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ÅEnabling technologies: Signal Processing and Communications as well as Semiconductor 
Technology and Integrated Circuits

High-Performance Mobile

MIMO

mmWave

Full-Duplex

CoMP

1 ς2 billion devices on the market 
with an annual sales of 0.5 ς1 billion

(~100 ς500 USD / device)

MTC for Smart IoTand CPS

20 ς50 billion devices by 2020
(~1 ς10 USD / device)

Global Internet 
ϧ ά¢ƘŜ /ƭƻǳŘέ

Fiber connections & 
millions of servers
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90 nm
More processing in a 

reduced power envelope

Maintaining progress 
requires design

innovation

TODAY
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Increasing complexity
https://blog.openai.com/ai-and-compute/ 

New Applications: AI

Arrival 
of AI

Severe variability 
and reliability issues

*Source
Intel

Vanishing energy and 
performance benefits
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Variability &
Reliability

App. Complexity &
9ƴŘ ƻŦ aƻƻǊŜΩǎ [ŀǿ

Memory
Bottleneck
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ÅComputing is largely based on software-programmable architectures

ïProgrammability through extensive resource sharing

ÅMostly sequential operation with some parallelism

ÅAll operations mapped to resources prepared for the worst-case (e.g., FP)

ÅHuge overhead for data movement (memory -> resource -> memory)

ïInherent overhead of programmability: instruction fetch/decode

ÅThe case for dedicated accelerators

ïHardwired DSP kernels avoid ALL above issues!

ï# of transistors still keeps increasing: We have space!

ïAlgorithms rely on few core kernels
ά/ŀƴ Řƻ ŀƴȅǘƘƛƴƎ ǿƛǘƘ ŀƴ CLw ŦƛƭǘŜǊ όƴƻǿΥ !Lύέ
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CPU

GPU

10-100 GOps/W

Universal
Fully Programmable

Google TPUv1

FPGA with AI engine

100-нΩллл GOps/W

Domain Specific
Partially Programmable

TOSHIBA ADAS SoC
Å 100mm2, 16nm
Å 8 accelerators, 4 DSPs

Source: Yamada, et al, 
ISSCC 2019

UMichSLAM
Å 10mm2, 28nm
Å 3 accelerators

Source: Li, et al, 
ISSCC 2019

нΩллл-нлΩллл GOps/W

Application Specific
Mostly Fixed

custom architectures
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At Design Time

ÅIncorporated ñby designò

ÅModifications of algorithms 

or arithmetic operations

ÅInfluence quality, area 

and energy efficiency

ÅIdentical for each chip

Å100% predictable

ÅImpact fully deterministic

New opportunities for Approximations
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Approximate computing: 
άLƴǘǊƻŘǳŎŜǎ ŀ ƴŜǿ ŘƛƳŜƴǎƛƻƴ 

into the design-space to enable 
new AT-ƻǇǘƛƳŀƭ ǎƻƭǳǘƛƻƴǎέ



Approximation: A well known art ... in many aspects of our daily life

έ/ƻƳǇǳǘƛƴƎ ŜŦŦƛŎƛŜƴǘƭȅ by producing results that are good enough or of sufficient qualityέ
S. Venkataramani, S. T. Chakradhar, K. Roy,A. Raghunathan, 

«Approximate Computing and the Quest for Computing Efficiency», DAC 2015
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Specific objectives:

ÁReduce number and cost (complexity) of operations

ÁIoT: Increase «nominal» operating frequency or reduce time-per-data-item to enable 

voltage-frequency scaling

ÁKeep QoS-penalty as low as possible

ÁProvide performance «guarantees» across various operating conditions and input 

data sets to ensure user satisfaction in all cases

ÁProvide efficiency improvement over the state of the art, rather than over an 

artifically degraded implementation

ÅExample: an advanced exact adder may outperform an inexact RCA

11
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Finite word-length optimization

Recursive computation of transcendental 

functions (e.g., CORDIC for DDS)

