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Abstract—As chiplet systems increase in popularity, it is important
to revisit the tradeoffs for converting a monolithic design to a
chiplet system. Chip yield, reusability, performance binning, and
floorplanning push us toward smaller chiplets. Meanwhile, inter-
chiplet interconnect and assembly overheads push us toward larger
chips both in terms of power and cost. This work explores the
impacts of these considerations on the minimum chiplet size that
makes sense. We examine the case of a large design that could be
built as a single monolithic system on chip (SoC) or as a system of
chiplets and show that optimal chiplet size depends on a wide range
of parameters. Our analysis indicates that the smallest chiplet sizes
that are viable cost-wise depends both on technology node and on
type of logic. The optimal point appears to be 50-150mm2 in 40nm
and 40-80mm2 in 7nm for microprocessor type logic. For random
logic, the optimal point increases beyond 200mm2 in both cases. This
makes the case for chipletization weaker in all but the largest SoCs.

I. INTRODUCTION

Chiplet systems have become popular for systems that would
otherwise have unacceptably low yield due to their large total
area. This trend runs counter to the previous trend of increasing
integration by packing more into a single monolithic chip.

For large designs, splitting into smaller chips has several
advantages. Small chips have higher yield than large chips.
Chiplet reuse in the form of including a single chiplet design
in multiple systems allows sharing of design, manufacturing,
and testing costs across systems. If a chiplet contains too much
functionality, it can become specialized to a specific design,
and the opportunities for reuse are limited[1][2].

There are also drawbacks to splitting a design into chiplets. As-
sembly and packaging for a design that has been partitioned into
chiplets are more costly than they are for a monolithic SoC design.
In addition to the costs related to the integration substrate (e.g. sil-
icon interposer) and greatly increased assembly time, yield in the
assembly and packaging stage suffer due to the increased number
of fine-pitch bonds that must be made and number of individual
chiplets that must be assembled. Also, the total silicon area would
go up in order to accommodate the additional IO cells needed for
inter-chiplet communication. This inter-chiplet communication
also increases the overall power consumption of the design.

In this work, we build an analytical framework to answer
the question: what is the right chiplet size when the multitude
of manufacturing related factors are considered? We consider
a case of a design that is small enough to be manufactured as a
monolithic SoC, but is large enough to benefit significantly from
splitting into chiplets to improve yield. Our analysis shows that
building systems out of tiny chiplets or chiplets substantially
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smaller than 40mm2 would likely not be cost optimal unless
advancements to the assembly process are made.

Section II models the cost benefits/overheads of breaking
an SoC into chiplets. Section III discusses a case study of a
large system built using chiplets and analyzes the sensitivity of
system cost to factors such as defect density, assembly cost, IO
size etc. In Section IV, we discuss the other factors (which are
often architecture dependent and difficult to quantify in general)
that would affect the choice of chiplet size. Finally, Section
V concludes the work.

We try to cover a range of parameters to keep our analysis
general, but since the conclusions and analyses in this paper
are somewhat design dependent, we are releasing our model at
https://github.com/nanocad-lab/cost model chiplets.git to assist
in further studies.

II. COST IMPLICATIONS OF CHIPLETIZATION

In this section, we quantify and model some of the most
important factors that affect the cost of manufacturing a system
using chiplets.

A. IO Cells
Splitting a design into chiplets introduces the requirement

for inter-chiplet communication. This adds overhead in terms
of area and power requirements for interconnect wires and
IO cells to provide ESD protection and drive relatively long
connections between chiplets [3].

1) ESD Requirements: The amount of ESD protection
necessary for 2.5D designs is not a settled question, but there
is some consensus that the “external” IO cells that will be
connected to external pins on the finished module will need
higher levels of protection than “internal” IO cells that will not
be connected to external pins, drive only inter-chiplet wires and
will only be exposed to ESD in the manufacturing process. For
external IO cells, JEDEC recommendations suggest meeting
250V Charged Device Model (CDM) protection [4]. On the
other hand, a TSMC discussion of a Lite-IO cell design for
inter-chiplet communication only uses 10V CDM protection [5].
Whether ESD protection is necessary and how much is necessary
for inter-chiplet connections depends on process specifications, so
we look at a range of levels of protection from 0V to 500V CDM.

