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Abgrac— We present an analytical method to perform the
design of the [0 subaystem of an IT given its throughput
requirements. Our method can be used to select the [T package,
along with the bus size and speed 3o m to minimize [0 oot
We have validated our model by conducting simulations on thres
industry-standard packages while varying the bus width, skew
rate, and signakbto- poweriground ratio. Our experimental resuhs
track clmely with the analytical model. ¥We denmonstrate for the
packages considersd that it & more coat effective to use faster
narrower buses rather than skhwer wider busmes to achieve a
desired system throughput.

L. TnTRoDUCTICN

Advances in CHIOS fechnology ave led o 2 damatlic increase
in the on-chip performance of 10s. While the compnatioml power
of orrchip circoitry cominpes 4o grow, the imerchip imerconnec
significamly limils the performance of digital systems [1], [2]. The
core speed for foday’s 10s & many {imes fasier than the speed of imer-
chip bmsses. As 2 comeqoence, inter-chip bos design is becoming a
very imporiam challengs in digifal system design. Simply widening
'Ol bmses fo increass the ial bos thronghpni & noi practical doe o
the high cosi of sach 1O pin. In addition, the slecirical pamsitics of
standard packaging lim#s nod only the per channel bandwidih, bm
1lza the 112l nomber of =signals that can swikh simnltaneonshy. Dine
1o all of these factors, imer-chip bos design requoites a carefol amlysis
of the cosl versms perfomance 1madectt.

Trditiomlly, infer-chip commanication is parformed ming wide
pamllel bosses. The standard approach 1o achieving the desired sysiam
bandwidth is 1o increass the nomber of pins on the mckage omil the
desired thronghpni & atfined. Thers are fwo main problems with this
approach.

+ Cosl of pckaging. Paclage cosi scales fastar 1han linsarhy with
1he nombet of TO pins 1 are needed and acconnts for a hrge
comrbntion 1o the ovenall chip price [3].

&+ Parformance. Wide mmlle] bosses sxpearisnce 2 hosi of sigml
imegrity Bsnes asocivied with simoHaneons swilching of digital
zsigmls [1], [4]. [5]- Problems soch as sopply bonnce, gliiching,
and sigml adge depradation oconr dne o dymmic corrents
indncing onwamed voltages acoss the pamsitic indoctance in
1the package. Increasing the nnmber of signak in an off-chip b
aggravaies {his problem.

In order 1o design 1the mesi effecitve bms, both the cos1 and
simnHansons swiching noise associied with adding pins mnst be
comidersd. This paper presems an ambytical model for s=lecting
the width and packaging of the bns, based on fis thronghpm re=-
quitemem. Cior approach considers the maximom dath mie thal a
paclage can accommesdate as the nomber of channek & increased In
addition, 1the cosl of adding 1O pime & considered for three differem
Signal’ PowerGronond (5PG) miios — 8:1:1, 4:1:1, and 2:1:1. 5FICE
simnhiions are performed on thres indosiry standard paclages o
valichi= the analytical model Exparime=nti] raznHs matched closaly
with onr amlbytical predictions.

0-7803-8834-8/05/$20.00 ©2005 IEEE.

Sunil P Khatr
Depaiimeni of Elscitical Enginssiing
Texaz AED Universty
College Siation, TX 772343
Email: zonil @==tamo=do

The resi of this paper & organized as follows. Section 11 descrbes
the methodology nsed in conmsirociing the amlyical modsl inclnding
the varibles comsidersd and the failore mechnism. Sedion 111
presems the amlylical model. Section 1V press=nts the experimental
resnHs and cosl amlysi. Sections WV pressnk 1he conclosion of 1his

FapeL

I1. METHoDoLoGT

In order 1o develop the anabdicl model, a typical CHIOS
driverreceiver cremi fopokgy was nssd This circmii opology was
ako med in the SPICE simolations 1o +alidate the model. In 1his
wopobogy, the folkwing pammeters wers varied:

11 Momber of CThanneks

1 Slew Rate

31 SPG Eatio

41 Package

A. Tesr Circanr

The circoil ns=d 1o formnohis 1he modsl and ©r simohiions is
shonwn in1he Fignre 1. W nsed the GFTH 0. Ilnm [5] fschnology msing
G513 model cards [7]. All simnlations wens done msing SFICE [3].
A CKIOS imerer wa msed 4o mode] the driver and the recaiver load.
The driver was designed 4o drive 2 7500 PCH {race which was X7 lang
with 2 drive strenglh of 25mA. The CHIOS imveresr had Vo=l Sy
and Vis=0v. A series fermination resisior was placed on the PCT ai
the ompol pins of 1he driving 1T, The mesiior valos was chosen so
thal 1the comnhiive ompol impedance of the resistor in series with
the fi;n of the imerer & 7500 The optiml size of the imerer
thal can drive 25mA dntos 2 7510 77 long PCD face 1l was saries
fermimied with an eqoialem ompr impsdance of 751! & 1 =50om
and IV »=260nm. The imerer & sized 10 have an eqml drive strength
an bioth the PRICS and MEIOS fransisiors by nsing (%'_l— = ("T:-:l =
3.25 [4]. '

