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Abstract

Due to the scaling of process parameters, the density on chips has been increasing. This trend increases not only the
temperature on chips but also the gradient of the temperature depending on distances. In this paper, we propose the
balanced skew tree generation technique for minimizing the clock skew that is affected by the temperature gradients on
chips. We calculate the interconnect delay using Elmore delay equation, and find out the optimal balanced clock tree by
modifying the clock trees that are generated through the DME(Deferred Merge Embedding) algorithm. We have
implemented the proposed technique using C language for the performance evaluation. The experimental results show that
the clock insertion point generated by the temperature gradient can be lowered below 54% and we confirm that the skew
is remarkably decreased after applying the proposed technique.
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Fig. 1. Normalized chip junction temperature according
fo CMOS technology.
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Clock insertion point
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Clock insertion point under Non-uniform thermal
profile.

&g dujgtn g AR LEAFV/OIE
@ A LE 259 FEL

eI MA@ ol& ol8ste HEF &%
FoA e AAAe vehbe AHAEE Elmore A

& o]gae] thee Aoz ¥y @ 4 o

Lt

©2
=2
3%

.E,“cb
rlmr

2ol re

&8

L

D= Dy+{c,L+ C’L)roﬂf T{z)dx
0

- coroﬂf:x T(z)dz (2)

2
Dy=R,(Cy+c,L) + (001'0%+TOLCL) 3)

S

Z(T)A 9] Elmore Xdol™, 42
s+ RO 93] =etolBHE dAT FA
of L& ztow (¢ v F3t AHAEL, ¢ %

Aol o9 A 2 A, gE ARY

T B¥E Yy

2
ohe e
N

8
e £ L

&
g oy

BxoA x=L/27}
AZAM A9 B7HA
€ ARaFAA]
AT B 75 LE B34 fﬂs} 2ol gef 71&717}
EAsle] dAM CollA dFAM ARY 2Trt A4
BZo 2xrt o Era /AT Q24 A%
Aol AAXM B &9 AHEch A Hol ASAAA
Zbol Z7tstAl |t whebA 1g 20049} 2ol x <
L2 & x7) B2 d2M Ast 92X BAAY E2F
d Ade gEAR AFAAANE 2A He F A
3 o] A}, A 75 2= EXAMY ZT 4t
?3 ARz v 4% & £x9 22 A4 AHol b=

71 g F e T2 AFY SAGH EF A4



32

R|7do] Hojof gt

2 =8dA Agtete 229 71878 13 79
2% Eg A4 7192 DME %I'-El%% 7igte 2 @
o, &A%t 71€e] DME €1g&L 7% 2% E¥u
< 23] dEe 49 71%717} EA%E v 2%
LE REIGME £5% DME %P:a ooz FHao
278 Ze A2gE dAEe AL s F
EE A T A Aol ‘-"Vb" x=E74A] 8 A
ol 22 Hol o7 wFojt}

TEtA B =L ol 22 v FF 2k X9 ¢
o] 71&717t EAske 8404 Hi9 AFE W=

7] 9% 78 AF EYE AN 7|EE At

. == 38 ARE 2Fsh= 2% i 71Y
EzolA ARbstiat e 7Y AF
& &AstaA g Agse )
AZAY Age] o vlFH3}
Zigko 2 gt
*EE us ve D JMAYE o, 29
39 (a)owﬂ} Zo] 5 He 45 &5 EXAY A
22723 (Zero Skew Point °|3t ZSP)& F HolA
o Agrt 22 A LAY & o] Hm, o] F ust
vE A& 7P dFAY Aoyt Havl He A pit
2 A9 AFe] HA k. A% d9 gt &
Aste vEs 25 EXdME ZSP7 ¥l & %
o F ol53Ey] Wi zsPe A podE & 2d ¢
A8 A "k 2% 39 @F 2 HYW 7T & ¥

Zsp
u (C) u

38 3 e 7| HZEMolAel ZSP
Fig. 3. Four ZSPs on basic interconnects.