2) Area Impact of ESD: Due to ESD protection, the total
design area will increase due to the IO cell area for inter-chiplet
connections in addition to the overhead due to minimum
separation distance between chiplets. In order to determine
the IO cell size necessary to meet different levels of ESD
protection, we ran SPICE simulations using the circuit shown
in Figure 1. The clamp is assumed to be shared among many
IO cells, so this is not included in IO cell area calculations.



Fi g. 1. E S D Si m ul ati o n Str u ct ur e. T h e n u m b er of di o d e p airs c o n n e ct e d V P A D
ar e s w e pt t o fi n d t h e n u m b er n e c ess ar y t o k e e p V I O b el o w t h e br e a k d o w n
v olt a g e of t h e g at e di el e ctri c. T h e E S D e v e nt m o d el is fr o m [ 8].

Fi g. 2. L eft: E xtr a E n er g y p er Bit f or I nt er- C hi pl et C o m m u ni c ati o n f or Diff er e nt
I O D e nsiti es. Ri g ht: P er c e nt a g e of Ar e a C o ns u m e d b y I O C ells f or Diff er e nt
I O D e nsiti es. B ot h: I O d e nsiti es r a n g e fr o m 1 0 0 I Os/ m m 2 t o 2 0 0 0 I Os/ m m2 .
F or r ef er e n c e, t his c orr es p o n ds t o m a xi m u m I O p a d pit c h r a n gi n g fr o m 1 0 0 u m
t o a b o ut 2 2 u m. A V D D v al u e of 1. 1 V w as us e d f or c o m p uti n g p o w er.

B y s etti n g diff er e nt i niti al v olt a g es f or t h e c a p a cit or i n t h e
a b o v e m o d el, w e t est e d diff er e nt l e v els of C D M pr ot e cti o n. F or
t h e p ur p os es of t his st u d y, t h e d e vi c e w as c o nsi d er e d t o p ass
if t h e v olt a g e n e v er p ass e d t h e v olt a g e br e a k d o w n l e v el of t h e
g at e o xi d e. Ot h er t y p es of i n cr e m e nt al d a m a g e c a n als o o c c ur
as a r es ult of E S D e v e nts [ 6], b ut w er e n ot c o nsi d er e d h er e
as w e w a nt e d a si m pl e m etri c of p ass or f ail. B uff er si z es w er e
t a k e n fr o m [ 7]. R es ults ar e s h o w n i n Ta bl e I.

As a d esi g n is p artiti o n e d i nt o m or e a n d m or e c hi pl ets, t h e
ar e a r e q uir e m e nt f or I O c ells i n cr e as es s u bst a nti all y si n c e t h e
i n cr e asi n g n u m b er of i nt er- c hi pl et i nt er c o n n e cts n e e d E S D
pr ot e cti o n a n d l ar g er dri v er cir c uits.

T A B L E I
A R E A R E Q U I R E M E N T S F O R I O C E L L S B Y E S D P R O T E C T I O N L E V E L I N 4 0 N M .
N O T E T H A T T H E S E I O C E L L S I Z E S A R E F O R S I M P L E I O C E L L S D E S I G N E D F O R

I N T E R- C H I P L E T C O N N E C T I O N S . EX T E R N A L I O S W O U L D U S E M U C H L A R G E R

I O C E L L S , E .G . G PI O C E L L S I N 2 8 N M O F 3, 2 5 0 µ M 2 [9 ] A N D I N 1 2 N M T H A T

A R E 1, 5 0 0 µ M 2 [ 1 0] A R E R O U T I N E L Y U S E D I N P R O D U C T S .

Ar e a ( µ m 2 )

E S D( V) Di o d e P airs E S D B uff er I O C ell E S D C a p(f F)

0 0 0. 0 0 4 7. 6 3 4 7. 6 3 0. 0 0

1 0 2 1 5. 0 2 4 7. 6 3 6 2. 6 5 8. 0 2

1 2 5 6 4 5. 0 7 4 7. 6 3 9 2. 7 0 1 8. 9 7

2 5 0 1 1 8 2. 6 2 4 7. 6 3 1 3 0. 2 5 3 7. 6 5

5 0 0 2 0 1 5 0. 2 2 4 7. 6 3 1 9 7. 8 5 7 4. 9 7

T o c o m p ut e t h e i m p a ct of I O c ells o n ar e a, I O d e nsiti es ar e
s c a n n e d fr o m 1 0 0- 2 0 0 0 I Os/ m m 2 a cr oss m ulti pl e l e v els of E S D
pr ot e cti o n. R es ults ar e s h o w n i n Fi g ur e 2.

