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Abstract

Field-Programmable Gate Arrays (FPGAs) are one of the mosular platforms for
implementing digital circuits. Their main advantages include the atwlibe (re)programmed in
the field, a shorter time-to-market, and lower non-recurring eegimg costs. This
programmability, however, is afforded through a significant amounadafitional circuitry,
which makes FPGAs significantly slower and less power-efficaompared to Application
Specific Integrated Circuits (ASICs).

This thesis investigates three aspects of low-power FPGArdeswitching activity
estimation, switching activity minimization, and low-power FPGdécklnetwork design. In our
investigation of switching activity estimation, we compare new exidting techniques to
determine which are most appropriate in the context of FPGAscifispkty, we compare how
each technique affects the accuracy of FPGA power models anilityecd power-aware CAD
tools to minimize power. We then present a new publicly availatiizity estimation tool
called ACE-2.0 that incorporates the most appropriate techniquasg &tgivities estimated by
ACE-2.0, power estimates and power savings were both within 1% wfsredbtained using
simulated activities. Moreover, the new tool was 69 and 7.2 tinsésr filnan circuit simulation
for combinational and sequential circuits, respectively.

In our investigation of switching activity minimization, we propasetechnique for
reducing power in FPGAs by minimizing unnecessary transitidiedoglitches. The technique
involves adding programmable delay elements at inputs of the llagierts of the FPGA to
align the arrival times, thereby preventing new glitches fromgogenerated. On average, the
proposed technique eliminates 87% of the glitching, which reduces o#&@lA power by
17%. The added circuitry increases the overall FPGA ar€ddbgnd critical-path delay by less
than 1%.

Finally, in our investigation of low-power FPGA clock networks, wengixe the tradeoff
between the power consumption of FPGA clock networks and the cost dribiaints they
impose on FPGA CAD tools. Specifically, we present a parameterizedviiainfor describing
FPGA clock networks, we describe new clock-aware placemdmitpes, and we perform an
empirical study to examine how the clock network parametersctaffee overall power

consumption of FPGAs. The results show that the techniques used to prddgekplacement



can have a significant influence on power and delay. On averagetscptaced using the most
effective techniques dissipate 9.9% less energy and were 2.4%tfastecircuits placed using
the least effective techniques. Moreover, the results showthbaarchitecture of the clock
network is also important. On average, FPGAs with an effiattk network were up to

12.5% more energy efficient and 7.2% faster than other FPGAs.



Table of Contents

Y 0] 1= xS PPPPPPPPPPTPN: [
(IS A ) N = o] =TSR Vi
IS A T USSP PRRP Vi
LISt OF ADFEVIALIONS ...t e e e et e e e et et e e e e e e e e e e e aeeeeeeeennnnnnes IX
y N [0 V] =T Lo o 0= o PRSP X
CO-AULNOISNIP STAEMENT. ... it e e e e e e e e e e e e e taebn b e e as Xi
(@4 =T o] = SO SSS 1
I Yo Y7o o TR 1
1.2 FPGA POWET MINIMIZALION ......uiiiiiiiiiiiiiiiiiieiee e e e e e e e e e e e e e e e e e e e e s s s nnnnes 2
1.2.1 FPGA Architecture and Power DiSSIPAtiON .........uuuuuuemiiiieieeeeee et 2
1.2.2 FPGA POWEr MOAEIING.......coiieeiieiiiiiiiiie et e e e e e e e e e e e e e e e anas s 5
1.2.3 LOW-Power FPGA AIChItECIUIE .......cooviiiiiiiiiiie et e e e eeeeeaeees 5
1.2.4 LOW-POWET FPGA CAD ...ttt e e e e e e e en e eeeees 6
1.2.5 Low-Power Techniques used in Commercial FPGAS ..o 7
1.3 Focus and Contributions of thiS ThESIS.........coooiiiiiiii e 9
1.3.1 Switching Activity EStimation for FPGAS ..o 10
1.3.2 Switching Activity Minimization in FPGAS........ccooo oo e e e e e eeeeaenaens 13
1.3.3 FPGA CIOCK NEIWOIKS ....eeeeiiiiiieee ettt e e e e e et abb e e e e e e e e e e eeees 14
1.4 TheSIS OrganiZatiOn ...........coeeieiiiiiiiiiias e e e e e e e e e e e e e et eaa e s e e e e e e e e aaeeeeeeeeeaasasnn s eaaaaaaaeees 16
References fOr CRAPLEr L... ... e e e e e et a e e e e e e e e e aaeeees 17
(@ =T o] =] 21
P22 I [ 1 0T [0 Tod 1 o] o PSR PPPPPUPTRPPPTRRR 21
2 = - Lo 1o | {0 ¥ o o USSP 23
P2 R I =T 11 41 o] [ T | 2P 23
2.2.2 ACHVItY ESHMALION ...uiiiiiiiiiieiee e e e e e e e e e e e e e e e e e e e e e e e aaeeaaeeeeees 23
2.2.3 Existing Activity EStimation TOOIS...........ouuiiiiiiiii e 26
2.3 Empirical Study on Activity Estimation for FPGAS........ccccooeeiiiieiieeeeeee e 26
2.3.1 Accuracy and Speed of Probabilistic-Based Activity Estimation............c..c.ccccceevennnnn. 26
2.3.2 FPGA POWET MOAEIING....uuttiiiiiiiie ettt e e e e e e e e e e e e et e e e e e e aaaaeaees 30
2.3.3 PoOwer-Aware CAD fOr FPGAS .....ouuuiiiiiie ettt 32
2.4 ACE-2.0: A NeW ACHIVILY ESHMALO .......ciiiiiie e e 33
At o P T PR 34
2.4.2 PRASE 2 ...t 35
2. 4.3 PRASE 3 ..ttt — e a e e e e e e e e e et e e trrnan s 40
2.4.4 ACE-2.0 RESUILS ...oiiiiiiiiiiiii ettt e e e e e e e e as 41
2.5 ConclusionNs and FULUIE WOIK.......ccooiiiiiiiiiieiiiieeii et e e e e e e eees 42
Y] (=T (=T ot T (o] GO o F- T o) (= P 45
(O gF=T o] (=7 g ST 47
10 I [ o1 (oo {3 ox 1 o] o NPT a7
I = - T (o | (o 18] o [PPSO URPPPPPTPRPPPPRPIN 49
3.2.1 Switching ACtiVity TermMiNOIOQY ......cceveuuuuiuiiiiiieee e e e e eee ettt e eeeeri e e e e e e eeeeeeeeeeeennnnne 49
3.2.2 Process, Voltage, and Temperature Variation ...............uuuuueiiiinnnineeeeeeeeeeeeeeiiiis 49
3.2.3 Existing Glitch Minimization TECNNIQUES ...........coeeviiiiiiiieiee e 50



3.3 GlHECNING IN FPGAS ...ttt e e e e e e e e e e e et e e eaa e s e s ssa s e e e aeeaeeeaaeeeeeennnnnns 50

3.3.1 Switching ACtiVity BreakdOWN ..........coooiiiiiiiiiiiiiie e 51
3.3.2 Pulse Width DiStriDULION .........ccvieeieiiiiiiiies e e e e e e e e e e e e e e e e e eeeeenesennnnnns 51
3.3.3 Power Dissipation Of GIItCRES.........cooiiiiii e 52
3.3.4 Potential POWET SAVINGS........cuuuuuiuiiiiiiiiee e e eeeeeee ettt s s e e e e e e e e aaeeeeeeasaasssana e eas 53
3.4 Proposed Glitching Elimination TEChNIQUES............uuuiiiiiiii e 54
3.4.1 Glitch Elimination TECHNIQUES.........ceeuuueiiiiiiiiiee e e e eeee e et e e e e e e e e e e eeeeeeeeennnnne 54
3.4.2 Architectural AIREINALIVES .........oooiiiieeiie e e e e e e e e eeeeeeananees 55
3.4.3 Programmable Delay EIEMENT ..........uueiiii i 58
3.4.4 CAD AlQOTItNMS ...t e e e e e e e e e e et e e et bbb e as 59
3.4.5 PVT Variation TECANIQUES........cccoeiiiiieeeeeeie e e e e e e e e e e e e eeeeaanees 63
3.5 EXperimental FramMeEWOIK ...... ... ettt e e e e e ee e 67
3.5.1 Switching ACtiVity EStMALION .......uuueiiiiiie e 67
3.5.2 Area, Delay, and PoOwer EStIMatiON ...........ueiiiiiiieeieeeeeecceeeeiiiiins e e e e eeeeeeenenees 68
3.5.3 Architecture Assumptions and Benchmark CirCUItS ...........cccevviiiiieieeiiiiieieeeenn, 69
3.6 Scheme CalibDration ... e e e e e eeraene 69
3.6.1 Scheme 1 CaliDration ...........ciiieiiie e e e e e e e e e e eeeees 69
3.6.2 SCheme 2 CaliDration ...........iiiiiie et e e e e e e e e eees 71
3.6.3 SCheme 3 Calibration ...........ciiiii i e e e e e e e 71
3.6.4 SCheme 4 CaliDratioN ...........iiiei et e e e e e e e e eees 74
3.6.5 SCheme 5 Calibration ...........coiiiiii i e e e 75
3.6.0 SUMMIAIY ...ttt e ettt e e e e e ettt e e e e e e et b e e e et ee st e e e eeesta e eeeeesbnn e eeeeennnnns 76
A L= 2] 1 S 77
3.7.1 Area OVEINEAU. .......uueiiiii ettt e e e e e e e e e e e e e eeeeeenrana 77
3. 7.2 POWEI OVEINEAU ... .o e e e e e e e e e e e e e e e e e e e e e eeas 78
3.7.3 Delay OVEINEAU........cco i 78
3.7.4 Overall Power Savings (Assuming NO Variation) .........ccccoeeveeieeeeeeeeeveeeeeiiieen e 79
3.7.5 Overall Power Savings (ASSUMING Variation) ...........uueeeiiieeeeeeeeeeeeeeeiiiiiie e 80
3.8 CoNnCluSIiOoNS aNd FULUIE WOIK ... ...iiiiieeieeiii e e e e e e e e e e e e e e e e e e e e e eeeees 81
References fOr CRapter S... ..o e e e e e e e e e e e e e aea e e eeeeas 83
L@ =T o) (= 85
v 0t R 1 o To (3 ox 1o o [P PPPPPUTPTTR 85
4.2 Background and PreVioUS WOTK ..........uuueeiiiiiee e eeeeeeeetesss s e e e e e e e e e e e aaeeeaeannsnnnnnnn s 87
N R = 7= Tl (o | (0 11 ] [ PP S ST 87
4.2.2 PreVIOUS WOTK.....ooieieiiiiiiiiisi s e e ettt s s e e e e e e e e e e e e e e eee e e aeasasan e e s e eeeeeeeeeeeeeennnnnes 90
4.3 Parameterized FPGA Clock Network Framework..........cccooeeeiiiiieiieeeiiiicciis e ee e 91
4.3.1 CIOCK SOUITES....ceeeiittttiieaae e e e e e e e ettt ettt s e s e e e e e e e e e e e e e et eeetassts e e e e e e e eeeeeaeeeeeesnssennnnns 91
4.3.2 Global and Local ClIOCK REQIONS .........cvvviuiiiiiiiiiieee e eeeeee e e e e e e e e e e e eeeeeaenees 92
4.3.3 FIrSt NEIWOIK STAQE ... .. iiiiee ittt s e e e e e e e e e e e e e eeeeeernnnnes 92
4.3.4 Second NEtWOIK STAgE .......coeiiieieiiiiiiie e e e e e e e e e e e e e e e e e as 94
4.3.5 Third NEtWOIK STAQE ....ueeiiiii ettt e e e e e e e e e e eeeeeenees 95
4.4 ClOCK-WAIE FPGA CAD ....uiiiiieie ettt e e e e e e e e e e e et e e e et et e e e e aaaaaaeaaaeeeees 96
4.4.1 CIOCK-AWAIE PlaCEMENL........uuiiiiiiiiiai ettt e e e e e e e e e e e e e e e e e e e e e ns 96
4.5 Clock-Aware Placement RESUILS..........uuueiiiiiiiiee e e e e e e e e 101
4.5.1 Experimental FrameEWOrK .........oooo ittt e e e e e e e e e eeenneee 101
4.5.2 Placement RESUILS .......ccooiiiiiiiiiiiiicie s e e e e e e e e e e e e e e e e e eeeeeerannn s 104
4.6 Clock Network ArchiteCture RESUILS..........ciiiiiiie e 107



4.6.1 Clocks per LOgIC BIOCRND) . eeevereeeeeeeiiiiiiiie s e e e e e e e e e e e ee ettt e e e e e e e e e e e aeeeeeennnnnnes 107

4.6.2 CIOCKS PEI RIDVI D) +vvvvrrnnnnnaaeeeeeeeeeteteeietetttttttnaa s s e e e e e e e eeeeeaeeeeessssessnnnaaaaeaaeeeaaaeeeeees 110
4.6.3 Global Channel WidthWionar) . .-« « . coeveeeeiiiiieiiiiie s 112
4.6.4 Number of Clock RegionBX region, Ny _region) ..........couvveeeeeeurimmmnninnaneeeeeeeeeeeeeen 113
4.7 Conclusions and FULUIE WOTK.........oooii ittt 116
References fOr CRAPLer ... ... et e e e e e e 118
(@4 T o] (=] T 119
5.1 Summary and CONIDULIONS ........eiiii e e e e e e e eees 119
5.2 Relationship between ContribBULIONS ..........ueiiiiiii e 124
RGN e U1 (VTSI AT o] 4 OSSR 125
[y (=T (=T of T (o] O o F- o) (= S 129
Y o] o 1= o T [ SRR SURP 130
Y 0] 01T T [5G = USSR 134



List of Tables

Table 2.1:
Table 2.2:
Table 2.3:
Table 2.4:
Table 2.5:
Table 2.6.
Table 3.1.
Table 3.2.
Table 3.3:
Table 3.4:
Table 3.5:
Table 3.6:
Table 3.7:

Accuracy of speed of switching activity estimation techniques. ............cccccceeeeieeenn.n. 29
Power estimates using ACE, Sis, and Simulation. ..o 31
Power savings using each activity eStimator..............ccovvvvviiiiiiiiiiiiin e eeee e 33

ACE-2.0 TESUILS. ... e as 42
Power estimates USING ACE-2.0......ccccoi oo e e e e e e 43
Power savings USING ACE-2.0... ..o e e e e e e eeeeenees 44
Breakdown of SWItChiNg ACHIVILY..........oevviiiiiiiiiie e e e e e 51
FPGA power with and without glitChing. ...........uueeiiii e 53

Delay INSErtioN ParamMELErS.........uueuuiuiiiiiiiie e e e e e e e e e e e ettt e e e e e e e e e e e e eeeeseeaaanns 57
Summary of programmable delay element values. ... 76
CLB area overhead (excluding global interconnect). ..........cccoovvvvviiiiiicciiie e, 77

Overall area OVEINEAd. ..........uuuiiiiiii e 77
Average Power OVErNEAMA (90) ......ccooviiiiiieiieiiieeit e e e e e e e e e e e e e e 78

Table 3.8: Average delay OVerhead. ...........oooiiiiiiiiiiii e 79
Table 3.9: % Glitch elimination of each scheme. ... 80
Table 3.10: OVerall POWET SAVINGS. .. ...ttt e e e e e e e e e e e eeaaetaba s s e e e e e aeeaaeeeeeenrnnes 80
Table 4.1: Clock NEtWOrK PAramMeterS. .........covviiiiiiiiiiiiiie s e e e e e e e e e e e e e et e s s e e e e e e eeaaeeeeeeeenennnnns 95
Table 4.2. Benchmark circuit names and attribULes. ............eoiiiiiiiii e 103
Table 4.3. Techniques used by each placer. ..o 104
Table 4.4. Overall energy per ClOCK CYCIE. ... 105
Table 4.5. Impact of clock constraints for each placer.............covvviiieiiiiiiiiii e, 106
Table 4.6: Logic utilization vs. number of clocks per logic DIOBIEX ......ueeeeiieiieiiiiiiiiiiiiiis 108

Table 4.7. Critical-path delay and energy vs. number of clocks per logic Mgk (........... 109

Table 4.8. Overall energy per cycle vs. the number of clocks paNED. (.....ccooeeveeeveeinnnnnnnn. 111

Table 4.9. Clock energy, routing energy, and critical-path delay vs. clock® géfg). ........ 112

Table 4.10. Energy and delay vs. global channel WMgda). .....vvvveeriiiiiiiiii 113

Table 4.11. Overall energy vs. the number of regioRs €gion X Ny _region)............ccccceunnnn. 116

Table 4.12: Clock energy, routing energy, and critical-path delay vs. clockb péfiy)...... 116

Table 5.1:
Table 5.2:

Table A.1.
Table B.1.

Breakdown of the three CONtriDULIONS. ......oen e 123

Summary Of the KeY reSUILS. ... 124
Benchmark CirCuit AtHDULES. .......ooviiiiiiiiie e 132
Downloading instructions of research toolS. ...........ccccooiiiiiiiiiiii e, 134

Vi



List of Figures

Figure 1.1:
Figure 1.2:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:
Figure 2.10
Figure 2.11
Figure 3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.
Figure 3.5.
Figure 3.6.
Figure 3.7.
Figure 3.8.
Figure 3.9.

Figure 3.10.
Figure 3.11.
Figure 3.12:
Figure 3.13:
Figure 3.14:
Figure 3.15:
Figure 3.16:
Figure 3.17.
Figure 3.18.
Figure 3.19.
Figure 3.20.
Figure 3.21.
Figure 3.22:
Figure 3.23:
Figure 3.24:
Figure 3.25:
Figure 3.26:

Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:

Conceptual FPGA MOUEIS. ....uuiiiii et e e e e e e e e e e e e eeees 3
Breakdown of dynamic power consumption in Xilinx Spartan-3 FPGAs [9]....4
(a) Spatial correlation (b) Temporal correlation............cccooeeeeeeeeeeeiiieeeeii e 25
Example of unrolling next state [0gIC. ........ccouuiiiiiiiiiiii e 25
Activity comparison framewWorK. ..........oovveiiiiiiiee e 27
Power modeling frameWOrK. ........ccooo i 30
Power-aware CAD frameWOTK. ........oooiiiiiiiiiiii e 32
ACE-2.0 PSEUAO COUER. .....oeeiiiiiiiiieiieee ettt e e e e e e e e e e e e e e ee bbb e e as 34
Simplified simulation PSEUAO-COUE. .........cvvviiiiiiiiiicei e e e e e e e 35
Example of a partially collapsed Network. ............ooouuuuiiiiiiiiiii e 37
Example of BDD PrUNING.......ccooiiiiiiiiiiiiiiieisee s e e e e e e aaeseeeeeeaeasaansasssseeaeeaaaeeeeeesessnnnnnes 38
: Correlation VS. @XECULION TIME......coii i 39
: BDD pruning PSEUAO COUE. .....ciiieieeeeieieeeeeeeeetiss s e e e e e e e e e e e e e e e e e e e e e aeaaeeees 40
Pulse width distribution of glitChes. ... 52
Normalized power vs. pulse WIidth. ............ooouiiiiiii e 52
Removing glitches by delaying early-arriving signals. .............ccccooviiiiiiiiiiiiiiiiinneen. 54
Delay INSErtion SCHEMIES ........ccoiiiiiieeeee e e e e e e e e e e e e e eeeaeennanes 55
Programmable delay element. ... 58
Pseudo-code for calculating the delay needed to align the iInputS..........ccccoeevveeeeeen.. 59
Pseudo-code for assigning delays in Scheme 1. ..o, 60
Pseudo-code for assigning delays in Scheme 2. ..........ccccocieiiiiiiie i 60
Pseudo-code for assigning additional delays in Scheme 3............cccccooiiiiiiiiiiii e, 61
Pseudo-code for assigning additional delays in Scheme 4............ccccocvveeiiiiiiieeeeeeen, 62
Pseudo-code for assigning additional delays in Scheme 5...........ccccoeiiiiiiiiiii s 62
Example that inserted delays need to scale with the remainiygy dela............ 63
Schematic of the previous programmable delay element [9]. ..., 64
Rise and fall times of delay element from [9] considering procéssovar........ 65
Rise times of the programmable delay element consideringpvaciation........ 66
Minimum Transistor Equivalents (MTE) area model [19]. .....cccoovvviiiiiiiiiiiieeeiiiiees 68
Glitch elimination vs. minimum LUT input delay for Scheme 1..........ccccoooooeeee. 70
Glitch elimination vs maximum LUT input delay for Scheme 1. .......cccccceoeeeeeee. 70
Glitch elimination vs. number of input delay elements per LUT for Schemé&'1
Glitch elimination vs. maximum LUT input delay for Scheme 3. ........cccccoooeeeeee. 72
Glitch elimination vs. number of input delay elements per LUT for Séheme73
Glitch elimination vs. minimum LUT output delay for Scheme 3...............c......... 73
Glitch elimination vs. maximum LUT output delay for Scheme 3..............c.......... 74
Glitch elimination vs. number of input delay elements per LUT for &chem.. 75
Glitch elimination vs. number of bank delay elements for Scheme 5..................... 76
Glitch elimination and POWEr SAVINGSAS........uuuuuuururiiiiiaeeeeeeeeeeeeeeeeeereeenn 81
Example clock distribution NEtWOIKS. ...........oooviiiiiiiiiiii e 88
Commercial FPGA ClOCK NEIWOIKS. ........ooviiiiiiiiiiiiieee e 88
Multiplexer structure of Stratix 1l cloCk NEtWOrKS. ...........ciiiiiiiiiieiiiieieeeeen 89
Control block for local and global clock signals. ............ccooeiiiiiiin 89

vii



Figure 4.5: Two examples of a 7X5 crossbar NEIWOIK. ...........ceeiiiiiiiiieiiii e 90

Figure 4.6: Example FPGA with 3X3 ClOCK regionsS. ........ccooviiiiiiiiiiiiiieee e 92

Figure 4.7: Connections from the periphery to the center of regions. .............ccccciciiiiiiiieieeeeeeee, 93
Figure 4.8: Global clock connections from the center of the FPGA to the cendgimfs. ...... 94

Figure 4.9: Second stage of the ClOCK NEIWOIK. ...........uuiiiiiiiiiii e e e 94
Figure 4.10: Third stage of the ClOCK NEIWOIK. ........ccooi i 95

Figure 4.11. Pseudo-code description of the static clock resource assignmegugechni.....99
Figure 4.12. Pseudo-code description of the dynamic clock resource assignmaguteec..100

Figure 4.13. Pseudo-code description of the routine used to reassign clock nets. ..................... 100
Figure 4.14: Example of buffer sizing and sharing in the clock network. ..............ccccvviiiiinnnnns 102
Figure 4.15: CloCK NEtWOTrK area Wil ......ccvvveeeeiriiiiiiiiiee e e e e e e e e e e e e eeeeee et s e e e e e e e e e eeeeeeeeennnes 109
Figure 4.16: CIOCK NEtWOIK area Whkib. «...vvuuieeeeeiiiiiieeeeeiiiie e ee et e e e e e e e e e e e e e e aaa e 111
Figure 4.17: Clock network area V8\iobal + Wiocal: «-««eeeeevrereeiiiiiieiiiiie i 113
Figure 4.18: Clock network area vs. number of CloCK regions. .........ccccooevieieiiiiiiiiieieiiiinn 114
Figure 4.19: Clock network area vs. number of clock regions (with adjwsied................ 115

viii



List of Abbreviations

ASIC
BLE
CAD
CLB
DLL
IC
ISCAS
FF
FPGA
LE
LUT
MCNC
MOSFET
MTE
NMOS
PLL
PMOS
PVT
SPICE
SRAM
TSMC
URL
VPR

Application Specific Integrated Circuit

Basic Logic Element

Computer-Aided Design

Configurable Logic Block

Delay Locked Loop

Integrated Circuit

International Symposium on Circuits and Systems
Flip-flop

Field Programmable Gate Array

Logic Element (same as BLE)

Lookup Table

Microelectronics Centre of North Carolina

Metal Oxide Semiconductor Field Effect Transistor
Minimum Transistor Equivalents

n-channel MOSFET transistor

Phase Locked Loop

p-channel MOSFET transistor

Process, Voltage, and Temperature

Simulation Program with Integrated Circuit Emphasis
Static Random Access Memory

Taiwan Semiconductor Manufacturing Company
Uniform Resource Locator

Versatile Place and Route



Acknowledgments

I would first like to thank my academic advisor, Steve Wilton. olighout my Ph.D., Steve has
consistently provided sound guidance, technical advice, and opportumipiesssent my research
and make new research contacts. Moreover, | thank him for always beirapkyahthusiastic,
and professional. | consider myself extremely fortunate to hadethe opportunity to work
with Steve throughout my graduate studies.

I would also like to thank the other members of Steve’s resemoip: Usman Ahmed,
Nathalie Chan King Choy, Scott Chin, Zion Kwok, Andrew Lam, Cindykyl&8rad Quinton,
and Andy Yan; as well as the other members of the SoC resgargh, especially: Marwa
Hamour, Behnoosh Rahmatian, and Pedram Sameni for their valuabletisunggassightful
discussions, and for providing a friendly work environment that | lookedafol to coming to
every day. Special thanks are also due to Guy Lemieux for hsboddtion in our glitch
minimization study and for his valuable suggestions in general.

I would like to thank Altera and Xilinx for giving me the opportunity geesent my
research and for the constructive comments and suggestions proyidieitb employees.
Particular thanks are due to Vaughn Betz, Paul Laventis, and Davis bé Altera for the
feedback they gave regarding activity estimation and clock distribo&tworks in FPGAs, and
to Jason Anderson and Tim Tuan of Xilinx for the feedback they gawadiag activity
estimation and glitch minimization.

Finally, | greatly appreciate the financial support for this mtojeshich was provided by
the Altera Corporation, Micronet R & D, and the Natural SciencelsEngineering Research
Council of Canada (NSERC). Without their support, this research would not have been possible



Co-Authorship Statement

Each of the three contributions described in this thesis haveshbemtted for publication. The
first contribution entitled: “Fast activity estimation for powmiodeling and optimization in
FPGAs,” has been submitted to the ACM Transactions on Desigan#ation of Electronic
Systems and was co-authored by Julien Lamoureux and Steve Wilbenstuldy was designed
collaboratively by Julien Lamoureux and Steve Wilton. Julien cordutie research, analyzed
the data, and prepared the manuscript under the guidance of Dr. Steve Wilton.

The second contribution entitled: “Glitchless: dynamic power miation in FPGAS
through edge alignment and glitch filtering,” has been submittedetdEEE Transactions on
Very Large Scale Integration Systems and was co-authoredilin Lamoureux, Dr. Guy
Lemieux and Dr. Steve Wilton. The study was designed collabdsatiyeJulien Lamoureux,
Dr. Guy Lemieux, and Dr. Steve Wilton. Julien conducted the rdseanalyzed the data, and
prepared the manuscript under the guidance of Dr. Guy Lemieux and Dr. Steve Wilton.

Finally, the third contribution entitled: “On the interaction between power aribility of
FPGA clock networks,” has been submitted to the ACM TransactionRemonfigurable
Technology and Systems and was co-authored by Julien Lamoureux.a®ig\i&r Wilton. The
study was designed collaboratively by Julien Lamoureux and Dwe S#ilton. Julien
conducted the research, analyzed the data, and prepared the manusieipghe guidance of
Dr. Steve Wilton.

Xi






Chapter 1

Introduction

1.1 Motivation
Field-Programmable Gate Arrays (FPGAS) are integratedits that can be programmed to

implement any digital circuit. The main difference betweeGA®and conventional fixed logic
implementations, such as Application Specific Integrated Circ(&SICs), is that the
designer/customer programs the FPGA on-site (in the fidkdy. fixed logic implementations,
the designer must create a layout mask and send it to a founteyfabricated. Creating a
layout is labour-intensive and requires expensive CAD tools and expedieengineers.
Moreover, fabrication takes several weeks and costs over a milliarsdfdr the latest process
technologies. This expense is compounded when bugs are found aftetitabaca the chip
must be re-fabricated. Using an FPGA instead of a fixed logpgtementation eliminates these
non-recurring engineering (NRE) costs and significantly resldicee-to-market. This makes
FPGAs ideal for prototyping, debugging, and for small to medium volume appl&ation

On the other hand, FPGAs are slower and less efficient tkeah implementations due to
the added circuitry that is needed to make them flexible. Rrogable switches controlled by
configuration memory occupy a large area in the FPGA and addiicent amount of parasitic
capacitance and resistance to the logic and routing resourcesausBeof this, FPGAs are
approximately 3 times slower, 20 times larger, and 12 timesplassr efficient compared to
ASICs [1]. The area overhead, combined with research and developastsit increases the
per-unit cost of FPGAs, which makes them less suited for high-vodypplecations. Moreover,
the speed and power overhead precludes the use of FPGAs for highespkmdpower
applications. These limitations motivate research of new mbogeeat FPGA architectures and
CAD techniques.

Many studies have focused on reducing the speed and area overhP&tAsf Amportant
advancements include cluster-based logic blocks [2], which improvd bgegouping the basic
logic elements of the FPGA into clusters with faster lag@rconnect; embedded memories [3],
which reduce the speed and area overhead for applications with sterageements; and
embedded ALUs [4], which reduce the speed and area overhead for tapdi¢hat perform



arithmetic operations. A significant number of studies have alsgséd on faster, more area-
efficient programmable routing resources [5]. Important advanusnimave also been made to
the FPGA CAD tools, which are used to map applications onto theapnoggble fabric of the
FPGA. The Versatile Place and Route (VPR) tool, described inyjelded significant
improvements in performance by improving on the existing clustepilagement, and routing
algorithms. As another example, logic-to-memory mapping tools,ideddn [6]-[8], improved
the area efficiency of FPGAs with embedded memories by pagdrts of the application into
unused memories before mapping the rest of the application into logic elements.

In recent years, however, the focus of the research has bewmgstuflowering power
consumption. As CMOS process technology scales down, the power demdityues to
increase due to higher chip operating frequencies, higher taedonnect capacitance per chip,
and increasing leakage. Indeed, the International Technology Rpa@dm&emiconductors
(ITRS) has identified low-power design techniques as a dritezdhnology need [8]. This,
combined with improved reliability, lower operating and cooling costd, tae ever-growing
demand for low-power portable communications and computer systemstiveiimg new low-
power techniques. This is especially true for FPGAs, whichpdigs significantly more power

than fixed-logic implementations. This thesis therefore focuses on mininpiaimgr in FPGAs.

1.2 FPGA Power Minimization
In this section, we first review the structure of an FPGA, focusing onwalees FPGAs power-

hungry. We then describe previous work in power modeling for FP@®&spower FPGA
architectures, and low-power Computer-Aided Design (CAD) dhlgus. We also identify

which of these techniques are being used in current commercial FPGAs and CAD tool

1.2.1FPGA Architecture and Power Dissipation

FPGAs are made up of a large number of logic blocks, which impletmehagic part of digital
circuits, and a configurable routing fabric, which implements dmnections between the logic
blocks, as illustrated in Figure 1.1 (a). Modern FPGAs also leewkedded fixed logic
components such as memories and arithmetic logic units. These enhlzedeonents are
typically implemented so as to occupy the same area as thepnmable logic tiles and are

often arranged in rows or columns as illustrated in the Figure 1.2 (b).
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a) A generic FPGA [2] b) A generic FPGA with embedded components

Figure 1.1: Conceptual FPGA models.
Flexibility is achieved in two ways. First, the function impknted by each logic element

is configurable. Typically, FPGAs use lookup-tables to implemegic; the function

implemented by each lookup-table can be configured using a set mbrnecells (called

configuration bits) [2]. The use of a lookup-table means that the logic elega@nimplement
any function of its inputs. Each logic element also typicadigtains a flip-flop which can be
optionally used to register the lookup-table output.

The second way flexibility is achieved is through the use of a programmnaaitileg fabric.

In typical FPGAs, there are two levels of routing: logieneénts are grouped into clusters
(typically between 4 and 10 logic elements are in each cjustel the clusters are connected
using programmable routing [2]. This programmable routing faleoasists of fixed
prefabricated metal tracks connected using programmablehgsi{5]. These programmable
switches are controlled by configuration bits.

