NG e S T
LFE T BTl ik
On analyzing and Improving ESD protection in Area-1/0
Flip-Chip Design

AR OAE T RUIE
BRI REA K

Y RE -8 F iLA



Wt A1 5 B & RIS T R L AT R A
On analyzing and Improving ESD protection
in Area-1/0 Flip-Chip Design

Lo A 3V W 2 Student : Yi-Cheng Liang
FHEHIZ T REW Advisor : Hung-Ming Chen

B R AL E
ThEE  BFa iR e
77w X

A Thesis
Submitted to College lof Electrical and Computer Engineering
National, Chiao Tung University
in partial Fulfillment of the Requirements

for the Degree of

Master of Science
1n

Electronics and Electro-Optical Engineering

September 2011

Hsinchu, Taiwan, Republic of China

FERBE—8F/A



AN E B E R LT AT E LY

2y B 3 E I BREAHIR

Bl L B ARG BRPIEFILERAZ AL

1% Z

SEFARFREZE S GERE] Rt FERPELAZER
BT ek MAESEENRAKZXGTEMERY > B L&l
(Flip-Chip) R —BAm#A T X - A EB&E AN IC Higb £H#
BmIET R T KT D R IERE » M HIE ~ MRAoh R E/F
B E o ARBAREBEER X P o &I FENH H AR (In/Out ports)
RAME AR R AEAE(L/0 ring) » CHBER R ARG FEHEMAS > 403
ho T BREREERE 0 BOTEIB AR T R A IR



AR EAE A B BRA & B AT (Area-1/0 cell ) Beb ¥ nth B x5 54
FEE > M BIREANERAF TR RN LA KigayR A > miraydk
P17 AL EE EELH BAENER - RZ LT KB HFTF & —A&kt4
IARRAEAEIE B LTHH TS -




On analyzing and Improving ESD protection in
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ABSTRACT

Now the demands of electrical product are multetion, lightweight and low
profile. Based on this concept, the package/methads to meet high density
trend. Flip-chip is a mature technology-on highsiignmicrosystem design and
packaging. This structure using vertical connectwrsubstitute bonding wire
can reduce the connection distance to get the ibenleigh frequency demand,
better noise control and less power consumptionmetal. In general VSLI
design, the circuit designers still use the 1/Ogrifor chip design. The
conventional I/O ring is the mature structure f@LEprotection, but it increases
the distance of connection. This trade-off loses enefit from reducing the

connection distance.

In this study, we try to use the new I/O distribatistructure by Area-1/O cell to



keep the two benefits. In our analysis, this newhae has a large improvement
for ESD protection. And new algorithm of cell agsigent on this structure can
obtain better result than general assignment methodlly, we consider the

present VLSI design flow in this discussion. Newtmoel can be easily applied

in the original working flow.
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Chapter 1

| ntroduction

1.1 Background & Motivation

Flip chip is a high density microsystem packagesupports a high-pinout
structure and a shorter connection condition withmnding wire (Figure 1.1).

The connection can contact with below solder ball the bump ball and the
channel in substrate by vertical direction. Thisdfeé of reducing the distance
of connection includes the higher frequency coaditbetter noise control, less

power consumption on métal-and low IR-drop:

Wire Bond Package Bonding Wire
Die

) ] Y

! Solder Ball Laminate Substrate

Flip Chip Package
Underfill Bumps Ball

e
Figure 1.1  Wire bond vs. Flip chip

The 1/0O cells are the interfaces and contain Ebstitic discharge (ESD)
protector between the bump ball and the intermaldiin die. In the wire bond

package, the circuit designer usually puts I/Oschkil the ring style around the
chip edge. The signal is along the bonding wire @mgd edge smoothly into the

circuit in chip center.



I/O ring is a mature structure for the ESD protection system. It owns the enough
metal width for electromigration (EM) requirement to share ESD current. But it
is NOT a good layout style for flip chip package. When we make the 1/O ring
for flip chip package, the signal from circuit has to make a detour to the chip
edge and go back to the bump pad by routing nets in redistribution layer (RDL)
(Figure 1.2). This extra routing metal in RDL neutralizes the benefits of flip chip

from reducing connection distance.
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Figure 1.2 Bump pads, Circuit blocks and 1/O cells

Since flip chip package was presented, there are many discussions about the
Area-1/O to make a vertical conduction with solder ball. They almost focus on
the wire length minimization [1] [2] and optimize the other conditions [3]. There
is only a little description about the ESD [4]. There are no methods to distribute
about the Area-I/O and ESD, and guarantee that they have enough ESD
protection capability. Certainly, we can still follow these descriptions to make a
high quality and high performance design. But it has the risk of yield
degradation from the ESD damage problems. Based on the demand of mass

product, the general circuit designer usually still makes the I/O cells by a ring
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structure. It means that they make a trade-off éepkthe ESD protection
capability but loss the benefits of shorter conioactFor this reason, we try to
find the solution for this dilemma. It has to plate 1/0 cells in core area of
chip to solve the detour issue, and provides theugim ESD protection for

internal circuit.

Finally, we simultaneously consider the general Vid&sign flow in this study.
New method should be convenient to replace theeptesmitegration step in
VLSI design flow.

1.2 Organization afithis thesis

The remainder of this.thesis-is-organized as f@dlo@hapter 2 describes the
ESD protection analysis. We explain the principleESD protection and use
four measurement models to ‘estimate whole protecystem. The protection
capability of testing cases would be estimatedhiy. tineasurement method. In
chapter 3, we provide a new. /O distribution’stmetwhich placed the 1/O cells
in core area of chip to solve the detour issuepaakage. This structure owns
the enough metal width as conventional 1/O ring &adps the relationship of
original internal circuits. The circuit designemcaasily adopt this method to
replace original integration flow. In chapter 4, werify the real cases by new
distribution structure for 1/O cells and providens® new algorithms on this
structure. In chapter 5, we analyze the effechefrtew structure and algorithms.
This new structure has good improvement on ESDeptoin, and the new
algorithms we provide can get more improvementhis issue. Finally, we list

the benefits of these methods and list the futweksvin chapter 6.



