation, once normalized this is essentially a floating point representation of the
number

A floating point number has several componenteatissaan exponent and radix or base.
Which for computers is typically is binary or
have some fun and take a quick tour of the history of floating point as described in the

handbook for floating point arithmetic, a gre



Interesting History of Floating Point

— Babylonian era: V2 approximated with radix 60
- 1630: slide rule was invented

= Numerical representation I o

= |In computers
- 1941: Z3 computer (developed by Konrad Zuse)
@ Radix 2, 14-bit significand, 7-bit exponent, 1-bit sign
- 1958: Setun (developed by Moscow University)
® Radix 3, used 3-valued ternary logic for the whole computer
- 1965: IBM 360
® Radix 16, 24-bit significand, 7-bit exponent, 1-bit sign
— 1980: Intel 8087 mathematics coprocessor
® 50,000 floating-point operations per second (FLOPs) s
- 1993: Intel Pentium
® Includes floating-point unit (FPU)

Note: History Details from J.-M. Muller et al., Handbook of Floating-Point Anithmetic, Birkhauser Boston | a part of the Springer Science+Business Media, LLC 2010
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Scientificnotation or floating point representation of numbers can be seen dating all the way
back to the Babylonian era with the square root of 2 with a radix of 60. The slide rule,
invented in the sixteen hundreds, was also a form of floating point. While this was long
before the computer era, some of the earliest computers did use floating point. For example,
the Z3 computer used a radix 2 alditmantissa, a 7 bit exponent andi@ned bit.

TheSetun developed in Russia, used a Radix 3. The IBM 360 main frame used radix 16. In
1980, the PC market was taking off and Intel developed the 8087 math coprocessor for use
with it x86 CPUs. This was able to implement fifty thousand floating point operations per
second. Later x486 amentiumbecame one of the first CPUs to integrate a Floating Point
unit on the same die.

As floating point became more pervasive, as in desktop computers, it was clear there needed
to be a standard.

€. Other notesé.
IBM was a main frame
Motorola had equivaleriiPU
1993Intel Pentium (include FPU)



IEEE 754 Standard for Floating Point

m In 1985, the floating-point standard was set
—~ IEEE 754 in 1985, 1987, and 2008

m The standard gave accuracy, reliability, and portability
- Includes formatting, encoding, rounding algorithm, exceptions, etc.

m |[EEE 754 single-precision standard

I [ ]
[o]o[ [1]1[1]1]o]o o|1|o]o|o|o|o|o[o|o|o|o|o|o|o]o|o|o|o|o|o|o|o| 0.15625

31 30 2322 (bit index)
Sign Mantissa Exponent
binary16 Half precision 1
binary32 Single precision 1 23
binary64 Double precision 1 52 11
binary128 Quadruple precision 1 112 15
© 2011 Altera Corporation—Public Aﬂm &
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In 1985, IEEE created the first widedgcepted standard for floating point numbers. The
standard was originally developed for binary numbers but subsequently updated in 1987 to
include decimal and other bases. In 2008, the standard added quadruple floating point and
standardized on the fused multizlgd operation.

The standard gave accuracy, reliability and portability for the representation of numbers in
computers. The consistent format, which you can see in the pink and green diagram show
how many bits are allocated to each portion of the floating point number. For single
precision, there are 32 total bits, 23 bits for the mantissa, 8 for the exponergignddLbit.
There is also an encoding scheme for the standard. For example, there is an implicit 1 in
front of the mantissa leading to 24 actual bits of precision and in order to have a negative
exponent, the exponent is biased by 127. For example, if you wanted to represent and
exponent of 3 you would actually use 130 (127+3). That leal€¥ 10 represent negative
exponents.

In the table you can see the different formats. The most popular being single precision and

doubl e precision. You may also hear single

shown in the table.

e X



Floating-Point Arithmetic

m Floating-point addition (in decimal)

1.05x 10° 0.0105 x 10 0.01 x10°
225x105  mp 225 x10° mp 225 x10°
22605 x 10° 226 x10°

m Floating-point multiplication (in decimal)

1.05  x10°
225  x105
2.3625 x 108 o R

ARITHMETIC

m Other key notes
- Rounding (e.g. round-off error)
— Non-representable (e.g. 0.1 in binary)
- Normalize and denormalize (less precision)
- Overflow (exponent too large) and underflow (exponent too small)

© 2011 Altera Corporation—Public MM ®
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To understangvhy floating point is more challenging to implement in HW than fixed point,

we can look at a few examples. For the sake of simplicity we use the decimal format, The

first example is floating point addition. When adding two floating point numbers, the

exponents must be the same, if they are not, the decimal point needs to be shifted. This is

call ed demoralization. | n tthhee tébxmerapéd.e s hown,
toé. point 0 1 0 5 times 10 to the 5. Once th
mantissas and carry the exponent. However, in the right most addition example, the two least
significant bits were dropped as part of ttemormalization this maybe the case if you

dondt have enough bits of pdenermaliztiiosanloveo keep t
your precision. This is an example why double precision with more bits sigihiécandis

more accurate that single precision. It also shows that not all numbers can be represented in
computers exactly as they are but floating point provides the best representation given the

bits of precision.