I nt er- c hi pl et I Os als o c ost e xtr a e n er g y i n or d er t o dri v e t h e
i nt er- c hi pl et i nt er c o n n e ct wir e a n d t h e a d diti o n al c a p a cit a n c e
a d d e d b y t h e E S D di o d es. T o c o m p ut e e n er g y p er bit, w e us e d
wir e p ar asiti cs fr o m a c o m m er ci al 4 0 n m P D K a n d t h e E S D
di o d e c a p a cit a n c e. T h e i nt er c o n n e ct wir el e n gt h w as esti m at e d
fr o m t h e i nt er- di e s e p ar ati o n ( ass u m e d t o b e 3 0 0µ m) a n d ar e a of
t h e I O c ells ass u mi n g m ulti pl e r o ws of b o u n d ar y pl a c e d I O c ells,
si mil ar t o t h e m et h o d ol o g y i n [ 3 ]. We ass u m e a d d e d wir el e n gt h
fr o m t h e l o gi c t o t h e b o u n d ar y- pl a c e d I O c ell a n d b a c k t o t h e
p a ds w hi c h ar e ass u m e d t o b e pl a c e d i n a gri d p att er n a cr oss t h e
f ull c hi p ar e a. T h e c ost i n e n er g y p er bit is s h o w n i n Fi g ur e 2.

B. C hi pl et C ost

I n di vi d u al c hi pl et c ost is d e p e n d e nt o n t h e i n di vi d u al c hi pl et
yi el d. Ta ki n g k d i e as t h e c ost p er u nt est e d di e, t h e a ct u al c ost
p er di e is gi v e n b y E q u ati o n 1.

C d i e =
k d i e

Y d i e
( 1)

T h e c ost p er u nt est e d di e ( k d i e ) is d e p e n d e nt b ot h o n t h e ar e a
of t h e di e a n d o n h o w w ell t h e di e fits i nt o t h e r eti cl e si z e. T h e
i m p a ct of utili z ati o n of t h e r eti cl e si z e is n e gli gi bl e f or s m all
c hi pl ets, b ut c a n h a v e a l ar g er eff e ct f or c hi pl ets t h at ar e r el ati v el y
l ar g e c o m p ar e d t o t h e r eti cl e. T his c ost is t h e r es ult of n e e di n g
a n i n cr e as e d n u m b er of lit h o gr a p hi c e x p os ur es t o m a n uf a ct ur e
di es t h at d o n ot e v e nl y di vi d e i nt o t h e r eti cl e fi el d [ 1 1] s e e
Fi g ur e 3. T h e c ost p er u nt est e d di e is gi v e n b el o w i n E q u ati o n 2.

k d i e = k s il i c o n A c h i p +
k e x p o s u r e s

A r e t i c l e

A c h i p

( 2)

W h er e k s il i c o n is t h e c ost p er u nit ar e a i n d e p e n d e nt of
e x p os ur e c ost, a n d k e x p o s u r e s is t h e c ost p er e x p os ur e. We
ass u m e t h e lit h o gr a p h y c ost is 3 4 % of t h e t ot al w af er c ost [ 1 2 ].

Di e yi el d c a n b e gi v e n b y E q u ati o n 3. T his yi el d m o d el is
t a k e n fr o m [1 3 ], b ut s plit i nt o t w o c o m p o n e nts: di e yi el d a n d
ass e m bl y yi el d.

Y d i e = Y w p 1 +
A c D 0

α

− α

( 3)

W h er e Y w p is t h e w af er pr o c ess yi el d ass u m e d t o b e 9 4 %
[1 3 ]. A c is t h e criti c al ar e a. F or t h e p ur p os es of t his st u d y, w e
us e t h e c or e ar e a ( e x cl u di n g I O ar e a) as criti c al ar e a. F or a m or e
a c c ur at e a n al ysis of a r e al d esi g n, t h e a ct u al criti c al ar e a of t h e
d esi g n s h o ul d b e c o m p ut e d a n d us e d h er e i nst e a d of t h e c or e
ar e a. D 0 is t h e d ef e ct d e nsit y. We us e a v al u e of 0. 0 0 4/ m m2

fr o m [ 1 4] a n d als o l o o k at d ef e ct d e nsiti es of 0. 0 0 2/ m m 2

a n d 0. 0 0 0 7/ m m 2 t o g et a r a n g e of v al u es. F or r ef er e n c e,
0. 0 0 4/ m m 2 , 0. 0 0 2/ m m2 , a n d 0. 0 0 0 7/ m m2 c orr es p o n d t o yi el ds
of a p pr o xi m at el y 7 0 %, 8 3 %, a n d 9 3 % r es p e cti v el y. α is t h e
cl ust eri n g f a ct or f or d ef e cts a n d w e us e a v al u e of 2 [ 1 4 ][1 5 ].

