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Outline

o Definition, motivation for domain specific processors
a DSP processors
a FIR’s
a Viterbi
a Turbo coding
o Crypto processors
Q secret key AES
Q public key: elliptic curve
o Design methodology
a Conclusion
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Domain Specific Processors

LA

ASIC Application  Domain General General
Specific Specific DSP Purpose
.
Performance / Power:
Programmability:
| arameters | very high

!

Low power programmable
DSP’s for wireless communications
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Design for low power

Multiple levels of abstraction:

« technology level: dual Vt,

* circuit level: complementary static CMOS

* logic level: gated clocks, low swing busses

« architectural level: datapath, memory optimization

« system level: idle modes, variable supply voltage

Focus of this presentation: Architectural level

TUNE processor components to the application domain
HENCE reduce overhead, unnecessary computations, unnecessary switching
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Application domain: Wireless
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World-wide deployment of mobile communications is exceeding expectations
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Digital Signal Processor Market

Disk
$270

DSP Market Cellular
Infrastructure

Wireless
$1.01B

1996: $2B market, 30% growth rate
1999: $4.4B
2004: $19B

Cordless
GPS

Source: Forward Concepts 2000
Consumer &
Automotive
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Mobile Handsets

Source: Forward Concepts 1996
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Domain Specific Processors LA
Domain specific processors: to combine

@ High performance
@® Low Power

@ High degree of programmability

Application domains that need it:
@ Wireless communications (baseband processing)
Video processors

@
@® Embedded micro controllers
@® Etc.

Application domain is narrower, hence need high

volume to compensate development cost.
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DSP Processor Fundamentals LA

Processor Components [Skillikorn-88]

Data Path < > Interconnect

Processing Processing
Unit Unit
Instruction Memory
Processing < > Management
Unit Unit

Adapt ALL components to the application domain!
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Compute intensive functions: evolution of DSP’s L

lllustrate with examples used in wireless communications.

@ Simple FIR example
@ Speed-up of FIR example

@ Viterbi acceleration
@ Square distance

@® Turbo coding
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FIR implementation LA

x(n-1)

X(”) 7]
c(0) c(N-1
" 0
yn) = % c(i) x(n-i) &
o @ c@h. .. .... y(n)

y(0) = c(0)x(0) + c(1)x(-1) + c(2)x(-2) +. . . + c(NI)X(1I-N;
y(1) = c(0)x(1) + c(1)x(0) + c(2)x(-1) +. . . + c(N1)x(2-N);
¥(2) = c(0)x(2) + c(1)x(1) +c(2)x(0) +. . . + c(N1X(3-N;
y(n) = c(0)x(n) + c(1)x(n-1) + c(2)x(n-2)+ . . + c(N1)x(n-(N-1));

Execute row by row
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Von Neumann machine LA
@ One memory space
Processor
Core mpy
A
\ 4
| Address Bus |
\ 4
| Data Bus |
A
vV VY
Memory
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FIR on Von Neumann LA

Assume Von Neumann has multiply and accumulate instruction
(not necessarily the case)
Assume also that pipelining allows to execute the multiply and accumulate
in parallel with the read or write operations.
Then one tap needs 4 cycles:
1. read multiply-accumulate instruction
2. read data value from memory
3. read coefficient from memory
4. write data value to the next location in the delay line
(because for the next sample, all values are shifted by one location)

Memory bandwidth is crucial !!!

50 taps filter = 200 cycles!
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Basic Harvard Architecture

O Different from Von Neumann machine:
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Program Data
Memory Memory
\ 4 -
Instruction . o
Processing —{ Multiply
Unit Accumulate

O Sseparate data memory from program memory!

16 x 16 mpy

&t/ |

one address bus - one data bus - one memory space

Ingrid Verbauwhede

TMS320C1x (1982)

ZAC
LT
MPY
LTA
MPY
LTA
MPY
LTA
MPY
APAC
SACH Y1
SACH Y2

T (16)

P (32)

X1
A
X2
B
X3
C
X4
D

* 50 taps = 104 cycles
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ACC=0

T=X1

P=AX1

ACC=AX1;T=X2

P=BX2
ACC=AX1+BX2;T=X3
P=CX3
ACC=AX1+BX2+CX3;T=X4
P=DX4
ACC=AX1+BX2+Cx3+DX4
STORE 32-BIT RESULT
AT LOCATIONS Y1, Y2

. = Program ROM of 104 instructions

LA

Compute Y = AX1 + BX2 + CX3 + DX4

Ingrid Verbauwhede
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Modified Harvard Architecture

