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Agenda

m Introduction to Altera floating point in FPGAS

— 28 nm silicon enhancements
- "Fused Datapath”

m DSP Builder Advanced Blockset overview
m STAP Radar processing design example
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Floating Point in FPGA - Technology

Hardware Software & IP

Stratix® V Fused Data-path Technology
Patented Algorithms & IP
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28 nm Variable Precision

Stratix Il Stratix Il / 1V, Arria ll Stratix V

o 00 =)| 00
144 °@ A D 72 Variable Precision
144 ° z 144 @ @@
° ° @ Variable Precision
0 =) oo Hd j )00
Variable Precision
)[00 H|=)
Four 18x18 (Independent) Elght 18x18 Multipliers (Sum) Variable Precisi!
Eight 9x9 (Independent) Four 18x18 (Independent)
One 36x36 Six 12x12 (Independent) Eight 18x18 (Sum )

Four 27x27 High Precision
Four 18x36 High Precision

Two 36x36 (Independent)

Eight 9x9 (Independent)
Plus more.....

Highest performance, highest precision DSP at 28 nm

2000 GMACs or 1000 GFLOPs in single device
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Variable Precision Stratix V DSP Block

LI

Input Register

Intermediate Multiplexer

Output Multiplexer

Qutput Register

18-hit
Precision
Mode

64 ;

27 Bit Coeff (x8)

Input Register

Intermediate Multiplexer

Output Multiplexer

Output Register

High
Precision
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Support for Floating Point

m Both single and double precision

: .. Double-Precision
Single-Precision Mantissa Multiplication

Mantissa Multiplication

64

27 Bit Cosff (x8)

64 ;
7

Output Multiplexer
Output Register

Input Register
Intermediate Multiplexer

27x27
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Stratix V DSP Block Modes

m Floating Point -
—  (4) SPFP Mantissa Multiplier
— (1) DPFP Mantissa Multiplier

m Other Modes
~ (4 A*B+/-C
- (4 (A-B)2+(C-Dy

m Other Features

-~  Pre Adder

—  Rounder

-~ Coefficient Banks
-~ Cascade Adder
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Independent Multiplier Modes
~ (12) 9x9
~  (8) 16x16
~  (6) 18x18
~  (4) 18x25
— (4 27x27
~  (4) 18x36
~  (2) 36x36
(1) 54x54

MAC Mode (64 bit Acc)

—  (4) Sum or Two 18x18 MAC
- (4) 27x27 MAC
- (4) 18x36 MAC (18x25 MAC)

Sum of Multiply
- (4) Sum of Two 18x18
- (2) Sum of Four 18x18
- (2) Sum of Two 18x36
- (2) Sum of Two 27x27

Complex Multiply
- (2)18x18
~- (1) 27x27
~ (1) 18x36



Floating Point Multiplier Capabilities

m Floating point density largely determined by hard multiplier

density

— Multipliers must efficiently support floating point mantissa sizes
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Floating Point Multiplier Capabilities

m Floating point density largely determined by hard multiplier

density

— Multipliers must efficiently support floating point mantissa sizes
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“Fused Datapath”
for Floating Point Functions



Floating Point Methodology

m Processors — each FP operation has data
I/O in standardized IEEE754 format

m  This can be done but not optimized in
FPGAS

-~ Excessive logic usage
— Unsustainable routing requirements
—  Sub 100 MHz performance

— This penalty discourages use of FP compared to
fixed
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New Floating Point Methodology

m Processors — each FP operation has data o M Wttt Egorn
I/O in standardized IEEE754 format \y
m  This can be done but not optimized in |
FPGAs Slightly 14
~ Excessive logic usage operands

— Unsustainable routing requirements
—  Sub 100 MHz performance

—~ 'I_'his penalty discourages use of FP compared to True floating man)a
fixed (not just 1.0 — 1. 9,9’ )
m Altera has novel approach: “Fused ,
Datapath” {
- IEEE754 interface only at algorithm boundaries R\Emove /
— Large Reduction in logic and routing Normahzau@ ) .’
— Optimize algorithms to use hard multipliers Ty ’: »
— Single and Double Precision Floating Point support Do'n—o:[_a_p—pﬁ;-ségmal
-~ Based upon internal C to datapath tool and error conditionrs
here
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Optimized “Fused Datapath” Cores

m |[EEE754 Interface only at algorithm boundaries

— Large Reduction in logic and routing
— Optimize algorithms to use hard multipliers

ADD/SUB EXPONENT ABS MATRIX MULT
DIVIDE INVERSE COMPARE MATRIX INVERT

MULTIPLY CONVERT Sine
SQ ROOT INV SQ ROOT Cosine

Largest Portfolio of floating-point cores
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Pick “multiplier intense” algorithms to build
floating point functions

Function Register Multipliers Latency Performance
(27x27)
ALU 541 611 n/a 14 497 MHz
Multiplier 150 391 1 11 431 MHz
Divider 254 288 4 14 316 MHz
Inverse 470 683 4 20 401 MHz
SQRT 503 932 n/a 28 478 MHz
Inverse SQRT 435 705 6 26 401 MHz
EXP 626 533 5 17 279 MHz
LOG 1889 1821 2 21 394 MHz

Little difference between add/subtract and common MATH.H functions
CPU can have orders of magnitude cost difference: GOPS # GFLOPS
Stratix Series FPGAs: GOPS = GFLOPS
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Fused Data-path Technology:
Floating Point FFT MegaCore

One FFT 1024pt Core FPGA Resources Actual Resources Percentage
ALUTs 17,668 8,080 31%
Registers 16,068 58,080 28%
Logic utilization 24,104 58,080 42%
Block memory bits 140,340 6,617,088 2%
MIK Blocks 89 462 19%
Multipliers 64 384 17%
Fmax 320.62 MHz