Together, the configurable logic elements and the configurable rofationge make the
FPGA flexible enough to implement virtually any digital citcuHowever, as indicated earlier,
this flexibility comes at the cost of increased power. Aslinndéegrated circuits, FPGAs
dissipate static and dynamic power. Static power is dissipahen current leaks from the
power supply to ground through transistors that are in the “off‘state to sub-threshold



leakage (from source to drain), gate-induced drain leakage, aadligatt-tunneling leakage.
Dynamic power is dissipated when capacitances are chargelisahdrged during the operation
of the circuit. Figure 1.2 shows the breakdown of static and dgnaame power in Xilinx
Spartan-3 FPGAs [9], excluding embedded components. In these ,reSuigsnic power
accounted for 62% of the total power (and static power for 38%).

Dynamic Power Static Power

Clock Logic
19% 19%

Routing
36%

Routing
62%

Figure 1.2: Breakdown of dynamic power consumption in Xilinx Spartan-3 FP@s [9].

The extra circuitry that provides flexibility to an FPGAeats both the static and dynamic
power dissipated by the FPGA. First consider static power.de&sribed above, an FPGA
contains a large number of configuration bits, both within each lelgiment and in the
programmable routing used to connect logic elements. Each of thedgucatidn bits
dissipates static power. An ASIC does not contain any such progrg bits, and thus would
consume significantly less static power than an FPGA. Intiaddisince the lookup-tables
consume significantly more transistors than the correspondingifogic ASIC, the static power
dissipated in the logic is larger in an FPGA than in an ASIC.

An FPGA's flexibility also implies more dynamic power disdion than a non-
programmable solution. In both an ASIC and FPGA, connections betwesnagatassociated
with some amount of parasitic capacitance due to the metal used to implement the
connection as well as the driver and driven transistors. Howevedessibed above, a
connection in an FPGA also contains a large number of programmétibes. These switches
significantly increase the parasitic capacitance on eack wegment and charging and
discharging this parasitic capacitance consumes dynamic power.

For all the reasons outlined above, an FPGA is significantlydesgr-efficient than an

ASIC. A recent study found that, for typical applications, an FRGAsumes 12 times more



power than the corresponding ASIC [1]. There has been much resemmdssing this; a

summary of this research is outlined in the next subsections.

1.2.2FPGA Power Modeling

A number of different FPGA power models have recently been pessantthe literature. In
[10], a detailed and flexible FPGA power model that estimaggardic and static power of the
logic, routing, and clock network for generic parameterized FR@Aitectures is described.
For static power, the model uses a first-order analytical tggarwhich calculates subthreshold
leakage based on transistor size and various technology-spemifimgters. For dynamic
power, the model extracts transistor-level capacitance infamdbr each node of the
application from the VPR CAD tool after it has completed routifidhe average switching
activity of each node is determined using a vectorless gcasiimation tool called ACE. The
study also examines how various FPGA architecture parameftgst averall power
consumption. A similar FPGA power model, described in [11], alsonats dynamic and
static power of cluster-based FPGAs but it calculates the ptawesach clock cycle using
simulated activity information instead of vectorless averageitaes. This power model was
also enhanced to support FPGAs with a programmable supply voltagd amfl programmable
threshold voltages in [13]. In [14]-[16], high-level FPGA power mod®s tise macro-models
to estimate power were described. These models charadhexipewer consumption of various
FPGA components, such as adders, multipliers, and programmable twdiowfpower high-

level synthesis or design space exploration.

1.2.3Low-Power FPGA Architecture

A number of studies have also investigated low-power architectsrgnd®r FPGAs. Energy-
efficient FPGA routing architectures and low-swing signateghniques to reduce power were
described in [17],[18]. In [19], a new FPGA routing architecture thidizes a mixture of
hardwired and traditional programmable switches was proposed.s@&tithand dynamic power
were minimized by reducing the number of configurable routingehes in the routing fabric.
In [20], a novel FPGA routing switch that can operate in highesdeg-power, or sleep mode
to reduce dynamic power in non timing critical logic during norapedration and standby power
when the logic in use was presented. Similarly, in [21], powengatias applied to the

switches in the routing resources to reduce static power and depbcaing resources (that use



either high or low Vdd) were used to reduce dynamic power. In {B8]design of energy-
efficient modules for embedded components in FPGAs was described.r Wasveeduced by
optimizing the number of connections between the module and the roiggaes (based on
the requirements of the embedded component) and by using reduced suppie wiltuit

techniques.

1.2.4L.ow-Power FPGA CAD
Large FPGAs have millions of programmable switches which andigured using a series
(flow) of CAD tools. The FPGA CAD flow generally has fiveages: high-level synthesis,
technology mapping, clustering, placement, and routing. High-level symtb@nverts a high-
level description of the application to a netlist of logic gatesfhp-flops. Technology mapping
converts this netlist to a netlist of FPGA logic elementssjl.&hich typically consist of lookup
tables (LUTs) and flip-flops. Clustering packs the LEs intaclatusters; each cluster typically
consists of between 8 and 10 LEs. Placement then assigns a plogatan to each logic
cluster. Finally, routing determines how to implement the connections betweekgic clusters
within the routing resources of the FPGA. These CAD tools canlalve a significant impact
on power consumption since they affect how directly the circumeis of the application are
connected. In this section, we review previous work on low-power CAD algorithms.
Low-power high-level synthesis algorithms for FPGAs were prtesein [23],[24]. In
[23], power is reduced by minimizing the total power of the opmratiand the size of the
multiplexers that connect them. The algorithm described in [2d¢ts dual-Vdd FPGAs and
minimizes power by assigning low-Vdd to as many operatiorgoasible given resource and
timing constraints. Several low-power technology mapping algosition FPGAs were
presented in [25]-[31]. In general, power is minimized by absorbing as manydtighyanodes
as possible when the gates are packed into LUTs and/or by imimgnmode-duplication, which
tends to increase the amount of interconnect between the LUTs. Losv-poustering
techniques have been described in [32]-[34]. In these algorithms,r pswainimized by
absorbing as many small (low fanout) and high-activity nets asij@svhen the LUTs are
packed into clusters (logic blocks). Absorbing small nets tendsdiace the total number of
inter-cluster nets (which dissipate the most power) and absohigigactivity nets reduces
dynamic power since the local routing within clusters dissipktes power than the global
routing between clusters. The low-power place and route techniquesbddsin [35]-[38]



minimize power by reducing the distance between logic blocks cathbgthigh-activity wires
(during placement) and by routing high-activity wires as direaslypossible (during routing). In
[39], leakage power is minimized by choosing low-leakage LUT cordtgurs. Power-aware
algorithms for mapping logical memory to the physical FPGA eddbd memories was
described in [40]. The algorithms minimize dynamic power consunyedh® embedded
memories by evaluating a range of possible mappings and seldatingost power-efficient
choice. Finally, in [41], the technology mapping, clustering, placement, and retages of the
FPGA CAD flow were all made power-aware to determine whielyes are most suited for
reducing power and if the savings of the individual stagesusmellative. The study found that
the power savings of the individual CAD stages were mostly cuwellavith a combined

power-delay savings of 26%.

1.2.5Low-Power Techniques used in Commercial FPGAs

The latest devices from FPGA vendors such as Altera and Xioorporate a number of low-
power architecture and CAD techniques from the literature alotigmany of the low-power
device-level technologies from manufacturing. In this subsectionrewiew some of these
techniques.

At the device level, Altera and Xilinx both utilize triple gaigide technology, which
provides a choice of three different gate thicknesses, to trdoet@iEen performance and static
power [42],[43]. In earlier technologies, only two thicknesses weaigadle. Transistors with
thicker oxide were used for the large, higher voltage toleramistars in the I/O blocks and the
thinner ones were used everywhere else. The new medium thickndsstransistors provide
slightly less performance than thin oxide transistors, but lgakfisantly less. In the latest
FPGAs, these are used in the configuration memory and the switetiege controlled by this
memory. Since the configuration memory remains static duringgbeation of the device, the
oxide thickness does not affect the performance of the corresponditopes. To reduce
dynamic power, FPGA vendors use a low-k dielectric betweenl hagts, which reduces the
parasitic capacitance. This, in addition to smaller device ge@s, reduces the average node
capacitance and, correspondingly, dynamic power. Dynamic power obteeof the FPGAS
can be reduced further by lowering the supply voltage because dypawer has a quadratic
relationship CV* ) with the supply voltage. Xilinx reduced the core supply voltage ft.2V
(in the Virtex 4) to 1.0V (in the Virtex 5), which reduces core powggriscantly. Similarly, the



core supply voltage of Altera Stratix Il FPGAs can be seté¢by the user) to be either 1.1V,
for high performance, or 0.9V, for lower power.

Altera and Xilinx have also made a number of architecture-lelv@hges to their latest
devices to reduce static and dynamic power. Both vendors haamlyeincreased the size of
the LUTs within the logic blocks [42],[43]. By increasing theesof the basic logic elements,
from 4-input LUTs to 6 and 7-input LUTS, both static and dynamic pasmemreduced since
more logic is implemented within each LUT and less routing idetéetween the LUTs. This
reduces power since LUTs are implemented using smallergtarss{compared to transistors in
the routing resources), which leak less and dissipate lessndypawer. Both vendors have
also modified their routing architectures to increase the number of neighblmgimglocks that
can be reached in only one or two hops (each routing segment usesl Z®wme hop). Using
more 1-hop routes reduces the average capacitance of the routesjmygraves both power
and performance. Other architecture-level features that redecall power are the embedded
memories, adders, and multipliers. Although each of these functiornisedanplemented using
the programmable logic fabric, implementing them as a fixedifumembedded block is more
power-efficient since they do not have extra circuitry to mialeen flexible and can be turned
off when they are not used.

Finally, a number of low-power techniques have also been incorporatedthat
commercial FPGA CAD tools. Detailed power models have been atgegwithin the Altera
Quartus 1l [44] and Xilinx ISE CAD tools [45]. Both vendors providepeeadsheet utility to
make early power predictions before the design is complete andiedl@ower model that can
be used when the design is complete. Early power estimatéssed on estimated resource
usage, I/O types, clock requirements, clock frequencies, and envirohroemd#ions. The
detailed power models provide estimates after the applicatiorbdws placed, routed, and
simulated. The estimations from the detailed power models are accurate than those from
the early power models, since detailed capacitance, leakaswétching activity information
is known for each node in the application circuit. In the case vdwendation results are not
available, only basic probability-based (vectorless) activitymedgion is available and the
accuracy of the power estimates is significantly reduceds iShespecially true for sequential
circuits. Power-aware CAD techniques have also been incorporatethentommercial CAD
flows. In Quartus II, power is minimized during technology mappiragghent, and routing by



minimizing the capacitance of high-activity signals using technigueitar to those described in
the previous section. Power is also minimized by optimizing thepmg to the embedded
memories, as described in [40], and, similarly, by optimizingniapping to the embedded DSP
blocks. In ISE, power is also minimized during placement and routing rot technology
mapping) by minimizing the capacitance of high-activity signaldynamic power is further
minimized by strategically setting the configuration bitshw partially used (some inputs are
not used) LUTs to minimize switching activity. Both CAD toalso ensure that all unused
logic blocks, embedded blocks, routing resources, and clock network resatgdeirned off to
save power.

Combining all of these techniques, Altera reports that StrétikRGAs are over 50%
more power efficient than Stratix Il FPGAs [44]. Similaiglinx reports that Virtex-5 FPGAs
consume over 35% less dynamic power than Virtex-4 FPGAs, with gneater savings when
embedded components are used [43]. Xilinx also points out that longeédehniques were
already incorporated in their Virtex-4 FPGAs, resulting in 70%ek static power consumption

compared to competing FPGAs.

1.3 Focus and Contributions of this Thesis
Although significant improvements have been made in recent years, l@enwhimportant

FPGA power issues still remain. One important issue is thamdiz power that is wasted by
unnecessary toggling in the routing resources of the FPGA. @tissowhen LUT input values
transition at different times (due to uneven delays) and producegpuransitions at the output
of the LUT. Another important issue is the design of efficieatlkclnetworks. FPGA clock
networks dissipate a significant amount of power since they t@yglgy clock cycle and, like
other parts of the FPGA, have a significant amount of paraap&citance since they need to be
flexible enough to implement any application. Furthermore, the clotkorlkes impose
constraints on the CAD tools, which can reduce the efficiency ointbiementation. In this
thesis we address three different issues related to dyrnaomier in FPGAs: two concern
estimating and minimizing the amount of toggling in the routing mressuof the FPGA, and the
other concerns FPGA clock networks. In the following subsections, wmeotlhe three

contributions.



1.3.1Switching Activity Estimation for FPGAs

Although leakage is becoming more important in new processes, dypawec is still the main
source of power dissipation in current FPGAs; a study that eealhpower dissipation in a
commercial 90nm FPGA found that dynamic power accounts for 62% ofptmteer [9]. The
dynamic power dissipated in an FPGA is directly proportionahttching activity, which is the
average number of transitions of all nodes in the circuit per nmi tiThe first contribution of
this thesis isan improved technique for estimating the switching activity of all nodes within a
circuit. In addition, we investigate thenpact that the accuracy of the switching activity
estimation has on the ability to obtain accurate power estimates from the FPGA power models
and power savings from the power-aware FPGA CAD tools. In this subsection, we describe the
motivation for the work, outline the technical achievements, and didoeisgark's significance.
Details of this contribution are given in Chapter 2 of this thesis.

As described in the previous section, power reduction in FPGAs redotbspower-
aware CAD tools and accurate power estimation models. An &eowethod of estimating
switching activity is a key part of this. More specificalgwitching activity estimation is
important for two reasons:

1. Detailed FPGA power models require accurate switching aciivioymation to produce
accurate and useful power estimates. As an example, consigwgliaateon designer who
is deciding how many pipelining stages should be used in his or hgnddscreasing the
number of pipelining stages increases the number of flip-flops idekign, but reduces
the average switching activity, because flip-flops filter outlgés. This tradeoff makes it
unclear which implementation is more efficient. Using a detailed FR&3weipmodel with
accurate switching activity information, the designer can simphmpare each

implementation and choose the one that dissipates the least amount of power.

2. Power-aware FPGA CAD tools require accurate switchingviictinformation to
minimize power. In general, the power-aware tools minimize tpact@ance of high-
activity connections. Therefore, the power savings depend on thea@gccof the
switching activities. As an example, consider a power-avearer that reduces power by
routing high-activity nets as directly as possible to minimegacitance. If the activities
are not accurate, the router may optimize the wrong wirespeodilice an inefficient

implementation.
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The most straight-forward gate-level activity estimatiorhmégue is to perform a circuit
simulation while counting the number of transitions that occur on each nidde approach is
very accurate, but it has two limitations. First, simulatioslasv since a large number of input
vectors need to be simulated in order to obtain meaningful resultendsebe activity results
are directly related to the input vector patterns that aretosgive the simulation. This pattern
dependency is a serious problem since realistic input vectoraratg available until after the
application has been designed; power estimates for alternativéohaicblocks are often
required when the rest of the application has not yet been specifiditie is known about the
nature of the input.

Another gate-level activity estimation technique is to calcula¢eactivity of each gate
based on the input activities and Boolean function of the gate. piidibabilistic (or vectorless)
approach is faster than simulation and does not require input vectors (only inpueaytivitt is
less accurate than simulation. The activities are lesgrae since they generally do not take
timing information and signal correlation into account. A number dfnigaes that consider
these issues have been proposed; however, there is always aftiste@®en speed and
accuracy. Therefore, the challenge is to determine how mucinaay is required and use the
fastest techniques that achieve this.

Current commercial FPGA power models rely mostly on simulatidities, and provide
only basic probabilistic activity estimation when simulatiorultssare not available [44],[45].
Similarly, academic FPGA power models rely either on sitedlactivities, as in [11], or basic
probabilistic activity estimation, as in [10]. The ACE activestimator, from [10], uses the
Transition Density model, from [46], for estimating the actgtithe analytical glitch filter,
from [47], for modeling physical RC filtering that occurs in tieuitry; and a simple iteration
technique to determine the activities at the output of flip-flopsthodigh this approach is
accurate for small purely combinational designs, the accuracklyjdegrades for large or
sequential designs since it does not adequately model the effeélsts @fcuit delays and signal
correlation caused by sequential feedback. Consequentially, thisuiaegcintroduces
significant error into the power estimates and reduces the pawergs of the FPGA CAD
tools.

In Chapter 2 of this thesis, we investigate probabilistic agtestimation techniques in the
context of FPGAs. We make two key contributions. First, we deterhow accurate the gate-
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level techniques must be to obtain accurate power estimategsHeoRPGA power models and

high power savings from the power-aware FPGA CAD tools. \We thhat existing techniques

are sufficiently accurate for combinational circuits, but for setialecircuits (circuits containing

flip-flops), the existing estimation techniques do not provide enoughactw guide power-

aware CAD tools to a low-power solution.

Second, we present a new activity estimation tool that combimesnaer of new and

existing techniques. Our tool is different than existing techniques in two ways:

1.

To capture spatial correlation (correlation between the aeswiti different nodes with the
circuit), existing techniques "collapse" logic circuits befoedculating the activities of
nodes. This can lead to long run times, since the collapsed |gpyeseatation can be
large. We employ a novel "pruning” technique in which we reduce ilee o the
collapsed logic representation at only a very small (and bounded) cost in accuracy
To capture temporal correlation (correlation between the activitieche same node in
different cycles), existing techniques either unroll the secmlemircuit, requiring
increased run-time and storage, or use approximate equations thatetageral
correlation into account. We simplify this by identifying seqis¢rieedback loops, and
using logic simulation to estimate the activities of nodes within these loops.

We encapsulated our techniques into a new tool called ACE2.0, ananiaaecthis tool

publicly available to the research community. Our new algori#sults in power estimates and

power savings that are both within 1% of results obtained usingageduhctivities. Moreover,

the new tool is 69 times faster than simulation for combinationalits and 7.2 times faster

than simulation for sequential circuits.

These results are significant. One of the key limitationsiokat academic and industrial

power estimation tools for FPGAs is activity estimation. Oarkwdirectly addresses this. The

algorithm is fast and accurate enough that, if extended to comsiedded blocks, it could

immediately be integrated into commercial FPGA power esomabols. As described earlier,

this would lead to better power estimates, and would help power-&vsetools find low

power solutions. This, in turn, may open the use of FPGAs to new djgpig;aand help FPGA

customers create more power-efficient designs.
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1.3.2Switching Activity Minimization in FPGAs

The second contribution of this thesis is the proposal and evaluatiom afrchitectural
enhancement that can be used to minimize the glitching activigrwan FPGA. In Section
1.2.1, we discussed techniques to reduce power by minimizing the disiatweeen logic
elements connected by high-activity wires. Here, we exiam to reduce power by actually
minimizing the switching activity of the wires. In this suliset we introduce the concept of
glitching activity, and briefly describe our architectural enlkeament. Chapter 3 of the thesis
contains details of this contribution.

The switching activity of a node has two components. The first coempaconsists of
functional transitions, which are transitions that need to occur forpethe computation. The
second component consists of glitches, which are transitions that wwtecessarily when the
values at the inputs of a logic element arrive at differenédimAs an example, consider an
exclusive-or gate with two inputs. If the two inputs both changm ft to 0, ideally the output
would remain at 0. However, if the two inputs change at slightigrdnt times, the output may
change to 1 for a short time. This actually causes two ussggetransitions: one transition
from O to 1, and one from 1 to 0. These glitches can dissipataificsigt amount of power. In
Chapter 3 of this thesis, we show that glitching accounts for 31#teagwitching activity and
23% of the total power in FPGAs.

To reduce the number of glitches that are produced at the output &, avggpropose an
enhancement to the logic block architecture of an FPGA. Spelsifive¢ propose adding
configurable delay elements to each (or some of) the inputsadh Bokup-table. After
placement and routing, detailed information about the arrival tohesgnals to each lookup-
table is known. Using these arrival times, it is possible teraete whether a glitch may occur
at the output. Each delay element can then be programmedrinatéé as many of these
glitches as possible.

The fact that our delay elements are configurable is keylaylwesertion has been used
previously to minimize glitching in ASICs [48]. In ASICs, the problsmmuch simpler because
the arrival times can be estimated before fabrication. Thua IASIC, the delay elements can
provide fixed delays. In an FPGA, because we do not know the amnead before fabrication,

it must be possible to configure each delay element to take on an arbitrargftexidsbrication.
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The ability of our architecture to eliminate glitches dependsewaral factors. First, the
resolution of the delay element as well as the maximum de¢dycén be added to each input is
important. In Chapter 3, we vary these parameters, andrdegéethe impact on the overhead
and the ability to reduce glitching activity. In addition, the positibrthese delay elements
within the logic block is important. We present and evaluate akesehemes for positioning
these delay elements.

On average, the proposed technique eliminates 87% of the gliteriay reduces overall
FPGA power by 17%. The added circuitry increases the o\lP&8IIA area by 6% and critical-
path delay by less than 1%.

A 17% reduction in power is significant. Moreover, our proposal can beedpiliall
commercial FPGAs, and requires no changes to the CAD floweoretst of the architecture.
The gains are roughly independent of those that can be obtained using moltascement
techniques. However, there may be some overlap in these g#inthesge that can be obtained
using a power-aware CAD flow, since by reducing the activithigh-activity signals, there

may be less "low-hanging fruit" available for the power-aware Cla.f

1.3.3FPGA Clock Networks

The third contribution of this thesis is an architecture studylésible clock networks on an
FPGA, along with an experimental comparison of various placemnigatitams that obey
constraints imposed by an FPGA clock network.

Over the last 20 years, significant advancements have been mad®@Ad Bre now
being used to implement large commercial applications for diggtghal processing,
communication, medical imaging, and scientific computing. Thege Igystems often require
more than one clock domain. As an example, consider a communicgbialitation connected
to several I/O ports. Each port might have its own clock, meahmgircuitry connected to
each port must be controlled by a separate clock. FPGA vendggpers such applications
through the use of complex clock networks that are flexible enouglpfms a wide range of
applications, yet have low skew and are power-efficient.

Power efficiency is one of the critical concerns in clockwvoek design. The clock
network has a significant impact on power since it connects tof@gaflop on the FPGA in a
flexible way and toggles every clock cycle. As illustratedrigure 1.2, the clock network in a
current 90 nm FPGA accounts for 19% of dynamic power dissipation. oveEnedepending on
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how flexible it is, the clock network can impose constraints on tleeplant of logic within the
FPGA; these constraints may, in turn, affect power dissipatiathier parts of the FPGA. In
current FPGAs, the FPGA is divided into regions in which a limitechber of different user
clocks can be supported (by the underlying clock network). Forcafiphs with many clock
domains, these constraints can affect how efficiently applications can benempésl.

In Chapter 4 of this thesis, we examine the tradeoff betweetettikility of FPGA clock
networks and overall power consumption. Three important contributionmate. First, we
present a parameterized framework to describe FPGA cloclornetwThe framework allows us
to describe a wide range of different clock networks and includedeetyres of the latest
commercial FPGA clock networks. The challenge in creatin & framework is to make it
flexible enough to describe as many different "reasonable"” ahmtiwork architectures as
possible, and yet be as concise as possible. In our model, we desalitck network using
seven parameters.

Second, we present and compare a number of new clock-aware platechaeigues, to
determine which is most effective. The clock network imposes bhargtraints on the
placement of modules within the FPGA. The new placement algookimys these constraints,
while minimizing power and maximizing speed and routability. Ofitbe challenges is that the
hard constraints imposed by the clock network depends on how the cloasrknéswused.
Often, user clocks can be mapped to global or local clock distribugswurces. Thus, the
placement tool must simultaneously assign the user clocks to teeglhglock resources and
assign the circuit blocks to physical locations on the FPGACHapter 4, we consider several
techniques for combining these seemingly disparate algoritimds\aaluate each in terms of its
ability to find a legal solution and the quality of the solution rid§. This is an important
problem; we show that, on average, circuits placed using the madiveffeechniques dissipate
15% less energy and are 3% faster than circuits placed usingatteeffective techniques.
Despite that, current academic research into FPGA placengmitlains rarely considers the
clock network during optimization; our results suggest that this is a majcationit

Finally, we use our framework and the clock-aware placementtalgoto experimentally
investigate the architecture of the clock network itself. cddlck networks we consider have
flexibility; however, the amount of flexibility varies, as doke tanner in which this flexibility
is provided. The results of these experiments provide insight into walkes a good FPGA
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clock distribution network. Again, our results show that the clock ar&tweptimization is
important; on average, FPGAs with an efficient clock network ugreto 9% more energy
efficient and 5% faster than other FPGAs.

We have implemented our placement algorithm into the popular VPR t6él [2], and
have integrated VPR's architecture description format to includelack network parameters.
This has been made publicly available. The significance of this wdhus two-fold: (1) we
provide information that will help FPGA vendors provide more efficobmtk networks, and (2)

we provide a new framework for architectural exploration that will help guidesfudsearchers.

1.4 Thesis Organization
This thesis follows themanuscript-based format for PhD theses at the University of British

Columbia. In this format, each chapter is a complete, unalteredshmedblor submitted paper,
complete with introduction, conclusion, and references. The three chépa¢ make up this
thesis are submitted journal papers. Preliminary versionseofraterial in each submitted
journal paper has been published in conference papers, as referenced below.

The first contribution, Activity Estimation, is in Chapter 2. Ttiepter compares various
switching activity estimation techniques to determine which arst suitable for FPGA models
and CAD tools and then describes a new tool which combines thesuitagtie techniques. Part
of this work was previously published in [49] and the complete work has swdmmitted for
review in [50]. The second contribution is in Chapter 3. This chapserides a new switching
activity minimization technique for FPGAs which involve adding paogmable delay elements
within FPGAs to align arrival times so as to eliminatecping. Part of this work has been
published in [51] and the complete work has been submitted for revi¢d2jn The third
contribution is in Chapter 4. This work examines the tradeoff betpewer and flexibility of
FPGA clock networks. Parts of this work have been published in [53][%fjd and the
complete work has been submitted for review in [55]. Finally, Ch&pseimmarizes the thesis

contributions and conclusions and provides suggestions for future work.

16



Chapter 1 References

[1] I. Kuon and J. Rose, “Measuring the Gap Between FPGAs and ASICs,” ACHIASIGI.
Symp. on Field-Programmable Gate Arrays, pp. 21-30, 2006.

[2] V. Betz., J. Rose, and A. Marquardt, “Architecture and CAD for deep-submicron FPGAs
Kluwer Academic Publishers, 1999.

[3] S.J.E. Wilton, J. Rose, and Z.G. Vranesic, “Architecture ofrakm¢d field-configurable
memory,” ACM/SIGDA Intl. Symp. on Field-Programmable Gateags (FPGA), pp. 97-
103, 1995.

[4] S. Hong and S.-S. Chin, “Reconfigurable embedded MAC core desigiovigpower
coarse-grain FPGA,” IET Electronics Letters, Vol. 39, Issue 7 (Ap. 606-608, 2003.

[5] G. Lemieux and D. Lewis, “Design of interconnection networks fogrmmable logic,”
Springer (formerly Kluwer Academic Publishers), 2004.

[6] S.J.E. Wilton, “SMAP: heterogeneous technology mapping for area imtdutFPGAs
with embedded memory arrays,” in ACM/SIGDA International Symposium dd-Fie
Programmable Gate Arrays (FPGA), pp. 171-178, 1998.

[7] J.Cong and S. Xu, Technology mapping for FPGAs with embedded memory blocks, in
ACM/SIGDA International Symposium on Field-Programmable Gate Ariay$SA), pp.
179-188, 1998.

[8] International Technology Roadmap for Semiconductors, “Internatideehnology
roadmap for semiconductors 2005,” 2005.

[9] T. Tuan, S. Kao, A. Rahman, S. Das, and S. Trimberger, “A 90nm lowrgeR@A for
battery-powered applications”, Proc. ACM/SIGDA Intl. Symp. on FRidgrammable
Gate Arrays (FPGA), pp. 3-11, 2006.

[10] K.K.W. Poon, S.J.E. Wilton, A. Yan, “A detailed power model for field-programmable
gate arrays,” ACM Trans. on Design Automation of Electronic Systems (E3pA/ol.
10, No. 2, pp. 279-302, April 2005.

[11] F. Li, D. Chen, L. He, and J. Cong, “Architecture evaluation for power-effiEiBGAs,”
ACM/SIGDA Intl. Symp. on Field-Programmable Gate Arrays (FPGA)13p-184,
2003.

[12] F. Li, Y. Lin, and L. He, “FPGA power reduction using configurablel-dl,” Design
Automation Conference (DAC), pp. 735-740, 2004.

[13] F.Li, Y. Lin, L. He, and J. Cong, “Low-power FPGA using pre-defided|-vVdd/dual-Vt
fabrics,” ACM/SIGDA Intl. Symp. on Field-Programmable Gateadw (FPGA), pp. 42-
50, 2004.

[14] T. Jiang, X. Tang, and P. Banerjee, “Macro-models for highl lavea and power
estimation on FPGAs,” ACM Great Lakes Symp. on VLSI GLSVLSI, pp. 162-165, 2004.

[15] A. Reimer, A. Schulz, and W. Nebel, “Modeling macromodules for reghHdynamic
power estimation of FPGA-based digital designs,” Intl. Symp. om Bower Electronics
and Design (ISLPED), pp. 151-154, 2006.

[16] D. Chen, J. Cong, Y. Fan, and Z. Zhang, “High-level power estimatidniaav-power
design space exploration for FPGAs,” Asia South Pacific Designmation Conference,
pp. 529-534, 2007.

17



[17]
[18]

[19]

[20]

[21]

[22]
[23]
[24]
[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

V. George, H. Zhang, and J. Rabaey, “The design of a low energy FPGASyimip. on
Low Power Electronics and Design, pp. 188-193, 1999.

M. Meijer, R. Krishnan, and M. Bennebroek, “Energy efficient BAP{&terconnect
design,” Design and Test in Europe (DATE), pp. 1-6, 2006.

S. Sivaswamy, G. Wang, C. Ababei, K. Bazargan, R. Kastner, andbZargzadeh,
“HARP: hard-wired routing pattern FPGASs,” Intl. Symp. on Fieldgtfammable Gate
Arrays (FPGA), pp. 21-29, 2005.

J.H. Anderson and F.N. Najm, “A novel low-power FPGA routing swittEEE Custom
Integrated Circuits Conference (CICC), pp. 719-722, 2004.

Y. Lin, F. Li, and L. He, “Routing track duplication with fine-grainpower-gating for
FPGA interconnect power reduction,” Asia South Pacific Design Aatiom Conference,
pp. 645-650, 2005.

E. Kusse and J. Rabaey, “Low-energy embedded FPGA structures,yimp. Sow
Power Electronics and Design, pp. 155-160, 1999.

D. Chen, J. Cong, and Y. Fan, “Low-power high-level synthesis for FRGHitecture,”
Low Power Electronics and Design, pp. 134-139, 2003.

D. Chen, J. Cong, and J. Xu, “Optimal module and voltage assignmdoifg@ower,”
Asia South Pacific Design Automation Conference, pp. 850-855, 2005.

A.H. Farrahi and M. Sarrafzadeh, “FPGA technology mapping for power raitiiom,”
Intl. Workshop on Field-Programmable Logic and Applications (FPL), pp. 167-174, 1994.

M.J. Alexander, “Power optimization for FPGA look-up tables”, ACM Intl. Symp. on
Physical Design (ISPD), pp. 156-162, 1997.

C-C. Wang and C-P Kwan, “Low power technology mapping by hiding high-transition
paths in invisible edges for LUT-based FPGAS”, IEEE Intl. Symp. on Circuits and
Systems, pp. 1536-1539,1997.

Z-H. Wang, E-C. Liu, J. Lai, and T-C. Wang, “Power minimization in LUT-8d5eGA
technology mapping,” ACM Asia South Pacific Design Automation Conference, pp. 635-
640, 2001.

J. Anderson and F.N. Najm, “Power-aware technology mapping for LUT-basatsiP
IEEE Intl. Conference on Field-Programmable Technology (FPT), pp. 211-218, 2002.

H. Li, S. Katkoori, and W.-K. Mak, “Power minimization algorithrfie LUT-based
FPGA technology mapping”, ACM Trans. on Design Automation of Edeatr Systems
(TODAES), Vol. 9, Issue 1, pp. 33-51, 2004.

D. Chen, J. Cong, F. Li, and L. He, “Low-power technology mapping FBGA
architectures with dual supply voltages,” ACM/SIGDA Intl. Symp. &ield-
Programmable Gate Arrays (FPGA), pp. 109-117, 2004.

