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Clock Tree Synthesis Associated with Adjustable Delay Buffers for Load Balancing and
Skew Minimization in Multiple Dynamic Supply Voltages (11)
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Abstract--- Power consumption is known to be a crucial issue in current nanometer-based chip designs. To tackle
this problem, multiple dynamic supply voltage (MDSV) designs are proposed as an efficient solution in modern
chip designs. However, the increasing variability of clock skew during the switching of power modes leads to an
increase in the complication of clock skew reduction in MDSV designs. In this project, we propose a tunable clock
tree structure with considering loading balance by adopting the adjustable delay buffers (ADBs). The ADBs can be
used to produce additional delays, hence the clock latencies and skew become tunable in a clock tree. Importing a
buffered clock tree, the ADBs with delay value assignments are inserted to reduce clock skew in MDSV designs. An
efficient algorithm of ADB insertion for the minimization of clock skew, area, and runtime in MDSV designs has
been presented. Comparing with the state-of-the-art algorithm, experimental results show maximum 42% area
overhead improvement and 117x runtime speedup. Finally, we applied the integer linear programming to the above
problem to evaluate our approach. The simulated results approve that our approach can get the optimal solution.

Keywords: power consumption, clock tree synthesis, clock skew, multiple dynamic supply voltage, adjustable delay
buffer, integer linear programming.
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1. Delay_Assignment(all partitions)

2 AP= earliestAT(ADB,,,)

3 for each child ADB;of ADB,,,, do
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(minimum spanning tree, MST) £ 77 A8 e s R BE B aEC) 1o 5 7 R P BB L TR 2 Feonid R
BpE A Z R 0 A ad B (Clustering) > 2 4 5 AR RE R KB (Iocal -leveled clustering) 22 » & 15 & ¥ B
(global-leveled clustering) - # & L1 7T A F M A F BTRE - B F PG U e bR FRS2LE
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A f T gl apErig e 2 (Load-balanced sink clustering)

ORI SRR | T G PR R T R A et i
BoooARfiz A -ﬁsa&ﬁ(MST)w KA TG AR R RGP ME o RmF 0 S TR ERETR
2 e B pE B oL B A -E B (clustering) 2 A G & FE & B (local-leveled clustering) €2 2 3
F& & # % (global-leveled clustering) - &%  *341] 7 3% f m;palf] FEBTRE ABEIRG U KRR
=218 o iHu PER «w,‘,hvﬁqu BT fﬁg,. 3 gi\i’f;ﬁﬁ AR PERRVE SRSl F ¥ T ce R o B
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FEOEME R > 7 MST AT 3 chdEME R § MONR R ANMERE R o T A PR BT F LA DT
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Buffers Level 0

Level 1

Level 2

Level 3
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Bl 10 i erde e B 02 > IF B d oA T e NEFREBERE(R 2 (7)) B A B ReD
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Algorithm: Top-Down ADB Insertion and Delay Value Assignments
Input: A buffered clock tree
Output: The buffered clock tree with ADB insertion

1{

2 for each clock tree node (top-down order) do
3 { if(Lg > Ly) then

4 { Insert ADB;

5 ADBg = Lg—Ly;

6 }

7 if (Lgt = L|t) then

8 { Keep original buffer;
9 }

10 }

11%

B 10 d + & T 4~ ADB i iﬂ,«wﬂfﬂ%ﬁ“i,ﬁ'wé

B 11(a)fr(b)dg = 1 & Bix & 2 mm]—f» o _Levelld Fa THrpr 2 {80 BRI AR B S Wt R
B(ls 10 BE = > 2 2 530 28 pEoiieng < 2 B (Ly) 11 B E (doh A7) o #rra0io fdh gk A
e B 4v » & w4 » ADB T:}F,mw g B PER LS v*ﬁmbfx/ipﬂf?“ Z(11-10) o 2z {4 » BFE U HF D3 2 H
to BB PR A o
vBuffer QFIip—rop
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p