In the multiplication example, the mantissas are multiplied and the exponents are added.

The IEEE standard also covers other aspects including rounding, numbers that need a special

designationé. | i ke demofmalizatiddy anmoiomalri aatdi amdam
While floatingpoint addition and multiplication are bcih (a+b=b+a).they
are not necessariy . Thatis, & + b) thenaddecc is not necessarily equal (b +
c)thenaddedtod& he order mattersé this is due to vari

and/or de normalization.


http://en.wikipedia.org/wiki/Commutative
http://en.wikipedia.org/wiki/Associative

Floating-Point Benefits

m Greater dynamic range
— Represent large numbers and small numbers BYRAMIC RANSE
- At the expense of precision

m Example 1: largest 3-digit number (decimal/positive)
- Fixed - 999
— Float > 99 x 10° = 99,000,000,000
® (2 digits for mantissa and 1 for exponent)

m Example 2: precision of 3-digit number (decimal/positive)
— How to represent 125 in fixed and floating point?

- Fixed 2 125
- Float > 12 x 10" = ;or13x10'= —can'’t represent 125
© 2011 Altera Corporation—Public Mm ®
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Giventhe added complexity of floating point arithmetic in a computer, there must be a good
reason to use floating point vs. Fixed point. The reason is dynamic range, or the ability to
represent very large and very small numbers at the same time. However, floating point
comes at the expense of precision. For example;kat 3ized point number has better

precision that a 3bit floating point number. This is due to all 32 bits in the fixed point

number being used for the mantissa and only 23 bits being used for the mantissa in the
floating point example. The floating point number needs some of the bits to communicate the
exponent, the exponent on the other hand is what gives the dynamic range.

Lets again use an example using decimal numbers to clarify. In example 1, we want to
create the largest number we can using ordig8s. That leads us to 9 9 9 or nine hundred

and ninetynine. Now we want to create the largest number we can using floating point with
the same 3 digits. | have arbitrarily chosen two of the digits for the mantissa 9 9 and one
digit for exponent 9. In this case, 9 9 9 would represent 99 times 10 to the 9 or 99Billion.
This issignficanlylarger than 999. So using the same number of digits (or bits in binary),
floating point offers much larger numbers. We can also create a negative exponent to create
really small numbers in floating point. This is a simple example of greater dynamic range.

Letds |l ooks at example 2 and see where we
the same constraints of 3 digits in decimal. We try to represent the number 125. Very

straighforward n f i xed poi nt. Now | etds try and repre

same number of digits for the mantissa and exponent as the last example. We can represent
12 times 10 to the 1 or 120, we can al so
represent 125, therefore we would need to round to 130 and loose some precision. If we had
another digit in the mantissa, we could represent 125.



Floating-Point Applications (1)

= Military
- Radar and electronic warfare, requiring back-end space-time
adaptive processing (STAP) and Doppler radar using fast Fourier
transform (FFT)
m Wireless
— Channel card, requiring multiple-in multiple-out (MIMQ) algorithms
- RF card, requiring digital predistortion (DPD) feedback
m Medical imaging

- MRl and CT scan, requiring back-end data processing

Test and measurement
- Spectrum analyzers and VSAs, requiring large FFTs

© 2011 Altera Corporation—Public
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Nowthatwe have completed a refresher in floating
briefly look at some of the markets and applications that would benefit from floating point.
Military market, is the first that comes to m
are good candidates for floating point, this includes padggpleror more advanced

radaréé. such asé.. space time adaptive proce
algorithms and beafiorming algorithms in the wireless market. Medical imaging and
specifically MRI and CT scansé.. in addition
requiring very large FFTs would also benefit from floating point.



Floating-Point Applications (2)

m High-performance computing
- Financial and Monte Carlo modeling

- Weather and seismic system, Synthetic Aperture Radar (SAR),
molecular dynamics, etc.

- Cryptography and National Security applications

m Industrial
— Motor control
© 2011 Altera Corporation—Public Mm ®

TheHighper f or mance computing marketé. who has 1o
pointare very interested in accelerating their algorithms. Other examples include Motor

control in the industrial market. Towards the end of this webcast, | will briefly cover two
examples, a matrix inversion and a motor control design.