A. Singh, G. Parthasarathy, and M. Marek-Sadowski, “Efficient circusteting for area
and power reduction in FPGAs,” ACM Trans. on Design Automation of Electronic
Systems (TODAES), Vol. 7, Issue 4, pp. 643-663, 2002.

D. Chen and J. Cong, “Delay optimal low-power circuit clustering for FP@ksdual
supply voltages,” Intl. Symp. on Low Power Electronics and Design (ISLPED), pp. 70-73,
2004.

18



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]
[44]
[45]
[46]
[47]

[48]

[49]

[50]

[51]

H. Hassan, M. Anis, A. El Daher, and M. Elmasry, “Activity packing in FP@®As

leakage power reduction,” Design Automation and Test in Europe (DATE), pp. 212-217,
2005.

K. Roy, “Power-dissipation driven FPGA place and route under timing corstra

IEEE Trans. on Circuits and Systems, Vol. 46, Issue. 5, pp. 634-637, 1999.

N. Togawa, K. Ukai, M. Yanagisawa, and T. Ohtsuki, “A simultaneous placement and
global routing algorithm for FPGAs with power optimization”, Asia Padifanference on
Circuits and Systems, pp. 125-128, 1998.

B. Kumthekar, and F. Somenzi, “Power and delay reduction via simultaneous logic and
placement optimization in FPGASs,” Design Automation and Test in Europe Corderenc
(DATE), pp. 202-207, 2000.

A. Gayasen, Y. Tsai, N. Vijaykrishnan, M. Kandemir, M.J. Irwin, and T. Tuan, “Reglucin
leakage energy in FPGAS using region-constrained placement,” ACMAI@&D Symp.

on Field-Programmable Gate Arrays, pp. 51-58, 2004.

J.H. Anderson, F.N. Najm, and T. Tuan, “Active leakage power optimization for FPGAs
ACM/SIGDA Intl. Symp. on Field-Programmable Gate Arrays, pp. 33-41, 2004.

R. Tessier, V. Betz, D. Neto, and T. Gopalsamy, “Power-aware RAM mappikr& A
embedded memory blocks,” Intl. Symp. on Field-Programmable Gate Array®\JFp&
189-198, 2006.

J. Lamoureux and S.J.E. Wilton, “On the Interaction between PAware CAD
Algorithms for FPGAs,” IEEE/ACM International Conference on ComipAided Design
(ICCAD), pp. 701-708, 2003.

Altera Corp., “Quartus Il handbook,” Vol. 3, Chapter 10, May 2007.

Xilinx Inc., “Power Consumption in 65nm FPGASs”, February, 2007.

Altera Corp., “Quartus Il handbook,” Vol. 2, Chapter 9, May 2007.

Xilinx Inc., “Optimizing FPGA power with ISE design tools,” Xcell Joufriasue 60, pp.
16-19, 2007.

F. Najm, Transition density: A new measure of activity initdigcircuits, IEEE Trans.
Computer-Aided Design, Vol. 12, Issue 2, pp. 310-323, 1993.

F. Najm, Low-pass filter for computing the transition density in digitauits, IEEE
Trans. Computer-Aided Design, Vol. 13, Issue 9, pp. 1123-1131, 1994.

A. Raghunathan, S. Dey and N. K. Jia, “Register transfer level power ogioninath
emphasis on glitch analysis and reduction”, IEEE Trans. CAD, Vol. 18, No. 8, pp. 1114-
1131, 1999.

J. Lamoureux and S.J.E. Wilton, “Activity Estimation for Field-Prograile Gate
Arrays,” in the International Conference on Field-Programmableclanyil Applications
(FPL), pp. 87-94, 2006.

J. Lamoureux and S.J.E. Wilton, “Fast Activity Estimation for Power Modelmy
Optimization in FPGASs,” submitted for review, ACM Trans. on Design Automation of
Electronic Systems (TODAES), in 2007.

J. Lamoureux, G. Lemieux, and S.J.E. Wilton, “Glitchless: An Active IiGMaimization
Technique for FPGASs,” in the ACM/SIGDA International Symposium on Field-
Programmable Gate Arrays (FPGA), pp. 156-165, 2007.

19



[52] J. Lamoureux, G. Lemieux, and S.J.E. Wilton, “GlitchLess: Dynamic Pblvemization

in FPGAs Through Edge Alignment and Glitch Filtering,” submitted forene@yiEEE
Trans. on VLSI, 2007.

[53] J. Lamoureux and S.J.E. Wilton, “FPGA Clock Network Architecture: Flgyibs. Area

and Power,” ACM/SIGDA International Symposium on Field-Programmable &ahys
(FPGA), pp. 101-108, 2006.

[54] J. Lamoureux and S.J.E. Wilton, “Clock-aware placement for FPGAS,” t@amaijmpine
Intl. Workshop on Field-Programmable Logic and Applications (FPL), 2007.

[55] J. Lamoureux and S.J.E. Wilton, “On the Tradeoff between Power and Flexability

FPGA Clock Networks,” submitted for review, ACM Trans. on Reconfigurable
Technology and Systems, 2007.

20



Chapter 2

Fast Activity Estimation for Power Modeling and
Optimization in FPGAS

2.1 Introduction
Advancements in process technology, programmable architecture, and ecaiget! design

(CAD) tools are allowing circuit designers to implement insiegly larger applications on
FPGAs. The main advantages of using FPGAs, instead of Applicapeaifi§ Integrated

Circuits (ASICs), are a faster time-to-market and thetgdi quickly prototype and modify the
application since layout and fabrication are not required. On thelwhd; FPGAs are slower
and dissipate significantly more power than ASICs because obuwkehead circuitry that is
needed to make FPGAs programmable. Therefore, the key cleallePGAs is to minimize
this speed and power overhead while keeping the design effort low.

The CAD tools, which are used to configure the programmable logicoatidg switches
of the FPGA, can have a significant impact on speed and power apgitcation. As an
example, the power-aware FPGA CAD flow described in [1], whighimizes the length (and
therefore capacitance) of high-activity wires, reduces the pdelay product of applications
implemented on an FPGA by 26% on average.

An important part of the CAD tools is power modeling. With an ateygawer model, a
designer can determine if their implementation meets spaodic or if a different
implementation is more efficient. Moreover, the power-aware Gy described in the
previous example requires accurate switching activity infoonat choose which wires should
be optimized to reduce power. This chapter focuses on the how o ®bttching activities in
the context of FPGAs.

Numerous activity estimation techniques have been proposed in tleulieef2]-[11].
These techniques vary widely in terms of speed and accuracyrPBAs, the techniques need

to be accurate enough for the power-aware CAD tools to miniponeer and for the power

! A version of this chapter has been submitted €dnlipation. J. Lamoureux and S.J.E Wilton, Fasiviy
estimation for power modeling and optimization PGAs, ACM Transactions on Design Automation of Eleaic
Systems, 2007.
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models to produce power estimates that can be used to deterramenplementation meets
specifications. At the same time, the techniques need to be fast enoudhitstogsmnot burden
the design cycle. In other words, the time it takes to ewitha switching activities should not
take longer than the other phases of the FPGA CAD flow. In thigehave compare existing
activity estimation techniques to determine which are most seifabFPGAs. Specifically, we
answer the following questions:

1. How does the accuracy of the switching activity estimatiextathe accuracy of the final
power estimates in FPGAs? If the accuracy of the powenastiis not overly sensitive to
the accuracy of the activity estimates, then a faster technique maffitiersi

2. How does the accuracy of the switching activity estimates affecbility af power-aware
CAD tools to minimize power in FPGAs? Knowing how sensitivepiteer-aware CAD
tools are to the accuracy of the activities will help to deteenwhat techniques are most
appropriate.

3. Should different activity estimation techniques be used for diffeagylications?
Estimating activities is more difficult when circuits havenyatate storage elements (flip-
flops). Perhaps accurate techniques should be used for circuitsan flip-flops and
faster techniques can be used otherwise.

Once these questions have been answered, we present a new atimayiean tool called
ACE-2.0, which was developed based on the answers to the three qualstees The tool is
compatible with the Versatile Place and Route [12] and the powerlrfrode [13], and is
publicly available. A preliminary version of this work has appaare[14]; however, this
chapter expands on the results to better illustrate which techregeesiost appropriate for
FPGAs.

This chapter is organized as follows. Section 2.2 summarizésmgxagtivity estimation
techniques and describes an existing power model and power-aw&refl@h for FPGAs.
Section 2.3 then examines the accuracy of the power model andrihiena@ce of the power-
aware CAD flow when various activity estimation techniques ampl@yed. In doing so, it
answers the three questions listed above. Section 2.4 first desarimw activity estimation
tool called ACE-2.0, which incorporates the techniques found suitableciio$ 2.3, and then
compares the new activity estimation tool to an existing agt@atimation tool called ACE-1.0.
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Finally, Section 2.5 summarizes our conclusions and proposes future wastructions for

downloading our new tool are provided in the appendix.

2.2 Background
This section begins by introducing some terminology that is uselisnchapter to describe

switching activity information. It then provides background on thesifit techniques that can
be used to obtain switching activity information. Finally, it ddsesia number of existing

activity estimation tools.

2.2.1Terminology

Switching activity information is required when estimatingistand dynamic power dissipated
by integrated circuits. Three statistical values are comynaséd to describe the switching
behavior of circuit wires: static probability, switching probapjliand switching activity. The
static probability of a wire, denotedP,(n), is the probability that the value of that wire is logic
high. This value is used in static power calculations to deterh@nelong transistors are in a
particular leakage state. The switching probability of a wirgdenotedPy(n), is the probability
that the steady-state value of that wire will transition froigh(low) to low(high) from one
clock cycle to the next. Finally, the switching activity olvaie n, denotedAy(n), refers to the
average number of times that the wire will transition from high to low or fromddwigh during

a clock period. Although its steady-state value can only change merccycle, a wire can
actually transition multiple times before reaching steddiessince the arrival times at the inputs
of a logic gate may be differereg(n) < A{(n). These spurious transitions are called glitches.

Switching activities are used in dynamic power calculations.

2.2.2Activity Estimation
There a several techniques that can be used to estimate sgviadhivities. These techniques,
which vary significantly in terms of accuracy and speed, can tegadzed into two general

groups: simulation-based and probability-based.

Simulation-based Activity Estimation
Simulation-based activity estimation can be employed at varimg$sl®f abstraction, which
include: switch-level, gate-level, and block-level. In this chapte only consider gate-level

simulation since it provides switching activity estimates doery wire in the netlist of the
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application, which are needed by the power-aware FPGA CADitgar and detailed FPGA
power models. Block-level simulation, which considers larger bloaksh sas adders,
multipliers, memories, and state machines, is not considered B&ycedd not provide switching
activity estimates for each wire in the netlist. On theeohand, switch-level simulation, which
simulates transitions at the transistor level, is detailed enbugls significantly slower than
gate-level simulation.

Gate-level simulation-based activity estimation involves sirmgaa Boolean network,
consisting of logic gates and flip-flops, while keeping track of tt@ns in order to determine
P1, Ps, andAs for each node in the network. During simulation, the values at the aftfue
gates are determined from the values at the input of those gath time an input changes.
Gate-level simulation is a well studied problem and much effastbeen placed on improving
its speed [3],[10],[11]. Despite many innovations, gate-levelkition for large system-level
applications can still take as long as days. Moreover, simulegopires input vectors, which
are often not available when designing a new application.

Probability-based Activity Estimation

Probability-based (or vectorless) activity estimation is tyjyidaster than simulation because it
involves a one-time calculation for each node of a circuit. The stosghtforward way of
calculatingP1(n), Ps(n) andA¢(n) is to visit the nodes one at a time, starting from the pyimar
inputs. For each node, the Lag-one model from [8] and the TransitiontyDerslel from [2]
can be used to calcula®(n), Ps(n) andAg(n), based orPy(f), Ps(f) andAg(f) of each fan-in node

f of noden, and the function implemented by nodeThese quantities can then be used to
estimate the power using standard power models [13].

Probability-based estimates are less accurate than simtiaisen estimates for two
reasons. First, they typically ignore wire and gate deleysch are the cause of glitching
activity. Techniques to take these delays into account have been describetdowpijer, these
techniques are not considered in this chapter since delay informraty not be available at
design time. Second, they typically ignore both spatial and temporal corrddatieeen signals.
Spatial correlation occurs when the logic value of a wire depemdke value of another wire.
Spatial correlation can occur between primary inputs when the inpathda correlation or
between internal nodes when gates fan-out to multiple gatestanddeonverge, as illustrated

in Figure 2.1 (a). Temporal correlation occurs when the valwewife depends on previous
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values of that same wire. This can also occur at the primpuys or within sequential circuits
which have feedback, as illustrated in Figure 2.1 (b). From [15],iigpéemporal correlation
introduces between 15% and 50% error, and ignoring spatial correlatiotuicgs between 8%
and 120% error.

PI
Spatial +

Correlation FFs
Temporal
Reconvergent Correlation Next- — Output
Fan-out State — Logic —*>PO
@ogic
Primary Inputs Sequential Feedback

(a) Example of internal spatial correlation (b) Example of internal temporal correlation

Figure 2.1: (a) Spatial correlation (b) Temporal correlation.
Probability-based techniques that consider spatial correlation Ibese described in

previous works [4],[8]. Instead of estimating the activity of galecally (as standard
probability-based techniques do), the error introduced by reconveageatf can be eliminated
by recursively collapsing nodes with its predecessors (combineatbled logic of the current
gate with the Boolean logic of the fanin gates) until the inputshefniode consist only of
primary inputs. The switching activity at the output of the noddes tcalculated as before
(using some probability-based calculation). Typically, a bid&gision diagram (BDD) is used
to represent this Boolean logic, since this representation is efficientderdades [16].
Techniques that consider temporal correlation have also been désorjirevious works.
In [6]-[8], internal temporal correlation is captured by “unrollinggxt state logic (see Figure
2.2) and iteratively estimating switching activities until tkéaties converge. By unrolling the
next logiceo times, all temporal correlation can be captured. Although lumgok times is

infeasible, [8] found that 3 times produced good results.
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Figure 2.2: Example of unrolling next state logic.
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2.2.3Existing Activity Estimation Tools

A number of existing activity estimation tools that employ trabpbility-based and simulation-
based techniques described above are publicly available [7],[11],[I8]. activity estimation
tool for FPGAs, described in [11], is a statistical-based &gteéstimator, which performs gate-
level simulation of randomly generated input vectors until a usenedetiegree of certainty can
be statistically guaranteed.

The ACE-1.0 tool, described in [13], is a probability-based actiegymator which
estimatesP;, Ps, and As for combinational and sequential circuits. The static and swgchin
probabilities are calculated using the techniques in [9], and switcitivities are calculated
using the Transition Density model [2] and the analytical lovefigter model described in [5].
For circuits with sequential feedback, an iterative techniqueseésl to update the switching
probabilities at the output of flip-flops using the simplifying eegmionsP1(Q) = Py(D) and
Py(Q) = 2*P(D)*(1-P1(D)) as described in [9]. ACE is fast but inaccurate &ge and/or
sequential circuits.

The Sis [7] activity estimator (called Sis-1.2 is this chgpmetimated?; andPs, but does
not estimateAs. For circuits with sequential feedback, static and switching pridticiare
calculated using the iterative solution described in [8]. Sis-1oRlisaccurate for circuits that
do not have a large glitching component. Furthermore, the estimattwecame very slow for
circuits with large BDD representations such as multipliers [16].

2.3 Empirical Study on Activity Estimation for FPGAs
This section examines the questions described in the introductiordinggdahe effect of

switching activities on power models and power-aware CAD toolsFRGAs. This is
important: the activity estimation techniques described in Sectiar®. general since they do
not target any specific implementation; without using the a@gviti the context of FPGAs, it is

impossible to determine with confidence which techniques are most suitable.

2.3.1Accuracy and Speed of Probabilistic-Based Actitdagstimation

Before examining how the accuracy of the activities etfeetaccuracy of the power model and
the ability of the power-aware CAD tools to minimize power, wgirbdy comparing the
accuracy and speed of the existing activity estimation tamliighlight the strengths and

weaknesses of the techniques they employ. Specifically, we certia ACE-1.0 and Sis-1.2
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tools. This comparison provides insight when we examine the dffi@écthe activities have on
the power model and CAD tools later on.

Experimental Framework

Figure 2.3 illustrates how the activities are obtained for eatiiity estimator. Twenty large
MCNC [17] benchmarks circuits and one ISCAS [18] multiplier cir¢@6288) are used to
empirically determine the speed and accuracy of the eachtyastimation method. The
multiplier is included since it is known to be a challenginguwirfor activity estimation. For
each circuit, static probabilities and switching probabilitiespseudo-randomly determined for
each primary input of every circuit. A custom vector generatom®mig then used to generate
pseudo-random test vectors that match these static and switcbingpilities. The pseudo-
random static and switching probabilities are used to drive ACE41d0Sas-1.2, and the
corresponding vectors are used to drive the Verilog XL® gate-mwellator. Finally, circuit
delay information that is needed for the simulation is obtained ukad/ersatile Place and
Route (VPR) tool for FPGAs [12]. Each experiment is executed ii@Hz Intel® Celeron®
processor, with 500 MB of memory.

Benchmark

|
Random Delay
B Vecgen Info.
v ¥ v v Yo | vy

Sis_v1.2 ACE_v1.2 Verilog XL
Sis Activities ACE Activities Sim Activities

Figure 2.3: Activity comparison framework.
Accuracy Metrics
Three metrics are used to examine accuracy. The fieseiage relative error, which is zero
for perfectly accurate estimates. For each circuit, fiegsurement takes the average of the
magnitude of the relative error of every node within that cirastdescribed in the following

expression:

averagerelativeerror(circuit):%D Z |AS$‘(:S)S_(A:§m(n)% (2.2)
nOcircuit im
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whereN is the number of nodes in the circuit. The second measuremétastitity ratio,
which divides the sum of the estimated activities by the sunhefsimulated activities, as

described by the following expression:

D A ()
activity ratio(circuit ) = nHgreut (2.2)

ZASsim(n)

nOcircuit

where an activity ratio of one is ideal. Finally, the thicduracy measurementris correlation,
which measures the quality of a least squares fitting to thet edata, as described by the
expression below [21]. Intuitively, af value of 1 indicates that the estimated results match the
simulated results perfectly and grvalue of 0 indicates that the estimated results are completel

unrelated to the simulated results.

2
[ ZAsg.m<n>Asa<n>—NDL\s§mDL\st

2 _ nOcircuit (2.3)

r

{ zAss-mmf—Nmsml zA@nf—N%}

ncircuit nOcircuit

Although the metrics 2.2 and 2.3 give a better measure of accuaabymeasurement has
a purpose. Thaveragereative error gives an intuitive feel for how much error is occurring for
individual nodes; however, the measurement does not give insight to tine oathe error. As
an example, thaverage relative error is the same if an estimator tends to overestimate or
underestimate activities by a factor of two. Hagvity ratio, on the other hand, does indicate if
the estimator tends to over or under estimate activities buttia good measure of accuracy
since the error of one activity can cancel out the error of anathieity. Finally,r? is useful for
measuring the fidelity of the activities. In other words, iaswges how well the estimator can
determine if one node has a higher activity than another nodeitivigly, fidelity is important
for power-aware CAD tools, which need to determine which wires to optimize.

Results

Table 2.1 compares the accuracy and run-time of ACE-1.0 and Sis-1r# didservations can

be made from the results. First, the table shows that somésrasiimissing for Sis-1.2 due to
insufficient memory or extremely long execution time. Thisbpem occurred in all but the two

smallest sequential circuits (dsip and bigkey) and in one aédheinational circuits (C6288),
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which is a multiplier. The likely origin of the problem is th&e of BDDs, which tend to grow
exponentially in size with the number of logic inputs [19] and arHicient at representing a
number of common circuits, including multipliers [16]. ACE-1.0 was able to producésrisul
all the circuits; however, the accuracy was low for sequeaitialits with a correlation of 0.47

and activity ratio of 2.37.

Table 2.1: Accuracy of speed of switching activity estimation techniques

Simulation Sis-1.2 ACE-1.0

B(ér;fchurirggrk # Gates| i:;l;)ps Run-Time 2 Aévegi Act_. Speed 2 Aévegi Act_. Speed

(s) Err. Ratio | up Err. Ratio| up
alu4 2732 0 89 0.86| 0.03| 1.34 | 127 | 0.89| 0.03| 1.33| 9.3
apex2 3165 0 68 0.86| 0.02| 1.53 57 | 0.86|0.01|1.22| 5.2
apex4 2195 0 34 0.94| 0.01| 1.20 | 57 |0.97|0.01|1.24| 4.7
C6288 1820 0 315 - - - - 0.58 0.60| 0.47| 35
des 2901 0 206 0.65| 0.06| 1.00 | 172 | 0.84| 0.05| 1.16| 16
ex1010 8020 0 144 0.94 | 0.00| 0.93 60 [0.91|0.01|1.70| 15
ex5p 1779 0 44 0.94| 0.02| 1.12 | 110 | 0.97|0.02| 1.20| 8.5
misex3 2557 0 56 0.91| 0.02| 1.38 | 80 |[0.94|0.01|1.21| 6.2
pdc 8408 0 156 0.88| 0.01| 1.16 60 |[0.95(/0.01|1.16| 1.6
seq 2939 0 79 0.93| 0.02| 1.13 99 |[0.94|0.02|1.31| 6.6
spla 7438 0 154 0.91| 0.01| 0.94 67 [0.98|0.01|1.28| 2.1
Comb. Avg.| 3996 0 122 0.88| 0.02| 1.17 | 89 |0.89|0.07|1.21| 8.8
bigkey 2979 | 224 150 0.64| 0.10| 1.23 18 | 0.17|0.16| 1.74| 10
clma 14235| 33 254 - - - - 0.11( 0.15|6.92| 0.7
diffeq 2544 | 395 56 - - - - 0.66| 0.01| 0.72| 3.7
dsip 2531 | 224 141 0.80| 0.08 | 1.57 16 | 0.90| 0.03| 1.16| 13
elliptic 5464 | 1470 147 - - - - 0.7310.02| 0.88| 1.7
frisc 6002 | 992 148 - - - - 0.81(0.01|1.08| 1.6
s298 4268 8 73 - - - - 0.65(0.02| 1.55| 2.4
s38417 13307 | 1463 730 - - - - 0.13(0.20| 1.85| 2.1
tseng 1858 | 404 20 - - - - 0.04| 0.15| 5.40| 2.0
Seq. Avg. | 5910 | 579 191 0.72] 0.09| 1.40 17 | 0.47)|0.08| 2.37| 4.1

Secondly, it can be seen that the accuracy of ACE-1.0 and Siseldnafar for the
combinational circuits, with correlations of 0.88 and 0.89, and averageeaators of 2% and
7%, respectively. These results are likely acceptable for paware CAD tools; however, the
activity ratio indicates that both estimators tend to overestiamgttvities, which may translate to
power overestimations.

Finally, the table shows the run-time of each estimator. Thageais-1.2 run-times are
not comparable to the other tools since Sis-1.2 did not find a solutiondoy of the circuits.
By inspection of the circuits that did pass, however, we observedhiaabol is relatively

efficient compared to simulation. ACE-1.0, on the other hand, is sorhslehgr with average

29



run-times that are approximately 8.8 and 4.1 times faster thanagion for combinational and
sequential circuits, respectively.

2.3.2FPGA Power Modeling

Comparing activities directly is useful since it reveals laoaurate the activities are, if there are
any trends such as over or underestimation, and if accuracy depenusuit types. However,
in order to determine the level of accuracy needed in the contd®®As, this subsection
examines how the activities affect detailed power measuntsned circuits implemented on
FPGAs.

Experimental Framework

Figure 2.4 illustrates the experimental framework used to contipareffect of the activities on
power estimates. The framework employs the VPR tool to @aderoute the benchmarks
circuits and then uses the FPGA power model described in [13] toagstihe power of each
implementation. All experiments target island-style FPGAglemented in a 0.18um TSMC
CMOS process.

Benchmark

y
P&R
ACE Sis Sim

| |
TR T I T!
Power Power Power
Model Model Model

v v v

Power Power Power

Figure 2.4: Power modeling framework.
Three different power estimates are obtained for each benclumewk. In each case, the

same power model is used but the activities are produced using ACEistD2, and gate-level
simulation.

Results
Table 2.2 compares power estimates obtained using the activiilesAICE-1.0 and Sis-1.2 to

the power estimates obtained using simulated activities.
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Table 2.2: Power estimates using ACE, Sis, and simulation.

Benchmark Sim. Sis-1.2 ACE-1.0
Circuits Power Power | % Diff | Power | % Diff
alu4 1.02 1.39 35.6 1.40 37.0
apex2 0.94 1.25 33.7 1.25 33.8
apex4 0.69 0.77 11.9 0.75 9.3
C6288 0.85 - - 1.05 22.8
des 1.73 2.02 16.5 2.04 17.8
ex1010 1.49 - - 1.58 5.7
ex5p 0.42 0.51 225 0.50 19.7
misex3 0.83 1.03 24.3 1.03 24.4
pdc 2.50 2.69 7.7 2.70 8.1
seq 1.03 1.22 18.1 1.22 18.4
spla 1.50 1.62 7.6 1.62 7.4
Comb. Avg. 1.18 1.39 19.8 1.38 18.6
bigkey 0.78 0.92 16.9 1.66 112
clma 1.68 - - 6.80 304
diffeq 0.20 - - 0.81 296
dsip 0.60 0.85 42.9 1.44 139
elliptic 0.67 - - 2.23 231
frisc 0.80 - - 212 164
s298 0.49 - - 1.57 220
s38417 2.95 - - 7.96 170
tseng 0.19 - - 0.83 344
Seq. Avg. 0.93 0.88 29.9 2.82 220

The table shows that both activity estimators tend to overestipmatver as predicted by
theactivity ratio metric in Section 2.3.1. The most severe cases occur wherllAd& used for
sequential circuits. This trend follows from the observation madthenprevious section
regarding the overestimation of the switching activitiesea@y, another technique should be
used for sequential circuits. The ACE-1.0 results suggest thdiltémrefunction employed to
reduce glitching is not accurate enough in this context. Thé.Sisesults were unexpected
since Sis-1.2 estimates switching probabilities which ignoneshglg. The reason why Sis-1.2
still overestimates power is that it uses static probalsilif®e) for primary inputs nodes and
assumes that switching probabilitida;)(are equal to 2,*(1-P1), which is the upper bound.
The pseudo-randomly generated activities used in our framework chwobebilities between
0 and 2P,*(1-P,), which is more realistic. As an example, a wire which sl of the time
and 1 the other half does not necessarily toggle every clock @glie (nherently assumed in
Sis-1.2). Thus, on average, the Sis-1.2 activity estimator assughes activities at the primary

inputs of each circuit, which lead to overestimation throughout the circuit.
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2.3.3Power-Aware CAD for FPGAs

This section examines how the accuracy of the activity asbm techniques affects power-
aware CAD tools that use switching activities to minimizepgbeer of circuits implemented on
FPGAs. Intuitively, the most important characteristic of tbevies being used to minimize

power is fidelity since the tools must know which wires to optimize for power.

Experimental Framework

Figure 2.5 illustrates the framework used to compare the effdbtie activities on the power-
aware version of VPR from [1], by implementing each benchnfadettimes using activities
generated using ACE-1.0, Sis-1.2, and gate-level simulation. The pofvell three
implementations of the circuit is then estimated using the FBG#®er model from [13] and
activities obtained using simulation.

Benchmark

ACE Sis Sim
vy Yy v ¥
Power- Power- Power-
Aware Aware Aware
P&R P&R P&R

Sim
e

vy vy ¥y
Power Power Power
Model Model Model
Power Power Power

Figure 2.5: Power-aware CAD framework.
Results
Table 2.3eports the power savings obtained by the power-aware version otiSiRéRthe three
different activity estimators. Intuitively, the greatest powavings should be obtained when
power-aware VPR is guided by the simulated activities sineg are exactly the same as the
activities used to estimate power.

On average, the power-aware CAD flow reduces power by 9.82ofobinational circuits
and 14.3% for sequential circuits when driven by the simulated &giviAlthough no average
is available for Sis-1.2, careful inspection reveals power sa@adgieved using activities from
Sis-1.2 and ACE-1.0 are approximately 9%, which is relatively goods folHows from the
good correlation results measured in Section 2.3.1. For sequertigtissihowever, the savings
using ACE-1.0 activities are only 5.8% compared to 14.3%, which is wept@@ble. These
results again suggest that more accurate techniques must beyeinpto improve the

performance of power-aware CAD tools.
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Table 2.3: Power savings using each activity estimator.

Benchmark Power Savings (%)
Circuits Simulation | Sis-1.2 ACE-1.0
alu4 10.5 9.5 9.3
apex2 14.5 13.9 12.3
apex4 11.6 10.9 10.0
C6288 7.9 - 8.2
des 9.0 9.1 9.8
ex1010 5.3 1.9 -1.4
ex5p 8.8 8.1 8.6
misex3 15.1 14.5 14.7
pdc 2.1 0.0 2.5
seq 17.3 17.0 16.4
spla 5.4 5.5 5.6
Comb. Avg. 9.8 9.0 9.0
bigkey 34.4 22.8 21.8
clma 2.8 - 1.3
diffeq 8.5 - -13.7
dsip 19.6 7.6 13.8
elliptic 10.6 - -10.4
frisc 14.1 - 7.9
$298 3.4 - -0.6
38417 7.2 - 6.8
tseng 21.3 - 20.9
Seq. Avg. 14.3 - 5.8

2.4 ACE-2.0: A New Activity Estimator
The previous section served to highlight the strengths and weakr@dssassting activity

estimation tools in the context of FPGAs. Specifically it fourat the technique used in Sis-1.0
for circuits with sequential feedback does not scale well enougharfger circuits and the
technique in ACE-1.0 was inaccurate, causing significant error irmpestimates and degraded
power savings from the power-aware CAD tool. The previous sectsonshlowed that the
Transition Density model combined with a low-pass analytidarfWere somewhat accurate but
still caused power model to overestimate power in large circuits.
Using this information, this section describes a new activiiynation tool called ACE-

2.0, which addresses these weaknesses. Figure 2.6 outlines th2 A&Igerithm, which has
three phases. The first phase begins by simulating staticwatathing probabilities for logic
within sequential feedback loops, if there are any. The second thlemsemploys the Lag-one
model, described in [8], to calculate static and switching prbbedifor the remaining logic
that has not been simulated. Finally, the third phase calcslaitehing activities using a novel

probability-based technique that considers glitching. Each phase is de$mibe.
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ACE-2.0 (network, vectors, activities) {
/l Phase 1
feedback_latch = find_feedback_latches (network);
feedback_logic = find_feedback_logic (feedback_latches);
if (vectors == NULL) vectors = gen_vectors (activities);
simulate_probabilities (feedback_logic, vectors);

I/l Phase 2
foreach node n O network
if (Status(n) != SIMULATED) {
bdd = get_partially_collapsed_and_pruned_bdd (n);
Static_Prob(n) = calc_static_prob (bdd);
Switch_Prob(n) = calc_switch_prob (bdd);
}

}
/l Phase 3
foreach node n O network {
bdd = get_local_bdd(n);
Switch_Act(n) = calc_switch_activity (bdd):
}

}

Figure 2.6: ACE-2.0 pseudo code.

2.4.1Phase 1

This phase determines the static and switching probability fac lagd flip-flops within
sequential feedback loops in a circuit. The previous section demaieasthat sequential
feedback is the greatest source of error and long executionfomesisting tools. The existing
probability-based techniques proposed in the literature use BDDs overswlving systems of
non-linear equations. In either case, the techniques are not fdasilalege circuits. Thus, the
solution used within ACE-2.0 is to use a simplified form of simulation.