Program Data
Memory Memory
\ 4 v 1 - g )
Instruction . d
Processing ——| i =
Unit Accumulate
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Program bus to get instruction
Or to get coefficients (often stored in ROM)

Ingrid Verbauwhede

Same FIR: 53 cycles, 3 program words

LTD

MPY
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LA

x(n) x(n-1)
N-1 (50 TAPS) X(n (N-1)
y) = % ¢l x(n-) c(0) . c(N- 1
i=0
Single Cycle Multiply - Accumulate!
TMS320C10 TMS320C25
LT LTD RPTK 49
DMOV MPY MACD
APAC LTD
MPY

53 Cycles
3 Words Prog Memor

100 Cycles
100 Words Prog Memory
Ingrid Verbauwhede
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TMS320C2x (1986) LA
TMS320C2x Multiplier/ALU

® Single Cycle 16x16 bit
Multiply yielding a
32-bit product

® Supports simultaneous
Program and two Data
Operand acquisition

® Supports simultaneous
ALU and Multiplier
operations

® 0-16 bit Left Post-Shifter
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FIR speed-up LA

@ One output = 2N reads, N MAC’s, 1 write

@ Two outputs = 4N reads, 2N MAC's, 2 writes

Dual Mac Architecture with ONLY 2 data busses??

@ Read two 32-bit numbers instead of four 16-bit numbers
Solution by Lucent 16000 core with dual MAC

® Run MAC at double frequency, read two 32-bit numbers
Solution by Matsushita

@ Insert delay register
Solution by Atmel’'s LODE (1996)

@ Use 3 busses
Solution by Tl C55x (2000)
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FIR on Lucent DSP16210
Inner loop of 32-tap FIR Filter

do 14 { //one instruction !
a0=a0+p0+pl
pO=xh*yh pl=xl*yl
y=*r0++ x=*pt 0++
}
@ Outer Loop: 19 cycles, 38 bytes
1 cycle in inner loop
@ 5 exec units used in inner loop
2 MACs per cycle

@ Horizontal parallelism, one sample at
atime

@ 2G mobile wireless base-stations

Courtesy: Gareth Hughes, Bell Labs Australia
VLSI CAD seminar March 5, 2001

LA

XDB(32)

IDB(32)

[Shift/sat.] [shift/sat.]

L 2R / v v
Ingrid Verbauwhede

FIR on TI C55x (2000)

LA

@ FIR filter: two outputs in parallel with 3 busses

y(0) = c(0)x(0)
y(1) = c(0)yx(1)

Co(DX(-1) + c(x(-2) + . . .
(DX(0) + c(Dx(-1) +. . .
y(2) = c(0)x(2) + c(lix(l) + c(2)x(0) + . . .
y(3) = c(0)x(3) + c(1)x(2) + c(2)x(1) +. . .

+ c(N1)x(1-N);
+ c(N1)x(2-N);
+ c(N-1)x(3-N);
+ c(N1)x(4-N);

DB(16)
BB(16)
- - CB(16)
X(n-i+1) x(-i)
c(i) c(i)
y v

MAC1 MACO

+ +

A 4
y(n+1) | ACO
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A 4

y(n) [ AC

Ingrid Verbauwhede
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FIR on Lode (1996)

@ FIR filter: two outputs in parallel with delay register

LA

y(0)

&(-D\ + c(2)x(-2) + . . .

+ c(N-1)x(1-N);
+ c(N1)x(2-N);

y(1) (0) )+ c(2x(-D) | +
y(2) = )x(1) + c(2)x(0) + . . .
y(3) = ¢c(0)x(3) + c(1)x(2) + c(2)x(1) + . . .

+ c(N-1)x(3-N);
+ ¢(N1)x(4-N;

Two MAC units with dedicated bus network

« DBO fetches coefficient
« DB1 fetches data

* LREG delays input data
« AO stores y(n) output

« Al stores y(n+1) output

VLSI CAD seminar March 5, 2001

DB1(16)
o o DBO(16)
X(n-i+1) X(-i)
AVE==dF
MAC1 i MACO
+

A 4
vorn) (A0 | ym)

Ingrid Verbauwhede

Energy comparison

@ Total energy for one output sample:

Energy Single Dual Dual MAC  Dual MAC
MAC MAC 3 busses with REG

No. of MAC operations N N N N

No of Memory reads 2N 2N 1.5N N

No of Instruction Cycles N N/2 N/2 N/2

Adaptation of the datapath: MAC, DMAC
Adaptation of the memory architecture and bus network
Adaptation of the instruction set

VLS| CAD seminar March 5, 2001
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2G Basestation Baseband Processing = LA

» Multiple DSPs used for baseband processing.

