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Sandbridge Technologies
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Semiconductor
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Software
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A Whole Industry’s approach failed ...
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What is it that we eventually carry with us ?
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2001 2002 2003 2004 2005
camera enabled handsets

L total handset market
sources: In-Stat/MDR, TSR, Dresdner, Dataquest

It has a color screen, camera, audio and antenna ...
... but all features need high computing performance

and ultra low power consumption

+ Wireless communication 2G — 2.5G — 3G — WLAN — BT - etc.
s GSM/IS-95a,b/IS-136/PDC/ iDEN — CDMA2k/GPRS/EDGE — FDD/TDD/TD-SCDMA/Jap . WCDMA/CDMA2k-3x— 802.11a,b,g

+ Radio broadcast GPS —radio — TV — etc.

s Location based services/911/tracking services — AM/FM/DAB — Sat./Terr.TV
3 Encryption — decryption — media encode — media decode
3 Games — speech to text — natural language processing
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Handset design at C level in min. time

% SB3000 Utilization
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Complete system design in C
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The Sandbridge Approach ...

SandBlaster™ DSP DSP Platform DSP Ref Design
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s Programmable
m Ultra-low power
» High-performance = Scalable & Programmable = Low Cost
m  Multithreaded
= Integrated Sandblaster cores = Power Efficient
SandBlaster™ Tools
= Up to 2Mbit/sec data rate = Ultra-high performance
s 40,000 RISC MIPS m Fully tested / validated
m Low Cost 0.13um CMOS m Dedicated Customer Support
m Improved productivity C _
compiler = Integrated protocol stack m Flexible and upgradeable
m 70% reduction In time-to-
market

m User-friendly

Core technology equally applicable to Networking, Storage,
Automotive, GP-DSP, etc.
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Architecture
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Sandblaster Architecture Performs

Compilable
DSP

C programmed
Latency hiding architecture

System
Productivity
Advantage

9-12+ months

Control
Processor

Java Processor

3G Applications Standard 3G, xDSL, 802.11
Control Stacks
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Multithreaded Architecture Enables C

Key to Low Power Codeé&Data Sharing
Implementation Across Threads

Iu ri,M(r2)
lu ri,m(r2)
add r2_«z2 r4
1u rl,M(r2)
f

v ’
1u rl,M(r2) \ Congg:jlble Start Threadl

call (De scrambler) Start Thread?2

()
Latency hidin Sieasit shreadis
Start Threadl4 Hardware

loop Icl,0xfO SCthUled
Productivity
Advantage

Start Thread33

Sea of
Threads

stu r3,M(r2)

ctsr rl,sr2

Iu ri,M(r2) 9-12+ months
jc cf0, (UMTS_Mocgad - AT oo " t | Siort Thread24
o Java Processor f ontro
H | g h Iy Processor
Paral I el 3G Applications Standaxd " xDSL, 802.11 Fu I Iy
Control Stacks In terl O C kEd
vmacs Iu ri,M(r2)
vr3,vrl,vr2,wrO I W] .
vuvrl,M(r j 0, (WCDMA_Mod
FaSt foop fcr0, label (4 vmacs vr3,vrl,vr2,wr0O 4= ( Hode) C

loop IcrO, label (4x)

Cross Thread

Programmed
Interrupts
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Parallelism

Multiple cores (MP)

+ 4 cores

Multithreaded (TLP)

+ 8 threads/core

Compound Instructions (ILP)

+ 3 operations out of

m Integer
m Load/Store
= Branch
m Vector

Vector (DLP)

% 4 data parallel operations

~ TECHNOLOGIES
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Performance

Peak
+ 3 operations/cycle
+ 16 RISC-ops/cycle
+ 4 MACS/cycle =

Example
LO: Ivu %vr0,%r3,8
Il vmulreds %acO,%vrO,%vr0,%acO
Il 1loop %IcO,LO
+ |oad vector update: 4 16-bit loads + address update

+ vector multiply and reduce: 4-16 bit saturating multiplies + 4 32-bit
saturating adds