Number representations

(e.g., Floating Point or Log 

Number Systems)

Algebraic approximations of 

complex operations

Approximation of algorithms

(e.g., Motion estimation) Cross-
correlation

Sum-of-Absolute 
Difference

Census
(Binary)

Reduced complexity cost functions

(e.g., SAD or Census in 3D vision)

Approximate arithmetic 

operations, derived from 

by gate-level considerations

(e.g., pruned or speculative 

adders or multipliers)
é and many more!!
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Example: FEC decoding 
for high-speed optical
links in data centers

ÅNext Gen.: 400 Gbps

ÅTDP is critical

No loss in performance

271 Gbps

23.3mm2

45.2pJ/bit

588 Gbps

2x Throughput
70% Area

50% Energy

Algorithm optimization based 
on theoretical insights

16.2mm2

22.7pJ/bit

Ghanaatian, R., Balatsoukas-Stimming, A., Müller, T. C., Meidlinger, M., 

Matz, G., Teman, A., & Burg, A. (2017). A 588-Gb/s LDPC decoder

based on finite-alphabet message passing. IEEE Transactions on Very 

Large Scale Integration (VLSI) Systems, 26(2), 329-340.
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ÅBasic idea:modify basic arithmetic circuits to improve timing, area, or power 
while ŀŎŎŜǇǘƛƴƎ ŀ άǎƭƛƎƘǘέ ŎƘŀƴƎŜ ƛƴ ŦǳƴŎǘƛƻƴŀƭƛǘȅ

ïSimilar to fixed-point design, BUT typically based on gate-level considerations

ÅMany different strategies: pruning, speculation, ignoring rare inputs

ïCaveat: often straightforward truncation performs best
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Å±ŜǊƛŦƛŎŀǘƛƻƴ ŀƴŘ ǘŜǎǘ ŀǊŜ ƻŦǘŜƴ ŎƛǘŜŘ ŀǎ ǘƘŜ Ƴŀƛƴ ƛǎǎǳŜǎ ǘƻ άŀǇǇǊƻȄƛƳŀǘŜ ŎƻƳǇǳǘƛƴƎέ

ÅClassical: Designers rely on checking against fixed specifications (golden models)
ïVLSI designers are used to rigid specifications and to binary pass/fail criteria

ïAlgorithm development: golden models are typically not available and specifications are checked using 
ǎǘŀǘƛǎǘƛŎŀƭ ǉǳŀƭƛǘȅ ƳŜǘǊƛŎǎ όa{9Σ t{bwΣ .9wΣ Χύ

Algorithm RTL Gate Level/Backend Physical Chip

Simulations compare to 
Golden Model/Exp. Responses

Monte-Carlo simulations
reveal algorithm quality

Formal verification &
Gate level simulations

Production test

reference reference reference

Fixed-point
optimization

Approximate arithmetic
Fully deterministic process / 

no unknowns

Statistical
quality

expectations
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At Design Time At runtime

ÅIncorporated ñby designò

ÅModifications of algorithms 

or arithmetic operations

ÅInfluence quality, area 

and energy efficiency

ÅIdentical for each chip

Å100% predictable

ÅImpact fully deterministic

ÅRun-time configurable 

parameters & SW

Å100% predictable

ÅImpact fully deterministic

ÅZero-margin & better than 

worst-case operation

ÅNon-predictable

ÅImpact non-deterministic

New opportunities for Approximations
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ÅConventional: approximations defined at design time or even already in the specification

ÅThe right level of quality (from a user perspective) is difficult to determine at design time => 
need conservative estimate (contradiction to the apprximate computing paradigm)

ÅObjective: dynamic adjustment of energy/quality tradeoff

«Application-Level» 

approximation

«Static»

approximation

Single choice

of degraded quality

Further approximations for energy efficiency

«Dynamic»

approximation

Graceful quality

degradation
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ÅReplacement for complex floating-point arithmetic
ïWell established method for complexity reduction (both SW and HW)