Two simplifications are made to improve the efficiency of #mulation. The first
simplification is to simulate only the logic within sequenfiédback loops. In most circuits
with sequential feedback, the logic within feedback loops accountsnfgra fraction of the
circuit. Simulating this logic produces accurate probabilitighimvthe feedback loops which
can then be used when calculating probabilities for the remaining logic in¢hg.cir

The second simplification is to simulate switching probabiliiiestead of switching
activities. In circuits with many levels of logic or witlany exclusive-or gates, such as C6288,
glitching accounts for a significant proportion of all transition8s opposed to simulating
activities, which involves processing each transition in each gateviery cycle, simulating
probabilities only involves processing the final value of each gateevery cycle. The

simulation routine used in ACE-2.0 is described in Figure 2.7.
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simulate_probabilities (feedback_logic, vectors) {
foreach vector O vectors {
update_primary_inputs (vector);
evaluate_logic (feedback_logic);
update_flip_flops ();
}
}

evaluate_logic (logic) {
foreach node n [ logic
if (get_status_of _inputs (n) == NEW) {
value = evaluate (n);
if (value !'= Value(n)) {
Value(n) = value;
Status(n) = NEW,;
Num_transitions(n)++;
}else {
Status(n) = OLD;
}
}else {
Status(n) = OLD;

if (Value(n) == 1) Num_ones(n)++;

}

}

Figure 2.7: Simplified simulation pseudo-code.
Each cycle of the simulation begins by updating the values of tmanyrinputs with the

next input vector. If vectors are not supplied, ACE-2.0 pseudo-randomlyatesnerectors
which match the specified input activities. Once the input valuesspecified, the routine
determines the output value of each gate in the feedback logic in tmablogder from the
primary inputs to the primary outputs. Finally, at the end ofi €gcle, the routine updates the
value at the output of each flip-flop based on the input value. Tefuihprove performance,

the evaluate logic routine only evaluates when at least one fanin of the gateahged.

2.4.2Phase 2
Although ACE-2.0 uses simulation to obtain static and switching protiabifor logic and flip-
flops within sequential feedback loops, switching probabilities ae edquired for logic and
flip-flops not within sequential feedback loops. These remaining piidies are calculated
using the Lag-one model [8], which produces exact switching prolebilassuming that inputs
are not correlated).

For a Boolean functiofi the Lag-one model can be calculated by summing probabilities

over all pairs of input statesi{ x} such thatf(x) = f(x). Intuitively, you can think of an input
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state as a single row of the truth table representation ofidanic Explicitly, the switching
probability Ps can be calculated using the following expression:

R= 2 {Fioﬁ)DZ‘,F’s(m,xj)}+ > [a(mmz%m,xj)l (2.4)

X 0Xq x;0Xg x0X o xj0Xq
whereX; is the set of input states ] X; such thaf(x) = 1, X, is the set of input states] Xo
such thatf(x) = 0, P(x) is the probability that the current input stategisandP(x;, X) is the
probability that the input state will be at the end of a clock cycle given that the input state was
X; at the beginning of the clock cycle.

The probability that the current input statesisan be determined by taking the product of
the static probabilities for each input literal, as expressed below:

A P(fk)  Xlk]=1
P(x) = Dlp(fk,xi [KD) | P(fi.xi[K]) = {1- B(f) x[K]=0 (2.5)

wheren is the number of inputs that fan into functipfy is the function of th&" input that fans
into f, andx[K] is the value of th&™ literal of input statex;.

Similarly, the probability that the input state will change frorto X, can be determined by
taking the product of the switching probabilities for each input literal, agesga below:

n
P04 X)) = [ PR kKL XiIKD  (26)
i=k

|
R_a(fk) %[kl =0,x;[k] =1

Pt XK1 (K] = 1-R_1(fk) %[kl =0, xj[k] =0 2.7)

P_o(fk) %[kl =1,%;[k] =0

1-P_o(fk) x[kI=1,xk] =1

wherePy_1(fy) is the probability thafi will transition from 0 to 1 ané;_.o(fy) is the probability
that fx will transition from O to 1. These probabilities can be determimitd the following
expressions:

- Ps(fk) — Ps(fk) 2
Poﬁ1(fk)—2m_Pl(fk)) and P o(fi) 2R (F) (2.8)

The most efficient implementation of the Lag-one model involves @wsBOD. However,

as observed in Section 2.3, using BDDs become infeasible for laxgetcibecause of the
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exponential relationship between BDD size and the number of inputa sAkition, ACE-2.0
combines thepartial collapsing technique described in [20] witBDD pruning as an

approximation to improve the speed of the calculation.

Partial Collapsing

The activity estimation techniques described in [7],[8] sufferhat they require collapsing a
large number of nodes. During activity estimation, each node ispsetdawith all of its
predecessors. Although this takes into account spatial correlatidwn wite circuit, the
technique is infeasible for large circuits. In [20], an alternatsvgoroposed; rather than
collapsing each node with all its predecessors, only smaller podidhs logic are collapsed, as
shown in Figure 2.8. This results in smaller BDDs, leading terfagctivity estimation time.
The cost of doing this is that not all spatial correlation camdptured. There is a tradeoff
between the amount of partial collapsing (the size of each oetlapede) and the error
introduced by not taking into account all spatial correlation.
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Figure 2.8: Example of a partially collapsed network.

The partial_collapse routine collapses nodes with only some (as opiwosdldl of its
predecessors such that the BDD representation of the collapsied clmgtains at most

max_nodes nodes. Thenax_nodes parameter can be used to tradeoff accuracy with run-time.

BDD Pruning

An alternative to partial collapsing is BDD pruning. By pruning-lawbability branches of a
BDD, the size of a BDD can be significantly reduced with minimal impad¢he accuracy of the
activity estimation. In logic synthesis applications (whiclo alse BDDs to represent logic
nodes), such pruning is not possible since it would be unacceptablenigecthe behavior of the
circuit. For activity estimation, however, the BDDs can be prusiade some degree of
approximation is acceptable. Although pruning BDDs is not a new idaaingr BDDs to

improve the execution time of activity calculations is novel.
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The proposed BDD pruning technique involves removing BDD branches with drioésbi
smaller than a pruning threshold probabilityn_prob. An example is illustrated in Figure 2.9.
In the example, the static probability of the function’s four inpares R(a)=0.8, R(b)=0.9,
P1(c)=0.7, and Rd)=0.5, and the probability of each branch is shown next to each node. The
grey nodes are pruned from the BDD since their probabilities are smallenitinganob = 0.05.

After a branch is pruned, it must be replaced by either a ‘@ ‘@t terminal for the BDD
to remain valid. A naive approach is to arbitrarily use a ‘0aot’ terminal; however, this
produces more error later on when the BDDs are used to calcciiziges. A better approach
is to replace the branch with a ‘0O’ terminal when the value attlyut of the function is more
likely to be ‘O’ (Ppranch < 0.5) and a ‘1’ terminal when the value is more likely to be P/ afch

>= (0.5), given that you are at that BDD node.

(a) BDD with probabilities (b) Pruned BDD (min_prob = 0.05)
Figure 2.9: Example of BDD pruning.

The threshold probability parametein_prob, controls the tradeoff between accuracy and
execution time. Increasingin_prob increases pruning and results in smaller BDDs, faster

execution times, but reduced accuracy.

Combining Partial Collapsing and BDD Pruning

Partial collapsing and BDD pruning can be combined. In Figure 2.1BDBegenerated by the
partial _collapse routine is then pruned using thdd prune routine. The resulting routine has
two parametersmax_size and min_prob. Intuitively, themax_size parameter limits the BDD
size of the collapsed node and tmen_prob parameter controls the amount of pruning that
occurs on the BDD representation of the collapsed node. Thenimegrob value depends on
the size of the BDD to be pruned. Pruning a very large BOD avlargemin_prob value would
significantly decrease accuracy. Conversely, pruning a sriddl Bith a smallmin_prob value

would ineffective. By sweeping theax_size parameter between 0 and 1280, andntire prob
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parameter between 0.0005 and 0.008, a simple expression that produces gdsdwaesul
obtained:

1

Min_ProPge0d = 5 5 e

(2.9)
Using the above expression, the switching probabilities were cadudad compared to

those obtained with partial collapsing.
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Figure 2.10: Correlation vs. execution time.
Figure 2.10 illustrates the tradeoff between the correlatrmh execution time of the

switching probability estimations. The x-axis is the averagegion time of the switching
probability estimation per benchmark circuit and the y-axis igdlaive error of the switching
probability estimates averaged over every node in every benkhuineuit. The points on the
graph correspond to various BDD size and BDD pruning threshold paravadtes. Two

useful observations can be made from this figure. The first cdigamvs that the performance
when partial collapsing and BDD pruning are combined is significamtlyroved when

compared to partial collapsing on its own. In order to obtain alatore of 98%, the combined
approach is approximately 3 times faster than collapsing agprodbe second observation
relates the appropriate configuration of the BDD size and BDiDipg parameters. The figure

illustrates that accuracy of both approaches quickly improve upedaircpoint and then level
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off. For the combined approach, the best results were obtasedize andmin_prob values of

50 and 0.01, respectively.

get_partially_collapsed_pruned_bdd (n, max_size, min_prob) {
bdd = partially_collapse (n, max_size); // see [20]
pruned_bdd = bdd_prune (bdd, 1.0, min_prob);
return (pruned_bdd);

}

bdd_prune (bdd, prob, min_prob) {
if (bdd is a ‘0’ or ‘1’ terminal) return (bdd);

if (prob < min_prob) {
if (Prob(bdd) <0.5) {
return (‘0); // replace branch with ‘0’
} else {
return (‘1); // replace branch with ‘1’
}

}

n = literal (bdd);

true_prob = prob - Py(n);

false_prob = prob - (1.0 — P4(n));

true_bdd = bdd_prune (bdd->true, true_prob, min_prob);
false_bdd = bdd_prune (bdd->false, false_prob, min_prob);
bdd ’ = build_bdd (n, true_bdd, false_bdd);

return (bdd’);

Figure 2.11: BDD pruning pseudo code.

2.4.3Phase 3

The final phase of the ACE-2.0 algorithm addresses the issuecofataly and efficiently

modeling the glitch component of switching activities. This sulmsecentroduces the novel
switching activity calculation that we used. The calculatioa Emple generalization of the
Lag-one model, yet performs well compared to existing techniques.

A transition at the output of a gate is normally caused bynaitran occurring at a single
input of that gate; however, transitions can also occur (or be lednaet) when two or more
inputs transition at nearly the same time. Consider a two-in@lR Yate with inputs A and B.
If A'is ‘0’ and B transitions from ‘0’ to ‘1’, this transition Wiprobably cause a transition at the
output. Similarly, a second transition, this time of input ‘A’, willobably cause a second
transition at the output. However, these two input transitions migldause a transition at the
output if they happen at the same (or nearly the same) timoe #ie glitch generated by these
two input transition may be filtered out by the resistance apdaitance of the gate. In other

words, the amount of glitching that occurs depends on the minimum pulse width of the gate.
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The new calculation adds the notion of minimum pulse width to theobagmodel.

Explicitly, the switching activityAs is calculated using the following expressions:
T
As(f) =?EPs(f) (2.10)

_ B(f) L - Ps(fk) I
IDoﬁl(fk)——zm_ Fi(fk))gf andR _ o(fk) —ZEFi(fk)G'F (2.11)

where T is the amount of time that separates the arrialktiof the earliest and the latest input
signals of node f and is some period of time (less than or equal to T) that repteghe
minimum pulse width of that node. Note carefully that this diffglightly from our earlier
implementation, described in [14], where T is the maximum delay fin@enprimary inputs to the
output of the functiorf. The newer implementation is more exact since glitchesoale
generated during this window of time.

The switching probabilities (Ps) are still calculated using Bgu#2.4) but that P81 and
P1—0 are calculated using (2.11) instead of (2.8). Intuitively, theulzdlon determines the
switching probability during period<T (assuming that the input arrival times are normally
distributed) and then multiplies this probability byt Tthe number times that periadoccurs
during T).

It is interesting to note that when= T the new switching activity model reduces to the
Lag-one model (which ignores glitching) since output transitions caysadybnumber of input
transitions are equally weighted. Conversely, when 0, the model reduces to the Transition
Density model (which overestimates glitching) since only singput transitions carry any
weight in the calculation. The most accurate results arenelotavherr is set to approximately

the physical delay of the gate.

2.4.4ACE-2.0 Results

Table 2.4 compares the activities obtained using ACE-2.0 to the iastifriim simulation. The
table shows that the estimated activities are very acclarab®th combinational and sequential
circuits. In particular, the correlation for combinational witx is 0.97, which is close to ideal;
and the correlation is for sequential circuits is 0.86, which mfgigntly better than ACE-1.0,
which was 0.47 in Table 2.1. Moreover, the last column in the table ghawACE-2.0 is 69
times faster than simulation for combinational circuits and 7.2gifaster than simulation for

sequential circuits.
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Table 2.4: ACE-2.0 results.

ACE-2.0 Activities vs. Simulated Activities
B_enc_hmark Act Avg. Rel
Cireuits R* Rat. Error Speedup
alu4 0.93 1.02 0.01 68
apex2 0.97 0.98 0.00 97
apex4 0.99 0.90 0.00 57
C6288 0.93 1.33 0.28 45
des 0.98 0.89 0.02 33
ex1010 0.99 0.96 0.00 51
ex5p 0.98 0.91 0.01 88
misex3 0.95 0.96 0.01 80
pdc 0.97 0.89 0.00 47
seq 0.97 0.94 0.01 99
spla 0.99 0.87 0.00 96
Comb. Mean. | 0.97 | 0.97 0.03 69
bigkey 0.63 1.52 0.09 11
clma 0.92 0.94 0.00 5.2
diffeq 0.75 0.80 0.01 6.0
dsip 0.99 0.97 0.01 12
elliptic 0.90 0.69 0.01 6.1
frisc 0.95 0.77 0.00 6.3
s298 0.91 0.99 0.01 6.1
s38417 0.89 1.07 0.03 8.8
tseng 0.76 1.23 0.01 2.5
Seq. Mean. | 0.86 | 1.00 0.02 7.2

" Calculated using the geometric mean.
Calculated using the arithmetic average.

Table 2.5 compares FPGA power estimates when estimatediestare used. The table
shows that ACE-2.0 activities produce very accurate power essmaith less than 1% error
compared to simulation. Finally, Table 2.6 compares the power sawbtained when
estimated activities are used to drive power-aware FPGA @&I3. The table shows that
ACE-2.0 activities produce power savings that closely match thosénetitusing simulated

activities.

2.5 Conclusions and Future Work
This chapter examined various activities estimation techniqueslar to determine which are

most appropriate for use in the context of FPGAs. It found thatirexiprobability-based
activity estimation tools were either too slow or too inaccufatecircuits with sequential
feedback; causing inaccurate power estimations and reduced pomgssa FPGA CAD tools.
It also found that using fully collapsed logic to calculate proliggslis not feasible for large

circuits because of execution time. Finally, it found that catmd switching activities using
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the Transition Density and the associated low-pass filteedahe power model to overestimate
power.

Given the above findings, a new activity estimation tool called CEhat incorporates
the techniques found most suitable was described. The new tooes lygtalculating static and
switching probabilities for every node in the circuit. For ctcwvith sequential feedback, a
simplified simulation technique is used for the feedback logic antageone model is used for
the remaining logic. To improve the speed of the Lag-one calmulatth only a slight loss of
accuracy, BDD sizes were reduced using partial collapsing 8@l @duning. Once the static
and switching probabilities are obtained, ACE-2.0 employs a novel lphitypdased technique
to calculate the switching activities.

Finally, the new tool was validated in the context of FPGAsndJactivities estimated by
ACE-2.0, power estimates and power savings were both within 1% wfsredbtained using
simulated activities. Moreover, the new tool was 69 and 7.2 tinsésr fthan simulation for

combinational and sequential circuits, respectively.

Table 2.5: Power estimates using ACE-2.0.

Benchmark Sim. Sis-1.2 ACE-1.0 ACE-2.0
Circuits Power Power % Diff | Power| % Diff | Power | % Diff
alu4 1.02 1.39 35.6 1.40 37.0 1.02 -0.4
apex2 0.94 1.25 33.7 1.25% 33.8 0.94 -0.1
apex4 0.69 0.77 11.9 0.75 9.3 0.69 -0.4
C6288 0.85 - - 1.05 22.8 0.86 1.6
des 1.73 2.02 16.5 2.04 17.8 1.72 -0.6
ex1010 1.49 - - 1.58 5.7 1.49 -0.3
ex5p 0.42 0.51 22.5 0.5( 19.7 0.4p 0.Q
misex3 0.83 1.03 24.3 1.03 24.4 0.83 -0.2
pdc 2.50 2.69 7.7 2.7Q 8.1 2.50 0.0
seq 1.03 1.22 18.1 1.22 18.4 1.0p -0.%
spla 1.50 1.62 7.6 1.6 7.4 1.50 0.0
Comb. Avg. 1.18 1.39 19.8 1.38 18.6 1.18 -0.1
bigkey 0.78 0.92 16.9 1.66 112 0.78 0.1
clma 1.68 - - 6.80 304 1.68 0.2
diffeq 0.20 - - 0.81 296 0.20 0.2
dsip 0.60 0.85 42.9 1.44 139 0.60 0.1
elliptic 0.67 - - 2.23 231 0.67 0.1
frisc 0.80 - - 2.12 164 0.80 0.2
s298 0.49 - - 1.57 220 0.51 4.0
s38417 2.95 - - 7.96) 170 2.96 0.3
tseng 0.19 - - 0.83 344 0.19 0.2
Seq. Avg. 0.93 0.88 29.9 2.82 220 0.9¢4 0.6
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Table 2.6. Power savings using ACE-2.0.

Benchmark Power Savings (%)

Circuits Simulation | Sis-1.2 | ACE-1.0| ACE-2.0
alu4 10.5 9.5 9.3 10.8
apex2 14.5 13.9 12.3 14.6
apex4 11.6 10.9 10.0 11.2
C6288 7.9 - 8.2 9.6
des 9.0 9.1 9.8 9.7
ex1010 5.3 1.9 -1.4 -2.0
ex5p 8.8 8.1 8.6 8.5
misex3 15.1 14.5 14.7 14.1
pdc 2.1 0.0 2.5 1.3
seq 17.3 17.0 16.4 17.0
spla 5.4 5.5 5.6 1.8

Comb. Avg. 9.8 9.0 9.0 8.8
bigkey 34.4 22.8 21.8 33.8
clma 2.8 - 1.3 2.8
diffeq 8.5 - -13.7 11.2
dsip 19.6 7.6 13.8 19.6
elliptic 10.6 - -10.4 9.0
frisc 14.1 - 7.9 15.8
298 3.4 - -0.6 5.2
s$38417 7.2 - 6.8 7.2
tseng 21.3 - 20.9 21.4

Seq. Avg. 14.3 - 5.8 14.0
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Chapter 3

GlitchLess: Dynamic Power Minimization in FPGAs
through Edge Alignment and Glitch Filtering

3.1 Introduction
Field-Programmable Gate Arrays (FPGAS) are integreitedits consisting of general purpose

logic, routing, 1/0O, and clock resources that can be configured tonmepleany digital circuit.
Smaller process technologies, more efficient programmaliectures, and smarter computer-
aided design (CAD) tools are allowing increasingly larger astef systems to be implemented
on FPGAs. Despite these advancements in speed and area, @sigtidn has continued to
increase to the point where it has become one of the main challehga implementing large
applications using FPGAs. FPGAs dissipate significantly moreeptivan application specific
integrated circuits (ASICs) because of the added circuitry needed to Imeakg@togrammable.

There are two types of power dissipation in integrated circstésic and dynamic. Static
(or leakage) power is dissipated when current leaks between thas/@rminals of a transistor,
while dynamic power is dissipated when individual circuit nodes ¢og4l study that examined
power dissipation in a commercial 90nm FPGA found that dynamic paseeunts for 62% of
total power [1].

There are a number of ways to reduce power in FPGAs. Techniques that can beéhesed at
physical level include lowering the supply voltage, to reduce dynamwer [2], or increasing
the threshold voltage, to reduce leakage power [3]. At the cireeit ldevices can be sized less
aggressively for speed to minimize capacitive loading and therdfgramic power [4]. At the
architecture level, careful power management [5] and clotkank design are also helpful [6].
Even at the CAD level, grouping logic with high-activity connecticttse together reduces
dynamic power [7]. A summary of techniques that can be usedhimize power is described
in [8].

1 A version of this chapter has been submitted €dnlipation. J. Lamoureux, G.G. Lemieux, and S.9\Viton,
Glitchless: dynamic power minimization in FPGAsaigh edge alignment and glitch filtering, IEEE Tsactions
on Very Large Scale Integration Systems (VLSI), 200
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This chapter introduces a new circuit-level technique that redugesmic power in
FPGAs by actively minimizing the number of unnecessary tiansitalled glitches or hazards.
The proposed technique involves adding programmable delay elementsthétpimgrammable
logic structures of an FPGA, called configurable logic blocks (CLiBg)rogrammably align the
arrival times of early-arriving signals to the inputs of theklp tables (LUTs) and to filter out
glitches generated by earlier circuitry. Furthermore, the gzegh technique can be used in
collaboration with other low-power techniques and requires little or adifioations to the
existing FPGA routing architecture or CAD flow, since it is applied afteting.

In theory, the proposed technique could be used to eliminate all tohirgdi within
FPGAs thereby saving significant amounts of power. In pradticeever, we must trade-off
these power savings with the area and speed overhead incuttesl djditional circuitry that is
required. Fortunately, there is not a significant impact on cispeed (other than increased
parasitic capacitances), since only the early-arriving Egmeed to be delayed. However, the
programmable delay elements do consume chip area, so we shoulderpaiest increase in
the area of the programmable logic. This tradeoff betweerhgiduction (and hence power),
area, and speed will be quantified in this chapter. Specificdliy, dhapter examines the
following questions:

1. How should the programmable delay elements be connected within the?CLBhe
programmable delay elements could conceivably be connected to the inputipuis of

each CLB or they could be connected to the inputs of the LUTs within the CLBs.

2. How many programmable delay elements are needed within ed®@h @ituitively, adding
more programmable delay elements to the CLBs eliminates ritmtgeg since more signals

can be aligned; however, it also increases the area overhead.

3. How flexible should the programmable delay elements be? The fiarildle each delay
element is, the better it will be able to align the arriiaks of signals. However, there is a

tradeoff between this flexibility and the area overhead of the added circuits.

4. Does the delay insertion technique work when there is process, va@tatjer temperature
(PVT) variation? PVT affects both the delay of the existiR§R logic and the delay of
the programmable delay elements. Special measures must beédakesure that the delay
insertion technigue can tolerate variation well enough to elimirgditches without

introducing timing violations.
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A preliminary version of this work appeared in [9]; however, thapter expands the
work by introducing an additional delay insertion scheme which redheearea overhead and
by proposing new techniques and a new programmable delay elenatntolerates PVT
variation more effectively than in the previous work.

This chapter is organized as follows. Section 3.2 presents teogynased in this chapter
to describe glitching and PVT variation and summarizes exiggicigniques that can be used to
minimize glitching. Section 3.3 examines how much glitching occittinMFPGAs. Section
3.4 presents the delay insertion schemes that are proposed inajbtisrc Section 3.5 describes
the experimental framework that is used to estimate powergsaaimd area and delay overhead.
Section 3.6 describes how each scheme is calibrated and Sections@mstbe overall power
savings and the corresponding overhead. Finally, Section 3.8 summaezesstlts and

presents our conclusions.

3.2Background

3.2.1Switching Activity Terminology

There are two types of transitions that can occur on a sighiaé¢ first type is a functional
transition, which is necessary in order to perform a computatiofun@ional transition causes
the value of the signal to be different at the end of the clocle ¢igan at the beginning of the
clock cycle. In each cycle, a functional transition occurs eitimee or the signal remains
unchanged. The second type of transition is called a glitch lfezard) and is not necessary in
order to perform a computation. These transitions can occur multiple times daloag aycle.

3.2.2Process, Voltage, and Temperature Variation

Process variation refers to the variability of device geometries, interconneaingdries, dopant
concentrations, and dielectric properties. This variability isnaht to the semiconductor
processes used during fabrication. Similavigltage variation refers to the variability of the
power supply andtemperature variation refers to variability of the temperature of the
surrounding environment. PVT variations can eithedilego-die (in which various dies have
different properties) owithin-die (in which circuit elements on the same chip have different
properties). In either case, these variations can affect bothrtimg and leakage power of the
devices.
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3.2.3Existing Glitch Minimization Techniques

Several techniques have been proposed to minimize glitching. Foplexa®@AD techniques
including logic decomposition [10], loop folding [11], high-level compibgtimization [12],
technology mapping [7],[13] and clustering [7] have been proposed to méigswitching
activity. These techniques can eliminate some of the glitchitgypically incur area and delay
penalties as they reorganize the structure of the circuit. Other approacddies relocating flip-
flops [14] or inserting additional flip-flops (pipelining) [15] to reduttee combinational path
length. These techniques can also eliminate some of the glitdtomggver, significant power
savings require additional flip-flops which increases the latehtlye circuit. Thegate freezing
technique described in [16] eliminates glitching by suppressing ticarssuntil the freeze gate is
enabled. This technique is suitable for fixed implementations gicea be applied to selected
gates with high glitch counts. However, the technique is lesabiifor FPGAs since the
applications implemented on FPGAs are not known until after falmcatieaning it is difficult
to determine, at fabrication time, where the extra circutigukl be added. Finally, the delay
insertion technique described in [17] minimizes glitching in fixedid implementations by
aligning the input arrival times of gates using fixed delay elesnentthis chapter, we propose a
similar technique that targets FPGAs. Aligning edges in an FPGA igleoaisly more complex
than doing so in an ASIC, since in an FPGA, the required delay @imesot known when the
chip is fabricated. This means the delays must be programnfbbt managed carefully, the
overhead in these programmable delay elements can overwhelpoway savings obtained by

removing glitches.

3.3Glitching in FPGAs
This section begins with a breakdown of functional versus glitchotlyity to determine how

much glitching occurs within FPGAs. It then examines the wafthypical glitches and
determines how much power is dissipated by a single glitch. Iimalndicates how much
power could be saved if glitching could be completely eliminated s batistics are important,
not only because they help motivate our work, but also because thegepkey numbers (such
as typical pulse width) that will be needed in Section 3.6 when thg delertion schemes that

are proposed in Section 3.4 are calibrated.
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3.3.1Switching Activity Breakdown
Table 3.1 reports the switching activities for a suite of benchromckiits implemented on
FPGAs.

implementation for a set of benchmark circuits (see Section 3./mdoe details). Gate-level

These activities are gathered using gate-levellation of a post place-and-route

simulations provide the functional and total activity; the glitchaagjvity is computed as the
difference between these two quantities. In general, the amogliicbfng is greater in circuits
with many levels of logic, circuits with uneven routing delays] aircuits with exclusive-or
logic. As an example, an unpipelined 16-bit array multiplier (C628g)kimented on an FPGA

has four times more glitch transitions than functional transitions.

Table 3.1. Breakdown of Switching Activity

1 i 0,
Circuit Logic Depth Activity szggﬁ;al A?:Itlit(/:iPy Gli/toch
C1355 4 0.32 0.23 0.09 275
C1908 10 0.26 0.17 0.09 34.6
C2670 7 0.27 0.21 0.06 22.2
C3540 12 0.42 0.23 0.19 45.2
C432 11 0.26 0.18 0.08 29.3
C499 4 0.34 0.23 0.11 31.9
C5315 10 0.40 0.25 0.15 36.7
C6288 28 1.56 0.29 1.27 81.1
C7552 9 0.39 0.23 0.16 42.0
C880 9 0.23 0.19 0.05 19.8
alu4 7 0.08 0.07 0.01 13.1
apex2 8 0.05 0.04 0.01 13.7
apex4 6 0.04 0.03 0.01 32.3
des 6 0.27 0.17 0.10 36.8
ex1010 8 0.03 0.01 0.02 52.9
ex5p 7 0.17 0.08 0.09 51.0
misex3 7 0.06 0.05 0.01 20.9
pdc 9 0.03 0.02 0.01 31.8
seq 7 0.05 0.04 0.01 16.0
spla 8 0.05 0.03 0.02 42.7
Geomean 8.1 0.024 0.019 0.047 30.8

3.3.2Pulse Width Distribution

In FPGAs, glitches are generated at the output of a LUT whemnput signals transition at
different times. Theulse width of these glitches depends on how uneven the input arrival times
are. Intuitively, we would expect FPGA glitches to be wider tA&KC glitches, since signals
are often routed using non-direct paths due to the limited connectitifyPGA routing

resources. Figure 3.1 plots the pulse width distribution of the C6288 betkcbintait. The
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graph shows that the majority of glitches have a pulse widithelee O and approximately 10 ns.
Although this range varies across our benchmark circuits, wefbawd that the shape of the
distribution is similar for every circuit.

8 Pulse Width Distribution (C6288)

16
14 -
12 +

% of Pulses
(o]

012 3 456 7 8 910111213141516 171819
Pulse Width (ns)

Figure 3.1. Pulse width distribution of glitches.

3.3.3Power Dissipation of Glitches

The parasitic resistance and capacitances of the routing resdilisreout very short glitches.
To measure the impact of this, HSPICE was used to build a poffi@wer with respect to
pulse width.  Figure 3.2 illustrates the relative power disstpathen pulses with widths
ranging from 0 to 1ns are applied to an FPGA routing track that $pan€LBs. A 180nm

process was assumed.
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Figure 3.2. Normalized power vs. pulse width.

Normalized Power
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The graph shows that pulses less than or equal to 200 ps in duratmosihefiltered out
by the routing resources. Pulses that are longer than 300 ps ilomuliasipate approximately
the same amount of power as longer pulses. Thus, if the input sigraalgaté arrive within a

200 ps window, the glitching of that gate is effectively eliminated.

3.3.4Potential Power Savings

Table 3.2 reports the average total power dissipated by singbgn implemented on an FPGA.
The second column reports the power of the circuits in the norasa, evhen glitching is
allowed to occur. The third column reports the power in the ideal gdsen glitching is
completely eliminated and there is no overhead. The fourth column shows the pefemraif
between the two power estimates; this number indicates how much pouldrbe saved if
glitching was completely eliminated without any overhead. Depgndn the circuit, the
potential power saving ranges between 4% and 73%, with average salvidg$%. These

numbers motivate a technique for reducing glitching in FPGAs.

Table 3.2. FPGA power with and without glitching.

L Power (mwW Power (mwW .

Circuit (glitchﬁng) ) (no glitc(hing)) % Difference
C1355 9.5 6.7 28.8
C1908 6.2 4.9 21.1
C2670 21.5 18.6 134
C3540 21.3 14.6 31.7
C432 4.6 3.8 17.1
C499 8.7 5.7 34.6
C5315 34.7 26.8 22.8
C6288 41.6 11.2 73.1
C7552 39.9 29.8 255
C880 5.8 5.3 9.6
alu4 39.2 37.8 3.6
apex2 41.2 394 4.3
apex4 24.5 22.0 10.1
des 88.2 72.4 17.9
ex1010 51.4 41.9 18.4
ex5p 29.7 21.4 28.1
misex3 41.6 38.3 8.1
pdc 35.8 31.0 13.3
seq 38.3 36.0 6.1
spla 45.5 35.8 21.4

Geomean 24.3 18.8 22.6
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3.4 Proposed Glitching Elimination Techniques
This section describes the technique proposed in this chapter to &timlibehing. It begins by

describing the proposed technique and discusses other possible techeiguels alt then
presents five variations (or schemes) of the proposed technique,emgtby delay elements in
different locations within the FPGA logic blocks. It then desgilthe programmable delay
element that is used to align the arrival times and the Ag@rithms that are used to configure
these programmable delay elements. Finally, it describes teelniljat can be used to make

programmable delay insertion more tolerant to PVT variation.

3.4.1Glitch Elimination Techniques

Our proposed technique involves adding programmable delay elements th#tl@iBs of the
FPGA. Within each CLB, the programmable delay elementsanéigured to delay early-
arriving signals so as to align the arrival times on eddh lnput to eliminate glitching. The
technique is shown in Figure 3.3; by delaying inguhe output glitch is eliminated. Note that
the overall critical-path of the circuit is not increased siooly the early-arriving inputs are

delayed.

(a) Original circuit with glitch

1 \, 0 —_—a
... —1 1
oy 8K

(b) Glitch removed by delaying input ¢

Figure 3.3. Removing glitches by delaying early-arriving signals.
Another technique that we considered involved modifying the placementoaridg

algorithms to be glitch-aware. By placing CLBs at even dt&ta from common sources and/or
routing connections to balance arrival-times, the amount of glitatodd likely be reduced.
The inherent problem with this approach is that it is difficubbatance arrival-times by making
the late-arriving fanins faster since the CAD algorithms halveady been optimized for to
minimize critical-path delay. The other alternative is tcabe¢ arrival-times by making the

early-arriving signals slower. This approach; however, wouldmoimize power as efficiently
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as the proposed technique since the routing resources, which woulivel§ebe used to add
delay early arriving signals, dissipate more dynamic powar tha proposed programmable

delay element, which uses a large resistance (as opposed to capacitdalzg) sgnals.