+ |loop: decrement, compare against zero and branch

20 tap FIR

+ 3.92 taps/cycle sustained including automatic multithreading
+ ~16 RISC-ops/cycle sustained

SANDBRIDGE R
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Saturating Arithmetic

Many DSP applications require saturating arithmetic

Saturation means

+ Results greater than largest representable number are
saturated to the largest representable number

¥ Results less than the smallest representable number are
saturated to the smallest representable number

* 4-pit precision example:
A= 0.101 = 0.625

+ B = 0.111 = 0.875
= S = 01.100 = 1.5
3 = 1.100 = -.5

<S> = 0.111 = 0.875

_|_
n W >

<S>

.011

1.001

.100

0.100

.000

~ TECHNOLOGIES
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Saturating Arithmetic (2)

Saturating arithmetic operations are not associative

4-bit precision example

<L<-1.0*-1.0> + <0.5*%0.5>> 4+ <=-0.5*0.5>>
= <<0.875 + 0.25> - 0.25>

= 0.875 =1 0}. 25 = 0.625

<<-1.0*-1.0> + <<0.5*0.5> + <=-0.5*0.5>>>
<0.875 4+ <0.25-0.25>>
=0 .875 + 0 = 0.875

TECHNOLOGIES Bl



Sandbridge Low Power Hardware
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Low Power IDLE Instructions

Architecturally possible to

4

m All clocks disabled

m Instruction fetch disabled

= Memory disabled

= Memory state not preserved
>

m Clocks disabled on a per thread basis

m Instruction fetch disabled on a per thread basis
= Memory state preserved (including registers)

m Threads awaken via interrupt

TECHMOLOGIES @L.-u;j



Using Multithreading to Optimize for Power

180nm

CPU optimized for
power/performance

CPU power consumption

130 ;
"™ « Multiple cycles to access

memory

Slow memory accesses
hidden by multithreading

Multithreading decouples
CPU from MEM, combining
best power/performance
for CPU AND MEM

m Optimized CPU power
m Optimized memory power

m Optimized overall
power/performance

Memory power consumption

90nm 130nm 180nm
Memory optimized for
power/performance
L1 |
2ns | 6ns
3.5ns

i&mu&z
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SandBlaster Pipeline

0 1 2 3 4 5 6 7 8 9 10
Ld/St | Inst | RF | Agen Xfer Int. Mem Mem Mem WB

Dec | Read Ext 0 1 2
ALU Inst | Wait RF Execl | Exec2 Xfer WB

Dec Read
| Mul | Inst | Wait RF Execl | Exec2 | Exec3 Xfer wB

Dec Read
V Mul | Inst | RF | MPY1 | MPY2 | Addl | Add2 Xfer wB

Dec | Read
V_ Mul | Inst | RF | MPY1 | MPY2 | Addl | Add2 Reduce | Reduce | Reduce | Reduce wWB
Reduce | Dec | Read RF Rd 1 2 3 4

Staggered Read/Write

Very Long Reduce

A 4

v




Interlock Checking Hardware

The multithreaded implementation is transparent
+ No interrupt restrictions
+ Load / Branch delay slots not visible

Multithreading hides instruction execution latencies

No interlock checking hardware is required
+ One exception —long loads

W, o
bbb ntl
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Single Register File Write Ports

A single compound instruction can contain a vector
load or store and a vector operation.
stvu , 10, 8 || vmac %vr5

+ Our design requires a single write port per space
m int 1R/1R, vec 2R/1W, and acc 1R

+ VLIW’s may require 14R/5W for the same computation
+ If load, up to 9W simultaneous write ports may be required

Our design staggers Load/Stores in multiple ways:

+ Time staggered
m different pipeline stages

+ Spatially staggered

m Banked register files

» Architecturally staggered
m Separate architected register spaces (e.g. Integer, Vector, Accumulator)

~ TECHNOLOGIES



SBTC 8/02

Static Cntl

RF Device
Control

System
Clk/Cntl

D/A Data

- -

Ins & Data Memory

To/From (64KB / 64KB) \
External

Memory

»