ÅRoutinely done and large optimization potential

ÅMany examples in various application domains
ïSignificant attention for machine learning applications in various flavours:

ïWord-length reduction , ternary NNs, binary NNs, pruning of coefficients, var. precision FP

Finite word-length optimization

Performance 7.3 TOPS(1b) - 345 GOPS (16b) 600 GFLOPS (FP8) ς300 GFLOPS (FP16)
Energy efficiency 51 (1b) - 3.1 (16b) TOPS/W 3.5 TFLOPS/W (FP8) ς1.7 TFLOPS/W (FP16)

[Lee, ISSCC, 2018] [Lee, ISSCC, 201)]

Inference Learning

~21x in perf.
BUT theory: 256x

~2x in perf.
Theory: difficult, 
BUT for sure 
should be more
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ÅFIR filter kernels are used in DSP algorithms for almost all IoTapplication domains

ÅNatural need and significant room for flexibility to 

ïSame HW must support a variety of applications

ïSupport different FIR kernels within the same application

ïAdjust filter coefficients to environmental conditions or user settings

ÅDifferent sets of coefficients are derived at design-time of the SW and re-assigned at run-
time to a programmable/parameterized HW accelerator

ÅDown-/Re-sampling

ÅConv. Neural Networks

Computer

Vision/AI

Image and Video 

Processing
ÅRemoval of artifacts

ÅImage/color effects

Audio and Speech

Processing
ÅEqualization

ÅNoise filtering

ÅNoise suppression

ÅPattern recognition

Bio-signal

Analysis
ÅChannel selection

ÅInt. suppression

Wireless

Communication
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ÅTranspose direct-form FIR filter: high throughput with  maximum potential for voltage-
scaling for energy efficient operation

ïCoefficients ὧ†: derived at design-time of the algorithm / software and re-assigned for 
each application / kernel at run-time

ÅMost of the power consumption is due to multiplications

ïLogic optimization: reduce logic complexity and switching activity

ïSilencing: for a given topology reduce switching activity factor ♪

+ + +

x

y

c[ 0]c[ 13]X X X Xc[ 14]c[ 15] ὖͯ ♪ɇὅɇὪɇὠ
Ὢͯ ὠ



EPFL-STI-IEL-TCL 21

ÅObservation: power consumption depends strongly on the choice of the filter (multiplier) 
coefficients, even for filters with very similar characteristics

Å Idea: modify coefficients of a baseline/reference filter slightly to minimize dynamic power 
based on power characteristics of the multiplier

Activity of a Radix-4 Booth recoded multiplier
with one random and one fixed input
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ÅSimple greedy algorithm for power reduction based on algorithm-level specifications

ÅExploitation of different 
run-time specifications

ÅRelaxing specifications 
provides further room 
for optimization 

For each constant 
coefficient

Characterize 
power for

random data
For each filter coefficient c[n]

For each value c[n]-ɲ : c[n]+ɲ

Estimate power
with modified c[n]

Compute filter 
characteristics 

with modified c[n]

Optimized
coefficient

s

Select lowest power 
update that meets 

specifications

Baseline
specifications

Baseline
coefficient

s

Filter
design

Relaxed
specifications

Baseline
design

Optimization 
procedure Characterization

Power estimate from 

stand- alone power 

characterization of the 

multipliers 
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ÅFIR filter design based on few high-level specifications

ïDesign requirements: type, passband ripple (Ap), 
stopband attn. (As) and passband frequency edge (Fp)

ïExample: Relax stopband attenuation by 3 dB

20 ς35 % 
overall power 
savings on 
complete FIR 
accelerator

A. Bonetti, A. Teman, P. Flatresse and A. Burg, "Multipliers-Driven Perturbation 

of Coefficients for Low-Power Operation in Reconfigurable FIR Filters," in IEEE 

TCAS-I, 2017.
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At Design Time During production At runtime

