L M &

3D IC® 3—Dimensional Integrated Circuit
o] ko2 A, WieA] H A LE FFA7)7)
Al o Y 5 3}‘/}01‘:} 3%k RBiE
A A9 AT e VDSM (Very Deep
Sub—Micron) 7]&& HIEOZE & device
scaling Y CE FA|=Ho] gt T2y 2o

= lithographyoll ARE-¥]= W] 937} 22 7]
=4 EElF B4 Aoz Qs 715
HASE o] o gA] 3L Qi) o2 Qg 23}
4 FAY AAE e A% double
patterning lithography 71& %4 3z} 7k
Mo AAE 2 918 3D IC AA 7% ol
A= 1 Qlek 3D IC AA] 714 wheA| dieE
/\11 o= @?‘?}Oim @7@1:2 a]okx-] o= 61:
AN B oE, AEH SiP (System in
Package) %} o}zl TSV (Through Silicon
Via) & AMHE3lY] dies 7ho) ATE ddsh=
3D IC 7)o} HT B IS Wy Qv &
3], TSVE o]g3t 3D IC 24 71&9] 4%, A
AL T 9 ol§ B AAH H7] s

T
ofu}, global A% A TSVE AR3Ho.

% 24, vj=e], A4, RF 53 22 e )
2 7 ofEl 7o) dieg $40% ASttoz

[e]
<% 1>,g 5 4% ?ZJ IC HA|9] &4
& Bol F1 8l ole# AT 728 dAle
Ao dE (29 7o A 2287 wrhs

Ao}, & dielectric layer 7} device layer

ol A= & wha e dielectric
£9] UHT 27| el 7z 52
macro blockellA ¥AE Hol ICY §] T= o}
2] heat sink & E8 4L - WS

layers= € A%

fo O1|[9]

g 1) 35 =2/ 3D Icof H
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Ao BEE = AEE A4 Fok web 3D
IC AACIAE ofgA shd SAE 8 9w
] wjjojof sk BA|7F F 3 AA FAo)
o} Oh3fo| = TSV signal& A4k
Sk A Yelx g AEgo] Fot
AIE Fick AFEE TSVE <28 1DolA
o] signal AFE THHOZ 31 & BAL
E4 02 3= signal TSVS} signal A4S
A o 924 o FAHE 93 thermal
TSVE £77F v} HE5 @ TSV7E AH-
o o A SHelA fRlEkAe 3 yield
7F Rotd ¢ Q17] wifel Aet 429 TSV}
gt F =2 TSV planning ©] &3t} =3k
TSV7} layerE #%3h= 92 white space
(macro block¥} block Abe]ol] o] &= <k A}
SHI 3l A ) olofof = Aoto] Qitk B
% TSV pitcht ¥¥F metal wire Bt} 433
a9 A Sum - 10um AEE HQ= 7] o
ol TSV $14] planning®] tiai = 571 &
L3tk

wEbA, signal TSVE A3t dieg 3 A
55 AAsAY, thermal TSVE AM3l 4
Ak Folel 22 4 Sl 3D IC AAE
AsiM= AA s A SHE U CAD AZE
o7t Aoz, ol & 93 A7 HZ B3
AP At BaolHe TSVE AMgeh=
3D ICE <93t floorplanning, placement,

O A |

o

=

routing, clock network synthesis 5 physical
A T AT %, 3D IC AAlIA F&
St 118 A2l thermal % power integrity©l
gk AkARl olajE At stk TSVE
through via =+ interlayer via 5 t& £90]
225 B, BaoAME TSVE Y8k AL¢-
Fig=

II. Floorpianning

1. Micro—architectural FIoorpIanning[Z]

Device scaling®l] &Jgt 9b2A] 2] HJA &7}
e me}, super—scalar architecture ]
Aol ALY F2AQ olfE Qe mis—
prediction loop latency®l] B-& 8RS v &
8lt}, Mis—prediction loop latency= recovery
delay$} feedback delay® 745 =), 7]&9
= 1HHA 49 feedback delay 3t 523k
ARgto g FH3dloF "t o]E floorplanning|
of qkdstr] Azl (219 AFelX+= feedback
critical path®] £41¢] Zol& nkdd & Q=
criticality—driven 3D floorplannerZ 7Heks}
Rk

