12 United States Patent

Fick et al.

US008381155B1

US 8,381,155 B1
Feb. 19, 2013

(10) Patent No.:
45) Date of Patent:

(54) VERTICAL INTERCONNECT PATTERNS IN
MULTI-LAYER INTEGRATED CIRCUITS

(75)

(73)

(%)

(21)
(22)

(51)

(52)
(58)

Inventors: David A. Fick, Ann Arbor, MI (US);
Ronald G. Dreslinski, Sterling Heights,
MI (US); Trevor N. Mudge, Ann Arbor,
MI (US); David T. Blaauw, Ann Arbor,
MI (US); Dennis M. Sylvester, Ann
Arbor, MI (US)

Assignee: The Regents of the University of
Michigan, Ann Arbor, MI (US)

Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 13/200,831

Filed: Oct. 3, 2011

Int. Cl.

GO6F 17/50 (2006.01)

US.CL e, 716/110

Field of Classification Search

See application

716/110
file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

2009/0194768 Al* 8/2009 Leedy 257/48

ttttttttttttttttttttttttttttt

* cited by examiner

Primary Examiner — Suchin Parihar
(74) Attorney, Agent, or Firm — Nixon & Vanderhye P.C.

(57) ABSTRACT

A method of generating valid vertical interconnect positions
for a multiple layer integrated circuit including multiple lay-
ers stacked vertically above one another and having a bonding
interface between at least one pair of layers. The interface 1s
formed by the coupling of a pair of conductive bond patterns
formed on facing surfaces of the pair of layers. The method
includes defining a candidate transformation origin, defining
a sub-region which tessellates across the patterns, applying a
predetermined transformation to the patterns at the bonding
interface, determining the validity of the candidate transior-
mation origin in dependence on coincidence of at least a
subset of the patterns with the transformed patterns, selecting
a valid transformation origin, and defining a set of valid
vertical interconnect positions associated with the valid trans-
formation origin at positions in the bonding interface where
the original and transformed patterns coincided with each
other.

26 Claims, 22 Drawing Sheets

DEFINE TRANSFORMATION(S) TO SUPPORT ],f500

IDENTIFY BONDPOINT REGULARITY FOR

EACH PA

ERN IN BOTH XAND Y

DETERMINE LCM (X} AND LCM (Y)
70 DEFINE SEARCH REGION

SMALLER
TRANSLATIGN PITCH DESIRED

HIGH FREQUENCY ELEMENTS ?

515

AND COMBINED PATTERN CONTAINS LOW &

005
510
920
FREQUENCY BOND POINTS
VES

025
I SELECT CANDIDATE TRANSFORMATION ORIGIN |‘

APPLY TRANSFORMATION(S) WITH RESPECT
TG CANDIDATE TRANSFORMATION ORIGIN

DOES
THE INTERSECTION
OF THE TRANSFORMED PATTERN(S)

PRESENT 22 VALID VERTICAL
INTERCONNECT
POSITIONS ?

YES

RETAIN CANDIDATE TRANSFORMATION ORIGIN AND
ASSOCIATED VALID VERTICAL INTERCONNECT

POSITIONS FOR EACH INTERFACE

035

WiTH THE ORIGINAL PATTERN AT EACH INTERFACE

SELECT TRANSFORMATION ORIGIN
FROM THOSE RETAINED

530

REJECT
0 CANDIDATE
ORIGIN

545

550

ANOTHER ves
CANDIDATE ORIGIN T0
CONSIDER?

555 0

240




US 8,381,155 B1

Sheet 1 of 22

Feb. 19, 2013

U.S. Patent

(LY ¥O¥d) | "9

J0Vd M3V,

vi vl ¢l vl vl vl vi
dd9 d4d9 ddo dd0 d80

BISAID) IS ]
¢e

ﬁ%’ggﬁ. AT =

.. | HIAV]
b .._,q% LAEl HOLSISNYYL
9¢ 4,&%_5_ r ._S_m_z
. 018 157 [
JE] WLIN 9¢ |_ wm
WLIN 1 i
d8 | [ d8 | | d80 | [ 4@
S A el mr

30Vd .INOY4.



U.S. Patent Feb. 19, 2013 Sheet 2 of 22 US 8,381,155 B1

100
J
. MODULE
_____..____._____.:_._.____._._________q:._____._____.
IBM32S0I . CORTEXM3 J102
i CORE 112 ;
———-——————-——,—-—-———-—-—-—-—-—————-—-’—-———-—-—-———
IBM32S01 5 CACHE 114 104
—.——.—.—-—}——————-—-——-E—-————_
Micron 42nm E DRAM 5 J1 06
5 MEMORY 116
—-——-—-————————-———.—-———*——-—-—-—-———-—-—
e o e e e e o o _H_j
110



US 8,381,155 B1

Sheet 3 of 22

Feb. 19, 2013

U.S. Patent

£ 9l
VISAYD'S
— — —
P g D
< < <
SISV 22277272 A7 7777777777 L
PIXQ IS
FOV4431N
ONIONGH
3PIXQ IS
_
SHOLSISNVYL \\\\Q\\\\\\\\\\ \N\\\\\\\\ IS \&\\\\ C YINT
SOvd
T dHodn
ANINIANTY



US 8,381,155 B1

Sheet 4 of 22

Feb. 19, 2013

U.S. Patent

o~

panunuod) € ‘9|4

SHOLIOVdYO AVH(d

7
m

WISAO IS

SHOLSISNVHL

llllllllll
iiiiiiiiii

iiiiiiiiii
iiiiiiii

9PXOIS .

JOVAd3INI
ONIONOCH

S801IDVdY3 Nvyd

7
.

Z

WISAHD 'S

SHOLSISNVYL

IPXQ 1S

Sdd)
ONIHOLVI

JOV443INI
JNIONOS



U.S. Patent Feb. 19, 2013 Sheet 5 of 22 US 8,381,155 B1

200

204

202

1]

208 206

]

212

210

1]

216 214

1]

FIG. 4



U.S. Patent Feb. 19, 2013 Sheet 6 of 22 US 8,381,155 B1

FIRST INTERFACE SECOND INTERFACE
ORIGIN ORIGIN 340

r

ORIGINAL 5 @
300 5 @

R g +~
e QO QD \@
3105 ®® @@\/

OVERLAY §

320



U.S. Patent Feb. 19, 2013 Sheet 7 of 22 US 8,381,155 B1

ORIGIN ORIGINAL
N

180° ROTATION 00° ROTATION ORIGIN

G220

AN
EERRHRN
006 0% %
KKK
""’*“”‘}f

et Ny

10 %Y

’f "
olele
¢ 0.0, 9.0
olelele e
PR
KKK
Y% 4

OO
0 0% %%
%00 %0 %%
Sed0le%e %Y
* 09006
ool e %Y
N7




US 8,381,155 B1

Sheet 8 of 22

Feb. 19, 2013

U.S. Patent

420

(Minimum)

le

F

Combined T

426

L BN BN BE B I OB OB Ol I N I I N N N W HEEEEEEREEERENERENE

T & 4 F K & & & 1

- - mopE = o E o

rs §F ¢ g% 4 ¢ 85 % F

= + W F F A ¥ FEFESS FTF A

* % F FF ¥ FFRY AR FEEPB

4 4 ¥ F A F 8 +8 % 3 " owr

- m 4 r mow f s m oa W EOWE WK

- T W w Ny F Ff£f * ** ** T©T " - F° T

" E F F ’F F T¥ ¥ 1 * " W "

* vy & & r vy & pwg @
R R FEFYNFETRA

F ¥r - B FEE

- w oy r FpEEEE
[ T SR R T

" K F &k X+ 2R BT A

* * 4 T ¢ F F 449 pFrFaACFr

14 ¥ F & ¢ F 5% 32 &1 3 ¥

= m 3 X F W F KT PTRET W E QN

- - = - r = -

- = L L]
+ = &4 Fr & F F 41 1 B8 % BF

T « F ¥ ¥ Ft p oy by s ¥

TE R FEFEEE R PR

" Wy FEFFPFEF 3R

T & » & & &

& momop o=

- m m =

F F = 5y =W LI = =

" T 4 W T F F F f @ B ¥EERERER

+ 4 W % I B & & F I 7 3 2 8 B

T 44 %"PF ENF #FEFEEF BAEEm

= &% B m &+ =y xr Fr s+ + =4

™ ¥ & & F* F F & F g = ¥ 2 F 1%

— m =

- T = 5 4 F 5B % r = r =

4« = % & w F Fr F PR P

- F N & & F wq

4 %  FyF = =5 ¥ 4 1 L %

T T T R &k rowew W a

* = % ¥ F F r = y 5§ 1 = &A@

® * T FFr FEE PFEaon

T T R T &+ B ow b oweowoT p e m

-

P E X F F FFF TR R RN

T ® ¥ B F FFIA A AT
* F P RW kK R RTE R AR

= Fr®E W FFEESFFTEEEE

" 1T % + + FFEA FFS2S T A3

I m m & P F¥FrrFrr & 4§ N B
4 F 4 A BF F EA R FERE TR S

T A W F ko Fow ow ow o opoy onom o

= % % + & ¥ F & &£ r F B m m uww»

4w m m oy 3 T g o= T ETE T

- ¥ P F F XN FJI &+ 7 4

& = h & xr o F ¥y =y IR
T F F ¥ ¥ 4 F F BB

4 wr F®* X NF "7

4 1T ¥ FF & F T a

A A r R AR
.'.'ll..'.l"nlrf

T E T mW Fr T F R I1RR

T R W % F Ty RER

T A & FEFEFE FF RSB RN

T F B B W & F B & E & f L kL &

= h & & F F = rFy nET w1

i E AR Y FFEY R
4 A FFaaE FPFREREE

& & % F &F ¥ PR
A B F F R F F B

T B F B2 F F &

4272
Interface
1 Tile

s

= A ® W FEFEF R A&

" T F R FEFRE

1-ﬂﬁ-‘-ﬂﬂ----

& 5 1T RRFEEEFEETFAR R
T *F &A%k KT AN

& = B wm m wm gy A& T & FE o=

F * m B %" F & § B 4 v B uwom

- = m u -~ § % F F A & L]

T A "R FEEE T RYP
7 & & & & &4 F F ¥ Fr'*9nq5 49

= 54 3 F Frt Ty ermr

"y R FNFNF FEER
" " FREE X FNTFTR

T W R E AN B FpwRFou

T ¥ * T HE * * & F F F & & & L &

- K % &

vy 4 w5 * Fr &S =" 8

" @ " " mF

¥ P F " 44 A NNF¥ FEFDT A

* 4 4% + B 4 m mr ¥ FF ¥y ¥y ¥rq ¢

r " %" #F 1T 8 F & F F F F B

= ¥ W F F F ¥ =B &© "

L T B B N

T+ A w R E

F 3% % 4 1 B KO

" & §® & & & ¥ & F B & & &

d 4 F = = 5§ = @p @p ¥ F § 1 ¥ N

* F B AR PR a A FEF kA
& F F "R FTRERERFT YR

& FE & & & 4 + " R K F ¥ BN

o - & I

- F & + ® B + & + -

-
T F F ¥ S+ 71T 49 FFT FFFKH
- & 5 T R "R W R L F§F RN

¥y & ®* + 4 = F & EkE F § & &

E AW EWETFRN

L 3K K TENE B I

EF k m & mn hom b kdoros

= r % & * & & ¥+ F + F F - =m T

d 4= & & B F g b B = =& 5w 5 ¥ »r

F X ¥y ¥y " "W " mME T F RN FERA
*r FFE®"® * 37 "k F¥Yrartckiypg

+

T o,¥& F + ® B + += 41 Fr X & - F

F # R EA FFFE R LW

" o T 4 +

& wm w ¥ m ox xr m oy ow ow

E & r pE EPEFTTFTNRENNT

= F ¥ = F T I "R F E N F F N B N

A F F HE - = R A 4 B B & & F &

= E EWT O® EOTEF OF R T

F u T * F % % F F T 4 F B

f F F ¥ 8 kR TF A F FF e

F K F B + &4 + 1 = F Frer
F & & + » B = g F Frr

. T A - + & - =B

£ 2 W E R R
4 E 2 F AR = AR

-

- F ®= 7 F * B I & F 41

T B F A F*+FTRY Y e da
FF ¥ % F Y T I ¥ FFPIAOTUN

- w4 & B F A B K [ I

= & & & » 1 P RER g HBEF §FFIY

o EH F H B T 3 & ¥ 4+ F rF & & 4

F ¥ ¥ = § ** ®* F = ¥ ¥ B 4 ¥ I

¥ EEEERFERY T FE NN

F o F &R 1T 1 4% % &4 & F & & &
F & " F T1T%®*P®*4 FFRFIIAX

¥ W F* A ORE WY NF

424

Interface
2 Tile

F T = u F

"R T R ORE W

 F F F & F 1T 31 4 % 3 &% d k »r

w & gy x F W, pE ¥ - 5y 53 @B B T F
T = gy W F 1 " *TWW®®AaTrE

& & B F F F % R A4 2 FR
= r " 585 F 7 W E T AFE

& F F F F * 2 R R ¥ "R OE & W F
r &% b v #r a2 » B mm arTUr

= & F F r ' 2 = * a3 &8

- r F * 9w T 1P
Y " F ¥ "R RE BT

F % % & & % m m m wm owm oy oW

& d = m = F B m @ p P C B w o=

4 = F F & ®*F % & %R EF R B
g F & 4 & F T % % & % = k yry

4 ¢ F ¥ §F ¥ § % &4 B EFEF X
& & = 4 & F % % F §f 3

L3N O N R ]

& & d r b " m W B

* & & B ¥ F ® + 8 & & &

¥ F  F F 1 & + % %

e TR EWE

& & # F X & * 1 % bk »

* F R T R F Y OF R R AW

" T F 4 FETF %1 4% 08 %8 F

- F r X FRLOTRERRTEE R OE R
T F R T FFTAT R RO
1

L r&® F FFT AT FEE TR

L L L T O I T TR I I T ¥

Y ¥ F F E B4 B F e opow oy o= o

F W & FFTEREETTAEPF R
4 *r v % >y ¥ " 1 BT
& & 4 F # F & b ¥ 4 0=
FF NN RS R

& ¢ F F & wmw m J &

T 4 F F ¥ * 4% 83

. o F 4 F xr p o FF WP

* r xr ¥ 4

" F F T E BT EAPFER RO R

* 4 4 vy F r ¥y A Fr"AAT

" % ¥ F % »F FEFEAEY NN

d F 9 *F & & & p F umwm w 3

T m N

= H N E E X & B ROBE R e

r " W T § F F B T T " B § ®* * K

¥ & & ¥y = ®= =

F or @ = % = 4§
"Xy RATERR R

LI O A B B R B
L B S BN

w % = 4 == 2B F ¥ » = &4 B L ™ ¥
+ + = & ¥ F # ~ P " T B R T T
= 4 T F F F & & & &A1+ poEwF
" p Xy FpErrsrE **E 1Y%
R F S F PR R AR Y] AewE
* 4 T F F O & k> 5% % 4+ 3 % %

HE T 5§ B = W W
L S A I Y
F = 5 F I % B
JF FE F 4 & F *
T, K B F ¥ = B

LI B BN

" ¥ ¥ FF FTQT EFEEFEYEFEES®SS R

+ % % F & & & F & % m 7 949 72 7+ &
21 T # F ¥ ¥ r 51Tk R F1
4 % F F & & F I m m 43 35 & &

= F F F & & & F P o = u F T

= ®m " F E T § r F *  m 4 ® = W

"2 ¥ P FP¥F X EFEFYTEFERLTAEBRT
& & & m & & kL & w F 3 ¥ R ®
T X FRE T T F & A BT " B

L L R A )

1
L
S

=

k3
=

o
o
©

=

2

=

= T *™ m 1 " * F
F F+ +* &R R B o k¥
fF £ = @ » " ¥ " 4 F U4 T
rrFr 4% F*h 3 pFrakFFFr
B F R FRAY R EEF R

rrFr & & & % 2 B & T P E -

T § = m E ®™ T®T T F R N NN TN

I " FR " E & F F F R

T T Fr TN

I r4+ 8% &4 4488 kaon
Ew ok F "W 1" FE BFXTFFE K
R F AW TR F1AE e AT Rw

FIG. 7A



US 8,381,155 B1

Sheet 9 of 22

Feb. 19, 2013

U.S. Patent

Combined Tile Square

(Origin A)

ORIGINA

- A& = o vy F F vy =k orE T
+ = T W W * = Ny F F ¥ o@u o W W
T " " F F F F Fw% = F } & % B0

- % @ # &K & b o o F A m v mm

" " W FFY FO4O P RT AR

T +* wm ¥ & & ryr wr F F ** = -2 = =

FE #F# N & r F 4 =

= 0% F F ®F F FEF I3 ¥ R

T T N N OF 2 BTN E OETR AW

T * * ¥ I F ¢ F F & & B & &

-+ »» = ®* F&F w ¥ = rr w 4+ = & § ¢

- * ® & §F W F F F & 18 ¢ B 4 1
. T = R F F F rFATeE S A

= = W &y ¥ w F rr-awrE E=x=

% = ¥ rXr r oy Fr rFit s aa

= FE FE & F I T+ +

- ry = F >~ W R W w

* FE F F F F F 8 & 2

* I 5 K & F + &

- -

m T "W o FERE Ry

‘"R ®* & T - W F F F X

F & & + & § = w pr = B ¥ F F W

£ *Pr**TFr I TFreETITETr

F % % T @ T B T N B NF ¥F B 7

F m & W R W R L R F R+ BN

* & B " s 4 7 F F BFF NS FER

[ |

r & F &

+ T F & &+

- kR = 7R OWEF EF ¥

* 7T W & F % F F

F & T " 2 " " % FNF FT & F

¥ * = 9 ¥ ®* &+ T F ¥ & F F & B

r = 1 uw & F m A =@ F FrF @@

F 1 * 4% % * & B & & & F & ¥ B

r 4% +r¥* Ffr*r*rrErFrr@rrQrErgF 1

’HE T = T O O E R e & N B OB BN & &

& + & B + & = = = == = k& r

T % &% & ™ 94 & FF 1 P

* m B+ & e gy F = T >

T " T T WM ¥ BN

T * ® * R OF FF N

- * * ® m * o T r ww §

*+*TPF*T*FrF1 " TFEFETTTR

F b > »n b 3 = m oy o r oy s E=
F 3 W % + & 5 " F F = F¥ &k &

= & ¥ " % T %" " N F F ¥ Frnrm1

F R = 4+ = B + B & F &+ & & Fr'm

F A W E T EE EEFEFFRETF

F % % + + B ¥ B+ & ¥ F ¥ F F B

F & & A2 "1 B FFrFyx FEY

T ™M WP W ™ OB N T =B N

L I I T B

F F ¥ &5 F F 49 " ¢ ¥ 4 F F 4T

- 5 =& r w m b = g B P W™ oy ¥
Bk o F & &2 8 & 4 3 &k & &3

T B & F r ¥ 5+ ®* T + 9§ F = & ¥

¥ ¥ & F F F AR T 0 % R YA W

¥y W R N F W R TR R W R S N

F F & F T & B " B & & + N

* F F = ®* F* ® * ®* 7T %

F Ty s®m *r8% 4% F

F EFE & F * + E &

> » F F 1 + + 1 1 = ®

5 & F & F ® + + 4 B + + &

F F ¥ B F F F 2 2 "R RAEF N

r w4 W * & =W *T ™ E E ™R W N ¥

T FrFy¥rrJ79%9T7TTrFATTr*rE®rIT>I
& & & + X B + F ARk oo

= & v ow F F F B »op B W OREWF TN

r & & F F 9 % % % % 3 " & @9

- 5 & & F B F A& ¥+ &

r s r nm % *1* &3

F = F F = T =W T W 9§ =

® F X F R B 0 "2

T FF T K F F

- F F O W Oy O q

R A A N N

4 Wm 52 & B FrF ¥ 32 B F } 5 1

- & * T & & &= & ¥ F & g = B =

" % % & F F B FIF % = 1

* T ¥ T W™ F BN F T T R OE T R P
*f *r ¥+ *+*Frr T+ roerHwmar

+ B Ty o rE T E T

* = ® F poFRE

X W B F RSN R

" T W & 1 &¥ #&§ & & & F ¢ " B - %

4 ® * & & Fw & ¥ r = 31" 12 =

T 1 * % 1 &4¥ FF F Fr ¥ F ¢ W 5% r 1

T F " BB F F FBERE PR

= -y s - - B T x - - - -

* % & B % F & & & & = w & wm =

=% * FFFET T EFER AR

" = F & r ¥y 3 rFr = =

- F F F T ¥ BB

»r*r e pr Fryry prpas

+ & & ¥ F ¥ K & F© m "

* T " F Frk x4 F BE A

* + + = ¥ Fr & ¥y w 4 &+ = A =+ w

# % % B W ¥ F F ¥ F &S EE AW

- ¥ & L F FRERFFFRYT AN

= 4 ** *» +# &y ¥F r ® F % & 4 * & =

" * A @AW =K B RS FEEEE

- W P E W OF FT BTN E EE A B
4 % *mw - F FHE ¥ TTER
= " =" F¥F F Y P FYXY I ETTE

T " F A Y FF ST X

N N R L E  E N E L E E R  E R E R R T T

1.
®
S

=

2

=

O\
Q>
S

-

Q{

=

¥y T ESE FHF T HRERETRETE

* F ST FF T ST RE AR FF R

T = & & & k & ¥y m = ¥ W PR A BUK

2 = F * T T B2 B 3 B R OE B B+ &

T 1T ¥ F F &+ & F 39 %" " 9% % 7 &

# & & ¥ F &y  F 4 9" T R H AW

4% & F &y F b ypwm FTETFFA

2 & p F  xy rp F I E T "R E

- B ® 4 E F F B W F F @PoRWOMWM

F & & #& F & m r =mw &

¥ rFr¥F¥F rr 19 mTI1




US 8,381,155 B1

Sheet 10 of 22

Feb. 19, 2013

U.S. Patent

)

I-I-I-i.----iiii-ii'.iﬂiiﬁ--iiiii--i---------------

A

IN

irror Y (Ornig

Square With M

ined Tile

Comb

F F ¥ § = m ®* ¢

* & F r 4 m m * u

- ¥ F ¥ F ¢ ** 2 97T 1

LEE R N AR RN TR IR

% X & wr & & wr *+ m P =+ m P N

= F = B X F & R R W R AN

- > = w

* F = ¥ &F X &+ w

F Fr & & & = & m ® =

= 4 & = ** mW § T T

F F & F F F % 9 + » »» % ° B
T & F F F F F &2 &% 3 & & = = r
T & F & F ¥ F 2 A B 3 A = ¥y N
¥y * ¥y & Fp¥y¥® 7T FFTFLYZEPF
= & F & & & F A B P E PP E LG
F ¥ ¥ ®» & ¥ F +# 4% 4 4 » 4 wr