@ 718718 uqE 8% A7 Aozt Y

(552)

el ZsP= A p7t EV]"‘ 259 71&77t EAst
o RE yZFoR 257} B Hoto 2% E¥ME
257t B2 v&9 AFe] golA]7| Wil p~ve] A
dol p~uZtNY AdEY F7EA "o wEkA

ZSPE v&Lo.E o584 drh
ag 32 Adde 7 AFHel He 449
ZSPE Fe WS RAEY. 74 J¥dAMY 45 &

& Rt e A¥E B A, 9 A ==
ush vol 5 X BEAAY ZSPA A pst Hoty
L XA ZsPE EE3 L Utk

3% 39 @AN AHRD A pilA vARY LT
S A pAA A utA g 259 Aol7t e dEA
(28 39 B), (0, A)EY B 27) HEe] ZsPY)
AA7E A polA 7PF @ol ol¥H e AL Y
& 4 dvh =F, A2 29 39 (o)A ZsP
7h M A pol 28 YE A& YT F 30

29 3904 et 9 49 LA R o] 4@
71EHQ #eEE VHog & =EdA Atste o
g 27 EgE AT 7IES AgEr

ad 45 29 39 @9 veht de 7183 89
oz ol Ackshe 71WE H4 g 1
=

a9 49 (av LA 29& vBez g A2
A #F 2% £29 ZSPY ps Hoto] 2E £
zZSP& Y1 Utk ZSP7t %9 71&7] W&
X pet ARE AolE oL YE AL HA F 5 A
T o] ZSPE A po 2RNA FozA Hote 2

sl
ua

S
z

Lo
=3
3

“ (b)

38 4 Hekste 2Y AT EB| 44 7|9 Case 1
Fig. 4. The Proposed generation method of balanced
skew tree: Case 1.



20104 78 TxS%3

SPIIII
R = ZSP™

C)]

O8 5 HMoksle o8 AR E2l MM 7Y Case 2
Fig. 5 The Proposed generation method of balanced
skew free: Case 2.

278 H2s & 5 903, F9EoAe 92N 2ol
o ¥ge H4sE & gk
3% 49 (AN YER} gIRol, Atste 7EL

AE TN ZSPE 71202 H3A =& y7x g 44
g 227 B Wgoz olFd oyF ey
W2 s zsPrt A psk 2HAE 5 A €9
ol ta) 2HY EHE Fuelr) Ystel W pRE
2ol A3 wEQ y7iA 9] HeEe R &
e Zozo) g98L AR ARHoE F p
Aoz FF AFAY 2EA} 2ol AHE
A 5ol ZSP7t A pell SHSHA Hrt o]F
5 A pol 2FAI7 A8 28 49

& FYHA Aok &, 19 49 ()M BE
2 AZAA ZSP' (new zero skew point) & 71F
A == oA geEE 257 @ “J?’J—f?—i
P oolgRT of #4g wEgozA Z5P o
A pE ds ZHNZE 5 Joh
SHAT 19 49 (09 A&
o @A™ ZSP'7t A pE o] WL R o)FdE
A7t A 5 gtk old A gl 19 49 (DY 2
ZH-He] WilE Alzdtd ZsPe pde AddE 98
HojA A gk el olHT F4 g4 Wde
A p% wAteld] B9HEE wWIlgtozy Fy) 1
59 (h)eA B ARo] pH yAlole HeEE A
SrERt 257} & 2o o|FHOEM, ZSPE
d p% TFH A

ZSPE 9<% pol 23717
Bof ARe] A

"

N
g

X
IT
2N
3

2 e

A =
< 9

_}[\__
o &
@9 =

m.,rdkuﬁ

Tyt =F I¥ 5

}s

#8328 59 (o)A
AulgtEn 2571 L 2o o]Ed o

=RN K47 HSDHEAT E

(553)