The paciage modsel incloded the sef RLC of the leads and wine
bonds (if ns=d). The model inclnded conpling capaciiance oni 1o
the naaresi fwo adjpceni signak for both the pclage kads and 1he
wite bonds. The mmml indoctance of the leads and wire bonds was
consideted oni 1o 1the nearest 5 sigmls. Conpling was noi considensd
on 1he PCTH since 1the gaometrias on the PCT are soch 1hat conpling
can be and ofien & eliminated with tace smcing [5]. [9].

B. Fuibire Comdition

In oor modsl, 2 filore was defined as gomnd bonnce (ot Voo
droop’ that hd 2 magniinde greater 1han 5% of the Vs sopply.
The magniinde of the gronnd bonnce was measored on 1he die of 1he
driver The worsi case gronnd bononce was pres=ni when all of 1the
CHIOS inverier ontpms swilched from 2 logic 1 40 a logic @ a1 1he
mume time. This failore mechanizsm only acconms for the magniinds of
the grannd bannce. CHhar limididions snch as dahy and sigml shaps
wete nol considered.
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Ther= ars 1wo faciors 1hi comrboie 1o gronnd bonnce. The first
componem & doe i the woltage indpoed across the seif indnctance
of the Vo pin of the driver. This valage follows 1he relationship:
— (1

T

¥i = Iy
The AT corram (i) in thiE sxprassion is the comnlative drain
correm of the CHIOS imeriers as 1hey tansition in1he same direction.
This comeni is dirscily proportional 1o the nomber of imerers 1t
swith. | & kwersd when the 5PG valne has fawer sigml pins. The
sohscripls on Ve and i represeni 1he faci thai voHage on 1the gonnd
pin is camssd by the corrent throngh the same gronnd pin. This correm
indnces 2 vaHage across the salf indnctince of the min (Lo
The s=cond componeni is doe 40 1he moinal indociance from
neighboring signal pins. This contribntion follkws the r=hiionship:
Vi = Mk ()
eft
Far thi 1ype of contribntion 10 gronnd bonnce, 1he vaHlage (Vi)
indnced on 1he gronnd pin & cansed by the moinal indnctive coopling
from adjacem sigml pins 1hal are fmmiioning The sobscripl &
represenis an arbifrary neighboring pin that & & pins avay fram the
Ves pin. The coreem i inthis & neighboting pin indoces 2 wlige
across 1the moinal indociance Afy. of the groond pin and the M
naighbar.

D, Slew Rere

2 is poportional 1o 1he slew mie of 1he bos sigmk. As the

shw e increases, the amonm of time A fakes for the charging and
discharging of 1he load decreases which increases 1he dath mie o
which 1he bns can opemte. This also means 1hat as the slew mie gets
fazder, 1he more gronnd boonce will be presem and thos lim#d the
maximnom daia mi=z tha the bos can on ai.

The slew = % can be fonnd as fallows:
it i

slewrats - Fpaait (3

el F
The riz= {im= of 1he sigml is defined as the time i1 1akes 4 switch
from 10 40 90% of the DT ompni valne (309 of Vool
L& Voo
Ly i _— 47
sk orate ‘
The rise 1ime can then be nsed 1o define the minimom Unil Inienal
(UT) 11 can ns=d in a mob i digial system [2], [9]. [3):

[T min = [L.A)  [Ensa) (51

The [/, defines 1he minimom dordion of the daia valid window
in order 49 fran=mii a logic symbal snocessfnlly. This corrasponds 4o
the maximom dala mie of 2 sigml as folkows [2], [9]. [3):

()

E Puchuging

The paclage s=laction dictiss the magniindss of the alectrical
mmsilics presani in the infer-chip bos. Packages imditiomlly add a
lrge indnctive componem 1o the 10 syslem. This indncifve compo-
neni reznhs in gronnd (and sopply) bonnce (sqmiions 1 and 23 As
mckage =chnology advances, the slectrical pmasiics are redoced [1].
However, these advanced packages add 1o the ovenll cost of the I
[3]- In thi mper, we sindy three indnsity pckages, the CFF wirs
bond, BGA wire bond, and the B3A flip chip [10]. [11]. [12]. [3]-
Table 1 descrbes the chancteristics for the three mckages that were
sindisd in 1his papar [3].