2) F Ta b 3t ADB ¥ i E uf B pERY

Bt e B o B T R LR 2 AR o e Lkﬂ*}iii‘im]il'drﬁ"‘ JRCA R S
$100 ADB R fr#t F 6 ff R 6 F BT ORAAL - AR F Pk PR D 0 ] UAER LR (LT
PR AR ) PR e 2 gAY BAR LF o 1‘“#?«9“1&4 » AP LR A 4 ~ ADB m*% S I AR
P HHADB L AR PR Z BT AP A d T A b b B FE AR REF A AR R
5% #c ADB #ic B

_4:113913#497 » AN H JFT TEDERLIBOLEET > APk D d Ta gt ADB #icE T4 &
&,@E&Fﬁm,ﬁ EIRIE N AR ADB””D’?T%/}J%*"ﬁi’.'IE*TrﬁJﬁV’%iuﬁﬁgfﬁﬁM{*ﬁ”“E.ADB?f”ilf
Bt R EAE LR R IER > & ADB #t & 5 L4k(redundant)ADB v Fla at Sg kAR A o K
2 F ADBiru B AR LB R FE R AU BET ERu L L - BREF 2 @ et R
it B PE Y E ?Kﬁt BLERALIBYRIEE o Tk uuﬂ?* 2 RS ADB G St EE -

Bl 12" A Perd N ayi B2 o pF B Ed Ta bt Nk B 2 f?) 4r% ADB =
1 BT (ADBg) | 30 &8 $ 30 16 * ¥ R e A ggs“i(userdeflnedskew Skew,)(% 3 7) B4 ll}iﬁwzéﬁ E
i# ADB Z*lfé’:m\ﬁ‘j’m“ﬂﬁbi ﬁ“,%'ﬁ-('}'l ﬁ) B2 'B‘/?L?‘ bES g 13‘3’«5"5 ADB: # #ﬂ/‘\ADBd Skewum
PEev(5T7-8F) - APe i iE s ADB :'ﬁhf% P¥ I (ADBuyg) » ¥ 7 04 M- i B pE AL E T B
PRI BPERE > ea i 5Pt BPFRGE RS S RN T PR



Algorithm: Bottom-Up ADB Elimination and Delay Value Extensions
Input: A clock tree with ADB insertion
Output: The refined clock tree with ADB insertion

1{

2 for each clock tree node (bottom-up order) do
3 { if (ABDg <= Skew,) then

4 { Delete ADB;

5 }

6 else

7 { Keep ADB;

8 ADB¢ = ADBy— Skew,;
9 }

10 }

11}

12 o Ta e p ADBFIFBE BT FE 2 > ()1 1 o hpFE% e (b) i3 & {8 anpd % gt

® 13(a)fr(b) &g+ 7 i BT 8 r'1'7'64—"* ophiE B E A Level 2 B id T @A b e SV A gy BB PR A
Ak Skewy 5 1 BEH =pFRF o & 4 288 CF~Gqrd 7 ADB 4% T & 5 4k (redundant)ADB o 4r & &

8D - Eﬂfrl mADBZf}Em/z%ﬁiﬁ‘f ; fz:ri WEBAPFRT A E o 1§52 D h ADB % # 1 ADBy & 5
AGB-1)BH PSR ol e 27 00 K F S8 E fo | 51ADBy & 4 8] 5 5(6-1) # ¥ = pF ¥ 4 4(5-1) 1 ¥ =

Level
Level ¢
®OO®OLO®O®OEOE @@@@
(@) (b)
B 13 o Ta e in ADBFIBE LB 2 FE 2 > ()13 1 o hpF e (b) i3 & {8 enpd % fit
3) &% fEst F RO T e » ADB I dpiut EpER
50 R 31 3 ﬁ—““‘ﬂ”ﬂ*” 4 ~ ADB T};F,/kfé PenuEPER O BE RH SRS - B A

B o AFEREABRLBIER S § At e RN T £ el 4 o 1S g o
Eidek 218, & lﬁﬂ*”‘\#ﬁ'm?ﬁ?&«g 7 0 i 3| frxt 5 F B B (PMym)Ap e 3 1 crnt Y& pF Y '—E'—?ﬁ“fﬂ“‘ °