33

Ag oAl a7e AiE R Y wskE A=Y

o} o]& I¢ 59 (@A} Zo] WEFoBAN Z5P
2 48 wEe ARz F ps 2HAE R
7Fs8lch,

49 718 AN TR 4N ZSPEFH TF
X X9 Z8Pl p9 SX G- A9 2¥H =
A Ae] Hrt,

919 73 27 Aol 7 F, o] FE 3
o2 A9 7Y 27 AFE Fai 43 =59
geeol ez Ho 419 FE 2F AFES B
T 1dse Mg 277 Fe 28-S ARt 9
e B9y AlEdh

ZSPE A pol HUF ZHANHLEA Hge] 29
278 H4gdE, Fo| e BE MY &
FE 348 929 ¥ U2 FF02R 259 7E
7)ol meh dAsE 27 2e Sy AAV b
A 9t}

lo

nhe

=

O

i

V. #8 % 23}

1. Elmore XM E 0|8¢ 2= X9 EH

D459 VLSI Alade] dANML HjFE &5 &Y

£ 7HAe ok £E RE B4 T()E M £ A
At & QFHY LE BXE P42 VYD D
gelts 14 B5ANRE 24 gu A5 23§
F, EE RS o2AAA BR §4E 7ha
F QU 9%, o8 §49 T(o)2 EdHE e ¥

23 gejo g A =7 g
A A7 ddt. 287] HE 2 =Rdxe 42
Ao AZAFARE TF37] A3 74 2F ol &3tk

a9 69 Ao} 22 vFET &% £XAN 44
Mol F x= A BY &% B¥E ¥4 T(z)2 XE
st 2g 79 MG Zo] ZEY 4 Utk

ol ¥ #H

ag 6.

& el dZMollA2f thermal profile oAl
Fig. 6. The example of thermal profile on interconnect.



34 g 7187|8 ofst 28 A7 48 0Y

Temperature

~
~
N\
/
rd
’
,
Mo

e \

(N-2)/N(n-1)/N N B

A LN 2/N 3N

a8 7. NHR F2i22 LHE thermal profieel Xled A
&k ofj A

Fig. 7. The example of delay calculation thermal profile
divided by N sections,

50
45 1
40 1
asl
30"
25 1
20
15 -
10

Delay increase (%)

30 50 70 90 110 130 150
Temperature (C)

J8 8 2% FIiE ol wAsts «Z4M Zolol o
2 Mg X|°1[4]

Fig. 8 Delay degradation due to the increase of the
ternperature,

el Ze 2E £Y¥XE dY F4o% T E
oz ol l7] WEel, A} BY 77+& N9 &L 7
A2 o] Z 7o AAg 78 F o1& o] 43}
o ARAFALE Fo 1Y 794 B8 Ay 2
o, Zr A& e T(z)sh HUe 22 &g 737 9
& 1 #42 2AEte dE Ttk

ofefel +4 9L 99 #AAE& Jehdrk

N-1
Delay 4_p=~ 3, Delay K_ K+l 4)
k=0 W

sHARE 2 894 Y )lx"l AZAY Heol7}
HAAdFE A7 24 Agtgol 284 ¢
IAE Ag A ¢ Ao Zl%i 7] g 22 7
oz U Aol ol AAsl A 7@ AT 9

AR 9

AsA A Hol £4 O 20 AT 4 QU
gy & =RdAE o8 das] A8 AL T
Ade 78 u L9 e 2AY &L e

4 G& 54 @F ¥ =Ed4 Agsts N
e $8 oled AAL ey AW £Holn

k+1
D =D+ [<coL+cL)roﬂ )y f (T(k+2}NT(k)) .

+ T(k)dk) coroﬂ((sz“ ((Tk+2/)Nﬂk))

+ T(k))dk)] 5)

2. 45 ot

2 FoHE Agste 78 2F Ed A4 719
A5 grpstaal . AgstE 7Ige CAE 7
g3l H5g Hristdd. BE AlEYolMde s
B2 r, =0.03/um, c;=2.0x10" " F/uml6]=}
B =0.0068(1/C)& A-&3Arh.

ANEGolde 98 & wWol 1000ume! BALYE
1000x1000¢8] wlEkA2 2Ysjsiga, a2 F
% 3ldd 93 A FFL HRE e F AL =
=7 gotn 7HgEAth Wi F ks Alele] |
A9 Zole dAMezey #H9HYE X gorz
2000um7} €.