10



Options and Challenges of
Floating-Point Implementation

Letds | ook at some oforflaatngpointMBH algonithmst this i on opt i
includes CPUs, DSPs, GPUs, and of course FPGAs.

11



Implementing Floating Point

m Limited choices... until recently

- CPU (Von Neumann architectures)
e Example: Pentium, PowerPC, ARM® — software flow
e Typically requires multiple chips
® PowerPC e600: ~2.5 GFLOPS
— DSP (Harvard architecture)
e Example: TI DSPs - software flow
e Largely fixed point — just introducing floating point
° TI C66x multicore DSP — fixed and floating point : ~160 GFLOPS (single
precision)
- GPGPU (general-purpose graphics processing unit (GPU))
e Example: Nvidia GPUs — software/CUDA flow
e Evolved from graphics processing
° Nvidia Tesla 20-series family : ~1 TFLOPS (single precision)
- FPGA
o Example: Altera FPGAs - hardware flow
e Largely fixed point, floating-point compiler launched in 2010
] Stratix® V and Arria® V FPGAs : ~ 1.2 TFLOPS (single precision)

© 2011 Altera Corporation—Public MM ®
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There have been limited optionsitonp | ement fl oating point DSP al gorit hm:
at the options. The CPU with a Floating Point Unit is where most engineers have been implementing

floating point DSP algorithms. This is using the typical Von Neumann architectures in a Pentium, ARM or

PowerPC. The PowerPC was used extensively in radar designs for the-pastelds. However, the

performance was limited and peaked at a few GFLOPS per device. To implement higher performance you

often saw 1015 CPUs on a single board, causing a challenge on how to partition your algorithm and

running into power constraints.

DSP processors are largely fixed point and not until recently had a real floating point solution. Tl is trying

to change this with the new C66xlticoreDSP processor that offers both fixed and floating DSP

capability. However, the floating point implementation is only a % efficient in terms of multipliers

compared to i mplementing in fixed point. They cl aim &
peak number and probably far the sustained GFLOP number

The rise of the GP GPU or general purpose graphics processing unit starts to provide some high
performance floating point capabilitividia who has been developing Graphics Processing Units for

desktops for years is adapting the technology for general purpose calculations. This requires an entirely new
software flow. For some time, engineers often represented their floating point arithmetic in terms
graphicsé. or \ladetdetake advadtagé of tagfloeting point capability in GPUs. Then
Nvidia developed CUDA a few years ago to allow engineers to engage floating point capabilities of GPUs
without knowing about graphics. This is essentially the General PuirgsB&). Nvidia claims their new

Nvidia Tesla series can hit 1 TFLOPS. The biggest challenge with GPUs, other than learning the new
software flow, is GPUs are very power hungry.

FGPAs have |l ong been used for fixed point DSP algorit
the large number of DSP blocks containing dedicated multipliers. Altera recently launched the floating

point compiler within the DSP Builder Advanced Block set tool. DSP Builder can be used for both fixed

and floating point algorithms and allow you to mix fixed and float within the same design. Using the new

floating point compiler from Altera, you can now achieve high performance floating point in an FGPA. An

example includes the Stratix V FPGA with a sustained ability to achieve over 1 Teraflops.

Letds |l ook at all these options in a table

12



Floating-Point Comparison Table

——mm FPGA

Performance 10X 50X — 100X 100X

Power 1X 1X 5X —10X 1X=2X
i - - High

I/Os Very limited Limited Limited bandwidth

Longevity Medium Medium Worst Best

Complete No No

system Yes (requires CPU) (requires CPU) Yes

Tool flow Software Software Soﬂwgre with Model-based

multicore

FPGAs Offer Performance Advantage over CPUs/DSPs
FPGAs Offer Power Advantage over GPUs

© 2011 Altera Corporation—Public Mﬂ &
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The next slide shows a table comparing the implementatipt i ons. Let 6s Wwah& through

performane perspective, GPGPUs and FPGAs will offer the highest performance floating point capability.
From a power perspective, the power hungry GPUs start to become a challenge. As we look at I/Os, DSP
Algorithms are very data intensive, the ability to move data on an off the chip is also a challenge, FPGAs
of fer very high throughputé.. transceivers from 3
For |l ongevity, FPGA companies rarelyé. if ever é.
applications and typically don't have 100s of variants, which is not the case in many CPUs and DSPs. For a
complete system, the CPU offers the ability to often incorporate a complete system in a single device, not
typically the case for DSPs or GPUs as they both rely on a CPU for the control function as they handle the
data computations workload. An FPGA can host an entire system, in many cases, engineers implement a
CPU, or many CPUSs, on the same FPGA. Nies || 32-bit RISC processor is a popular example. For tool

flow, CPUs and DSPs offer a simple to udegased flow, GPUs offer a hybrid of C and HW or API based

flows. FPGA designs are typically implemented/ierilog or VHDL, but using the floating point compiler,
engineers can stay in the popular MATLAB/Simulink environment, often where the algorithms were

, 6
obs

t

C

originally created. Alterads DSP Builder tool automat

Verilog or VHDL.