AFsh= 3D floorplanner+= 712 thermal
—aware 3D floorplanner® 333t} 7]&
9} floorplanners= 3 B34, £A¢} Zo] U A
AR AY 4n 55 aesle] A Y &5

£ £49 4 3+ simulated annealing engine®]

t}. 7129 engine 2@AIE TAEO] 3loH,
1AM Al Q= B55S A3 die
layerdl &3al1, 2dAOME 29 72t E5
=2 3% die layerolA ix1E & UEF HA
g}ttt

3k2kg]l 3D floorplanners  super—scalar
architectureo 48] feedback loopol tiaiA
F2 (1) 3} 22 critical costZ AXlstaL, 4]
(2) 9 22 49 cost & AREsl] FoR
AL e e AT A (DA
Cuires = critical 2252 d4dsh= =49 24
010111, NCyires= L 9 5412 ZolJo|tt. AQt
3= =R M= criticality 7R TFE 0.7%
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ARG A (M arear H WA, Atk AdelMe 4 (2)9 paks 0.72 ARS-
dev(D) & 7} die layer7} M2 HgslmE w3 sjgiAnl dukd oz g 7lo] ARGE H WA
= dimension deviation factor, TOP (Total W AA =48] do)7) Sk, non—critical
Overlap Power density)+ 3 Ao that A path”} dominant factor® Webd 4= it} =

B HeE v, 3, 4712 mis—prediction rate’} T4 %%
. 73%-, feedback loopel gt Z2Ajo] Wolx|A
Costcritical = VY Crpires + (1= F)ENC e gt weba £ () o)A AEd X E &

(F<) () Asolrk HAgE 3D floorplan 235 9-&

T U= d-o] ok I3 criticality S A48k
== Al HET T Qyle A
COStTOtal =U"area+B'COStCritical iz]— O]‘t‘ E7:ﬂ =71 =21 H}—ﬂ] If'_ Oo] Qﬂ
+v-dev(f)+ - TOP oF gt
(a+B+y+o=1) )
2. Incremental FIoorpIanningm
T4 (2)F FHAHIE= criticality —driven

3D floorplanner: criticality 2 T28}A] oo 719 thermal—aware 3D floorplanners
2D floorplan ©f] BF 2299 pc  © LAASE thermal issued AR i
(Instructions per Cycle) 4% & Bk SIANE hotspot& 94318] Al RRAL RAR

%3, criticality 223804 %& 3D floorplan = ot [318 A7 elM= 719 floorplanning
O] B 8% IPC A% e wolch g AYE WReR Mo o 2aF fAh
U o218 IPC % 42 criticality = A A 4 3l&, 3D ICE 9% incremental
coste] dwh} 1l }LLM] wepa] g 2 floorplanning S 7siint <19 D=

Ao¥sk= floorplanning WH2E, 1) moving

Input floorplan

Temperature profile and find the hotspot block ‘

Movmg 7 Movmg Moving the b ocks| Resizing Mlgratmg
adjacent block hotspot block || under thc hot spot hotspot block || computation

‘ Compute potentlal gain for these candidate operation respectlvely‘

v

[ Choose the block k with maximal potential gain ‘
execute the corresponding operation |

Y

. L 2
A—,— Update the optimal value ‘

{32! 2 Incremental Floorplanning Flow for Thermal Optimization in the work (3]
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adjacent blocks, 2) moving hotspot block, 3)
moving blocks under the hotspot, 4) resizing
hotspot block, 5) migrating computation &
57FA &= FollA 7HF %2 potential gains
e T2 Aoz 33t B5 o o
Sk potential gain 2 (3)¥} o, &% W
3 4T E5 W38 AIZRH Aibdoh

.