EXT INT

DSP

l

A/D Data

RF Device
Control

i

TDM
TDM <« Infc (2)

0.18um CMOS ASIC @ External Bus for L2 memory

Single DSP Core @ Internal Inst/Data memory

SW Programmable @ Control Interfaces: 1°C, SPI,
TDM, A/D, D/A
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SBTC Digital Card
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SB3000 Handset Chip

DSP Local Peripherals

10 — 50MHz REF
Ext, clks REF1

iy

REF2

Clock Generation

>

-

(32KB / 64KB)

DSP Complex

DSP

DSP <& ARM
Bridge

1
1
1
1
1
M —
P : General
- [ Purpose I/O
RF Control [} —
! Serial
<t Interfaces
il (SPI, 12C)
1IN
i <4 Prog.
Timer I/O T Timers/Gens <
1 \ /
1
N
1
TX Data PR Parallel
e Streaming
RX Data ! Data
: Interface
e/
|
1
! )
1
Memory Interface : Multi Port
(Synchronous and T C'\gf]'t‘:gﬁir
Asynchronous) :
1 N———
! S
2 USB
=4l Interface
! —
: )
Pt LCD
il Interface
—
@ CMOS
@ Replicated SBTC core
@ Low Power design

Vector Interrupt

Controller

DMA
Controller

AHB < APB

Bridge

Peripheral
Device Control

Int. clks

<+

 —

TAP
(JTAG Port)

~—

T\
Multimedia
Card

Interface

 —
Smart Card

Interface
—

SR
Sync Serial

Port
—

SR
Keyboard

Interface
—

SR
Keypad

Interface
—

)
UART/

IrDA

TR
Audio

Codec

Interface

General

Purpose I/O
—

)

Timers
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SB3000 Digital Card
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WCDMA 2Mbps Front End Card
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CDMA-2k Front End Board
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GSM/GPRS Front End Card

"
=

[ | |_FI__.|4
=

Lo

g s b P 151 qlr._l-.L. 1 M Al g

T

a
—
.
-
|
-
-
T
=
[T
P s
—e
- o
—
|

W, o
bttt il

T TECHNOLOGIES i




802.11b WLAN Front End
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Multiplexer Board Block Diagram
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Audio Board
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Sandbridge Software Tools
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DSP Application Complexity

Lines of C Code

100000 »

10x Complexity every 10 years

10000

1000 « T
1985 1995 2005

I .
Fenguger?| |




Compiler saves R&D and time-to-market ..

Design
Algorithms

Map to
Fixed Point C

Write DSP
Specific C

Write DSP
Assembly

Hand Schedule

Operations on DSP

Final Product

6-9 Months! 6-9 Months!

e e

W, o
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Compiler saves R&D and time-to-market ...

Design
Algorithms

Map to
Fixed Point C

S

A Write DSP

N Specific C

D

B Write DSP

R Assembly

I

D Hand Schedule

E Operations on DSP

Final Product Final Product

6-9 Months! 6-9 Months!

e e

Sandblaster™ Provides Dramatic Improvement

k A
Fn gt
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System Software

Compilation Tools IDE

+ Compiler + Netbeans based

+ Assembler + Integrated S/W debug

+ Linker RTOS

e + Light-weight kernel
Libl’ar s Based on POSIX API

y s Filesystem
+ Clibrary
» Standard C & Math Test-Cases

+ Device drivers + DSP kernels

Simulator + DSP applications

+ Commercial test-suites

s Plum-Hall, Perennial, Nullstone,CosY

+ Nightly builds

+ Just-in-time
= Models peripherals

9 Cycle-accurate C
+ Cycle-accurate VHDL H/W Debugger
+ Breakpoint/profile
+ JTAG

TECHNOLOGIES Bl



Sandblaster Tools

SaDL

A 4 A 4

Sandblaster
Compiler

Binary
Translator

A

X86

asim
compiled dynamic
simulator simulator
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Compiler Optimizations — Dragon Book +

Vector Optimizations

DSP Optimizations

Vector Loads
Vector Stores
Vector Arithmetic
Vector Reduction
Saturating Vector Operations

Saturation Arithmetic
Fixed Point Semantic Analysis
Bit-exact ETSI compliance

Multithreaded
Optimizations

OpenMP
Automatic Parallelization
Automatic Multithreading

Loop Optimizations Interprocedural Opts.