& & F r % & = 3 W T P PR EAN

= F&F F & & F r 3 ¥ = 3 MR WGF

F F F r o & ¢ 12 " & ¥

F X ¥ & & % 2 & + 4 3B

F 5 F &K K F % A m R BFR MW

Frkrreprpras®*i14+8rx

r &# #F w w r » 3 & = a9 8 = =

¥ & w o & = W T F * = WM F A

= r # &# © F « &% £ & = 3 % » =

FFrF @ F FFE WP RT A REREN
¥ F % % % ¥ » » 1 &+ 0T ¥

wy v &k » & W R PR

¥ m o= x opm R = o oR

1T ¥ ¥ r & F FEFE B

4= = 4 & F F & & & b =

" r T ¥ &y B ¥FBPEFERA

T W OE W N TN E ST FE EE PR

T P " 1 + & F F FE F F R R 2 B

- T W m T N W™ N W EFEREAAP

* * 8 B F B & & F F F mERE B
"R WM OW O R N FFY FER AW
T T A MW F X FE EE KA RE B

" E W oe ™ OE N T OWREFT R T

ik P A N EF A W W

T W= 9 F F & F I ¥ &8 += &

* A W F F T EF K

- ¥ ¥ F F F I &

- T m o,

= % Wy r o ¥ FEFLTW PN

1T & ¥ F & X F &

* P ¥ ¥ FEITOTFE A

* * - *+ & Fy = F ¥ = = J 9w

"+ T + K F F X F v HEE b
a2 * + m w x F = ¥ F ¥F E " F B

A * % == ¥ r ¥ F Fr & *rrFr A

T " R W T F N & F F T B 2T N

* # & w F r F ¥y ok xrwmrEu

T A W W= F F FF & Frar kR

" " F R W F F EFE FF R O+ B A

" B 4 ¢ F ¥y ro4F r A
= & & F F vy v k>

* 4 ¥ F F 4 I F >+

T s * F F F v x = a2

= 1 ® B

4 % * "R ¥ ¥ F F & & F * & & 1

+ 4 + & &% F F F 4 & F A = =3

4 % = 4 & » F v xr pEETE

1T & &% & F & & & & > B

+ + 3 % 1 F &F v« rr 4+ = + = ®

TP WA FF NS REREEWE R

+ # & m w w o F w O weowm o owm T EWOW

1 T " F F ¥ v F FW T T B
= % & & % F vy w & & F & = =+ W

* 1T 4 A ¥ PN FFFTHEH T FS

i ek ol e ek e e

- & & T I =5 & &5 F &

- = F ¥ ¥ F Fr I F 1
L K S R

" e v g oW W Fox T oW

* * & & T F & F ¥ ¥ F B 3 %

= mwm k F R FEET TR RA

" & ¢ F F F > F B B 4

¥ F®* 8 1T F %" ¥ *F FEFFFS
* & % + 4 & m % ™3 F & F F F &

rEx & &% = » & m mn &k » & r r

¥F == * T T W W B * §F F K F

*T*TFT*T AT *EEFETITY
* T ¥+ = £ & W w

F ¥ ¥® F % * T " RF F o & r o
*F r ¥ I F F R R R T F N Fox ¥

© T ¥ § FF = F 9§ ¥ £ & & T F F
* ¥ & & W * W $ W FT §F & F ¥ &

r o ¥ F T W EEERPFREFE TN

F = T W OF FT W OE R W O & FOF
¥ = p ¥ * F 4 ¥ ®* F ¥ & F ¥
P ¥ 5 * 7T W ETTWT SLCM
& T * ®* ® * & F & ¥

= *F m m A T &

* ¥ ¥ P *TT1T "R *TTT TRUIECNEL

= F§ ¥ ¢ ¥ *»  a 1 4 F ¥ ¥ F K F

" A ke B

* K & ®* B & w mw * s ¥ T ¥

d & & 5 + & B 2% T F FrFrasr

B B & 94 ** F " "% T R F F o & &

F r m op ™mW OWWPF I FETALN

F r o T W omom R W RN

® FF a4% 4+t s FerrFrrr
F F B 4 + 4+ = ** ** WA @F B ¥ FF

L A R I

(N A A A A T T IR

h & & & & & & &

* F ¥ = F F ¥ F rPF 1 FEF

" & F vy ¥ F ¥R RE T RBE RO

* ¥ F F & ¥ FE &  + > a2 = B =

- o * F ¥ ¥FrA47 A9 EE~¥

A& m om ow f w mow W™ O omom o m oW W

T W™ & F F & X F & T ¥ 4% % % B ¥

= o = = 4 ¥ F ¥ * I B 2 B § ¥

¥ F F 5§ Y " B F

F ¥ rFr k& rE ATy
& ww F F k o vy  m un * u =

- A X B B F RO R R R LT A W

- & F B F F XY RWRE TR W W
T YT R F FETFTAT HFTRAEB
* 5 &+ F & F % o & &+ 4 2 uw = =
* W & & k F F vy u  » "3 UK

- & F ¥ F F &k F + B +& 3 m B

T W ¥ ®F F F ¥ F B T A F F *+ K

L I S N T

Fr r = = Fr r § & + ¢ &

¥ ¥y ¥y F F ¥ 5 T ® 8 71X

E ¥ & & o & & & # = = ® = W

w WYL O™ N W R WEE T
® r % & FE B R = oW

# 4 = § F F F F R u 1 = 8 = =
1T & & F ¥ §F & F & & B F R
" F F 34 W N O F F " W *®* B " E ¥
- 4 4¥ ¥ F & o F & 5§ B A s m |y

" B ¥ F ¥ W FFE TR TR ERE T

- & F X X ®F F F B w & B3 & m 4

N A,

)

inA

Orig

(

X

ITTOr

d Tile Square With M

ine

Comb

- T B T WM OB F O N F BN

. & 33 B N N JJ

L B R

T F ** ® ® T ® T

& A & A R A A W m Ak owoow m

¥ "= m m " m 4§ T - §FFr &% BN

Ty ¥ & &% * » & » ¥ & X & F K &

* B+ * T * %+ & * & B & & & F F

s w = m 2 F » W TP F F O TP F TR

+ * * " % ®* €T F F& FE F & F & 4

- m m am . m o= g oy W m w = oy m

- F B W T FRE S FEFFREEFA

= = * & + »m m FyF = B2 ¥ r = §¥y =

& %1 +# & *F* &K % k& FEER F &

o a F = B % & F B & F F FF A

B pm kR s wm o x ko oo

= + &% % & &k F F

- T W R T TR R

LIS LA BE IR AN NN A

" 1 % 4w & + % 3 & k &

- m W EP W E BT T

- m AT R F KN

- % + & &4 % * & & + F F k>

& = =  m = * = W Xy B FF r ¥ *

& #+ & = T &% % F & & F & & K B

L I B N I S A

- ** ® E =™ ¥ =

¥ ®* ¢ " F & & ® F & & K B ¥ &

EL* &Y WREYEBRNFTRS LT
F T ® % + T F T F & F F F ¥ B %

& ¥ * P 4" M@ * A 4 & F F & & & B

L T A T I TE N RN CE CE N N O

* # * % & & * & *+* ¥ F xr & F @§ o

¥y F * & w = + m v ¥y *= ¥ § ¥ T

¥ & % & » » ®F F E F ¥FFFY FBE
Fr % 4 & * B s m v ¥ ¥ = 0 ¥y r

¥ m * » W PR W E NN SFE N

" F R OW™M W W W OW N ¥ RN
L I I I I

- % & w oW oFr omoN

= & = m =m =w &k = ¥y

T * % & ®* P A K F F K &

L B B W N N N o

¥ ®E F W " F * mH N = F FNF F§

* ¥ * + & 4+ 2 + ¥ ¥ & w Fr ¥ ¥

T & * + & & 4 = & F ¥ == °F * §y¥

* K 1 + *+ * #+ + & F & & F X x

¥ ¥ 9 T *" D " F ¥ 4K F ¥ X

- F T = " @ & W T ¥ ¥ B F §¥y ¥

> F 2 4 = F 4% P F S & FF R &

L T T T EE N R RN B

% & & 1 &% & % & ok & & K

* 1 A" & + T & F &

T P W E B F BB

F F > F T = 9 & F &

L N 8 2O B I Ok 3

FE ¥ ## ¥ &% ¢ % 3 * * @ " B K

- & B F ¥ ¥ B B ¥ T B R " ¥ F B

= w & > *» B " " B R - W W FF

* F ¥ ¥ F & Fr = *r R E* AR R FI

k& w F F = » " m I " = 9 ¥ B ¥

- F F F & F F % =" % "R TR

v Yy FFFr ¥& F31 ™ %% 3131 FF X

- & - F 5 & T +F & -

&k k F F W or o oW oW R WE W N

* ¥ F F % B 4 + R ¢ 1 45+ F R

o v kv F v ram» 9 WX

= & = F & & &+ m + = 3 g = W ¥

- F Ny 5 & F ¥ * & ® 4 & 4 ¥

- & & F F ¥ 4 + + 5 & F 4

& F F R X ELTETAEANW

LA O T I I I

T = = o 4§ T T EH B

Fy & = F ¥F F BT EB
F & & & F v m % * b 4 =

FF F & % F ¥ FE*T FEF F 3R

. & F F & & & & % W OF F EB E B

+ & ¥ ¥ » F ¥y yr » § ¥ ® 1 W T K

= & & & & & F m = 4 F **F =R W &
L

¥ F F &S ¥y ra % ** 919 ¢ 8

+ k o r # F 4 = & R FERAE
¥ ¥ F &y Fr ¥ 8 1 2 #+ 3 ¥ F

* w & F ¥ Fp ¥ 2 = 1 & " % F R

i 4 F & ofr * & m & w T 2 B p

™ & F ¥ F F & & % % # & % & F
F F & & b F E = T R F E B

L

- & F ¥ F F F B " FRPFTEEEFLX

F X * FEF & AR A F W oK N

o & w w » F * 31 1 FPFPAENSE
F & F F 5§ 1 " ¢ & " 8

- = F ® B E W

¥ B F ¥ ® B R B

"TFT YT F1T R A%%%

k- & & & $+ + m 2w

T + & F ¥ 4 ** * 1 &8 1%

Sy hddd s

T F F F ®* & 3 & +# 4 & & 8%
T B ¥ & & F F R 4 % RER T TS

F ¥ F ¥ F #&# & 4 " * 4 B F KR

& & & F ¥ & » W " B EW R T N
- F X & B F F A R F b w R w F

* Fr """ r ¥ ¥ * " FfFrPFrHEE+ XN

& F w o b= EERR W
E F T T FTE R R T R R

¥y ¥ F r = &« 1 ®
¥ & F £ + + 4=

= - - a4 - T L

T + #F T & F & X &
11 TR IS FEREE R
L B 14 B A B 13

* &% T u» * % rFr » F 3 ¥ ¥ & £ ¥°1 B

"= ® ® T =" ¥ T K A 3 - R [ ]

" % * " & F B F §F F& F F 4 % & 8

“ ™ T * W ¥ F F & & F = & u 3

= " & m & ¥ = F & & FrrFr £t 1 EFw

- % T & + & ¥ » = ¢+ f m »» B

= * " W K F &N FFE W FRE AR

- 4o 44O A [

bl

- &

" mom R E XN FR LR T RN

A 4 3w r g% B oFyE T Ew

- - - - - - Jar L J - - b » » L] L]

- & w ¥ R EFE R R

-y w X ¥ omomq

" T F ¥ ¥ ® F ¥+ 1 #

* % F > = F > FrFrr "

rF F N F =5 & & o R

*

+ % ® % & &% Kk r & -

- » % » prp > & a2 FrE =1 8B

2 " 1 % B K

* + F b & r o kKW R

* + 4 *= ¥ X &+ F >r ¥rr

* & W T E NN FFYT R BEE

T 1T " W & FF ¥ & FF 24 ®

* % ¥ FPF A EFT FIF & 8 1 4 %

T % % % #+ + & = & F = r'm p ¥ 3

T F AT AT OFEE F R EFRR W
* A W ™ ™MW N RN T OFFEE RN

A % 4 % ¥ ¥ FrFE e P

1T ® ® % % F & ¥ ¥y r = = = 1

* " W O F ¥ ¥ F FFF &%

=4 & F & & & F F womou
* B F F X B ERE

T W™ ¥ ¥ B r & &

+* £ ¥ & = = F F m

*T P FITY FF &% n b

- % % YT ¥ & F F & h

"R P W E T FFT X B
B W AW W N

= T @ ¥ B+ F ¥ FE F F F F R R B

* & & % 4 ¥y ¥FFOrFEF =9 @

" W ¥ ® W T F ¥ ¥F Fr F ¥ h " * &

* " R R F o e ¥ FoRoE W
4 ¢ R * * F F F ¥ ¥ *» 2 @ u

" TR FPERTFERF IR TFEE R

" m e A R FRFFE RN

™ + 4 W FF F & F kB

" W B F ¥ B F XY

= W W F W & & F B & & 4 A v m w

14 % % + &+ & & F = ¥ ¥ = * &2 ® =

F xr rF r m s T W

T ® % 4 T & F f F ' = 1 1 = * 4§

- % " P O™ME W B
& T % ® + B R NN
= B 4 % 1T 1 5% % F 9
L &k 1 I B W ]

= = o A @m @w ¥ B R B CRF ¥ & ¥ & X

- W OE R T R NN
= 5 8 1T F*FrFrraE F4+Tenrpg

- F & * 3 & = 42 w & Wwp yrwr g

F @ ¥y F 1 " R P ®* B ¥ F r &k &

 F F 8% 32 A2 T EREFTOXTFEIT

XY F ra 11" s REE R FF

T F F©F T * " ® ** T @ 4 & F ¥ r

r xy F &£ m 7 = 4 & T F
= ¥ & & T 1 * * & ¥ W r = Fr B

F & & F 3 » 3 ® » " @ ¥ FIK

* # o & T + & + b B & ¥ k F wp

& 3 + % w % 308 ¢ ¥
- = 2 % % 0 ¥ F

= m & & 3 = ®» W g

-mem W T S W T W .

r F & £ ®* + &% ® R ¥ &k r >

*® x ¥ * » 7 ®* P EAOET FER

F F F & 4 =  + mn B = =B 75

LR N N I R A L

- % K -

F & F 4 T R EW REAINFEFEF

> F F F T F + FF EF kK

# = F % 7 4 W W EPBEPE S FELTN

r s & & &% &% % 3% F¥F pUrwQC
F Y F kA E PR PR FE TR
¥ r & 8 &4 % 3 F % K ¥k ¥ F B
F ¥y r *r 32 F W AT TEFFER
r>* = r &% % % T & ¥ & & 7

* Fr r F & % % = 4% + % » ¥y ¥yrrr

T = E * F R R R W F & F ¥

s # = % m = m WP WP N K yg

- FT R R R B

ra 41 9% %4a1rr
T W WOWMOW™ONW W RN

T™T & *%Y™" T *RAEEFKnrmnr

"o “ad b it uh "l e b

= F & » 3 2 " " OBWRCE ¥ K ¥ Fr N

= F F & & 4 F F ®* & B & & F k& -

* E F & % F 38 FFF FEET

- F ¥ ¥ " 4 % ¢ 0% F 5 & r

& F¥Fr & 3% 1" 0T F¥FIrCrCGF
F # F r # & 2 % = & @y r ¥y r »

& & P TP AR FEAFFR R A

* k& = * A om W R E FEFT R

¥y = ®§ * ®* * + T & #

L e B B B B A N N N N T EEEE E E E E T T YT YT T E T E N "

FIG. 7C



US 8,381,155 B1

Sheet 11 of 22

Feb. 19, 2013

U.S. Patent

)

In A

le Square With R90 (Origi

L

Combined T

ﬂq--lll-------l

® + 7 1 m W F @B
w & 4 T mw = & = o K
» ¥ F * 1 = ® F BB
F r w 4% + 3 == F R B F >
s r r v v ¢ = mw w kg F F = =
w & v w mw + = =mw & ¥ FF & & & -+
r ¥y ¥ v a4 » ¢rw w wr =g F = &
r F & & u + = R W O F R T B
s F F & 4 * - ®m N F w oy ¥ mom
¥ F r ¥ 5 r Tr u A wkww T
4 ¥F ¥ T * " *rr % " TTIreE="T°T

s w rr 32 & 3 4+ & F T &

F & 4 ™ m " W ¥ ¥ T F

g P Sy Sy iy S S

- T e ™ O™ E W S N

* &~ + ® & B * & ¥ F F

s F = ™ =w u = =m v w ok r K

B T Ff B B B R R W S S FF AW

s X v & * " T T FT %+ Y¥YUITQB T

® F rFr "9 " WY FBEBRYFYFEF QB
* Fr = 7T 9 * * ¥ 9 F BN S ¥ 7

F F T m 8 s ¥y BB Fr La
w & & F & A AR FE & & &3

- = r m u = v nw e b r i =2
- B a = =m == = 5 gk = v ¥ - -
- = W wm = T s o o w w o

o = = = m B ok - K K

*Tr*r *r*r 31T ¥

= & & & & ¥ W =
= & 4 & F F ® ® B

T P T F T FFr T TTI

* % % F FF F F AR 31T 9 TP
4- % = & % ¥F F&F ¥ §F ¢ ¥ =
+ 4 &= F B ~ & B & 4 4 w ¥

- F & &~ FE F + T W *

T ¥Y EFEF®®TT

 F F F F ¥ 3§ 82 %

=~ ® F F F F F T *rTE L3
* = & & FF #§ 8 &8 * + 7 = @®rx

* MW W W O E & N O * F F T

¥ ¥ ¥ Frrmv+T%¥®

™ O E B OB OB F T R OR W

- " F F ¥ B T H*T AR

™ & W F F & & E * ¥ ®* T T W

- w * ¥ W F¥F §E * ®* ® 1

& & = &

s~ = & - = =B
5 rF ®= & > m m o=
T m F F F % * B 2 F T T
§ = F h F B E R FF T TR

- ¥ & F & F 9% " " R F F Y P

L | -~ B F B ¥ *»* ¥ " * *»* B F FrFr

- F ¥+ ¥ F * ¥ B W W ®

2 a2 F rF b »r vy 5 "B

ar v = v m b =

-

| S . B B N N
T F T ® 7T 7 R F N &
& B * &% * R F F B0
. & ¥ ¥ 4 T  h ® Pm

& B B A & % F 4 * & & F R B2 7 F B

F F F F 5 % FFFR R B F s F " * 17173

= F L F B B F F & - F B &AW TR

F& F = ™ T T ™

T & B F & B * T & * F F ¥ E % ® B

T rFrF T E®* T3 *rTrTrIr T

* = = = o ¥ * ¥ T

FF¥® TR
F E a4 % T H FFRETUN
¥y % *FPETOFER

= pF F pFp =& = 4 + &

T+ TP FX T T E

- FT®*T YT ETTNT Y F

i > & B R & & 3

- & & &= & += ® 1

s o w - wm x> * m Ow
T * F %" W W B W ¥
rr r = v un ¥F r 4 %
as F F F " "R B W B ¥
r &= = F 8 8 ® & u & F
= F ®E F 1 PP DR

B §F 5 B B A % T N F
o r w F *+ 2 * B 3 &

- & F& &+ & & & ® * +
#r = F & & 4 & W

rTrrrF¥TYw¥yPrm=

r & & ¥ ¥ W W
= & w w w F m -
TP P FFFEFRTEYT
¥ o+ g F T TFTAT
& F F B RPN
&= & F EF ¥ 8 7 1% X
¥ vy F @y m A W WK
* & » * 2 8 1T "R WK
5 F A B WA BFPRRET
qa &2 F B 4 T * 1 4 T Fr
E 4 2 F AR FT A

- a F B O aE T T R " W

& & F F U ¥ F + |5 F F FF F B

- ¥ X F W R WM W O W

¥

» oy r F g W R OF R F kK - F RE

F T pE ¥

F = &k B §p B B & F F F F F B

T & ¢ F 2% & R P B FFFF B
Fy = B E T R PF =T NF BEE
F & 32" R R 3 FFFFr
& & * B & & T &+ F

" w » mw 3 ¥ rFr F

¥ W B ® B T KW
r* %% ® * ¥ 7Y nrKr -+

Ty F % " " " O"RE T NFF R

r ¥ ¥ F
a2+ ®* 97T Fr
¥ + 5 & ® + F K

rF T = %7

F @ ¥ # " = ® 7 = I F E T R
r+« »» # » 1T " ® » F O ¥ F F =
r v = bk = m b w 4 + F k r vy = B
S ¥ = * ® " " ** F ¥ ¥ F r "
4+ x i = & *+ + == 4 ¥ F ¥ F = & W
s r = p ® B B w = k vy k & & B

- F+ =~ ¥ K *+ + £ ¥ & F Fr =& 1

r = f f = = K B * = o = K

¢ T ¥ ¥ r = & %N
* ® F F F F F RSB
 m = = §F r r = u % m =
+ » &% ## F ¥ & F 5§ & ® 1 ®
= + W W ®* o4 F §F F ¥ B
- & =+ w #* & B & K F
 * 3  #F % F F Y7 ®
"R+ R ¥ rF
B 1 "W R W NN FFR
" ® r ® »» FF Fw
m & w & R W FF F R
* 1 %  F T ¥+ FF
- &k & =

- T =™ W ¥

n + ®FE F F F F A F

2 & F & & & % 4
+ & -+ F ¥ F F . = W
- * K & B vy rr r B * B &
*f = F F w - == T .
- * * T Y F FFUr

" 1" * " ®F FF F Fr

i s § = 84 W K F
¥ ¥ ™ " ® ¥ ¥ F ¥»F®>
h W =8 W F T F A

" mEw F F L FF

EE A KT
P e

- == m m

= F =

= = m g W = Fr m =2 m - =W = oW

F F F F F B B

¥ rr &y = % 19 = F K K

rF F X T F "R e B

¥y F = F + 4§ 1 "0
T & F & % % 1T » "W N
¥y ¥ W F % ¥ F F AT
Fy &% F B F ¥ & & "B
2 35 F F 3 4 4 F & &

¥ F F &% F + T & . W

*F - T * T ®* T B ¥ T

a %+ * ¢+ B EFE F ¥

4 F W W F F " & F @

= N F F = =21 4 * » &4 ¥ F F B ¥

"k B F F 5 1 F * 9 F FF¥F P

= = & ¥ w o & T " T FRERBEPF

2 = % & & & 1 ¢+ * u = F y & &

" R F R F F & F R O W W W T = &

= F 4 & w w § % & = F F T F B

- &% & & +F A

* * & ® ™ ¥ ¥ N

¥y F ¥F # * *» R P F RN

& F &+ F * % * T ® ¥
F & 4% * % % AN

T B B w 4% 4 " - ¥Fr B

¥ ¥ * * & 8 *» Fr =

= 4 % & & & 2 + ¥F F F B X P

= m m w m s F - = w3 F

& & % & ™ & & ¥ F K

- " ™ F F Y FI

r & & = =

SR
LY X L.