In general, there may be several factors when choosing your architecture, but just looking at floating point
i mpl ementationé. FPGAs offer the best performance
power advantages over GPUs. Most easily seen in GFLOPS/watt

http://cache.freescale.com/files/32bit/doc/data_sheet/MPC8641DEC.pdf

oV
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Floating-Point Implementation in FPGAs

m Historical challenges
- Efficiency — floating point required significant logic and multipliers

- Performance - floating point stressed the routing resources in an
FPGA leading to low fyax

- Floating-point tool flow — No C-based or model-based flow

= How did Altera solve these challenges?

© 2011 Altera Corporation—Public Mm ®
Sowhat 6s changed, why is it n-pedorrpancesi bl e to ef

implement floating point DSP algorithms on an FGPA. FPGAs have certainly had their
challenges, traditionally floating point has required significantly more logic than fixed point,
more multipliers are required, and given the wider data path, the routing was often stressed
creating bottle necks and leading to low performance.

Letds see how Altera has solved these chall en
floating point implementation on the market.

14



Floating Point in Altera FPGAs

FloatingPointinA | t eFP@AG s

15



Floating-Point Flow in Altera FPGAs

m How Altera solved floating-point challenges
— Improved multiplier efficiency in the tool flow (with DSP Builder)
® Floating-point compiler (in DSP Builder)
- With fused datapath technology
® Folding theory capability (in DSP Builder)

— Improved multiplier efficiency in DSP block silicon
® 28-nm variable-precision DSP block optimized for floating point
- Support for native 27x27 mode for single-precision floating point
- Support for 54x54 mode for double-precision floating point

® Increase the number of DSP blocks in 28-nm FPGAs

- Floating-point tool flow using DSP Builder

© 2011 Altera Corporation—Public MM ®
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To overcomesome of the traditional challenges of implementing floating point in an FGPA.
Altera made some significant Innovations.

On the tool fl owé

Altera has made significant improvements to DSP builder including the floating point
compiler with fused datapath technology and enabled folding capability. This brings
floating point capability to all current Altera FPGAs.

On the silicon sideé.

Altera has improved the multiplier efficiency in the DSP Block by adding a native 27x27 bit
mode, perfect for implementing single precision floating point multiplication. If you

remember from the IEEE standard, the single precision type habiari@ntissa that needs

to be multiplied, well within the 27x27 capability but not as efficient as chaining 18bit
multipliers togetheré. (as competing FPGAs
mode to implement double precision floating point.

In addition to the improved multiplier efficiency, Altera has added significantly more
multipliers than previous generations.

Letdés | ook at some of these I nnovations in

h a

mo

16



New Floating-Point Implementation

s/, Montissal  Mantissa? Exponenti Exponent2

Slightly Larger
- Wider
Operands

True Floating
Mantissa

Denormalize

!

Normalize Remove

Normalization

1 |
! Do Not Apply H
1 Special and Error |
I Conditions Here :
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First isthe fuseedata path technology in the floating point compiler.

If we lookat the IEEE754 floating point standaliis not well suited for FPGAs, and using
this approach througbut the data path will lead to poor performance, and excessive routing
and logic usage.

Instead, FuseBatapathsupporstEEE754 only at the functional boundaries. Within a

functionordatapath t he circuit design is optimized,

floating point operations

For example, rather than using atdBmantissan the compilerThe fusedatapattextends

it to the full 27 bits of the multiplier. This reduces the numberosmalzizationgand
denormalizationsequired. By taking advantage of the extended precision capability of the
multiplier, significantly less logic resources can be used.

w h

17



Vector Dot Product Example

—
B —
- . R
 —

—
—_—

=
.

Normalize
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B —
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—_—

* Denormalize . .

L ] L] [ ] [ ]

L] . [ ] .
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A simpler example of the fuseldtapathechnoloycan be seen by looking atactor dot
product This function is fundamental in many floating point processing algorithms, such as
in matrix inversion or matrix multiplication.

Note how many normalizations addnormalizationsan be removed by extending the

mantissa size. All multiplier products atenormalized o t he | argest exponent
overhead depending upon adder tree size.. The
result is normalized. All the intermediate steps do not neeabttmalization and

denormalizatiorsteps, as the extra mantissts compensates for the removed intermediate

steps. For large vector sizes, the fused data path technology can reduce about %2 of the logic
required in a DSP algorithm which also boosts performance as less routing is needed.

