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Algorithm 1 Sensitivity-based approximate synthesis flow.

I: Classify adders according to AS
2: AP;+ 0, wherei=1, ... .FAS.

3: while SFp.y; > 0 do
4. fori:=1to FAS do
5.

; AP+ AP, + 1
6: Synthesis {newAPy, newAPy, ..., newAPpas |
T Calculate delay;
8: Gate level simulation
9: Calculate accuracy;
10: Power analysis
11: Calculate power;
12 Calculate SF;
13: Recover design AP; «+— AP; — |
14:  end for

15:  SFpesy = max(SF1,SF, ...,S5FFas)

16:  if SFp.y > 0 then
15 Select {AP1, AP, ...,APras | pest
18: end if

19: end while
20: Return {AP|.AP>.....APpss)

F7HA1 AWE 5t ® 4= g9 HEOQY, A, 18a 2E9ES 747 15, 12, 18 28 E ot A

FEL Section 2-1 oAl FAS = 302 A7¥gwl CSE dug)Eo =Ry A8 AS 105, 831, 621, 8150]t),

Magger7F 6 ©]3L N 7} 28 BIEg L 7HAAS o], APES 7}s3 239 7les deF 6.14x1021. 7]&9] FIR 2

B o] APAIMY] 7hsdt 232 o] oA Bu o 47 4 Bk RE 23S FohlE AL A7 2 2]
=)

ola t] & AAY A5 B/
e TAE sEsty] g8k, Fe MRS siv. A wAlE, JRbe ibrle] A el wisithe
Aotk F WA, 7FA719] dlole AA|l =2 AZF(Actual arrival time)o] &2 ASE 717 & gE 7]
o] 2R} vizsithE slojvh. aYBRRE § ARAAT APE v A2 ot APE FAlY v e A Hu
g wdHolt}, Jbsd 23e] A4 FAS o BEETE. FIR BE Q] FASTF Mge® 72 B B4 Hrps S
e, AFEoF & 2Fo e AAS] Fole o] 7hsdlth. FAS & 30|il N& 28 HIEZE A& 7MY
3 oo, APS] 7heek 23] Jig 2.28%X1013 o|th. AR A EES wot, APE HEF N ®F Wt fom 2
ar

A A wBe we RS (o] Ae 470ub)oltt. o=, BE shsd 23 6.14x1021 BT o gelHol
ol t}.

Z O

G F2 AtE ZAF 3 EESY BAE TS, 1 FESE HA AT a7 HE A s VRIS,
accuracyy,®Zth ¥2) AN AAIE Zeth 3 RA 9AR, VSR AV FRHEI BE ouEe] 1Ee
AS(Line2)°l ulgl EFwch. i3 ASe] 2E APE2 0 (Line2) &2 Algo] Ht}l, I tS, sf|d ASollA APE2
< Ygth(Lines). vl WP 2 MAAE 9 E T AAGe A Aol AtEY (Line 6-7). #3E AAE A&
ste, W AYgAAS ALyl 98 AlolE #ld AlEwolAn AR AF Aol AdErt (Lines 8-11).
Slack ¥ A& o] &3t W8 A (SF)7F ALtET (Line 12). Ao® k8 sy 5344 29 ).

|

1:0

o 2
ACCUracy—accuracy i B TR S G CT T s
- - . 38 Yimin
SF = delay (2)

0 .else

oA714q s 34 12 gojdnt. AtE SF & SF 550 Frhdd. vhgo] Alvke,

__%
of
1
[kl
lo
b
N
ey
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[0071]
[0072]
[0073]

[0074]

[0075]

[0076]

o7 FoRth(Line 13). ®beF BE T FZolA vl SF Alite] SF EFolA duHw, 7B w2 SFE 7R
AA7E Aol "t (Line 15). A9 AA=

o ET‘QJ =7
= L 1= R az .
rRoj L] 2 01‘35, EESE o FXo Vs HETHOE REgstal Foldtt. Aljtd Y EER¢E = 40
WHo HYH & dyA &8 TR A A7F A, S HAge] EAA

Delay [ps] | Power [uW] [ Energy [{]]

Baseline 1199 2796 3352

Flow result 1076 1687 1815

Min. Energy design 1198 1379 1652
Improvement [%]

Delay Power Energy

Flow result 10.3 39.7 44.7

Min. Energy design 0.0 50.7 50.7

Table 2: Approximation results in 25-tap filter with FAS = 4.