Constant Propagation
Memory Disambiguation
Function Inlining
Alias Analysis

Loop Invariant Code Motion
Strength Reduction
Induction Variable Elimination
Loop Splitting
Software Pipelining

TECHNOLOGIES e



Sandblaster AMR Resu!#!,'_

AMR Encoder

(out-of-the-box C code)

SB TI C64x TIC62x SC140 ADI BlackFin

Programmed in C or Java °ss

3 Super-computer class compiler

» Vectorization
s DSP instruction generation

+ Standard Library
m Printf();

. 9 POSIX pthreads or Java threads

50k+ testcases used for validation
» Industry standards: Plum-Hall, perennial, nullstone

SAND e



Sandbridge AMR Simulation Results

Simulation Speed
(1GHz Laptop)

o 100.000 24.639
e}
= 10.000 -
S 2
‘@ ) 1.000 A
N <§ 0.114 0.106
(@) E 0.100 -
g 0.013
= 0.010 1 0.002
b
0.001

24.639
0.114
0.106
0.002
0.013

o SB

B T1 C64x (Code Composer)
0O Tl C62x(Code Composer)
0O SC140(Metrow erks)

m ADI Blackfin (Visual DSP)

Compiled Simulator
+ JIT “Flash” compilation
+ Up to 100 MHz on high end x86
+ Multi-threaded supported

Up to 4 orders of magnitude faster

+ Dramatic development time reduction
+ Significant productivity improvement
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Multithreaded Programming

Automatic Multithreading of DSP Kernels
+ Compiler can vectorize and multithread
+ Uses pthreads as underlying infrastructure

Multiple threads usage via pthreads library
+ POSIX AP

+ Complete support for thread management, synchronization,
and communication

+ Thread-safe version of the C library
+ Entire coding is donein C

Applications multithreading in Java
+ Inherently a multithreaded language

Multithreaded H/W with multithreaded S/W

» Automatic mapping of parallelism
» Easy parallel programming methodology

 TECHNOLOGIES EEe



Java Support

Java J2ZME implementation
>
4

v
m MIDP 2.0in process

m First known hardware multithreaded KVM
m Sandblaster tools compile KVM with Java-specific optimizations
m Javais another application on the Sandblaster processor
m A javathread is scheduled on any available hw thread unit
— Dynamic number of hardware thread units may be used
m Synchronization mechanisms fully supported
m Multithreaded garbage collection supported

TECHMOLOGIES ;ﬂ.*...!,-.-m‘,.t.a



Development Environment

Application
Software (C)

A

SW Tool Kit

Integrated Dev. / = i=

Environment

SandBlaster™
Dev. Board

= A R iiesy—e
J SANDBRIDGENS
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Integrated Development Environment (IDE)

|%¢ Sandblaster IDE 1.0 Beta 1 {(Build 200209211522) - Workplace - Source Editor [hello.c] =10l |

File Edit Wiew Buid Debug “ersionin o Tools ‘Wincdow Help o ¥ E

[peea|tnevoc|ac|dm=r| »o6=ua

[l Explorer [Fi = o = L R = T = L]
Filesystems e
= CiDocuments and SettingsWBernsteinty Documentside-der s melie. o

o .

i3 hello.c = Crested on September 24, 2O0Z: 12:28 BM

* by MBernstein
s
#include <stdio.hs
#include <stdlib.h>

-
-
s
int
main(int argc, char#** argv) {
] printf("hello, worldinm);

printf(rgoodbye, cruel worldyno):
return (EXTT_STCCESS) :
1

[] [=] (@] [@]

helio.c 1a:1  |ms| ]
Templat Fal
EaEE slse 7 helloc *
[E Output Windows [Compiler] (E3)
hello.c [14:1] error: -

nissing clesing guote
Printf ("hello, worldym):

hello.c [15:1] erzor: -~

Properties L eowpier =~~~ |

Based on Java open source netbeans

+ Enhanced with

C compilation and editing tools
Source debugger

Project management

Scripting languages

Automatic Error recognition

Works in multiple languages too!