JA; 3)

g, =a-AT+B-

Incremental floorplanning®] ™3t A3
MCNC % GSRC #lxlwp=o] s 3=
o, 7]&Y
floorplannerq! CBA (Combined Bucket and
2D Array) ol 3] &% 14% 74, A9
do] 2% A 2 A 94 3% 571 adE B
Sth o]¥ 3t incremental floorplanning B 2.
2 32 3 94 $71 e 37430l 2 PAa

£ 71dE F 3ok

simulated annealing 7]%¥te)

lil. Placement

1. Partition—based Placement™™

B. Goplen, S. Sapatnekar™:= 2] (4) 0]
Al Hol& cost functions 7|REe 2 X9 2
o], TSV ¢, A %9 t3l|A] trade—off 7}
st partition 7]¥+] 3D placement ®'HS 7i
Wl Aol WL % LV %4 (net) i
o] i3t bounding box Zo] U TAf| HEs}a
3= interlayer via (& TSV) Foli, Ti=

cell joll digt 2=tk apy ¥ amws 242t

TSV 2 %o thg H43 A5E vepdh,
FAM &5 FES Ay A 1 g A3 =S

O 1 1o L_a—‘——l—x

s aeste], WL 2 ILV: o thermal net
weighting 3502 A3t dv), &8 et &
HAR L5 FAE A5, celld] Y 229
9] thermal profiles 7|RFC2 thermal net
weightZ A48T, ©]E thermal resistance
reduction net®® TA3t] AW netlistol
F7Ysto] ARS-git.

2IWL; + oy - ILV, ]+ orppp

each neti

T [T
each cell j “@

Abels v <a¥ > Zo] A D
Global placement, 2) Coarse legalization, 3)
Detailed legalization®] 39AIZE 7= o] ith
Global placement GAYX+=
bisection 7]Hel| wet placement FHE
partition3tt}. Coarse legalization @Al =

recursive

Input netlist
Thermal resistance
reduction nets

Global placement

v

Coarse legalization |4

- Local swap & move
- Global swap & move
- Cell shifting

v

f Detail legalization |

Result is OK?

(32! 3) 3D Placement Flow in the work 4
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local/global  swap/move® F3#3st1, cell
shifting 7= HHE4o% Hggdoan 3 A
Aol s F53k WAE ¢ JuE g
Detailed A= legal
placement® W1, B WA coarse
legalization#} detailed legalization THA1E ut
ot it

A|Q¥SR= partition 71%+9] placement engine
= IBM—PLACE #lx]m}=10) digiy 488 4
gsrglon, mAe Aol TSV & ¢ 3 250
aix] theFst trade—off AE AlTebich
SAde Aoyt HA gt il 29 FU1E A%
TSV 7} B3t 46% ZAs0m, £49 4
°] 1% F7F W TSV = 10% 2718 4 257}
e 20% ZAESick

legalization

2. Multi-level Analytical Placement™™

J. Cong, G. Luo™= & A8 A3t 042 v
Sobaa A4 mA19) Zelgk TSV 5 #Ha s
}

ol
2, ¥R

= multi—level analytical placerZ 7gk

g

U}, Analytical placement engines 524 (5
Al density penalty Penaltv(x,y,2)7} 250
Ztobzl wi7hA] penalty factor p & Z7}A17)w
A FolR F2of| 9B costE HAsleho 24
FAle do) 9 TSV 8 F23)5it) 4] o))
le)e £4 el ti8t half—perimeter 29 7]
Hhe A Aololn, vie) = @2 WAoo At
5 A eof] gi3t TSV rolth, of7]e)A] 71
A e TSV F9b TAY Aolo st
trade—off L& ¥}

2 ((e)+ o v(e)) + u- Penalty(x,y,z)
ecE (5)

......................................

ﬂ Initialize/Update :
: Penalty Factor :
Minimize the :

Initial
I\Letlist

Coarsening : Penalized Objective | N '
foe g FineSt /| < .
Coarsest ; ‘,{/ wver%g; """"""

Netlist

i P =
Interpolation »J"’N Q\M Done? .