F F " " B D WMF AT O EEE
= = W ¥ N F RT
" - ¥ F F Y F = F A @

" F F F F r »®nau

- & ®* R ¥ =B
2 % & * K

- - = W oW

= B K K kK F & *F + W
2 = W™ F FE B F 5 B R OB Om

= & > & & B " &% & F & F = =W =B

T B " +# F BAY FFEYT T ¢EH

- . W W W
-, = m Ww W
Lo T I
- = = * * K

Fyr ¢ %" 8 ¥ r T Y™ r%a-wmw
T & & » B & " X & F F F " T 2
¥ * % *+ & %  F ®* F FF "R 1
4 - &# % & & * B F B F F %= & 7" 1
&S ¥ 2 1 " %+ F B F F &R EHE

> m 2 » 2 * ¢ ¥ # = F m mu =

- " " FF*+rT FFa

- N O W O Il W W
il E .- 5 S - NS EE DD ES

I

- a I WS S WD

-.l..-_

....._-.i.-.-l.l-_.._-.-.
il-l.!.-.-.-_r
.-l.l.-.l...-_-..-..-.-.l..-.r

d- .

= O § m

x
o
-..-ii-.-..l!-.‘-,
-.-.-Il..-_-l.
e s nwnllreeas
iiiiil_-l!lii
L T W Y X K B E
[ A B
&k & B

> 5 u =

> 5 @ om

F Fr & B



US 8,381,155 B1

Sheet 12 of 22

Combined Tile Square (Origin B)

Feb. 19, 2013

U.S. Patent

P N F " " RN B

"> F ¥y 2 m yw * w2 - 8

‘I.I.l.l.-.-.I_II.I.
¥ B X T FT W ORWME

__-_..i-...ii

r¥Fr " F Fa " R FrFF NP

‘.I.I.F.i.....'...'.'.'....l.-r-.

- dr o > & &+ m - . T - "=

- 0w FFoREF W
FpF S EF R KW + 2 3 - B F K
I.II.I..'..H..I‘-.I.'.I.I.I.I.‘
t....r.r.-.-.i-_.ri.r—..l.l.!

*F & F ¥ & > + B T *+ T B

- T R F & ¥ F I

I.I.I.I.ﬂ.-.I.I.-I...

= k % & & = &

1-.4.-.1#1

w s T F_¥F¥ W F 3

l.l.'.-..-.i.'.l-..

FF &rFr ¥ 2 T 4% " B K4 F
l_..u.ln.l.l..-...i.l.'.l..l....-..l.l..

¥y ¥ # ¥y @ HE ®* + 4 ®* N & =& F

F &k 4 4= EF wx & %+ T T ¥ ¥F N K

" = F 3" ERE W
= F =¥ FrEwrrA4
& F > F ¥y 3 " "R mREg RB
T * F F O*F F FrYF®EuE ¥ RaEE
> ™ ¥ ¥ & 5 F F + = MR R F ¥ KR ¥

A F & 5y & & F ®F P R "} P W N 5

o + & & & F & 4 W m mw wmw W ¥ F r

T kN F Y ®ET R YR AR EEY}
% % * F & F ¥ 1 " "N "R 4R FF

A & & & ¥ ¥y A @m » R EA RN

F N ¥ E T & & B B

X B F F = = "B P BT

- & N F & F B T T 8 T * N F
- ¥ FF EETT TR R RN RN
4 % FFFEFTRBTAE R EREE
NS N SN T T TR T I

# ®m ¥ & &£ ¥ r = *» &8 » F ¥ =

- &, F F T YT F O *F W W ® " BN OEF ¥

* N ¥ F ¥ ¥y = ¥ 1 9" ®* * N F
T+ f - W r7PT " "REWE
* F ¥ ¥ F T 2 " W

B & & ¥ * + & ®* 0

¥ &k F ¥ F A m B E

r ®E F F & & * 1T " § *

A 4 F & & & 2B 4 A w B
m wm = r w w 5w - Fmwmr X
- m F T & RN
- % T F & & B F & B W B B B &

% 4 B F F Frr a8 71 0% N
# % ¥ ¥F Fr ¥ F r & § 8 ® ¢+ 1

R B ok F R k& B R OR A R R

¥y & F F ¥® ¥ = &

uE s F ¥ ¥ ~ 4 28 * 3

A" ®* F ¥ O FF L% 1T R TN

- a & roe v ruh e bpprnnx

E N R N O A R T B B R R

4 4 e r ¥ F Fpww ke = o

- . + F & ¥ F§F F & + 1 ¥ = 2 5

4 4 & T F FrFAaR" YT RFTN

O owT R F F "N
= " F F T ¥ F¥* T 1
- 5 F F F 3 FERENEERTR

2 ® B E F K & F F R 4§ 3 = oW

- * 2 T B oFE x> - T e o

1T = W F F F ¥ = ® 3 9% + * 7

- E m w - ¥ ¥ Fowu o R W
d4 = B E bk F F vy Fu 3 818 @M
" = & & I -3 8 F 5§ 31 =4 4+ 3

&+ & m W * F F & b Eoow i FEmowm

= F r F E F F * 3

" wF Ny F F F F ¥ B+ € B

* = ® & F F F B T b m
4 F¥F rFr ¥ F B B * =2

T * "R * N F & & F = B+ & + § B

*¥%* ** T F*T rr ar*Tua+s+
1 % % F = r F yr im % &y
T W W™ R FF R FE N F R ETE B
* P R OB R B R E & R R OEA RO

T " ®* * F ¥ F F 4 T 4% * " ® B

T A B i B F F F Fow kR RN R oW
 ®m " ¥ *F MR EF F F " ET12

A T X EFERERE PR
+ & F & &F §F & = &

5 X F F v = &

- T -~ - - L J L]

> -y W F Fr m &

- a . . rn,..-r.,n-‘r...l- - e W

B & & o & F &

Ty F & F & = B

- B O EF F X R F R R R

K & 4 4

* & & + & x &

- 8 F F®m & P
.-.I..-...-.-..-.tr“-*l..l..l.l.l

" B T = F & ¥ ¥ F F 5 " R AW®

< N
QL D
S S
- -
@D Q
= =

T P F T R T RN

.-l.i.f._-_l_l-_-.i.l.ll.l
= T "W Y B BN FEFTFFT1EB

2 & F &+ B =B vy ¥y - @ OETE OB =

.!_.H..I.I.I...‘-.-..-_..'..-...i.'

- T W o k& ow

r o F B ®» R WM W™

- T T W & T & F * 4 W B

T " ® F & X F r 4 " = B " B

FIG. 7E

T 1 = & * KN & - 4 B+ * += 4 T

LER IR N AL A A BRI

- W ™ o W
" " " 8 R EFF

FFr® T r*r7949®
B F B R 2R B

T 1T RF F &F & F T R B R R E R N

" & r FyFyrFR®T¥T*A-

- #& N ¥ F ¥ * * & B 5 % FK

a2 MW N K & F K R OEWoOBW AW

T+ * ¥ & F EFE F F & £ = & F A

L L B L




US 8,381,155 B1

Sheet 13 of 22

Feb. 19, 2013

U.S. Patent

irror Y

d Tile Square With M

ne

Comb

- w B oAaN

= F F b+ Rk ¥

L IR N T R )
® X *+ % 5 B R F &R

w ik F A g = E R FEB

FrE R R

> F TR PR

F ¥ & F ¥ 1

ll!i.-_...'ll.qlll

|

l.lil.-a_-.ll

" T F F F B

F®F F F F 0

LI L

- ® ¥ ¥ F B

- " F F F R

T ARy F R RE R
L I A A A RN

* & §# 5 B 4
* ¥ &5 F & g 4 & &+ % * F &k

"5 ¥ 7T 59 &

* P ¥ ¥ & p 4 & T ¥ & F

+ & & &k & 5§ 2 = * = m & =

" ® ¥ ¥ F p ¥ ¥ * = *+ 84 1

* ¥ y F F ® W 7®

2 % F &N F g & B E T PFE

- T R F ¥y g B 3 ENR ERE AT
% F F & Fy # & % 8 F B
4 * F & & g B & + T T R P
w " & & F e F & EETF R

- & ® 2

F 4 & * 4
m a h

a T B F R X

- &k = vy v b w

- ¥ = w8 W

= ¥ % % 1 w w &k F v & F >

- T

s T B T 5

v+ * F F ¥ ¥ B

= ¥ 1 4 & F I

% 4 * % % w *+ & & B F <+ 4

m = = ¢ B

¥ R ow

W oy = ¥
P I B )

FrEFEry rEFETaa

¥ d w @ ®* ®* & 4 F &

F bk b F o g mm O B E B

F xF F FF v F R R

L T N
F 4 gt A WE

&k xomoW W W R

- r -
r 1 T
= r = T 1
r E & 4
r s - & 3
[ . &
| N} *

¥ F & p B U F F A
F & K o Bowm

¥y F m @& ¥ B

® F & vy ¥ p & 5w W W F
FF S X F 3 8 R FE R
F F F F % p & B R BRI A
F k& & A » » A W F w B ¥
rF 2@ 8 A TS

A Ay oW R R

F F Frr kg PR w Fr

r®s F ¥ F g &% % 8 Fw

+ + &2 & ¥+ g & F F 4 & 2

- m oW > = B F EE
iiﬂiil‘.ﬂq!lii

T B s W oy T FEF AN

FE R R F X FE R
-_.-_...l-...-_-_.-_

.II“I.I.
* ® T 4 = F &

.-H."J‘I.I.I.I..I

O ¥ ¥ ok ow B
@ = @ _‘l T r F U
4 & + & & p w & & F m " a2

.'.I-.Il_.ll..l..-.-

.-._-_-l-.-
" = R F y ¥ FF &

LI B RN I

)

B

igin

Ori

(

d Tile Square With Mirror X

ne

Comb

- F r ¥ ow E W

E F 5 & F 5 A R R R

= & = = F o5 ¥ ** F E ™ =

.-_.!.l.._..l.l.-.._-_i_i_.l-_.i

.'..l..l.!.lri‘l..l..-.-.'.._l

T T ¥ T F 1 v F T T R T

-...I....‘II..'.'..
Fx A r - FFES
.-_.._nlqa_a_i.r

F & 4 8 g ¥

T & ¥ F F FE um * F F B
"il.l.'.l_l.-_ll-_.i
L I N B B | W B R R B

L B B I

" 4 T R gy Ny Y
d & % & k & w F v & F

# & 5 Bk F x ¥ v rFr T oa
"k kW O F F g A E F A

+ * ¢ 4 " 1 & g & F T F

4+ & » 2 % * & g Fr = g B

A B+ AR W g &R B ETN

- = F ow

A 3% p @

& a2 &+ % o F kR F

e T R R W T R EF ST A

T * T R & 4 3 & F &FE FE T &
i * * & *+ 4 3 yFy & T ¥ r &
A % % R P B WX F S ® F E

4" L " A N - F ¥ R

®E F & + 5 p B =

L O B N T I B

r B & F ¥ &

P I N

* F & k F E m 3 R r F
rFr F ¥ % 5 % % p & = % B
& F F & F B % w k §J A FE
f T &+ F 4 & k g ¥ & * &
& F d & b h 5 F F yF »
*» ¥ & § = §F w A ® F
*F F & = g = 4

= &+ a K 3 &

¥ ¥ * % Fp & w F F 81 F
* % B F & & bk g ® F F »
¥ 1 FF F 4 & bk » * % & F F
¥ F F ¥ o § K + W & ¥ ¥
F & & & F & & " MR WM OFF

T & & & ry m 5§ B MR B B

T ¥ F & u % & B
¥ F & B R 5 >+ RE

4 ** Yk 4 « & &
4 * T % & B y F & & &

F ®H & ¥ B B 8 g F F B B
" &+ T 1 % & 4 =mw ¥+ f & = B
¥ W * * F F 4 g ¥ I * B
+ & *+ + & F # g 58 ¥ * = ®»

4 " " & F & 5y F F ® PR

* & & & & p & T

* ™ ¥y ¥ = y pr =

- 949 * ¥ & & p F F A B

% m * * w k& = 5y = 2= F =5

4 " +# ¥ ¥ F 4 vy 7T ¥ ®* P
4 % * B F i w b umumh
R F R & >R

* F ¥ 1T * oy R F R R
_ql.-._...i.‘

llllui‘.—in.—.l-
& F F m * u & % v w ¥ F Fr
..-.q!ii.-_.__._l._-.l.

"y T TN

i...l.rr‘..-l-.l
-

.-...-..".I-l
- - & § &

I.i.ih.-.i.l.
- F u o, - w» § X
..-.l.l.i.'l-!-.i.l_i.
¥y & o F & B |

= F F F »
4 4 - & & -.- & W & B B
d & & ¥ " = 8 % § = §F F 5

llqli-i-i!!w

r » # % & p & F



US 8,381,155 B1

Sheet 14 of 22

Feb. 19, 2013

U.S. Patent

ith R90

le Square W

Combined T

= * = F = W

P n o & > ** ¥ ¥ F F ¥Y FrFT m r &£ %« % » » ¥

I + = & & & % &% = & = * % & F = ¥ ©r F T "= * F 4+ & B W T =

* 4 " ¥ FF ¥R * T ¥ ¥

= % * 4+ * ¥ » rFr r =« - m m s " T F B §F§

- W W™ W W W OB T NN # m m &+ T ® ¥ F F K

- 4 W W™ W W = O oy oy v 4 = £ n 4 W B F Fr ¥ ¥

srRr Ly
- .- i

" W s ¥ F X PR T

" & % R & B R P EE g 2 F F ¥y m % 2 oo mom

- & " F "W FNFF # A P2 FFrrrre
= = & 3w ® F = F
*s & & » % + » & W g ¥

F AR R R RR R

"IN = F TR ORGSR

4 3 E T F R R B = B B ¥ B W ¥ ¥

= u % ¢ bk roy ppyru uli * ¢ ¥ uw g § & &% &% & & ¥ ¥

s mm ¥k bk sy T xr won B R & & FF * & m = & g g wE T

* * * 4 "W 4 F BFFF 3 RFYF A

r 5 p ¥ = % & ** & & & F F & B

- m w ey TR F & FFFF R E & F F y w w % & " P ORFRFEFEPF

= F ¥y » F ® T F®BELTw & & F r %+ *uh

T % # F & w Fy 3 ¥ + =

- F X & s BB

F EF F F B PR T ¥ w Fr ¥ ey *F & & > ¥y W WP W # ¥ r r F & % & %

v F ¥ F F F 2 5% & v F a2

r F ¢ F ¥ F B 3% & wr = F T W W § B+ B

- w v F & & F F 4 8 =0 = & F ¥ ¥ ¥ =»

" F s &8

- v - = 5 T T - T W

» ¥ & B F F T R x + v+ b2 a7 h = 7

= v m & & & & & w B r & 4 = § T N

Fr v r & & & & = ** B

*= = &+ a4 = ¥ F W * & & & F & & F

" F ¥ " R AARBTEN

[
= * m & = ®= Ny F B R P ™ ¥ F X & I » - = = " m

= 4 F  F ¥ 1 & & * & gy & k& T ¥y r

P " PR AR EP N

LR T T B L R |
P N B N A

- x # = % ¥ & E R B
F k& T rww b u

= * % m = & T T T m F W OW

- TP = B * 1 &% & 8
-H..I.il.l.l.’.l..!.l..l.-...l_l_-

_-..l..i.II-_-III.i..-i_.I.i

r " B T
- 4 F F & & = = B m N ® - & FF * F & P mEw > - x & r ¥ = 4 w1

iin-_ll..-.-.-..rul_-lll.
l-_.l-_.l-_..-__-.-_._ln_#.__.i.'ﬂ-.. LRI

SRR D

Er A s = &k wm = " = w & F ¥

& & & F &= . u 5y # v vy F v =« ¥ 1 * & ¢

*F B X ¥ $+ + =5 1

_-..l.l..llI.Il.--..'.l.I_.ﬂ._l_l_

.-..-_.l...l.l_l“.-.r.-.l.-_..n.ll

= = = F F & = & B B F = &

P & * m » = m » w r F F ¥ F B

» 4« ®# ® p =@ m v ¥ F F ¥ O B

+ + +# &4 * & & ¥ p | T N ¥ -

Il!!.d..-l.i_l..l_.i.l.

* * ¢ B AR B¢ F & O & rF ¥ 5 R & " = * ¥

i.i.l..-.-..u.!.li...

- F F P E r = & &

- r ory o»

ok & k& B R O AR ¥ *F % =% " FEFN

- & W™ ™ W W == 4 ® @ - r &= w * B F & F F F

% T F AR F &K T - m»a % F &R F R

- & * R W P F B F & F T e e m W FF KR Fe

m % T FUA FFITI " = = v 9 F F & & F

- W F T W T Fr T ¥ 4 & + uar k r rr =

L I T N T TR R B

= 2 m ¥ P F F X ¥FE

- = F m W = 5 ¥ ¥ v

.-.!.I.'.l.-.l.-..l._-...l

F F N & % FERER S

.u.!i.-_ii__._.

ll!llh
lll.i.l.!h.-u_ildl

- & yv & ¥ & ¥ - " m w 5 B

.l._ll'l.l.li“'.-.-_l..u.

-I.-._I-._-. -.l..-.'l_'lu..l_ ..-Flih.lll'.‘".ll
.I.I.I-. ] , l.l Il'l..._l...ln."i. - u

¥ » P % g & F F

iﬂ!!#-l.i..-il

F m = = u 4% > = F F ¥

fiin.__.l.-.!li#...... & & » » g5 ¥ FF¥F RN

& & B B %" B R R FF Lt rx oy

" m W m O =*F W “.l.l.i.i.li...

" T m ¥ F W - F & % + = A 4 # B 2 1 * & N W & & &K F F 3

aA 4§ W O *= T F ¥ W Fr &= Fp 5 ¢ FE * & B

¥y ¥ & 5 " B % T F *F %

» vy + p » F T T R+ % " " 1T F K

% & L ]
r F & & & F u 2 & ¥, § = - . -

- gy B F A ¥ FEF %A * % % F RE X g x F FE BRI AF

T & k]
a m w bk F ¥ Fr ¥y w71 = ® F F & K F T I - - -

r - 4 a4 = n & A T
- 0w B B & X F & W A B r A TR TR - -

- § w & T T B FE W ®m W FE ¥ ¥ ¥ & F K

d & # % & B BB =

" w &% & F ¥ F B 8 3 * 4 & F & 4 x ¥

- oy B 4 A %A B AW T

& &% 4 A
2§ F & a2 % 2w w3 " A & " ¥ X ¥ - " ¥ L |

* 3 " % 4 F F & ¥ % * * A & = r A = * B w & = = W R ETF ¥

» o B ¥ F *F B T ¥ B F & 5y ¥ = mw m = ** ™=

*» # # F Fr » & % & & * % % = 5y F = » w» & T

= F rF s 5 =71 ¢ B f & & # & 5 uw & 3

- w ¥ raoa r a7y

- F© = *» & ¥ = u ¥ B F ¥y F 7 &+ 5 ¢ = 3 4 &

= % B " F & FE T B F 7 b =

F F F # u 35wy F I 1 4 T F F ETXY

- = g w X A B ¥ & Fr w & a4 o+ & & &k w =

LI I I B O

4 4 & & & & B F T X FF b @

& & ¥ = nu ¥ &% # 0 ¥F¥T ¥y o+

= W w & & = m o 4 r r w + %

y p 2 B 4 FFE & EFPF W

- & ® K F & # ¥

* k Fk . m 8 BT
.___..___.!i_....-.um

F r = & 4 n & 7 5

* 4 1 ¥ & F &

F & 5y um & > & *+ + ¥ K

A m B W B X X FF

- F 7R T W WS N
= % W RE R RS RN

" B & % B & W ¥ FFr o - =mw = n §F F & 4 & F ¥

- % & & & & rw @ F =

- e e v
*** %" "W FFAE

= » ®rn &k k »x F w oy

A e T W S
% = ¢ & ©r pr & ¥ r

2 % ®* + 3 % ¥+ F & ¥ ¥ « » 2 #+ &% +# T & & © &

- F* W™ % ®m wW ®m o® ¥ x = = - = F & = F &

*» & + * ¥ A = & & B 1 =« F F F & F F

F v 3 4 & % % Kk K A4 & « 2 F F ¥y % rprFrE=

% B F F F & & & * B = w = ¥ & T ¥ & T F

w8 ® F X FF TNy



U.S. Patent Feb. 19, 2013 Sheet 15 of 22 US 8,381,155 B1

— wt wd - o e -

Y REG+
i i INTERFACE 1
. XREG{ |
FIG. 8A
R P GRRRE AEEE ¥ )4 X
Y REG» X X X
R AN X X X
x X x
L o | INTERFACE 2
E X REGy '



U.S. Patent Feb. 19, 2013 Sheet 16 of 22 US 8,381,155 B1

DEFINE TRANSFORMATION(S) TO SUPPORT ~ |~200

IDENTIFY BONDPOINT REGULARITY FOR 505
EACH PATTERN IN BOTH XAND Y
510

DETERMINE LCM (X) AND LCM {Y)
TO DEFINE SEARCH REGION

520

ELIMINATE SELECTED LOW
FREQUENCY BOND POINTS

SMALLER
TRANSLATION PITCH DESIRED
AND COMBINED PATTERN CONTAINS LOW &
HIGH FREQUENCY ELEMENTS ?

025
SELECT CANDIDATE TRANSFORMATION ORIGIN
APPLY TRANSFORMATION(S) WITH RESPECT 530
TO CANDIDATE TRANSFORMATION ORIGIN

DOES
THE INTERSECTION
OF THE TRANSFORMEQ PATTERN(S)
WITH THE ORIGINAL PATTERN AT EACH INTERFACE
PRESENT 22 VALID VERTICAL
INTERCONNECT

POSITIONS 7

035

REJECT
N0 CANDIDATE e

ORIGIN

550

ANOTHER
CANDIDATE ORIGIN TO
CONSIDER ?

RETAIN CANDIDATE TRANSFORMATION ORIGIN AND
ASSOCIATED VALID VERTICAL INTERCONNECT
POSITIONS FOR EACH INTERFACE

555 0
SELECT TRANSFORMATION ORIGIN
FROM THOSE RETAINED

FIG. 9

YES



U.S. Patent Feb. 19, 2013 Sheet 17 of 22 US 8,381,155 B1

ESTABLISH INITIAL LCM SEARCH REGION 000

SELECT BONDPOINT IN 605
SEARCH REGION

YES

625

FURTHER
BONDPOINTS ALONG
CHOSEN DIMENSION IN
SEARCH REGION ?