==, [T

| {Tzerent]
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Variables, Threads and Memory View in Debugger

| ¥ |

i X
File Edit Wiew Euld Debug Versioming Tooks Wirdow Help el E|

neseal xeewde

Debugging |

B m @k

,@ Debugger Windowy [Metnory] E |

Byyte Count:

QS Boan 4 E S e @

L
I
f

Start Address: |argv

| b | | Evaluste |

PSS

-]

oooooo0on:
0000000C:
00000018:
00000024
00000030
0000003C:
00000048:
00000054
00000060:
0000006C:
0000007E:
00000084 :
00000090
0000009C:
000000RS:
00000084 :
oonoooco:
000000CC:
000000DE:
000000E4:
000000FD:
000000FC:

aoaon
aoon
aoon
aoon
oooo
aoon
aoon
aoan
aoaon
aoon
aoan
aoaon
aoon
aoon
aoon
aoon
aoaon
aoon
oooo
aoon
aoaon
aoan

anoon
aooon
aooon
aooon
aooo
aoon
aooon
anaon
aooon
aoon
anan
aooon
aooo
aooon
aooon
aooo
aooon
aooon
aooo
aooon
aooon
aoan

anoon
aooo
aooon
aoon
aooo
aooon
aoon
anon
anon
aooon
anan
aoon
aooo
aooon
aoon
aooo
anon
aooon
aooo
aoon
aooon

anon
aoon
anon
anon
Qooo
anon
anon
anan
anon
anon
anan
anon
anon
anon
anon
anon
anon
anon
oooo
anon
anon

anon
aoon
anon
anon
Qooo
anon
anon
anan
anon
anon
anan
anon
anon
anon
anon
Qoo
anon
anon
oooo
anon
anon

aoon
aoon
aoon
aoon
oono
aoon
aoon
aoaon
aoon
aoon
aoan
aoon
aoon
aoon
aoon
aoon
aoon
aoon
oooo
aoon
aoon

| == format

ltem Type: 16-bit Integer * | ltems per Line: |6

i
* hallo.e
# Created omn January L2, 2004:
* by vikalashunikow
b

#include <stdio.h>

#include <stdlib_h=

int

wain{int arge, char** argr) |
printf("Hallo!\n");
return (EHIT_SUCCESS) ;

=

| add. || Delete || Delete st |

i

29 M

|
dal

Expression | YValue

argy =0
arge n

+ | D File

| G

Line

1 hello.c

13

L Threads &
=

* Function | File

Line |

% main hello.c
ozStarthlain
osCalllser

- unkniowwn -
- unknown -
pthresd_tramp - unknown -
osThreadTramp - unknowen -
G - Lnkniawen -
G - Lnkniowen -

[ Wigtches B

[ Call Stack &
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Snapshot of Profile Information

&’m \Jﬂ“

&

-
el { 2 ;
File Ecdt View Buid Debug Wersioning Tools Window Help o [E

coemdaxusnde as|dncr|ivpua

Editing _ Cade completion DB has heen created for the filesystem C:\Projects\shapps