B 14 D50 o L eii Bk o R BB 8 2 RIS B M B 2 7)o 8 ghets
BT ABEOVeoun) » F(¥ =2 7)) & BiFE2 g FFRADEBE o F DV 73 5 B (% ~ 7)) &
i€ 4 » ADB F|PFo e BE(5 = ~ L~ 7)o ¥ & 8P DVoouy 0] % PMyp © 275 % ADB & 7 5
PSR AR fLEs o F]p o AU iRt B A R B Y 2 R BT S ADB o #1020 B
5447 7% % ADB i U P I 48 57 (ADBooun) £ DVooun +1(5 ~ 17) © F 2 » 2847 7% PMpyy ©
Algorithm: ADB Insertion and Delay Value Assignments in Multiple Power Modes

Input: The refined clock tree with ADB insertion
Output: The final clock tree with ADB insertion

1{

2 for each clock tree node do

3 { if (DVcount=0) then

4 { Keep original buffer;
5 }

6 if (DVcount > 0 and DVount < PMnum) then
7 { Insert ADB;

8 AD BCOUnI DVCOUI‘II + 1
9 }

10 if (DVeount = PMpnym) then
11 { Insert ADB;

12 ADBcount = PMnum;

13 }

14

151}

Bl 14 & % fhs 5 RS T e » ADB gy incut B pERF 2 0 B 02
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ERY éfiﬂﬁ,ﬂ?i?é P P RN T o ADB = B —ﬂbfﬁfﬁfﬁ*”‘b FAlg4r 0 o d 3 E B ADB e
ﬁﬁ%ﬁ?uﬂ“/WB&%@%@%@&%%?»Fi%m%ﬁﬁm&¢ﬂ»Am3m&@%@ﬁﬁ
(ADBt:ount)“I }%;Z‘Q/E\‘i BB oo AL s A AT g faﬁf@}:‘ﬁﬁf rﬁ/:ﬁﬁ%/é o) ADBcount Bt oo A% Z ¥
T A G ADB ik £ P (ADBu) B TR A K B I R AR BRE
273 E€5 EE RS o Bl o &n%ﬁ%ﬁ]miﬁ: Fong & EHB L Z EEPER o

B 15 2% k3@ & BB FE i+ 5b|3 > a ADB g fau £ EEF’”(ADBed)#Eﬂb Az ‘)155}?
A0 4ol 15(a) 7 o 42F 0 A 945 2 ADBy 2 B o 4B 15(b) I R KA o H“@MQPML
PM5){r(PM2, PM3) skt » 7 121 & &4 ButEpFf » @ fkt § 5 = But BpE R > 4oW] 15(b)ehiEd 4o 5
oo Bfs 0 I ADB = Bt AR > A% 5 65954115 BE R o

Power modes Power modes 6.5 9.5 115
A el el Pl
PMO (] PMO [
PM1 a PM1 -]
PM2 ] PM2 LI
PM3 (] PM3 | gl
PM4 ] PM4
PM5 o PM5 U )
6 7 8 9 10 11 12 13 6 7 8 9 10 11 12 13
Delay time (ns) Delay time (ns)
@ (b)
Power modes PMO PM1 PM2 PM3 PM4 PM5
Original 10 11 8 7 13 10 [ : original value
delay (ns) 7% ! Extended range
Delayrange | g5-10 | 9.5-11 | 658 | 5.5~7 |11.5~13| 8.5-10 [ : Intersected range
(ns)

B 15 & HuEBPEGRY 2

5) FERAE SRR & 47

Bk diende » ADB R H E ¢ 0 B A PR S gde 0 n B R o 3 FF a4 » ADB R B
o PERRATONE W BT & W EAERR Y T 5R B4 (breath-first traversal) > 3¢ 2 i Jr IR 0 7L
Wm%ww%&wmom _&imFETﬁmBﬁﬁm&@%?ﬁﬁﬁﬁﬁﬁ HEng & O(n)enpsF 3
B ~Lrui“f%*"mfﬁf'&w§?}£{0(n)