I n Fi g ur e 3, o n e c a n s e e t h at t h e c ost p er m m2 h as s o m e w h at
of a st e p wis e b e h a vi or d e p e n di n g o n h o w w ell t h e c hi p fits i n
t h e r eti cl e si z e. F or t his pl ot, w e di d n ot m a k e a n y ass u m pti o ns
a b o ut t h e as p e ct r ati o of t h e c hi ps a n d j ust c o nsi d er e d h o w w ell
t h e c hi p si z e di vi d es i nt o t h e r eti cl e. T h e g e n er al tr e n d is d u e
t o yi el d d e cr e asi n g as c hi p si z e i n cr e as es a n d t h e st e ps ar e d u e



t o t h e c hi p si z e i n cr e asi n g a b o v e a n u m b er t h at di vi d es e v e nl y
i nt o t h e 8 5 8 m m2 ( 2 6 x 3 3 m m) r eti cl e.

C. Ass e m bl y C ost

Ass e m bl y ti m e a n d c ost will i n cr e as e wit h t h e n u m b er of
c hi pl ets. H o w t his s c al es is d e p e n d e nt o n t h e b o n di n g pr o c ess.
T h er e ar e t w o m ai n m o d els w e will l o o k at h er e. I n o n e c as e,
t h e c hi ps ar e pl a c e d a n d b o n d e d i n di vi d u all y ( e. g. i n t h e c as e of
c o p p er pill ar t h er m al c o m pr essi o n b o n di n g) gi vi n g a n ass e m bl y
ti m e as f oll o ws.

T a s s e m bl y = N (T pl a c e + T b o n d i n g ) ( 4)

O n t h e ot h er h a n d, it is p ossi bl e t h at m ulti pl e c hi ps will b e
pl a c e d a n d t a c k e d i n di vi d u all y o n t h e i nt er c o n n e ct s u bstr at e, b ut
fi n all y b o n d e d at t h e s a m e ti m e as is t h e c as e f or s ol d er r e fl o w.

T a s s e m bl y = N T pl a c e + T b o n d i n g ( 5)

I n t h e s e c o n d c as e, b o n di n g s c al es si g ni fi c a ntl y b ett er t h a n
i n t h e first c as e, b ut t h e ti m e f or pi c k a n d pl a c e still s c al es wit h
t h e n u m b er of c hi ps. I nt er p os er c ost is dis c uss e d i n [1 6 ]. T h e
c ost of ass e m bl y c a n b e m o d el e d b y l o o ki n g at m at eri als c ost
a n d m a c hi n e o p er ati n g c ost as s h o w n b el o w.

C a s s e m bl y = C i n t e r p o s e r + k m a c h i n e T a s s e m bl y ( 6)

T h e m a c hi n e o p er ati n g c ost of ass e m bl y f or t h e m a c hi n e or
m a c hi n es us e d c o nsists of t h e a m orti z e d c ost of t h e e q ui p m e nt
a n d m ai nt e n a n c e o v er t h e e q ui p m e nt lif eti m e pl us t h e c ost
of el e ctri cit y a n d t e c h ni ci a n s al ari es. T o c o m p ut e v al u es f or
k m a c h i n e , w e ass u m e m a c hi n e c osts of $ 2 0 0 k- $ 2 M d e pr e ci at e d
o v er 5 y e ars wit h f ull-ti m e p ers o n n el c osts of $ 2 0 0 k p er y e ar
a n d 9 0 % u pti m e wit h a si n gl e b o n di n g h e a d.

