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* Digital circuits are designed to ensure timing closure

 Designing for worst cases is Expensive
- STAis conservative
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(FCCM’13, ISCAS’13, TRETS’14)

Frequency (MHz)
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(FCCM’13, ISCAS’13, TRETS’14)
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(FCCM’13, ISCAS’13, TRETS’14)

Frequency (MHz) Traditional: Create errors for ALL data

Our: Overclocking error MAY happen

“Traditional” Our Approach
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(DAC’14, ICFPT'14)
* “Online Arithmetic” is MSB-first arithmetic
e Alll/Os are processed in the MSB-first manner

* Online Arithmetic is “overclocking friendly”
* Overclocking errors only occur at LSBs.
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(DAC’14, ICFPT'14)
* “Online Arithmetic” is MSB-first arithmetic
e Alll/Os are processed in the MSB-first manner

* Online Arithmetic is “overclocking friendly”
* Overclocking errors only occur at LSBs.

Example: Image Filter (DAC’14), 25% Speed-up
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Traditional Online
Arithmetic Arithmetic
SNR=9dB SNR=36.2dB
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Our Contributions: This Paper

e Detailed evaluation of three adder structures:
* Ripple carry adder
 Carry select adder
* Online arithmetic adder

 Optimum design choice under accuracy, performance
and area trade-offs
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 Background
e Adders with conventional arithmetic
e Online arithmetic
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* Ripple carry adder

- Frequency determines max carry propagation length

ﬂ I3
kx4 Longest Carry chain

|
I
|
|
: dz3 d; d; do
|
+: b3 bz b1 bo
i
|
|
I
|
|

S S3 S, Si So

Sample here: no error



Imperial College
London

* Ripple carry adder

- Frequency determines max carry propagation length

|
N ,ﬁ\ x»—~u—~ Longest Carry chain

Need to sample here 583 d; d; Qg

+ by b, b, b,

S21S3 S, Si So

- Two design scenarios: truncation or overclocking (see paper)
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Carry select adder

Use more area for high performance
Evaluate its truncation scenario
Details please see paper
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e Whatisit?
— Online Arithmetic performs computation in an MSD-first manner.
- ltisinitially designed for digit-serial operation.

> Time
MSD s > LSD
Input X X1 X2 X3 Xz X5 ..... XN\ 0 0O
InputYp Y1 Y2 Y3 Ya Y5 ... Y 0 00
Output Zp; |« 5 > Zy Z; Z3 eeeees Zn
MSD - » LSD

Online Delay
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 How is this possible?

— Requires a flexibility in computing outputs only based on partial
information of inputs.

— Redundancy in the number representation.
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* Features:
* Binary, digit parallel
e Fast: critical path is irrelevant to operand precision

Critical path: 2 FA delay

MSD : LSD
Digits: X1 Vi X2 y2 X3 1 V3 X4 Ya

Binary S o T e e

Y2 X3 ,’(3_ V3 Vs Xi X4 Vi V4

Bits: X1 XU Vi yi X2 X2 y2
L)L /
/, o "
FA FA VA FA cnt Cin2
/
4
Q gb Q Q
FA RA FA FA
|
ZI+ z; 22+ Z; Z3+ Z3- Z4+ 24 Z4+ Zs
—— —— — — ——
2 Z7 Z3 24 Zs
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* Design trade-offs for adders
* Accuracy, performance and area
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Design Trade-offs: Accuracy vs Frequency

Max. Word-Length

* Original word-length = 32 bits

Max. Word-length
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(MHz) Adder
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Design Trade-offs: Accuracy vs Frequency

Max. Word-Length

10f

* Original word-length = 32 bits

—&— RCA

—©— CSA 2-stage
[| —8— CSA 4-stage

—— OA

450

500

550
Frequency (MHz)

600

Max. Word-length

—————————————————

550 16 16

—————————————————

CSA and OA are designed to run faster
than RCA

il Freq | RCA | CSA-2 | CSA-4 | Online
(MHz) Adder



Imperial College
London

Design Trade-offs: Accuracy vs Frequency

Max. Word-Length

* Original word-length = 32 bits

Max. Word-length

-
(MHz) Adder

“l | 500 20 20 28 32

| | 550 16 16 20 32

10} 600 12 12 16 8

—4a— RCA
—©— CSA 2-stage
5F| —&— CSA 4-stage
—— OA

450 500 550 600 650
Frequency (MHz)
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Design Trade-ofis: Area vs Frequency

Area vs Frequency

# of LUTs

S=====n . =CA !
—6— CSA 2-stage |
ST SOhamstace| Area Overhead than RCA

Freq CSA-2 | CSA-4 | Online
(MHz) Adder

1.8x 3.4x 3.1x

550 2.0x 3.4x 3.8x

600 2.2x 2.8x 1.3x

450 500 550 600 650
Frequency (MHz)
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 Evaluation of the optimum adder design choice
 Example: limited area budget
* Results with a variety of area constraints



Imperial College
London

Design Trade-ofis: Limited Area Budget

 Optimal design achieves minimum error
* Available LUT = 35: RCA with overclocking
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Design Trade-ofis: Limited Area Budget
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Optimal design achieves minimum error
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e Available LUT = 55: Online adder
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 Optimal design achieves minimum error

Not enough area for any structure

CSA: 4-stage

RCA: Overclocking

Frequency (MHz)

(1]
(=]
(=

RCA: Overclocking or
Truncation

10 20 30 40 50 €0 70 80 20

Area (# of LUTs)
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 Optimal design achieves fastest frequency: see paper

Not enough area for any structure

CSA: 4-stage

RCA: Overclocking s,

Frequency (MHz)

RCA: Overclocking or
Truncation

10 20 30 40 50 €0 70 80 20

Area (# of LUTs)
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* We evaluated 3 adder structures: ripple carry adder,
carry-select adder and online adder

* We considered 2 design scenarios that trade accuracy
for performance: overclocking and truncation

e We show that
 Limited area budget: using RCA with overclocking
 Relaxed area budget: using online adder

e Details in papers and poster
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* FPGASs run at much lower frequency than CPUs and GPUs
- Pipelining? : not helpful in reducing datapath latency

Datapath Pipeline stages
Inputs Outputs
| sl ooy Lo >
> >
[e———————————————>{ ,_ Betterthroughput

:_ Original Frequency=100MHz a but similar latency
. Pipelined Frequency= 300MHz .
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 EDA tools provide conservative timing to cover variations

Frequency (MHz2)

600

FPGA measurements

™ Max frequency of a
_~ 5" order FIR filter
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