CREEE

A EE C/ICH3F 7 R APy HNE B R 0 IR RREG]F (T L IR o s BRI RIEHF ALK
L= ABRERE S st,_%gMDSV el (T B o4 %4 7 Synopsys eh 2 B2 XK F %KY TR OS AT R
B0 2wl 5 LoV e l2ve ar FHGNING 20 2EHNE R FRGV AR 2T R A N T A 12
g 10V Flakehs S0 FRERAE 2 SN 2 iR TR G ik IF*@ B0 R BB ERATTR Y cha ff o
ﬁwu%%wiﬁﬁﬁﬁwié c R APZEE 2 A EHFERFT L BT HA o b AP T T [10]903%
34 REF v A ADB #7130 &R - § ADB ﬁv@@fmfwv— B = ADBjL R & 4w BT
LI

2700 A ari d el BRI 6] 5 (benchmark) szt Bicdy o 000 8 P end B RN ] 2 A A B
A R PR AL AR T ADB AR i = B m&@ﬁ?;’%?ﬁ%@ o 3 ADB eaf B PERF A gy i

‘ﬁ’f’%mp’%ﬁ'"‘ 115\1F3¢,E$ﬂ/\q{m&@@fm ”&,"ADB%&:@F‘E@&%Z&_%%YF%’&E%%%EBB%ﬁ’ﬁ)” €
P":"Hjiﬁj"“ T fﬁi}]?gﬂagﬁmﬁt °
F 2 ARG G st ficdy

Circuits #Flip-flops #Voltage Islands #Power Modes
design 1 384 10 10
design 2 992 29 15
design 3 1536 39 25
design 4 3360 46 30
design 5 6144 38 40
237007 RERGRGIT U BT AR LB 2 FAHRES X PR [12]7 2 75 A5 PR
BRehuf B2 18 > A PFIRA B2 Fa i3 L A i-?i IR EFUBBEE S ORI SRS FRT

& MDSV pi#% i+ ~ ADB i 59§ »cenis o 5 A LB o



23 HABPRFOABERLILEDTHRES

Skew Worst Clock Skew (ps) Average Clock Skew (ps) Worst Clock Latency (ps)
Cireuits COI’E;ISI’)aInt LB clustering [12] Ours LB clustering [12] Ours LB clustering [12] Ours
designi 200 476 200 200 383 184 200 1316 1316 1316
300 476 293 300 383 262 277 1316 1316 1316
design2 200 463 200 200 388 197 198 1560 1560 1560
300 463 300 300 388 272 292 1560 1560 1560
design3 200 630 200 200 506 195 200 1667 1667 1667
300 630 298 300 506 290 300 1667 1667 1667
design4 200 1018 199 200 785 196 200 2888 2888 2888
300 1018 299 300 785 292 300 2888 2888 2888
designs 200 1167 198 200 796 196 200 3069 3069 3069
300 1167 297 300 796 294 300 3069 3069 3069

24D A PAo[12]507 F AR B RREGF S ADB T R LAWK E U RN FEF L F LS o
P oG R FENFERENR RS PR LRE R o NP [12]405 f2 A5 B AR R
BlF npER LB R RE o g th s AP 2T RS 7.50%-42.40% 07 LA ECE 0 T B § a4 B 117.84 &
i FRER o
#4 ADB#3E ~ R HMETORGFFR T HRES

Skew #ADBs #Transistors Runtime(s)
Circuits #Buffers Constraint Improvement Improvement
09 [12] | Ours P ) [12] Ours P ) [12] ours
desian 33 200 19 19 0.00% 336 260 22.62% 0.01 0.01
Y 300 8 7 12.50% 216 168 22.22% <0.01 <0.01
desian2 79 200 61 61 0.00% 896 828 7.59% 0.17 0.01
9 300 18 17 5.55% 644 516 19.88% 0.09 0.01
desian3 127 200 100 100 0.00% 2192 1724 21.35% 1.05 0.04
Y 300 37 32 13.51% 1764 1016 42.40% 0.55 0.03
desiand 337 200 199 196 1.51% 5172 4156 19.64% 12.84 0.13
9 300 113 99 12.38% 4688 2980 36.43% 10.03 0.14
desians 519 200 289 286 1.04% 7680 6112 20.42% 50.67 0.43
9 300 120 89 25.83% 6756 3996 40.85% 35.50 0.43
%5