L5 BXE EP8] Y9 e o9 & FE

LEA00)2 AR 7 ¢ ZHum)d) AR F
YA Lx9 HE ZEEF 33Ut

0&e ¥ 12 259 W3Fe 0RTE A
3 =9 HAE AAsIEA AtsE 71Ee] A
5% 913 4ot #% & XM zZsre)
Has &5 BN zspel AGE H3393,
Atate 71He HEE & Z5pe] £olE AAE A
Fo2 E&3gch

£ 1904 Yeh} %ol  =8oA Add gug
Z9 Yo Yo Lx XA AZLFAHE
A pol BT o %o 2N A& A9 F 3
At °l—t§ [1]e14 A¢td TACORT & A5& X
ola &L Y & ok AW 29 HHY
«Mﬂ AA xz9 X9 /AUAFE LdaElFe
Aol YA A& AT 5 e, 2 oFE A
oksle dmaEe WaQl Z5PE VIFLE &R ¥
R 2oz LA RS WAL HAAAN 2v 3



2010 78 MX-ZEE

E 1 Hgske 71 ®HEM3 Fo| ZSPel &
skew At0]

Tabl The difference of Shrinkage of ZSP and skew
between before and after applying the
proposed technique.

ZSpe Ag A | HF
AL 4 ZSP & Az
o BE 71 2} Worst case |skew| Z}o]
(um) 4 skew(ps) | (ps)
L | T
X |y o B delay | skew |skew
100 0 22| 3 |8.36%]161.8|0.738|0.09893.36%
2000 0] 25 | 7 |7200%]162.3|0.894|0.228|9.86%
2001100 22 | 5 |77.27%]162910.707 |0.163|94.63%
3000 0] 30 | 3 [90.00%]162.7|1.064]0.098]965.11%
300|100 26 | 6 |7692%]163.3|0.880{0.195|96.59%
3001200] 19 | 5 |7368%)163.9|0639]0.163|96.71%
401 0 | 37 | 8 |7838%|163.0|1.375]| 0.26 {97.24%
40011001 31 | 4 |87.10%]163.7|1.1481 0.13 | 96.43%
400200 24 | 5 |79.17%|164.2|0.8450.163|93.37%
4001300 16 | 4 |75.00%]1646|0504| 0.13 | 91.87%
500 0 | 49 | 20 |59.18%6]163.2]1.820| 0.65 | 98.24%
500 | 100 42 | 17 |58.52%)163.9 1587|0553 9647%
500|200 34 | 13 |61.76%]164.4|1.256 0423 | 9%5.06%
500300 24 | 8 |6667%)164.8|0846] 0.26 | 96.81%
500|400 13 | 2 |8462%]165.10.3680.077|79.08%
6001 0 | 88 | 34 141.38%]163212.20611.106|9751%
600 | 100 | 52 | 32 |38.46%]163.9{1.9801.041|98.79%
600 | 200 44 | 29 |34.09%|164.4|1667|0.943| %6.46%
600 | 300 24 |31.43%]164.711.286| 0.78 | 9549%
00| 0 48 |27.279%]163.1 | 2.528 | 1.561 | 98.77%
700 | 1001 60 | 46 |23.33%|163.7|2.319|1.496 | 97.41%
7001200 | 52 | 44 |15.38%]164.2|2.0291.431|99.06%
0 0 72 | 60 [|1667%]162.912.79211.951 | 99.21%
3007100 68 | 60 |11.776%]163.4126081.951|99.27%
90| 0 | 78 | 70 [10.26%]162.5]2.9922.276 | 97.83%
ks 56.11% ki 95,87%
AN £x Wate] Ggo] ZolEY] wFolnt
Agd dngEe] 45S dotrr] A ¢ 3161%

o 44 A3 ¥ 279 IuE FHHp)2 I ¥

19] 4% FE& Agd ¢ ¥4 At F9

75P9) % A%% EAHT 97, 085 TR A

ol 4SS FLFdo 2N F4E Ao HEe

& gD

7o) Ag Ao HAA Aok GueFEe 48 F
of zZsP7t of 55%2 £&& Holi v Ag U
& ola, EF 279 gho] A3 Tt AL 8