« RISC Microcontroller for timing, framing, 1/O control
« Software upgradable over the network

« DSPs dominate cost and power consumption

Future trend - integrate
baseband processing -

Channel Channel !
Equalization Delcoding Encryption low cost Pico BTS
[ | [ | /
™ = |y
o HAFE[DSP{DSP| [Rav|pSP|PSPpSA| RISC

Micro ‘@

T |
o HAFE|psPipsp| [Rav|psPlpsP{lpsP||controtier psic

Tx/Rx baseband processing board for 2-carrier GSM basestation
VLSI CAD seminar March 5, 2001 [C. Nicol, Bell Labs Australia] Ingrid Verbauwhede

Compute Intensive function 2: Viterbi LA

@ Viterbi butterfly i @ +a »@ 2i

i = state index
s = # of states = 21 o
w = decoding window

2i+1

@ Basic equations: i+ s/2 .

d2i) =min{d(@)+a,d(i+s/2)-a}
d2i+ 1) =min {d(i) - a, d(i + s/2) + a}

@ Key operation: Add-Compare-Select (ACS)
@ 1S-95: k =9, 256 states, w = 192, means 2% 192 x (cycles for one ACS)

@ Basic algorithm in Viterbi channel decoders and MLSE based receivers,
modified version in turbo decoders.

VLS| CAD seminar March 5, 2001 Ingrid Verbauwhede
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Viterbi on Lode LA
® Two MAC units & ALU: Add-Compare-Select
DBI1(16)
[ =min (T + pl), (M2 + p2)] DB0(6)
ul W2
MAC1 rv rw MACO
* DMAC operates as dual =\+> =\+5
add/subtract unit
A 4 A 4
+ ALU finds minimum r 4@ L Ta1 ] "™
* Shortest distance saved
L ALU decision bit
* Path indicator saved Min()
* 4 cycles / butterfly r
A 4
to memor I_A_2_|
VLSI CAD seminar March 5, 2001 Ingrid Verbauwhede

Viterbi on TIC54x I-A—

@® ALU and CSSU: CMPS instruction

DB1(16)
DBQ(16)

2
ui |—L TREG

« ALU splits in 16 bit halves z + S \tD’) ALU

» ACC splits in half . X

r .
« Shortest distance saved | Accumulator |

* CSSU compares halves ¥ E i v

ALU ifl MSW/LSW

Select

Data bus EB, to memory

[ =min [(F1 + pl), (T2 + p2)]

» Path indicator saved

* 4 cycles / butterfly

Source: Tl Application Report, Viterbi Decoding in the TMS320C54x family, document SPRA071
VLS| CAD seminar March 5, 2001 Ingrid Verbauwhede
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Viterbi on LU DSP16210

do 8 {
a0=a4+y al=a5-y *r3++=alh
a2=a4-y a3=a5+y *r5++=a2h
a0=cnpl(al, a0) yh=*r0 rO0=ri+j j=k k= *pt1++
a2=cnpl(a3,a2) a4 _5h=*ptO++
} ARO

0 Hardware support for Viterbi algorithm:
O ACS calculations are efficient
o Minimal overhead

QO 4 cycles per butterfly
Q 32 cycles per GSM timeslot.

Courtesy: Gareth Hughes, Bell Labs Australia
VLSI CAD seminar March 5, 2001

LA

0 Comparison functions store ACS
GSM (K=5, 16 states) decis‘i)on bits:

a0=cnpl(al, a0)

a2=cnpl(a3, a2)

a2=cnpl(a3, a2)
b Results written
to memory

Ingrid Verbauwhede

Turbo coding on TIC55x

@® ALU and CSSU: max_diff instruction

| Aq:Zx

[ Ady |

Maxdiff ACx, ACy, ACz, ACw

* ALU splits in 16 bit halves W ALU

* 4 ACC's splits in half

« differences stored in ACw halves |

AC'}W |

* Max stored in ACz halves Y E 1 y

 Path indicators saved in TRN’s ALU Comp

ACz

Source: TMS320C55x DSP Mnemonic Instruction Set Ref. Guide, document SPRU374C
VLSI CAD seminar March 5, 2001