Fourteen FFT 1024pt Cores

ALUTs 237,235 424,960 56%
Registers 254,671 424,960 60%
Logic utilization 343,787 424,960 81%
Block memory bits 1,942,304 21,233,664 9%
MIK Blocks 1162 1280 91%
Multipliers 896 1024 88%
Fmax 299.13 MHz
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“Fused Datapath” integrated into DSP Builder

= MATH.H COX

File Edt ‘iew Simulafon Format Tools Help
SIN O zEdS| &E8@

= » = fi00 [Nomal | @ ¢

- COS
- TAN
. ASin @ e aoa

- ACOS
- ATAN @8 a8 H
- somr e a8

- DIVIDE
- S Q RT {ready 100% ode45

Reciprocal

What is DSP Builder ?
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Simulink Model Based Algorithm Development
‘\ The MathWorks

E!Simulink Library Browser D | ﬁ n @ | ‘Xﬁ ﬁ | =

1l el

File Axes Channels Window Help

ClmEL & on

ak Tools Help OutSpectrum N [=F

Bl

File Edit Yiew Help

[l & 44 Find ||
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%

Connects ta the active-low input switch on the APEX [
wersion). SignalCompiler

B Sinulink,
= W] Altera DSP Buider
- 2] Ablab Differential
----- 2] Arithmetic encoder
..... 2 Bus Manipulation

----- 2 Comples;
[ 2| DSP Bo:
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..... | Gates
- 2| SOPC P
..... ] sStorage

Parameters | Imp
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TTTT

[ ——cni]
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----- B Altera Mega
[]---ﬂ Altera Mega
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- N Altera Mega  CORDIC
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- Bl Altera RS Co
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- N Simulink Exctr
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" Large ROM
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Ready
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Mathworks’ Matlab

m Computer language of
DSP engineers

m Matlab

— Develop algorithms
and applications

— Analyze and access data
— Visualize data
— Perform numeric calculations

Matlab/Simulink
must be purchased
separately from
The Mathworks

© 2010 Altera Corporation—Public
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why Simulink ? .

O=ES « I m |inf Mormal - & BREE
. . AR Process
= Dynamic graphical of e
Fitter =]
modeling environment _
128 Burd  Tromen ; 1280l \@
(k<11 . -

155 i 2 Freg
Burgy Method Combine ector
MCow Plots Soope

128

m Simulink
— Dynamically develop e T

hadified Covariance

entire systems o L T .
— Simulate and interact
With the SyStem Running 112% T=1243.072  [FixedstepDiscrete
— Explore different architectures L =0

— Analyze results

30 Periodogram
Burg
a0 — MCov
. . 10 Actual
m Simulink adds the 2
=
< 10
concept of cycles (clocks) .
— Hardware realizable 30 -/'W—\/\ﬁ
O &0 100 150 200 250 00 350 400 450 500
Frame: 19509 Frequency (Hz)
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Simulink Blockset Libraries

m Simulink

— Sources

— Sinks

— Continuous
— Discrete
— Non-linear

— Math

© 2010 Altera Corporation—Public

Altera DSP Builder Advanced Blockset =
Altera DSP Builder Blockset

Fixed-point blockset

DSP blockset

Real-time workshop

Communications blockset

Image acquisition toolbox

E!Simulink Library Browser

File Edit Wiew Help

=101 x|

O S 4 8 |

Base Blocks: AiontModellP/Baze Blocks

B simulink

..... #| Base Blocks

[l 2] FFT Blockset
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..... 2 ModelPrirn

..... #1 Waveform Synthesis

..... #3] all Blocks

..... # altLab

..... B Arithmetic

[ 2+ Boards
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- P Interfaces

..... 2] 10 & Bus
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----- 2 Prototype Blocks
..... #] Rate Change

----- g Storage

[ §_| Cormmunications Blockset
1]

B |~ Alera DSP Builder Advanced Blockse

- W Altera DSP Builder Blocksst

----- % simulation Blocks Library
----- 23| State Machine Functions

----- m Video and Image Processing

Base Blocks

[+
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FFT Blocksst
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todelPrim

=]
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=
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Ready
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DSP Builder Design Flow

llrgum

LJoks e

Fle Edt View Inset Took Deslop Window Help
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Gstraux I

Matlab/Simulink domain

(System simulation and verification)

HDL/hardware domain

[ Simulink Library Browser E — {0 ]
File Edt View Help
[ & Ha find ||
AltBus: AltBus

Formats a signal to a bus
Usage:
1. Choose the bus type you wish to use and cick Apply. Different optionis

are avallable for zach bus ype.
2. Make addiional settings a: needed.

3. Clck OK.
W simuiink
] Alers Library AlBus
L] L 1
LB Arithmetic o BusBuid

.- 23] DSP Board EPZOK1S00EBCESE- 141

.- 2] DSP Board EPZOKZO0EBCESZ 1N |34 BusConcalenalion

L] Gates
e 3 [FF BusCereion
LB sinks
© 2] storage
bit?  ExractBit
- B Commurnications Blockset i HhractBi

B 5-function demos
- W] Simulink Extras

% SignalCompll

-ni 02| SubSystem

Ready

( Hardware implementation/RTL simulation)

\

QUARTUS II

SOPC
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DSP System Level Design Flow

_ Synthesis, Place & System-level
Algorithm-level Route, RTL Simulation ’

Modeling Verification

JATERAN

I-—k

© 2010 Altera Corporation—Public

and Altera marks in and outside the U.S.

ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX, MEGACORE, NIOS, QUARTUS & STRATIX are Reg. U.S. Pat. & Tm. Off. m
®
22



DSP Builder System Level Design Flow

DSP Builder

Algorithm-level

: System-level
: Synthesis, Place & Route, RTL
Modeling

T Verification

/AVO[SRYAN.

Ty 2
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DSP Builder Overview

DSP Builder MATLAB

SIMULINK
Creates Creates Creates Download Hardware $ Verify
HDL Code Simulation Test Bench | Processor Design to In the in
Plug-In Development Loop Hardware
Board

HDL
Synthesis  Model Technology

OUARTUS I 4 g-Builder
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DSP Builder
Advanced Blockset

© 2010 Altera Corporation—Public



DSP Builder Advanced Blockset

m Constraint-driven behavioral design
— Set desired clock frequency

m Models silicon speeds when translating to HDL
— Different devices families / speed grades result in different HDL

m Automated resource sharing

— Tool analyzes clock rate in relation to sample rate, # of channels,
interpolation/decimation factor and develops efficient HDL

m Automated pipelining

— To meet desired clock rate
— Enable timing closure at high clock rates of 400-500 MHz

Increased Productivity by Closing Timing Faster

© 2010 Altera Corporation—Public
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Unique HDL for Different fmax Requirements

BERE T ®

RRRRR 100% FixedStepDiscrete

Simply enter desired System Clock Freguency,
No need to change model

Simple 50-bit 4-input adder tree
— 100 MHz Target => 118 LUT4s, 121 MHz, No pipeline
— 200 MHz Target => 175 LUT4s, 286MHz, 1 stage pipeline
— 400 MHz Target => 350 LUT4s, 581 MHz, 5 stage pipeline

Timing driven synthesis produces small or fast RTL from same model

© 2010 Altera Corporation—Public
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ModelPrim: Zero Latency Blocks

m Blocks are behavioural in nature
— What to do, not When to do it
— Focus on signal flow representation

m Much easier debug and modify without pipeline

:- sfix37 _En30 M sfix16 En14

Mult

Convert
sfix16 En10 sfix17 En10
boolean
0[15:0] ufix17_En1g
Convert1 Abs1 0x0000 (Read/Write) q

Threshold

Behavioural input enables Optimizations

© 2010 Altera Corporation—Public

ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX, MEGACORE, NIOS, QUARTUS & STRATIX are Reg. U.S. Pat. & Tm. Off. Alm
and Altera marks in and outside the U.S. ®

28



DSP Builder
Advanced Blockset
Feature Overview

Reed-Solomon
\ W

© 2010 Altera Corporation—Public



Works Within the Industry’s DSP
Development Environment

)
hed&E
AR Process
i Digitaal
Filter
White: Moise All-pole Fitter

(ll dspsacomp/Vector Scope

The MathWorks = -

Base BlocKsD RIonModelFrBase BI0CK:

E Simulink:
=8~ ~ltera DSP Buider Advy:

5,

AR Coetficients

Magnitud
FFT

Runining

Amplitude

- B

30

1]
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----- #+| Base Blocks

[l 2| FFT Blockset

----- 2 Filters

----- 2] ModelBus

----- 2| ModelPrim

----- 2 waveform Synthesis
=1 gl Altera DSP Buider Blockset
----- #+ all Blacks

..... # altLab

..... # Arichmetic

- 2 Boards

----- 2] Comples: Type

..... #] Gate & Contral

- 2] Interfaces

..... # 10 8Bus

..... #| MegaCore Functions

..... 2 Prototype Blocks

..... #| Rate Change

----- 2 simulation Blacks Library
..... gl State Machine Functions
----- #+ Storage

..... #+] Wideo and Image Processing

ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX, MEGACORE, NIOS, QUARTUS & STRA Ready
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Allows You to Design Behaviorally

m No need for knowledge of silicon

features

rash

S
: ; e
srcanam =
TE = L2 By
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Automatically Write HDL to Meet Fmax

m Unique HDL written to meet Fmax without any
Intervention

W rtsa_frontend_v3/filter *
File Edit View Simulatio

OeE&

Ready

© 2010 Altera Cq
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E Block Parameters: Signals

S5

DSP Builder Advanced Blockset Signals Block {mask) (ink)

The Signals block specifies information about the dock, reset, and memory bus ®
signals used by the simulation model and the hardware generation

Parameters
Clodk
ol

Clock Frequency (MHz)

375

Frax
409.84 MHz

Restricted Frnax
409,34 MHz

Clock Margin (MHz)
a

Reset

areset

Reset Active |High

Bus Mame
bus
Separate Bus Clock
Bus Clock Frequency (MHz)
ClockRate 4

Bus Clock Synchronous with System Clock

T4% FixedStepDiscrete

oK ] [ Cancel ] [ Help ] [ Apply

L
ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX,

and Altera marks in and outside the U.S.
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Efficiently Time Shares Resources

m Automatically time shares resources efficiently
when clock rate > sample rate

L - |03
O &S 4 4 | <2 3 0000, [Momal v
—
&w_lm-rf&!l clk @ 240.00 MHz
LT
Device Signals //
A ”
A ”
-
| | n
a Interpolating q
2 FIR 1
Interpolate by 2
\: 16 channels \:
an Length 42 qv
Symmetrical
o ()
ac = . qc
InterpolatingFIR - — —
""""""" >
Ready 100% FixedStepDiscrete
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Design Space Exploration Across Families

m Lets you target different device families without
changing any of your design

Cyclone lll LS
AUTO

[ ™
W Block Parameters: Device- M

/ANOT )
tratix I’
Stratix IV

Stratix IV GX
EP4SGX230HF3513

|

Gyaux v

Stratix V GX
AUTO

-
E Block Parameters: Device

S5

=

E Block Parameters: Device

DSP Builder Advanced Blockset Device Block {(mask) {ink)

Marks a particular Simulink Subsystem as the top level of an FPGA device and sets
up device options.