Chapter 2

ESD protection analysis

2.1 ESD protection overview

In Figure 2.1, there are two ESD current paths betwthe one pin pair. We
design an ESD protection path to avoid the ESDeturattacks the internal
circuit. The key-point of ESD protection is thaetESD device can be turned on
faster in order not to damage the internal circihe damaged path is very
difficult to forecast. So weqjust concentrate oe fhrotection path design and
follow the ESD guideline to build the-protectionssym. This guideline can

make sure that the ESD /device-can-turn on'in.tov@/bid internal circuits from

damage.

WA

Clam

T
gt

WA

Power Bus
|

Ground Bus

: ...@v-

Figure 2.1 The damage path and the ESD protection

path
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The impedance on the ESD protection path includesBSD devices and the
metal resistance between two terminal pins. In goug2.1), whereAVggpis
the ESD voltage drop. This voltage drop will betrilisited on the ESD devices
and its connecting metal bus. T ¢, _4evices Can reach the turn-on voltage
very quickly due to a lower bus resistance. We magsthat there is a maximum
R limit value for Ry.ctai on Esp protection patn» @nd this R value can make
guarantee that the ESD device would be turned sterfan order not to damage
the internal circuit. We can build the ESD protectsystem and assume that the
all of metal resistance between each pin pairssis than this maximum R value.

This ESD protection system will completely proteat internal circuit.

AVESD = AVESD—devices + AIESD X Rmetal on ESD.protection path (2-1)

The semiconductor material and ESD device size bavenajor impact on this
R value in ESD protection system. Thefoundry wifer this R value and basic
design rule about ESD protection.design for eachigmductor process they
provided.

2.2 ESD ohm'’s law

In general condition, the ESD problem is usuallived by buying the solution

from the 1/O provider in foundry. The provider affea simple guideline called
the “ESD Ohm’s law” [5] for the user. The circuiesigner only needs to
concentrate on the combination relationship betwakesub-blocks to complete
the whole function circuit. When they integrate salb-blocks, they just need to
build the 1/O ring, assign the cells location bylE§uidelines and connect with

circuits to complete the design of this chip.



The clamp cell is the main element in ESD protecsgstem. It exists on each
ESD protection path. So the I/O cell provider pd®a a simple guideline how to
build the I/O chain and this method can meet afergmned maximum R
requirement automatically. Circuit designers haweappropriately place the
clamp cells when they are integrated with the fiamctcells. The metal
resistance of the function cell to the nearest plaeills is less than the certain
value provider given. This guideline is called ESBm’s law. If the designer
follows this guideline to build the 1/O chain, thegn get the guarantee from the

I/O provider to avoid the damage of internal citcui

2.3.ESD protection estimation

We design a two-poweridomain-module as a samfdadtyze multiple power

domains (Figure 2.2):
There are three kinds-of basic ESD-protection eteégia this design:

1. Clamp cell(maybe withy.an-auxiliary diode)lt is a dual-directional

structure circuit to conduct ESD current betweewgroand ground bus.

2. Function celt There are two unidirectional diodes to conduct E8Dent

to power or ground bus.

3. Back-to-back diodes It is a dual-directional structure circuit between

the two ground buses of different voltage domaihsonducts the ESD

current and cuts the noise between two ground buses



Bond ball Bond ball

RDL RDL
Power

Bus

IP IP
. -
Ground : i | Ground
Bus | '-'q—' : Bus
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Bond ball Bond ball

Figure 2.2 Two power domain ESD protection circuit

In Figure 2.2, the multiple power-domains~ecanbe built and connected by the

back-to-back diodes.

As shown in Figure 2.3, we build the 1/O<chain as the interface between the
bump pads and internal circuit for.the<¢ircuit in Figure 2.2. They can support the
signal communication and ESD protection: The ESD ‘current will be conducted

to the metal bus on I/O chain'tosavoid the currentto damage the internal circuit.

Bumps

808000

Grotnd-bus-

1P IP IP 1P

Figure 2.3 The I/O combination state of two power
domains circuit



2.4 Measurement model

The relationship of ESD protection system and ptet® circuit is dependent,
thus it is not necessary to measure all pin pdithe chip. We can ignore the
part of pin pairs which show the high impedancelaiaged path in protected
circuit. In practice, we only focused on the reaillure cases for our ESD
verification. These four kinds of measurement madel completely verify the

whole ESD protection system.

Function pin to function pin
Function pin to Power/Ground pin

Power pin to Ground pin

WD

Power pin to Ground-pin for different power domains

For the ESD protection capability measurement, ileneed to use the detail
resistance model of ESD protection-system. for;@mation.In addition, the
best conduct point for power supply is the metalttve clamp cell. The ESD
current can be conducted directly-to.anether nmialby the ESD device turned
on. So we assume the clamp cell has to be the dwsducted point of
power/ground signal, and the clamp cell can reptetbe measurement point for
power/ground pin. We can use the function celldpresent the measurement
point as well. As shown in Figure 2.2, based onctineent divider rule between
the damage path and ESD protection path, using I/@e cells as the

measurement points for ESD estimation is a feasippeoach.



2.4.1. Function cell to Function cell model

In Figure 2.2 & Figure 2.3, we have an I/O chaithwiivo main function cells
and four near clamp cells. The resistance moddddoee mapped to this chain
(Figure 2.4). We assume that the ESD devices arempedance and try to
measure the resistance between the pin pair tamgdR value for our ESD
protection capability estimation. This R valuehs pure resistance of metal bus
between the pin pair. The ESD current be condugi@dhe diodes in function
cell and at least one clamp cell. More clamp csis reduce the total resistance
by parallel connection. Finally, the resistance elathn be transformed to the
two equations by different current directions. Weuwd analyze the degree of

protection capability by these equations:

Ce” plan C F C .......... C F C
Power i m Y 1Y
Bus WYY Y i il
© A S
F OF
Ground | 4 2:5 m A W
Bus L | e -
Model Power ki m m AMRP“
Bus Wy Y¥¥ i
Rpl Rp2 Rp2 .
® g
Ground m m T
Bus W w— AL
Rt = [(Rp1+Rg4)//Rg3] + (Rp2//Rg2) + [Rp3//(Rgl+Rp4)]
Equation gt = (Rp1+Rg4)//Rp2] + (Rp3//Rg3) + [Rg2//(Rg1+Rp4)]

Figure 2.4 The resistor model and equation font&on cell to
Function cell" measurement model



2.4.2. Function cell to Power/Ground cell model

We pick a function cell with two near clamp cells as the one measurement point,
and pick another clamp cell as another measurement point. By the same manner,
we could get the resistance model and two equations from this cell plan. These

two equations are the measurement basis of this model (Figure 2.5).