B o n di n g ti m e f or C u- C u pill ar b o n di n g is 2 0 s e c o n ds [ 1 7 ] a n d
h y bri d b o n di n g is s h ort er at 1 0 s e c o n ds [ 1 8 ]. Si n c e h y bri d b o n d-
i n g a n d C u- C u pill ar b o n di n g off er l o w pit c h i nt er c o n n e cts ( d o w n
t o 1 0 u m [1 9 ][1 7 ]), w e d o n ot c o nsi d er ot h er t y p es of b o n di n g
f or t his st u d y. Pi c k a n d pl a c e ti m e is ass u m e d t o b e s o m e w h er e
fr o m 2- 1 0 s e c o n ds p er di e d e p e n di n g o n t h e r e q uir e d pr e cisi o n
of pl a c e m e nt [ 2 0], alt h o u g h t his will v ar y b as e d o n r e q uir e d
b o n di n g pr e cisi o n. I n Fi g ur e 4, w e ass u m e C u- C u pill ar b o n di n g
a n d 1 0 s e c o n ds f or pi c k a n d pl a c e, b ut t h e tr e n d h ol ds f or ot h er
t y p es of b o n di n g as w ell. T h e i nt er p os er c ost is t a k e n fr o m [1 6 ].

T h e v al u es f or ass e m bl y ti m e a n d m a c hi n e c osts v ar y li n e arl y
wit h r es p e ct t o t h e n u m b er of c hi pl ets. Ass e m bl y yi el d is a n ot h er
c o nsi d er ati o n f or t h e c ost of ass e m bl y. T h e ass e m bl y yi el d s c al es
wit h t h e n u m b er of i nt er c o n n e cts a n d t h e n u m b er of c hi pl ets.

Y a s s e m bl y = Y N d i e

al i g n m e n t × Y
N p i n s

p i n s ( 7)

I n E q u ati o n 7, t h e first t er m is t h e yi el d of di e ali g n m e nt a n d
t h e s e c o n d is t h e pi n b o n di n g yi el d. T h e m or e di es t h er e ar e
i n t h e m ulti- c hi pl et s yst e m, t h e hi g h er t h e ris k of mis ali g n m e nt
a n d t h e m or e pi ns t h at n e e d t o b e b o n d e d, t h e hi g h er t h e ris k
t h at a pi n will n ot b o n d c orr e ctl y. Si n c e w e ar e n ot m a ki n g
ass u m pti o ns a b o ut I O d e nsit y y et, Fi g ur e 4 d o es n ot i n cl u d e
yi el d alt h o u g h w e i n cl u d e ass e m bl y yi el d i n o ur a n al ysis i n
t h e n e xt s e cti o n. We ass u m e v al u es of 9 9. 9 % f or Y al i g n m e n t

a n d 9 9. 9 9 9 9 % f or Y b o n d i n g [ 2 1].

Fi g. 3. Sili c o n C ost f or Diff er e nt C hi pl et Si z es a n d D ef e ct D e nsiti es f or 8 5 8 m m 2

( 2 6 x 3 3 m m) R eti cl e a n d R eti cl e Fit E x a m pl es. T h e t hr e e e x a m pl es o n t h e ri g ht (t o p
t o b ott o m): a n e x a m pl e of a l ar g e c hi pl et d esi g n t h at fits e v e nl y i nt o t h e r eti cl e si z e;
a n e x a m pl e of l ar g e c hi pl ets t h at fit p o orl y i nt o t h e r eti cl e si z e; a n d a n e x a m pl e
of a p o orl y fitti n g s m all c hi pl et. O v er h e a d f or a b a d fit is l o w er f or s m all c hi pl ets.

Fi g. 4. Ass e m bl y M a c hi n e a n d P ers o n n el C ost b y N u m b er of C hi pl ets. I B
st a n ds f or i n di vi d u al b o n di n g, S B st a n ds f or si m ult a n e o us b o n di n g, M 1 r ef ers
t o $ 2 0 0, 0 0 0 m a c hi n e, M 2 r ef ers t o $ 1, 0 0 0, 0 0 0 m a c hi n e, a n d M 3 r ef ers t o
$ 2, 0 0 0, 0 0 0 m a c hi n e. F P st a n ds f or 2-s e c o n d pi c k a n d pl a c e, S P i n di c at es 1 0
s e c o n ds. T his pl ot us es C u- C u pill ar b o n di n g ti m e ( 2 0 s e c o n ds) i n all c as es.

Fi g. 5. Si m ult a n e o us B o n di n g f or 2 S e c o n d Pi c k a n d Pl a c e Ti m e

III. R E S U L T S

I n t his s e cti o n, w e dis c uss t h e r es ults of a p pl yi n g t h e a b o v e
a n al ysis t o a n e x a m pl e c as e w h er e w e t a k e a n 8 0 0 m m 2 c hi p
a n d s plit it i nt o e v e nl y si z e d c hi pl ets.