Parameters
Device Family |Cydone III LS -
Family Member
ALUTO
Speed Grade [—6 v]

H Cancel H Help
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DSP Builder Advanced Blockset Device Blodk (mask) (link)

Marks a particular Simulink Subsystem as the top level of an FPGA device and sets
up device options.

Parameters
Device Family |Stratix IV - |
| _ : I
|| Device [Stratix v GX -]
I
|  Family Member I
[
EP45GX230HF 3513 |
Speed Grade [-3 -
[ QK ] [ Cancel ] [ Help Apply
I — ——

DSP Builder Advanced Blockset Device Block (mask) {ink)

Marks a particular Simulink Subsystem as the top level of an FFGA device and sets
up device options.

Parameters

Device Family [Sh’ah’x v - ]
Device [Stratix V GX -]
Family Member

ALTO

Speed Grade [—3 - ]




“Future Proof” Your Designs

m Lets you target future devices families without
changing any of your design

e o s ]
3 oo S ]

DSP Builder Advanced Blodkset Device Blodk {mask) {link)

U Marks a particular Simulink Subsystem as the top level of an FPGA device and sets
up device options.
Parameters
Device Family |Stratix VI |
|
| Device [Stratix VI GX -
Family Member
AUTO
Speed Grade [-3 -

[ QK ]’ Cancel ” Help l Apply
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/AYO[SRYA\,

Arn-a)j 14§
GX

= BN

® s o e W

DSP Buillder Advanced Blockset Device Block (mask) (link)

Marks a particular Simulink Subsystem as the top level of an FPGA device and sets
up device options.

Parameters

Device Family u\ma VIGX

Family Member




Obtain Accurate Resources

m No Need To Compile....

File Edit VYiew Go Favontes Desktop Window Help k]
|Search 2 v‘ £ |dm up %~ demo_idctixd/Control .|
Contents | Search Results Help on core functionality of CONTROL )
@ Release Motes o

(& Instalation Resource Utilization

€3 MATLAB
@ Communications Toolbox

€3 Embedded MATLAB |Component Type LUT4s  |[Mults  [Memory bits
& Filter Design Toolbox dema_idct8xB SYNTH [0 oo
e Fiter Design HDL Coder demo_idctBx8/DCTChip SYNTH [0 o o

@ Fixed-Point Toolbox

R
1 1 3

- €3 Image Acquisition Toolbes \demo_idct8x8/IDCTChip/DCT SYNTH [0 0 0
€ Image Processing Toolbox \demo_idct8x8/IDCTChip/ADCT/Col SYNTH 3850 204 1564
€ MATLAB Report Generator \demo_idct8x8/IDCTChip/DCT/ComerTurn SYNTH 1383 |0 703
&2 Optimization Toolbox \demo_idct8x8/IDCTChip/DCT/Row SYNTH 1695 |7 738
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Supports Complex Control Logic

m Nested and Sequential For Loops

for (uint8 countA=0; countA<16; countA++) {

for (uint8 countB=0; countB<=countA;
countB++) {

qc1 = countA; 0— : :

qc2 = countB; - IR : .

3
S s @ O
For — Far
o CountB—» W g Loop 1 Loop fIENESTRRNGl G
2 E == O
[y
FEE A~ el 0 ‘el mmgc 0 | onl
]I de In ge
dl g0
66-6666666—,
W Channelln ForLoopA

e

<6 6066660606606066660—
ForLoopB ChannelOut
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Fixed and Floating Point in Same Model

m Complex as well (c) = complex data path

single (¢) int 16

cdouble (¢) N\ Maxiter

Square

@ cdouble (c)

point

Coord2

qCount co

\

double
El

¥
3
7}

Coord1

boolean

1 Cmp&E

—

Chane il M ‘ single (21
ufixd -
LoopDriver Sqliare Finished
- double (=) hiaxlter EmpGEl
point
Coord1
w1 )
ot qFaint
—
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Works with Vectorized Busses

m Single Multiplier in Model = 34 Single Precision
Floating Point Complex Multipliers

B rtsa_frontend_v3/filter *
File Edit View Simulation Format Tools Help

Ol EHS &= 4 b = oo [homal - B PEE®

Crarmeidu

FixedStepDiscrete

Mult SumOfElements
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Direct RF Support

m Supports sample rates >> clock rate
m Automatically manages multiple phases

[%2] 2] 2] (7]
0 " " 2 8 g 73 73 73 &
& 3 2 2| FR]| 2 2 = = = =
= FIR| 2 FIR| | 2 FIRT = o FR| |~ | [FR]| & FR| | 2| [FR]| S S
o| W2lg| 2l |3 tol & 02]ie ) 42 |d| [42)S| 42| [42]]¢ g

16 Phases at
256 MHz =
4096 Gsps

d 132 Filters Managed in Just 8 Stages of Filtering !
= 36 NCO Cosine / Sine Generators in Just 3 Blocks !
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“Fused Datapath” integrated in DSPBuilder

Select

CraplT

Standard Blocks — ' I I

CmpME

SarmpleDelay

Lt

Sin ASin Log Divide
Math.h Library M ﬂ
Cos ACos Exp RecipSgRt
ATan LdExp Reciprocal
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Simplifies Realization of Complex Equations

m Black-Scholes Example:

C=5N(d)-Le ""N(d — ot

where the variable d is defined by:

1
£n£+(r+%}r
g=_ L 2

ot
N\

d = (In(S/L) + v*v*t/2 + rt)/sqrt(v*v*t)

ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX, MEGACORE, NIOS, QUARTUS & STRATIX are Reg. U.S. Pat. & Tm. Off. Alm
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Simplifies Realization of Complex Equations

m Drop down blocks for operators...