CellPlan | [c| [F] [c] —  [c
Power iii RP1 m
Bus "y "'sz X @
e F
Resistor -‘Bi’u‘:‘Ld-w,_ztw Wy B
Model Rgl Rg2 @
Power m
Bus Aid A4 "'Rp3 o)
@rF
Ground Akd m
Bus "' Rgl "'Rg2 G
- el + +
Equation Rt = [(Rp1+Rg1)/Rg?] + (Rp2//Rg3)
Rt = [(Rp1+Rg1)//Rp2] + (Rp3//Rg2)

Figure 2.5 The resistor model and equation fontd&on
cell to Power/Ground cell'measurement model

10



2.4.3. Power/Ground cell to Power/Ground cell model

Using the same manner, we combine several clang aedl pick the suitable
clamp cells as the measured points to get the nadekquation. There are two
points worth noting about this measurement modkeé first point is that the
major factor of resistance module is the distanetevéen two measured cells.
The total resistance will not be affected by howngnauxiliary clamp cells we
use. Second, we assume that the clamp cell igrdtednducted cell of power /
ground signal in Section 2.4. In the resistor matewn in Figure 2.6, if we
allow the conducted point on non-clamp cell, th&ltogesistance would be
increased by the other parallel resistor (ex: R@®HRThe power supply has to
go through power/ground cell which lis'a correcuagstion. And it is a common

rule in the practice VLSI industry.

power
Cell plan .lc . lcl.lc J... Cl-|¢ - [C | ground
p Rp4 Rp5
_ @ Mﬂ __Power
Resistor Rpl Rp2 ho2 Bus
Model Rgr | Rg5
] "M | Ground
Ral A Rg3 Bus
Equation Rt = (Rp2//Rg2) + (Rp3//Rg3) + (Rp4//Rg4)

Figure 2.6 The resistor model and equation fowé&dGround
cell to Power/Ground cell" measurement model
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2.4.4. Power/Ground cell to Power/Ground cell betweenreddit

power domains model
It is only one measurement model between two diffeppower domains. In
practice, the damaged device is usually found eninkerface of two blocks
with the different power supply. The model is vie tback-to-back diodes to

share the ESD current between two ground buses.

Cell plan | .. Cl - |C| — cl-/B - C| C

Power

e W——Hr

Rpl Rp2

Rb2 Rbl
Model Ground G M’@'M‘ Rt
Bus Ry Rg? Rgd o

Equation Rt=(Rp2iRg2)#* (Rb2+Rb1) + (RpS//Rg3)

Figure 2.7 The resistor moedel-and equation fow&dGround cell
to Power/Ground cell between different power dorsiain
measurement model
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Chapter 3

Proposed 1/0 distribution methods

3.1 Requirements and Manners

The development and verification of ESD protection have to spend large cost
and time on the repeated tape-out. In general conditions, the ESD problem is
usually solved by buying the solution from the I/O provider. The circuit designer
only needs to concentrate on the company’s product function design before the
I/O ring is built (Figure 3.1). If we hope to.put.the I/O cells in the core area of

chip, the circuit designer’s working habits must be eonsidered.

3 | Evaluate chip condition (Chip Size, pin count, blocks distribution, etc.)

v

Design & create all of the circuit blocks

—

Complete the chip function by all blocks in core area of chip

2

Make the I/O ring and connect to internal circuits

v

Connect I/0 cells and bump balls

JoJl uoireneneazs diyd

Figure 3.1 General VLSI working flow
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Therefore, we arrange the some basic requireméwois alistribution method:

1. Putthe I/O cells in the core area to solve theweksue
2. Consider the construction of center function ciicul

3. Make sure to have enough ESD protection capability

For this purpose, we propose two steps. First, vowigle a new distribution
structure for 1/O cell. This structure has to meébve three requirements.
Second, we provide the some algorithms of cellgassent, which are based on

this new structure to assign the cell type location

3.2 SEWER distribution structure

We propose a new distribution structure for I/Q-pinning. First, we separate
all circuit blocks intorthe I/O blocks and non-lflbcks, Based on whether the
blocks have connected with /O cells:"Second, ikt lstep the connection

relationship of all sub blocks and put the I/O’€allose to the 1/0 blocks. 1/10
cells can easily connect to‘these blocks. In tkep,sthe 1/0O cells must be
combined as a chain for supplying enough metaliwfiolt the EM consideration.
The internal circuit blocks have to be connectedigpal routing nets. If the I/O
chains have to be crossed with these signal netgan appropriately insert the
dummy cells which are drawn the power metal onlie Tcircuits can be

connected through these dummy cells. Finally, &lithe 1/0O chain will be

connected together like a city sewer system for E8Dent shared and cut the
different power domains by back-to-back diodes.dAk observe the difference

between the conventional I/O ring and our new $tmecin Figure 3.2.

14
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3.3 Cell assignment

All of 1/0 chains have to be connected togethem<iaering the difficulties in
connection, we allow up to the one chain combingdwmno rows of I/O cells
(Figure 3.3). This limit can avoid the excessivaesgge routing in RDL or chip

area.

.
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Figure 3.3 The states of sewer structure comlmnati

Based on this structure, we have proposed- the #igegithms for the cell type
assignment on the new structure. The double spas¢hle better sharing effect
than single space. The non-clamp cells have clostre clamp cells based on

the same condition (Figure 3.4).

SNy ey

Single space
C
C

Double space

Figure 3.4 Single space vs. double space



3.3.1. Local distribution algorithm

In previous section, we had seen the states of I/O cells which are made by
several connected groups. The area combined by two rows cells is called double
space (Figure 3.5). This space owns the better sharing effect, so we can reduce

the clamp density of double space.

C: Clamp cell
F: Function cell

Figure.3.5 The cell.assignment state of local
distribution algorithm

We put the function cells in sequence and appropriately insert clamp cells. In
double space, we use double density value to determine that whether the clamp
cell should be inserted. Finally, each group can be completed in accordance with

this method.