PR LT o PR R GRRE S A LR B AR

PPN AREREE S U FHN e K PR R P B R R PR LR R G
21

25 MBS Ee L ERE R BT A LB RS
Skew Worst Clock Skew (ps) Average Clock Skew (ps) Worst Clock Latency (ps)

Circuit Constraint
treurs orzis)sr)am PM clustering [12] Ours PM clustering [12] Ours PM clustering [12] Ours
desian 200 476 200 200 383 184 200 1316 1316 1316
g 300 476 293 300 383 262 277 1316 1316 1316
desian2 200 506 200 200 414 196 199 1676 1676 1676
g 300 506 294 300 414 275 294 1676 1676 1676
desian3 200 605 200 200 457 194 200 1658 1658 1658
9 300 605 295 300 457 287 298 1658 1658 1658
desiand 200 1074 200 200 818 196 200 2881 2881 2881
9 300 1074 298 300 818 291 300 2881 2881 2881
desians 200 1080 200 200 753 198 200 2792 2792 2792
g 300 1080 299 300 753 291 300 2792 2792 2792

3 design3.def & MDSV ek 3+ 2 7 > B 16(a)E_A 4r » ADB > 35 — 4% B E cd~ ) % it o & B
16(b)E_4c » £ 32 % ADB z_ {4 P % #f o
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B 16 design3.def 2 (a)4~ # PF*% 422 (D)4 ~ ADB {& 2 B5 7%
S s UEERAE AP EG T R%RE

Bl 3o HHRBETEGERN - BLIE O SEEL B 21 L 45~ ADBs B 1 2§
GFERRHAPE R O R G A H IR E S AP R L B e TR ﬁ%fr— PEE RS

ADB i & pF fF cfic

74 (mathematical programming method)¥4* % % & E it > ¥ ADB#E » RicE 2 5 B
CEURE -t a3

i ST i b - TREE L b I LY S SV
A g Bk bﬁ&g* PER IL‘J‘%L’I‘JE LR

Chrb itz (SB I FERZRE TV EIEHERE 23 rf’ﬁtﬂ ~ADBs4E » =% 2B 2 2R
PR U A% & B‘%”Rﬁm“ 1‘?— CEL 0 AP RS PR~ 3R & F sUE R 3] (Mixed Integer Linear
Programming, MILP) ; 2@ » % 7 %% 3 ADB £ & P ¥ enfic & T ] wL » B3+ B eho g die(binary
variables)z_ & F& » Wﬁf#’r&% MILP % = « £ @ 4§ f&chd| ga,& g MILP end{ (s flF L E @ T F %t o
Flpt o - BF AR o e S G ADBS enuf EEERF 2 4 8 g it s KPR $E B ADB af JEpF R
Bedo o B A Bk T o A L F AR > A POAR G SR & BGREREI(MILP) 5

AR P 2 FE 2 e TR g FE S ADB 4B » PERHTenE % > 2 £ 5 Kk B & gk(nodes > i=1

K) ~ p #&£T 58 (power modes » j=1 & p) ~ ¥ 5 45 B B Skew, 2 & B % r % & ADB «dE » =

x
B oA ARLA p S SR A RS R Skew, U] T o # ADB 45 » 8 2 47§ ADB
WEFER L RS

PSP R - LA i 2 MILP

Cij: B FH T o WEBImEHE: fy 22 A £ APFF .