-
W@ blackScholes_S/DUT

File Edit View Simulation Format Tools Help Floating

D|BH§|J§‘E|<}=$—?—}-§R—Q|> m [1000  [Nomnz

FixedStepDiscrete

d = (In(S/L) *t/2 + rt)/sqrt(v*v*t)
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Memory Synthesis

m Automated processor < hardware interface synthesis
m Builds pipelined memory mapped interface logic for:

— IP (eq filter coefficients)

— Primary Systems (eg registers, shared memories)

il Library: AionModelBus
File Edit View Format

DsES| s B -

> readdata SOdEEs >
writedata >

Bus Stimulus write >
File Reader readexpected >
mask >

chedstrobe >

endofstimulus >

> readvalid

BusStimulusFileReader

JReady

CompositeGainLow
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Multi-channel Designs

lIR example uses ‘textbook’ lumped delays

Replace registers with number of channels

Delays are distributed around logic to meet fmax goal
Processes multiple channels simultaneously

[:il
D(i
I
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Supports Flow Control

m Avalon Streaming Interfaces and FIFOs

Use flow control to stream data
without stalling

qData  data

qCoo1d ceesd

qpoint paint
I
=
3 eadbackFIFO
B ] [
= [
* I
1 oint "
@ [ o L qPoint
pCount
D i aFuli) qCount
Cood opoi
O DataAndCoordFFO o< qPeint nt
>
*
O

© 2010 Altera Corporation—Public

ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX, MEGACORE, NIOS, QUARTUS & STRATIX are Reg. U.S. Pat. & Tm. Off.
and Altera marks in and outside the U.S.

46



SOPC Builder Integration

Class.ptf files generated for each system
Slower bus clock connects to system
Faster signal processing clock is external

Hierarchical address spaces, so systems can be easily
Integrated

I® Altera SOPC Builder - aion

Fil=  Module Syskem  Wiesws  Tools  Help
System Contents | Board Settings | Mios II More "cpu_0" Settings | Systern Generation

5 Aftera SOPC Builder ~ Target
----- H Create Mew Component. .. Clock Source MHz Pipeline

=-Awvalon Components EBoard: |Mios Dewvelopment Board, Stratix II (EPZ560) w clk External c0.0 =
{ pion Systems ModellP [] HardCopy Compatible —
L@ DDCTopSystem
L @ DUCDatapsth —
L @ Filters TP ETE T e T lize Madule Mame Diezcription Input Clock Baze End ﬂ
: : pa ’ .
foodh Sybs Fl El cpu_ o= Il Processor - Altera Corporation clk
-Bridges License: Ful instruction_master Master port
: Installed Yersion: 1.0 —¢ data_rmaster Mester port IR O IR 31|

< ks b— jtag_debug_module Slawve port 0x00000000 OQx000007FF
Al il abla S amnanan e 7] i C-Chip Mermary (RARM or RORM) clk 0x00001000) 0x=00001FFF
L A E A DDCTopSystem_0 DOCTopSystem cli 0x00004000) Ox00007FFF

DUCDatapath_0 DLUCDatapath clk 0x000020000 0x=00002FFF

[ elehss ] [ @ It ] [ & Move Up ] [ w PMowve Down ]

Build Complete, High Performance Programmable DSP systems

© 2010 Altera Corporation—Public

ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX, MEGACORE, NIOS, QUARTUS & STRATIX are Reg. U.S. Pat. & Tm. Off. Alm
and Altera marks in and outside the U.S. ®

47



Documentation Generation

= Memory mapped information is collated into XML

File Edit Wiew @Go Favorites Desktop Window Help

Contents | Index | Sesrch | Demos

-~ Begin Here

€% Release Notes

€3 Installation

€3 MATLAB

€% Excel Link

€3 MATLAB Builder for COM
€3 MATLAB Builder for Excel
€5 MATLAB Carnpiler

€3 MATLAB Distributed Computing Engine
€3 MATLAB Report Generatar
€3 MATLAB Web Server
€% Bivinformatics Toolbox
€% Commurications Toalbax
156 Control Syster Toolhox
€% Curve Fitting Toolbox
€% Data Acquisition Toolbox
€% Database Toolbox

<

-2 & H

Title: | C:irepofsionitiidemo_firsiCordrol xmlhtml

demo_firs

FIR Coefficient Registers for demo_firs/FilterSystemiSingleRateFIR (Readirite)

Register Bits (Width)
Reset

Ward Address
Register Bits (Width)
Reset

Ward Address

Register Bits (Width)
Reset

Ward Address
Register Bits (Width)

FIR Coefficient Register 0

FIR: Coefficient Register 1

1.0
52

100
15,0 (15]
52

]|

0@
47

02
15,10 (15]
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and processed to HTML for integrated Matlab Help

System level memory map is processed to datasheet representation

ALTERAY



ldeal DSP Algorithm Development Tool

Reed-Solomon

\ FET
NEO ,

=] R 1/[9/‘

——

.u.t\
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Constraint Driven Design: (1) Create Model

m Use ModellP or ModelPrim Libraries

| | |—n
s s a . — s a s -
o |
Sgatan frot-rveiy gy 1 s 1
2 £
— i -
[=v Loty 8 as o Yo apan . —————————=-al¥ o fananas an a 2 ‘|
S i i == . r
B v sl e aaTical e :’.’:
2 dranean
a_chan  o_khan E——— wacran glnem L - a_chan ol e e ——
—_
.. s

. e =
an B ceo—e B
. e 4
| a_ghan g_akan —|
.