NO

FIND NEXT BONDPOINT
ALONG CHOSEN DIMENSION

620

S THIS

BONDPOINT SPACING ADD TOLIST QF
APERIODIC SPACING FOR THE PERIODS SUPPORTED
PATTERN BY THIS BONDPOINT

NO

630

ANOTHER
STARTING BONDPOINT
TO CHECK ?

YES

NO

SELECT PERIOD FROM LISTS FOR EACH
BONDPOINT WHICH MEETS REQUIRED
MINIMUM AND 1S SUPPORTED BY
MAXIMUM NUMBER OF BONDPOINTS

ELIMINATE BONDPOINTS WHICH DO NOT 640
SUPPORT THE SELECTED PERIOD

FIG. 10

635



US 8,381,155 B1

Sheet 18 of 22

Feb. 19, 2013

U.S. Patent

IIBZBH

[ A I
-1 & & FF FF R ER

r wm b F v 5 F v F 5 = T &
* % % F ¥ 4 & F FFaE ¥
T A R F E B E F P EREFEFAE R
" 4 ™M F F OFNFF FE Qa2 T hR
™ F R ¥ AKX F AW TR
o 4% & % F FF + FFa& L ¥ 3
T A m F = B FF F F R R E
* % " % F T &# + F F 82 4 % 7

-+ - & * 4 & ¥ F & T » &

- F* B F ¥ ¥ N rF . 4

= ¥F rarF¥ rFrr s

T ® § F 71 ¥ F F Fw¥E=

% = = & & & F & F 3 & %

F " % * 35 F F T 5 FrT"T= pF
42 B &4 F F § F 8§ F F W B R
- T M T F F ¥ Y ’F r = ** " »
T2 % A A FAN FEIRBHE
' r

d - & + & d

" B W &4+ F F¥F ¥ ¥ ¥ ¥ 8 = " °®

h w A = 4 F & & &

4 # F 0B Fm Kk 1

"y F ¥ FIrrFr1a
L]

m- F 4 A = F A =

T F RS LR REW

T * " " ® F r *r ¥ = 41 » 1 m

7

A % ¥ FF 21 1T FaE
T R YT A R E T F &R T E AW
4« %"+ 7% & & FF FFETEFAS
¥ P T ER BN T X OEREEFE T W AW
" L W W 4 B F N L B F NS ETE
4“4 ¥ # 1 FYT X X F7JTTF W
- R o B A R

"= ® % F ¥ 5= 1 = 4 =

L O B N B

1T m o F Fr T F OEF E Om=om
% & F K F F & % 4+ T A%
* * T W} F FE FFTTFT TN EFER
- 7 f rr w r & F ¥ = F & &
- * * W o wyr mr v r v bk &k

¥ R 4 F T & F T & 4 & & & &%
4 + & W% F §F F 4 B & F F EH EBE

TR R AR rwr Ty sw kR
&% * ¥ * & 5 F F F +# F - 1
2 7 h o w Fr & = + B 4

- r ¥ ¥ ¥ F ¥ °¥*r ¥ "

4 & & F X F k- F > F A

- F = F - T - ® ¥ "= 1 -

= * n F F k kB FF*PFER

F R T W

T ® &+ F B ¥ F F §w¥®

" & 4w Frwrr *r e *nunda

- ® ® " F =1 1

" 4+ T F FF YT N FEBF YA ¥E

2 = & &
"R F FEFYTTXFEERTR®Y
4 F £+ F K F T ETW

* & F T F & B 1

m ok & & & & T B B

£ 3 ¥ k¥ FE 171

- oW oF = Fo= =

4 FFF ErTFrrE®*hkam

- B N F F ¥ J ¥ w@ F F ® =
PR d Rt R R AR

- ®m @ W F ¥ 1§ W F ¥ =n

L]
» = m a r wr ik r = r & W 8
T "R OF T FFF Sy Oy Em m dLlmm
4« % 1 F & B F F & B FPF AR
+ Fh A ¥ FRF F & * 780
4 = Fr v & » &+ & &

* + 4 F F ® A4 B

F E F ST FET FQFTTETTEE

ok r e F ORI ETEEF S

F F E F 7 9" FT YT FT=F P oEF
- = F & T BT EE " u
w rr rd Fuoah R oA R
- & B F & L & A W B 2 W RN
EF & F F®* ¥R EFESFT
& & B B & A W R E &

£ & B % 4 " "W

# X F 4% 1TE am
%+ & & F F & & F+ &

¥y & F T F ¥ # 7§ 4 ® ® ® §

w r v r @ g = 3 ¥ b gy & x g g

T F ¥ F F & & T 7 & & 1T ¥ ¥
F b - oy F or omom FF 2 & om ¥

= ¥ T F » f " " " 1 8 = W
- r F F ¥ * " &8 7T F ¥ 27T T7r

w 4 & = rwr >+ um & % + % ¥ F

[ T = F F =H £ L I

¥y &R rEaE WA

E & O B B 4 & & &
= r o rh &3 n*"ah
B F B F & B E 3N RE I N
F & F fF ¥F Fp ™ f § & * § F N
w o & 4 M R W h R R R T
*F k k & ¥ # * # &% F * 4 B T

- B A4 & % & & ¥
wF F F Fr 7 £ 8RR ¥

d w & &k o A B4 A ow W +

* "R P B F B

[

I.'...‘.I.‘..“..l..-...

¥ F = r ¥ ¥ * ** = = T 1

w r v FF F F & 5B

Fr&thyEE*

o kR § R LE AW
F &k & & F & 4 T T 9 = F B
w k& vy a2 w # FF vy = +F £ § = =B F
o & &% & R A EFSN
= F T a3 = F * a3 ®* % pu 5 % b ¥

r ¥y r = r m 1 = &% % & F 4

= & * ¥ & = F F =& a

a = m o m

w = - a7 F R &
fyF ¥ % " %R A% FH & W ET
= Fy F " g% % = rpri
| A I I R R N L R
w & x B * B A FREEL FP
- r @ = E FopE moow bkow o F S
= r v ¢+ pas ¥ =8 F % F 3
* & % 4 * 1 W & = F B F ¥R
= f & m + 5y mu & & & & ¥

T % ¥ &% 1+ 4 & F FF F T

v &% mr u i F B

A F - R a . F

L
F & " 1 4% % & & F & ¥

= r " 1T Py *» B g = a4

¥ F 4 7 FFF FRT & & FF F X

. F m  * 1 u

T T FE T
B4 F R ESTEPY FISFER SN

w m B m ok R+ A& F &4

F P A T EEEF §FT ®ET FT

" F W F F =" W Ff FF ¥F 51 1 F %

m = m b ok

T T R ¥R ET

4 = &+ ¢+ & T F A
5 = B B

- 7 &

& ir = 4% % & + 8 ® FF R I

- F T T - . -

- r

] - = -
FFruU rRTTEFTWEET Sl Il

w = Fr v -
*F F & *r*Tr PR T IFeridoRk
"= wrT u

" ¥ n

P W X FF oW W
= r & 7 " AR k¥ rd FRFEF
d # & * * + + *+ ®

- & B Fr ¥
* & " " &AW B T ra =i
T T ® * % iR

1T a2 m b mra

*TFTAE R NN

- -k m m o=
o 4 P R W R OE F F N F K
& = % W & E ER N W B N ¥ & N
r rq my =+ uwh = r ok I
& rF * &4 @ FTF T N BB FIT R

w &k s " " %A w & FLFEF

w e % & v m =mw p L - F & F &
4+ F F 4 4 ¥R RAE§ FTroEFCE

& - ¥ 4 &2 E 4 B & & B B &

»

F ¥ * 49 T ®F T *rr

& * W " & F F Ff N PF

- - 1 = - & T

-

- & & " % 1T "+ F FREFFIT

- " T X A T T OFop T FE

L |
 * & x4 a4 &£ Fa F Lt
T F ¥ FF B ®  *+* W F r T r r

w & n & 41 + % & F R ARTFT

- r & ¥ F F & § & FJ & & &

v & ¢ m h 8 1 FF 4T PF
F * 114 " R TN FFT
= m 4 =% v - & KA

4 4 & % * T F #

xR h oy x ok

" = r mw B m F = % & & u

-
f F 7 ¥ %7 78K >*kb >
r F R & & 2 B 4 N 5 F F &K

& & 1 & * 1 B

-+ F T ¥ FFr

4 X F ®E R T R OBWP OE Om ow - A B

- & + % 4 & &+ FFIXT FT

F 4% 9 +TTF WA FTHFEFTY TR

- . [ I I |

LI

4 = + 2 % + F ®E T

Fr @E w r p " omom w2 om —
+ % Fr F F & F B F ¥ R4

- ror

L] F = ¥ * 1 w o a - F FF ** * =

a ar e ® il ¥yar T
T FPE Y F RN ST FFENTAA

w h + % F & AT FF187

F T W = F w = 5

T = om
* 4 F B2 F FaE B NT
*t T+ F & F BT 5

-

bk = v F & p

- - & & F B2 & & &
T 1T E F®*FEFEFTE
F FT F W T F YT EFFFT R
* + & 2 %" #F F & * F & & &
- ¢ * & T & & FF 2 F F ¥ A9 * ¥
- ® & * % F F F F rF F 4 1 731
T FF FEF RN EFETRFTRT
4 = % & = r F F rFarr
- o R R A F A m L o o
* + ¥ T+ %R F B r §FEFFEq
- h ¥ F o B 4 & & & F P

* & & & F - ¥ F F 3

-

- ¥ ¥ ¥ ¥ B F¥ 4 ¥

¥ F 4 W =T 73 7

P N B
L U B I

= 1

TR E W FREEFFFERRER
" E P OF OFEN N NS N YT ®EW
2 L M & Em OB OB S N RN R W &
4 T FT " FFN REFTT EFETEN

4 7 " 4 F F & & E & F* SN

T T = =y oropE T e
4 mm B4 Fr &g &k ERcE R A

= ® T ¥ ¥y F ¥F r ¥ * 2

* F F yr B X R k&
" = = F F ¥ B ¥

= 4+ &K F F = & i &
T P " F F B § F QI BF
% 1 BT & F & F R TR
- 4 TR T FFPFAATE
+ = a & % vy r Frxror e+ En
% +*+ + &« A % & F R r d 1B
* & 5 w % w xr ¥ F y r m o xp =
- + " F%® Far¥r ramnHTe
* o Py v ¥ kopopp kot R

" 2 + T F A4 F B F F ¥R

= 2 =i r 4 ¥ r e

kR F ¥ 4 R F
B ¥ F FF RF & T
A ™ A £ & F B & & m 1
" mn F wxy xxyrywyruw i
1% % " &# & F T & F 241 F1
4 # R ¥y & ¥ FNFFFTFT3TE
T & A & & E & F F & S H 2 RL
4 # T " T FEERE L FFERE YR
- A A e B Lk F B3 R R
7 4 % F BN FEF T X E*TFTETE
4 @ 3 % & A & F & & H W R

AT RFETERTTEE Y

m F F r &k v & r

AW T EL Y PSR

" " 4 T W F FFr §FwF N ¥§q

F T T E T F §1 § F @ = " 4 W

W W F E * H F 4 %" F F’"E ® =& =
- E T = & & 5 F & B & B A W
1T " ® F F ¥ F E £ H§ F " @B HE
 m 4 R w & 4 K A L F R h e
1w 5 & F rdenrrm7p7ypnp
- B 1T & % & L F & & F 8 4 4
- % T 8 " X FFFR R
= ® * B B ¥ F B & W

T 4 % F FF F

™ &% 4 F F AT FF A& B

B o A Ak & N F A EEREE R

" ®m 1 * ¥ W 3 &® F L -

« &% + # # F FF P F T ¥ 1%

& = 4 ® B & & E F 4 F & EBE T W

b & b & F & & B L B+ W 4

A% F T FEWF ERT AR W P

B OF m ok m ¥ A& ok RO R E B

- 1 5 = ¥ ¥ ¥ ¥ 1 ¥ 4 ¥ F* W r
X R B F ST B AT LA A RS
- a = x += ¢ r 12 i 8 A&
" o m o Aoy oy m = 4 B EE

* T # F F F & F | ¥ ¥} BT

i o = o & A & O B

¥ & F A ¥ % & ¥§E
= r g Fr ¥ rx = 4=

* 4 F Fr 3T FTT 1IEEE

- F 4. 4 . a4 -

- - " - ® W 4

" T 4 ¥ HE ¥ B F W ¥ F R O R F

m F W ¥ F T F " u 3 - PF

= g F r d r % = k= &

- F = r  F * 0 * 1 * 1 r

- a = r »fF nn F* *rrr

L L I

- - = r @

4 & & F & & % & ¥+ F T+ R

4 I H 4 ¥ £ B % * ®

N P EF AW T

r " F ¥ & F 87718 8 %0

da & 4 & d =

B T W - F

" FT F» F F¥X¥ & 71782 073k

LI

T k& F F & F 2 7 1RFE AR

-

- L]

mE owr = o -y E 3 om

T FFE LT FTF Y AT FTEAN
T F©F = § = S & * W 1 W ® W r
F* & F K& &N TN A
- P F RS ™™ TT
*F Fr X4 FRTN

x r & x & = % = 1

F & F & F F K =5 &+ T
% & B & & F F 4 & % F1F®
4 ¥ F = Fy ¥y r = 4" * ®W **TEwF
& & & F & & & L 4 &4 4 B 1 XN

4 ¥ ®  F ¥ F ®F " " ™ ®* * T

- £y = = &y # m ¢ 1 8 2 um 1 =

1 §&#4 F F ¥ {¥ f ¥ 1 1=y | p@p ¥

rw s xrr & bk x a1k Fw

F F & F F F 4 5 & T E

& o F & & & * & 4 3 ¥

- = o o= - o=
= w rx w7 & 1 4% AR F
= r = r rF r a9 e i1 @E R
* W >y r x>k R B

<  ® ¥ F - F ¥ F F T a4 &=

== r pr e s r * k314 AT

& F F T & F B W AT FEF A

¥y r Fr r® v+ vy a7 4 & FL

¥ T F ¥ ¥ F r ¥ " rFr rF- v

F " Fy " F T ® T*mHu

¥ ¥ T " ¥FRT

= r & ¢ y um * B
EF I ® FE*AERET R

= & F & &b & B T & & B W

-
T F F F A FFEF AR TR
P fF & F* ¥ F 41 T 9" T F
T F I F FFEFTFEFI1IRAE W

4 w m o ok o oF W momomom k& B

& F ¥y 4 F & B 0 12T W™

T W r 3 F W FoF = moE=r a= ¥

T F Ty A kLW

r w F w F ¥+ F & B T W

F K & F 9 W TR

| &
& &
L

= r F m ow =" om m m  F x Bk

r B xr k3R kT EFLERE

= + B & XE 3 4 = £ T N E F ®

rr¥*r e rredptrxpyrFr

w3 F = W Ep - 3w & & omom F

r* w3 w b b ¥ Fr
rF % " m 1" * @®m

4 = = m = & ¥

*F I % &% 1 & % & =
r =m F 1T R & B L R F & F &
F r = £ ¢ f @ T &% 4 3 FF B
4 B & F 1L W E W R CE B N B NT

T F& F & * & ¥ = F f ¥ E § F
4 # m F 4 & & & " & & & F X Tr

F ¥ F p  # # 17 58 8 ¥ »
4 E & F & = & B R R ¥ F & EF P
o« r = r % A % =+ & ¥ & F
o 4 & = A e A B

T " ** @ W " &+ a4 F

»  «— % B W T
E 4 EH ¥ A EF B
- F » % + ® % & F F &
f *r = m F& # un * h & F 19

m oy r - om B F

= F vy mmw k% 4% F & & A48
EEFE AT 4@ PF 189 FPNFEFRFF
& + F & * FTF FPFP PR %R = ou

EXF I FFTWERTTRNNFEFY

& o 4 & & B 4 &4 E E B N & 0

E " REFYERETET A KR LR

- s b w & " & + A

FEF 49 " 4 R ¥FN¥ P
T "R T A

r 1 kBt
- + T B 4 F F B B B B
FrF 1T AWy RNk E
4 = & & B " T = B W T F Fr
IS ¥ & F 1% " E®sBEYTYNF RN
F B X § F H ¥ = F B F F =B T
&+ Eh & & T = &4 & = R ¥ & B B I
- * ¥ ¢ ¥ § ¥ * F ¥ T F & T
S E F F T EH R E R E W N BB

- = &K & F* ¥ " H F HE ¥ = F *

v & + + 4% & + & T & F

F F =" " § § BT §F r »® &€

= & & & + & = 2 P RAY T FFT

oy ® = oy om oy mom om o ow A -
- F & F * 39 P AY XY FRET

B F F E Yy OFWRIOFEET NN R

w4 &+ & 2 A A ERTFREFIT
T W OFEF R T WP OE KT ONF T W
®E ¥ %+ 32 F F X FFIT
LI I ] -

a & . 3 & & & F B &

-4 FE* my R

14 P & " § % r

w m m o m F kW - &
A "1 E R ERAREFoR

" w o rwe Fn

- o m om = om oy om ow B omomon o om

= 3 = w mowm pwT & Emg 4N

4 = & & 4 & # 1T * F O & F

T - F F " B " * I ® ¥ F ¥ 5 r
A @ B4 FFARTE TR
4 F A B4 FT*TPFAATNEECTF
"N EEERE X N N
- F BT RWREE TN
A rEF e R TR RN

*ETIW*EFET TR

Fr 2wk hw k- FF
L]

m s« B B + F J 4 =B

F o & F " R AN FFPFEF

T Eom o F moT W oOm o m & & kW

r &t F B A FEFAEATRETAR

T ¥ ¥ - F ®E F "™ ¥ W 7 w = =

# & b 4 A & E R AT T N F NN

+« % " F F B & AF

T " | T TR
L B B BER TN BEN B BN N B B
¥ %+ % P FF YT & §Fq{ % ¢

L N

=m 1 mw & &k K d e n

¥ F 1 T Y B P OFC TS OF1T W
A " % 4 % A A F & F R F a1
" 7T " ¥ PR ET NS EEF TS
A & &% 49 A & F & XL a1
* + & %+ &+ F F ¥ 4+ FF AR
= W™ F -+ E E NF F F = Em®m
- 4 % %« F F Xk B ¥

A h B H &k F & A

v kB & §F & 4 & = F &
= =« &% + & 4 & F F ¢+ & r 14
A4 4 A B B F & & & F & F A F T
#& * 4 " = " g wr Fr T AR
+ B B F F & 3 X T F &3 BT 1
* mu *r * ¥+ wrrr FxrrrTan
" A W F T B E T T F R EE TR
+ W ¥ ™ g3 wrr m r xrr um Bk

= F & F ® §E §E W ¥ F E ¥ ¥

*  + % - F F F F k7

- r T 2 v i kg

T 71T F F F R ¥

P B FXYTTFREF
- o & owm & ow ok ow o omor

T B FEF¥ & & F R B

- wm w = = F w

* I 1 W F F T FEFNKFEFEEY

* W A W T W or mor > or A& m

o F 4" B E F F B 5% FF F a3 ®°PV

*T ® 1 T " = F F T ¥ r T *

% 7 B R F F F F For B EkaP

- m W ®m - =2 m %" m oy ow - Eom

" = F T F QR
4 B r F r & ¢

" E W B F N S B B T &
- * ®m * ®* T W T F F ¥ °r Vv

= rru i r 5+ ¥y wr

C ™ = m = ¥ Fr g = = r= g
% 1 &% F F ¥ X & F X *E+ A
5+ ® 8 B F &£ 8 FFFT ¥R
% 1T K &2 F FE X T F & Fa &+ 13

L] L] . = = &

" h oy ¥y ko

- * 71T ** F 7T

- - m- w = F -

L

# B A2 b » % & F X

m m By r e
= & % & = & & F bk ¥ r

E T E W E B & & T B T &SR

4 &% = 4 4 "% Y FRFRF FF TR
+ B W OE W OB & K F & & F E RN

# = 4 +# 2 ¥ FTr avrxerde

a4 % w KA & FE

*F R a2 omoroa g

» *rm k w k4 F &

" " Fmon L
* 4  * 4 ¥ K FAFFF1

F TT " ¥ © r-T

> % w &+ + & + & F & F & F F &
¥ %= 4 B §F &4

a 4 = F & & T

+ % 4 & + & r A F FFEAT PFPB
7T 241 T W FNFF Q4 NFR

2 m = wm w om s om owr A omom

VERTICAL

+ + ®* £ B F & T FF A Y TR A
* T FT ¥ B F 5 BT8R A FR

- B F bk F F X k1w a 1

™ ¢  F ¥ ¥ @B F F¥F * ¥ ** = P 1

- F T W s FrRETE AR

T F @B F F = B » ¥ = 1
"= B F F F & 5 W W B A W
" E W ¥ E F F T ®E ® ¥ ®* 1

w- * i b vy r = vy & F 31 4 »
" F® F FF X & FE TR
= " N F FF & F R EREF
T F % »r 2 F & &« d % % & 3 ° 1
- o r ¥ r A ochmas
TR W FE &S EFEE R R T W4

i Eh L & F B % 4

& F F PRI

 x B o

w o & W A= &

2 r r e v ¢ h e

- g TF % F R 9 F

= h ror e vy r mtr*auhbh

LI E] -, =
% p> k F ¥ ¥y B3 B
T F W F F OF T T E W TFTFE FE
A 7T &y bk wrr =1 W2
T F W Y BE T T F E T F T - oE T
A + =w i F b & b & 4 + & 2%
" T R EFFEFT®
* F xr Frmh s+

L I

r & Y B F H 4 "

= r F by ryE 1wy

" WM ¥ T F T ¥ F =

"k F K T e hhd

b L F

T * ¥ ¥ & F 4 F B T F B F "

* + & F K k FE F T "R h AP

T F W T TN T o
& 4+ F @ FFREE WY RAE AT

w = 4 & 4 = F FF 1T w 1

= = y = Fpr Fr g 31w 5 =1

" W ¥ E E T T E F ¥ ¥® =

w e kb wr F ok
Fd F & F 1 EN

B & & F B & B T R
1T =y Frwraaswh
* o & T & & & % & + = & W

1 F F FrY" Fr9+7¥Fa1 w7z

= @ WM oy oy wom o domomomoyom ow

Ty & F FF F 8 BT FAT

* T A W oy ¥ o L

- 4 = F % +# F r " 4 1 1 9 %

« F F 3 47 FAFE

T T pE W W §m 3 " F
F E X PR PR AEAEER
» EX R RSP EREEE WA

= v F F A B % & 4 B * & & K &

T & F =T 3 §F rr = " 1 - 5+ ¥ 7

* & F F A & % A& F R & ¥}
F§y F ¥ f = " " " W R WM § &4 B
& + F F4A % 7 FA1E T EFETXF
T = F ¥ & = % 4 ® @ 04 ¥ W

TP ™™ LW *W T

[ I T TR S

A T I TR N B S A
B+ w rh A R LA Aw kAR

s m 1 £ »v» wr p & »r
= o % b & 4% R +F 54 ¥

M = = B & = 4 & e J g o L

* & & b F = & + R 4R FF R
= 5 p rFr i = 9w r % rowrwr

* & F B+ 9 & &+ 7 6 FBQ
- o 5 B = A B R A F

- F 4 3 R AW

Fre®»49 %%k
P om & T R R A AW R

* 3 FF*4 T RN FF

= v w = & T = + ¥+ Bk L]

a3 bbbyt »rFes
* F % & F & ¥ & = & % F F B

¥ F 5 ¥ F " ¥y | § " ® " F F n

P T a r mohow s T e oy

df F A % F 41 0B 4+ R AN FRERF

- - p w2 oWy

F 4 FF®*4q498 %18 F

¢ 4 ® = & ® T E W ¥ >

T rF - - ’" 1 + * " 1 u

& & & F A p v h b erpwrE dprr
L

» rwm wm o @m o oFEw
%+ &+ F Fd F ¥+ 4 97T 08 B0}
F B F S m 1w RW AW BEFYF
§y f F F A4 &% F 4 87T EFLREX

- L]

= 4 4 & T =

w ¥y » F & B #2383k F
-

E B % -k o

nr
F 4 8 7 k4 R F

T @ * ®m " W + *

E & B 4 B & B & F
FF F &% " 7% = & 4 % #
& @ A B 3 41 KT B FR
= F F =" T r rT"wF Ff ¥@XIa
o r *r = d B v h & b » & & & r
& # # r 4 * ¢ 4 %" TN F & F
o« &+ # v m & mn rrn b & r F K X
« > F & +*+n = &% 2 + & FF
& F H F A HE E R EE W F N ST

¥ b F Fr & 1T+ 4 % & F F

r & & ¢+ % & 71 % F

» & F T EgEsTETERSLNET

" F & F § ®* F * 1 " * ®F ¥ x&ri

= r & r & s & A &g T & F

FE T EFTET

w B 4 2 4 B & B = F B N O+ &

+ & F F & % A FX
i F F* 4 808 F * 49 W

- m s oa R m oW .