Final .
Placement

=
y
(712 4) 3D Placement Flow in the work ©

v
Layer-by-layer [
Detailed Placement ‘

NHE analytical placement engines- 7|&
9 multi—-level frameworke] T&=g o,
<18 4>9 722 3D placement flowE 71t}
Coarsening ¥HA|olA+= multi~level diagram
& $38t hierarchyE AA 3L, relaxation WA
XN AAE  hierarchyol] thd] coarsest
level M 5E]  finest level «AZ  7jakg
analytical engines A&t
Interpolation @AM+ BT} Algst A=
dol7p7] dell, vk ©@Ale] g o Algd 4
NEF cellz9] YA interpolationdHt}, BE
HAIZE s, 7189 2D detailed placement
engines 0|88l layerd & detailed placement
£ 8%t

Aok3l= analytical placement 23+ 7)
¢ 2D-to-3D ®E 7|Wke] 3D placerd!
T3Placed} vluElon FHix Tizo] 2¥
o] B¢ Bt 12% =940l 74 8 29% TSV
UaE HYoH, a4 TSV 489

placement

"

At
20% TAZo] 7Ha W 50% TSV 744 HY
t}, <% 5> IBM—-PLACE #lx|v}3 3= &
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14%10

12 —0— ]-Level
=0~ 2-Level

10 —o— 3-Level
—¥— T3Place

# TSV
S}

95 3 35 4 45 5 55 6 65
Wire-length x10"

(a3 5) “ibm13” 3|20|| CHEt Trade—off AI8

stiel ibm13 32 tis] $2 (5) 9 7pEX|
aE 1091458 100007Hx] #M3A7]184 &
A9 Aol 4 TSV 8 4% dur 7|&
T3Place°l v 3

IV. Routing

1. Temperature—aware Routing™®

T. Zhang, Y. Zhan, S. S. Sapatnekar'®-&
3D ICAM 2%E 3133} global routing &1
E<IE 6 F2>& ML) Agksl= 3D
routinge Prim¢] <¢u#&S AMR3E MST
(Minimum Spanning Tree) A} © 2 RE] A|2
gt} 7]& 2D MSTS Manhattan distance 9}
U2 Ao, HA 49 dojg} TSV 5 &
d T UEF, TSVE AM3EE=  vertical
distanced] di#iE 2 71215 $9ch MST
2874 9 congestion estimation ©]%, interlayer
EAe] gk TSV €% Ex2 min—cost
network flow £A|2 H&3t <] TSV 9

’ 3D MST and routing congestion estimation ‘

1 Signal interlayer via assignment ‘

‘ 2D maze routing to get initial routing solutionw

»|

1
Evaluating temperature and
sensitivity analysis for hot spots

[ LP-based thermal via and thermal wire insertion

tRip-up—and—reroute |

Free from
congestion and thermal violation? or
no further improvement?

NO

Post thermal via and
thermal wire insertion

END

(21! 6) 3D Global Routing Algorithm in the work ©

A& zropdict. 3D MSTS TSV 9137} g s
H, TSV AAE 7V pinC. & Ast ZE
interlayer &A1& 2D £X10 2 B3t} o]&
+5F 1#8& 4 9= cost functions 7]8ES.
2 2D maze routingS F33ch

7182191 3D routing®] YEEHH, &% 7HAS
A3l thermal via ¥ thermal wireZ 43t}
3 A 227 =2 GGl thaiA,
thermal via/wiredll th$t 717 % (sensitivity) &
Al L5 a7H o7 2d § JeF vt
BAo=z F3sich vsel] 28 hot spot %
Aol 2% IAaE LP (Linear Programming)

ZIfez E910H, HAsP A, AH 7t

g

hotspot
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(H 1) Zhang®| H|ot

HitHo|| O3t 3D Global Routing Al&ZAn} H|m®

biomed 237 1 819 1056 1153 875 182 177 178 176
industry2 2075 824 106.6 1163 980 6,04 592 6,01 590
industry3 2020 792 991 1125 898 985 975 971 993
ibmOT1 2648 791 1099 093 1084 263 246 263 245
ibm02 2575 805 1056 1116 975 773 757 768 760
ibm03 2185 829 1069 1234 85.4 1027 1030 1026 10,00
ibm04 2181 800 9.0 1078 846 8,07 815 821 825
ibm06 2364 812 992 1314 892 18.08 1819 18,12 18,08