Delay [ps] | Power [uW] [ Energy [{]]

Baseline 1988 10.7 213

Flow result 1876 8.9 16.7

Min. Energy design 1983 8.2 16.3
Improvement | %]

Delay Power Energy

Flow result 5.6 16.8 21.6

Min. Energy design 0.0 23.3 23.5

LEE

AotEl A A ZESE AMESHe] FIR ZEE Fdsddh. Z157F 105,831,621,815 <1 4719 A& 7H7
FIR 281& 43, = 2& AldE FIR ZE9 725 HoFErh. o] AfdA, A HE Hol&= 122 43
Ak, 7P 2 Ag+ 471 ¥ FIR oA 8310]7] wiitol, 12H]Ex SPTOllA 471 AlFE w37l
%—E—éﬁi} A3 99 HIE M 747 15 HES 28U ER Atk kS flste] 28H|E 73T Eol
vl e F=o47 AGFELS old &E CSE 2 LﬂZoﬂ wet 6719] ZHtabrl = T, 72 Al
9] ASL B}Eﬂr 15, 1299] ASE 1o]al 105,8319] A4+ 2 olgt. &4 Z299 ZF W& A, 22 ASE 7R
HEY A% wjdo] sy wpATh, ¥y AA ({1,0,0}, {0,1,0}, {0,0,1H)e FAH mgdr}. 7 =
< SFE 71K {0,0,1te] AEEHI b3 WHEo] 27|32 AEEn. 2 W ¥kE o, HF &4 {11,16,1
417F ©th. &5(a), (b)), ()& AME FAH ZE255 AHEste] 7dE vARle] d¥a=me 45 a8 8%
=8 RAFEr. A4S HELS 747t /Y APE BT AFSH RAAFoZH doj, ik JES
AL FA 2299 dHEe] AxE vehdth, 3FeF ¥R accuracyy, B WS AIEE U =Y
TS ATy, = 5(a)°ﬂ’\1 HojFZol, At 4 E29+ At AdS ez &Y 4 . Ad
7F, AlbE F 2SS e oRE AYd oy AnE

T:

e duA 28&s dojli= Aol Wi, 94 ==

3 a8, 7z AA CduA 2RlE 2dekA] o

2ol Adks AdYe = v, = 5(a) ©lA, EDASl & =<QHEA

T W ARG ot We Adat dE 2vlE wBlv v, o
M

=
o)

E 1S A B4 BRSO 295 eopdTh Jlvel 10.3% MR T AH2ut &) FIR B AAnc
30.76 Fa@T, AUAE Ads Ag Fahel AWA. QNG AUA AvE 44076 FaP. IS o

O

-3
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[0080]

[0081]

[0082]

[0083]

[0084]

[0085]

[0086]
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Zol7] $l3te], ARHAIFS wFda Ado] sz MART o HES HA oux AAES k). o
Hor, oUx] A&RE 50.7% 7HA] Y F Ark. AdE FAEEFE o] &3ste] FIR HE AAsk= 84
o] Alzko] 28T,

ME et

ZA A Z29E A4=7}1-2423, -113,1564,762,-1816,-1517, 2276, 3140, -2434 , -
6205,2726, 20680, 30093, 20680, 2726, —6205,-2434,3140, 2276 ,-1517,-1816, 762, 1564,-113,-2423<1 257} ¥ FIR
defol] g3ttt Zye B 20 BT, AG7E 257090 Ao, AH3 ol 2M7F Zh7F 23.3%, 23.5%
7HA AekEe] Zls el 5.6% i E . 2571 Al4e9] FIR BHE F43hs vl 40720 ~8dH.

i1
) Delay Power Energy
FIR Filter | Tap FAS -
[ns]  [mW]  [p]]

[21] 15 3 0.98 5.68 3:5

[22] 15 4 E27 4.06 5.1

[23] 28 4 1.15 11.6 134

[24] 34 3 1.17 13.4 157

[25] 49 3 1.20 18.4 22.1

Table 4: Following the proposed synthesis flow
Energy
. Accuracy Delay Power Energy ;
FIR Filter Reduction
[%] [ns]  [mW] [p]
[%e]

[21] 97.83 0.93 4.34 4.06 26.9
[22] 95.32 1.14 3.17 3.62 29.5
[23] 96.03 1.15 8.13 9.34 30.1
[24] 95.66 1.15 8.34 9.59 38.9
[25] 95.19 .12 13.60 15.27 30.8

HHES FHa] sk, A A E2E29-E /9 vhE FIR ¥HE (21-25)°] A &g}, FIR ZH 9| A
EAo] &= 3o QokEojzlt}y. FIR FE]Y 7|z AAld g AA, dg, 283 oux] HHRE % 39
fokgnt. FIR HHE AME J4 E2FE AM&ste] A= E v, Y, A, £9 9o HEWEE 747 8,
16, 28l 24 ot} A EZ59 Aie = 4o vt Y FErt 95v%AIH Hrh o Evh. FIR EH
o] oA AHE= Wit 38.9% 18] 31.2% 7HA] EolETH

g A &8t EYiE EH o|5o% vt 1t FIR TEVF Mg oR A&

LEol502 UFolzrl, & 7(a)E 9 oluXela, = 7(b)E 7|1% FIR HE 3u|3t
oltk. = 7(c) AME FIR HHE ouA & A3 EFolth. A 94 &9 d& F
PSNR (&&t 2l5&, Ho Ay Fen))o] A&zt PSNRE th9] +3H2] 302