As shown in Figure 3.6, we set the basic density parameter for counter in step

1&2. The clamp cells will be assigned when the counter reach the limit values

17



which are the multiples of density value. In double space, we raise the limit
values to reduce clamp density in this area. We process each chain

independently (Figure 3.5). It is a simple algorithm for cell assignment.

1 | density = clamp cells / [total cells — (0.5 X abutting-cells)]
2 | density_limit = Sdensity
3 | foreachi=1: total cells
4 if ( Si >= Sdensity-limit)
5 space(i) = clamp cell
6 density_limit = Sdensity_limit+ Sdensity // set the next
// limit of clamp
else
Vi space(i) = function cell
end
8 if (space(Si)is in abuttingarea) // extend limit value for double
//the density in abutting area
9 density_limit = Sdensity_limit+ 0.5
end
end

Figure 3.6 _Local distribution‘algorithm for.singikain

18



3.3.2. Density distribution algorithm

Local distribution algorithm processes each group independently. If the double
space is composed by two independent chains, it can NOT consider the effect of
distribution locations from different group chains. For this reason, we develop
an algorithm which calculates the densities of each space before the cell

assignment.

| | |
.
S s i i e il i i
i b ] W e i i e e o |
Sl L Sl gl s
I . o« a9 . 1
AN i
N O\ S tes
R jiee . =
s [ Double space

L — - I |
| | | I | |
' ' ' ' ' ' .
_._I_._I___I_._l_._l_._L._l,_. |
| | | | | [ | |

Ll Nii i .. §
ks Single space L. S L
RS g
LSO WU || ASSUSRIN] | NTOD |BOSUIURL | | SUURURIN | SR W | Bl

Figure.3.7+ The sewer structure for cell distribati

We averagely distribute the clamp cells for each I/O chain to get the initial
density value of all areas. The double area will have the higher density because
of clamp sharing effect. For average density request, we move the clamp cells
from double area to single area in the same group chain until we get the average
density of each area in the chip (Figure 3.7). As shown in Figure 3.8, the loop of
step 2 will find the density values of each are. Finally, we redistribute the clamp

cell by these density values.
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N

averagely distributethe clamp cells for each I/0O chain
while (Scondition for any abutting area )
B = the abutting that meet Scondition1 owns the max.
density in chip
Pick the non-abutting area with the lowest
density ,move the clamp from B to this non-abutting
area
end
assign the clamp/function cells in each 1/0 chain by the
density value calculated by above loop

Parameter:

D(?) : The density of the certain area

Condition : D(abutting area) > D(non-abutting area)
in the same 1/0 chain
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3.3.3. Iterative improvement algorithm
In previous two sections, we had presented two algorithms based on the average
purpose which is from the concept of ESD ohm’s law. Are the averagely

distribute clamp cells getting the best ESD protection effect?

We analyze a design with an I/O chain with 28 function cells and 2 clamp cells.
We put the clamp cells in the two terminals of chain and changed the clamp
location toward to chain center in sequence. After that, we can get the 15 sets of
combinations with different clamp locations, and verify those combinations with
different ohm limit value. As shown in Table 3.1, there 1s NO best combination
for a fixed ESD protection systemq For €xample in Table 3.1, if the condition of
choice is the sum of 13~16%unitresistances. We .can get the best choice is the
combination (3,28). So we should-pick the appropriate’combination for different

ESD Specifications (SREC).

Table 3.1 The analysis table of several clamp d¢oation in one chain

Violation case combination

\ 130 229 328 427 526 625 724 823 922 1021 1120 1219 1318 1417 1516
1SN 378 378 378 378 3IW 378 J8 3J8 3IW 3I® 3B 3IW 3IW 3B

213 376 376 376 3™ 3™ 376 36 36 3™ 3I® 3I® 3I® 3
2513 376 376 376 3™ 3M 376 36 36 3W® 3™ 374 3 3w
3 |3% 372 370 370 370 370 370 370 330 37 n 3
35|37/ 372 68 B8 368 368 368 W6 X6 3B 367 35
4 | 374 368 B2 B0 360 360 360 B0 WO 3% 3% 384 3B
451374 368 B2 /4 354 354 354 ;2 W2 38 3% 360 3N

S | 370 362 354 348 346 346 342 342 A2

SS| 366 358 3I/0 340 3% 3% 336 18 N8
Ohm 6 |36 35 346 /0 324 32 320 314 06
65)360 348 V8 X6 312 308 308 296

Ilmlt 7 |34 342 3]0 36 306 22 288 2268
75354 340 318 304 290 274 260

8 |34 330 316 202 278 2% 238
Value 85|33 322 N4 8 200 23
9 |32 310 2092 262 234 204

95| 328 298 278 246 214

10 | 318 284 264 28 178

10.5] 306 270 248 194 12

11 | 294 254 216 156

115] 280 238 196 72

12 | 266 220 156

338 345 3% 3
33 3% 350 384
316 331 345 360
215 2% 306 38 33 3%
266 28 28 316 3B 3™
232 2489 269 286 306 3% 345
20 238 289 21m 28 318 3B
179 202 22 245 265 28 310 33
167 189 210 234 288 2™ 32 3%
134 147 169 12 218 241 267 2 318
124 136 157 179 206 230 257 28 310
106 118 139 161 190 216 245 273 3@
87 97 108 128 149 177 204 234 2688 2B
73 081 92 10 131 18 18 220 251 28
S8 64 73 81 100 120 147 175 208 240 27
125) 24 S2 S9 69 & 104 131 19 194 228 263
13 | 216 4 S2 S9 T 09 120 147 181 216 2%
13.5) 178 21 21 34 40 49 & & 104 131 168 202 240
14 |13 % 21 27 34 4 S8 N 94 120 188 18 228
14 4 8 13 19 26 34 & 6 & 108 13 175 216
1 3 6 10 15 21 282 3B S £ % 122 18 2

3 6 10 15 21 28 ¥ & &7 0 118 151 189

1 3 6 10 15 21 2 & 57 ™ 106 138 175
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We analyze another case with more clamp cells, and find that the clamp cell
close to the chain terminal will be better than cell in chain center. So we deliver

a new algorithm based on this observation (Figure 3.9).