3.4.2 Architectural Alternatives

We consider five alternative schemes for implementing the delsgrtion technique; the
schemes differ in the location of the delay elements within the CLB. &8ydr(a) illustrates the
baseline CLB. A CLB consists of LUTSs, flip-flops, and locakmbnnect. The LUTs and FFs
are paired together into Basic Logic Elements (BLES). Thaeameters are used to describe a
CLB: | specifies the number of input pin$,specifies the number of BLEs and output pins, and
K specifies the size of the LUTs. The local interconnect alleach BLE input to choose from
any of thel CLB inputs and\N BLE outputs. Each BLE output drives a CLB output. The five
schemes we consider for adding delay elements to a CLB are ikdisinaEigure 3.4 (b-f). Each

of which is described below.
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(a) Original VPR Logic Block (b) Scheme 1: LUT inputs. (c) Scheme 2: Gradual LUT inputs.
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(d) Scheme 3: LUT inputs + outputs. (e) Scheme 4: CLB and LUT inputs.

(f) Scheme 5: LUT inputs + bank.

Figure 3.4. Delay insertion schemes
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In Scheme 1, the programmable delay elements are added iaptheof each LUT, as
shown in Figure 3.4 (b). This architecture allows each LUT input teltsyed independently.
We describe the architecture using three parametinsin, max_in, andnum_in. Themin_in
parameter specifies the precision of the delay element cedntecthe LUT inputs. Intuitively,
more glitching can be eliminated whemn_in is small since the arrival times can be aligned
more precisely. On the other hand, there is more overhead mhem is small since each
programmable delay element requires more stages to provide thepeatision. Thenax in
parameter specifies the maximum delay that can be addedhtd.gacinput. Intuitively, more
glitching can be eliminated whemax_in is large since wider glitches can be eliminated.
However, there is more overhead whmaex_in is large. Finally, th&@um in parameter specifies
how many LUT inputs have a programmable delay element, betweed K @he number of
inputs in each LUT). Increasingum in reduces glitching but increases the overhead. In
Section 3.6, we quantify the impact of these parameters on the,pmwa, and delay of this
scheme.

The disadvantage of Scheme 1 is that, since some inputs need vergelayg for
alignment, large programmable delay elements are requirede r&incin delay elements are
needed for every LUT, this technique has a high area overheamh iin is large. In Scheme 2,
shown in Figure 3.4 (c), the programmable delay elements dre satne location as Scheme 1,
however, the maximum delay of the elements is gradually demtdar each LUT input (by a
factor of 0.5). Intuitively, the arrival times of the inputs makellyy vary with one another,
therefore the area overhead can be reduced by reducing theunaxielay of some of the delay
elements without a significant penalty on glitch reduction. Theesparameters used to
describe Scheme 1 are used to describe Scheme 2natin specifying the maximum delay
of the largest delay element.

In Scheme 3, shown in Figure 3.4 (d), additional programmable delagmrtie are added
to the outputs of LUTs (we refer to these new delay elenasittJ T output delay elements).
With this architecture, a single LUT output delay element coulddeel to delay a signal that
fans out to several sinks, potentially reducing the size and the noimtielay elements required
at each LUT input. We describe the LUT output delay elementg tsm parametersnin_out
and max_out, which specify the minimum and maximum delay of the output ddtyents.
The LUT input delay elements are described using the same parametehnsrag 3.
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Scheme 4, shown in Figure 3.4 (e), is another way to reduce theeqoeg@d for the LUT
input delay elements. In this scheme, additional delay elemehmts) we callCLB input delay
elements, are added to each of th€LB inputs. Since there are typically fewer CLB inputs than
there are LUT inputs in a CLB, this could potentially result nnoaerall area savings. The
parametersnin_c andmax_c specify the minimum and maximum delay of the CLB input delay
elements. We assume every CLB input has a delay element, in order aimta@tquivalence
of each CLB input.

Finally, Scheme 5, shown in Figure 3.4 (f), reduces the size of.tHe input delay
elements by adding a bank of delay elements which can prograyjnb®blked by any LUT in
the CLB. We refer to these delay elementdaik delay elements. Signals that need large
delays can be delayed by the bank delay elements, while sigatilseed only small delays can
be delayed by the LUT input delay elements. In this way, HE ibput delay elements can be
smaller than they are in Scheme 1. These bank delay elemrentescribed using two
additional parametersnax_b andnum_b. Themax b parameters specify the maximum delay of
the bank delay elements and then b parameter specifies the number of programmable delay
elements in the bank. Note that we assume that the minimumaldla bank delay element is
equal to the maximum delay of the LUT input delay element sinbeone of delay elements
needs to add precision.

The parameters used to describe each scheme are summarizddeir8.3 below. The
area and delay overhead for each scheme, as well as thdy #&biteduce glitches, will be
quantified in Section 3.6 and Section 3.7.

Table 3.3: Delay insertion parameters

Scheme Parameter Meaning
min_in Min delay of LUT input delay element
All max_in Max delay of LUT input delay element

num in # of LUT input delay elements / LUT

3 min_out Min delay of LUT output delay element
max_out Max delay of LUT output delay element
4 min_c Min delay of CLB input delay element
max_c Max delay of CLB input delay element
5 max_b Max delay of bank delay element
num b # of bank delay elements / CLB
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3.4.3Programmable Delay Element
Figure 3.5 illustrates an example of the programmable ddtyeat used in each of the
proposed delay insertion schemes. The programmable delay elensetgamseques similar to
those described in [18], however, this programmable delay elemeatibrager maximum delay
and evenly spaced delay increments. The circuit has multiplg skalges (5 in this example),
each consisting of two transmission gates and an SRAM Eelth stage has a fast and a slow
mode, which is controlled by the value stored in that SRAM cellthé slow mode, the signal
must pass through the slow transmission gate, consisting efrpasistors with long channel
lengths (for high resistance). In the fast mode, the signallasved to pass through fast a
transmission gate consisting of a minimum sized transistor.a@pyoximately doubling the
resistance of each successive stage, the circuit can bguexfiusingn bits to produce one of
2" different delay values with even increments. Specifically,cinguit can be configured to
produce any delax O {k, t +k, 2r +k, 3r +k, ..., (Z-1)r + k}, wherek is the delay produced by
the (non-zero) bypass resistances and the invertersiaridde minimum delay increment. As an
example; in the figure below is the difference between delay of gtingugh the bypass and
the low-resistance path in the final (rightmost) stage anddlay @f going through the bypass
and the high-resistance path in the final stage. Note thdiitlary delay approach used in this
circuit is more efficient than a straight-forward linearaagement of equal-delay elements since
it requires significantly less multiplexing to select the needed delay.

In addition ton delay stages, the programmable delay element has a 2widtiflexer and
a buffer. The multiplexer is required to bypass the firststages when a very small delay is
needed. Without this, the minimum delay of the circkjtwould be too large. The buffer

consists of two inverters with long channel lengths to minimize shorticfosicrowbar) power.

Low Resistance  Configuration SRAM Bits

Input

High Resistance Bypass

Figure 3.5. Programmable delay element.
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This is the circuit we use to obtain the area, power, and delayeakfar the proposed
delay insertion technique. The programmable circuit produces thea@qietays and careful
consideration was taken to minimize the area and power dissipatibe ofrcuit. That being
said, there are likely other circuit-level techniques that camsbd to align input edges and filter
glitches that may be even more efficient. Our main go@ w&lidate the overall technique and
to give a reasonable account of the tradeoffs between power savings andagresaktbead.

3.4.4CAD Algorithms

This section describes the algorithms used to determine thguwaition of each programmable
delay element. This configuration occurs after placement anthgpwvhen accurate delay
information is available.

Regardless of the architecture scheme used, a quisletitigd Delay is first calculated for
each LUT input. This quantity, which indicates how much delay shoeilddded to the LUT
input so that all LUT inputs transition at the same time, Isutated using the algorithm in
Figure 3.6. Note that the propagation delay from the input to the outputL&fT can be
different for each LUT inputs. These uneven fanin delay are accofortechen the arrival
times are calculated. Specifically, thanin_Delay(n,f) value includes the delay of the fanin

connection plus the delay between the input pin to the output of the node.

calc_needed_delays (circuit) {
foreach node n O circuit {
/l'in topological order beginning from the primary inputs
Arrival_Time(n) = 0.0;
foreach fanin f 00 n
if (Arrival_Time(f) + Fanin_Delay(n, f) > Arrival_Time(n))
Arrival_Time(n) = Arrival_Time(f) + Fanin_Delay(n, f);
}
foreach node n O circuit {
/I in topological order beginning from the primary inputs
foreach fanin f 00 n
Needed_Delay(n, f) = Arrival_Time(n) - Arrival_Time(f) -
Fanin_Delay(n, f);

Figure 3.6. Pseudo-code for calculating the delay needed to align the inputs
The next step is to implement a delay as clogdetnied Delay as possible for each LUT
input. Since, in all but the first scheme, signals can be delayeubie than one way, there is
more than one way to implement the needed delay. The technique ulBdrént for each

scheme.

59



The algorithm used to calculate the configuration of each LUT idplaty element in
Scheme 1 is shown in Figure 3.7. In this case, there is only onéowagert delays, so the
algorithm is straightforward. Note that the precision of thiaydelementsrin_in) and the
number of delay elements attached to each Laim(in) will affect how closely the inserted

delays match the desired values (determined using the algorithm of Figure 3.6).

schemel (circuit, min_in, max_in, num_inl) {
config_LUT _input_delays (circuit, min_in, max_in, num_in);
}
config_LUT input_delays (circuit, min_in, max_in, num_in) {
foreach LUT n O circuit {
count = 0;
foreach faninf O n {
if (Needed_Delay(n, f) > min_in && Needed_Delay(n, f) < max_in && count < num_in) {
Needed_Delay(n, f) = Needed_Delay(n, f) — min_in * floor(Needed_Delay(n, f) / min_in);
count++;
}
}
}
}

Figure 3.7. Pseudo-code for assigning delays in Scheme 1.
The algorithm for Scheme 2, shown in Figure 3.8, is similar to ldy@idom for first
scheme except that it begins by sorting the delay elemedttha fanins based on delay. Both
are sorted to ensure that the fanins that need small delatfseusmaller delay elements, which

leaves the larger delay elements to the fanins that need larger delays.

scheme2 (circuit, min_in, max_in, num_inl) {
config_gradual_LUT_input_delays (circuit, min_in, max_in, num_in);

config_gradual_LUT input_delays (circuit, min_in, max_in, num_in) {
foreach LUT n O circuit {
/I make list of available delay elements
delay = max_in;
for (i=num_in-1; i>0; i--) {
delay_elements][i] = delay;
delay = delay / 2.0;
}
sort_fanins_by needed_delay (n); // smallest first
foreach faninf O n {
if (Needed_Delay(n,f) < min_in) continue;
for (i=0; i<num_in; i++) {
if (delay_elements]i] >= Needed_Delay(n,f)) {
Needed_Delay(n, f) = Needed_Delay(n, f) — min_in * floor(Needed_Delay(n, f) / min_in);
delay_elements]i] = -1.0; // mark delay element is used

Figure 3.8. Pseudo-code for assigning delays in Scheme 2.
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The algorithm for Scheme 3 is shown in Figure 3.9. This algorittsthvisits each LUT
in topological order from the inputs to the outputs and determines theuam delay needed by
all the fanouts of that LUT. It then configures the output delement to match this delay and
then updates the needed delay value of each fanout. It then cesfibe input delays as in

Scheme 1.

scheme3 (circuit, min_in, max_in, num_in, min_out, max_outl) {
config_output_delays (circuit, min_out, max_out);
config LUT input_delays (circuit, min_in, max_in, num_in);
}
config_output_delays (circuit, min_out, max_out) {
foreach LUT n O circuit {
min = max_out;
foreach fanout f O n {
if (Needed_Delay(f, n) < min) {
min = Needed_Delay(f, n);
}
}
if (min = min_out) {
foreach fanout f 0 n {
Added_Delay(f, n) = min_out * floor(min / min_out);
Needed_Delay(f, n) = Needed_Delay(f, n) - Added_Delay(f, n);
}
}
}
}

Figure 3.9. Pseudo-code for assigning additional delays in Scheme 3.
Scheme 4, which incorporates programmable delay elemetite &1 B inputs and LUT

inputs, uses the algorithm described in Figure 3.10 to configur€liBeinput delay elements
and then uses the algorithm described in Figure 3.7 to configureUenput delays. The
algorithm visits each CLB input and determines the minimum delagieteby the LUT inputs
that are driven by that input. It then configures the CLB inputydelament to match the
minimum delay and updates the needed delay of the affected LUT inputs to heflelstihge.
Finally, Scheme 5, which incorporates a bank of programmable delagm’ts in addition
to those at the LUT inputs, uses the algorithm described in F3gluieto configure the bank of
delay elements. The algorithm visits each CLB in the cient configures the bank circuits to
delay signals that need to be delayed by morentenin and smaller or equal toax_b. When
the algorithm finds a signal that needs a delay that iatgréhanmax_in, it calculates the
amount of delay that it can add to a signal (by a delay eleim¢he bank) and then updates the
needed delay to reflect the change for the subsequent LUT inpuitlalg The count variable
is used to limit the number of bank delay elements that arefosedch CLB. After the bank
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delay elements have been configured, the algorithm from Figures 3i3ed to configure the

LUT input delay elements.

scheme4 (circuit, min_in, max_in, num_in, min_clb, max_clb)
{
config_CLB_input_delays (circuit, min_clb, max_clb);
config_LUT_input_delays (circuit, min_in, max_in, num_in);
}
config_CLB_input_delays (circuit, min_clb, max_clb) {
foreach CLB c¢ O circuit {
foreach inputi O c {
min = max_clb;
foreach fanout f O {
if (f 0 ¢ && Needed_Delay(f, i) < min) {
min = Needed_Delay(f, i);
}

}
if (min = min_clb) {
foreach fanout f O i {
Added_Delay(f, i) = min_clb * floor(min / min_clb);
Needed_Delay(f, i) =
Needed_Delay(f, i) - Added_Delay(f, i);

Figure 3.10. Pseudo-code for assigning additional delays in Scheme 4.

schemeb (circuit, min_in, max_in, num_in, max_b, num_b)

{
config_bank_delays (circuit, max_in, max_b, num_b);
config_LUT_input_delays (circuit, min_in, max_in, num_in);

config_bank_delays (circuit, max_in, max_b, num_b) {
foreach CLB c O circuit {
count = 0;
foreach LUT n O ¢ {
foreach fanin f O n {
/* Note: min_b == max_in */
if (Needed_Delay(n, f) > max_in &&
Needed_Delay(n, f) < max_in + max_b &&
count < num_Db)

Added_Delay(n, f) = max_in *
floor(Needed_Delay(n, f) / max_in);
Needed_Delay(n, f) =
Needed_Delay(n, f) - Added_Delay(n, f);
count++;

Figure 3.11. Pseudo-code for assigning additional delays in Scheme 5.
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3.4.5PVT Variation Techniques

PVT variations can have a significant impact on circuit Welehich is problematic for the
proposed delay insertion technique. Our technique requires accunai@esof the path delays
and the inserted delays in order to align the arrival timeghelestimates are not accurate, and
the delay elements are not configured properly, they may be dhedfeat reducing glitches or
increase the critical-path delay. Techniques for minimizingefifect of both die-to-die and
within-die PVT variation on the proposed delay insertion technique are described below.

Die-to-Die Variation
Die-to-die variation occurs when circuits on different chips haverdiiit delay properties. A
common practice used by FPGA vendors to deal with variatisgegsl binning, which involves
grouping a product based on the maximum speed of that product. BecdRlig& whriation,
some FPGAs are faster than other FPGAs. Grouping the FP@?Adifferent speed bins allows
the vendors to sell FPGAs with different speed grades. Thisqaaends to reduce die-to-die
variation for FPGAs within each speed bin and makes the proposed technique more feasible.
Although speed-binning can help reduce the die-to-die variations, this noaye
sufficient to provide the accuracy required to obtain significant pgaeings. Within a speed
grade, we can tolerate variations if the programmable delay elementgsetet react the same
way as the existing FPGA logic and routing resources. Asxample, consider an input signal
that arrives 1ns before the slowest input under normal conditionsustsatied in Figure 3.12
(). In order to eliminate glitches, the corresponding progranenddihy element would be
configured to add 1ns to that input. Now, consider some variation thasddas same input to
arrive only 0.5ns before the slowest input (see Figure 3.12 (b)hisltcdse, adding 1ns would
be too much and possibly cause a timing violation. However, if thergmogable delay
element is affected the same way as the remaining cycthie added delay would actually be

0.5ns, producing the desired effect.

Inserted Delay

3ns 1ns 1.5n3 0-9ns
4ns 2ns
(a) Normal (b) Fast

Figure 3.12: Example showing that the inserted delays need to scale witlettemaining
delays.
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For this to be effective, PVT variation must affect the delathefprogrammable delay
element in the same way as the existing FPGA routing and dogigtry. In the remainder of
this section, we show that thisriet true in the delay element presented in prior work [9] but that
it is partially true in the delay element presented in Section 3.4.3.

First, consider the delay element proposed in [9]. The circuit, vididhstrated in Figure
3.13, is composed of two inverters. The first inverter has anograble pull-up and pull-down
resistors to control the delay of the circuit. The second invieesrlarge channel lengths to
minimize short-circuit power. The pull-up and pull-down resistorgheffirst inverter have
stages. Each stage has a resistor and a bypass transistor congrale8AM bit. The resistor
in each stage consists of a pass-transistor that is onigliyatirned on (though biasing) to

produce a large resistance.

out

Figure 3.13: Schematic of the previous programmable delay element [9].

The circuit does not tolerate variation for two reasons. First, the circuit usdsi@ging to
produce a large resistance which tends to react differently to variation r@@htpahe remaining
FPGA circuitry. Second, the rise and fall times of the difsecome unbalanced when there is
variation because the NMOS and PMOS transistors react diffetentariation. This is less of
a concern in conventional buffers and logic gates which also M&ESRoull-up networks and
NMOS pull-down networks, since the effect is averaged out wiemverters or logic gates are
cascaded.

To illustrate these effects, Figure 3.14 shows the rise andnfeds of the programmable
delay element for every possible delay configuration. For the bldigte, and grey bars, the X-
axis represents intended delay and the Y-axis represents delagl Results from three
experiments are shown. The white bars are the delays ofrdlgegapimable delay element

simulated in HSPICE assuming typical-typical (TT) procesarpaters. Similarly, the grey and
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black bars are the delays assuming slow-slow (SS) andafts(fF) process parameters,
respectively.

In addition to the programmable circuit delays, the graphsimattade lines that show the
effect of process variation on the delay of the existing FP@®irg resources. For the black
and white lines, the x-axis represents the delay of the FPGMgorgsources when typical-
typical (TT) process parameters are assumed and the yeptssents the delay of the same
resources when other process parameters are assumed. c8lpedifie black line (SS-Routing)
indicates the delay of the FPGA routing assuming SS procesagiara and the white line (FF-
Routing) indicates the delay of the FPGA routing assuming FF parameters.
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Figure 3.14: Rise and fall times of delay element from [9] considering press variation
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The two graphs highlight the drawbacks described above. As showa finsttgraph, the
rise times are not as affected by process variations as the FPGA @ttintry is. As shown in
the second graph, however, the fall times are significantlytatfeay process variations. On
average, the fall time assuming the FF process corner is 4166 ttagn TT values, while the
average fall time assuming the SS process corner is 137% slower.

Now consider the programmable delay element described in this cliagbection 3.4.3).
In this circuit, NMOS and PMOS transistors were used in paiallerder to average out their
response to variation. The rise times of the new delay caoeiishown in Figure 3.15. Similar
results were obtained for the fall time. On average, the lagtlays are 19% faster and 26%
slower for the FF and SS process corners, respectively. Tpensesof the new delay circuit
still varies more than the response of the FPGA routing resosites interconnect does not
vary as much as devices; however, the new delay circuit respigmifscantly better than the

previous delay circuit and is quite suitable for this application.

12 4

10 7 oTT

ss
mFF

Actual Delay (ns)

1 2 3 4 5 6 7
Intended Delay (ns)

Figure 3.15: Rise times of the programmable delay element consideringquess variation

Within-Die Variation

In the case of within-die variation, speed binning and proportionahgaalay not be sufficient.
Since the inputs of a LUT can come from any part of the chip,witi@ variation can affect the
delay of one input differently from another input. Although most conmestare local (since
the FPGA clustering, placement, and routing tools minimize theing distance between
connections), within-die variation is still a problem for large nets that sigaentire chip.

A naive solution for within-die variation is to reconfigure the prognamie delay

elements of each FPGA individually based on the PVT variatioth&drFPGA. This solution,
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however, is impractical since it is difficult to obtain PVT wa#ion information for individual
FPGAs and it would be time consuming to reconfigure each FPGA with differensdelay

Another, more practical solution, is to pessimistically reducedt#lay added by each
programmable delay element. We first determDgethe delay that would be inserted by the
programmable delay element using static timing analysis asguro PVT variation. Then, if
the nature of the expected variations are known, we can estineagpproximate worst-case
impact of the variatiorg. We then configure the programmable logic element to insert tag de
D-d. This ensures that the delay inserted by the delay elemesntndbencrease the overall
delay of the circuit. However, it also means that the actlalydhat is inserted may be shorter
than the delay that is needed to eliminate the glitch. Whisimpact the glitch power
eliminated; however, even in cases where the glitch is not eteinhe width of the glitch will
be shorter than it would otherwise be. These shorter pulses are then more likefijtéoda out
by other delay elements that are downstream.

Note that a more complete approach to this technique would involve sisitigtical
timing analysis to determine the maximum delays that can safely be adtedtwicreasing the
critical path delay. However, statistical timing anays not supported within our current
experimental framework. Nonetheless, the results for thig staproach, which are presented
in Section 3.7.5, still serve to demonstrate the tradeoff betweepother savings and the

uncertainty introduced by PVT variation.

3.5 Experimental Framework
This section describes the experimental framework that is tosebitain the switching activity

information and the FPGA area, delay, and power estimates¢hatesented in Section 3.3, 3.6
and 3.7.

3.5.1Switching Activity Estimation

The switching activities are obtained by simulating circaitéhe gate level and counting the
toggles of each wire. The simulations are driven by pseudo-randomviegtots and circuit
delay information from the VPR place and route tool [19]. To caph&diltering effect of the
FPGA routing resources and of the programmable delay elementsriulator uses thaeertial
delay model. Furthermore, to replicate an FPGA routing architectureistiogsof length 4
routing segments, the VPR delays are divided into chains of 300 pss delagh is the

approximate delay of one length 4 routing segment..
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3.5.2Area, Delay, and Power Estimation
Area, delay, and power estimates are obtained from the V&R phd route tool and HSPICE
simulations. VPR is used to model the existing FPGA circuitd/ ldSPICE is used to model
the added delay element circuitry.

The VPR models are detailed, taking into account specific s\atierns, wire lengths,
and transistor sizes. After generating a specified FRAitecture, VPR places and routes a
circuit on the FPGA and then models the area, delay, and powen airthat. VPR models
area by summing the area of every transistor in the FPGAuding the routing, CLBs, clock
network, and configuration memory. The area of each transist@gpi®xmated using the
Minimum Transistor Equivalents (MTE) metric from [19], which azdhtes the layout area
occupied by a minimum sized transistor plus the minimum spaciigstsated in Figure 3.16.
The model was augmented slightly in this chapter to considerisi@iss with longer than
minimum channel length. Expression (3.1) models the layout areasfsastor with respect to
its channel width (W) and Expression (3.2) models the area vafieceto its length (L). The
models were derived by observing the relative area increase eier W or L is increased.
The expressions differ slightly since the minimum width of andisior accounts for
approximately one half of the y-component of the layout area, whéreasinimum length

accounts for approximately one fifth of the x-component of the layout area.

L
e Area(\N):%+2$ (3.1
W D D ’ . min
! MininZn Area(L) = 4, L (3.2
_I:’" Spacing 5 5 D-min

Figure 3.16: Minimum Transistor Equivalents (MTE) area model [19].
The delay and power are modeled after routing occurs, when detegstance and

capacitance information can be extracted for each net in the barkclohcuit. The Elmore
delay model is used to produce delay estimates and the FPGA podel seescribed in [20] is
used to produce power estimates. The power model uses the VRIRareg@ainformation and
externally generated switching activities to estimate oyoashort-circuit, and leakage power.
Note, however, that the leakage power estimates for both the @#®RGA circuitry and the
programmable delay elements do not account for PVT variation dtyprocess, voltage, and

temperature are assumed).
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3.5.3Architecture Assumptions and Benchmark Circuits

We gathered results for three LUT sizes: 4, 5, and 6 inputs.| ¢das®s, we assumed that each
CLB contains 10 LUTs and that the CLBs have 22, 27, and 33 inputs faieatahes with 4, 5,
and 6 input LUTs, respectively; these values are similar tligse in current commercial
devices [20][21]. In each case, we assume that the crossbaralgeammably connects the
CLB inputs and LUT outputs to the LUT inputs with each CLB is fullyyaged as described in
[19]. Furthermore, for routing, we assumed two segmented routmgdgaone consisting of
buffered length 1 and another of length 4 routing segments and a chadtielthat is 20%
wider than the minimum channel width (a separate value was foueddbrbenchmark). Since
the results were similar for both segment lengths, only thehehgesults are presented in
Section 3.6 and 3.7 unless stated otherwise.

In each experiment, we used 20 combinational benchmarks including the g8t lar
combinational circuits from the MCNC and ISCAS89 benchmark suBe$ore placement and
routing, each circuit is mapped to LUTs using the Emap technologyangfjrand packed into
clusters using the T-VPack clusterer [19].

3.6 Scheme Calibration
Before we examine the overall power savings and area andaledehead of the delay insertion

technique, we need to find suitable values for the paramete@cbfseheme (listed in Table
3.3). In each case, the value is chosen so as to eliminate as nthehgtifching as possible,

while minimizing the area and delay overhead.

3.6.1Scheme 1 Calibration

We first consider themin_in parameter, which defines the minimum delay increment of the
programmable delay element at the inputs of the LUTs. Intuitiegmaller delay increment
reduces glitching but increases area. Figure 3.17 shows how nitettinglis eliminated for
minimum delay increments ranging between 0.1 and 3.2ns. To ifudaii@pact of thenin_in
parameter, the graph assumes that every LUT input has a progbéendelay element with an

infinite maximum delayrfax_in is o andnum_in is K).
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Figure 3.17. Glitch elimination vs. minimum LUT input delay for Scheme 1
The graph illustrates that most of the glitching can stilelominated when the minimum

delay increment is 0.25ns. This corresponds to the fact that nditclheg are filtered away by
the routing resources and that the majority of glitches have @& wjidtater than 0.2ns, as
described in Section 3.3. The same conclusion holds for FPGAs that use 4, 5, or 6 input LUTSs.

The second parameter, denoteak in, defines the maximum delay of the programmable

delay element at the inputs of the LUTs. Intuitively, increaghre maximum delay reduces

glitching but increases area. Figure 3.18 shows how much glitchelgninated as a function
of the maximum delay. The graph illustrates that over 90% of ttehigly can be eliminated

when the maximum

delay of the programmable delay elementsis &his corresponds with

Figure 3.1, which illustrates that the majority of glitches have a widthgteds than 10ns.
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Glitch elimination vs maximum LUT input delay for Scheme 1.
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Finally, num in defines the number of LUT inputs that have a programmable delay
element. Intuitively, increasing the number of inputs with delay elemehises glitching since
the arrival times of more inputs can be aligned. Figure 3.19 showsmuch glitching is
eliminated when the number of inputs with programmable delayarisd. The graph assumes
that the minimum delay increment iscland the maximum delay dis.

100 7
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0 1 2 3 4 5 6 7
# Inputs with Delay Circuitry

Figure 3.19. Glitch elimination vs. number of input delay elements per LUfor Scheme 1.
The graph illustrates that each LUT should have a programmable aletagnt on every
input minus oneK-1). Intuitively, adding delay circuitry to every input is not resaey since
each LUT has at least one input that does not need to be delaystbhst input). However,
adding fewer thak-1 delay elements significantly reduces the amount of glitctiiagcan be

eliminated.

3.6.2Scheme 2 Calibration
Scheme 2 has the same three parameters as Scheme 1 andethals@s are used for each

parameter. Specificallypum in is K-1, min_in is 0.25ns, andnax_in is 8ns. However, to
minimize overhead, the maximum delay of the LUT input delay elesr{gak_in) is gradually
decreased by half (or by 1 delay stage) per LUT input. Aexample, the maximum delay

values for a 4-input LUT would be 8ns, 4ns, and 2ns.

3.6.3Scheme 3 Calibration
Scheme 3 has five parameters, nameiy1_in, max_in, num_in, min_out, andmax_out. The
first three parameters control the delay elements at the imgjutee LUTS; the last two

parameters control the delay elements at the output of the LAtsough themin_in, max_in,
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and num_in parameters where already calibrated for Scheme 1, thety bau®calibrated for
Scheme 3 since the output delay elements change how much delegtad gy LUT input delay
elements. Intuitively, however, thalue of themin_in parameter can be reused since the LUT
input delays are still used to perform the final alignment of each signal.

Themax_in andnum _in are both recalibrated assumimgn_out is infinitely precise (1b)
andmax_out isw. Figure 3.20 shows the glitch elimination foax_in from 0 to 12ns assuming
again thatmin_in is 1k0 andnum_in is K. The results are similar to those in Scheme 1 except
that some glitching is eliminated whemax_in is 0 since the output delay elements are aligning
some of the inputs. Again, most of the glitching can be eliminated mé&enn is set to 8ns.

Figure 3.21shows glitch elimination with respectmam _in. As before, the graph assumes
thatmin_in is 1k andmax_in is . The graph shows that more glitching is eliminated using
fewer LUT input delay elements when the output delays are use&chieme 2, most of the
glitching can be eliminated whewm in is K-2.

The remaining output delay element parameters are calitaasegningmin_in is 0.25ns,
max_in is 8.0ns, andum_in isK-2. Figure 3.22 shows the glitch elimination fan_out from 0
to 3.2ns assuming thatax_out is «o and Figure 3.23 shows the glitch elimination rieax_out
from 0 to 12ns assuming thaitn_out is 1kto. The graphs illustrate that a 0.25ns and 8ns are also

suitable formin_out andmax_out, respectively.
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Figure 3.20. Glitch elimination vs. maximum LUT input delay for Scheme 3.
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Figure 3.21. Glitch elimination vs. number of input delay elements per LU for Scheme 3.
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Figure 3.22: Glitch elimination vs. minimum LUT output delay for Scheme 3.

73



100 -

c
9
R e
£
i ——4-LUT
S 44 “X-5LUT |
0 —O0—6-LUT
S
20 -
0 T T T T T T
0 2 4 6 8 10 12

Max Output Delay (ns)

Figure 3.23: Glitch elimination vs. maximum LUT output delay for Scheme 3.

3.6.4Scheme 4 Calibration
Scheme 4 has five parameters, nameilyt_in, max_in, num_in, min_c, andmax_c. The first
three parameters control the delay elements at the inputs biJihe the last two parameters
control the delay elements at the input of the CLBs. T in, max_in, and num _in
parameters were again recalibrated to account for the afféghe CLB input delay elements.
The same procedure used in Scheme 2 was used. The resutis) for and max_in were
similar to the previous cases, which indicated that 0.25ns and 8ns, respectively, table. sui
The results fornum_in, which are plotted in Figure 3.24, were different than in the
previous cases. To isolate the impaatwh in, the graph assumes timat_in is 1ko, max_in is
o, min_cis 1ko, andmax_cis . The results indicate thatim in should be 1, 2, and 2, for 4, 5,
and 6-LUTSs, respectively. Intuitively, fewer LUT input delayneémts are needed since the
CLB input delay elements account for most of the delay. Onbases where the CLB inputs
fanout to multiple LUTs within that CLB and those fanouts need diftedelays are the LUT

input delay elements required.
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Figure 3.24: Glitch elimination vs. number of input delay elements per UT for Scheme 4.