- F T + & 4 % + F &+ F F & + +
¥ PR E T PR TEEFEFT
F & = m @ 4 A P m oy or o mom or om
E AR AR TTEFEYEREER
- - ** & " T * T & F =&

rFrr*rr4du % r¥r rrmeprw

rF + "

T - - = e B F oy & -

®" 4 % F O FEFF

i R F T 8N Frrr

- E " E F K =
E E W W F N =E =
T T " F @ B F F A B 1

T m * " " F 2 B N YA ®*E FTW
& m & m & & » F rw s b
T = ¥ " F R R F & FIFT
& & & % B & F KX & kA
& F % " % & A R F YA FE
* & & & % + = F F i &y kn
¥ = ¥ # # p F & 4 ¥ F & & ®+ ¥

" & 4 & 1L W & & 5 & & E

F B B E F B & B § = &
- - 1L = F B & &

- " oy Y

4 &2 T R F F A B
= p e FFF e
R ¥ 49 F T & FFAaEr-©®m
- E * * % * ® O & ¥ F §F F &

* B " " = " W N Y FBFEEFTN

T T E "W OF F F F 4 WTrrFEas
““ & ¥ ¥ 4 * F E B F &8 B F F N

k7 kR

T k-

& B m & w kv um d F asw rd
F = = 4 £ T F FF & F F &

E % 2w k & = =m y =2 m g =

YR EE FRFYFE

- r r e ® ¥Fa
4 % T F X & &
" P " OFE E R % A Fr
e VR twm Ky oFa
= FF T T EEFETT FRFT
T + & 3% &tw FFrF ko

T " T " W F F r F =" 8

[
w &+ & u Bk rerrcr
F W 4 W T N FF FE TN
= % m =% FE " R F N BB F BT
" W ™" W™ F @@ F F®FT*TEFET"
4 1 B == F vy rxy rmw
+ 4 4 1T =+ & FF * 0

m+u T rFr kKoo pr
- W W EFT®ETE T ENFNECET
L B T B B B BN NN B
> a2 W T EETE A

F AR R R R R KK rom ko

" " g4 W

r - ¥ ¥ ¥ =

- = @B F r'wT - rFs "
& 4R PR AR E R Y FEFR
- &~ E &8 % * * K F T 4 F F

¥ *P A4 % %+ TN F4Y FEFpI

"= = 3 B F F *" 5 F F ¥ B ¥Fr

" % % & & K & & R

- 4 % + 4 & ¥ BT
* % § B & & & F F F + %

& w W F E owm o oh K FFE Fom
¥ B F TR FT NN E SN A
F m m 1 ®»m  ®m @ FreUY rearmw
& % = 3 & + £ & b ¥ r o &
rF ® % @ W "R R ONF & ¥ FF F 7
F AT TR F T " FTTEFN

= 9§ B g ¥y Frrme rwr

"= h 2w a m rmnw
T "% 3% FF BT
% & & B W F F T A FET

T "1 " WA W FEEFET R RFELCE
* =k 2 & 44 AL & =m 4 A = F 4 F &

rFr * " 149 1 FF ¥ F@Frn

- r # k w x m o omom T -

S & ** 4 @ ** 2 FF ¥ ¥ ¥F - - a4

A i & F k xr r & 4
P F® FEFEFEE T T
" F R N I & F F T B * & &
Fd &R F A F & kK dm
™ " & @ N 5 O FF F F 8 T @ 4 ®
- * ® " T A - r = F - * ="
™ A R A N T FFENFFER4A4ARAER
% F F q4 F & F A3+ AB
4 @ w F r % o F Fmn 3w aAmw
" % I R F F FJqRFY §E R

h & F F F & F & % &

a2 B & K & & F E R
T = % ¥ § # & ¥ 4 % % k &

o m ko o wowr o rodowoowom

+ " 2" F F YU rAa =T EFETrT

- * * " ¥ 4 & T A r B **F® %

2 r % 5 FaAF g RERTEE
- F* W = B & F - Fy rwmFEWIW

+ & F w &% & F 4 kd » % F *

“ = F F rer g 18

1T FFRELT KT R

m ol omom o orm oy s o moamon

T K F K F 0T F F 4R

T P = m m g ¥y 3 W FETET -

o 1% 1 FFF & EFE TR R

- m m m r § ="y oy R rm

- W T F F F F F T *®u ®*= 1

" * @ ® ¥ @ ¥ F §I 4 % F ¥

14k kF T TeETE T

" . " F % 1

T T r T 2T EFET
& * = F w k F r'm 18 13

= % W T T 5§ F a * 71

"= A & F R A A R m
T R T F N OFNF T EFETE AR
o 1T " ¥ F & & T F FE % F* 445
]

= """ FEH ¥ & FFEFETT*T
& 1 % # F &t wr fF & 2= 1@
PR T EFF FFTEFEE® S
- 2 & » &k r bk v FEraw 3w b

= m o= - s I FF R RETEW

* A A FF® FEFEFERFSS® SR

= = ¢ w xr kv um

 F 4 rEFE EFEF B

A & F & r wr k> 4
4 &% 1 F K k& & & &
= * " & xr bk 2 xR TRSE
" F T T " W FEFFEREET AW
- " » = ry roeftmTEw 1A
4 F & rrrerrah
A »m a k o 5 kn 3w 31a
BT T TS T FRFERE AW
& W R B & & L B & & A R 3 R
E* m & rd4 rw kb smas=w
T R FE T T X T TR B

& F A F &  F r &

= 1 R FF % T F F1 4% 3%

= m = = oW T F ZE O@E oy OFE W

=% AWM F N F ¥ FFETEpER

% & - y & 7 % " w » r ¥ w bk m

Fd ™ rum r¥r rF k®*13m

T ¥ W4 XY FEFEFFEF§ETTE R

= mE = wod o pmoywE g

% &4 " F F A FF +RB
4« ¥ FF FF R ]

- e R R m F o =

FIG. 11



US 8,381,155 B1

Sheet 19 of 22

Feb. 19, 2013

U.S. Patent

4 = ** F* ** 3 ¥ EFE1

T r m -+ F =

- e W m o om o w B &
- o = ok R R A1 N - R
» B kL & & & w = == w 4 % F & & W
md T T EEYFER RN PR
p & k 4 = + h u Fepgnm k¥ F Fr &8 &
44 B FPPFEREEFFNEERTFS RGP
»y ¥ 2 T 3 " @ EpR ¥ FFF I NQTWEFE=
& F F & 3 R 3PN F FF T Fa&ET
r ¥ " 1 " @ ®* " xF¥ ¥ 5w wmn
« &£ * 99 " 3 1 u F*FPEFITTETENE
F * &4 4 = " +* uw w & F B FF FF un
F F F F ¥ u = p 3 3 w & ©r & ofr ¥ *w ¥ 7
- B F *+* ¥ W B w w gy % = F ¥ & pFp " @=m =
g k WL A & & B & & B & -F & & & &9
= ® FF ¥ " BB EE & B " F FFr BT @§
& p F » 4 " "R 4" pF FFFF¥ERP
wr F = 4 1 A A R ¥ T F F & F
F* Fr bk uye hpas td tprrs

= kb % 3 % + 4w ¥+ & ¥ r

* B W ® » 4y v d BT

> = w % & um F & F F & -

Fr =" TEF

F T § 1 1 4 " = pyyyFywwws+ 208

r k7 4 & W W s >3 F r ¢ B3

& ® @ W FSFE s o B

17T RO T o ¥ AR

* % 4w v » & x

- & & = & & =& r + F 1 &
& &3 41T ARSI FER
£y = * 7 ¥ = ® rFr & F ¥ F °r =&
«a ®* % P By PSS FFTYRFET
s 4 7 & B & % B W r F F X EF KBRS
o« & F P4 " 7 m ¢ reErFrrrEnT
¥ & # g g v uw rfFE T T E N
» % F *" A E * 2 F i & i FITT BT W
"= F *F ®m *" WA F*w s & & F 3 I3 F F 33
w % & pr B B = r y oy = Fr ¥ & Fr k=~
4« & + & B +F = & & + B b b 4 5 L & 32
- T P T W oW OFT T AN O S E N N S E E R R
* r * 3 A A rm v r x4 xFERoE o
e Frw e ity ¥ rxrwk Fgxomh
F ¢r tmm b h wow ¥ s x kN
o & £ 1 # &k 1 2 3 w & F & & FI 1
P * A 4 A w T e F F F & §F F®
% B FPEF NI YR FPAOEREANTT
F F 7T 4+ wa by B ¥FFr T3>

LB B B K I B N B A
1 F # 3N B+ FTFT

F «#+ 19 m m & & & W F ¥ [ ¥ 28 v ®w

% ¥ W W » F ®m 1 ®E F T E ¥ ¥r- -« & =8

= " W R F N Y F OF oo

- ®m * g F W ¥ w r =%

d " & &
- * ww P *r gk kg sk Ew
F 4 " § & & B 4 X RF F ¢+ 40 F8TF7
2 m ® 3 3 F * & 0 mFF o+« & L&A 4 FDN
i.l..-.llll.l.lrl...l.l!.!!-.l.‘.l.l..l.
s w & pr w wp AL B F 5 4 52 aprp w4 % F &
* F " 32 4 * & R - & & FF FF ET EEREREEW

* = % p YTy kp T TEEWETIN
* & & & 1 " m "W 2 ¥ F Frr Fr -« &« F " F*FFE

¥ T B R E ¥ FY OF I T¥Y Fwyms T T TEF
A r » = 5y 4 #F " F*- F F F F = = & 2 & F =mS

m w w T m T & A& ERoF a2 m m om = ¥ FE F W N F W

4 p F W rpp Pt Ak F 4 d Frn kAR

A mw & A B FL+rTr aswed A FT

e L L R R S ]

A v ok B F FESFFE LG
= * " 1 ¥ w y & un = @ & & 7T
2 7 F 44 1T F A FRFRFy®a1aF®
2 p Y "R AT FFT Fg®EE ey
= m A w " ®y ek pgrEEd T RN
-.l..l.-ll.i.l.l..._-.i.!!l.l.l.._l.l..l.ili

¢t ¥ aE u B 141 F FITYFFPY S 1T TFREAT

P a2 w w w o m momoaxd === ok =P
F 2w 3 % L & & & & =+ u & T AT A2APF
» # a4 m v # 9 FPFFFPFFERTFTERBTETEER
r & 2% +% % 4 F F g ST FFFET*T1 T EFPF
r = % pumE &%+ & EFEF 2 F IS EEEEBR

& 2 * 10 " 4 » FES I Feoenkr ¥ a2
ra mw mw *w ko b v d B3 FFa0®

+# m 4 F B 4 P F Fqy vy s a11 77T
mw B A FFErF FrFyYT e ey ErT
» & F + 4 % F F ¥y il &8¢

-

- T *F ¥ QN

«* + & 2 B ¥

T m =

- 5 = B T

- e E =

E T = T ¥

T " K

P e w F B F s uEm

- o

" ® T = - -

- * T m ¥

LI I

- 1 -

-

- a e Ew
= & & A &P
T 4% P AT

== * = w

w = F r = un $ 5 & n

x & = b ry = = % + &

r A  FFpE ST F R FFE
A m rktwn FEYTFE YR s R
4 » 8 & r rp b F &F rradwE
T P ERFPLOFEF® & FT A A

¥y & AT - &+ m T

= & ¥ £ F 1 ¥ W T = ¥ R ¥ 3 F °

A ® F A A m o= & RE N

o & 4 F 5 % " uw w = F F F ¥ FQ R

= B & ¥ ¥ = " 3§ F

L 3 rr .- F - . |

- & & xy w r =m T

r F ¥ F &R E YW ®F R EEFS

» wwx p & & X FTFT Y e nudEE

Fr k& 4 1T A% " FE &L & FF

F =

= 4 & & K - F B

B &k AT TR Y AP
4 9 R W N BB AT F &4 apFw kT Y FPF

¥ 7 ww p BT F FT A4 E PFTAERFEFR
p F A4 X F F 3 " "R F A ® A K
A F % +# ®E & F F 1 7% 8 T FF

" T B F T & 1

n - T & F %

o & B ¥ F T

LY - - - 4 a L

- ¥ ¥ F = F r

- ¥ 4 WF F

> & K & F F P

g *# r ¥y u T h w

a8 FFF E 4 o kR
¥ FF & F & u A kmps * S
" @ g @R TF Yy ST EgwE T TR
7 ¥ ¥ & F 87 ¢ ¥ruaEadTr A

> * % W ¥ g & F F¥F ¥ # ¥ R = = =

" ¥ = = = ¢ & 8 4 & % " m 5 & L % & & A F

re d FEae e TR
P E* F R U RS TR TN

s g a3 v FTr rexy » a4 F¥F* 7 ¥ FwF

" A A AR N F Rk PFA

> g & g o ¢t r d FErgwE "+ ¥FF g Fg
a2 0 R+ WY G FEERS

P B B B F = W ¥

] L] - & % &~ * "~

» B F 4 2 ¥y 3 B ¢ = = ¥F

4 & B B & & ® 1

 m w rw B & 4 4 ¢ 1w d & F 2T N

b n -

£ ¥ F F F F @rgpEE v &+ kI

o=

- a T

k™ 0@ 0w

= = - & &

+ = 3 F rr

= %

¥ r & a

= F r freEn

- = 4 A & -

* F ¥ F F & 4

& & F ¥ F T =

a F F E F PO

-, = F T T
- & r
[ I
-

rf pFpFpy Ty EtFE

w y ¢ = 5 5 w +

- & & & 2 = = &% % 4 & & F &

= + Fyx kP T+NFE R

- & B F R OFT F + F O =

- B &+ T

r

+ " » mw § wfnwr

5 f F F F FP F ¥ = == - -

s ﬁ - .

rw = 1 = w

m k1T 1 & F R @

* + ¢k A = % B 1 %8 F + & % 5 & FFan

= p F ® g T w s 5 b §g*r 8 r s T S ETF

*» % ** "% R F FPFSEE &

r = = q v = & %" =« ® " " " F T n ¥

rFra s ¥ %" *FA9FFFyY 8 FT

F

& ™ T = m = m = - = T .

- & * 1L & & & & E W

1

¥k hh S

r = = = 4

o+ e =

& F F 3 ® + =¥ -

o e b

=

-+ F 9 F

& B a g rFrri14d FFa3a
s @ 2 x F rF hu s T A FFe
sy e g pr oy r Ay wmrapy kot kEkma
F m 2 F FFr rh "1y T Y FEFEA
" FE ®E F F & a ¥ 8% & %" & &7 ¢ A FF®*a
? r ¢y » F B & * F @ N W TN T

- F &4 @ * * = rFr r +

- B 4 F * F oW W W m N F a&F

[ T U U B I I
» ¥ & & 1 1 4§ 9 ¢ pp 4 &

L+ A E *T R X

- BN

= m r m T

4 4 " FFW T * LA

- = =

- T - + = & B F & &=

& % & ® p r W W o ¥

d reww mwmw g
 E R % & 7T 1 AN s kb B E FNFF¥EEEAE

I Fr A T®Fwy B

& F F & 1 =
F 4 & & FEF BB
Fr ¥ T FF A

E w v & v F ¥ % k¥ 3

FE T

* & ¥ T F % ¥

» § @ * p P R B & FF BT NFE

F vk = bk &%

wm o g F o
" L B B &
1 & F & ® &
44 Ff F B 73
d x
4 F FE " % F*r B & =" %" FrF ¥k ¥ BB 8T

* + T B F & B §F F

% uw F b % F F T K

" g w = & ¥ #F ¥ r T

" W w T wowm = oww r

- * T # F + 5 F & + w &k & 4+ &

" F F " ®* 32 % w4 ® B X F = = mu¥™ EFFN

4 Fr¥y " mpmuEy s K FEFFEFTY

& & & B % & F WA+ & k2w FEr
re *» ¥ gy uygF F LK P¥

- Fr m 4 " %W O3 OW®T T FFF @y s ¥ ¥FRTEOE

S F T 9 P 9 F F 4 B FF1I W T FF

- =m F F 2 F F a =

2 + & m 9 F f = g = F F = ad

= d w F I ¥ F R FREr
a4 & & o FFFT

" = kW N FWRTTNE
+ o ¥ F & 1 ¥ ¥ F &
= 39 + F rpe>ey fFrmuwan

- W 4 E W F W F T x 7 p oww

@ & & A wm om & oma & rr o wkwdrFoa

F sk A Ay FRFTRELFFFESEFRYYyhRTS
F P P ETRE BEEEFFF kTR
* k w &k F w & FFFFIEEE
 F m & + A R =8 R F F k& & & ka®PFhRED
F # ¥ » p &« ¥ =« = F ¥ ¥ ¥y y H fF 1 ¥ 1 = ¢ =T

F W = -5 w W uw @mw @ £ r°r F5FrFr ¥ ¥ =" BT F =

. = B W g 3w oy oyw & p od d & &

m wm wm & w W W W F F T W F E wEEw
= = aw 7" H A FOPT XX B p =&
T4« e & F FFIL L EFrEEF"®

A P FFELFLT F RN
+ & w &k ¢+ o 4 ¥

F B R FNKE A

F T FFYNFXFFYFrCTESR

- = ¥ B W

FT E XY FFw®w*FrT

a = bk ¥ T F &8 FF

= F &% & & & F F F &+ 5 @ & &

= B F 4 F F ¥ FF
- &+ & & 4 x F ¥

= @ 4 F F AL F T gdEraA

F |

n & =

r o+ & 1 = =

- *+ 1T % + &

=2 & = = m &

n  h ok Eow
- o o

w = xr oo

- W &

Fxr e B F moup B

= = o F r & x4 % &+ B

- = = o ww B+ F E = B = HB

- w e ¥y oy w F ISR T FET T

™ " A F F T F 2 m " 5 ¢ * 5 1 8

4 = ™ F - ¥ T ¢ & F ¥ F & - ®m w p A om

a m bk ma p w ¢y 2 &4 v i = s = & 4 d &

£ % = =m m wm m =m =m & H B + 31 2% F® ¥ " BN 4 B

= kb » B F & * *F F EH ¢ v F & ¥F ¥

F ®* " T & & T

* &# % 9" ¢ ¥y jpF Fr P2 FEETETFTE
' EEEERE R I I BRI R
4 *r A 4+ ¥ k k¥ x FFF P AR RS
T EE RN R & I R I T

1 " wero = r w31 F hAw e FTr

- w w e m @m & F T m 4 = omeowm o w F W om r = om xow

F F N O+ @m wwx =~ ga bz e @0 =~081 ¥ w~m

% h & & % F F § R B F *m oFE =+

rF T W™ = w3 oy wr == p B F F T F F OF T w Fm

.‘..‘....I...J..'..'...‘..‘....‘.-I

> pm W m o oy d X PF R FEEEW

% & E F &% # & & % B R R EH &

2 Fp Xy ¢ FFFTETT R
T Y EEEE

- =

= 4 FEWE
Y I B

f + @ 4+ % & R AR

a* F F r py rF * F T U

-  F F R F F w puwyw Bk F r

F mORE O e m B od T ok od AR AW

- - m w mow g 8wk hmwm W B

" EEEREEYTY NES TR I T I I B AN )

* & k" & & F & ¢ TR FFEsa sy FITF
 FE R+ E3MF T FE AR TR FEFP

.ll.l..!..l..l.!.-.l.-.ll.l.l.l..li_-.-.ll.

l.-.-'i.lii.-..-.-.-_.-.-.la_illl.li
& B % 4 9 w pFp gy 4 B §gR=EPEPTrFCEr g F 8N

% &« # 1T " # Fr y g I F FF*PA11 FF™TF FF

* %  FER T F OFOF L B FFFEOFTFEFF A

& * 1 2 % W F F @ F & FTF Yy OFTFTRE KR

E m m om or m o g e F T w m m A& omowr m ow == o

i 1 m ¥ & T kR FFYEE A TR

- m = m m m - - 4 F " U W RETPE w F 5 B8

MEN I I I N N R
E ]

- u B F rowr & 4 & k3 HR U E a7

4 3 ¢ ¢ p bk j & L %" 7T W

- ¥ » p B I § W E P R WT P
4 @ B FBFFA 7T

F 5 = ¥

- o ®m W FFwEFE R

= of ¥ ¥ F F F¥F r *rn

= B = F B = B B

- % FFF TR O+
s B § xr F @ F F =0 4 F n TR Y AT E S
2 g % & & F &0 1

 » & & ¥ F F &

T w ¥ & F FFF R

] = T W X OE T TR

- E F * & 8 B
B & F E I R F non ¢ E A kRN
= F & F B F BB
o+ v 0 & w w

- & ¥ i B ¥

E F & 2 F oW W
¥ F & L B W ¥ ¥ ' ¥ 8§ N ¥F
- a 4 % w ry w k r
& & % @ v+ m & & & a2 F 4 = rFr = w
2 m & = = &8 & F rF rF rFr |
- 8 " A P m& % a2 T ¢y §r =
» w F E X B & & + 2 F0 FFFREE
ap FF*T & 2% pupt P ;&5 pyqxr Fa
2 " F R ¥ Fp oy by
._I.i_l_‘.-_'l_l_l.-..._li.l.l._-.lll.._-...-..-...i
= 8@ TR X FEF YT N
o #FF A A *n R kT T s Ao
= ¥ & B ¥ F F ¥ F r ¥ n
= w & 1 + & 4 ¥ BB F W FF T TFF FS oF k=
-~ * = ®™ 7 * u» F g g * 1§
- = & =B m =
2 = &2 & = @ Fr &= &= r bk
¥ = d & F @ W * W W rF ¥ xE

w r FF & F a » a ¥ " § F F §FF

- w o m - m oW F FEFE W T XY

o, = = ¥ ¥ ¢ * m " ¥ F 52 &S B B ¥ F

F & I W F Ny pRp ¥E E Al

=% w & r = R EFE % ¥ e ¥ =R o
e T T T I I U I I R

= % F F * 1 F ¥ B P *" F* BE®R P FYEFEFr - &8 =8

¥ ¥ p >~ @w w g Fp w r P F 1

.I..-u.‘..l..'.'..".l........