First, we must determine the condition of choice. Second, we design a sample
with three steps in Figure 3.8 for the description of iterative improvement
algorithm. In step 1, we have several combinations by changing the clamp
location in moveable area and pick the N sets of combinations with the best
condition from them. In step 2, we can set the N sets of combinations from stepl
as basis states, and based on these different states to get the more combinations
by executing the aforementioned manner. We can get the (N1*N2) sets of
combinations in this time. After'that, we pick the N sets of combinations with
the best condition from these mixed combinations again. Repeat this until we

find the best combination of the-whele.chain.

sert ([ THTTWTTHITTHTTH
sep2 [ [T TTTHTTHTTTHITH
seps [[ [ TTTHTTHTTTHITH

. Fixed clamp cell . Movable clamp cell

Figure 3.8 The sample of cell assignment by thaiive
improvement algorithm

A
!
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The behavior of sample in Figure 3.8 is described in the step 3 to 7 of iterative
improvement algorithm (Figure 3.9). Based on the sewer structure (Figure 3.6),
we can process each group chains by the step 3 to 7 of this algorithm. Finally,
the double space is formed by two independent groups. This method has the
same defect with local distribution Algorithm. So we have to re-execute the step

3 to 7 again for these double spaces to correct this defect.

1| foreach (c =1 : the number of the chain)
2 cb_list =initial state of the Schain(c) // for first execution
3 foreach (rp @ Schain(c))
4 foreach (cb @cb_list)
5 Base on parameter rp, to get the SCombiPari (Scb)
6 Saving SCombiPair to SCombiDatabase
end
7 pick the Scb_list from SCombiDatabase
end
end
8 | re-execute step 3~7 for double space made by 2 groups

Figure3.C Iterative improvemel algorithn

Table 3.2 The parameter description of iterative
improvement algorithm

Parameter :
chain : The 1/0 chains in the chip
rp: The order of clamp pairs, this order is from the two terminal sides to

center in the chain
cb_list:  The N sets of combinations of the best condition

CombiPair(cb) : Base on the certain of combination(cb), we moved the clamp pair
in moveable area to create the more different combinations

CombiDatabase: We used each combinations of cb_list, to create more
combinations by moving the clamp pair. This database
include those mixed combinations from this Scb_list for the
next Scb_list’s picking.
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Chapter 4

Verification result

In this study, we verify three real industry chipBhe original state with
conventional I/O ring would be set to the contradugp. And we use the same

bases to build several experimental groups by tthoas we provide.

4.1Case 1

Chip size: 2400um X 2400um

I/O cell size: 60um. X 60um

Pin count: 140

Number of function cell 127

Number of clamp cell 23 (10 cells‘for ESD. protection enhancing)
Power structure two powerdomains

Condition of ESD estimatioh Minimum-of.sum.of violation cases

® Conventional I/O Ring

OSSN NN BE0EE DEEEEE DEDDE BEBBE N
1 1
] ]
1 1 .
B = Conventional
1 1

—— i .

al . | w |/O ring style
7] N ] | 1
IT| N ' [T
1 N | ]
! S .l 1 o Function cell
- g L} | |
] - I i ! . Clamp cell
1 - 1
. L ] I 1]
1 ] Back-to-back
] : [ EI diodes
] 1 £
1 [} 1
B |'l ] [ Empty cell
1 1
- 1 - (metal bus only)
o . o
] |
] L 1] =
:— - :— Signal connection
[~ - —
=] = ]
1 1
o \ i B
| | B IN/OUT block : connect to
- o 1 : | = I/0
- bl - Ty '] —
a Se=TnA o ———— 0 L]
:: ] Internal block : No
i DEEEE BEEEEE BOEEE DEEEE DEEDEE  BEBBE relationship with 1/0 cell

Figure 4.1 The case 1 using the conventional i@ r
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® Local distribution algorithm on sewer style 1/0

Sewer style

|
-
T M
] Function cell
|
= . Clamp cell
-
[ Back-to-back
’. !__—_ D diodes
1] | HODE OO00 DEEE]
:_ I - 1 1 D Empty cell
= N ] 5 (metal bus only)
[l |
- i
1
T. LR ]
B = Signal connection

IN/OUT block : connect to
1/0

- | Internal block : No
relationship with 1/0 cell

Figure 4.2 The case 1 usingsthe local distribution
algorithm on sewer |/O-structure

® Density distribution algorithmon sewer style I/O

- = - — N )

|
' -y
3 B8 BEE
T IEEEE i Function cell
1 |
T L i |
]| - . Clamp cell
:— L 8 B N B N ]
] D Back-to-back
1 "
= —— diodes
1 T[T 1|1.1|1|1.1[1]1 BB
:_ i_:_ I - 1 1 D Empty cell
= FRER ] 4 (metal bus only)
| i I
1 T[T | M
] o | ——
T T[1
] e Signal connection
L L B _ &R N R B | L L
T[]
SH T[T
e d : IN/OUT block : connect to
\ NE 1/0
‘ | [
101 —
v []
-y -~ ~ 1|1
iy _:1\ ‘- - Internal block : No
I relationship with 1/0 cell

Figure 4.3 The case 1 using the density distiaouti
algorithm on sewer I/O structure
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Iterative improvement algorithm on sewer style I/O

1[1[1|1|1|1|1-'%

1|1|1|1|1.1|1|1|1|1|1.E|:[

Sewer style

Function cell

=

Clamp cell

Back-to-back
diodes

Empty cell
(metal bus only)

Signal connection

IN/OUT block : connect to
1/0

L]

Internal block : No
relationship with 1/0 cell
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® All verification results for casel

Column 1:
Violation resistance limit
Unit: metal bus resistance / cell
Column 2:
The number of violation case by using the 1/O ring
Column 3:
The number of violation case by using local disttibn algorithm on sewer 1/O structure
Column 4:
The number of violation case by using density distron algorithm on sewer I/O structure
Column 5:
The number of violation case by using iterative iayement algorithm on sewer 1/O
structure