T h e c ost m a y b e f o u n d usi n g E q u ati o n 8.

C =
1

Y a s s e m bl y

N c

i = 1

C d i e + C a s s e m bl y ( 8)

W h er e C is t h e t ot al c ost a n d b ot h Y a s s e m bl y a n d C d i e ar e
gi v e n i n t h e pr e vi o us s e cti o ns. T h er e is o n e m or e pi e c e w e
n e e d t o b e a bl e t o a p pl y t his a n al ysis a n d t h at is t h e n u m b er
of I Os p er c hi pl et. T o d o t his, w e us e R e nt’s R ul e as s h o w n
i n E q u ati o n 9 [ 2 2].



Np=kNa
g (9)

Here Np is the number of pins or IOs, Ng is the number
of gates in the design, and k and a are constants that depend on
the architecture. Rent’s Rule gives us a way of estimating how
the number of IOs scales with different sized chips assuming
the chips are the same types of design. Although the Rent’s
Rule constants are design specific, this allows us to draw some
useful conclusions.

To estimate the number of gates in the design we divided the
area by the size of an AND gate in 40nm. We use two sets of
constants, the primary set of constants we used is given in [23]
as values of the constants for a microprocessor architecture and
we compare to the values given in the same paper for random
logic in the comparison for levels of ESD protection below.
We chose these values as the random logic case is a pessimistic
case of splitting the design and the microprocessor estimates are
a somewhat optimistic case. Splitting a design at IP boundaries
that are more interconnect intensive than a microprocessor will
likely result in values somewhere between these two cases.

Unless otherwise stated, the following plots us medium defect
density (0.002/mm2), 125V CDM ESD protection, microproces-
sor Rent’s Rule constants, and M2 ($1M machine) with 30 second
individual bonding of chiplets in accordance with Equation 4.

A. Dependence on Defect Density

Defect density affects the rate at which yield decreases
when chip size increases. In Figure 6, it can be seen that there
is a relatively smooth trend in cost for each defect density
level. Wafer cost is from [24]. For 40nm, the chiplet size that
minimizes cost ranges between 50mm2 and 160mm2. Note
that for the low defect density, large chiplets only result in a
moderate cost increase over the optimal point. In all cases, the
assembly cost begins to dominate for very small (and therefor
numerous) chiplets. Improving die yield allows manufacturing of
both larger monolithic designs and larger chiplets. Conversely,
low yield technologies can justify smaller chiplet.

B. Dependence on Assembly Cost

Assembly cost has a substantial impact on the small, numerous
chiplet side of this study. To examine the impact on minimum
chiplet size, we held ESD and defect density constant and
changed the machine cost and bonding time. We used high
defect density M1 and M3 refer to the same $200k and $2M
machines described earlier. Individual bonding was assumed for
this analysis, but the combined time required for the pick and
place and bonding ranges from 10 seconds to 30 seconds. In
this plot, the minimum cost values range between chiplet size of
50mm2 and 100mm2. The trend seen in Figure 7 is that faster and
cheaper bonding allows for a larger number of smaller chiplets.

If we can do simultaneous bonding for high density
interconnect pins and fast pick and place, this will improve the
assembly costs and reduce the overhead of assembly. If this is 20
seconds of bonding one time and 2 seconds of pick and place for
each chiplet, we get the results in Figure 5. For faster and cheaper
assembly, smaller (more numerous) chiplets become feasible.

Fig. 6. Cost for Different Defect
Densities at 40nm. Defect densities
marked in the legend are in units of
defects/mm2. This uses the Rent’s
Rule constants for microprocessor
logic. The minimum points are marked
with arrows.

Fig. 7. Costs for Different
Bonding/Pick and Place Times and
Machines. M3 is a $2,000,000
machine and M1 is a $200,000
machine. The number represents the
number of seconds for individually
placing and bonding each chiplet.

Fig. 8. Cost for Different Levels
of ESD Protection and Rent’s Rule
Constants. M refers to the Rent’s Rule
constants for microprocessor circuits,
and RL refers to Rent’s rule constants
for random logic [23].

Fig. 9. Cost for Assembled System
in 40nm and 7nm. Optimal points are
marked with arrows.