18



m Folding

- Also known as time-division
multiplexing technique

— Function units are underutilized
when the sample rate is less
than the clock rate

m  Automatic time-sharing of

hardware

- Allows the user to create simple,
parameterizable primitive
designs without wasting
resources

— Allows for multiple channels
being processed per clock cycle
with DSP Builder

© 2011 Altera Corporation—Public
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DSP Builder Primitive Folding

Additional
Multiplexers l Registers

“Unfolded Hardware”

Additional

“Folded Hardware”

[NO[SRYA\,

Anotherlnnovation is ...folding.. This can be automatically implemented in the floating point

flow within DSP Builder.

Thepurpose of this feature @itomaticlyprovide resourceavings by sharing underutilised

6functional unitso

(mul tampd isea sané&.egi ster s,

It allows theengineer tareate simpleparameterisabldesignwithout wasting resources.

Aoldingi or time-division multiplexingi could obviously be done by hand; but it typically
would need to be redone if the parameterisation (number of chamtielsf clock to

sample rate, etc) changed.

19
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Floating-Point Multiplier Resources

m Floating-point density is largely determined by hard
multiplier density
- Multipliers must efficiently support floating-point mantissa sizes

Multipliers vs. Stratix lll / IV / V Devices

4,500
4,006

4,000

3,500

3,000 | 18x18 Multipliers

2,500

Single-Precision
Floating-Point Multipliers

2,000

Double-Precision
Floating-Point Multipliers

1,500
1,000

500

EP3SE110 EP4SGX230 58Gs720

© 2011 Altera Corporation—Public Nm ®

20

from this charté we can see the i mpact of the
implemented

Altera multiplier densities have been progressively increasing with each successive family.

However, note how the single precision multiplier density has increased over six times from

the Stratix IV family to the Stratix V family, and offers the highest single precision FPGA

multiplier density in the industry. This is due to the na#iv&27 multiplier mode available

in the 28nm variable precision DSBSPhinotkeck é. a
per device for 28nrfpgafamilies.



Altera’s Floating-Point DSP Flow

© 2011 Altera Corporation—Public

We started the webcdsy lookingat thelEEE floating point standard and basic arithmetic,
then we looked at some options and traffe of implementing floating point in CPUs,
DSPs, GPUs and FPGAS, and how Altera has overcome some of the challenges of

i mpl ementing floating point algorithms throug
at the actual too flow.

21



Altera’s Floating-Point Tool Flow

m Model-based tool flow
— MATLAB, Simulink, and DSP Builder tool flow

m Two design examples
— Motor control
— Matrix inversion

© 2011 Altera Corporation—Public MM ®
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Al t efloating point DSP tool flow is implemented using the DSP Builder Advanced

Block set within the MATLAB/Simulink environment. We will show the tool flow then
provide somejuick examples.

22



Simulink Model-Based Algorithm Development
‘\MathWOka' st gt Toh b

FEB2C REY S .

[ simwiink Ubeary bromser
e R vew thb

0 & -8 |
| SWITCHI: SWITCHT

Connects ta the active-ow i svch on the APEX 0

©2011 Altera Corporation—Public

[NO[SRYA),

The floating point compiler using the Fused Datapath technology is embeitidied

Al terads DSP Bui | de rSinuhkfeon end ahd design c k
environmentSimulink is aMathworksproduct, purchased separately.

set

us i
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MathWorks Design Environment

m Provides top-down design MATLAB
Algorithm Development/ . °7

m Designs and tests system e
behavior early in the
design process Simulink l

System-Level Design

- Creates validated reference design

m Detects design flaws early et E"’%%
£

Validated Design

m Reduces design risk

EDA Tools DSP/Embedded “ o

Software Tools
and COSt Third-Party l
- Implementati
m Reduces time to market on Tools
Source: MathWorks FPGA DSP

Hardware Software

MATLAB/Simulink Must Be Purchased Separately
from MathWorks

© 2011 Altera Corporation—Public Alm ®
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MathWorksprovides a toglown solution where one can design and test the entire system

modeling the DSP and control logic component interactions. The early detection of design
flaws results in

reduced risk of design failure and reduced t#imenarket.

It allowsthe designer to use the same test bench for the simulation as the final FPGA
implementation.