- o B m ok A A o w dowm BB W E E F A ww =&

* f &k 2 & =% F3 " =k k& &
> 5y 0 & & 41 % ®+EFX

4 = m % wom

r - F

yr & ¥ ¥

- r r & L] - L] L] = -

B T F = T ~ * T T T =

- uw o k kx F S

F B B B F FFFF A

T " ®F s+ & B F ¥y ¢+ F r u

TP rrr krE

4+ % % & & " mFPF b
= h & @ =5 F = Ff @

4 4 mw * = F ¥ i

4 & E " &
" ** ®m ** ® 2 ¥

F % ™R OF F W

& B & F F * 4 m 01 F

F e A mr m Rk E R

x p B 1 *= T &R ERF

s w A & B 4 "R EFE TEAM

T WA R TN

r 4 & & & &+ 4 m k uw = &

FyF " ** 2 ® * R K r

*  + A T F =

= m @ 2 p ¥ F
4 % 4= & & K 3> F K

T » %9 FFTrTEF

F B O+ & B

r s & T 32+ 3T 24 FFFFEFETYREER
F wr g ¥ @ 3 P B F¥EFEFFEFEET YRS
s F T F 4+ 9 P EH U=

r T r

& & = » & w " w m & B F R EFF P * B F %

& &+ 4 A FTREFEF R EEFTEE

= B B F = F B

LI

¥ u B % 7N

" F =1

hE h & & F o

- ¥ F F & F F F ¥ rFa

E 3+ 3+ ## &+ &4 " F wr ¥y ¥ = - =n

= & = =« & #F F B F F F F U

- r T * ® T W W T F = p = |
- === m &% %" T & & ® FPF

= T ¥ %" "W SF¥F FIKI FF*r}

+ 7 B F ¥ R FEEF FE
a & F + F F 4 & B

rT *wm+ T

- T T =

A * ¢ 4 W B F F ¥ FprygTr
]

" * ¥ % = v @ & y - FrFr

- a4 wm 4 " B E B B S & FF

- om @ y W™ W &

& 2 + 2% k gy kv pr

nn & pwr Fygxr e

« T % F FFF ri1q
. % F & & ¢ & ¢ F =

= W ¥ ¥ *F F YT F

- & . a -

B & & 3 & F R A

o & & 4 F 1 * =

F =m p B F =W * T ¥ * =

L I

" ** m =

&y FFAY PR EWE W
b M EEREE TR T
R EEEE B

4 w R & B &4 W B A N

s y % 9 ¢ T T

[ I I

-
- F T - - = = T [

= & r r == uwm k %
- F & & F B 3w EE

" FT T FEEE T
- o ®= * HE 2 1T "W W mmw " BEFNF§FFESETT@E T

P F A F B4 FEFEPRE ST FFYTYTFTES¥YQRLT

" = « FF T F

a r % xrh &k ¥+ 4y
# 4 &% 1 1w w g &ExF+ F &N
# s FrepFROACARNATY
" 4 1 3 w o & B N §FoT

LI B B I
= & n F ¢}

- F m wmw s F

r v u = ¥ ¥

L ] [] - = T

F* AN

a & & = * ®& ¥

w3y w B B F &~ & F *r = = % ¥

4 & 4 L E T ¥ = g

4 + + 2 3 = = =

P I ® % % & ¥

- ¥ ** = W " * ¥F =¥

“« 4 T &8 & FF

“« 4 4 2 & B

* m W m *

® w 4 g mow F FROE N
" s mm

= F FF R EFEREFROEDE R R kK

23 F R b o4 Kk gk F EREEEE AT
a3 " A & FEF X E FF N AT wEwy o
A A% s B F F h rewr "1 R4 7 EN

4 ® % W 5 BT F I
a2 » B & T B FEOE EFAE E*PF I3y QN
" » 7y BE s FRrrr +1 %% *nw Fw kB
&4 3 =" m & B B & & F F rw FT W R YA TP FN

F ® W W ®** W W T

=k m oy y m om

F % % & = 2 7 % F P

AW AE T FTARFPFFTETRE EYF

- r F r wr wrxr s mwrah
t» % r ke pr 17 7TETE
a4 " & & & & & a4y &+ Ew Fr
» ¢+ P FESFEFETYTOFTRAEE Ao
o B B m * r ¥ ®F * yr % ¢ pFE FRYEACT

- % » ® & 4 L F ¢ + ¥ - ry =2 g m m = =2 3 =w = d

= = r ¥y = v 4 01 % & 0 4o
P = 4 7T FPETEBPET
a9 "+ 9 £ Fr Qg prpr4tEFrE i T arF

2w 0 p Ay reeypry 1T FT T rrTF
= u g uw & K & EF & & F e ¥ a3 rn b 4 ow s

5 7 * 4 F F F F T ¥FF 4 A &L AT TN

I 1 ¥ 9 ®F

" w @ o

F YT T R B

" e xr - ¢ 9

¥ F F #5299+ *TFF

& v F ¥ = % 7 # = 1 = F % & ¢ &

Fp s 4 F F F k4 A * 3 v 8k wr ¥y

+ v+ # g = » F F 7 a = =« o F # F ¥ F T &
- w ¢ w 4 F & & g 9w p & 0§ 4 & F & Fox
2 P e F B 4 F 4% % % % O m Fk a & 15 r

" vy m ww s p 1T W FTFI¥FTRN

+ » » g g I F & FrF 3 4 " F Q" & FFEFT FFE

4 ¥ = §m -2 " " § = v f & & 5 g

" R W & F F F " F "W o mopow T TR AT I AE

B w F r = &= F F *T* I * * ®m ¢ F F % F T4 5 T %K

- = W w w A F "= F &% &% # = v 4 & & & = 5 Fr =

= ¥ 4 F Ww @ ¥ ¥ w 5 F 5 F ¥ F F °r TN

2 m w x w & 27T = % § 3 uh b & & F - &

- w 3 F » % ¢ B e b % & F &g BT R

+ = p ¢ 8 & f r 2 1 » " w 'k &k & ¥ §F F1

»p p P F FFEEE T kAR ER

# o F F ¥ ¥ 2 1 * 13 w R B T F §

y = F F WX T P PFE s B 1 a3rx

r r xr & a1 @ % §

I = N M W ¢ * & F 4a

T F T F N -

] n - - T r

L - N N

* & FE X ¥

. © r T =

a 4

n ek FF 8 18 % %% FFTIT

4 g & 4 & = & " *» 3 F = W B F F &

- 2 & & & wr r r v 41 f =4 ¥ F I 87T

* 8 ¥ # 4 F FE & FEA 4 1" TF W KT SYT Fre

" " P F ™ ®» F 1 F T ¥ W m 3y 5§ WE S5 F N

n w 4 & 4 % ¥ = % Fr r 3 & = F r v - F o

- & % w =w & A & & & 1L E B mH B B & F BT TN

= = = ¢ d B & & # % * Fp v & 4 % kI FRFPF

% % * F W & g ¥yr 3y ®xy3** ¥ ¥Fr T EFrre

- = « = A P F &~ = g g n ¢ =41 1T #F FF & Fq ¢
"A®R xpFL EFEYTEF TR * & W F F ¥ I x ¥
a2 v ¢ 71T % & A% 2 K T m FF & xR

x & F ¥ kF r

L I 4 " R "E W RN LS FESFRE

= 4 w ¥ W T ¥ - " W 2§ @ FF F ¥ OO rr

- x w & &% F T 4 &% %34 B k& & §F & ¢

- # " T " EN

-

& k f R A ¢ Ay B kW

T & & 4 * =

¥ s = % B

y & & rFr r rph bt h uh ="

» F aar
a v b + + ks ¥y s ¢
F a m & A WA EERE 5V A W& PR

1 =% vy v T » 3

[ T T BN B B BRI R B
F sk Fr * b % 4 2w % kg %3
= & » b nn = rd 4 x prpprpnyddX¥FTRE

"3 F 4 v * T hworFrTr

p " & mE BTN

» 7 W R T W 1T EFF
x r a * + &% %S T EF P

T ®* F * 2 Fr xr & % 5 4 % %

« ® +# ¥ = T

r ¥y vy 2 % k1 1+ TFPF

- g ¥ F £ 9® * T

F F F =m " L} | 3 L

L]

o b H & a1 % wk gy ik ¥
r 3 " AR A TRFRERFERECRFTET

+ -

*

F & & F X 4 "R BREWEANFEFETE
*a g g & &% B F A F AR SO Fg TN EFETEFTIE
ET ®* + & F % F &+ % &+ R

- r » ¥ ¥ F * R * W F W L ]

* + 3 & % & o k r b A

* & B A 4 ® @ & = m & N

¥ T " F* F E@E F F §@©¥ ¥y 5§ &

T 9 "y yr 4 F F1TFEFE

A X T FETETEETWF T FY R YAk

-

4 % F* R OB &5 & B =S & F 4
¥ & - & & » % b & v+t Fypt gsraxrorareE

g ® ey =y Fryrdhd koA T
x & & r p 7 kAR A S A AT
s » r oy u® 4 4% 7T FFEFa a2 kAT FFR

* 1 s  m yr ¥ g 4 F " rF ¥ 1

= oy 2w B W ORY REEEF F ST FWOFEER

¥ = = sy m

n 4 B F & 4 U W
L I B I I I )
A EEFYTAN
= ¥ r41 & ®* B

&k F B y %" B A FRTEAREFEFT ST EFFAE
i & % = &A= B F =+ aFFE"™® 1

g g v g r b »an ¥y g &8T % 1

- ek o b




U.S. Patent Feb. 19, 2013 Sheet 20 of 22 US 8.381.155 B1




US 8,381,155 B1

Sheet 21 of 22

Feb. 19, 2013

U.S. Patent

OFFSET

. ——

ORIGIN

e

=
| i IRV I

' "
]

MODULE
SECONDY} - -.

ORIGINAL
ORIGIN

GRID OF TESSELLATING
SUB-REGIONS

FIG. 14



U.S. Patent Feb. 19, 2013 Sheet 22 of 22 US 8,381,155 B1

708

702 704 706
m

722
710 712 716
DISPLAY USER
DRIVER \k
700
720

FIG. 15



US 8,381,155 B1

1

VERTICAL INTERCONNECT PATTERNS IN
MULTI-LAYER INTEGRATED CIRCUITS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to multi-layer integrated cir-
cuits (3D integrated circuits) and in particular to the positions
at which vertical interconnects may be positioned to provide
connections between different layers.

2. Description of the Prior Art

Three-dimensional integrated circuits in which two or
more layers of active electronic components are integrated
both vertically and horizontally into a single extended circuit
have recently been developed. Stacking two-dimensional dies
and connecting them 1n the third dimension reduces the foot-
print of the integrated circuit and can allow the close integra-
tion of different circuit types, wherein the layers which form
the stack can each be built with different processes. In addi-
tion, the vertical dimension increases the possibilities for
providing connections between the components of the inte-
grated circuit.

The layers of a three-dimensional integrated circuit may be
built up 1n various ways, such as by manufacturing essentially
two-dimensional electronic components on two or more
semiconductor waters which are then aligned and bonded
together. This bonding may for example be carried out using,
by a pattern of copper bond points provided on a face of a
semiconductor wafer, such that two wafers with this pattern
can each be ground to a smooth surface (for example by
chemical mechanical polishing (CMP)) and fused together.

One notable consequence 1n the present context of using
such a technique for bonding layers of the three-dimensional
integrated circuits together 1s that these copper bond points
also define the positions at which a vertical interconnect,
which couples components in one layer to components 1n the
next, may validly be placed.

FI1G. 1 schematically 1llustrates a side view of a waler layer
10 having a front face 11 and a back face 12 each of which are
partially formed by a set of copper bond points 13 and 14
respectively. It will be understood that viewed from above,
these copper bond points form a pattern of shapes (for
example, octagons) which extend across the water surfaces.
The water 10 itself comprises a silicon oxide sub-layer 20 and
a silicon crystal sub-layer 22. At the interface between the
silicon oxide sub-layer 20 and the silicon sub-layer 22 are
formed the transistors (transistor layer 24) which comprise
the logical components of this layer of the imntegrated circuit.
Within the silicon oxide sub-layer 20 are stacked metal layers
26 which provide the interconnections between the logical
components of this portion of the integrated circuit. Also
shown 1 FIG. 1 1s a through-silicon-via (TSV) connecting
one of the metal layers 26 1n silicon oxide sub-layer 20 to one
ol the copper bond points 14 at the back face 12 of the layer.
Accordingly, 1t will be understood that 1n setting out the
layout of an integrated circuit within a layer such as that
illustrated 1n FIG. 1, the system designer 1s constrained to
place any TSV such that they align with the positions of the
copper bond points 14 on the back face 12 to which the TSV
connects.

This type of constraint applies at each layer of a multi-layer
three-dimensional integrated circuit, in that the system
designer 1s constrained to place ““vertical interconnects”
(which may be TSVs on a back face connection, normal vias
on a front face connection and so on) within each layer at
positions which are allowed by the copper bond points
present at the surface to which the respective vertical inter-
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connect connects. Where a vertical interconnect may be
placed within an integrated circuit 1n each layer thus depends
upon the relative positioning of the components of that inte-
grated circuit with respect to the copper bond points for that
layer. This can result in a lengthy and laborious design pro-
cess wherein the system designer must ensure that the posi-
tions of the vertical interconnects throughout each layer of the
three dimensional 1ntegrated circuit are correctly positioned
with respect the relevant copper bond points.

Accordingly 1t would be desirable to provide an improved
technique for designing a multiple layer integrated circuit
wherein this design compliance burden for the system
designer 1s reduced.

SUMMARY OF THE INVENTION

Viewed from a first aspect the present invention provides a
method of generating a set of valid vertical interconnect posi-
tions for a multiple layer integrated circuit, wherein said
multiple layer integrated circuit comprises:

multiple layers stacked vertically above one another;

a bonding interface between a pair of layers in said multiple
layers,

wherein said bonding interface 1s formed by coupling of a
pair of conductive bond patterns formed on facing surfaces of
said pair of layers, each pattern of said pair of conductive
bond patterns comprising an arrangement of conductive
bonding elements, said method comprising the steps of:

defining a candidate transformation origin within a hori-
zontal plane defined by said bonding interface;

defining a sub-region within said arrangement of conduc-
tive bonding elements, wherein said sub-region tessellates
across said arrangement of conductive bonding elements;

applying a predetermined transformation 1n said horizontal
plane with respect to said candidate transformation origin to
said arrangement of conductive bonding elements within said
sub-region to generate a transformed arrangement of conduc-
tive bonding elements;

determiming validity of said candidate transformation ori-
gin in dependence on coincidence of at least a subset of said
arrangement of conductive bonding elements with said trans-
formed arrangement of conductive bonding elements;

selecting a valid transformation origin in dependence on an
outcome of said step of determining validity of said candidate
transformation origin; defining a set of valid vertical inter-
connect positions associated with said valid transformation
origin where said arrangement of conductive bonding ele-
ments coincides with said transformed arrangement of con-
ductive bonding elements; and

outputting said set of valid vertical interconnect positions.

Viewed from a second aspect, the present invention pro-
vides a method of generating an arrangement of a multiple
layer integrated circuit, comprising the method as set out 1n
the first aspect and further comprising the steps of:

arranging a first logical module within said multiple layer
integrated circuit, said first logical module vertically span-
ning said pair of layers, and said first logical module com-
prising a plurality of vertical interconnects at positions per-
mitted by said set of valid vertical interconnect positions;

generating a second logical module within said multiple
layer mtegrated circuit, a layout of said second logical mod-
ule being a result of applying said predetermined transforma-
tion to said first logical module with respect to said valid
transiformation origin, and placing said result at a horizontal
offset with respect to said first logical module, wherein apply-
ing said horizontal ofiset to said valid transformation origin
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results 1n an offset valid transformation origin at a same
relative position with respect to said tessellating sub-region;
and

outputting said arrangement of said multiple layer inte-
grated circuit.

The 1nventors of the techniques presented herein realised
that the task of designing and creating a multiple layer inte-
grated circuit could be facilitated by generating the arrange-
ment of the multiple layer integrated circuit using modules,
wherein a module has both horizontal and vertical extent
within the multiple layer integrated circuit, in particular span-
ning a bonding interface between a pair of layers within the
multiple layer integrated circuit. According to this second
aspect of the present techniques, a first logical module 1s
arranged within the multiple layer integrated circuit and 1s
then copied to form a second logical module at a horizontally
offset position with respect to the first logical module.

This technique 1s enabled by a process, forming the first
aspect of the present techniques, of examining the arrange-
ment of conductive bonding elements at a bonding interface
within the multiple layer integrated circuit and applying a
predetermined transformation in the horizontal plane to the
arrangement of conductive bonding elements present at that
interface (1.e. applying the predetermined transformation to
the pattern formed by the conductive bonding elements at that
interface). The predetermined transformation 1s performed,
with respect to a candidate transformation origin, to the
arrangement of conductive bonding elements present at that
interface within a defined sub-region, wherein the sub-region
tessellates across the whole arrangement of conductive bond-
ing elements. In other words, the sub-region defines a “sub-
pattern” or “tile” within the pattern formed by the conductive
bonding elements which repeats across that pattern. It should
be noted that the ordering of the steps of defining the candi-
date transformation origin and defining the sub-region may
be freely selected. In other words, the sub-region could be
defined first and then the origin, or vice versa. Indeed the two
can also eflectively be selected together 1f for example the
origin 1s defined to lie at a particular point with respect to the
sub-region (e.g. at one corner).

The validity of that candidate transformation origin 1s then
determined in dependence on the coincidence of the arrange-
ment of conductive bonding elements before and after the
predetermined transformation 1s applied. In other words, 1f a
suificient number of conductive bonding elements 1n the
transformed pattern align with conductive bonding elements
in the original pattern, then the candidate transformation ori-
gin 1s determined to be valid. It should be understood that,
depending on the particular choice of origin with respect to
the sub-region and the particular transformation under con-
sideration, the coincidence of the original pattern and the
transformed pattern may take place within the originally
defined sub-region or may take place in, say, an adjacent
sub-region. For example 1f a mirroring of the sub-region 1s
performed with respect to an origin on the edge of the sub-
region, the transformation result will 1n fact lie on the further
sub-region which meets that edge. However, since by defini-
tion all sub-regions represent the same pattern, this 1s of no
consequence for determining the validity of the candidate
transiformation origin.

Once a valid transformation origin has been selected, a set
of valid vertical interconnect positions associated with that
valid transformation origin can be defined for the bonding
interface, this being the positions where the original pattern of
conductive bonding elements and the transformed pattern of
conducting bonding elements coincide with one another. This
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set of valid vertical interconnect positions can then be output
in order to form the basis of the following design process.

Following the initial procedure of generating the set of
valid vertical interconnect positions, a subsequent procedure
can be carried out in which a first logical module can be
arranged within the multiple layer integrated circuit wherein
the vertical interconnects are set out at those positions 1n the
interface determined to be valid vertical interconnect posi-
tions. Having set out the arrangement of a first logical module
in this way, the system designer then knows that a second
logical module, being a copy of the first logical module sub-
jected to the predetermined transformation, will result 1 a
configuration in which the vertical interconnects in the sec-
ond logical module will be positioned at valid vertical inter-
connect positions, so long as the position at which the second
logical module 1s placed results 1n the transformation origin
associated with the second logical module being at the same
relative position with respect to the tessellating sub-region.
To take a simple example, 11 the selected valid transformation
origin lies at one corner of the tessellating sub-region then the
horizontal offset of the second logical module must position
the oflset origin at the same corner of the tessellating sub-
region (under the understanding that the original and offset
origins are ol course considered with respect to different
instances of the sub-region).

The logical modules could take a variety of forms, but may
for example at the simpler end of the spectrum be one or more
logic gates formed 1n each of the pair of layers of the multiple
layer integrated circuit. In more complex examples the logi-
cal modules could be a processor core, an associated cache
and so on. Accordingly, whatever particular form this module
takes, 1t can be 1nstantiated many times in the multiple layer
integrated circuit without the system designer having to
reconsider where the vertical interconnects may legally be
placed with respect to the bonding interface of the multiple
layer itegrated circuit.

In one embodiment said multiple layer integrated circuit
comprises a second bonding interface between a second pair
of layers 1n said multiple layers, and said second bonding
interface 1s formed by the coupling of a second pair of con-
ductive bond patterns formed on facing surfaces of said sec-
ond pair of layers, each pattern of said second pair of conduc-
tive bond patterns comprising a second arrangement of
conductive bonding elements, and the method of generating
the set of valid vertical interconnect positions comprises:

defining said sub-region within a combined pattern formed
by overlaying said arrangement of conductive bonding ele-
ments on said second arrangement ol conductive bonding
clements, wherein said sub-region tessellates across said
combined pattern;

applying said predetermined transformation in said hori-
zontal plane with respect to said candidate transformation
origin to said second arrangement ol conductive bonding
clements within said sub-region to generate a transformed
second arrangement of conductive bonding elements,

wherein said step of determining said validity of said can-

didate transformation origin 1s performed in further depen-
dence on coincidence of at least a subset of said second
arrangement of conductive bonding elements with said trans-
formed second arrangement of conductive bonding elements;
and

defining a second set of valid vertical interconnect posi-
tions associated with said valid transformation origin where
said second arrangement of conductive bonding elements
coincides with said transformed second arrangement of con-
ductive bonding elements.
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When generating an arrangement of the multiple layer
integrated circuit on the basis of the set of valid vertical
interconnect positions 1n this embodiment, the first module
additionally vertically spans said second pair of layers and
comprises’ a second plurality of vertical interconnects at 5
positions permitted by said second set of valid vertical inter-
connect positions.