Table 4.1 The number-ofviolation cases for four
experiments of case

1 2 3 4 5 1 2 3 4 5
0 812€ 812¢€ 812¢€ 812¢€ 36 1662 6 0 0
1 800€ 798¢ 7984 795¢ 37 156€ 1 0 0
2 7881 7807 780% 772¢ 38 1452 0 0 0
3 7671 756 754C 744 39 1332 0 0 0
<[ 4 7451 724(C 719€ 708¢ <[ ac 1242 0 0 0
(@) 5 7217 686€ 680= 6702 ol 4 115; 0 0 0
o 6 6931 653¢ 643C 633¢ Q| 42 1044 0 0 0
= 666¢ 619¢ 608C 5052 = 43 965 0 0 0
o 8 644¢ 5827 571€ 5611 g 44 891 0 0 0
S 9 619€ 547¢ 535¢ 5257 45 801 0 0 0
o1 5934 510¢ 499¢ 487% o 46 73C 0 0 0
nlL_11 573¢ 473( 4642 451/ w47 667 0 0 0
12 552( 4337 4251 4122 o048 59C 0 0 0
=+ 13 527¢ 398( 386 371 o 49 52€ 0 0 0
g 14 509¢ 3621 347¢ 331 5[50 472 0 0 0
ol 15 491C 326€ 3131 295¢ ol_51 412 0 0 0
| 16 468¢ 292( 282 2671 M| 52 352 0 0 0
— 17 451¢ 263¢ 251¢ 2421 —| 53 317 0 0 0
=1 T 4357 2381 225¢ 215¢ 3L 54 26€ 0 0 0
1€ 415( 214¢ 202: 189( 55 221 0 0 0
2C 3974 189¢ 179¢ 165¢ 56 19C 0 0 0
21 382t 166( 154¢ 144¢ 57 15¢ 0 0 0
22 3642 1421 130¢ 1231 58 12C 0 0 0
23 3461 117¢€ 107¢ 103€ 59 9t 0 0 0
24 332t 96 852 822 60 74 0 0 0
25 315¢ 792 65¢ 612 61 57 0 0 0
26 297¢ 63¢ 48C 441 62 42 0 0 0
27 2854 494 34¢ 271 63 3C 0 0 0
28 270¢ 372 24€ 14C 64 21 Q Q 0
2¢ 2541 27€ 15¢E 57 65 18 0 0 0
3C 2414 20C 98 15 66 1C 0 0 0
31 2291 13€ 55 2 67 6 0 0 0
32 213¢ 8¢ 28 0 68 3 0 0 0
33 2021 56 12 0 69 1 0 0 0
34 1917 32 3 0 70 Q 0 Q 0
35 1781 1€ 0 0 71 0 0 0 0

As shown in Table 4.2, it is quite obvious that tteése 2~3 have good
improvement than the conventional 1/O ring, and ttegative improvement

algorithm even owns the best result in any conaliibohm limit.
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4.2 Case 2

Chip size: 2400um X 2400um

I/O cell size: 60um X 60um

Pin count: 140

Number of function cell 130

Number of clamp cell 22 (12 cells for ESD protection enhancing)
Power structure one power domain

Condition of ESD estimation Minimum of sum of violation cases

® Conventional I/O Ring

Conventional
I/0O ring style

Function cell
. Clamp cell

D Back-to-back
diodes

D Empty cell
(metal bus only)

Signal connection

IN/OUT block : connect to
1/0

L]

Internal block : No
relationship with 1/0 cell

ANNNNN SNNNNN SNNNNN NSENNNN NNNNNN

Figure 4.5 The case 2 using the conventional i@ r
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Local distribution algorithm on sewer style 1/0

a[a[a[a[a a2 afa[a[a[ 1]

,._ Conventional
1
= - .
] I/O ring style
I
: :
1
1 O3 i BEER BEE kR Function cell
1 | |
i I :1 | - Clamp cell
= e ) 1
1
U AR PERRRRRRREERRL Back-to-back
| EEEE I [a]af4] Hllllllll 1 |_. D diodes
1
1 [ ¥ II O Empty cell
I I : (metal bus only)
LR 1]

Signal connection

IN/OUT block : connect to
1/0

L]

Internal block : No
relationship with 1/0 cell

Figure 4.6 The case 2 usingsthe local distribution
algorithm on sewer |/O-structure

Density distribution algorithm©n sewer style |/O

Conventional
I/0 ring style

BEEE EREER BEERER Function cell

. Clamp cell

[[] Back-to-back
diodes

D Empty cell

(metal bus only)

Signal connection

IN/OUT block : connect to
1/0

L]

Internal block : No
relationship with 1/0 cell

Figure 4.7 The case 2 using the density distaouti
algorithm on sewer 1/O structure

29



® [terative improvement algorithm on sewer style I/O

Conventional
I/O ring style

Function cell

. Clamp cell

. Back-to-back
diodes

[ Emptycell

(metal bus only)

[ [ a] 1] 2] 1] "
(2]

1] 1[ 1] 1

Signal connection

IN/OUT block : connect to
1/0

L]

Internal block : No
relationship with 1/0 cell
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® All verification results for case2

Column 1:
Violation resistance limit
Unit: metal bus resistance / cell
Column 2:
The number of violation case by using the 1/O ring
Column 3:
The number of violation case by using local disttidn algorithm on sewer I/O structure
Column 4:
The number of violation case by using density distion algorithm on sewer I/O structure
Column 5:
The number of violation case by using iterative iayement algorithm on sewer 1/O
structure