AL 255 183 3D global routing
¢32]E&-2 MCNC ¥ IBM placement #lx]n}
Aol gal o] TR <E DS BF &
T 80TCe digt d¥Zd7 UFZEA thermal
via/wire A o] W 2% 4 T4 Zo]
& A o, T 2D maze routing 538
0]%-2] 1 2%olt} TAE #3hR= thermal
—aware routing ¥Wo|1, P, V, U= 742} 2D
maze routing ©]% post insertion Y& 483t
7d%-(P), thermal wiret= AME3HA| 942 A-¢
V), TA "o dael 2 59 thermal
via/wireZ ol #53HA wWiA171 Z$-(U)©]
o AAA SR TA wo] v W Ee] nlg)
aAor o8 HANS & & 37, 53
ibm01 3|=2.9] Z-¢ell= P o] 13 30.87C,
ibm06 3|Z°] Aol V el vl 50.2TC
O $2 235 BYS & Qo) 2419 Ao
9 AF P Rl vl 0.6%9 F7H Rolu,
thermal via/wire A%< 8 detourZ U3}
WS A0 AJolrt L& A mde| vlE] =
3] nju)slt}, =FollA A|A|3 thermal via/wire

A e B7HAQl golo] F stk B
& glov}, T 3D routing WL F7HAC
Z AN 5 Sl ARo] Sirk

2. Thermal—-aware Steiner Routing"”

M. Pathak, S. K. Lim™-& 3D IC routing2
93t Steiner tree routing ¥EES HEs}
At Aoksh= WS <I¥ > 2] tree
construction ¥ tree refinement®] 29AIZE +
=)o) Qlt}. Tree construction YAl &
% E 783 Elmore delay® HUis 24 &= 3l
5= Steiner treeS A433H, tree refinement
Al A Elolw Aok 20 HEdE gt Y]
oA rip—up—and-reroute WHE A3
congestions AAS} L8 Steiner tree A
A o]F, TSVE AixIgozH e 255 5
VR AT E daelEE /WSt Steiner
tree AL 71E9] 2D tree A LuElES
TSV 9 REZ #ste] 3s3len, TSV
Aufx] FA1= NLP (Non—Linear Programming)
whiog Agst Fo] ILP (Integer Linear
Programming) A2 W3sle] ALt

A|QFsh= Steiner tree routing ¥18E2
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Thermal-aware 3D Steiner Routing Algorithm
input: netlist N, routing graph R, thermal profile Z
output 3D Steiner tree for each net

1. for (each netn € NL)

2. Tw=pon);

3. Q,=set of pins of n except py;

4.  while (Q,#2)

5. for (each pina € Q,)

6. for (each edgee € T,)

7. X = connection point fora — e;

8. y = through via location one(x, a);
9. update delayd(p) forallp € T,;
10. X(a,e)=max{dp)p € T,V a);
11. ( @mins €min) = pintedge pair with min X;
12. T, =Tw Y emim

13. IEMOVE dpy, from Q,;

14. for (each non-timing critical 7, violating capacity
15. rp-up-and-reroute T}, underZ;

(13 7) Pathak's 3D Steiner Routing &z}

ISCAS89, 1TC99, ISPDI8 #lx|m}7 0] tajA]
AL #3021 3D maze routing Y 2D
g routing B BlElSATh A5 AgollA
+ maze routing t¥] HF 49%, 2D Wk
routing tv] Hit 29%2 5 $71= Bk
174} maze routing the] £49] Zol= 21%
S7¥8H, TSV 78 7% 27kt AdE 19
o oA A, TAY Ao, TSV o gt
AAAQ HASh= v F3 Aoy, 250 o
3| B 7]EE A gk @) otk TSV
Aujx duEFe] 2% A EHE de