Accordingly, there may be more than one bonding inter-
face 1n the multiple layers. In particular, the one (or more)
additional bonding interface may have a conductive bond 10
clement pattern which differs from that of the first bonding
interface. The inventors of the present invention realised that
additional bonding interfaces such as this could considerably
complicate the process of designing a multiple layer inte-
grated circuit, because i1f a logical module formed at a first 15
position 1n the integrated circuit 1s desired to be copied to an
offset position in the integrated circuit, the particular patterns
of conductive bonding elements at each interface may mean
that the copy of the logical module at the offset position does
not align with legal vertical interconnect positions. 20

To address this, the techmique presented includes defining,
the sub-region within a combined pattern that 1s formed by
overlaying the arrangement of conductive bonding elements
from each of the interfaces under consideration, wherein the
sub-region tessellates across the combined pattern. Hence, a 25
pattern that repeats when all interfaces under consideration
are taken 1nto account 1s 1dentified, this enabling the copying
and repositioning of a module which spans more than one
interface. Accordingly the described procedure of applying a
predetermined transformation, determining validity of a can- 30
didate transformation origin, selecting a valid transformation
origin and defining sets of valid vertical interconnect posi-
tions may be performed with respect to however many bond-
ing interfaces are under consideration.

It should be recognised that the technique of the present 35
invention may be applied to a multiple layer integrated circuit
in which 1t 1s intended that a logical module spans only a first
and second bonding interface, but 1t 1s equally applicable to a
multiple layer integrated circuit in which the modules may
span three or more pairs of layers (and the bonding interfaces 40
between them).

The predetermined transformation can take a number of
forms. In one embodiment said predetermined transforma-
tion comprises a rotational transformation. In one embodi-
ment said predetermined transformation comprises a reflec- 45
tional (mirroring) transformation.

The determination of the validity of a candidate transior-
mation origin may be performed with respect to more than
one predetermined transformation and 1n such embodiments
the method further comprises: 50

applying at least one further predetermined transformation
in said horizontal plane with respect to said candidate trans-
formation origin to said arrangement of conductive bonding
clements to generate at least one further transformed arrange-
ment of conductive bonding elements, 55

wherein said step of determining validity of said candidate
transformation origin 1s performed in further dependence on
comncidence of at least a subset of said arrangement of con-
ductive bonding elements with said at least one further trans-
formed arrangement of conductive bonding elements. 60

Accordingly, 1n order for the candidate transformation ori-
gin to be determined as valid, the plural transformed patterns
resulting from more than one transformation being applied
(separately) to the original pattern have to coincide with one
another. This then advantageously means that a module can 65
be transtormed by any of the transformations considered and
any such transformation will result 1n a module which has

6

valid vertical interconnects that align correctly with the con-
ductive bonding elements. For example the predetermined
transformations could comprise a 90 degree rotation, a 180
degree rotation, a 270 degree rotation and a mirroring trans-
formation, together with the mirrored versions of each rota-
tion. A valid transformation ornigin selected according to the
above described process would then provide the basis for
mapping a module transformed by any integer number of 90
degree rotations and/or by the mirror operation, giving the
system designer great tlexibility in how the original, rotated
or flipped module may be placed at other positions 1n the
integrated circuit.

In one embodiment coincidence of one of said arrangement
of conductive bonding elements with one of said transformed
arrangement of conductive bonding elements 1s determined to
occur if an overlap area between said one of said arrangement
of conductive bonding elements with said one of said trans-
formed arrangement of conductive bonding elements allows a
legal placement of a vertical interconnect with respect both to
said arrangement of conductive bonding elements and to said
transformed arrangement of conductive bonding elements.

Accordingly, if the overlap area between a conductive
bonding element 1n the original pattern and a conductive
bonding element 1n the transformed pattern 1s suiliciently
large to allow a legal placement of a vertical interconnect with
respect to erther the original pattern or the transformed pat-
tern then this location may be deemed to be a valid vertical
interconnect position. What constitutes a “legal” placement
may be defined by the system designer or may be imposed by
manufacturing rules associated with the integrated circuit
being generated.

In one embodiment, said sub-region 1s determined by a
sub-region determination process comprising the steps of:

identifying a first pair of orthogonal regularity distances at
which said arrangement of conductive bonding elements
repeats, said first pair of orthogonal regularity distances being
defined with respect to axes which are mutually orthogonal;

identifying a second pair of orthogonal regularity distances
at which said second arrangement of conductive bonding
clements repeats, said second orthogonal regularity distances
being defined with respect to said axes; and

determiming an orthogonal pair of lowest common multiple
distances from said first pair of orthogonal regularity dis-
tances and said second pair of orthogonal regularity dis-
tances, said orthogonal pair of lowest common multiple dis-
tances defining said sub-region.

Accordingly, the sub-region may be determined by 1dent-
tying the regularity distance at which the first and second
arrangements of conductive bonding elements repeat with
respect to orthogonal axes and then determining the lowest
common multiple for the distances defined with respect to
cach axis. Hence, a sub-region defining a sub-pattern which
repeats within the combined pattern formed by the conductive
bonding elements at each interface can be found.

The method may further comprise the steps of:

determiming 1f said sub-region comprises at least one con-
ductive bonding element which repeats at low frequency 1n
said combined pattern; and

climinating said at least one conductive bonding element
which repeats at low frequency from said sub-determination
Process.

In situations where the sub-region comprises at least one
conductive bonding element which repeats at low frequency
in the combined pattern (1.e. where the combined pattern
contains other conductive bonding elements which repeat at
higher frequency), then eliminating one or more low fre-
quency repeating conducting bonding element from the sub-
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region can result in a smaller selected search region, since the
lowest common multiple distances will correspondingly
reduce. This can then allow the predetermined transformation
to be applied with respect to a smaller area and 1n particular,
because the size of the sub-region determines the steps at
which the second module can be placed with respect to the
first module, the range of positions at which the module can
be placed increases.

In one embodiment said predetermined transformation
comprises a rotational transformation and said orthogonal
pair of lowest common multiple distances are both deter-
mined as a single lowest common multiple distance from said
first pair of orthogonal regularity distances and said second
pair of orthogonal regularity distances.

When the predetermined transformation comprises a rota-
tional transformation, 1t 1s advantageous (though not essen-
tial) to determine the orthogonal pair of lowest common
multiple distances as a single value, such that the sub-region
1s square-shaped and the rotation of that sub-region can map
directly onto 1tself, simplifying the procedure of determining
a valid transformation origin and associated predetermined
transformation for a given interface or interfaces.

In one embodiment said step of defining a candidate trans-
formation origin 1s performed as an iterative process, wherein
a chosen location of said candidate transformation origin 1s
incremented by a predetermined increment for each step of
said 1terative process. Accordingly the candidate transforma-
tion origins considered may be treated 1n turn by proceeding
across said horizontal plane 1n steps given by said predeter-
mined increment. Of course, the increments may be taken
with respect to one or both the two orthogonal axes which
define the horizontal plane. The predetermined increment
may be defined in a number of ways, but in one embodiment
1s determined by a minimum manufacturing step size for said
multiple layer integrated circuit.

The bonding interfaces may be formed in a number of
ways, but in one embodiment said bonding interface 1s a
copper bond interface and said conductive bonding elements
are copper bond points. Alternatively the bonding interface
may employ other technologies such as, for example, micro-
c4 based processes.

When there 1s more than one bonding 1interface under con-
sideration, these may be the same or may differ. For example,
two interfaces may be replicas of one another or may corre-
spond to entirely different processes. Accordingly 1 one
embodiment said arrangement of conductive bonding ele-
ments and said second arrangement of conductive bonding,
elements are the same, whilst in other embodiments said
arrangement o conductive bonding elements and said second
arrangement ol conductive bonding elements are diflerent.

In one embodiment said arrangement of conductive bond-
ing elements 1s predetermined 1n association with said prede-
termined transformation to enhance coincidence of said
arrangement of conductive bonding elements with said trans-
formed arrangement of conductive bonding elements.
Accordingly, the pattern formed by the conductive bonding
clements at the bonding interface may be selected to be par-
ticularly suitable for the predetermined transformation. For
example the pattern of the conductive bonding elements may
be defined such that 1t 1s not only very regular across the
interface, but the shapes and spacing of the conductive ele-
ments may be chosen to overlap well with 1tself when sub-
jected to the predetermined transformation. Similarly, 1n one
embodiment said second arrangement of conductive bonding
clements 1s predetermined 1n association with said predeter-
mined transformation to enhance coincidence of said second
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arrangement of conductive bonding elements with said trans-
tformed second arrangement of conductive bonding elements.

Outputting the set of valid vertical interconnect positions
for the multiple layer integrated circuit may take a number of
forms. For example, the design process for the multiple layer
integrated circuit may take place on one or more computing
platforms and 1n such a scenario said outputting said set of
valid vertical mterconnect positions for said multiple layer
integrated circuit comprises storing said set of valid vertical
interconnect positions for said multiple layer integrated cir-
cuit 1n a non-transient fashion on a computer-readable storage
medium. This computer-readable storage medium may then
be used at a later date (possibly by a third party) to facilitate
designing the arrangement of the multiple layer integrated
circuit. Alternatively the process may be more direct and said
outputting the set of valid vertical interconnect positions for
said multiple layer integrated circuit may be immediately
followed, as part of a single process, by manufacturing said
multiple layer integrated circuit in accordance with said set.

Equally, outputting the arrangement of the multiple layer
integrated circuit may take a number of forms. For example,
the design process for the multiple layer integrated circuit
may take place on one or more computing platforms and in
such a scenario said outputting said arrangement of said mul-
tiple layer integrated circuit comprises storing said arrange-
ment of said multiple layer integrated circuit 1n a non-tran-
sient fashion on a computer-readable storage medium. This
computer-readable storage medium may then be used at a
later date (possibly by a third party) to configure the manu-
facturing process of the multiple layer integrated circuit.
Alternatively the process may be more direct and said out-
putting said arrangement of said multiple layer integrated
circuit comprises manufacturing said multiple layer inte-
grated circuit 1n accordance with said arrangement.

Viewed from a third aspect the present invention provides
a computer-readable storage medium storing in a non-tran-
sient fashion said set of valid vertical interconnect positions
for said multiple layer integrated circuit generated in accor-
dance with the method of the first aspect.

Viewed from a fourth aspect the present invention provides
a multiple layer integrated circuit having a set of valid vertical
interconnect positions generated i accordance with the
method of the first aspect.

Viewed from a fifth aspect the present invention provides a
computer-readable storage medium storing 1n a non-transient
fashion said arrangement of said multiple layer integrated
circuit generated 1n accordance with the method of the second
aspect.

Viewed from a sixth aspect the present invention provides
a multiple layer integrated circuit having an arrangement
generated 1n accordance with the method of the second
aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described further, by way of
example only, with reference to embodiments thereof as 1llus-
trated 1n the accompanying drawings, 1n which:

FIG. 1 illustrates a known single layer of an integrated
circuit 1n which a vertical interconnect 1s placed to align with
a copper bond point on the back face of that layer;

FIG. 2 schematically illustrates a module spanning three
layers of a multiple layer integrated circuit in one embodi-
ment;

FIG. 3 schematically illustrates more detail of the elements
of a multiple layer integrated circuit spanning four layers in
one embodiment;
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FIG. 4 illustrates a set of module orientations resulting
from 90 degree rotation and mirroring transformations, with
various horizontal offsets, in one embodiment;

FIG. § schematically illustrates the determination of valid
vertical interconnect positions 1n association with a rotation
transformation 1n one embodiment;

FIG. 6 schematically 1llustrates the determination of valid
vertical iterconnect positions 1n association with multiple
transformations in one embodiment;

FIG. 7A schematically illustrates a combined pattern
formed by overlaying the conductive bond patterns of two
interfaces;

FIGS. 7B-7G schematically illustrate for the combined
pattern of FIG. 7A the influence of the choice of tile and origin
on the number of resulting valid interconnect positions;

FIGS. 8A and 8B schematically illustrate the determina-
tion ol the regularity distances for two interfaces in one
embodiment;

FIG. 9 schematically 1llustrates a series of steps carried out
in order to determine a valid transformation origin and asso-
ciated valid vertical interconnect positions in one embodi-
ment;

FIG. 10 schematically illustrates a series of steps by which
the search region size may be reduced 1n one embodiment;

FI1G. 11 illustrates an example first bonding interface con-
ductive bond pattern 1n one embodiment;

FIG. 12 illustrates an example second bonding interface
conductive bond pattern 1n one embodiment;

FI1G. 13 illustrates the overlay of the conductive bond pat-
terns of FIGS. 11 and 12;

FI1G. 14 schematically illustrates the positioning of mod-
ules with respect to sub-regions 1n one embodiment; and

FIG. 15 schematically 1llustrates a general purpose com-
puter on which the techniques of the present invention may be
carried out.

DESCRIPTION OF EMBODIMENTS

FIG. 2 schematically illustrates a side view of a three layer
integrated circuit 100. The 3D integrated circuit 100 com-
prises two upper layers 102, 104 which are both manufac-
tured using the IBM32SOI process and a lower layer 106
which 1s manufactured using the Micron 42 nm process.
Within the integrated circuit 100 1s defined a module 110
which comprises a processor core 112 formed 1n the layer
102, a cache 114 formed 1n the layer 104 and DRAM memory
116 formed 1n the layer 106. In this example the processor
core 112 15 a Cortex-M3 as designed by ARM Limited, Cam-
bridge, UK. Module 110 has been designed 1n accordance
with the techniques of the present invention such that 1t may
be readily replicated at further positions (as viewed from
above) throughout the integrated circuit. These techniques
will be described 1n more detail in the following.

FIG. 3 schematically illustrates a more detailed side view
of a multiple layer integrated circuit comprising four layers. It
can be seen that where each layer meets an adjacent layer the
bonding interface between the two 1s formed by a set of
matching copper bond points (CBPs). As described above
with respect to FIG. 1, each layer comprises a silicon crystal
sub-layer and a silicon oxide sub-layer between which the
transistors of the layer are sandwiched. Of particular note in
the context of the present invention are the vertical intercon-
nects labelled TSV (through-silicon-via) which pass through
the silicon crystal sub-layers 1n layers 1, 2 and 3. These have
been arranged by the system designer to couple to copper
bond points at the interface between layers 2 and 3 and
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between layers 3 and 4, and to meet the aluminium flip chip
pads at the upper face of layer 1.

From the complexity of only the relatively limited section
of the multi-layer integrated circuit shown in FI1G. 3 it will be
appreciated that the placing of the vertical interconnects in the
different layers of a multiple layer integrated circuit is a time
consuming task for the system designer. The present imnven-
tion addressed this problem by defining sub-sections of the
3D integrated circuit which can be repeated as modules, such
as the module illustrated 1n F1G. 2. Then, the technique of the
present invention comprises considering the different pos-
sible transformations which may wish to be applied to this
module when copying it to another position within the inte-
grated circuit. These techmques are described 1n more detail
below. Note that the illustrated bonding interfaces 1n FIG. 3
could be replaced by, say, micro-c4 interfaces and this would
not atfect the general principle of the invention.

FIG. 4 schematically illustrates a plan view (1.e. viewed
perpendicular to the plane in which the layers lie) of a hori-
zontal slice 200 of a 3D integrated circuit, showing a set of
modules associated with a 90 degree rotation transformation

and a mirroring transformation. Module 202 may be consid-
ered at the imitial module to be instantiated. The copies of the
module 202 shown by modules 204, 206 and 208 represent 90
degree transformations of the module 202. Similarly, module
210 represents a mirror transformation of module 202 and
modules 212, 214 and 216 show the 90 degree transformation
applied to this module. Accordingly, the modules 204, 206,
208,210,212, 214 and 216 represent the seven variants on the
original module 202 which may be generated by: first apply-
ing a 90 degree rotation transformation (1 or more times)
and/or a mirroring transformation; and secondly positioning
the thus-transformed module at a horizontal offset with
respect to the original module (where horizontal offset 1s
understood here to be lateral movement within the plane 200).
Constraint on the horizontal offsets that are possible will be
discussed 1n more detail below.

For the system designer seeking to establish a 3D inte-
grated circuit, it 1s clearly of great advantage if the design
process associated with configuring a first module (say mod-
ule 202) does not have to be entirely repeated when that
module 1s reused elsewhere 1n the 3D integrated circuit (1.¢. at
a horizontal offset with respect to the position of the first
module). As mentioned above, one particular aspect of the
design process which would have to be repeated prior to the
present mvention 1s the placement of the vertical intercon-
nects to align with the conductive bonding elements (e.g.
copper bond points). However the techniques of the present
invention not only mean that the module can be reused at a
different position, but advantageously that the module can be
transformed (by any number of 90 degree rotations and/or a
mirroring in the example of FIG. 4) for that placement. This
can facilitate the overall system design, not only by avoiding
repetition of the vertical interconnect placement work, but
also by allowing the system designer to rotate and flip the
module as best fits the system requirements.

FIG. 5 illustrates how the process of testing a candidate
transformation origin 1s applied to a selected search region
(also referred to as a “sub-region” herein) 1n one or two
interfaces. The sub-regions shown by the dashed lines have
been determined to represent “tiles” which tessellate across
the full pattern of each interface. The left hand column shows
that part of a first interface’s conductive bond pattern which
corresponds to the sub-region. The right hand column shows
that part of a second interface’s conductive bond pattern
which corresponds to the sub-region. The first row shows the
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untransformed patterns. In other words the patterns 300 and
305 show the original first interface pattern and the original
second 1nterface pattern.

In this example a candidate transformation origin 1s being,
examined which 1s shown as being located at the top left-hand
corner of the original patterns, although because of the tes-
sellation of the tile (sub-region) 1t should be understood that
cach corner of the tile 1s equivalent with respect to the rota-
tion. The predetermined transformation under consideration
1s a 90 degree clockwise rotation. The patterns 310 and 3135
show the transformed first interface pattern and the trans-
formed second interface pattern respectively. The final row
then shows the original and transformed patterns overlaid.
The cross-hatched marking indicates the regions where the
conductive bond elements of the original and transformed
patterns overlap with one another. Where this overlap 1s sul-
ficiently large represents a valid vertical interconnect posi-
tion. In the case of overlaid patterns 320 from the first inter-
face, the four comer conductive bond elements align very
well and thus represent valid vertical interconnect positions,
but the partial overlaps closer to the centre of the region are
not large enough for a vertical interconnect to be legally
placed with respect to either the relevant original element or
the relevant transformed element and hence these are not
valid vertical interconnect positions. Similarly, 1n the case of
overlaid patterns 325 from the second interface, the four
corner conductive bond elements and the central conductive
bond elements align very well and are valid vertical intercon-
nect positions. However, the upper central conductive bond
clement 340 has transformed to the centre right position 3435
and hence neither position 1s a valid vertical interconnect
position.

It should be understood that the 1llustration of FIG. 5 can be
considered as an illustration of the present technique being
applied to a single interface (wherein the “first interface” and
“second interface” are alternative examples of what that
single mterface could look like) or as an illustration of the
present technique being applied to two interfaces (wherein
the “first interface™ and “second interface™ then shown what
cach of those interfaces look like).

In the example of FIG. 5 only one transformation (a 90
degree clockwise rotation) 1s considered, but as explained
above with reference to FIG. 4, 1t may be desirable to consider
several transformations simultaneously, to allow the module
to be repositioned 1n a number of different ways 1n the inte-
grated circuit. FIG. 6 1llustrates arelatively simple example of
this (for clarity of1llustration) in which a 90 degree clockwise
rotation and a 180 degree rotation are considered. Note that
here (again for clarity of illustration) only the selected search
region 1n one interface 1s shown. This example could be the
one interface under consideration, or it could be one of several
interfaces under consideration. In FIG. 6 a similar pattern to
that of the second 1nterface in FIG. 6 1s shown, except that an
additional conductive bond element has been added at the
centre right position 1n the original pattern 400.

Pattern 405 shows the original pattern 400 subjected toa 90
degree clockwise rotation, whilst pattern 410 shows the origi-
nal pattern 400 subjected to a 180 degree rotation. Note that
the hatched elements 1n patterns 405 and 410 mark those
clements which would represent valid vertical interconnect
positions if the respective transformation were the only one
under consideration. Note that pattern 403 has six valid posi-
tions, whilst pattern 410 only have five due to the particular
configurations. However, pattern 413 shows the triple overlay
of patterns 400, 405 and 410. Here only five conductive bond
clements represent valid vertical interconnect positions with
respect to all three patterns.
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It should be noted that for simplicity of illustration the
original and transformed conductive bond elements in FIG. 6
are shown as aligning directly with one another. It should
however be appreciated that perfect alignment of the original
and transformed conductive bond elements with one another
1s not necessary for a valid vertical interconnect position to be
established. Rather, as discussed with respect to FIG. §, an
overlap between the original and transformed conductive
bond elements may be suificient to allow a valid vertical
interconnect position so long as that overlap area 1s suili-
ciently large for a vertical interconnect to be placed (1.e. such
that 1t would not violate the placement rules for vertical
interconnects with respect to conductive bond elements, e.g.
minimum distance {from edge of conductive bond element,
which may be given as manufacturing rules or may be given
by the system designer).

FIG. 7A schematically illustrates a combined pattern
formed by overlaying the conductive bonding element pat-
terns ol two interfaces, namely “interface 17 and “interface
2. The dashed boxes 422 and 424 show the “tiles™ or “sub-
patterns” within the patterns of the conductive bonding ele-
ments of mterface 1 and interface 2 respectively. In other
words, the tiles 422 and 424 show the minimum sub-unit of
cach pattern which tessellates across the pattern, 1.e. multiple
adjacent (both horizontally and vertically) instances of these
individual tiles make up the whole pattern of that interface.
Also illustrated by a dashed box 1n FIG. 7A 1s the combined
tile 426 which illustrates the mimimum sized tessellating tile
within the combined pattern.