Fxkag: AT Ao LT Fipa RS LT ost par mn
W Imm [ Uas [dan | 15T | 057 | dia] i ]
BdAa-wb | 37660 | 0537 | dle® | Q123 | 0RT | 4078 .35
BidAde L25an | 0add | 0237 | 0330 | 0.0 | a175 .63
TAELE1

CHARACTEMSTICS Foft STUCIED: PAC LAGES

IIT. ANALYTICAL XMODEL

A. Performunce of the Bus

This saction prezsems an amlytical made] that describes the max-
imnom dafa e per omil cosl for an infer-chip bos comidering 1he
magnfinde of gronnd bonnce an the 1T as the failore condfion.

Lking eqmiions 1 and 2, the n=i gronnd bononce of 2 bns can be
mupressed as:

] Wi
Waus -

Loy i el -
Vpne—soe = (—2 )20+ 3 (MudiZ) D
) k=1 -

Ny

Inthis axpression, 1Y, ., i the nomber of signak in the bns. For 1his
miadel, i & assomed 1hai all of the signal in the bos are tansitioning in
the sume diraction 4o represeni the wors cases gronnd bo nnce sitnation.
N, i the nomber of gronnd pins in the bos and & diciated by 1the 5PG
matic 1l & selecied. Increasing the nomber of groonds effeciively
rednces the indnciance of the gronnd path. @ & 1the corment in any pin.

Vina— tme 15 521 10 an acceplable magniinde (- Ve, where < 1)
depending on the desited nois= margin for 1the bos. Therefore 1he
maximom skw mie achisvable for an imMer-chip bos i&:

e, P Voo« Suaa
IT' Wage By )y o T Facs (&
=% Py M

From eqmiion 4, we ged the minimom folemble riss time 2=

() - || Fhes ity W gy

(9

I & s

The minimom Unfl Imemal can be compnied by combining eqm-
tions 5 and 9. W can then mse sqmiion & 40 221 an sxpression for
the maximom per-pin data mie D71l can be achieyed:

I &

D — =
(18] (&) - [[—Ree=tly 4+ 5 oo ]

(1

The total sysiam thronghpm 75 of the bos can now be expresed
as TF = Dfimar - Waus-
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B. Cost-Efectivencss of Bus

We pow formohie 2 method 10 amlyze the costeffectivensss of
ihs bns design. The following expression defines the nomber of 1O
pins needed 1o implmem an inter-chip bos of widih .. with an
eqml nomber of s and Voo pins sed by the SPG miio:

. LT
e igd ”_l._-—_"I-I ."-'I"J'i'l] i1l
In 1his =cpression, 50 refers 1o 1he Sigml/PowerTioond mtio
Foremmple, if SPO= Lk L:1, then 5P 0 =1. The cosl of the imerchip
bm & given by:

Cosfsus = IV ) (008l ey - n ) 123

whene the {lasi o will vary depending on which paclage &
salecied (zee Table 13

Fimlly, we define a cosl effectivensss meiric for any bos configna-
1ion called Bandwidthper-Cost | 0% ") This metric s onfis |"'—;"'
and tib=z imo acconm the 4odal bos thronghpm for o ghen indnctive
noize mamin as well 2 the 10 cosl incloding the nomber of the
power and gronnd pins.

.
BPF |.|I—I| (133

Cnmly .
I%. ExrPERmIENTAL RESULTS

Llsing the methodology omlined in ssciion 11, we simohised the jesi
circoiil and compared the resnolts with the amlyiical model Fignres 2
thrangh 4 shaw 1hs maximnom dat @i per-pind DU ) fior the fhres
paciages sindisd (CIFF witebond, QA wirebond, and GG A fli prchipd
a5 a fonction of the nomber of simolansomsly swikhing channek'
Tath the simnhiion and anabtical madel daia are disphyed These
resnlts illmstaie thai as the nomber of simoHaneonsly swilching
channek & increased, the perpin dala mie & decreased They als
shaw how advanced paclaging snch as flipchip 1echmolozy r=dnces
the indnciive cross-1alk which in inrnincreases the par-pin dat mi= In
addition, fl shows 1hat the effed of adding mare gronnds can increase
the per-pin dath mi= by redncing the s2if and mmml indnciance in
the gonnd path