MathWorks —- MATLAB

m Computer language of :
DSP engineers

= MATLAB B |
- Develop algorithms e e e
and applications ELICILT AT ICLT T cam e

| 0,
— Analyze and accesses data

- Visualize data
- Perform numeric calculations e —— ed

i

xxxxx

© 2011 Altera Corporation—Public Nm ®
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Matlabis often the starting point for system and algorithmic design. It is used to simulate
and model system operation. UsiD§PBuilderallows the same simulation to be used as the
testbench f or the FPGA devel opment

25



MathWorks — Simulink

m Dynamic graphical
modeling environment

m Simulink

— Develop entire system
dynamically

- Simulate and interact
with the system

- Explore different architectures
- Analyze results

m Simulink adds the
concept of cycles (clocks)
- Becomes hardware realizable

Fle Aves Chonnels Window Help

Amplitude

© 2011 Altera Corporation—Public
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Simulinkis a graphical extension toatlaballowing schematic entry and visualization.
Unlike Matlab, Simulink has the concept of clock cycleghich is needed for hardware
implementation. It allows the user to describe the level of parallelism in the design.



Simulink Blockset Libraries
® Simulink
- Sources s.,.n.w. _ialx
- Sinks D&+ o[
_ COI"ItInUOLIS Baze Blocks: AoModelP/Bare Blocks
- Discrete
-~ Non-linear _=1f Bose Blocks
~ Math I .
X 3] Fiter o —
m Altera DSP Builder Advanced Blockset — & =~
2] Waveform Synthesis ‘E Modelim
m Altera DSP Builder blockset e i =
m Fixed-point blockset \.3:'1?:“ (S e
2 Complex Type
= DSP blockset I b
B 0 abus ]
m Real-time workshop S
= Communications blockset g’”;:“h.,“’m
m Image acquisition toolbox o oo o
Ready
m Others
© 2011 Altera Corporation—Public Nﬂ-m .
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Simulink consists of a number of |l i braries of

built and tested.

DSP Builder is shipped with two library adads to theMatlak/'simulink tools encapsulating
two preferences for design methodoldgy WY SIWY G-style giving explicit control over
pi pel i ni n-gndénahedignaleisteetClassic or Standdotkset and an
abstracted, highdevel style in the Advanceaocksef which allows the tool freedom for
automatic optimization and pipelining.

27



DSP Builder Design Flow

[ Wrigre 1

Ds@s & 28082 0@ 0

oo e — =

<& 4\ MathWorks'

[

E

=
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MATLAB/Simulink Domain
(System Simulation and Verification) n [l

1

HDL/Hardware Domain
( Hardware Implementation/RTL Simulation)

Bothblocks et s generate HDL, provide automat:i

t he

HDL

g e n e r a $Simutin& simulatiorg dné genetate ©uartus projects and

Qsys integration files.

The Classidblocksetalso provides tools fdsimulink-driven hardware simulation and
SignalTapsignal capture ....

c
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Constraint-Driven Design (1)
1. Create Model

m Use ModellP or ModelPrim libraries

I |
ModellP

= I . =

ModelPrim
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Thedesign can be created using IP blocks for common functions like filters, NCOs, saturate and
truncate blocks. Or the engineer can build their designs out of primitive blocks, saahipkers

addersmuxes delay blocks, and so forth. Or any combination any case, all design optimizations
are applied across the designs.
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Constraint-Driven Design (2)

2. Select Device

m Device independent modeling up to this level

E} Block Parameters: Device

x| Straix Il
DSP Buider Advanced Blockset Device Block (mask) (ink) Stralix
=] demo_fibonacci/FibChip * Marks a particular Simulink Subsystem as the top level of an FPGA device and sets Stratix ||
Fle Edt Wew Simuation Fgr | updevice options. Stratix Il
oy s L [Statix v
(] \D ﬂ é % B K —Paameters Cyclone Il
Device Famil Strais I = Epcios
Family Member
IAITERAN [ouTo
«Stratx 1T ey, —————————— |
Stratix Il
AUTO |
Device
0K | cocel | Hep | ook ~ 2
oo ) = -
40 fib
FibSystem
Ready 100% [ FixedStepDiscrete 4
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Changing FPGAlevicefamileis a simple as selecting the family and speed grade, or even a specific
device. TheDSPBuildertool has access to the timing models of each deviQuartus which allows

the tool to perform device specific optimizations. This facilitates design migration to Aterar
devices.