ÅIncorporated ñby designò

ÅModifications of algorithms 

or arithmetic operations

ÅInfluence quality, area 

and energy efficiency

ÅIdentical for each chip

Å100% predictable

ÅImpact fully deterministic

ÅAs consequence of the 

manufacturing process

ÅParametric variations lead 

to stuck-at or delay faults

ÅInfluence quality and yield

ÅDifferent for each chip

ÅNon-predictable

ÅImpact deterministic, but 

only for a given chip

ÅRun-time configurable 

parameters & SW

Å100% predictable

ÅImpact fully deterministic

ÅZero-margin & better than 

worst-case operation

ÅNon-predictable

ÅImpact non-deterministic

New opportunities for Approximations



Strive for Better Energy Efficiency

ÅVoltage scaling for energy-proportionality

Reduction of cost

ÅNeed high density (advanced nodes)

ÅHigher impact of small tolerances

Two main drivers for performance improvement in integrated circuits:

Dr. Andreas Burg 25

SRAM bit-cells 130nm-32nm

0.9V 0.5V

Ὁᶿὠ
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Å Integrated circuits are at the foundation of complex systems

ïThese systems rely on accurate specifications of their components.

ïDeviation from these specifications may or may not lead to failure.

Å/ƻǎǘ ƻŦ άǊŜǇŀƛǊϦ ƛƴŎǊŜŀǎŜǎ ŜȄǇƻƴŜƴǘƛŀƭƭȅ ƛƴ ŜŀŎƘ ǎǘŜǇ ƻŦ ǘƘŜ ƛƴǘŜƎǊŀǘƛƻƴ ŎƘŀƛƴ

ïNeed to assume that any deviation from the specification will lead to a system failure 
and requires repair or discarding of the entire system.
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Established policy: Test and discard all chips that are not 100% functional 

9ÉÅÌÄ
ΠÅÒÒÏÒÆÒÅÅÄÉÅÓ

ΠÔÅÓÔÅÄÄÉÅÓ

Å! άƘŜŀƭǘƘȅέ ǇǊƻŎŜǎǎ ŀŎƘƛŜǾŜǎ Ҕфр҈ ȅƛŜƭŘ ƻƴ ŎƘƛǇǎ ǿƛǘƘ ŀ ōƛƭƭƛƻƴ ǘǊŀƴǎƛǎǘƻǊǎ

Achieving a high yield: incorporate margins into the circuits to account for uncertainties

ÅAssume worst-case parameter variations

Åaƛƭƭƛƻƴǎ ƻŦ ŘŜǾƛŎŜǎ ƻƴ ŜŀŎƘ ŎƘƛǇ ǊŜǉǳƛǊŜ ƘǳƎŜ ƳŀǊƎƛƴǎ όŜΦƎΦΣ сˋ ƛƴ ±¢Iύ

9ÉÅÌÄρ ὖ

ὖ: Device failure probability

Ὧ : Multiples of std. deviation allowed 

for the circuit to remain functional*

* Many simplifying assumptions: Gauss distribution, independence between devices,é

Ὧ ὖ

3 67E-3

4 6.2E-3

5 2.33E-4

6 3E-6

ὖ ἧἱἭἴἬ
╝ ╔4

ἧἱἭἴἬ
╝ ╔

67E-3 0% 0%
6.2E-3 0% 0%
2.33E-4 10% 0%

3E-6 97% 5%
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ÅVariability summarizes three 
different problems: 

Worst-case design paradigm
100% reliable operation, under all-worst-case assumptions

Variability
=

Uncertainty

True randomness

Lack of 
knowledge

Inability to model

Worst-case assumptions

help to reduce uncertainty,

but are also very pessimistic

Metricsand propertiessubjectto variability
ÅProcess, Voltage, Temperature
ÅCritical path lengthand activation
ÅCapacitance and coupling
ÅPower & IR drop
ÅActive and leakagepower
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SNM: Margin for noise to ensure reliable operation

[Sarfraz, 

JSSC, 2017]

17% performance loss 

from 100mV supply 

droop at 1.15V

45% performance loss 

from 100mV supply 

droop at 0.8V
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