T Aok ol= Jtd 145 VLSI Al&jle] &

e A & Ao AL n@n,

=X H 47 T SD H

(556)

X7z 35

o 71E77F 4 & 9 9%
Zo7] f3f ¥ =7 EdE
< 28

2 ¢4 Elmore 9
°§° 71&717y EAQstE AZAAN
718e ek e Atd o
e 71 4% B7HE 89 C
&‘O}MJ— l%iﬂolﬁﬁl gj"'i I‘g"—\f Q-F
PQ} A AN & dde AE

71 A& Fo 277 A

N

214

L5

r oft ot >

=) o
p*é‘il‘ =

o}

[11 M Cho, S. Ahmed, D. Z Pan, “TACO:
temperature aware clock-tree optimization,” in
Proc ICCAD05, pp. 581-586, Nov. 2005.

K, Skadron etal., “Temperature-Aware Computer
Systems: Opportunities and Challenges,” IEEE
Micro, Vol. 23, No.6, pp. 52-61, Nov—Dec 2003.
S, Borkar et al, “Parameter Variation and
Impact on Circuits and Microarchitectures,” in
Proc DAC-40, pp. 338-342, Jun. 2003.

K. Baneragee, A. H. Ajami, and M. Pedram,
“Analysis and optimization of thermal issues in
high-performance VL3I in Proc Int. Symp. on
Physical Design, pp. 230-237, April 2001.

0. Semenov, A. Vassighi M. Sachdev, A
Kechavarzi, CF. Hawkins, “Bum-in temperature
projections for deep sub-micron technologies,” in
Proc. ITC, pp. 719-226, 2003.

International Technology Roadmap
Semiconductors (ITRS) . Interconnect, 2008.
n7wd, AT, “DVS 7)dk dEln|te] Z2A
Aol AEAZE A AT, AxEE
3=EA-SP AxEes =g A42d SPH Al
3, pp. 95-100, 2009 14,

2A9F ALy, NEFL, T3, “AG-FIAe-T
dg w33 AR FHs EHYI--FH 47
J PR -T s AAEE =g A6
182, pp. 22-30, 2009 8.

(2]
(31

(4]

(5]

6]

for

(7]

8]

=
w2
He

DH

OE. J

w



rok
fjy

0]
1>

36 o 7187/8 13 7 Has oy IHE 9

0] 247, dA%, #7119, ANE, “9¢ 2Hg 2
g ZegolMe 2Y 27 B2 A4 7Y d@
AAges FA%eds] =€, pp. 127-128
2009 11

A I A |

e A =(EEE)
2009 =Adidtn HFE IR

niPUEICRE R
20089 AT AFE R

AL =4 A} 29
20109 AN HFEHSF 20003 ~ @A FANSGE AF
AL 24 SHE A A}

20108 ~3A LG o)|x=& dF79 <F#HAEE : VLSI, IZE {4
<FHAE 1 VLSI = &4 2 M7, Signal Integrity, A7
D MHA, AA ZAEF> PR

44 2334
1980 d Hehsta i

EICERY
2002 AN FFEGR

A E4 7188 A E4Y
20043 =AUy FAFE R 1990\ University of Texas at
AL &4 Austin A7), AFE &
20099 sAUED HFHEE AAL £4
uAl &4 , 1993 d University of Texas at
20099 ~& A 444 LED A< A+ Austin A7), HFH 7}
<FHAHEE: VLS 3284 2 MAA AA = AL ¢
3> 1982 ~19873 xR FRAATFLA dAT4d
1993d ~ 19953 Motorola Inc. Senior Staff

Engineer
1995 ~ @A) sdojsta AFE LR a
<F@ARE: AANFH VLSI Sz 2 A
Al >

(556)