Constraint-Driven Design (3)
3. Set Frequency

m Automatic pipelining or time sharing (ModellP)

=] Block Parameters: Signals x|
DSP Builder Advanced Blockset Signalz Block (mask] (ink)

The Signaks block speciies information about the clock, reset, and memory bus
signals used by the simulstion model and the hardware generation

Parameters

Clack

[ek

Clock Frequency [MHz)
[400

Clock Margn [MHz)

Reset
[areset

Reset Active[High =
Bus Naine

[bus

I~ Separate Bus Clock.
Bus Clock Frequency (MHz)
[400

I~ Bus Clock Synchran
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The designer specifies the desired clock frequency. The tool is capabiéding designs with
performance on par with the best hapdimized HDL implementations.
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Constraint-Driven Design (4)
4. Compile

gj Compilation Report ow 900 8 ode g
EB Legal Notice Restiicted | Clock
S Flow Summary = Fmax Name Note
SHER Flow Settings 1§ 307.22 MHz| 307.22 MHz| bus_ck!
SHER Flow Non-Default Global Settings | 2| 408.66 MHz| 408,66 MHz| clk s
Flow Elapsed Time
gg Flow Log Fite Status Successhu - Fi Ape 11 11:35:26 2008
4 ° ) Quattus I Vetsion 8.0 Intemal Buid 185 03/20/2008 S Full Version
& Analysis & Synthesis Revidon Nems FierSystom
& Fitter Toplevel Entity Name demo_fii_FiterSystem
&« &3] Assembler Famdy 5:“*"‘
=& TimeQuest Timing Analyzer ?r;m s, E' SEIDR2C2
S summary Logic utlizstion 7%
EHEH SDCFile List Combinational ALUTs 1448/56320(3 %)
SR Clocks Memory ALUTS 770/28160(3% )
2 Dedicated logic register 3825/56.320(7 %
5 &B Slow S00mY B5C Model ¢ oo o0 e SERIS(TE)
SHER Fmax Summary Total pins 121/412(29%)
Total vitual pins 0
Total block memary bits 12805/6517.088 (41 %) gommmmm
DSP block 18:6# slements 14/ 304 (4 %) e

Total GXB Receiver Channels ~ 0/16(0%)
Total GXB Transmitter Channels  0/16(0%)
Total PLLs 0/3(0%)
Total DLLs 0/4(0%)
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In this case, the tool closes timing with a worst case clock rate of 408 MHz, as confirmed by the
Quartus Il compile.



Fused Datapath Integrated in DSP Builder (1)
m Math.h S untitled * =74
Fle Edt View Simulation Format Tooks Help
- SIN - POW(x.y) DEHE B S| b u 00 [Nomd =] Bs
-Cos - LDEXP
- TAN - FLOOR
-ASIN - CEIL u M n !
- ACOS - FABS
- ATAN - SQRT u ﬂ u n H
-EXP - DIVIDE
e -worr | OE OB O
-LOG10
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Math.hf uncti ons are the simple operations you

math.hi trigonometric, log, exponent, inverse square root etc as well as basic operators such
as divide.

The implementation is multiplier based, since Altera FPGAs have an abundance of high
precision multipliers. Traditionally CORDIC implementations have been used for such
operation$ but the logic for this choice is based on the outdated ASIC idea that logic is
very cheap and multipliers relatively expensive. For floating point operations on FPGA,
multiplications are now cheap and have the advantages of predicable performance, low
power and low latency. Contrary to accepted wisdom, the-staffe CORDIC approach is
a highly inefficient method to build these functions.

The comprehensive library support witli¥$PBuilderAdvance Blockset allows customers
to build large, complex and highly optimized floating point datapaths.
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Fused Datapath Integrated in DSP Builder (2)

m Complex functions easily realized in FPGA

Oy | B )

File Edit View Simulstion Format Tools Help

ODzdé& Bl 3 (2 p 50 [Nom IR B S WEE®

Ready 97% FixedStepDiscrete

[NO[SRYA\,
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FusedDatapatthas been integrated infol t eDSRBuiklerAdvancedBlocksettoolflow.
Complexequations can be easily implemente®®BPBuildeblocksetwithinMat hwor ks 6 s
Simulinkenvironment. This allows for easy fixed and floating point simulation as well as

FPGA implementation of engineer designs.



Supports Single and Double Precision

= Including complex (c)

single (¢)

double (c)

Comd/

Square

- double (¢)

point
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DSPBuildersupports complex numbers, in fixed point or single or double precision. The
variable types are inherited, unless overridden by the engineer.



Supports Fixed Point and Floating Point

m Within the same model

single (c)

CmpGE1

M axiter!
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I f we |l ook under the subsystem doing the

complex type$ both single and doubieare used in conjunction with fixed point types. The
tool then offers a single environment for building mixed floating and fixed point designs,
and offers abstraction of complex and vectors making design simple and productive. All the
issues of dealing with mantissa, exponents, normalizations and special conditions are
abstracted away, just as when using a floating point software flow.