T

o€t}
T 3
2557
PSNR =10 x log(——) 3)
Shoise
Onoise o % 7(b) sk ke RE AbololAel Aolel WsE melETh. o2 YFEE 712 FIR BElHo] wo
AYAT. JUET} FOIEFF ouAE ofFH Ak ol At ofrist old EUE 2AA AR A} of
b Azhel 3he 4se Astuct o Wl wEY] dEelth. AL et A% Fkethd Agke vholuz gt

o] & AHolx 3}k Ao & tePITE. 46.3dB PSNRE 30.8%2] oy x] Heks dojd 4 9l

- Ag
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[0088]
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AA 2l Astetr] fatel 2AF AE FIR FHE #4883t FIR = MAC 725 74, 5471
AZE e AR TR IR diAldn. 2ARE flsted, 2AF TRk o) ARert 2dvEe sk /R R
o Wgto] 7badt AL THRVIE AlkRT. AT, 24 dld S-S flste] HA e wids stohllr] flste] A
22 A ERSE AT e, oY 4 2295 AREste] 10.3%9] e 3 50. 7% HH

3} oA Aok o

B EH2 =de mAE AAdE Faz dYEHdoy o= dAlAl Aol BdsiH, 2 Ve #oke T4
AAg A1 A ol2RE tekd WE W FE o ANd} st 4 olsld Aotk weA,
2] A 71EA BE e HEE SR v1EH ARGl osto]l AajAof & Zloltk
=9
EH]
Multiplier Block
X [N-1:0] e
Y [N-1:0]
i Approximate Computing
Approximate Multiplier Block
X [N-1:6] i
Y [N-1:0]

@ Accurate Adder @ Approximate Adder | @ Approximate Adder 2

_14_



k1
:

10-1878400

s==4

£ adder &

Adder stepof|
{AP{ AP, - APpas}

{

2 E addere| ZALHIE =&

ooz x7|3t
e stepol| U= . A stepoll A=
adderg2| ZA} . adderg2| ZA}
HESE 1 ZSIAME ° HESE {1 ZSIHAE
gME S5 sMHE 55t
= SE Fabg gel = SE Fabs gel
AlgdlolME &3t AlgelolM S &35t
Mtz stol Hatg stol
A E 4= B 5lof . T AHH| E 4= i 5tof
CHSH ol 2 A A : CHSH oI Zb s A A
BIZE7h 7ba 2 ol xbel 8| @ 5hod
7t& 2 A2 cts iteration2l
E7| ez XA

=Tt o= 2217
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10-1878400

k1
N2
[N\

Adder steplf] [ E adder EF
(AP APy AP}

l

E mdder2] 2 AU E =& ‘

02 0I5

HDEE F0je A s 2|3 S5 T4 AL
Yz AFHM e AR BT AR

0
UBE IS 82
[{EERT

23 B Fhp A x HD B3 F0h A4 23 B Faps A
HaE g0 Y HYEARO1H e Ao

THEI MO AR Y
HE Ciape M

k1
N2
N
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SUM [V-I]

SUM 4P|
SUM [4P-1]

. Aceurate Part

suMg] D Approximate Part

J

Buw [V-4:0] A [N-£:0]

(a)
ATAP-11, Byuu[AP-1] AAP-2], By [4P-2] ATO], By [0]
J_—i Carry Generator ‘ - Carry Generator ‘ -p - Carry Generator ‘
[ I -
f Sum Generator ‘ = Sum Generator ‘ -p - == Sum Generator ‘
SUM [AF-1] SUM [47-2] SUM [0]
(b)
Ak B Alk] BIE I'bl

Sum
Generator

Carry
Generator

ciy L o ]
L S

SUM [#]

C et
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E96
12504 Baseline Design *  Exhaustive search
: . 4 *  Proposed flow
1200 4%
— o *
Py .
& s
~ 10 )
|
3 F e
= : * "
i Qi :
1044 g .
¥ s i ! *=—— Final Goal
1050
T T T T T T 1
1] 1 2 3 4 5 6 7
Error (%)

3.0

Power (mW)

Baseline Design

(a)

Exhaustive search
Proposed flow

Energy (pJ)

Baseline Design

3 4
Error (%)

(b)

Exhaustive search
Proposed flow

»=—— Final Goal

3 4
Error (%)
(c)
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Original Baseline design
(a) (b)

Proposed 89.2% Accuracy
PSNR = 46.3 PSNR = 40.6
30.0% Energy reduced 36.9% Energy reduced
(c) (d)

65.4% Accuracy 45.6% Accuracy
PSNR = 14.7 PSNR = =9.5
45.7% Energy reduced 48.8% Energy reduced
(d) (e)
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