Table 4. 2 Thesmnumber of.violation cases for four
experiments of.case

1 2 3 4 5 1 2 3 4 5
0 11476 | 11476] | 11476] 11476 a1 2781 0 0 0
1 11334 | 11336 | | 11331 11329 42 2611 [0 0 0
<[ 2 11189 | 11147 |11134] 11114 <[ 4 2481 0 0 0
ol 3 10971 | 108564 10813| | 10801 o 44 2358 0 0 0
o2 10723 | 10474 [« 10899| 10414 o425 2223 0 0 0
= 5 10468 | 10064 | . 9963 9965 = 46 2067 0 0 0
o 6 10189 9627 9531 9540 o 47 1961 0 0 0
S5 7 9843 9195 9081 9083 S| 48 1850 0 0 0
= 8 9608 8725 8605 8590 = 49 1711 0 0 0
M 9 9369 8204 8112 8098 M [ 50 1607 0 0 0
2 T 9071 7718 7621 7616 2 4511 0 0 0
2 8793 7210 7094 7111 0T 1404 0 0 0
Q 2 8571 6676 6554 6572 Q[ (53 1286 0 0 0
> 13 8325 6170 6047 6025 S| 54 1202 0 0 0
Q 14 8029 5662 5539 5484 8 55 1119 0 0 0
® 15 7813 5147 5027 4989 56 1015 0 0 0
= 16 7598 4618 4510 4503 = 57 936 0 0 0
3 17 7338 4128 4010 3984 3 s 861 0 0 0
18 7082 3655 3541 3469 59 786 0 0 0
19 6886 3181 3063 2970 60 686 0 0 0
20 6668 2739 2641 2507 61 627 0 0 0
21 6384 2331 2223 2131 62 568 0 0 0
22 6193 1947 1846 1799 63 496 0 0 0
23 6010 1599 1509 1474 64 437 0 0 0
24 5778 1288 1217 1205 65 384 0 0 0
25 5559 1020 957 956 66 333 0 0 0
26 5375 800 733 714 67 270 0 0 0
27 5181 612 549 518 68 233 0 0 0
28 4932 466 408 383 69 197 0 0 0
29 4767 336 283 281 70 157 0 0 0
30 4602 245 199 197 71 124 0 0 0
31 4406 167 130 141 72 97 0 0 0
32 4196 112 85 %4 73 74 0 0 0
33 4045 74 53 55 74 49 0 0 0
34 3887 48 29 28 75 34 0 0 0
35 3689 30 14 12 76 23 0 0 0
36 3538 19 2 3 77 15 0 0 0
37 3394 11 1 1 78 8 0 0 0
38 3232 6 0 0 79 3 0 0 0
39 3040 3 0 0 80 1 0 0 0
40 2916 1 0 0 81 0 0 0 0
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In the Table 4.2, the sum of all violation case<hbips using the sewer structure
are 169123, 166332 and 165636. The iterative imgm@nt algorithm still owns

best result in this verification case.

4.3.Case 3

Chip size: 2160um X 2160um

I/O cell size: 60um X 60um

Pin count: 120

Number of function cell 111

Number of clamp cell 23-(14 cells for ESD protection enhancing)
Power structure two power.domains

Condition of ESD estimation Minimum-of sum of violation cases

® Conventional I/O Ring

H_ﬂ_lLlLlllLlLﬂ_lLlllLlLﬂ_l._ﬂ_ﬂ_ﬂ_lLl._lLﬂ_lLl__lLlLlLl. 1 .

4 Conventional
[ [
- .
o I/O ring style
| ™1 1
[ fu— [ |
B 1 1 | Rp—— )
B e i | Function cell
- I - —
i - Clamp cell
I i
L1l |_ . D B.ack-to-back
—31L diodes
= R —
L] - 1 [0 Empty cell
E =.- i : 1 (metal bus only)
-

1 - i
= ) -
B 1 - )
4] i 1 1 Signal connection
B — e
L1 g I

1
. || 1 IN/OUT block : connect to
B | 1 1 1/0

7| - -
[l -
E L i O

E Internal block : No

3 gl relationship with 1/0 cell

Figure 4.9 The case 3 using the conventional ii@ r
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® Local distribution algorithm on sewer style I/O

[ 2 2 2 [l 2 o a[ [ .
- Conventional
L p
E - I/O ring style
| 1|
S
] :
Funct ]
IEEEE EEE B unction ce
'} 1
| . Clamp cell
Ll 1] [[] Back-to-back
111 diodes
1] 1|
L1 O] Emptycell
[ - [ ] (metal bus only)
I 1]
EEEE EFEREEEE
1 bl i
1 Signal connection
=
I 1|
1 .
1 1 1 :;\léOUT block : connect to
[ N[S= | .
| B []
: . Internal block : No
_____ . | F—— —‘ relationship with 1/0 cell

Figure 4.10 The case 3-using-thelocal distrilbutio
algorithm on sewer /O structure

® Density distribution algorithm on-sewer style.l/O

B EEEEEE R

Conventional
- I/0O ring style

Ny wae
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]
-
| ]
=
=
=

|
Cal 2o o] Ly

Function cell

=

Clamp cell

Back-to-back
diodes

HE O nm

Empty cell
(metal bus only)

EFFEEE  EFEEE

NNNNNN

Signal connection
-

IN/OUT block : connect to
1/0

L]

Internal block : No
relationship with 1/0 cell

¢ ——p - ——-—

Figure 4.11 The case 3 using the density disiohbut
algorithm on sewer 1/O structure
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® [terative improvement algorithm on sewer style I/O

Conventional
I/O ring style

Function cell

Clamp cell

diodes

[}
. Back-to-back
=

Empty cell

|' (metal bus only)
|
1 [l 4
Hn - -
1 EH Signal connection
r (a2l
I [a[al
I 1 HE IN/OUT block : connect to
1 l BE 1/0
| O
I n
Internal block : No
_l_ — _. l— -—— - —I'i relationship with 1/0 cell
Figure 4.12 TheCa [erative impmoa/e
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® All verification results for case3

Column 1:
Violation resistance limit
Unit: metal bus resistance / cell
Column 2:
The number of violation case by using the 1/O ring
Column 3:
The number of violation case by using local disttibn algorithm on sewer 1/O structure
Column 4:
The number of violation case by using density distron algorithm on sewer I/O structure
Column 5:
The number of violation case by using iterative iayement algorithm on sewer 1/O
structure