Dij: @ FH5 )T 20 &80 ADB af EpF R 2. i -

Sj ¢ R FHEN )T 0 &7 & pEakas g (smallest clock latency) 2. % #ic o

L © & 850 )7 0 & 07 & & PRkt ¥ (largest clock latency) 2. % #x -

Bi %782 if33 » ADB2 0-1- ~%# 120, %43~ ADB£Z o

F1#t MILP %3+ 2 P & (objective) ¥ Z &K 47

Objective :
Minimize a2z« Bi+(1- ) Zj=1~p2i=1~k Dj;

Hod gii ﬁf’%i% » 308 1 2 ¥ ¥ ADB & » thi g & 975 ADB 432 pF R b
BArE A —’ﬁ T- 3T R (tradeoff)
@ 4B B 2. T4 i% i (related constraints)4c T :

Constraints :
(1) 5 - B FHS5 ) BRIEKEFRE BN (Boundary skew) 4] »
0< Lj =S < Skew, > 1< j < p
(2) b5~ ot FHC T AR (100D ] o B (leaf) % — L Q euk g T Aoy
MIEFATEN RO PR §F N E B X PRIRE R L2 o T
SjS ZkiEQ (Cij+Dij) < Lj ’ 1< J < p
() &f - B FHES )T 0 A& B2 ADB i gtdp Tengp ¢t 28 £ pF I (additional delay value) » A *
FIEAPE AR TP RPN o 4o X-1 B e BPERF (4o X=3) » ¥
0< Dj < (X1)Cyj» 1< j < p - 1< i < k
(4) 7 FrEe ity ADBH#E » cniefic® - § & 8ki iz - # 5 st—i\JT’ﬁ - 3p ?;%E“ st BPERF o 4
:r;Z?r’—q!% #»~ ADB > » %{B./E FEAS Lo HrAfig 2 5 973 # S8 2 ADB af 2 pF [F cnfd,
] E e 4 0 ADB (B =l)u ik pER 2 H e T
YipDy< TBy 1< i < kK
2+ MILP h’m’éi;‘é” (R ﬁ R R T uag=0 2 ADB uf BpFRF S {rz &) 1t > [ AE
MILP-0; 2121 g=1 2. ADB @& #c® 2 | it » A MILP-1 - igh AR H 8% » L&A pwi s
EE LS N Mfﬁ?&mﬁﬁ%ﬁ m;é?.‘m*‘i#!h » 1136 ~ ADB %, #ic 8 (#ADBS) ~ ADB 1 ¥ p¥ [F 2. 40 ~ e
LPER B E LR B HFER R D T o AR MILP-0 #7455 % & ADB £ & pF
B 58 fo k] 2t MILP-1 —‘Ff » Wi MILP-1 ;5 @ MILP-1 ehdd 7 %% % %46 » ADB ##icg %> 3t MILP-0 ?‘f )
¥ MILP-0 o e MILP-0 £ MILP-1 —gfm BEME GBHBER 2] 0 S X chpF ik B R R (TR
BERFEFERENRZE L Eo5E o v 7 0 REBRIRG FADMGY B R
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B e ADBS » L £ e vicis b ¢ F S AR T A P MILP-O $407 5k 2 dh 4 ermicas B e 0
MILP-1 % » % £ MILP-1 4 6 #7755 MILP-0 ~ MILP- 1 S S R B R 2 o

e

7 5o MILP-0 m $+5 — 3 ADB a8 &2 B ] it > H #75 ADB #oeih o B w5050 $ o Rt

BB R T a5 . (u ek g b (9 AR 25 o BsS W AR 1 S % p e 0 MILP-L 1 %45 ~ ADB
B2 Bl L PR B A7 46~ ADB Blicior SRV E S PRI L R % T 50 8% > ks
R g f—’%“ﬁ—;\%r& PEP A I E gl o FI o KA Y T ET] "ﬁv‘ 7 EcA ALY MILP-0 &2 MILP-1 i3
Bleng] b B R B R RENE S RS T R R o R E s T AR REFERE S BE A

Hi R o

% 6 MILP-0 ~ MILP-1 £2 74 & $07% Eor o i i3 1L 5 5 2 1L 1
(MILP-0: minimize sum of delay values of each ADB, MILP-1: mlnlmize number of ADBS)

RLEEG A BT BN E A MDSV R R BRSNS AEALE 5 3
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