3.6.5Scheme 5 Calibration

Finally, Scheme 5 has five parameters, namedyt in, max_in, num_in, max_b, andnum b.
The first three parameters control the delay elements andpgbts of the LUTSs; the last two
parameters control the bank of delay elements in the CLB. The bgmogrmmable delay
elements are only used for signals that need more delay thamecadded by the LUT input
delay elements, therefore this scheme uses the same andnum in values as Scheme 1.:
0.25ns and K-1, respectively. Suitable valuesnfiax_in andmax_b were found empirically to
be 4.0ns and 8.0ns, respectively. Finally, Figure 3.25 shows glitcima&tiom with respect to
the number of bank delay elements per Ch@én{ b) assumingnin_in is 0.25nspum_inis K-1,
max_in is 4ns, ananax_b is 8ns. The results show that 4 is a suitable valueuior b for CLBs
with 10 LUTs. Note that a larger value faim b is not chosen because of the large area penalty
(incurred within the local CLB interconnect) that is assodiateth added more bank delay

elements.
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Figure 3.25: Glitch elimination vs. number of bank delay elements for Schee 5.

3.6.6Summary
Table 3.4 summarizes the values that were selected for etluh fofe delay insertion schemes.

The first two columns specify the scheme number and the progblemielay element location.
The third and fourth columns specify the minimum delay incrementhendchaximum delay of
the programmable delay element at that location. The fiftimuolspecifies the corresponding
number of delay stages needed to implement the programmabjestieteent. Finally, the sixth
column specifies the number of programmable delay elements needed pepivd (3, 5, and

7) and per CLB (rows 4, 6, and 8).

Table 3.4: Summary of programmable delay element values.

Scheme Location Delay mgement Max(.nlé))elay # Stages # Circuits
1 LUT Inputs 0.25 8 5 K-1
LUT Inputs 0.25 8,4,2,...| 54,3,.. K-1
3 LUT Inputs 0.25 8 5 K-2
CLB Outputs 0.25 8 5 N
4 LUT Inputs 0.25 8 5 1,2,2
CLB Inputs 0.25 8 5 K(N+1) /2
5 LUT Inputs 0.25 4 4 K-1
Bank 4.0 8 1 4 (N=10)
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3.7Results
This section presents the overall results. It begins by miregethe area, delay, and power

overhead of each delay insertion scheme. It then presents ttadl posver savings assuming
there is no PVT variation. Finally, it presents the overallgrosavings assuming there is PVT

variation.

3.7.1Area Overhead

The area overhead is determined by summing the area of the adaediccuitry in each CLB.
This area includes the area of the delay elements and the addegiredioih memory. Table
3.5 reports how much area is needed in the CLBs and Table 3.6 rdponiercent area
overhead, taking the CLB and routing area into account. More fyecise percent area
overhead is calculated by dividing the total area occupied bydbed programmable delay
circuitry by the total area occupied by the FPGA logic and mgutesources, which we
determined using VPR.

Table 3.5: CLB area overhead (excluding global interconnect).

. Original CLB CLB Area Overhead (MTE)
LUT Size
Area (MTE) Scheme 1 Scheme2 Scheme B Scheme 4 Scheme 5
4 6938 2460 2020 2460 2568 3184
5 10361 3280 2430 3280 3368 3808
6 15228 4100 2720 4100 4282 4494

Table 3.6: Overall area overhead.

LUT Overall Area Overhead (%)

Size Scheme 1 Scheme 2 Scheme 8 Scheme 4 Scheme 5
4 8.0 6.6 8.0 8.4 10.4
5 7.6 5.3 7.6 7.8 8.8
6 6.7 4.4 6.7 7.0 7.3

The tables show that Scheme 2 has the lowest area overhead, fdipwetiemes 1, 3,
and 4, and finally Scheme 5 has the highest overhead. SchemerBs¢agimost area because
of the large multiplexers needed to select which CLB input oF butput uses the bank delay
elements. Schemes 1, 3, and 4 have a similar area overheathsinase the same size delay
elements and roughly the same number of them. Scheme 2 hawdsearea overhead since it

uses smaller delay elements. The tables also show the arbaau/éecreases as the LUT size
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increases. This occurs since the area of the LUTs and nxatiplencreases exponentially with
K, while the area of the delay elements only increases linearly.

3.7.2Power Overhead

Even if all the glitches could be eliminated, the programmabley ddiaments still dissipate
power. This overhead is modeled by summing the power dissipatdt added circuitry in
each CLB of the FPGA using the expression below.

ZEtoggle o(n)

_ nOdnodes

3.3
Poverhead = T (33)
crit

+ I:)static

In the expressiondnodes is the set of nodes in the circuit that are connected to a
programmable delay elemeRqgge is the energy dissipated by one programmable delay element
during one transitiom(n) is the switching activity of the delayed nageandT;; is the critical
path delay of the circuit. The energy and leakage power of tygggonmable delay element are
determined using HSPICE, the switching activity is determinedjigate-level simulation, and
the critical-path delay is determined using the VPR place @une tool. Note that the leakage
power estimates assume typical process, voltage, and temperature conditions.

Table 3.7 reports the average overhead power (as a percentajegtelds by the added
delay circuitry for each scheme. The power of the remainir@@AF&trcuitry is calculated using

the power model described in [21].

Table 3.7: Average power overhead (%)

LUT Poverhead/ (Poverhead+ F)FPGA) * 100

Size Scheme 1 Scheme 2 Scheme B Scheme Schene 5
4 0.94 0.79 1.02 1.16 0.97
5 0.97 0.84 1.12 1.28 0.99
6 1.02 0.94 1.14 1.10 0.93

The table shows that the power overhead is approximately 1% tbeathemes and that
Scheme 2 has the lowest power overhead.

3.7.3Delay Overhead
Although the delay elements are programmed to only add deksrlparriving edges, a small
delay penalty may be incurred even if the delay element padsed because of parasitic

resistance and capacitance. To model delay overhead, HSRI€&diso determine the parasitic
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delay incurred by the delay element. The critical-pathydelaach circuit is then recalculated,
taking these parasitic delays into account. Finally, the overisesalculated by comparing the
new critical-path delay to the original critical-path delay.

Table 3.8 reports the average delay overhead for each scheimemeScl, 2, and 4 have
the smallest overhead since both h&ast-paths with no delay elements (no parasitics) to slow
down the critical-path. There is still a slight overhead becaasee circuits have LUTs with
more than one critical (or nearly critical) path input. When tlusurs, the parasitics slows
down one of these nearly critical paths. Schemes 3 and 4 haygerldaerhead, since neither
scheme offers tast-path for critical-path connections. Specifically, the parasifipacitance of
the programmable delay elements at the output of the CLBs for Scherde8the inputs of the

CLBs for Scheme 4 imposes a small delay on any signal that bypassesédbdfig(re 3.5).

Table 3.8: Average delay overhead.

LUT Size Average Delay Overhead (%)
Scheme 1 Scheme 2 Scheme B Scheme 4 Scheme 5

4 0.21 0.19 2.4 2.3 0.21

5 0.13 0.14 2.2 2.1 0.13

6 0.14 0.15 2.1 1.9 0.14
3.7.40verall Power Savings (Assuming No Variation)

Table 3.9 presents the average glitch elimination for each scheme:
Table 3.9: % Glitch elimination of each scheme.
Schemel Scheme 2 Scheme 3 Scheme|4 Scheme 5
91.8% 87.3% 83.3% 81.8% 85.4%

3.10
Both tables inttiaat&cheme 1

Table

presents the corresponding overall power savings.
produces the best results, with 91.8% glitch elimination and overallrpsavengs of 18.2%.
The power savings are close to the ideal savings of 22.6%. Not¢hatsthe results in both
tables are for FPGAs with 4-input LUTs and length 4 routing sedsn the results for 5 and 6-
input LUTs and for FPGAs with length 1 routing segments werdasimAs an example, using
Scheme 1 for FPGAs the 6-input LUTs and length 1 routing segmehiserk glitching by
92.9% and the overall power by 16.8%. The power savings for latjes are slightly smaller

because there tends to be less glitching to begin with since the netlistswavietels of logic.
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Table 3.9: % Glitch elimination of each scheme.
Schemel Scheme 2 Scheme 3 Scheme|4 Scheme 5
91.8% 87.3% 83.3% 81.8% 85.4%

Table 3.10: Overall power savings.

Circuit Power Saving (%)
Scheme 1 Scheme 2 Scheme 3 Scheme 4 Schemge 5
C135 25.4 25.4 25.0 25.0 25.8
C1908 18.1 17.5 18.4 16.1 17.0
C2670 11.6 11.4 11.3 10.2 11.7
C3540 27.5 25.4 22.9 23.5 26.3
C432 13.0 11.0 10.7 10.6 10.6
C499 31.8 31.8 30.9 32.3 32.4
C5315 18.2 16.8 16.2 16.0 17.9
C6288 52.1 41.3 43.2 40.0 46.1
C7552 22.6 21.0 18.9 19.7 22.3
C880 7.2 6.5 6.5 8.0 7.1
alu4 25 25 2.4 3.3 2.7
apex2 3.6 3.6 3.2 3.8 3.6
apex4 9.5 9.5 9.1 9.4 9.3
des 15.1 14.9 12.1 14.2 14.4
ex1010 16.8 16.8 16.4 16.5 15.9
ex5p 23.8 23.3 23.4 21.5 25.0
misex3 7.6 7.6 7.3 7.3 7.2
pdc 11.1 10.8 10.1 10.7 11.3
seq 5.3 5.2 5.9 5.7 5.6
spla 20.3 20.1 19.8 20.0 20.2
Average 18.2 16.8 16.3 16.2 17.4

3.7.50verall Power Savings (Assuming Variation)

The results presented in the previous sections assumed no PMibrariehe following results
present the overall power saving when the technique described in Section 3.4.5 is appped to ¢
with the timing uncertainty introduced by PVT variation. Spedificawe repeated the
experiments from Section 3.7.4, using the same delay element paramees as before, but
we reduced the delay inserted by each delay element bgta fa We variedf from 0.7
(meaning each delay element is programmed to provide a del&fofof the value predicted
assuming no process variations) to 1.0 (which is the same asuhls ieSection 3.7.4). Figure
3.26 shows the results. In this figug@js shown on the X-axis. The lower line indicates the
amount of glitching removed compared to the case when programmadyeetirhents are not

used. As the results show, whgns 0.7, the glitch savings are reduced to 56% (compared to
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91% when process variations are not considered). The upper line shoesultiag decrease in
power; as expected, the power reduction is proportional to the numbditcbeg removed.
Overall, these results indicate that the delay insertion techrstjlevorks when the added

delays are reduced, but with diminished glitch and power savingseaBming uncertainty

increases.
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Figure 3.26: Glitch elimination and power savings vs3.

3.8 Conclusions and Future Work
This chapter proposed a glitch elimination technique to minimizardic power in FPGAs.

The technique involves adding programmable delay elements withinLiBe & the FPGA to
align the edges on each LUT input and filter out existing glictieereby reducing the number
of glitches on the output of each LUT. Five alternative schewe® considered for
implementing this technique. Scheme 1, which uses programmable eletaents ork-1
inputs of each LUT, produced the greatest power savings, redumiviey by 18.2%. However,
Scheme 2, which usds-1 delay elements that gradually decrease in size, producedrsimil
power savings but has a lowest area overhead. On averagmeStloé the proposed technique
eliminates 87% of the glitching, which reduces overall FPGA poweit&8%. The added
circuitry increases overall area by 6.6% and critical-path delay byHas 1%.

There are a number of interesting issues that were not fublprexl in this chapter that
merit further research. First, a more complete approach tqriby@osed delay insertion

technique would involve using statistical timing analysis to detegrtiie maximum delays that
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can safely be added without increasing the critical-path del&gcond, research into the
feasibility of the proposed technique in newer process technologieb temd to dissipate more
leakage power is also needed. Finally, further research oftdeeei techniques that can be
used to align the arrival times may yield lower overhead, inedeg®wer savings, and/or
improved PVT tolerance. As an example, a self-calibratingydeement that tunes itself to the
latest arriving transition of a LUT (relative to the clock) wbbk ideal since it would be more
tolerant to variation. Furthermore, this delay element could be aggtd all the early arriving

inputs or suppress output transitions until the last input arrives. t&dfisique may reduce area

since it requires only one delay element per LUT.
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Chapter 4

On the Tradeoff between Power and Flexibility of
FPGA Clock Networks

4.1 Introduction
With advancements in process technology, programmable logic araheéteahd computer-aided

design, field-programmable gate arrays (FPGASs) are now being usegl¢onent and prototype
large system-level applications. These applications often haeeatelock domains. In order
to support applications with multiple clock domains, FPGA vendors incogpooaplex clock
distribution circuitry within their devices [1]-[4].

Designing a suitable clock distribution network for an FPGA is Bggmtly more
challenging than designing such a network for a fixed function chip ascan Application-
Specific Integrated Circuit (ASIC). In an ASIC, the lacatand skew requirements of each
domain are known when the clock network is designed. In an FPGA, howesiegle clock
network that works well across many applications must be created. WherZAdd-éesigned,
the number of clock domains the user will require, the clock sighatswill be generated, the
skew requirements of each domain, and where each domain will hedawa the chip are all
unknown. This forces FPGA vendors to create very complex yet #exibck distribution
circuitry.

This flexibility has a significant area and power overhead. ePasva particular concern
because the clock signals toggle every clock cycle and are cedrieca large number of the
flip-flops.  Previous studies have indicated that in a typical FPT®&6 of the total FPGA
power is dissipated in the clock network [5]. The more flexiblectbek network, the more
parasitic capacitance on the clock nets, and the more routitchewitraversed by each clock
signal; this leads to increased power dissipation. ClearlyARRBdors must carefully balance

the flexibility of their clock distribution networks and the power dissipated by thetsvorks.

1 A version of this chapter has been submitted €dnlipation. J. Lamoureux and S.J.E. Wilton, Onittieraction
between power and flexibility of FPGA clock netwsylACM Transactions on Reconfigurable Technology an
Systems, 2007.
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The clock distribution network also has an impact on the abilithefcomputer-aided
design (CAD) tools to minimize the power and maximize the cloafuency of a user circuit.
FPGA clock networks typically are not flexible enough to supply dogk signal to any flip-
flop. As we will discuss in this chapter, typical networks allowy@subset of the clock signals
to reach particular regions of the FPGA. This imposes additcmmatraints on the placement
algorithm, as well as the clustering algorithm that groupg& leements into clusters. If the
clock network is not flexible enough, these constraints could resulhdreased power
dissipation and delay in a user circuit. Again, this balance musirisedered by FPGA vendors
as they design their clock distribution networks.

This chapter investigates the tradeoff between clock networbifiexand the power and

speed of FPGAs. In particular, it makes the following contributions:

1. We present a parameterized framework that describes § fahftPGA clock networks
and encompasses the salient features of commercial FPGR m&iworks. Such a

framework is important as it allows us to reason about and explore clock networks.

2. We present new clock-aware placement techniques that séigsfyldacement constraints
imposed by the clock network. As described above, the topology olfoitiedistribution
architecture implies constraints on where logic blocks capld®ed, and on what logic
blocks can be packed together into clusters. For a given clock distributioiectale, our
placement algorithm finds a legal placement solution that nieet® constraints. As a
secondary goal, the algorithms try to find a solution that uses |tio& distribution
network efficiently. For example, it may be possible to group togétgec blocks such
that parts of each clock network can be "turned off" or remainedghubkereby saving
significant power. We consider several placement algorithmsa@mgare their ability to
meet the placement constraints as well as to minimize poyvasibg the clock network
efficiently. Our algorithms are implemented into the Velesdlace and Route (VPR) tool
[6], and are flexible enough to target an FPGA with any clockiloligion network that fits

within our parameterized framework.

3. We examine how the architecture of the clock network and the platedgerithm used
affects the overall power, area, and delay of the FPGA. Weadenrxth the cost of clock
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network itself and the impact of the constraints imposed by tuk cletwork. In doing
so, we identify the key parameters in our clock framework that have the most.impac

Together, these contributions provide insight into what makes a good EBEK distribution
architecture.

Early versions of the parameterized clock network frameworkchouk-aware placement
techniqgues were presented in [7] and [8], respectively. In thigehave combine and expand
these studies. Specifically, in this chapter the assumptiomsake regarding buffer sizing and
buffer sharing within the clock networks have been revisite@fteat current low-skew design
technigues. Moreover, the results have been expanded by including tre ohplae clock
network constraints on the clustering stage of the FPGA CAD flewally, the empirical study
has been made more concrete by analyzing a greater number @blanalock-domain
benchmark circuits.

This chapter is organized as follows. Section 4.2 provides backgrouridobmetworks
and previous work related to FPGA clock networks and CAD. SediBndescribes a
parameterized framework used to describe and compare differébf FERock networks.
Section 4.4 describes new clock-aware placement techniques féxsFP&zction 4.5 examines
which clock-aware placement techniques perform the best in tepowar and speed. Section
4.6 then examines how FPGA clock networks affect overall FPGA mpavea, and speed.

Finally, Section 4.7 summarizes our conclusions.

4.2 Background and Previous Work
This section provides background on clock networks and describes prewookigelated to

FPGA clock networks and clock-aware CAD.

4.2.1Background

The primary goal when designing a clock network for any digitaluit (ASICs and FPGAs
alike) is to minimize clock-skew, and the secondary aino isiinimize power and area. Many
low-skew and low-power techniques for ASIC clock networks have beerriloks$ in the
literature. Buffered trees are the most common strategydi&tributing clock signals [9].
Buffered trees have a root (clock source), a trunk, branches, ares |§ap-flops), and are
driven by buffers at the trunk and/or along the branches of theasaustrated in Figure 4.1
(a). Another buffered-tree approach uses symmetry to minimixé-skew, as illustrated in
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Figure 4.1 (b). Symmetric buffered trees utilize a hiesargch symmetric H-tree or X-tree
structures to make the path from the source to each register the same length

Branches

Root

a) Buffered Tree b) Symmetric H-Tree

Figure 4.1: Example clock distribution networks.

Commercial FPGAs

Commercial FPGASs, such as the Actel ProASIC3 [1], the Alsratix Il [3], and the Xilinx
Virtex 5 [4] devices, support multiple local and global clock domaineach device, the FPGA
is divided into regions (see Figure 4.2). The Statix Ill has fuadrants that can be further
subdivided into four sub-regions (per quadrant), the ProASIC3 has fouragt&dand the
Virtex 5 has fixed size regions that are 20 rows high and spathkalfidth of the FPGA. The
Altera Stratix Il has 16 global clock networks, which can benected to all the flip-flops on
the FPGA; and 22 local clock networks in each of the four quadranitsh can be connected to
any of the flip-flops within that quadrant. Similarly, the AdB¥0ASIC3 has 6 global clock
networks and 3 local clock networks per quadrant and the Xilinx Vitaas 32 global clock
networks and 10 local clock networks. The global clock networks in thexVb are not

connected to flip-flops directly; instead, they drive the local clock networks wilcim region.

Local Clocks Glob/al Clocks Global Clzlocks Local Clocks Global Clocks Local Clocks
7'y |3 A 4 3
Cliolo ool | (B b 86 15
. = (o . 16 S E
I I | < O Hto | otiola O
22 16 22 (R o8 g o @
) " | EiEEEEEaEE - SN
(S ) (1 [ v W s
HOHO O 110 | 101 ioo H
FEEE 5858 | |EE D e | |20 D
& i & EEI?EI EEILE'EI HJHJ H HJHJ H
Altera Stratix Il Actel ProASIC3 Xilinx Vertex 5

Figure 4.2: Commercial FPGA clock networks.
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Local Clocks —

Global Clocks — | II: 6

16181

Altera Stratix Il
Figure 4.3: Multiplexer structure of Stratix 1l clock networks.

The circuitry that drives the clock networks is similar focheaf the three devices. As
shown in Figure 4.4, the local and global clock networks are driveoriyot blocks that select
the clock signal and dynamically enables or disables the clookdicce power consumption
when the clock signal is not being used. The clock networks caniven dry an external
source, an internal source, or by clock management circuitry whidtiplies, divides and/or

shifts an external source.

Clock
Pad
Clock l Internal
Pad Clock Logic
Management
Logic

A 4

SRAM
Interr_lal
Logic

Figure 4.4: Control block for local and global clock signals.
Full Crossbar and Concentrator Networks
In this chapter, we will employ both full crossbar and concentaaitmsbar networks as building

blocks. Ann x m single-stage crossbar is a single stage network tratectsn inputs tom
outputs, as shown in Figure 4.5. Figure 4.5 (a) shows a full crossharkenh which each
output can be driven by any input. Such a crossbar requimeswitches. Figure 4.5 (b) shows
a concentrator network, in which anyelement set of the input signals can be mapped to the
m outputs (without regard for the order of the outputs). A concentratibrthigi way contains

m:(n-mt1) switches [10]. Concentrator crossbars are most effisileetm is close to (i.e. the
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network is close to square) or whamis very small (close to 1). A perfectly square crossbar
concentrator only has switches. As the crossbar concentrator becomes moregelagrthe
number of switches approaches that of a full crossbar. Full and c@atoertossbars can also

be implemented using fanin-based switches (multiplexers followed by Quffers

14— Switch
outputs } outputs
| — | —
inputs inputs
(a) full crossbar (b) concentrator crossbar

Figure 4.5: Two examples of a 7x5 crossbar network.

4.2.2Previous Work

The existing literature on FPGA’s has mostly assumed sieglfFPGA clock architectures.
The study described in [11] examines the design of energyeetffi¢dtPGA’s. For clock
networks, the study proposes that edge triggered flip-flops are utheéa hagic blocks to reduce
the power dissipated by the clock network, since this reducesghle tates by a factor of two.
In [12],[13], FPGA power models that assume simple H-tree clockwonk$ with buffers
inserted at the end of each branch are described. In both modeksnetworks span the entire
FPGA and are implemented using dedicated (non-configurable) resourcg$2], additional
buffers are inserted to separate long wire segments in ordaeinimize clock skew. Neither
model is parameterized since the intent was only to include therpdigsipated by the clock

networks to make the power estimates somewhat realistic.

Clock-Aware CAD

Clock-aware placement has been considered in several studied telASICs. As an example,
the quadratic placer described in [14] minimizes clock-skew bynigidke placement to evenly
disperse clocked cells. As a result, the clock tree generdtedpiHcement is more balanced.
Another technique, described in [15], minimizes clock-skew using amé&adealgorithm to
optimally size and place clock buffers within the generated disk Although useful for
ASICs, these techniques are not applicable to FPGAs which haek(byt configurable) clock

networks.
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FPGA Clock CAD

Only a few CAD studies have considered FPGA clock networks. Ih [léck-skew is
minimized during placement by balancing the usage in eachtbdrtbe programmable clock
network. This technique, however, is not necessary in recent FRG&ste clock inputs to
the logic blocks are buffered, which makes clock delay independastige. In [17], dynamic
clock management is applied to FPGAs to minimize power. The technique involvesaiiha
slowing clock frequencies when the bandwidth demand decreases. ediimgjtie can also be
used in conjunction with dynamic voltage scaling to further reduce byenakr. Finally, the
T-VPack clustering tool, described in [6], is clock-aware bec#usaits the number of clock
signals that are used within each cluster, as specified byigbe Although the clusterer

supports circuits with multiple clocks, the studies focus on FPGAs with only one clock.

4.3 Parameterized FPGA Clock Network Framework
This section presents a parameterized framework for descrilfi®A Fclock networks. The

framework can be used to describe a broad range of clock netaratlencompasses the salient
features of the clock networks used in current and future FPGA® framework is important
since it provides a basis for comparing new FPGA clock netwarksk clock-aware CAD
techniques.

The framework assumes a clock network topology with three stagée. first stage
programmably connects some number of clock sources (clock pads, PLlgDtputs, or
internal signals) to the center of some number of clock regionsseldoad stage programmably
distributes the clocks to the logic blocks within each region. hing $tage connects the clock
inputs of each logic block to the flip-flops within that logic blockaisTtopology is described in

more detail in the following subsections.

4.3.1Clock Sources

The source of the user clocks can be external, from a dedicategatyuir internal, generated
by a phase-locked loop (PLL), a delay-locked loop (DLL), or evendhe af the FPGA. In all
cases, we assume that these clock sources are distributed anvmmiyg the periphery of the
FPGA core. In our model, the number of potential clock sources is damoigde, meaning

there arensource/4 potential clock sources on each side of the FPGA.
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4.3.2Global and Local Clock Regions

The clock network has both local and global resources. The globél relscurces distribute

large user clocks across the entire chip (but not necessarieity legic block, as described in
Section 4.3.3). The local clock resources, on the other hand, distributealer siser clocks to

individual regions of the FPGA. Although it is possible to distritautarge user clock to the
entire chip by stitching together several local clocks, thoslldv be less efficient than using a
global clock.

Region 6| "Region 7—| “Region 8

Region 3~ | "Region 4| “Region 5

Region 0~ | "Region 1 Region 2

Figure 4.6: Example FPGA with 3x3 clock regions.
To support local clocks, the FPGA fabric is broken down into a nunilvegimns, each of

which can be driven by a different set of local clocks (the same local cdocilso be connected
to more than one region). The number of regions in the X-dimensi@n@ded bynx_region,

and the number of regions in the Y-dimension is denotedybsegion. The total number of
regions is thusix_region*ny region. As an example, Figure 4.6 shows an FPGA in which

nx_region andny_region are both 3, which produces 9 clock regions.

4.3.3First Network Stage

The first stage of the clock network programmably connects lthek sources on the
periphery of the chip to the center of each region. The firgiestansists of two parallel
networks: one for the global clocks and one for the local clocks. Waeléhe total number of
global clock signals a®/yqa. The global clock network seledt¥yqpa/4 signals from each of
the nsource/4 potential clock sources on each side, as shown in Figure 4.7. Tlugosels
done using a concentrator network on each side of the chip (seenSe2tl). The use of a

concentrator network guarantees that any seWgda/4 signals can be selected from the
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nsource/4 sources on each side. This architecture does not, however, gudnantaey set of
Wyiobal Signals can be selected from thsurce potential sources; it would be impossible to
select more thaMyona/4 signals from any side. Relaxing this restriction would reqaire
additional level of multiplexing (or larger concentrators and longees), which we do not
include in our model.

Concentrator

Networks
|:|:|F|:| Local Clocks
n 4

Wil
Regipn 6 Regl:n 7 Reg O}?éj
v

; SNt

Regii n3 Reglon 4 Region 5

= — .\ —
- =1
Region 0 Region 1 Reg\gn 2
E‘ ‘l ) ry
| r\\
Clock Sources —»::iZELIII"I: 50 Global Clocks

Figure 4.7: Connections from the periphery to the center of regions (localacks) and the
center of the FPGA (global clocks).

All Wyona Signals are routed on dedicated wires to the center of the chip. Since the sources
all come from the periphery of the chip, the connection betweemtitees and the center of the
chip will introduce little or no skew. In an architecture in whsome sources come from inside
the chip, the drivers can be sized such that skew is minimizexn the center of the chip, all
Wyiona Clocks are distributed to the center of all regions using a -spideibs distribution
network withny _region ribs, as shown in Figure 4.8. Although an H-tree topology would have a
lower skew, it is more difficult to mesh such a topology onto a HBGA with an arbitrary
number of rows and columns.

There is one local clock network per region. We denote the numbecabfclocks per
region as\Weca. TheWa Signals are selected from the two sides of the FPGA thatl@sest
to the region, as shown in

Figure 4.7 (if the number of regions in either dimension is odd, tlectsel of the

“closest” side is arbitrary for regions in the middle). Halthe Woca Signals are selected from

93



the sources on each of the two sides using a concentrator networkus&loé a concentrator
network guarantees that any setVf../2 signals can be selected from thurce/4 potential
sources on two sides. Driver sizing can be used to minimizeskine among the clocks
connected to each region. Skew between regions is not as impsitaetglobal clocks will

likely be used if a clock is to drive multiple regions.

Global —l— #  Ribs
Ribs

Figure 4.8: Global clock connections from the center of the FPGA to theenter of regions.

4.3.4Second Network Stage
The second network stage programmably connects clock signalsheocenter of each region
to the logic blocks within that region. There is one of these networks for each region.

The input to each second stage network consisWy@fa global clocks andMqea local
clocks from the first stage. These clocks are distributenlgusi spine-and-ribs topology as
shown in Figure 4.9. The spine contaM§pa+Woca Wires. In each row, a concentrator
network is used to select any seWdf, clocks from the spine. These clocks are distributed to the
logic blocks in that row through a local rib. Each logic block inrh& connects to the rib

through another concentrator network; the concentrator is used to aeyeset oWy, clocks
from the rib.

9 B9 B

9 E9E B
ey

G R0 O

Local Spine

1

1

Figure 4.9: Second stage of the clock network.
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4.3.5Third Network Stage

Finally, the third network stage programmably connectdpéogic block clocks to thé&l logic
elements within the logic block. This is illustrated in Figdr®0. In order to provide flexibility
to the clustering tool, we assume that the clock pins of the logik lare connected to the clock
pins of the logic elements (within that logic block) using adutissbar network, such that each

of theN logic elements can be clocked by any of\tiglogic block clocks.

Logic Block
inputs
—
W,
LX)
ryY y
Logic Block
:E LE
: :E LE
Ful —Tt .
Crossbar N
L]
______________ :E LE

Figure 4.10: Third stage of the clock network.
Table 4.1 summarizes the parameters of the FPGA clock netwarkvirark and includes

corresponding values that are used in the empirical studies ddscrittes Section 4.5 and 4.6
of this chapter. These values are similar to those used in current commevaak [1]-[4].

Table 4.1: Clock network parameters.

Baseline | Range in this

Parameter Meaning Value Chapter
nx_region Number of clock regions in the X dimension 2 1-4
ny region Number of clock regions in the Y dimension 2 1-4
nsource Number of potentlal_clock sources (one quarter of 128 128

these are on each side)
Wyopa Nurr_1ber of glqbal clocks that can be routed to the 50 0-52
fabric at one time

Wi Nur_nber of Iocz_;tl clocks that can be routed to each 52 52
region at one time

Number of clocks that can be routed to all logid
blocks in a single row of a region at one time.
Number of clocks that can be connected to eagh

Wi logic block. 2 1-10

Wi 10 6-14
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4.4 Clock-aware FPGA CAD
The previous section presented a parameterized framework to ddsefdae clock networks.

This section describes new clock-aware placement techniquesndtingfia legal placement

solution that satisfies all of the placement constraints imposed by the ctaakine

4.4.1Clock-Aware Placement

Placement can have a significant impact on power, delay, and raytaBilacing logic blocks
on a critical-path close together minimizes delay and pldogig blocks connected by many
wires close together improves power and routability. Power cafurt@er minimized by
assigning more weight to connections with high toggle ratesgdessribed in [18]. For
applications with many clock domains, however, constraints thatthmibumber of clock nets
within ribs W) and within a regionWioca) can interfere with these optimizations.

To investigate how clock networks constraints affect the powery,dafad routability
during placement, the T-VPlace algorithm from [6] was enhanoethdke it clock-aware.
T-VPlace is based on simulated annealing. The original costidarused in T-VPlace has two
components. The first component is thaing cost, which is the sum of the bounding box
dimensions of all nets (not including clock nets). The second compontd tisning cost,
which is a weighted sum of the estimated delay of all nets. The cost of a sivap: is

ATiming Cost Y AWiring Cost

AC =X\ - — -A)- . —
Previous Timing Cost Previous Wiring Cost

(4.1)

where PreviousTimingCost and PreviousWiringCost terms in the expression are normalizing
factors that are updated once every temperature changd, iaraduser-defined constant which
determines the relative importance of the cost components.

Three enhancements were made to T-VPlace in order to md&ekitawvare. First, a new
term was added to the existing cost function to account for thettst clock. Second, a new
processing step that determines which user clock nets useclocklnetwork resources and
which clock nets use global clock network resources was addedd, Tine random initial
placement approach (used in the original placer) was replackdcawiew routine that finds a

legal initial placement. Each enhancement is described below.
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New Cost Function

The new cost function is the same as the original cost functicaepethat it has a new term to
account for the cost of using clock network resources. Intuitiveg/,new term in the cost
function minimizes the usage of clock network resources, which miesnalock power and is

key for finding legal placements. The new cost function is destriby the following

expression:
AC = .- A'Tlmm'g Qost (1-2)- A'erlng (;:ost
Previous Timing Cost Previous Wiring Cost
AClock Cost (4-2)

¥ Previous Clock Cost

Like the two original terms, the new term is normalized byctist of the clock during the
previous iteration and is weighted by the fagtorExperimentally, we have found that 0.3
produces good results.