Corar
EE R

e e

. :
!
weo Lae] - 7]
e S . .
h PR SEa

ModellP |

oo

Channalin

Style=Scheduled

Synthesisinfo

ModelPrim
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Constraint Driven Design: (2) Select Device

m Device independent modeling until this level

[=]Block Parameters: Device x|

E!demn_ﬁhnnacci,.-"FihEhip i3

File Edit

e d&| s 2k

Yiews  Simulation  For

,fa.ﬂ E F ¥

__l-\.l..
Srranx 11

Stratix 1l
AUTO

[ewice

—D5P Builder Advanced Blockset Device Block [mazk] [link]

Marks a particular Simulink Subsystemn as the top level of an FPGA device and zets
up device options.

—Parameterz

-

Device Famil_l,ll Stratie 11

Farmily bdember
AUTO

Speed Gradﬁlm =]
Help | .-‘-‘-.pply\l‘

] Cancel |

Stratis 111

Stratis
Stratix 1

Cyclane |l
Cyclone 11

L~ Stratix [

Ready

FibSystem

|FixedStepDiscrete oz

100%
| |
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Constraint Driven Design: (3) Set Frequency

m Automatic Pipelining / Time Sharing (ModellP)

© 2010 Altera Corporation—Public
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)Block Parameters: Signals x|
— DSP Builder Advanced Blockset Signals Block [mask] [link]

The Signalz block specifies information about the clock, reset, and memary bus
zignals uzed by the gimulation model and the hardware generation

— Parameter:

Clack
fclk

ok Fequencs (MH \
J400

Clock Margin [MHz) /

T

Feszet

Iareset

Rezet .&ctivelHigh ;I
Bus Mame

Ibus

™ Separate Bus Clock

Buz Clock Frequency [MHz]

J400

[~ Bus Clock Synchronous with Spstem Clock

oK I LCancel Help Apply




Constraint Driven Design: (4) Compile

l
-
5

%ﬁ Zompilaktion Report

&3 B Legal Motice

=B Flow Surnmary

EHER Flow Settings

%@ Flow Mon-Defaulk Global Settings

%& Flow Elapsed Time
-&BB Flow Log

%[:I Analysis & Synthesis
%I:l Fitker

Eh_1 Assembler

%ﬁ TimeQueskt Timing Analyzer
B Summary

----- - =HE SDC File List

- =HEE Clocks

EI--%E Slow 900mY §5C Model

----- - <=HEEE Frnasx SUmmary
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Frnax

Restricted
Frinaw

Clock,

M ame MHote

1§ 307 22 MHz 307,22 MHz| bus_clk

2| 403.66 MHz| 40866 MHz|clk <

Fitter Status
Cuartuz [ Verzion
Rewvizion Mame
Top-lervel Entity ame
F arnily
Device
Timing kodels
Logic utilization
Cornbinational ALUT
kemom ALUT 2
Dedicated logic regizters
T otal registers
Tatal pin
Tatal wirkual pinz
T atal block memary bitz
D5P block 18-bit elements
Total GxB Receiver Channels
Total GxB Tranemitter Channelz
Total PLL:
Total DLLs

Succesziul - Fridpr 11 17:35:26 2008

2.0 Intermal Build 185 03/20/2002 5J Full Version
FilterSystem

derno_firi_FilterSystem

Shratix [V

EP45GE=70DF29C2

Preliminary

7 % < —

1,445 /56,320 (3 %)

A0/ 28160(3 %)

3825 /BE320 (7 %)

3625 C—

121 /N2 [29%)

0

12805 /BR17.088 [ <1 % | G ——
14/ 354 [ 4 % | Cr—
0DA1B[0%)

ODA1B[0%)

0/3[0%)

0/4[(0%)



Higher Level SyntheS|s

o od]

Fe R ven Smiwon Foma Tok AR

0DFdS

Fosdbtepbuaets

L

1. Covert the MDL schematic into an intermediate
DFG representation

2. Apply transforms and analysis:
Break apart carry chains
— DSP Block & Memory Timing

library IEEE;

N Sharg multlpllers use IEEE.STD LOGIC 1164.all;
— Pipeline for: _ ,
. entity DSPA is port (
® reqmred FMax performance SEL: in STD_LOGIC_VECTOR (15 downto 0);
e Balanced/matched delays 2 s ar o toate) ;T ne domte 07
end;
architecture BEHAVIOUR of DSPA is
begin
3. Generate RTL
A :=B * C + D;
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STAP Radar Design

Floating Point Matrix Operations in FPGAs

© 2010 Altera Corporation—Public



STAP Processing the Radar Cube

Nt .:,._5..-’ ),-ry-h).-‘..-u,.—,.-u ’}

iRy "“{E}""'""") slowtime
1 Pulse
B> & o detections ’
4 » » ‘e/ | £
A : (7= AR g Detections
Radar Pulse RF Subsystem Y = Moaue
Generator Antenna Arra Receiver |
§ . Front End : \E
B 4 ¥ =
Distance
i a
[u@] Submatrix :
B-FFT] L
A RadarPulse T Rupulse| ]
AN Spectrum
& E
E " o aB 3 o 1
RMS (1 ohm) In Iﬂ
RMS2 dB Conversion1 Maximum1 Rx Amplitude
(- 1
TxPulse » . dB » »
RMS (1 ohm) in Iﬂ
RMS dB Conversion Maximum TX Amplitude (dB)
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FPGA Processing Flow Implementation

(VOItage domail n) Compute each PRF over
L. range bins
PRF =1 KHz
. Compute each target
Doppler Vector F vector, for each PRF
|
[16 X 1] Steering Vector t Complex, Single
Precision Floating
Angle Vector A [192 x 1] Point Datapath
|
12x1 :
| ] R,H (lower y (_range bin
triangular) of interest)
YT over L OR
range bing [Decomposition| R1 (UPPer
| triangular Result
[192 x 200]
Both
[192 x 192]
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STAP Input Test Data

> Data Snapshot Angle Doppler Response

g. 0 5 %l - ‘| 1 J.' '

: 33 a

5 | i |

S 0o - B -

o - '

(=] 'y :

® v - —

e — » - .

o o) N

€ o5 ix ‘.