Fignres 5 throngh 7 show the otal thronghpm (7F) of1the bos for
ih: mum= {hre= packages. This fignre shows 1hi 1he sysi=m th1ongh
pr acimlly approaches an asymplodic limd as more channels ane
added 1o 1he bns. This is dne o 1the faci 1hat adding more channek o
the bms acinally degrades the speed 21 which sach indhvidml channel
can swikch. The lmear incwase expechted by odfding eddizonal V0 s
aegeted due o Hie dremaric decrease in perpin performance due o
the peckepe pamofics

All of1the packages 1l wers anahbzed meached an asympotic limn
in iodal thronghpni as the width of the b was incr=assd. In all cases
this was doe 1o the gronnd bonnce failore mechanizm decreasing the
maximnom data mie per-pin 2l 2 mie thal was similar 4o 1the increass in
the thonghp M achisved by adding channeks. This indicates that afier
the failne mechanizsm begins 1o dominate 1he per-pin performance,
simply adding 10 1o the bos does nol increass sysiem thionghpo. A
more thomngh analysis of this shonld inclode the co=i of 1the bos

Th= meiric immdoced in Egodion 13 mepressnis 1he cosi-
effeciiveness of an imer-chip bos. This meiric considers the SFR in
the cost of the LT, providing imsigh into the mesi cost-effacine bos
comignmmaiion

Table Tl shows the 5050 for the three differem pcokages. This1able
illmEimies that i1 & more cosi-effeciive 10 me= bozes thai are mrmower
and fasi=r rather than sxpanding the bos which acimlly decreasss the
data mie per-pin Also, # indicsdes 1t the flip-chip package is mone
cosi-effacitve in geneml, especially with kower valnes of SFR

Snppose we are given 2 valoe of ol throoghpm desited from the
bns. We wonld re=fer 40 Fignres 5 1hoogh 7, and find 1he pclage and
SPR comfignmiions which me=d this thronghpm. Then, we wonld ose
Table 11 4o s=leci the mosl cost-effeciive solmion from the candidate
configomiions.

4 chovel & simphy o sigml pin
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Tlnmbar ot Channzls
Tos Conhignrdian 1 £] 4 ] 1a
QOFPF-WE 5:1:1 al2 ] 505 309 152
QFPF-WT 4:1:1 LIS | 1122 | 1036 | 532 =9
OFP-WE 2:1:1 225 | 2165 | 1515 | 758 379
TDA-WE 3:1:1 ] 5ad 402 I 112
BS0A-WE 4:1:1 LIES | 1032 | 747 390 4
OO0A-WE 2:1:1 2179 | 19al | 1153 | 577 327
OOA-FC 811 1764 | 1323 | 1485 | B47 =5
BOA-FC 4:1:1 20la | 2116 | 201a | 1411 | 743
BGA-FC 2:1:1 IE22 | 3527 | 27ES | 1924 | 920

W ConcLusuo

In thiz paper we presamed an amibdical performance mode] for
inter-chip bos design. Onr mode] considered performance and cosl as
the nonmber of channek, gronnding scheme, and varons paclaging
options were sxplorsd. We demonsinisd 1t the maxvimom dat
mie per-pin decreased sigmificamly as the nomber of simoltneoms by
swilching channels was increased. This shows that simple expension of
a0 imter-chip bus does mot vield @ Unser incresse in the $hoow ghpat of
the sysiem as one wonld sxpect 1 wasalso shown 1hat the s/ svsfem
throw ghput reached an e sympratic Iimir @5 the number of channels was
mereased. This means that the s=ame thronghpo can be achisved by
msing fasier mrmower bosses iher than a fndiioml wider and skower
bns design.

A cosl amlysis was ako performed which considersd varions
mckaging and gronnding schemes. A new Handwidth per Ulmi1 Cosd
(BP{ metric was defined as 2 meam 1o =valmis the mos1 cost
affeciive bns covmignmiion. U was fonnd 1t the mesi costeffective
bns was faster and narmower miher 1than skower and wider Ty ronming
the individml channel n=ar it 1theoretical maximom dola mie (e,
with no mmml indncitve conplingl, 2 cod adwvamage & achisvad
becanss addiioml 1O are nod nesded 4o obdain the desited sysiem
thronghpm. The BGA Flip-CThip paclage was foond 1o be the mesi
cosl affeciive. Even thongh 1he cosl per channel is higher for 1his
adanced style of paclage, the increased bandwidih far ontweighs 1he
cosl increase when comsidering £ P

The ischnignes pressnisd in {his paper 1o amlyze 1he cost
effeciivenss of 2 b o nfigomiion (considering cosl, package, and
grannding schemeas) can be applisd 1o any style of pckaging
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