Two different cost functions were considered for the clock teifhe first, called the
standard cost function, is based on the amount of clock network resources needee t@llrthe
user clock nets. Specifically, the cost function counts the nuofbelocks used in each rib,
local region, and global region. Moreover, the cost of each resoype (rib, local, or global) is
scaled by a constanKfp, Kioca, Or Kgiona, respectively) to reflect the capacitance of those
resources.

Although straight-forward, the standard cost function can be shoredighhen large
(high fanout) user clock nets occupy more than one region. Unleke gihs are moved out of
a region, the cost of occupying that region does not change.

The second cost function, called tpeadual cost function, changes when large nets are
partially moved. The function scales the cost of adding an LErégian based on how many
other LEs in that region are connected to the same user cloels tleat LE. Specifically, the
incremental cost of adding an LE that uses clock metregionj is described by the following
expression.
max_pins(i, j) - pins(i, j) + 1

max_pins(i, j)

where, (4.3)
pins(i, j) = number of pins of netiinregion j

Clock Cost(i, j) = Kj-

max_pins(i, j) = min(# pins of clock net i, # LEs per region j)
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In the expressiorK; is the weight factor or region which is eitherK;ip, Kreg, OF Kgiobal,
depending on what type of region is being considered. By sunthengpst of all the clock nets

in every region, the total clock cost reduces to:

ribs . . . pins(i, ) -
Kip - Y . ins(i,j)-|1—
rib Z:J pins(i.}) { 2 - max_pins(i, J)}

Clock Cost = Koo - 719008 i J){_ pins(i. j) - } »
ieclo%;‘nets s ZJ 2-max_pins(i, ) (4.4)

ey | pins(i) -1

Kglobal - PINs(i) {1 2-pins(i)}

Intuitively, both cost functions encourage swaps that reduce the amotlotloinetwork
resources that are used. In the second cost function, however, tlé masting a logic block
to a region is smaller when other logic blocks in that regiercannected to the same clock net.
The goal of the gradual cost function is to prevent large clotkfrem spreading out to more
regions than necessary. However, since the function does not tiefleactual cost of the clock
as directly as the first cost function, the overall resuliy mot be minimized as intended. An
empirical study, described in Section 4.5, was performed to deermwilich cost function is

most suitable.

Clock Resource Assignment

The second enhancement determines which user clock nets should lesmltlodock network
resources and which user clock nets should use the global clock neésodkces. Although
this decision could be left to the user, it is more appropriatthétool to make the assignment
since it is convenient and the user may not be familiar withuttitkerlying architecture of the
clock network.

Global clock network resources are more expensive than the locklretwork resources
in terms of power since they are routed to the center of tARFefore spanning to the center
of the clock regions. Depending on the clock network and application, gilwo#l network
resources may also be in short supply. Therefore, global clostonkstshould be reserved for
large nets that do not fit within local regions or for nets that are inher@négicsout.

We consider two approaches for assigning global clock netwoduness. The first
approach assigns global resources statically, based on theasiaat)fof the clock nets. The

advantage of this approach is that it is quick and easy. The diageas that it overlooks
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smaller nets that require global resources because theyharently spread out. The second
approach assigns global resources dynamically during placensaed ba how spread out the
clock nets are. Figure 4.11, Figure 4.12, and Figure 4.13 describe siggcimast technique in
more detail.

The static assignment routine, described in Figure 4.11, begins by deterhanimgany
clock nets use global clock network resources based on the number of clock nets in the
application, the number of global clock network resources available, and a fised-deargin.
The margin, which we set to 0.5, effectively relaxesvihg, placement constraint and makes
finding a legal solution easier. The routine then assigns the global resoufeesloxk nets

with the greatest number of pins (highest fanout).

assign_global_resources_statically () {
num_global_min = max( 0, num_clock_nets - num_local_regions * num_local_clocks );
num_global_safe = min( num_clock_nets, num_global_clocks, num_global_min +
num_clock_nets * MARGIN );

/* biggest to smallest by fanout */
sorted_clock_nets = sort( clock_nets, num_pins );

for (iclk = 0; iclk < num_global_safe; iclk++)
use_global[sorted_clock_nets[iclk]] = TRUE;
}

Figure 4.11. Pseudo-code description of the static clock resource assigntrtechnique.

The dynamic assignment technique described in Figure 4.12 ie@phiring placement.
Initially, all the user clock nets are assigned to use looakahetwork resources. Then, during
the simulated annealing routine, some clock netseassigned to use global resources if the
placer can not find a legal placement. Specifically, the pl@assigns clock nets when the cost
of the clock stops decreasing and the placement is still not. legéhen clock nets are
reassigned, the temperature is increased to allow the ptaadapt to the change. The pseudo-
code in Figure 4.12 is based on T-VPlace, which is described in [6].

The clock nets areeassigned using the routine described in Figure 4.13. The routine
begins by calculating how spread out each clock net is by ciahguthelocality distance, which
counts how many clock pins would need to move in order to make the clotdcakt After
sorting each net by locality distance, it then assigns gldbek network resources to half of the

remaining local clock nets that have the highest locality distance.
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placement_with_dynamic_assign () {

assign_local_resources_to_all_clock_nets ();
cost = random_placement();
T = initial_temperature();

while ( exit_criterion () == False ) {
count = swap_count = 0;
old_cost = cost;
while (inner_loop_criterion () == False) {
if (try_swap (t, cost) == 1) {
swap_count++;
}

count++;

if (is_placement_legal() == False && swap_count < count/ 2 && old_cost <= cost) {
reassign_clocks ();
t =t*5; /* increase temperature */
}
t = update_temp ();
}

}
Figure 4.12. Pseudo-code description of the dynamic clock resource assigmitechnique.

reassign_clock () {
num_not_local = 0;
for (iclk=0; iclk<num_clock_nets; iclk++) {
if (use_global[iclk] == FALSE) {
locality_dist = calc_locality_distance (iclk);
locality_dist[iclk] = locality_dist;
if (locality_dist > 0) {
num_not_local++;
}
}
}

[* sort biggest to smallest distance*/
sorted_clock_nets = sort ( clock _nets, locality_dist );

num_to_reassign = min( (num_not_local + 1) / 2, num_global_available )
for (iclk=0; iclk<num_to_reassign; iclk++) {
use_global[sorted_clock_nets[iclk]] = TRUE;
}
}

Figure 4.13. Pseudo-code description of the routine used to reassign cloetsm

Legalization
The final enhancement needed to make the placer clock-aware @dtae@ra placement that is

legal. Legalization ensures that the number of different clock usetd in every region is less
than or equal to the number of clock resources available in that region.

We consider two approaches. The first approach finds a lelygios before placement.
A legal solution is found using simulated annealing with the timimywairing cost components

of the cost function turned off (leaving only the clock cost componenéduon). If a legal
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placement is found, the actual placement is then performed with all thremogsinents turned
on but only allowing legal swaps.

The second approach involves legalizing during the actual placefeatalgorithm starts
with a random placement and then uses simulated annealing wiiimthe, twiring, and clock
costs turned on. To gradually legalize the placement, the cloclc@ogtonent is modified to
severely penalize swaps that make the placement either ilegabre illegal. In other words,
illegal swaps are allowed but they have a higher cost. Hkpliwe multiplied the cost of using
a rib, spine, or global routing resource that is not available bynstant value, called

Illegal_Factor. In our experiments, we found 10 to be a suitable valuklégel Factor.

4.5 Clock-Aware Placement Results
This section begins by describing the experimental framewakis used in this chapter and

then compares the clock-aware placement techniques that were describedemitus gection.

4.5.1Experimental Framework

The same empirical framework is used in Section 4.5 and SectionAshlite of benchmark
circuits is implemented on a user-specified FPGA architectsireg standard academic FPGA
CAD tools. The CAD tools consist of the Emap technology mappértHe T-VPack clusterer
[6], the VPR placer (with clock-aware enhancements), and the rdB&r [6]. Finally, the
power, area, and delay of each implementation are modeled usindgov@Ra and delay and
the power model from [13], which has been integrated into VPR.

The VPR models are very detailed, taking into account spesifitch patterns, wire
lengths, and transistor sizes. After generating a user-speERG&A architecture, VPR places
and routes a circuit on the FPGA and then models the power, areaJandfdbat circuit. The
area is estimated by summing the area of every ttansisthe FPGA, including the routing,
CLBs, and configuration memory. The delay is estimated using Ither& delay model and
detailed resistance and capacitance information obtained frorautex. The power is modeled
using the capacitance information from the router and externally gensvatelding activities to
estimate dynamic, short-circuit, and leakage power. In this ehape switching activities,
which are required by the power model, are obtained using gatesiewghtion and pseudo-

random input vectors.
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We enhanced the VPR power and area models to account for the parmtet®dCck
network described in Section 4.3. The following buffer sharing andgsessumptions were
used to model the clock networks:

1. Each switch is implemented using a transmission gate controllas IBRAM cell. The
transmission gate consists of one minimum sized NMOS transistbrone 2X PMOS
transistor in parallel.

2.  Shared buffers are used to drive all periphery, spine, rib, and CLB clock network wires.

3. Large cascaded buffers with four stages (1X, 4X, 16X, and 64X) ac tosdrive the
periphery, spine, and rib wires and smaller cascaded buffershneth stages (1X, 4X, and
16X) are used to drive the CLB clock wires.

4. Large repeaters (64X) are used to drive very long wires and are spaced by 5mm.
Unused clock networks are turned off to reduce power consumption.

An example of clock network switches of buffers is illustratedrigure 4.14. Note that
these buffer sizing and sharing assumptions differ from the assumgésasbed in our earlier
work [7] in which the buffers were smaller but not shared, and e¢peaters spacing was
significantly smaller, separated by only one tile (~125umhe flew assumptions reduce the
power, area, and skew of the clock network by reducing the numbeaffefs and repeaters and

the overall amount of parasitic capacitance.

Transmission Cascaded Rgpeaters

Gate Switches ~ Buffers (64X) (64X)
. " Smm
CFFFFF - —"D"— .
< T ﬁ____g'b’l’lj}Rlb
< R - —"F

\ ) Ca;caded

Buffers (16X)

Figure 4.14: Example of buffer sizing and sharing in the clock network.
Benchmark Circuits
In order to investigate new FPGA clock network architectures cimtk-aware CAD tools,

benchmark circuits with multiple clock domains are needed. Existiaglemic benchmark
circuits, however, are small and have only one clock. Moreover, sinetodeg system-level
circuits with multiple clock nets is labor intensive and expensieeneercial vendors are

reluctant to release their intellectual property.
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As a solution, we combine a number of single domain benchmark citcumsm larger
multi-domain circuits that resemble system-level circutenfa place and route viewpoint. The
technique uses Rent's Rule [19] to determine the number of primpoys and outputs the
combined circuit should have and inserts additional flip-flops betweecldbk domains as an
interface. Using this technique and benchmark circuits from MCR¢&ral large benchmark
circuits with multiple clock domains were generated. Table 42the new benchmark circuits
and provides additional details regarding the circuit size and numhb@oakf domains. Note
also that the benchmark names are intended to provide some insighdingdhe size of the
clock domains. As an example, 1llrg40sml consists of one larggatcad 40 small circuits.

See Appendix A for more information regarding the benchmark circuits.

Table 4.2. Benchmark circuit names and attributes.

Name # LUTs # FFs # Clock Domaing
10Irg 14320 4780 10
10Irg_reordered 14320 4780 10
15med 5710 2361 15
1lirg40sml 9452 3179 41
2Irg4med80sml 15289 9119 86
30med 5210 1874 30
30mixedsize 12537 3399 30
30seq20comb 16398 2984 50
3lrg50sml 10574 4433 53
40mixedsize 12966 4578 40
4lrg4dmed16sml 11139 5026 24
4lrgdmed4sml 8873 3868 12
50mixedsize 16477 5681 50
5Irg35sml 11397 3646 40
60mixedsize 15246 5217 60
6lrg60sml 15838 8037 66
70s1423 13440 7308 70
70sml 9301 2398 70
lotsaffs 7712 3755 19
lotsaffs2 9309 4567 32

FPGA Architecture and Assumptions

All experiments target island-style FPGAs implemented 8@ m TSMC process. We use the
baseline FPGA architecture described in [6], which consists @€ Iblocks with 10 logic
elements each and a segmented routing fabric with length 4 wki@sthe clock network, we
assume the baseline clock architecture described in Table 4.1, shgmilar to current

commercial architectures.
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For each experiment, the size of the FPGA is determined bgizheof the benchmark
circuit. Specifically, the size is determined by finding thmimum number of FPGA tiles
(nxxny) which is greater or equal to the number of logic blocks in the bear&heircuit. For the
general routing (not clock routing), the channel width is selectedinding the minimum
routable channel width and then adding 20% to that channel width. Thesgtsssmeerve to

model the case when FPGAs are highly utilized.

4.5.2Placement Results
To compare the techniques for each of the three enhancements, eménigd eight different
The maytders are described in

Table 4.3. As an example, the first placer (Placer 1) usestaneard function for the clock

clock-aware placers (one for each possible combination).

term in the cost function, the static approach to assign gldate network resources, and the
pre-placement approach to legalize the placement. Note that Bland Placer 7 assign global
clock network resources dynamically during the pre-placementevdcer 4 and Placer 8
assign global clock network resources dynamically during thalgglacement since there is no

pre-placement in the latter implementations.

Table 4.3. Techniques used by each placer.

Placer Cost Function Arseséﬁ?,irgﬁgt L?g?#ﬁﬁhoen
Placer 1 (P1) Standard statically pre-placement
Placer 2 (P2) Standard statically during placement
Placer 3 (P3) Standard dynamic pre-placement
Placer 4 (P4) Standard dynamic during placement
Placer 5 (P5) Gradual statically pre-placement
Placer 6 (P6) Gradual statically during placement
Placer 7 (P7) Gradual dynamic pre-placement
Placer 8 (P8) Gradual dynamic during placement

Table 4.4 presents the overall energy per cycle dissipateddbhybenchmark circuit when
implemented by the eight different clock-aware placers. Meeage is calculated using the
geometric mean (rather than the arithmetic mean) to ensureedltht benchmark circuit
contributes evenly to the average, regardless of its size. oMmarethe averages only include
benchmark circuits that were successfully implemented byyepacer to make the results

comparable.
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Table 4.4. Overall energy per clock cycle.

Overall Energy (nJ)

Benchmark e T p1 [ P2 | P3 | P4 | P5 | P6 | P7 | P8
15med 291 2.99 | 3.06 | 3.07 | 3.79 | 2.89 | 2.89 | 2.86 | 2.84
Lirg40sm 45 | 4.60 | 4.65| 4.66 | 452 | 4.48 | 4.49 | 4.41 | 4.60
2lrg4med80sml | 12.3 | 12.4 | 1654 | 116 | 11.6 | 11.7 | 13.1 | 11.1 | 11.8
30med 268 2.73 | 2.80 | 2.65 | 2.60 | 2.67 | 2.60 | 2.54 | 2.58
30mixedsize 724 7.03| 7.90 | 6.97 | 7.12 | 6.54 | 6.60 | 6.48 | 6.47
30seq20comb 6.48 | 6.43 | 6.52 | 6.45 | 6.37 | 6.85 | 6.85 | 6.22 | 6.02
3Irg50sm 542 550 | 5.46 | 517 | 5.11 | 5.15 | 5.14 | 4.96 | 4.84
40mixedsize 779 8.16 | 9.77 | 7.90 | 8.02 | 7.63 | 7.84 | 7.46 | 7.58
Alrgbmedi6sml | 6.34 | 6.59 | 6.71 | 6.69 | 6.41 | 6.33 | 6.60 | 6.20 | 6.37
Airgbmedasm 4.49| 4.63 | 4.60 | 4.60 | 4.43 | 4.49 | 4.39 | 4.48 | 4.37
50mixedsize 9.98 | 10.35| 10.35| 10.01] 10.25| 9.59 | 9.77 | 9.56 | 9.59
5irg35sm 6.25| 6.69 | 6.96 | 6.31 | 6.43 | 6.10 | 6.76 | 6.15 | 5.93
60mixedsize 9.56 | 10.4 | 10.1 | 10.0 | 9.49 | 9.09 | 9.29 | 10.04| 8.85
6Irg60sm 12 | 133 | 151 | 12.8| 12.4| 116 | 11.8| 11.3 | 11.3
70sml 507 523 | 540 | 492 | 4.86 | 5.11 | 4.89 | 4.79 | 4.77
lotsaffs2 3.73| 352 | 3.60 | 3.46 | 3.33 | 3.47 | 3.73 | 3.39 | 3.30
lotsaffs 232 2.30 | 2.28 | 2.27 | 2.14 | 2.04 | 2.28 | 2.31 | 2.14

Geomean | 5.73 | 5.87 | 6.15 | 5.74 | 5.71 | 5.58 | 5.70 | 5.49 | 5.43

% Diff, 0 | 25| 7.4 | 02 | 02 | 25| 05| 42| 51

A number of observations can be drawn from the table. First, in sgpeximents, the
placer failed to find a legal solution. Even when the placetsdtgriooking for a legal solution,
there is still no guarantee that a legal placement will be foundhis experiment, placers P1
and P2 failed to find a legal placement for the 10Irg, 10lrg_reordanetl/0s1423 benchmark
circuits and placer P5 and P6 failed to find a legal placenemOs1423. These placers failed
because they use the static global assignment approach to déetemclocks use local or
global clock network resources. In these cases, more global @bskrik resources needed to
be allocated. In terms of energy, the placers that usddtie approach (P1, P2, P5, and P6)
also performed worse than the corresponding placers (P3, P4, P7, atichtP&sign global
clock network resource dynamically. Intuitively, assigning tlodal clock dynamically works
better since more information is available when the resourcdsearg assigned. Specifically,
the placer can determine which nets are spread out over more than one region.

Another notable observation is that the gradual clock cost function ggdduacements
that were more energy efficient than the standard cost functionav€rage, placers P5 to P8

were between 3.5% and 5.4% more energy efficient than placers P4, t@spectively. To
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examine this further, Table 4.5 compares the average energy cibtkeand general purpose
routing resources and the average critical-path delay of @ack-aware placer to that of the
original non-clock-aware placer from VPR. Note that the origateter ignores clock nets and
any of the associated placement constraints. Therefore, thenplasiceolutions produced by the
original placer are not legal. This table serves to hightightimpact that the clock constraints
have on each of the placers.

Table 4.5. Impact of clock constraints for each placer.

Placer En;'g;'zn 3| % Dif Er?e?;;”(% 3| % Diff T(flg; % Diff
Orig 2.28 0.0 2.05 00 | 5.9 | 00
P1 1.90 17 2.58 26| 524 14
P2 1.92 16 281 37 | 534 | 28
P3 1.81 21 2.54 24 | 530 | 21
P4 1.81 21 2.50 22 | 521 ] 02
P5 2.12 6.9 2.07 12 | 523 06
PG 2.12 7.0 2.19 71 | 51.6 | 0.7
7 1.97 14 2.13 39 | 528 | 1.7
P3 1.97 14 2.08 18 | 520 | 00

The table demonstrates that the clock constraints can have acaignifmpact on the
energy dissipated by the clock networks and general purpose routingcessoAs expected, the
clock-aware implementations dissipate significantly less cloower than the original (non
clock-aware) implementations since the clock-aware placersnmzmiclock usage. On the other
hand, the table shows that the clock-aware implementations diseipagepower within the
general purpose routing resources. This is especially trygldoers P1 to P4, which use the
standard clock cost function. This effect is reduced for placets PB, which use the gradual
clock cost function.

In terms of speed, the clock-aware placement techniques only remeallaimpact with
average critical-path delay variations of approximately 1% in eithertidinec

Finally, from the results, it appears that Placer 8 is thedwesall clock-aware placer with
the lowest overall energy per cycle and the second fastestgaver#ical-path delay.
Specifically, Placer 8 is 5% more energy efficient thanatiginal VPR placer (which does not
produce legal placements) and 12.5% more energy efficient thaer Plathe least efficient

clock-aware placer.
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4.6 Clock Network Architecture Results
In the previous section, we compared different clock-aware pkmetechniques. In this

section we use the best clock-aware placer from the previotisns@@lacer 8) to compare how
different clock network parameters affect overall power, ,aee@ delay. Specifically, we
consider four clock network parametevéi, Wiin, Wgin, andnx(y)_region. For each experiment,
we vary one parameter at a time. Our goal is not to exhalystiveasure the cost of every
possible combination of parameters, but rather to examine the inmadatach clock network

constraint has on the overall power, area, and critical-path delay of systémpleNeations.

4.6.1Clocks per Logic BlockWp)

We first consider the flexibility within the logic blocks byryang W, the number of clocks per
logic block. Intuitively, the larger this number, the simpler tis& far the clustering algorithm
(since the constraint on the number of clocks per logic block is nséwase); however, the
largerWip, the more power-hungry the clock network will be. Specifically would expect that
limiting the number of clocks per logic block would reduce the packifigiency of the
clusterer since this limits which blocks can be packed togetheexdmine this, we packed the
benchmark circuits and varied the number of clock signals per hdgak between 1 and 3.
Table 4.6 presents the results.

The table shows that increasing the number of clocks per logi& blareases packing
efficiency. However, the efficiency only increases by 1.2B@mW\, is increased from 1 to 3.
The main reason for the small impact is that the efficiea@jready close to 100% wh&W, is
limited to 1, which leaves little room for improvement.

We next consider howM, affects the area of the clock network. Figure 4.15 shows a
breakdown of the clock network area relative the overall FPGA area. hdotiné area for some
parts of the clock network is not visible because the area tloepydcs insignificant. The graph
variesW, from 1 to 10 and uses the baseline value from Table 4.1 for thennreghparameters.

As shown, the area due to the logic block to logic element (LB-4kitches increases
significantly asW,, increases. Recall that a full crossbar network was assuitted the logic
block. Therefore, increasingi, by one adds one extra switch for every logic element in the

FPGA. Note also that the clock network has a greater impact on power than it does on are
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Table 4.6: Logic utilization vs. number of clocks per logic blockWip).

Wp=1 Wy, =2 Wi, =3
Benchmark | # BLEs i i i

#CLBs Effilzgﬂg; g2%) # CLBs EffiZiE::(r:wlg; %%) #CLBs EffiZiE::(r:wlg; %%)
10Irg 15778 1587 99.4 1583 99.7 1587 99.7
10Irg_reorderefl 15780 1587 994 1582 99.7 1582 99.7
15med 6650 673 98.8 669 99.4 667 99.7
1irg40sml 10600 1078 98.3 1064 99.6 1062 99.8
2Irg4med80sm| 20810 2124 98.0 2092 99.5 2085 99.8
30med 6301 644 97.8 634 99.4 632 99.7
30mixedsize 14087 1427 98.7 1418 99.3 1415 99.6
30seq20comb 17708 1805 98.1 1788 99.0 1781 99.4
3lrg50sml 11832 1212 97.6 1189 99.5 1188 99.6
40mixedsize 14982 1518 98.7 1502 99.7 1500 99.9
4lrgdmedl6sm| 12844 1297 99.0 1287 99.8 1285 100.0
4lrgdmed4sml 10146 1022 99.3 1016 99.9 1016 99.9
50mixedsize 18676 1889 98.9 187% 99.6 1870 99.9
5Irg35sml 12714 1293 98.3 1277 99.6 1272 100.0
60mixedsize 17775 1808 98.3 1789 99.4 1784 99.6
6lrg60sml 19765 2011 98.3 1983 99.7 1980 99.8
70s1423 15899 1622 98.0 1604 99.1 1598 99.5
70sml 10363 1071 96.8 1049 98.8 1043 99.4
lotsaffs 10276 1046 98.2 1031 99.7 1029 99.9
lotsaffs2 8321 839 99.2 837 99.4 835 99.7

Average - - 98.5 - 99.5 - 99.7

The area due to the rib to logic block (RIB-LB) switches ineesaadMy increases from 1
to 6, and then decreasesVls increases from 7 to 10. This is because the number of switches in
a concentrator network is smallest when the number of outputs is either vdrgrsohade to the
number of inputs. Because of this, the incremental area costreasmgW\, whenWy, is more
than half oW, (the number of clocks in each rib) is small.

Note that preliminary clock network area results presented iifigr from the area
results in this chapter since we use different buffer sizing larfter sharing assumptions.
Although the conclusions we draw are similar, the area overhebd ofdck network is smaller
when the new assumptions are modeled compared to when the prelingseangpdons are
modeled. As an example, the area of the baseline clock networkddsor Table 4.1 accounts
of 4.0% of the overall area (in this chapter) and 7.2% (in [7]).
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Figure 4.15: Clock network area vsWip.
Finally, we consider how théj, constraint affects the overall energy per clock cycle and

the critical-path delay. Table 4.7 summarizes the resultsafcn circuit when th&\, is varied

from 1 to 3.

Table 4.7. Critical-path delay and energy vs. number of clocks per logic blockWy).

Energy per cycle (nJ) Terit (NS)

BenChmark Wlb:]- Wlb:2 Wlb:3 Wlb:]- Wlb:2 Wlb:3
10Irg 6.29 6.34 6.60 65.6 67.3 67.9
10Irg_reordered 6.29| 6.46 6.60 69.9 | 69.2 72.2
15med 2.71 2.84 2.86 67.3 73.2 71.4
1irg40sml 4.69 4.69 4.47 71.2 71.2 70.8
2Irgdmed80smi 9.84| 11.84 11.84 355| 34.9 34.9
30med 2.38 2.58 2.63 329 | 334 32.2
30mixedsize 6.03| 6.47 6.66 42,1 | 39.9 39.8
30seq20comb 6.64| 6.02 6.46 704 | 725 725
3lrg50sml 4.62 4.84 5.26 35.6 | 35.0 35.5
40mixedsize 6.99| 7.58 9.47 65.3 71.0 69.6
4lrg4dmed16sml 5.99| 6.37 6.60 706 | 75.3 76.2
4lrgdmed4sml 433 | 4.37 4.46 36.3 | 35.1 35.8
50mixedsize 9.20| 9.59 9.83 64.7 68.3 70.0
5Irg35sml 5.54 5.93 6.07 69.1 73.0 74.4
60mixedsize 8.22| 8.85 8.85 40.7 | 40.4 40.4
6Ilrg60sml 10.56| 11.31 11.81 71.1| 70.0 69.2
7051423 9.01 | 10.72 10.72 29.3| 323 32.3
70sml 4.79 4.77 4.82 64.3 70.5 69.7
lotsaffs2 3.06 3.30 3.48 36.8 | 36.3 36.2
lotsaffs 2.10 2.14 2.16 36.3 | 35.2 34.6
Geomean 5.39 5.70 5.81 53.8 55.0 55.0

% Diff. -5.45 0.00 1.84 -2.2 0.0 0.0
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The results indicate that increasing the number of clocks perbterk actually increases
(rather than decreases) the overall energy and critical-padly. dehtuitively, increasingMp
should decreases energy and delay since the clusterer can pgackidagents more efficiently
when logic elements with different clocks can be packed togethlwever, both tend to
increase due to cases when flip-flops from different clock donamapacked in the same logic
block (during clustering) and the corresponding clock domains are pladéterent regions of
the FPGA (during placement). When this occurs, flip-flops end up Ipdéicgd far apart, which
leads to increased routing demand and critical-path delay. Bhois ould likely be resolved
after placement by moving or duplicating logic elements thaicausing the routing and delay
increase, as described in [20]; however, this feature is not segparbur experimental CAD

flow.

4.6.2Clocks per Rib\\Vi,)

We next consider the impact of varying the number of wires ah ed0 within a region.
Intuitively, the placement tool has to ensure that the total numbeopadis used by all logic
blocks lying on a single rib is no larger th&h,. The higher this value, the easier the placement
task becomes, however, a larger valueWgt, means the clock network will be larger and
consume more power.

Figure 4.16 illustrates the clock area whaf, is varied from 6 to 14 and the baseline
values from Table 4.1 are used for the remaining parametersfigline shows that the clock
network area increases significantly\&g, increases. This is due to an increase in the number
of the rib-to-logic block (Rib-LB) switches and spine-to-rib (Spinke}RBwitches. The area of
remaining clock network connections remains unchanged and is mosttp thgic block-to-
logic element (LB-LE) switches.

Table 4.8 presents the overall energy per cycle Wwhgnis varied from 6 to 14. The
results from this table show that the overall energy decreigedicantly (6%) whenW;, is
increased. In most cases, the majority of the savings aredgahen\, is increased by 1 or 2
tracks beyond the minimui, that produces a legal solution. Correspondingly, Table 4.9
shows the impact of thé/;, parameter on routing energy and the critical-path delay and shows
that the overall energy increase originates from the routingygmecrease and that the impact

on delay from th&\j;, constraints is not as significant as the impact fromlgeonstraint.
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Figure 4.16: Clock network area vsWip.
Table 4.8. Overall energy per cycle vs. the number of clocks per rib\ip).

Benchmark Energy per cycle (nJ)
Wiip=6 | Wip=7 | Wiip=8 | Wip=9 | W;ip=10 | W;;p=11 | W;ip=12 | W,;p=13 | W;;,=14
10Irg 6.80 6.44 6.37 6.33| 6.34 6.33 6.34 6.35 6.34
10Irg_reorderg 6.49 6.34 6.69 6.46| 6.46 6.47 6.46 6.46 6.46
15med 3.03 2.83 2.84 2.78 2.84 2.89 2.86 2.83 2.84
lirg40sml 5.83 4.43 4.45 4.40 4.69 4.25 4.83 4.39 4.31
30med 2.60 2.55 2.55 257 2.58 2.55 2.54 2.56 2.50
30mixedsize 6.37 6.41 6.51 6.5]1 6.47 6.35 6.38 6.39 6.44
30seq20comb 7.33 7.33 7.33 7.1 6.02 5.99 5.99 7.10 5.97
3Irg50sml 4.89 5.02 4.89 492 4.84 4.85 4.85 4.86 4.75
40mixedsize 8.59 7.54 7.56 7.59 7.58 7.94 7.98 7.47 7.53
4Irgdmed16sm 6.37 6.40 6.42 6.28| 6.37 6.25 6.17 6.23 6.35
4irgdmed4sml|  4.44 4.36 4.38 443 4.37 441 4.41 4.42 4.42
50mixedsize 9.68 9.52 9.54 9.49 9.59 9.50 10.56 9.57 9.60
5Irg35sml 5.99 5.96 6.62 6.04 5.93 6.26 6.01 5.97 6.10
60mixedsize 8.86 9.01 8.96 8.8 8.85 8.91 8.94 8.91 9.09
70sml 4.84 4.84 4.75 5.07 4.77 4.98 4.67 4.69 4.88
lotsaffs2 3.32 3.30 3.36 3.32 3.30 3.34 3.36 3.39 3.34
lotsaffs 2.41 2.21 2.17 219 2.14 2.22 2.22 2.23 2.22
Geomean 5.33 5.13 5.17 5.1 5.07 5.08 5.12 5.10 5.06
% Diff. 5.1 1.2 2.0 1.2 0.0 0.4 1.1 0.7 -0.1
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Table 4.9. Clock energy, routing energy, and critical-path delay vs. clocks per rit\ip).

Wi, C'chnﬁ;ergy % Diff Erf;‘?;gn(?] 3 | % it (Tncg‘) % Diff
6 1.74 0.8 2.25 128] 540 01
7 1.75 05 2.06 32| 540 01
8 1.76 0.0 2.08 45| 543 05
9 1.76 01 2.04 26| 539 01
10 1.76 0.0 1.99 00 | 540 | 00
11 1.76 0.1 2.01 08| 536 -06
12 1.75 0.2 2.04 26| 540 01
13 1.76 0.1 2.02 13| 539 02
14 1.75 01 1.99 02| 539 02

4.6.3Global Channel WidthWyopar)

In this section, we consider the impact of changing the numbera¥ wlives in the spine of the
regions Woca + Wyiona) ON area, power, and delay. Intuitively, a wider spine meems clocks
can be distributed within a given region, which makes placement dasgiéncreases the area
and power consumption of the clock network.