= -80 80

Angle (degrees)
Signals collected by the ULA within the first pulse interval
D‘UFI 5 ] L] I ¥ L]
2 001 .
_E Target
5
= 0005 ﬁ .
u b | o
0 1000 2000 3000 4000 5000 6000

Range (m)
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Steering Vector Generation
m Radar described in m code

B Editor =)E3
File Edit Text Go Cel Tools Debug Desktop ‘Window Help L
NEH R0 |02 - Aef[ k- -B0BRE BB = fx =lE]ENs
BB -0 |+ |+ |x|£&[0
D:\depot\wmauer_sj-perforce3_1666\depotissgimilita ry\radar\STAP\reference\sapSMI.m
@ This file uses Cell Mode, Far infarmation, see the rapid code iteration video, the publishing video, or help, x
=11 —
1 %% Calculate Weights A
62 %t Doppler steering vector
63 — doppler3teeringVec = exp(li*2*pi*(0:datadim(3)-1)"' *dp/prf):
&d % Angle steering vector
65 — nind = single| (- (NuwElements—-1) /2 : (NumE lement=s-1) /2) . ' * (ElementSpacing/ lambda) | 2
66 — angle = single(angle); a=zang = anglei(l,:); elanyg = angle(2,:1:
5':,‘ _ i = — 1 E2E i+ i T — +* 5 T e
[=1:] % EKEronecker tensor product
69 — stiteeringWVec = kron(dopplerSteeringVec, anglelteeringVeco):
70 |
71 % Weights
72 - [~ R] = griTraininglata',0); % F is upper triangular
73 - temp = RY(R'‘VstSteeringVec); 3% Forward substitution followed by backsubstitution
74 = w = temp/ (st3teeringVec' *temp) :
75
76 %% Calculate output
77 - v = w! ¥dataveo;
78 - ¥ o= yi:h; -
stapsMLm = | stapalgorithmdemo.m x| mainm % || stapSMLm =
stapSMl Ln 70 Cal 1
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Steering Vector Generation Port

21 steeringGen/DUT/SteeringV¥ecGen

File Edit Yiew Simulation Format Tools Help

O=eEES

4

|500

| Mormal

CEe R e REE®

boolean

ED

% Kronecker Tensor Product
stSteeringVec|=
kron{dgpplerSteeringVec,

angleSteeringVec);

L% Dappler Steering VVECOF
dopplerSteeringVec = exp(1i*2*pi*(0:datadim(3)-1)*dp/prf);

.R“e} single

Reakmag ©
Compex

Krosecke rP rodict Claneiont
Muttiplyeach one by tie otier

Clanei

Cos2

Reakmag ©
Compext

Mits

=06 Angle Steering Vector
nind = single((-(NumElements-1)/2:(NumElements-1)/2)."*(ElementSpacing/lambda
angle = single(angle); azang = angle(1,:); elang = angle(2,:);

angleSteeringVec = exn(-] i*?*ni*(ﬂin(‘i"‘-(r‘n3dIg|IaInIm5Imld‘alzalnlml)m;'_.i

Ready
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Steering Vector Results

. leference Eile Edit View Insert Tools Desktop Window Help & 1
> -115dB NEEL M AAODEL- Q0B | D ..
1
0
_-1 | | | | | 1 | | |
0 20 40 60 a0 100 120 140 160 180 200
1
0
_-1 I 1 1 1 1 1 1 1 ]
0 20 40 B0 a0 100 120 140 160 180 200
10" Steening Vector, Matlab against Simulink

| 1 | | | |
0 20 40 B0 80 100 120 140 160 180 200
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Steering Vector Generation

m  System requirements
— Calculate 64 vectors per ms

m  Quartus results:
— 163 18x18,
— 16K registers, 19K ALUTSs,
- 129 MemLUTs
— 7 KBit memory
— 246 MHz (using seed sweep)
— =>Processing time: 500 cycles @ 248 MHz = 2 us

— Comment: We overachieve by a factor of 500. Timesharing would allow reducing
the hardware resources
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QR Decomposition

m Radar described in m code
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@ This file uses Cell Mode, Faor information, see the rapid code ikeration videa, the publishing video, or help, »
=11 ||
61 %% Calculate Weights A
&2 % Doppler steering wvector
63 — dopplerSteeringVec = exp(li*Z*pi+(0:datadim(3)-1)"' *dp/prL;
Gd L hngle steering vector
a5 — nind = single| (- (HuwElements-1)/2: (NuwElement=s-1)/2)."' * (Element3pacing/ lambda) ) ;
66 — angle = single (angle); azang = angle(l,:); elang = angle(2,:)7
a7 - angle3teeringVec = expi(—-1i%2%pi¥ (nind¥- (co=sd{elang) .*=ind (azang)) )
=14 % FKronecker tensor product
&9 - st3teeringWec = kron(doppler3teeringVec, anglelteeringVec):
70 |
71 % Weights
72 - l [~, R] = qr[?rainingbata',ﬂ]; Y R iz upper triangular l
73 - tcemp = RY (R'VstSteeringVec); % Forward substitution followed by backsubstitution
74 — w = tewmp/ (st3teeringVec' *tewmp) ;
75
76 %% Calculate output
7 - ¥ = w' ¥datavec;
28 - ¥ o= vii): Z
stapSMIm % | stapalgorithmdemo.m x| mainm % | stapSMLmo x|
4 stapsmMI Lmn 70 Col 1
-
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QR Decomposition Algorithm Analysis

for k=1:n
r(k,k) = norm(A(l:m, k));

for j = k+l:n
r(k, J)

dot (A(l:m, k), A(l:m, j)) / r(k,k);
end
g(l:m, k) = A(l:m, k) / r(k,k);
for j = k+l:n