Turming to FIG. 7B, the same combined pattern formed by
the overlay of interface 1 and interface 2 1s shown, however
here the dashed box 428 shows a tile which 1s larger than the
minimum tile 426 for the combined pattern shown 1n FIG. 7A.
This sub-region 428 has been selected because 1t 1s square
and, although this 1s not strictly necessary, this facilitates the
consideration of transformations which include rotations.
Note also that the origin A of this tile 428 has been placed at
its corner (and as mentioned above, the choice of which
particular corner of the tile 1s considered to be the origin 1s
arbitrary because of the tile’s tessellation). However, more
significant 1s the positioning of the origin and the correspond-
ing tile s1ze with respect to the combined pattern. The follow-
ing discussion 1illustrates this point with respect to FIGS.
7B-D (Origin A) and FIGS. 7E-G (Origin B). Comparison of
these two sets of figures illustrates that origins A and B have
been selected at slightly different positions within the com-
bined pattern of interfaces 1 and 2, with two different corre-
sponding sizes of tile, and the effect this choice has on the
resulting valid interconnect positions can clearly be seen.

FIG. 7C illustrates the results of applying a reflectional
(mirror) transformation in the x and y directions to the Origin
A scenario. It can readily be seen that although there 1s very
good overlap between the pre- and post-transformation ver-
sions of the elements of interface 1, the self-coincidence of
the elements of iterface 2 1s only moderate for the y-reflec-
tion and 1s very poor for the x-retlection. Indeed the “mirror
x” transformation essentially does not allow any valid inter-
connect positions for the interface 2 elements. Turning to
FIG. 7D, 1t can similarly be seen that the 90 degree rotation
(R90) maps the elements of interface 1 onto themselves rather
well, but the transformation of the interface 2 elements does
not map these interface 2 elements onto themselves particu-
larly well, only resulting in a few possibilities for intercon-
nects.

A different choice of origin and sub-region 1s now 1llus-
trated 1n FIG. 7E, it being clearly visible that the corner of the
sub-region aligns with a point where an element from inter-
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face 1 and 1nterface 2 coincide and furthermore that the sub-
region 1s larger, comprising a 5x5 set of elements from 1nter-
tace 1 rather than a 4x4 set of elements as interface 1 as was
the case 1n FIGS. 7B-7D. The improvement of this choice of
origin and sub-region (tile) 430 1s evident from a consider-
ation of the same transformations (mirror y, mirror x and R90)
illustrated in FIGS. 7F and 7G when applied to this tile 430.
It can clearly be seen that the mirror operations map the
clements of each interface essentially directly onto them-
selves, whilst the R90 transformation provides very good
overlap for the interface 1 elements and various reasonable
overlaps for the interface 2 elements. Overall theretore, Ori-
gin B and tile 430 would be the pretferable choice over Origin
A and tile 428 due to the greater number of valid interconnect
positions which result.

With regard to the process of determining a valid transior-
mation origin and search region (sub-region), FIGS. 8 A and
8B schematically 1llustrate how the regularity distance for the
bond point patterns 1n two interfaces may be determined.

For clarity of illustration, full-sized bond points are not
shown, but rather points (0’s for interface 1 and x’s for inter-
face 2) representing the centres of each bond point (for each
interface the shapes of the bond points are regular). XREG,
represents the distance over which the elements 1n interface 1
repeat in the x direction whilst YREG, represents the distance
over which the elements repeat 1n the y direction in interface
1. Similarly XREG, represents the distance over which the
elements 1n interface 2 repeat 1n the x direction and YREG,
represents the distance over which the elements 1n interface 2
repeat 1n the y direction. Thus determined a lowest common
multiple (LCM) calculation with respect to each axis gives
the regularity distance at which the combined pattern (inter-
face 1 pattern overlaid on 1nterface 2 pattern) repeats in each
direction. The two LCM distances then define a selected
search region (sub-region) 1n which the effect of the desired
transformation(s) can be examined, in the knowledge that the
repeating (tessellating) pattern means that the effect of the
transformation(s) can be extrapolated to the entirety of the
interfaces.

FIG. 91llustrates’ a series of steps which may be carried out
in one embodiment. Initially at step 500 the transformation or
transformations to be supported are defined. Then at step 505
the bondpoint regularity for the pattern in each interface being
considered 1s determined 1n both the x and y direction. At step
510, the lowest common multiples for the x and y regularity
values at each interface are determined to define the selected
search region to be examined. If a rotational transformation 1s
being supported 1t may be elected to determine only one
lowest common multiple value from all the x and y regularity
values, such that the search region 1s square, simplitying the
examination of rotational transformations.

At step 515 i1t 1s determined 1f the combined pattern (the
overlaid pattern of each interface pattern under consideration)
contains both high and low frequency elements and 1t a
smaller translation pitch (the size of the selected search region
representing the smallest translation that can be performed on
the module) 1s desired. If both these are true, then the flow
loops back via step 520, where selected low frequency bond
points are eliminated to reduce the size of the search region.
This process will be described below in more detail with
reference to FIG. 10.

Once the selected search region 1s established, then at step
525 a candidate transformation origin is selected. In one
embodiment an 1terative candidate transformation origin
selection process 1s carried out, wherein possible locations
are scanned across 1n turn and the step size between the
selected candidate origins 1s given by the mimimum manufac-
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turing step size for the process at which the integrated circuit
1s being manufactured. Note that 1f more than one process 1s
being used (different layers being produced at different pro-
cesses) then the largest of the minimum manufacturing step
s1zes 1s taken.

The predetermined transformation(s) are then applied to
the pattern at each iterface within the selected search win-
dow with respect to the candidate transformation origin (step
530) and at step 533 1t 1s determined 11 the intersection of the
transiformed pattern(s) with the original pattern at each inter-
face results 1n two or more valid vertical interconnect posi-
tions. Note that the choice of how many valid interconnect
positions should result can vary from example to example
(e.g. 1n dependence on the size of the search region) and “at
least two” positions 1s merely an example rule here. If this 1s
true, then at step 540 this candidate transformation origin 1s
determined to be a valid transformation origin for the prede-
termined transformation(s) and 1s retained, along with the
valid vertical interconnect positions at each interface that
were determined in association therewith. Otherwise (step
5435) the candidate transformation origin 1s rejected.

At step 550 1t 1s determined 11 another candidate transior-
mation origin 1s to be considered (for example by the above
mentioned iterative process ). If so the tlow returns to step 525.
Otherwise at step 535 a transformation origin to be used 1s
selected from those retained at step 540. The set of valid
vertical interconnect positions thus selected can then be
stored or output, or may then be used straight away as the
basis for forming a first module to be used 1n the integrated
circuit. This first module can then be transtformed with respect
to this origin with the predetermined transformation(s).

The process for reducing the selected search region 1s now
described with reference to FI1G. 10. The process 1s described
with respect to a chosen direction (e.g. along the x-axis) and
can be performed either with respect to just one axis (if it 1s
desired to reduce the search region size only in that dimen-
s1on) or can be performed with respect to both axes. Further,
the process may be performed with respect to just a single
interface, or may be applied to a combined pattern of multiple
interfaces.

Starting with an initial search region (step 600), firstly a
bond point within the selected search regions 1s selected (step
605). Then the distance to the next bond point along the
chosen dimension 1s determined (step 610). Thus found, it 1s
determined if the distance represents a periodic spacing for
the pattern (not only within the current search region but
across the whole 1nterface). It this periodicity 1s true then at
step 620, this distance 1s added to a list of periods supported
by this bond point (the bond point selected at step 605). Next
it 1s determined at step 625 1f there are further bond points
within the search region along the chosen dimension, and 1t
there are the tlow returns to step 610 to determine the relevant
distance.

If a distance at step 613 1s determined not to be periodic for
the pattern or 1if there are no further bond points along the
chosen dimension so consider at step 623 then the flow pro-
ceeds to step 630. Here 1t 1s determined if there 1s another
starting bond point to consider. If another starting bond point
can be considered, the tlow returns to step 605. Otherwise at
step 635 aperiod 1s selected from the lists built up for the bond
points which meets the required minimum (1.€. 1s less than the
existing search region corresponding dimension) and 1s sup-
ported by the maximum number of bond points. Then at step
640 any bond points in the search region which do not support
the selected period are eliminated. A fresh determination of
the LCM search region (steps 505 and 510 1n FIG. 9) will then

result in a correspondingly reduced size of search region.
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FIGS. 11 and 12 show some example copper bond point
patterns from two different interfaces which will form part of
a 3D integrated circuit. These are 1llustrated to scale with one
another, so that the difference 1n size and pattern of the two
sets ol copper bond points can be appreciated. Example ver-
tical interconnects are shown on each pattern. Note that for
yield reasons, the vertical interconnects 1n FIG. 12 have been
placed as pairs. FIG. 13 shows the combined pattern when the
FIGS. 11 and 12 patterns are overlaid.

FIG. 14 schematically illustrates the placement of a first
and second module 1n the multiple layer integrated circuit
with respect to the chosen sub-regions which tessellate across
the horizontal plane of the integrated circuit. The second
module results from an 90 degree clockwise (R90) rotation of
the first module, followed by displacement by a horizontal
olffset. Note in particular that the horizontal offset places the
offset origin at the same relative place 1n the grid formed by
the tessellating sub-regions. For clarity of illustration this
position 1s shown as the corner where four sub-regions meet,
but 1t should be appreciated that this 1s not a requirement and
any position relative to the sub-region may in principle be
used. Thus placed, the previously described steps of selecting,
the valid vertical interconnect positions, according to which
the first module has been arranged, mean that the second
module will also align with valid vertical interconnect posi-
tions, even though rotated and offset. The ability for the
system designer to thus just “drag and drop” copies of the first
module like this greatly facilitates the design process.

It will be recognised that of the process of designing an
integrated circuit 1s commonly performed on a computing
platform. In this context the set of valid vertical interconnect
positions may be stored in a non-transient fashion on a com-
puter-readable storage medium such that 1t may subsequently
be used generate the arrangement of the integrated circuit and
equally the arrangement may be stored in a non-transient
fashion on a computer-readable storage medium such that 1t
may subsequently be used to configure the manufacture of the
integrated circuit. FI1G. 14 schematically illustrates a general
purpose computing device 700 of the type that may be used to
implement the above described techniques. The general pur-
pose computing device 700 includes a central processing unit
702, a random access memory 704 and a read only memory
706, connected together via bus 722. It also further comprises
a network interface card 708, a hard disk drive 410, a display
driver 712 and monitor 714 and a user input/output circuit 716
with a keyboard 718 and mouse 720 all connected via the
common bus 722. In operation, such as when executing data
processing instructions which include an 1nstruction config-
ured to cause the device to carry out the present techniques,
the central processing unit 702 will execute computer pro-
gram 1nstructions that may for example be stored in the ran-
dom access memory 704 and/or the read only memory 706.
Program instructions could be additionally retrieved from the
hard disk drive 710 or dynamically downloaded via the net-
work iterface card 708. The results of the processing per-
formed may be displayed to a user via a connected display
driver 712 and monitor 714. User inputs for controlling the
operation of the general purpose computing device 700 may
be received via a connected user input output circuit 716 from
the keyboard 718 or the mouse 720. It will be appreciated that
the computer program could be written 1n a variety of differ-
ent computer languages. The computer program may be
stored locally on a recording medium or dynamically down-
loaded to the general purpose computing device 700. When
operating under control of an appropriate computer program,
the general purpose computing device 700 can perform the
above described techniques and can be considered to form an
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apparatus for performing the above described techniques.
The architecture of the general purpose computing device 700
could vary considerably and FIG. 14 1s only one example.

In overall summary a method of generating a set of valid
vertical mnterconnect positions for a multiple layer integrated
circuit, a method of generating an arrangement of a multiple
layer integrated circuit and a resulting multiple layer inte-
grated circuit are disclosed. The multiple layer integrated
circuit comprises multiple layers stacked vertically above one
another and having a bonding interface between at least one
pair of layers. The bonding interface 1s formed by the cou-
pling of a pair of conductive bond patterns formed on facing
surfaces of the pair of layers. The method of generating the set
of valid vertical interconnect positions comprises the steps of:
defining a candidate transformation origin; defining a sub-
region which tessellates across the conductive bond pattern;
applying a predetermined transformation with respect to the
candidate transformation origin to the conductive bond pat-
tern at the bonding 1nterface; determining the validity of the
candidate transformation origin in dependence on coinci-
dence of at least a subset of the original conductive bond
pattern elements with the transformed conductive bond pat-
tern elements; selecting a valid transformation origin; defin-
ing a set of valid vertical interconnect positions associated
with the valid transformation origin at positions in the bond-
ing interface where the original and transformed conductive
bond pattern elements coincided with each other; and output-
ting said set of valid vertical interconnect positions. The
method of generating the arrangement of a multiple layer
integrated circuit further comprises: arranging a first logical
module within the multiple layer integrated circuit, the first
logical module vertically spanning the pair of layers, and the
first logical module comprising vertical interconnects at posi-
tions permitted by the set of valid vertical interconnect posi-
tions; generating a second logical module within said mul-
tiple layer integrated circuit, a layout of said second logical
module being a result of applying the predetermined trans-
formation to the first logical module with respect to the valid
transformation origin and placing the result at a horizontally
offset position with respect to the first logical module,
wherein applying the horizontal offset to the valid transior-
mation origin results 1n an offset valid transformation origin
at a same relative position with respect to the tessellating
sub-region; and outputting the arrangement of said multiple
layer itegrated circuit.

Although a particular embodiment of the imvention has
been described herein, 1t will be apparent that the invention 1s
not limited thereto, and that many modifications and addi-
tions may be made within the scope of the mvention. For
example, various combinations of the features of the follow-

u -

ing dependent claims could be made with the features of the

- -

independent claims without departing from the scope of the
present invention.

We claim:

1. A method of generating a set of valid vertical intercon-
nect positions for a multiple layer integrated circuit, wherein
said multiple layer integrated circuit comprises:

multiple layers stacked vertically above one another;

a bonding interface between a pair of layers 1in said multiple

layers,

wherein said bonding interface 1s formed by coupling of a

pair of conductive bond patterns formed on facing sur-
faces of said pair of layers, each pattern of said pair of
conductive bond patterns comprising an arrangement of
conductive bonding elements, said method comprising
the steps of:
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defining a candidate transformation origin within a hori-
zontal plane defined by said bonding interface;
defiming a sub-region within said arrangement of conduc-
tive bonding elements, wherein said sub-region tessel-
lates across said arrangement of conductive bonding
elements;
applying a predetermined transformation 1n said horizontal
plane with respect to said candidate transformation ori-
gin to said arrangement of conductive bonding elements
within said sub-region to generate a transiormed
arrangement ol conductive bonding elements;
determining validity of said candidate transformation ori-
gin 1 dependence on coincidence of at least a subset of
said arrangement of conductive bonding elements with
said transformed arrangement of conductive bonding
elements;
selecting a valid transformation origin in dependence on an
outcome of said step of determining validity of said
candidate transformation origin;
defining said set of valid vertical interconnect positions
associated with said valid transformation origin where
said arrangement of conductive bonding elements coin-
cides with said transformed arrangement of conductive
bonding elements; and
outputting said set of valid vertical interconnect positions.
2. The method of claim 1, wherein said multiple layer
integrated circuit comprises a second bonding interface
between a second pair of layers 1n said multiple layers, and
said second bonding interface 1s formed by the coupling of a
second pair of conductive bond patterns formed on facing
surfaces of said second pair of layers, each pattern of said
second pair of conductive bond patterns comprising a second
arrangement ol conductive bonding elements, and the method
COmprises:
defiming said sub-region within a combined pattern formed
by overlaying said arrangement of conductive bonding
clements on said second arrangement of conductive
bonding elements, wherein said sub-region tessellates
across said combined pattern;
applying said predetermined transformation in said hori-
zontal plane with respect to said candidate transforma-
tion origin to said second arrangement of conductive
bonding elements within said sub-region to generate a
transiformed second arrangement of conductive bonding
elements,
wherein said step of determining said validity of said can-
didate transformation origin i1s performed in further
dependence on coincidence of at least a subset of said
second arrangement of conductive bonding elements
with said transformed second arrangement of conduc-
tive bonding elements; and
defiming a second set of valid vertical interconnect posi-
tions associated with said valid transformation origin
where said second arrangement of conductive bonding
clements coincides with said transformed second
arrangement of conductive bonding elements.
3. The method of claim 1, wherein said predetermined
transformation comprises a rotational transformation.
4. The method of claim 1, wherein said predetermined
transformation comprises a reflectional transformation.
5. The method of claim 1, further comprising;
applying at least one further predetermined transformation
in said horizontal plane with respect to said candidate
transformation origin to said arrangement of conductive
bonding elements to generate at least one further trans-
formed arrangement of conductive bonding elements,
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wherein said step of determining validity of said candidate
transformation origin 1s performed in further depen-
dence on coincidence of at least a subset of said arrange-
ment of conductive bonding elements with said at least
one further transformed arrangement of conductive
bonding elements.

6. The method of claim 1, wherein coincidence of one of
said arrangement of conductive bonding elements with one of
said transformed arrangement of conductive bonding ele-
ments 1s determined to occur 1f an overlap area between said
one of said arrangement of conductive bonding elements with
said one of said transformed arrangement of conductive
bonding elements allows a legal placement of a vertical inter-
connect with respect both to said arrangement of conductive
bonding elements and to said transformed arrangement of
conductive bonding elements.

7. The method of claim 2, wherein said sub-region 1s deter-
mined by a sub-region determination process comprising the
steps of

identifying a first pair of orthogonal regularity distances at

which said arrangement of conductive bonding elements
repeats, said first pair of orthogonal regularity distances
being defined with respect to axes which are mutually
orthogonal;

identifying a second pair of orthogonal regularity distances

at which said second arrangement of conductive bond-
ing elements repeats, said second pair of orthogonal
regularity distances being defined with respect to said
axes; and

determining an orthogonal pair of lowest common multiple

distances from said {first pair of orthogonal regularity
distances and said second pair of orthogonal regularity
distances, said orthogonal pair of lowest common mul-
tiple distances defining said sub-region.

8. The method of claim 7, further comprising:

determining 11 said sub-region comprises at least one con-

ductive bonding element which repeats at low frequency
in said combined pattern; and

climinating said at least one conductive bonding element

which repeats at low frequency from said sub-region
determination process.

9. The method of claim 7, wherein said predetermined
transformation comprises a rotational transformation and
wherein said orthogonal pair of lowest common multiple
distances are both determined as a single lowest common
multiple distance from said first pair of orthogonal regularity
distances and said second pair of orthogonal regularity dis-
tances.

10. The method of claim 1, wherein said step of defining a
candidate transformation origin i1s performed as an iterative
process, wherein a chosen location of said candidate trans-
formation origin 1s incremented by a predetermined incre-
ment for each step of said iterative process.

11. The method of claim 1, wherein said predetermined
increment 1s determined by a minimum manufacturing step
s1ze for said multiple layer integrated circuit.

12. The method of claim 1, wherein said bonding interface
1s a copper bond interface and said conductive bonding ele-
ments are copper bond points.

13. The method of claim 2, wherein said arrangement of
conductive bonding elements and second arrangement of
conductive bonding elements are the same.

14. The method of claim 2, wherein said arrangement of
conductive bonding elements and second arrangement of
conductive bonding elements are diflerent.

15. The method of claim 1, wherein said arrangement of
conductive bonding elements 1s predetermined in association
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with said predetermined transformation to enhance coinci-
dence of said arrangement of conductive bonding elements
with said transformed arrangement of conductive bonding
clements.

16. The method of claim 2, wherein said second arrange-
ment of conductive bonding elements 1s predetermined in
association with said predetermined transformation to
enhance coincidence of said second arrangement of conduc-
tive bonding elements with said transformed second arrange-
ment of conductive bonding elements.

17. The method of claim 1, wherein said outputting said set
of valid vertical interconnect positions for said multiple layer
integrated circuit comprises storing said set of valid vertical
interconnect positions for said multiple layer integrated cir-
cuit 1n a non-transient fashion on a computer-readable storage
medium.

18. The method of claim 1, wherein said outputting said set
of valid vertical interconnect positions for said multiple layer
integrated circuit comprises manufacturing said multiple
layer integrated circuit 1n accordance with said set.

19. A computer-readable storage medium storing in a non-
transient fashion said set of valid vertical interconnect posi-
tions for said multiple layer integrated circuit generated in
accordance with the method of claim 1.

20. A multiple layer integrated circuit having a set of valid
vertical interconnect positions generated 1n accordance with
the method of claim 1.

21. A method of generating an arrangement of a multiple
layer integrated circuit, comprising the method as claimed 1n
claim 1 and further comprising the steps of:

arranging a first logical module within said multiple layer

integrated circuit, said first logical module vertically
spanning said pair of layers, and said first logical module
comprising a plurality of vertical interconnects at posi-
tions permitted by said set of valid vertical interconnect
positions;

generating a second logical module within said multiple

layer integrated circuit, a layout of said second logical
module being a result of applying said predetermined
transformation to said first logical module with respect
to said valid transformation origin, and placing said
result at a horizontal offset with respect to said first

il

logical module, wherein applying said horizontal offset

to said valid transformation origin results 1n an offset
valid transformation origin at a same relative position
with respect to said tessellating sub-region; and

outputting said arrangement of said multiple layer inte-
grated circuit.

22. The method of claim 21, wherein said multiple layer

integrated circuit comprises a second bonding interface
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between a second pair of layers in said multiple layers, and
said second bonding interface 1s formed by the coupling of a
second pair of conductive bond patterns formed on facing
surfaces of said second pair of layers, each pattern of said
second pair of conductive bond patterns comprising a second
arrangement of conductive bonding elements, and the method
turther comprising:

defining said sub-region within a combined pattern formed

by overlaying said arrangement of conductive bonding
clements on said second arrangement of conductive
bonding elements, wherein said sub-region tessellates
across said combined pattern;

applying said predetermined transformation 1n said hori-

zontal plane with respect to said candidate transforma-
tion origin to said second arrangement ol conductive
bonding elements within said sub-region to generate a
transformed second arrangement of conductive bonding
elements,

wherein said step of determining said validity of said can-

didate transformation origin i1s performed in further
dependence on coincidence of at least a subset of said
second arrangement of conductive bonding elements
with said transformed second arrangement of conduc-
tive bonding elements; and

defining a second set of valid vertical iterconnect posi-

tions associated with said valid transformation origin
where said second arrangement of conductive bonding
clements coincides with said transformed second
arrangement ol conductive bonding elements,

wherein said first logical module additionally vertically

spans said second pair of layers and comprises a second
plurality of vertical interconnects at positions permitted
by said second set of valid vertical interconnect posi-
tions.

23. The method of claim 21, wherein said outputting said
arrangement of said multiple layer integrated circuit com-
prises storing said arrangement of said multiple layer inte-
grated circuit in a non-transient fashion on a computer-read-
able storage medium.

24. The method of claim 21, wherein said outputting said
arrangement of said multiple layer integrated circuit com-
prises manufacturing said multiple layer integrated circuit in
accordance with said arrangement.

25. A computer-readable storage medium storing 1n a non-
transient fashion said arrangement of said multiple layer inte-
grated circuit generated in accordance with the method of
claim 21.

26. A multiple layer integrated circuit having an arrange-
ment generated i accordance with the method of claim 21.
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