Figure 4.17 illustrates the clock network area WiMya. + Wyional IS Varied from 40 to 120,
keeping a 1:1 ratio betweeN s andWyqa (mMatching the baseline architecture in Table 4.1).
The graph shows that increasing number clock wires in the spinendossse the area the clock
network, but not as significantly as did increasing\WheandW;, parameters. Most of this area
increase comes from the increase in the number of spine-togibe(Rib) switches. The
number of switches between the clock sources and the spine (Padaicabhd Pad to Global)
also increases, but this area is negligible, and is not apparent in the figure.

Table 4.10 presents the average overall energy, routing energy, acal-pdath delay
when the number of global clock®/fqa) is varied between 0 and 40 clocks and the baseline

values are used for the remaining parameters.

Results wheWyqa is 0 and 4 are not shown since legal placements could not be found for
every circuit. This emphasizes the importance of providing enoughlgbtdizk network
resources. The table also shows that (as long as a legabrsaah be found) the number of
global clock network resources only has a small impact on thalbeaergy and critical-path
delay. Intuitively, the impact on overall energy is small simoest of the power dissipated by
the clock network is dissipated in the ribs and the logic blocks.
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Figure 4.17: Clock network area vS.Wgjoba + Wigcal-

Table 4.10. Energy and delay vs. global channel widtM{oba).

Wi En%‘r’ge;a('r'] 5 | %oif Efe‘;ggn(ﬂ 3 | %Dif (Tn°;t) % Diff

52 5.30 0.0 2.07 00 | 548 | 00

8 5.28 03 2.07 01| 554 07
12 5.26 0.6 2.05 10| 548 02
16 5.29 01 2.07 02| 547 01
20 5.28 0.2 2.06 03| 547 01
24 5.29 01 2.07 03| 548 00
28 5.29 0.2 2.06 03| 547 00
32 5.29 01 2.07 00| 548 00
36 5.29 01 2.07 00| 548 00
40 5.29 01 2.07 00| 548 00

4.6.4Number of Clock RegionsiX region, ny_region)

Finally, this section examines how the number of clock regidiestafpower, area, and delay.
As described in Section 4.3.2, we assume the FPGA is broken dowxinégion x ny_region
regions, each of which contains its own set of local clocks. A cletkork with many clock
regions is suitable for implementing applications with many ctimkains. In the best case, we
can map each domain of a user circuit to a single region dfRIGA. Intuitively, this would
save power because each clock would only be routed to logic blodka thie region that uses
it.
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Figure 4.18 shows a breakdown of the clock network when the number of djoahksrés
1, 4, 9, and 16 and the baseline values from Table 4.1 are used fomtirimg parameters.
The figure illustrates that the increasing the number of clodonegncreases the area fairly
significantly and that most of the area increase is due tm¢hease in the number of spine-to-
rib (Spine-Rib) switches.

7 4

OLB-LE

m RIB-LB

B Spine-Rib
5 | |mPad to Local
® Pad to Global
0O Repeaters

[o)]
1

Relative Area of the Clock Network (%)

1x1 2x2 3x3 4x4

Number of Clock Regions (nx_region x ny_region)

Figure 4.18: Clock network area vs. number of clock regions.
Note, however, that as we increase the number of regions antbtbeeduce their size,

the number of clock domains of the user circuit that are mappexhth region generally
decreases. In the case where each user clock can be plduadwe clock region, the number
of clocks required in each is inversely proportional to the numbergaing To examine this
effect, Figure 4.19 shows a breakdown of the clock network when the nundbeclofegions is

1, 4,9, and 16Moca IS 64, 16, 7, and 4Nyowa IS 16, and the baseline values from Table 4.1 are
used for the remaining parameters. Figure 4.19 shows thatehefathe clock network does
not increase significantly when the number of clock regions isaesetk as long as the number

of clocks in the spines is roughly inversely proportional to the number of clock regions.

114



OLB-LE
B RIB-LB
M Spine-Rib

W Pad to Local
B Pad to Global
O Repeaters

Relative Area of the Clock Network (%)

1x1 2x2 3x3 4x4
# Clock Regions

Figure 4.19: Clock network area vs. number of clock regions (with adjuste@/oca).

Finally, we consider how the number of clock regions affdetsaverall energy. Table
4.11 presents the overall energy for FPGAs with 1, 4, 9, and 16 clohsegAgain, the
baseline values from Table 4.1 are used for the remaining paramettuitively, increasing the
number of clock regions increases the amount of circuitry needed sccalhy implement the
local connections between the clock sources on the periphery of the #&PGehter of each
region. At the same time, however, increasing the number of Bgans decreases the size of

each region, which reduces the number of tracks used within the clock regions and ribs.

The table shows that increasing the number of clock regions sagttiff reduces overall
energy, with average savings of 12.1% when a clock network with 16 ragiased instead of
the baseline clock network, which has 4 regions. Moreover, the tablslreows that reducing
the number of clock regions from 4 to 1 increases overall energyd»n30% and makes finding
a legal placement more difficult, with 4 failed placements. dcheof these cases, the placer
failed to find a legal placement since the demand for rib traxckeased beyond the baseline

value.
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Table 4.11. Overall energy vs. the number of regionsX_region x ny_region).

Benchmark Energy (nJ)
1(1x1) | 4 (2x2) 9 (%3) 16 (&4)
10Irg 8.21 6.34 5.98 5.63
10Irg_reordered 8.42 6.46 6.15 5.76
15med 3.51 2.84 2.66 2.58
1irg40sml - 4.69 3.98 3.91
2Irg4med80sml - 11.8 10.2 9.51
30med 3.22 2.58 2.38 2.27
30mixedsize 8.06 6.47 5.97 5.79
30seq20comb 8.46 6.02 5.61 5.39
3lrg50sml - 4.84 4.38 5.24
40mixedsize 9.41 7.58 6.84 6.77
4Irgdmed16smi 8.02 6.37 5.78 5.58
4lrgdmed4sml 5.63 4.37 411 3.90
50mixedsize 12.6 9.59 8.59 8.29
5Irg35sml 7.69 5.93 5.62 5.24
60mixedsize - 8.85 8.02 7.82
6lrg60sml - 11.3 10.2 10.2
70s1423 - 10.7 9.46 9.30
70sml - 4,77 4.36 4.30
lotsaffs 457 3.30 2.97 2.79
lotsaffs2 3.03 2.14 1.96 1.87
Geomean (all circuits) - 5.70 5.23 5.01
% Diff - 0.0 -8.3 -12.1
Geomean (complete circuits) 6.40 4.92 4.55 4.35
% Diff -30.1 0.0 7.6 11.7

Table 4.12: Clock energy, routing energy, and critical-path delay vs. clocks per rilb\ip).

# Regions C'OC'(‘n'ig‘ergy % Diff Rou“rzg J')E”ergy % Diff [T o (nS)| % Diff
42x2) 2.07 0.0 217 00 | 550 | 00
9(3x3) 1.54 26 2.23 20| 544 11
16 (4 x 4) 1.36 35 219 10| 548  -04

4.7 Conclusions and Future Work
This chapter presented a new framework for describing FPGA dletvkorks, described new

clock-aware placement techniques, and examined how the FPGA closkrksetand the

constraints they impose on the CAD tools affect the overall power, area, and spe€aiAst
The framework, which can be used to describe a wide range of ERGIA networks, is

key in this research since it provides a basis for comparing new FPGA ctaakkseand clock-

aware CAD techniques. The challenge in creating such a frakevas to make it flexible
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enough to describe as many different "reasonable” clock netwdnkemtures as possible, and
yet be as concise as possible. In our model, we describe clock networks usmpaewneters.

After describing the framework, new clock-aware placement tqubasithat satisfy the
placement constraints imposed by the clock network were descr8maral useful clock-aware
placement techniques were found. Specifically, we found that dedudennealing can be used
to satisfy the placement constraints imposed by the clock refftmiegalize the placement).
Moreover, we found that the cost function used to minimize the usageéh@mefbre power) of
clock network is important. Specifically, we introduced a gradasi function which produced
implementations that are 5% more energy efficient than theskiped using a standard costing
approach. Finally, for FPGAs with local and global clock networbuees, we found that
using a dynamic approach to assign global resources to clesknmgroved the likelihood of
producing legal placements.

Using these clock-aware techniques, an empirical study was then pelforeeamine the
impact of the constraints imposed by the clock network. A numbenpdriant observations
were made. First, the clock network should be more flexible heaclock sources and less
flexible near the logic elements in order to minimize pow&he results showed that adding
flexibility near clock sources (near the pads) only sligitéyeases area and has little impact on
overall energy, but makes finding legal placements significantiore straightforward.
Moreover, adding flexibility near the logic elements signifitaincreases area, has little effect
on overall energy, and can have a negative impact on criticaldeddly. Another important
observation is that dividing FPGA clock networks into smalleroregionly slightly increases
area, but significantly reduces overall energy when implemeapptications with many clock
domains. On average, FPGAs that have clock networks with 2x2 clyicksedissipated 12.5%
more power that FPGAs that have clock networks with 4x4 clodemedor the benchmark

circuits in our study.
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Chapter 5

Conclusion

This chapter begins by summarizing the contributions made inhssst it then discusses how
the contributions relate to each other, and finally it points out &ia hmitations of each work

and proposes future work.

5.1 Summary and Contributions
This dissertation has made three contributions to the resea&lofalow-power FPGA design.

The first contribution addresses FPGA power estimation and thewextontributions address
FPGA power reduction. The contributions and key results made in éaghec of this
dissertation are summarized below and listed in Table 5.1 and Table 5.2, respectively.

Chapter 2 addresses power estimation for FPGAs. In partidudaidiesses the problem
of estimating the switching activities of the wires withiremasircuits that are implemented on
FPGAs. These activities are needed by detailed power nibdelgse the activities to calculate
total FPGA power dissipation and for power-aware FPGA CAD tagigsh minimize power by
implementing high-activity wires using more power-efficielt@GA resources. Therefore, the
accuracy of the activity estimates directly affects dbeuracy of the power estimates and the
savings that can be achieved by the power-aware CAD tools. (othtwehand, the activity
estimation also needs to be fast, so as not to burden the FP@#A tles/, and should be
vectorless, since input vectors are usually not available when user4siraveé being designed.
Thus the main challenge is to find vectorless activity estomatechniques with the right
balance between accuracy and speed in the context of the FPGAs.

To find the right balance between accuracy and speed, Chapter 2 Inggiosiparing a
number of existing activity estimation techniques to determine hwlaie most suitable.
Specifically, an empirical study is preformed to deterntioes the accuracy of the switching
activities affects (1) the accuracy of FPGA power models(2nthe power savings that can be
achieved by power-aware FPGA CAD tools. This is importanesitacour knowledge, it is the

first study that examines how accurate switching activiteedly need to be in the context of
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FPGAs. Based on this study, the techniques that produce the masttagpower estimates and
the greatest power savings in a reasonable amount of tinleeareombined into a new activity
estimation tool called ACE-2.0 which is shown to be significantbyefathan simulation-based
activity estimation and more accurate than existing academobability-based activities
estimation tools and current commercial FPGA tools.

The ACE-2.0 tool incorporates a number of new and existing probabdmsticimulation-
based techniques. The Lag-one model, described in [1], is used tcatealthdswitching
probabilities (which are needed before calculating switching activitfes)wires in all the
combinational parts and some of the sequential parts of the usat-cirlf a circuit has
sequential feedback (there is cycle in the sequential network), the syiprbipabilities in those
parts are pre-calculated (prior to the remaining parts) toplating automatically generated
pseudo-random input vectors (with activities matching those speciidatiebuser). This is
faster than full simulation since only part of the circuisiimulated and switching probabilities
are easier to simulate than switching activities. Oncthalbwitching probabilities are known,
the switching activities are then calculated using a novelrgkregion of the Lag-one model
which accounts for glitches caused by uneven arrival times. oByioing various techniques,
the new tool produces accurate activity values for all differgpes of circuits, including
sequential circuits with feedback loops. In commercial tools, shosly possible by performing
a full simulation which is significantly slower than probabilistic estiomat

ACE-2.0 incorporates two additional techniques to further speed up theagsti. The
first is an existing technique, described in [2], which involves plgritallapsing the logic (as
opposed to not collapsing or fully collapsing the logic) before paifay the switching
probability calculation. Fully collapsing the logic eliminatesculation error which occurs
when there is a logical correlation between different wifethe user-circuit. However, fully
collapsing logic also increases run-time exponentially witbudi size. By partially collapsing
the logic, most of the error caused by signal correlation catirbenated without exponentially
increasing run-time. The second speed up technique is a novel techriope imwolves
pruning the data structure that is used to represent the lbgiweouser-circuit during the
probability calculation. Both techniques significantly improve thees of the estimation with
little impact of the overall accuracy. Using activitieem ACE-2.0, power estimates and power
savings are both within 1% of results obtained using activities &iomlation. Moreover, the
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new tool is 69 and 7.2 times faster than simulation for combinatiomakaguential circuits,
respectively.

The second contribution of this thesis, which is described in Chapea new technique
which minimizes power by reducing the amount of unnecessary tgdgfiitching) that occurs
within the logic and routing resources of an FPGA. The technique irs/chailing
programmable delay elements throughout the programmable fabric ¢iPBA. After an
application has been placed and routed on the FPGA, these delay elameotsfigured to
align the arrival times at the input of each logic elemenhéRPGA to prevent glitches from
being generated (by uneven arrival times). The main challerigegplementing this technique
in commercial FPGAs are area and delay overhead, whichnanered by the added delay
circuitry; and process, voltage, and temperature variation, whigk algning the arrival times
more difficult.

A number of different implementations of the programmable delaytiosdgechnique are
considered to find an implementation with a low area and delay overhgpeécifically, the
study compares five different schemes which incorporate thg dielments in different parts of
the FPGA logic blocks. For each scheme, the number and flexifilibe programmable delay
elements is also varied to find the implementation with the high@ser savings and lowest
area/delay overhead. The study finds that connecting theapmogable delay elements to K-1
inputs of each K-input lookup tables produces the best results. Maoresusy delay elements
with gradually decreasing sizes on each lookup table reducewitirdidtle impact on the power
savings. On average, the proposed technique eliminates 87% of thenglitwhich reduces
overall FPGA power by 17%. The added circuitry increases thalb¥#GA area by 6% and
critical-path delay by less than 1%. Furthermore, the proposeditgie requires little or no
modifications to the existing FPGA routing architecture or CAQWwf{ since it is applied after
routing. This technique and variations of this technique are curregitlg levaluated by Xilinx
Inc. for possible use in future FPGA devices.

The third contribution of this thesis, which is described in Chaptes 4,study of low-
power FPGA clock networks. In general, clock distribution networkspditsia significant
amount of power since they toggle every clock cycle. Thispsaglly important in FPGA

clock networks, which require added circuitry to make themiflexenough to implement the

! Jason Anderson, Xilinx Inc, private communicatidaly 2007.
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clocks of arbitrary user-circuits. In addition to the power dissibay the clock network itself,
clock networks also affect the overall power consumption since tiggse constraints on how
the logic elements of the user circuit can be arranged whbifrPGA. If the clock network is
not flexible enough, this can lead to an inefficient implementation.

The FPGA clock network study has three phases. First, a nemg@arized framework
for defining the architecture of programmable clock networks iscrdeed. This
parameterization is essential for describing and comparing FR@A clock networks. The
challenge in creating such a framework is to make it blexenough to describe as many
different "reasonable” clock network architectures as possible,erizbyas concise as possible.
In our model, we describe a clock network using 7 parameters.

In the second phase, new clock-aware placement techniques tha satistraints
imposed by the underlying FPGA clock network and reduce power byniming the usage of
clock network resources are described. Specifically, the pBEement tool [3] is enhanced by
adding (1) a new term to the cost function that accounts for cloalorieisage (2) a new initial
placement routine that uses simulated annealing (considering oml ofage in the cost
function) to find a legal placement and (3) a new resource assignrautine that decides
whether user clocks use local or global clock network resources. diffgrent techniques are
considered for each of these three enhancements. To comparehthigues, eight different
clock-aware placers (one for each possible combination) are irapteth The results show that
the techniques used to produce a legal placement can have aangnifiience on power and
delay. On average, circuits placed using the most effectivitpes dissipate 5.1% less
energy and are as fast as circuits placed using the or\gitfalplacer which does not produce
legal placements. Specifically, the study found that simulateealing can be used to satisfy
the placement constraints imposed by the clock network (to ledghézglacement). Moreover,
the study found that the cost function used to minimize the usageh@edbre power) of clock
network is important. In particular, the gradual cost function produsptementations that are
more energy efficient than those produced using a standard costing cipprBanally, for
FPGAs with local and global clock network resources, the reshtiw/ that using a dynamic
approach to assign global resources to clock nets improved thibddae of producing legal

placements.
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Finally, the third phase is an empirical study that examthesaffect of changing the
flexibility at various levels of programmable clock networks on powesa, and delay. The
study shows that FPGAs with an efficient clock network dissip@geificantly less power than
other FPGAs. The results show that clock networks should have mxtalitienear the clock
sources (on the periphery) and less flexibility near the lelgiments in order to minimize power
and area. Moreover, the results show that adding flexibility oleak sources only slightly
increases area and has little affect on overall energy, butsnfaiding legal placements
significantly more straightforward. Furthermore, adding fiéxy near the logic elements
significantly increases area, increases overall energycamdven have a negative impact on
critical-path delay. Another important observation is that dividiR@A clock networks into
smaller regions only slightly increases area, but significargduces overall energy when
implementing applications with many clock domains. On averag&ABRhat have clock
networks with 2x2 clock regions dissipated 9.4% more power than FPiaAshave clock
networks with 4x4 clock regions for the benchmark circuits in our study.

Table 5.1: Breakdown of the three contributions.
Research Area Contributions

Activity Estimation - first study to examine how accurate switching activities need
to be in the context of FPGAs

- combine probabilistic and simulation-based techniques tag
handle different circuit types

- new generalization of the Lag-one model to account for
glitching

- new BDD pruning technique

- new vectorless activity estimation tool called ACE-2.0

Glitch Minimization - new glitch minimization technique for FPGAs

- examined 5 different programmable delay insertion schemes
to minimized area/delay overhead

- proposed techniques to cope with process variation

Clock Distribution - new parameterized framework of FPGA clock networks
Networks - first academic clock-aware placement tool
- clock network architecture study
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Table 5.2: Summary of the key results.

Research Area Key Results
Activity Estimation - the Lag-one model can be generalized to model glitching
- BDD pruning speeds up activity estimation with little affect on
accuracy

- power model estimates and power-aware CAD savings are both
within 1% compared to simulation

- 69X and 7.2X speedup vs. simulation

Glitch Minimization - programmable delay elements can be used to remove most of|the

glitching in FPGAs
- reduced glitching by 87%

- reduced power by 17% with an area overhead 6% and less than 1%
speed overhead

Clock Distribution Networks | _ clock-aware placement techniques can have a significant impact on
overall power (5.1% savings compared to baseline VPR)

- simulated annealing can be used to legalize a placement with clock
network constraints

- assigning clock network resources dynamically improves the
chances of finding a legal placement

- clock networks should be more flexible near the sources and less
flexible hear the flip-flops to reduce power

- dividing clock networks with a rib-and-spine topology into smaller
regions significantly reduces overall power (in our study, clock
architectures with 16 regions are 11.7% more efficient than 4
regions)

5.2 Relationship between Contributions
Each of the contributions that have been described in this thesiatedréo reducing power

consumption in FPGAs. This section discusses the relationship thist lestween some of the
contributions.

First, consider the relationship between switching activitymedion, described in
Chapter 2, and glitch minimization, described in Chapter 3. Glitclsirniimportant part of
switching activity and one of the main challenges in activityregion is accurately modeling
glitching. In Chapter 2, glitching is modeled using a generalizalf the Lag-one model, which
uses circuit delay information to determine the likelihood thathgs will be generated by
uneven arrival times. This is directly related to the technigsed in Chapter 3, which
minimizes glitching by inserting delays to align the arritradles. Using ACE-2.0, the glitch
minimization effect of aligning the arrival times is cagilrwhich is not true of earlier activity

estimation tools.
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Second, consider the relationship between switching activity astimand the clock
network study, described in Chapter 4. Activity estimation techniquesnot required for
clocks since the clocks simply toggle twice every cycle @mtbey are turned off) and the clock
frequency is defined by the designer and the critical-path delay of theadjgplic

Finally, consider the relationship between the glitch mininomatechnique and the
clock network study. The glitch minimization technique reduces thempdissipated within the
general purpose logic and routing resources of the FPGA but ¢ nlote affect the power
dissipated within the clock network resources, which do not have iglitchHowever, the
flexibility of the clock network can affect how efficiently the remainiagic and interconnect of
the application can be implemented. The impact that the clock rkehaeron the efficiency of
the remaining circuitry becomes less significant when th&hking activities of the application
are reduced (using glitch minimization) since less power isipdiked within these other
resources. However, this point is subtle and would not need to be cedsideen designing
FPGA clock networks.

5.3 Limitations and Future Work
This section points out the main limitations of the work describet@lisnthesis and proposes

future work to address these limitations. These limitations andatiesponding future work
are summarized in Table 5.3.

The FPGA activity estimation work described in Chapter 2 has tiwtable limitations
that merit further attention. The first limitation is thaput data correlation is not considered in
the study. In the first part of the work, which involves an empistaly to compare existing
activity estimation techniques to find which are most suitable FBGA CAD tools, the
experimental framework employs pseudo-random input vectors rderreal input vectors.
The pseudo-random input vectors are neither spatially nor tempoacatiglated. Real input
vectors, however, can be correlated and this correlation affedthisg activities within the
application. Moreover, the new FPGA activity estimation tool desdrin the second part does
not incorporate techniques to model the effect of correlated inptdrsg@lthough correlation
within the circuit is modeled). Therefore, to improve the ove@ueacy of the tools and the
validity of the results, the effect of correlated inputs vestawuld be modeled as in [5] and

realistic input vectors should be used to validate the estimated activities.
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The second limitation of the work described in Chapter 2 is that it does not asiditess-
level issues that can affect switching activities. Sydwamal applications consist of many
subcomponents which perform different tasks; during the operation of #pdations,
subcomponents are often idle as they wait for information fronr gtifecomponents or for an
external request. To model this system-level behavior, the gcggiimation tool should
support circuit hierarchy and allow the user to specify the pemgenof time that each
subcomponent is active (not idle). Although straight-forward, thie bfpsystem-level support
would significantly improve the accuracy of power estimates lémge applications with
potentially idle subcomponents.

Finally, the third limitation of the activity estimation studythe use of software-based
power modeling instead of physical power measurements. The poos! used in the study
uses FPGA architecture and circuit assumptions from the VPR ©8ID These assumptions
have been used in many academic studies and, in most casegrasenttive enough of
current FPGAs to draw conclusions regarding new architecturesAbr t€chniques. For
switching activity estimation, however, the circuit-level assuomgti may have a more
significant impact. Specifically, the switch patterns, bufeaing, and process technology
within a device have a direct impact on the amount of glitchingishgenerated (by uneven
arrival times) and the amount of glitching that is filtered th& (by the resistance and
capacitance of the routing resources). These effects auldith capture in simulation. Thus,
to further validate ACE-2.0, the next step in this research would fmeasure power directly by
taking physical measurements of the device and comparing these to the ponagessti

The FPGA glitch minimization technique described in Chapter 3 hasnain limitations.
The technique, which involves adding programmable delay elements WRIGAS to eliminate
glitching by aligning arrival times, is susceptible to precesltage, and temperature (PVT)
variation and has not been validated in hardware. PVT variationaffant the delay
characteristics of the programmable circuitry and the proposey dieiments within the FPGA.
This delay variation makes it more difficult to align arriviedeés within the application and can
cause timing violations if proper measures are not taken to enswaeéddeé delays are not larger
than expected. CAD-level techniques for dealing with local and lglewa variation are
described in Chapter 3; however, these techniques are costly sxdépower savings. As an
alternative, there are likely circuit-level techniques whicaynprovide a better solution for
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dealing with variation. Ideally, the delay elements would becsdilbrating. In other words,
each delay element would align itself with the arrival tohéhe latest input signal on that LUT.
Although a self-calibrating delay element would likely be lathan the delay element proposed
in this thesis, the additional area could be amortized over thenldtdsi of each LUT by using
the latching technique described above. A number of other circeitdeghniques are likely
possible.

The second limitation of the glitch elimination study is that gbaer savings have not
been validated in hardware. As in Chapter 2, the VPR-based powel frmde[l] and
activities estimated using gate-level simulation are usesktimmate the power savings of the
proposed technique. This model is very detailed and has been used in nesrl§P@A studies;
however, the amount of power dissipated by glitches depends stronglye ocircuit-level
implementation of the logic and routing resources within a deviderefore, the next step in
this research is to measure power saving directly by takingiggiyneasurements of a hardware
implementation. Although a fabricating a complete FPGA with prograble delay elements is
not feasible in an academic context, a proof a concept approachibbtes implementing
sample programmable logic and routing resources with and withagrgonmable delay
elements on silicon would be feasible and adequate for validating this technique.

Finally, the main limitation of the FPGA clock network studwatéed in Chapter 5 is
that it does not consider how embedded components such as memorieshanetiariogic
affects the clock network. As an example, memory blocks areatiyppiembedded in rows or
columns amid the programmable logic blocks of the FPGA. Duiagement, the algorithm
must keep track of these locations and ensure that logic blocksoanglaced in memory
locations and vice versa. Like the clock network constraintsrtiieedded memory constraints
would likely also have an impact on the overall efficiencyh&f implementation. Moreover,
when these features are combined, the constraints they impose Weljdrteract and make
finding a legal and efficient placement even more challengimbus, the next step in this
research is to incorporate our clock-aware framework and Célihigues with new place-and-

route techniques that support these other modern FPGA features and constraints.
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Table 5.3: Summary of Limitations and Future Work

Research Area

Limitations

Future Work

Activity Estimation

- ACE-2.0 does not model correlated
primary input vectors

- assumes input vectors with pseudo-
random switching activities

- does not support system-level
behavior of applications (with
subcomponents that can be idle)

- obtain realistic input vectors

- incorporate correlation technique
from [5] for primary inputs

- add system-level support to ACE

2.0 that allow user to specify idle
time

Glitch Minimization

- process variation coping techniques
reduces power savings

- power savings have not been
physically measured on an FPGA

- new circuit-level techniques for
circuit elements

- implement sample FPGA circuit
with delay elements on silicon an
physically measure power saving

n o

Clock Distribution
Networks

- clock-aware placement techniques d
not consider constraints imposed by
other FPGA components such as

memory and arithmetic logic

0- incorporate clock-aware
framework and CAD technique
with new place-and-route tool tha
considers embedded component

—

[72)
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Appendix A

Benchmark Circuits with Multiple Clock Domains

Benchmark circuits with multiple clock domains are used in the rezapclock network study
described in Chapter 5. Existing academic benchmark circuitsatigphave only one clock
domain since developing large system-level circuits is labensite and commercial vendors
are reluctant to release their intellectual property. Aslation, we combine a number of single
domain benchmark circuits to form larger multi-domain circuits. cdonect the circuits, we
begin by determining how many external pins the meta-cistwitild have using Rent’s rule [1].
Rent’s rule relates the number of pifg)(to the number of gateslf) in a logic design using the
following expression:
Np = Npj +Npo = K, IN§
wherefis the Rent’s constant aiq is a proportionality constant. The values of the two
constants vary for different circuit typess is lower for circuits with pin counts that do not
increase quickly when the size of the circuit increases, sustatass memory.K, is lower for
circuits with fewer pins in general. In [1], an empirical stéolynd thats varies between 0.12
and 0.63, and, varies between 0.82 and 6 for chip-level designs. For circuitgimgpited on
gate arrayspg was 0.5 andk, was 1.9. These are the values used in this chapter.
The number of primary inputdg) and primary outputdNpo) of the meta-circuit are then
determined from the following constraints:
1. There must be at least one sink for each source.
Ni + Npo > No + Npy
Ni + Npo> No + (Np - Npo)
Npo > [ (No - N + Np) / 2]
2. The number of primary inputs cannot be greater than the number of input IP Mjputs (
Np < N
(Np - Npo) <N,
Npo > Np - N,
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3. The number of primary inputs must be greater than zero.
N >0
Np - Npo >0
Npo <Np
Therefore,
MAX( [ (No-N, +Np) /2], Np - N, ) < Npo < Np

This expression bounds the number of primary outputs. The lower boundnsddbfi
constraint 1 and 2, and the upper bound is defined by constraint 3. Asshenlogiér bound is
smaller than the upper bound, a valid solution is to choose the middle beh&ge/o bounds as

shown below.

Neo = ( MAX([ (No-N; +Np) /2] ,Np-N; ) +Np) / 2
N =Np - (MAX([(No-N, +Np) /2] ,Np-N, ) +Np) / 2

After determiningNp, andNpo, all the sinks and sources of the meta-circuit are listed in
arrays as illustrated below.

Primary Inputs IP, Outputs 1P, Outputs IP, Outputs

Sources | [T - [ -] = = <« [ ---1]

sinks | « .. .« | e o e | .« |

~
IP, Inputs IP, Inputs IP, Inputs Primary Outputs

Figure A.1: Stitch connection scheme.
Finally, each sink is assigned a source using the algorithm inreFigL2. Two

synchronizing flip-flops are inserted between connections from fputsuto IP inputs since the
IP cores use different clocks.

=0

for (i=0;i=N;+ Npg; i++) {
sink = sinks[i];
source = sources[j % (No + Np))J;
connections{sink} = source;

Figure A.2: Pseudo-code of benchmark circuit stitching algorithm.
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The above technique was used to combine MCNC benchmarks into larggiarclock
domain benchmark circuits. Table A.l summarizes the attributeaatf benchmark circuit used
in this thesis. Column 2 specifies the total number of LUT& é@nchmark circuit; columns 3
to 5 specify the number of flip-flops in the sub-circuits, betweerstitecircuits, and in total,
respectively; columns 6 and 7 specify the number of primary inpute isub-circuits and in the
benchmark circuit, respectively; and columns 8 and 9 specify the numpamairy outputs in
the sub-circuits and in the benchmark circuit, respectivelylistfof the specific sub-circuits

used in each benchmark circuit is available on the internet (see Appendix Blfpr UR

Table A.1. Benchmark Circuit Attributes.

Benchmark # FFs # Pls # POs
Circuit #LUTs Sub- |\ erface | Total Sub- | e iermnal | SUPT | External
circuit circuit circuit

10Irg 14320 3316 1464 4780 831 101 88V 158
10Irg_reordered 14320 3316 1464 4780 831 101 887 8 15
15med 5710 1367 994 2361 587 91 568 90
1lrg40sml 9452 2317 862 3179 569 138 55p 138
2Irg4med80sml 15289 3403 5716 9119 3059 245 1704 4 17
30med 5210 492 1382 1874 795 112 59p 92
30mixedsize 12537 1343 2056 3399 1163 15( 993 133
30seq20comb 16399 1342 1642 2984 992 191 8p3 165
3lrg50sml 10574 2861 1572 4433 925 156 o904 15%
40mixedsize 12966 2758 1820 4578 1071 161 941 146
4lrg4med16sml 11139 3278 1748 502b 1000 126 1006 3 13
4lrgdmed4sml 8873 2598 1270 3868 739 107 721 10b
50mixedsize 16477 3685 1996 568 11747 179 1155 177
5Irg35sml 11397 2222 1424 3644 771 60 940 231
60mixedsize 15246 1731 3486 521y 19Q0 198 1479 168
6lrg60sml 15838 3673 4364 8037 238B 218 1554 165
70s1423 13440 5180 2128 7308 1260 251 420 124
70sml 9301 1134 1264 2398 801 170 73b 164
lotsaffs 7712 3123 632 3755 367 51 47y 162
lotsaffs2 9309 3609 958 4567 597 118 616 138
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Appendix B

Instructions for Downloading Source Code

Table B.1 provides the URL for downloading source code and otheralegeals presented in

this thesis. Each tool has a website where the tool can be dowhlosig a standard web

browser.
Table B.1. Downloading location of research tools.
Research Tool Location
ACE-2.0 Activity Estimator http://www.ece.ubc.ca/~julienl/aitihhtm
Multiple Clock Domain Benchmark Circuits http://www.ece.ubc.caleflbenchmark.htm
Clock-Aware VPR Placer http://www.ece.ubc.ca/~julienl/clock.htm
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