A(l:m, j) = A(l:m, j) - r(k, J) * g(l:m, k);
end

end

m Standard algorithm, source: Numerical Recipesin C

m Possible to implement as is, but some changes make it more FPGA friendly and
increase numerical accuracy and stability

© 2010 Altera Corporation—Public

ALTERA, ARRIA, CYCLONE, HARDCOPY, MAX, MEGACORE, NIOS, QUARTUS & STRATIX are Reg. U.S. Pat. & Tm. Off. Alm
and Altera marks in and outside the U.S. ®

64



Parallelism

m Algorithmic requirements
m*(k?+k) cmults per QRD
~ 200 * (1922+192) = 7.411.200
m  System requirements
— Update rate 1 ms:

m Parallelism
— 7.411.200 cmults / (Ims * 250 MHz) > 29.6 cmults in parallel are needed
— Since matrix is 200: 200/32 = 6.25 clocks per sample = 7 clocks per sample
— Our design uses 6 clocks per sample - 204/6 = 34 parallel paths

m  Quartus results:
— 550 18x18,
— 120K registers,
— 96K ALUTS,
— 8MBit memory
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Structure

mult/add unit

div/sqgrt unit

!
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control
Addresses,
instructions

rk,J
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My k

Fifo (“leaky bucket’)
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R Matrix Results

0.015

m Is the error too high ? Use double precision

R matrix, DSPB-AB design, real part
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Forward and Back Substitution

m Radar described in m code
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D:\depot\vmauer_sj-perforce3_1666\depot\ssgimilita ry\radar‘.STAP\reference\sapSMI.m

@ This file uses Cell Mode, Faor information, see the rapid code ikeration videa, the publishing video, or help, »
=11 ||
61 %% Calculate Weights A
&2 % Doppler steering wvector
63 — dopplerSteeringVec = exp(li*Z*pi+(0:datadim(3)-1)"' *dp/prL;
Gd L hngle steering vector
a5 — nind = single| (- (HuwElements-1)/2: (NuwElement=s-1)/2)."' * (Element3pacing/ lambda) ) ;
66 — angle = single (angle); azang = angle(l,:); elang = angle(2,:)7
a7 - angle3teeringVec = expi(—-1i%2%pi¥ (nind¥- (co=sd{elang) .*=ind (azang)) )
=14 % FKronecker tensor product
&9 - st3teeringWec = kron(doppler3teeringVec, anglelteeringVec):
70
71 % Weights
72 - [~, R] = gr(Trainingbata',0); % E is upper triangular
73 - ltemE = R [R'\stSteeriEg‘Uec]; Y Forward substitution followed bﬁ bac}csubstitutinnl
74 — w = tewmp/ (st3teeringVec' *tewmp) ;
75
76 %% Calculate output
7 - ¥ = w' ¥datavec;
28 - ¥ o= vii): Z
stapSMIm % | stapalgorithmdemo.m x| mainm % | stapSMLmo x|
4 stapsmMI Lmn 70 Col 1
-
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Forward/Backward Substitution

m Algorithmic requirements
m*(k2+k) cmults per QRD
~ 200 * (1922+192) = 7.411.200
m  System requirements
— Update rate 1 ms:

m Parallelism
— 7.411.200 cmults / (Ims * 250 MHz) => 29.6 cmults in parallel are needed
— Chosen: 32 parallel cmults = 128 mults = 512 18x18s on Sl or 128 27x27 on SV

m  Quartus results:
— 82 18x18,
— 14K registers, 11K ALUTS,
- 1.7K MemLUTs
— 5.7 MBit memory
— 246 MHz (using seed sweep)
— =>Processing time: 223658 cycles @ 249 MHz = 0.91 ms
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Forward/Backward Substitution

ForwardAnd BackwardSubstitution/DUT
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Back Substitution Results

m Top is original data

set with jammer at
60 degrees

Bottom represents
the weights after
back substitution.
Note that at 60
degrees you apply
filter of -80 dB
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Single Steering Vector STAP Results
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DSP Builder Advanced Blockset Simulation Results
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STAP Resources

= 1 channel on EP4SGX230 @ 212 MHz
 ALUTSs: 119k (65% of total)
* Registers: 146k (80% of total)
* Multipliers: 827 (64% of total)

 Memory: 8.3 Mbit (57% of total)

» Latency: ~1 millisecond (QRD + 64 steering vec)
= 4 channels on EP5SGXDS8

 ALUTs: 476k (83% of total)

* Registers: 584k (52% of total)
« Multipliers: 3308 (81% of total)
 Memory: 33 Mbit (60% of total)
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STAP Radar Design Example Summary

m Advanced Blockset simplifies meeting performance
— Design behavioral models and the tool pipelines to meet speed
— Auto generation of HDL based upon timing requirements
— Supports vector processing

m Floating Point Blockset extension

— Fused datapath allows for floating point in FPGASs
— Support for Math.h type functions
— Integer, single and double precision in same model

m STAP Design: Matrix Operations

— Steering vector generation
— QR Decomposition
— Single precision complex
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