greedy €a8lEg TSI vwsge

e s

0
30
32
i

V. Clock Network Synthesis
1, Buffered Clock Tree Synthesis[e’]

J. Minz, X. Zhao, S. K. Lim"™& % 7))

lo,

<

Z71 (uniform, worst) 3tllA FL3t skew
7HA+ buffered clock tree synthesis ¢l
2% BURITO (Buffered Clock Tree With
Thermal Optimization)Z 7W&3IAct. #|¢ts}
= Su8Ee 1) Abstract tree A4, 2) Clock
tree embedding, 3) Clock tree buffering, 4)
Thermal—aware optimization®] 4@4|Z2 4
o} itk 19A4 = 2D MMM (method of
means and medians) ¢85S 3DE 43
o] abstract treed A stth 2@AlAAE 2D
DME (deferred merge embedding) €i2]&
S 3DE 51, uniform 2% 27 shellA
abstract tree?] internal node°l] gt $Jx&
AR} 3eAA = 2D buffering E18]E
< 7|90 R uniform &% F7 3follA buffer
£ slste] B8] Zol& £t 4dA A=
B 5 27 (=(uniform + worst)/2)& 7]
HEo R skew A W 2709 &% 24 1
skew balancing2 $|%t internal clock node %!
buffer?] AR E e} Absk= YarlsE
M= Hi 25 ZA zero—skew trees
TS 2719 &% 2o A9 clock skew7t
sYtths A AREESiET, ol B2 &
1% Balanced Skew Theoreme]=} 3t}
Balanced Skew Theorem$ ©]$-34o 27)2]
<5 27U 3lX T skewE e
buffered clock treed 7J3h= BURITO &1
&5 IBM dix|apel disiy AES +3st
Rt Uniform 2 worst 2% Z7eo st
skew balancing 45 2D clock tree 23}
suElE TACO" 9} vlwalgitt. TACOE
balanced skew® XATA HEsh= wbg,
BURITOE 2709 &% 70 thair] ¢eist
skew balancing A3& B} T8t buffer 4t

=

.

=
=

of

—976—



20099 9% HAIZUL] H363 oL

Y olFoli= 37% delay 24 @ 13% skew 2
4 AAE vElon, ol tigh Ao o]
7he 13%3%3th. 3D buffered clock tree 23}
of th3t &31= skew balancing ©]&2] %7)
clock tree®} B3} O 56%2] skew 74
a%E 2

Ak LaElES 2709) thermal profile
of tidlx FUS skew:s 7= buffered
clock treed AT & vk AL /A1
ot 2-layer 29 3D ICeut Zgo) ¥
M, 25 20& 2709 88k wo] Qlvk
=, die layer7} 37 o)Al A, 52 &7} 3
N ol Aol A 8ol o whgo] Qlk

Vl. Thermal & Power Integrity

3D IC= 4 79 dieE FH O A%
EA AAEE IR 1y A3 die
Lol AR EAS) e ddms 9 3D
ICo] &) w14 o 58 A8 AR g

H 2R WEEA A

THAE Q& FA "Bk webA 3
oA+ thermal ¥ power integrit
a2 Fojokyt it

Physical 24 @A)A thermal % power
integrityZ 0| B4 HpHogE 2
2 Ay ARE 7} A DA AMEEhR= cost
functionel WHdsh= Wo] Qick 1@l F7}
Q1 thermal integrity 3F HPH © 2 = B71A)
A TSVE Wl 33kl F742 AkgtozA a4
2E 483 sl 25E A7) Whol

<

it
=
i
>

At} o] wf AR2EE TSVE thermal viag} 3f
1, Hrt 52 dddE A8l thermal wireZ} 3
A AHEE)71 = S} Power integrity 33 W
S 2= @349l decoupling capacitor 4]
Hol gy 9lom, CMOS decoupling
capacitor ¥%F olugt MIM (metal insulator
metal) decoupling capacitorg g7 o]g3}7]
L gtk

VL. 2 8

BEEA Al 3 A EEAR] Ao wet
device scalings &3 HAE o] o7 ¢+
1 9lou, 3D ICE TSV AR-& 53 3% 74

o, AA%, s, Al g9 Ry gl dg
A T B e AlTEORA, A

HHe A AA 7o 2 Ido] AFE ok
ZioME TSVE A= 3D ICE 9%
floorplanning, placement, routing, clock
network synthesis ©HA|*1A1 2] physical 24
143, 3D ICelNe) Fad wy AR
thermal %! power integrity®l thsijA Asxr
et

34 FE Koy a0 ® o3| )
A, BaelA A physical AA WHHEE
opjet B} g A7t Bash, olejgl 3D
IC A e A WA Az il
AMEL BSE AAE Aojnk & 744 q&
multi—core IC AAlof|Ae] T2HA FA=
cores 7|8 EE core®t memory AlolY
communication ©] AA| performance®E -5
A €t Wb 3D 7E2E ol8dte] time-

critical communication ] ©]5-o}#oksl= core,

k2 B e
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memory =g 7M7H- Sl Qs wixg o g
A A AES EQckE A wusy) e gofd

Zmmmmresees. XETIEE o
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