S
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Loop Block for “For i” Loops

5] demo_kronecker
Fle Edt Vew Smuston Format Took Hep
DEES 4B » sF0 fome ] E-BS - REEE®

Kronecker Tensor (Loop) Demonstration

Bl Edt ¥ew Smuaton Formst Ioos Hep He Edt Yew Smuston Fgrmst Toos e
DzEs el s b =k D #EE R 5T 22 ) 0 o ~] BB REES
- baolehn
A = L |
. int16
Int16 (2 inner value
- = int16
outer value
o -
ETTE T
ficody boolean (2 |
[Ready
Loop
« >
eacty 1%
ABTERA
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For While looping blocks are provided to allow fmmtrol functions in DSP Builder.
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Nested Looping Functionality

eady 127% fdeds

[NO[SRYA\,
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Thesdoop blocks can be nested to provide for complex looping behaviour, similar to
software constructs.
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Example: Motor Control Design

Field Oriented Control Algorithm

Optimized in An FPGA

| Position
| Request

_________________________________________
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function.Here we have a motor control design. If we look at a field orientated control
algorithm optimizedn an FPGA, you can see the FGPA can manage nearly the whole
system. Due to the wide dynamic range needed in the design, single precision floating point

wa s

used.
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Effect of Folding on Benchmark

Resource Usage and Latency

mm | ogic Element Usage (K) == Multiplier Usage —+Latency (us)

152

Effect of Folding

Logic element usage -70%
Multiplier usage -84%
Latency +60%

CyetonefIV Float Unfolded Float

©2011 Altera Corperation—Public AE-EE‘A .
Thisslideshows he signi ficant i mpact that Athea@aut om
DSP Builder Advanced Block Set can have on a design. The motor control design was
i mpl emented in floating point with and withou

dropped by 70% and multiplier usage dropped by 84%. As with any time division
multiplexing design, the latency also increased. The details of this design can be found in an

Al t era whi tOptimzeMomrCoritrol Ddsignd with an Integrated FPGA Design
FI ow n
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Matrix Inversion Benchmark
m Using Stratix IV and Arria Il GX FPGAs

and show tool capability

m Use Altera’s floating-point tool flow
— MATLAB, Simulink, DSP Builder v11.0

m Build the largest matrix inversion possible, scale down,

® |ncludes the floating-point compiler with fused datapath technology

tliin

i
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The highly parameterized single precision matrizersion example, usesCholesky
decomposition, with forward and back substitution. The goal was to determine the large

matrixi nver si on possible and

GX FGPAs. The example used readily available off the shelf tools and was benchmarked by

BDTI to determine performance, efficiency and eakase.

t he

performance

ava
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Matrix Inversion Throughput

m Matrix inversion — single precision

- Cholesky decomposition, with forward and back substitution
— Stratix IV FPGA (vector size = 60)

— Arria Il GX FPGA (vector size = 30)

Performance of the Cholesky solver

Configuration Throughput Throughput Vector Multiplier Utilization
Mat gur: | Reported by Reported by
{,ezt::‘:l':; Simulink ModelSim Reported by Reported by
(Matrices/sec) (Matrices/sec) Simulink ModelSim
240x240/ 60 3,204 3,204 88% 88%
180x180/ 60 6,113 6,113 78% 78%
120x120/ 60 12,680 12,680 58% 58%
60x60 / 60 28,998 28,998 27% 27%
120x120/ 30 9,921 9,921 69% 69%
60x60 / 30 27,886 27,886 33% 33%
30x30/30 59,665 59,665 14% 14%

[NO[SRYA\,

Thisslides highlight the results of the example using the Stratix IV and Arria Il GX device

family. Stratix IV could achieve a large matrix size of 240x240 with a vector size of 60. The
sustained throughput was over 3000 matrices per second. Arria Il also had strong
performance. The details of the matrix inversion example are available in BDTIs White
paper titled AANn independent analysis

available on www.altera.com/floatingpoint

of

Al

t e
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BDTI White Paper
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BDTI Validated White Paper

m Altera’s FPGA Floating-Point DSP Design Flow
— Walks through the matrix inversion design example
- Validates the FPGA performance and efficiency
- Discusses the tool flow

An Independent Analysis
of
Altera’s FPGA Floating-point DSP Design Flow

By the staff of

‘BDTI Berkeley Design Technology, Inc.

Download at www.altera.com/floatingpoint

© 2011 Altera Corporation—Public AIHEA ®
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BDTI 6 s Whi tsehrotigh matrix inweraidn klesign example and validates the
FPGA performance arefficiencly. They also discuss the tool flow. Again, you can
download the white paper at www.altera.com/ floating point
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First, Thankyou for sticking around to the end of the webcast. | simply wanteddaprall
that we touched on. We started with an overview of floating point, then discussed the
di fferent floating point options, then
Builder led to highperformance and efficient floating flow. We then walked through the
flow and showed a couple examples: Motor Control and matrix inversion. For more
information, please see the BDTI white

di scus

paper

point. To get started with DSP Builder, please contact your local sale rep for an evaluation

license.
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