Decision
Bit

| S

Ingrid Verbauwhede
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Case study: LPC Speech Coder LA
Main computation modules:
« FIR’s, autocorrelation, Levinson-Durbin algo
Platform Clock Cycles Area/ Energy/ Techno- Power
Freq. (MIPS) Memory frame logy Supply
TI C5402 12 MHz 240K 8.7 KB 42.7 1J 0.18 Mm® 1.8 V core
3.3V 10
TI C5510 5 MHz 120K 10.2 KB 321 0.15Hm° 1.6V core
3.3V I1/0
TI C6211 150 MHz? 30K 16 KB® 288 HJ 0.18 Hm 1.8V core
3.3VI/0
OCAPI 600 KHz 11K 1.4 mm? 211 0.25 Hm 25V
AR|T 150KHz 3K 3.2mm’ 4.3 K1 0.35 Hm 3.3V
a: accommodates around 75 channels, ONLY program code
b: estimates
EE201A Class project!
VLSI CAD seminar March 5, 2001 Ingrid Verbauwhede
b
Low Power DSP’s LA
DSP 1600 Core C54x 1V DSP

(Lucent - 1609 low cost consumer 16-bit)  (Texas Instruments - ISSCC 1997)

i 1 8
F .+ ¥
-

VLS| CAD seminar March 5, 2001

® 0.35u 3LM CMOS ® 0.25u 3LM CMOS

@ 80 M 16b MAC/s at 3.3V ® 63 M 16b MAC/s at 1.0V
® 1.4 mMW/MHz at 3.3V ® 0.21 mW/MHz at 1.0V
® 30 pW stand-by power ® 4.0 mW stand-by power

@ Dual V; process

Ingrid Verbauwhede
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a
a
a
m}
m}

Cryptography

Unusual arithmetic, large word lengths
High throughput requirements (e.g. routers)
Low power (portable applications)
Resistant against timing and power attacks (smart cards)
Our work:

a AES Rijndael co-processor ( 6Gb/sec encryption!)

Q Elliptic curve public key co-processor

on Atmel FPSLIC (FPGA + AVR co-processor)
a Circuit techniques resistant against power attacks

VLSI CAD seminar March 5, 2001 Ingrid Verbauwhede

LA

AES Rijndael

[ref: http://home.ecn.ab.ca/~javard/crypto]

VLS| CAD seminar March 5, 2001 Ingrid Verbauwhede
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AES Rijndael — 6Gb/s encryption rate. LA
ISA
clk reset v
request_ L l -1 Processor FSM
indet “ Input |
ready
input — ™1 FSM clk reset clk
a key
) ., | Encrypt > | KeySched
n_ 256 sub_key
channel
16 256 clk
L, v
— output
-— <
FSM reset
16 l
Student: Henry Kuo out_channel ready_output request_output
VLSI CAD seminar March 5, 2001 Ingrid Verbauwhede

O

Elliptic curve cryptography

Diffie Hellman key exchange protocol
P is point on the elliptic curve, a and b are secrets of Alice and Bob

Alice sends a.P ap ‘Bob sends b.P

« h.p

Alice computes a.b.P Bob computes a.b.P

Secret key is a.b.P
Eavesdropper has a.P and b.P, but can not derive a nor b.
Based on discrete logarithm problem is hard in elliptic curve

VLS| CAD seminar March 5, 2001 Ingrid Verbauwhede
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Elliptic curve co-processor

instr
4
FSM

Instruction

4
FSM D | FSM Poi nt < FSM ~D—>
| nput > Mul tiplication ~|]—>QJI
4
2
FSM
Doubl e Add Subtract

P o

Dat a Path

jer

Ingrid Verbauwhede
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Profiling based instruction set design

Application Domain

A Application o

: Application

= \ ....................
/ All 3

Profiling

e e
Gonput ati ona > : > Tar get
Mappi ng Confi guration

1 Instance ¢

Ingrid Verbauwhede
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Packet in

Example: L2, L3, L4header parsing

Packet out

Address
Lookup

Output

Packet =

o Domain specific processor
QO optimized datapaths
Q optimized controller/instruction set

QO optimized interconnect
a Current research: processor architectures for

0 secret-key & public-key cryptography

0 embedded routers
o DESIGN METHODOLOGY to support this.

VLS| CAD seminar March 5, 2001

Decoder Reencapsulation
Queuing Engine et T
sIp ) PIS
Converter|| =) Converter
B . Internal Buffer
i h
Tlounon
Student: Maged Attia
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a optimized memory architecture and bandwidth

Q wireless communications: turbo codes, Low density parity check codes

o Request for: floorplanning and routing for differential logic styles.

Ingrid Verbauwhede
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Need to run...

o EE215B - Advanced Digital Integrated Circuits

o Main project topic: noise & reliability in deep-submicron
a interconnect — RLC effects on chip?
a mixed-signal on chip
Q process variations

0 Today: adiabatic computing

a NO CS students enrolled!
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