Table 4. 3 The.numberofviolation-cases for four
experiments of case

1 2 3 %4 5 I 2% 3 4 5
0 6507 65037 6507 6507 32 1373 52 44 37
1 639¢ 639¢ 6398 638C 33 125¢ 34 23 26
< 2 628: 6242 623E 621¢ < 34 115¢ 21 13 14
— 3 608¢ 6007 598: 596¢€ = 35 107¢ 12 7 1
g 4 587¢ 5711 567¢ 5682 g 36 96¢ 6 3 0
QD5 5658 5373 534¢ 5354 ‘Q_J'_ 37 88€ 3 1 0
=6 540t 502¢ 500¢ 502¢ 6 38 81€ 1 0 0
g 7 519¢ 470¢ 467( 470¢ S 39 734 Q Q Q
8 497C 439t 435¢ 438¢ = 40 662 0 0 0
a 9 475¢ 410z 4057 4054 | 4 601 Q 0 0
w10 4581 380¢ 3761 3743 Q 42 53€ 0 0 0
G' 11 436( 3517 3482 3462 w |43 477 0 0 0
EJ" 12 416¢ 322¢ 320¢ 317% &" 44 424 0 0 0
5 13 400¢ 2947 2912 287¢< S [L45 371 Q Q Q
o144 3802 2661 262¢ 257¢ O | 46 328 Q Q 0
M| 15 363t 237¢ 235¢ 230C D | 47 272 Q 0 0
—| 16 3491 212¢ 211C 2034 —| 48 231 Q 0 0
3 17 331¢ 187: 186% 179¢ 3 49 19t 0 0 0
18 316¢ 1652 1651 158¢ 50 154 0 0 0
19 301C 1447 1452 1417 51 124 0 0 0
20 2852 124¢ 1242 124¢ 52 98 0 0 0
21 271¢ 1067 1061 1057 53 74 Q 0 0
22 2562 89t 89t 867 54 55 Q 0 0
23 2424 73¢€ 73€ 711 55 39 Q 0 0
24 230¢ 604 604 58t 56 27 Q 0 0
25 216t 48E 48t 462 57 17 0 0 0
26 203t 37¢ 37z 36C 58 10 0 0 0
27 1927 291 28C 27¢ 59 6 0 0 0
28 179¢ 217 20€ 183 60 3 0 0 0
29 168: 15¢ 14€ 114 61 1 Q 0 0
30 1581 111 97 8t 62 Q Q 0 0
31 146¢ 77 68 62

In the Table 4.3, the sum of all violation casesbips using the sewer structure
are 86504, 85950 and 85346. So we proved the cbnoépiterative
improvement algorithm owns the better impact thh@ toncept of average

distribution from the ESD ohm'’s law.
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Chapter 5
Discussion

In this chapter, we analyze the impact and listefitsrfor our improvement
method. The verification results of experiment satansform to the curve

graph to explain the impact of ESD protection ictida 5.2
5.1.Impact and Benefit

» Not pad-limit

In the general VLSI working-flow (Figure 3.1); tlealuation of chip size is
usually big to avoid the turn-around. And/O rstgucture only allows I/O cells
placed around the chip edge. For.these reasongawenly insert the Decap
(Decoupling Capacitance) in-unused-space after amepleted the main chip
layout and found unused space. Now, we have a m#enousing more clamp

cells to enhance the ESD protection-capability.

» Low detour issue

Solving the detour issue in RDL is the one of onitial propose. Sewer
structure moves I/O cells to the core area of chifg distance of routing nets in
RDL can be effectively reduced. The limit of thateochain which allow up to
combined by two rows of I/O cells can avoid theessive squeeze routing in
RDL as well.

» Low impact to original design style
Shown in section 3.1, the sewer 1/O structure basimpact to the relationship
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of each sub blocks. The states of all blocks still keep original structure
approximately. The circuit designer can keep his working habits when he use

this new I/O structure for his job.

5.2.Improvement of ESD protection

» Structure

The state of chain on sewer I/O structure has kept the enough current bases for
the ESD current share. Putting the I/O cells in the core area of chip can reduce
the distance between the two cell pins. Reducing the distance of pins means that
improving the congenital condition of ESD protection. Sewer structure has large
improve on ESD protection‘capability than conventional ring structure (Figure

5.1).

violation case
9000 T ] T Ll ] T L}

8000

7000
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2000

1000

0 10 20 30 40 50 60 70 80
Violation resistance limit

0

Figure 5.1 The analysis results of experimentaligs
and control group in case 1
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» Distribution algorithm
In case 1 and the other cases, the cell assignment using the iterative
improvement algorithm can get the best result in our experimental groups

(Figure5.2).
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Figure 5.2 The analysis results of three expertaien
groups in case 1

5.3.Latch up issue

In our study, we assume that the diodes are the ESD devices in function cell. If
we set the driving devices in function cell, and use the parasitic BJTs of them as

the ESD devices [7], the latch up issue from driving devices has to be

38



considered [8].

There are two impacts of cell planning from latch up in sewer structure. First, to
avoid the latch up from I/O cells, the internal circuits have to keep the
appropriate distance from I/O cells. As shown in Figure 5.3, I/O ring structure
owns two clearance areas on vertical direction. But there are five clearance areas
on vertical direction in sewer structure of this case. The clearance areas will
reduce the usable space on chip. Second, when we build the protective
mechanism for latch up in I/O cells, the only direction which is chip edge to chip
center should be considered. In sewer structure, there are more impacts from
different directions (Figure 5.3). The 1/O.cell size will be increased because of
this cause. Those two impacts will “increase.the chip size and cost when we

consider the latch up issue.

Ring structure vs. Sewer structure

.LLLL‘I.LIHJLIIIILLL LT
‘ I
1 1
A 1
¥ | {
1‘ | I
f | |
i 1 A
! TR T e
L R 1 COE BERBEBES BEE
A 1
1 R 2 | ,
- | ;
|
4 l | .
! -
1 [ 11T
ivv : )
11
1 ' | B
1 ! 1] 1]
1l 1
o | ‘ e il
A4l R BEE
i | pf" BEBERE
4 [V
A 717 BER
11
4 ‘ W
I Ay
1 1 1|1
3 ‘ B |
1 ‘ [l
3 ! BE
y | L : | 1] 1)
= (I &
1
Creeer enpres noo@EEE NS DEDODE

Figure 5.3 The spatial variation between Ring
structure and sewer structure in the verificatiasec?2
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Chapter 6

Conclusion & future work

6.1.Conclusion

Flip chip is a mature package technologkea-1/O is the best choice for this
package. But there is few discussions using the [p&iDection as the main
purpose of research. In this thesis, we deliveea sewer I/O structure as a
starting point to make a research about ESD piiotecifter that, we refer the

concept of ESD ohm's law to,propose two algorithamsl another whole new
algorithm for cell type assignment. Finally,.wepde that there are a lot of
benefits in this method and it-can be easily.imgbtio general VLS| working

flow.

6.2 .Future work

B [n this thesis, there is ne discussion about theirg method in RDL [6].
We only limit the combining method of ‘chains to avthe intensive 1/O
cells increasing routing problems in RDL and in&drehip space. The
routing research between the bump pad array andellS on sewer I/O
structure will be an interesting topic in the figur

B In Section 5.3, we have some discussions aboutripact of latch up issue
in sewer structure. For the better cost controk HO cell layout and
distribution method based on sewer structure tohlap considerations will

be a good topic as well.
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