Explorer [Filesystems] [ Functions
@ Filezystams - ot
O Function Statistics
; g z;ug Mol |U.ser - | Match: ||<Ar'ry> '!l
& O demos Function [+|um Catis(...| | TotalFure..| [Min. Func....| [Max Func..| [TotaiTree | [min Tree .| [Me Tree .| [ Totatwan...| [win o] [wes
¢ A idetests 22 T34 BE2 E81 443055 441990 443
& [ hoard _ ext 0 0 0 0 0 o 0 0 o 0
@ @ compilstion _divs i 0 ] a 0 o 0 0 ] o
hello.c __error 1 5 5 5 G & 6 G i &
2?5 :::Esz _getowd [0 0 0 0 0 ] 0 0 o 0
i ‘ _lidivrems |0 0 fi 0 0 o 0 0 o i
L3 hello stats _lidivremu |0 0 0 0 0 i 0 0 i il
EN infinite-loop.c _llivs 0 0 0 0 0 ] 0 0 0 i
c  infinite-output-loog.c _malloc_sto...[1 7 7 7 7 7 7 7 7 7
cl GO _rmalloc_ata...|0 0 0 0 0 il 0 0 i 0
cll - int-min.c _mallae_sto...|0 0 i i i o i 0 i] 0
N parity.c | memset |0 i 0 0 n o 0 o i n
L3 parity.events __shrk 0 0 0 0 0 0 0 0 i] ]
1 parity everts data __stlush 3 95 23 42 122 23 69 1091 23 1038
2 partty stats _stushal |1 147 147 147 200 200 200 200 200 200
;]5 print-args .c __sim_trace |0 0 i} 0 it} 0 a 0 uj
ek PHRE-args. mak __sinit 1 & 3 3 & & 6 g £ 3
£l simple-output.c __smakebuf |1 44 44 44 128 128 128 434 434 434
T simple-output mak start 0 0 i} 0 o 0 0 a 0 i
& simple-scantc :s‘tat A 0 0 0 0 0 0 0 ] 0
&l stoerr-output.e __swhatbuf |1 45 45 45 45 45 45 270 270 270
© O debugger __swrite 1 27 27 o7 27 =7 27 995 EEa) 05
& O make _swsetup |1 29 29 29 163 163 163 469 459 459
[Files conteining profile statistics data _cleanup |1 7 i 7 207 207 20F 207 207 207
|3 Fiesystems « | _exit 0 0 0 0 0 ] 0 0 o 0
close 0 i i 0 i 0 0 i 0 i
o et 1 20 20 20 227 227 227 245 246 246
¥ m " E B ® friformst |1 107 107 107 107 107 107 107 107 107
Narre: hello stats free 0 0 0 0 0 i 0 0 i i
i False istat 0 0 0 0 0 ] 0 0 o 0
hasnewine |1 13 13 13 46 5 15 46 15 45
isatty 0 0 0 0 0 0 0 0 i i
mair 1 10 10 10 484 484 484 1759 1759 1759
malloc 1 32 32 32 39 39 39 39 39 39
malloc_privat...0 0 0 0 0 0 0 0 i) 0
malloc_privat... [0 o ] 0 (]} a 0 o a 1]
mallocz 0

g
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Event Viewer (GUI)
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Communications Systems
Implementation
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Integration

A MM| A
10 PROTOCOL
APPLICATION STACK
TASKS -

L1 CONTROL

I L1 BASEBAND SW

DATA I/O

LCD,
KPD ...
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Real-time WCDMA Performance

Measurements:

MRC

| Timing Management |

T
De-Spread Channel
De- Est/Derot
Scramble
ﬂ U i] “ Path 4 i] [l Path 4
Path 3 Path 3
ol

s-ccpcHPP

—— “

Real-time chip, bit, and symbol rate processing
+ 1 SB9600 chip for 2Mbps Rx concurrently with 768kbps Tx
+ <75% utilization for 384kbps Rx / 384kbps Tx

Includes functions traditionally implemented in H/W
+ Turbo Decoder
+ Rake Receiver
+ Tx/Rx Filters
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Communications Results

% SB3010 Utilization
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Summary

Multithreaded baseband processor
+ High-performance and low-power
+ DSP, Java, and Control processing

Sophisticated compiler technology
+ Automatically generates DSP operations
+ Automatically multithreads applications
+ Hand coded performance

Reconfigurable Communications Protocols
+ WCDMA, GSM, GPRS, etc.
+ 802.11Db, Bluetooth, etc.

Multimedia capability
+» MP3
+ MPEG4
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