C. Dependence on IO Size and IO Density

The cost of IO cells can substantially affect the optimal point
for chiplet size and the overall system cost. This necessarily is de-
pendent on level of ESD protection and the IO density. In Figure
8, we look at different levels of ESD protection for two different
sets of Rent’s Rule constants: one for microprocessor logic and
one for random logic. For the first set of Rent’s Rule constants,
the difference between different levels of ESD protection is
negligible, but for the second set of Rent’s Rule constants, the
higher IO density means ESD and assembly yield has a larger im-
pact. Inter-chiplet interconnect increases area requirements and
lowers assembly yield, so good chiplet designs should prioritize
splitting at logical boundaries that minimize inter-chiplet IO.

D. Comparison with Different Technology Node

Most of this analysis has been done with numbers from
the 40nm node. To show how this scales for more advanced
nodes, we compared to 7nm. In Figure 9, you can see that the
minimum point for 7nm is smaller than for 40nm and 40nm has
less penalty for a nonoptimal chiplet size than 7nm does. Note
that since ESD does not scale well between nodes, we used the
same ESD area for 7nm and 40nm. The buffer size was reduced
for 7nm to reflect increased drive strength of transistors in 7nm.

E. Inter-chiplet Communication Power

Increased power consumption is an additional cost of
chipletization that does not neatly fit into the cost metric
described above. Figure 10 shows the additional power
consumed due to the capacitance added at chiplet boundaries
in the form of ESD protection and top level wires. As can
be seen, for highly connected designs (the random logic case),
small chiplets (<100mm2) may be energy-wise unaffordable.



Harsher ESD requirements exacerbate the problem. Good
chiplet partitioning approaches which minimize inter-chiplet
connectivity can help alleviate the energy overheads.

IV. OTHER CHIPLET SIZE TRADEOFFS

A. Floorplanning Overhead
In a design consisting solely of “hard” IP blocks (blocks with a

fixed layout), there may be some wasted area after packing the IP
blocks into a rectangular chip. If we consider SoC floorplanning
as a rectangle packing problem [25], packing all these IP blocks
into a single monolithic design will result in less wasted area
than packing the IP blocks into several smaller chiplets that each
contain fewer IP blocks. For reference, the optimal solutions to
the Consecutive Squares benchmark for 2-10 squares contain
between 2.86% and 16.7% empty space while the optimal
solutions for more than 20 blocks all contain less than 1% empty
area. This indicates that the packing problem will result in more
inefficiency for smaller chiplet sizes when using “hard” IP blocks.

This effect is less pronounced when using “soft” IP blocks
or a mix of “soft” and “hard” IP blocks, since this allows more
flexibility in floorplanning and more efficient packing of IP
blocks. This case still benefits from larger groups of IPs since
smaller groups will increase the likelihood of chiplets with
significantly different sizes that can be difficult to fit together
efficiently without wasted area on the interposer.

Since this effect is difficult to quantify for real designs we
did not directly consider it in the above analysis. It is important
to keep in mind however that wasted area is minimized by
including everything in a single SoC as this gives the greatest
flexibility of floorplanning and eliminates minimum chiplet
separation distances.

B. Test Cost
The testing process is impacted by splitting a monolithic design

into multiple chiplets. On one hand, smaller chips provide the
opportunity for more fine-grained tests. This can improve the
quality of the final product [23]. Although the chips will be better
tested, testing time goes up since chips will be tested individually
before being assembled on the interposer and likely again after
assembly to ensure assembly did not introduce any errors.

C. Non-Recurring Engineering Cost
Non-Recurring Engineering (NRE) costs include costs such as

masks and tooling that occur regardless of manufacturing volume.
In this analysis, we have assumed a high manufacturing volume
so these costs can be small. For low volume manufacturing, NRE
costs can become a significant factor making smaller chiplets less
cost-effective (due to a greater number of masks) unless chiplets
can be designed to be reusable across a wide range of designs.
For a discussion on mitigating NRE costs for low-volume chips
by using general purpose reusable chiplets that can be produced
in high volume for use in many different designs see [2].

D. Reuse of Chiplets
As discussed in [26] and [1], chiplet reuse scales with the size

of chiplets and is impacted by the type of chiplets. A heteroge-
neous chiplet system can be well-suited to chiplet IP reuse across
separate designs. Ultimately, the development time and cost of
future designs can be reduced if chiplets are thoughtfully designed

as functional blocks that are useful across many systems. Predict-
ing and modeling reuse patterns is difficult and is out of scope for
this work. For more discussion on the benefits of reuse, see [2].

E. Heterogeneous Chiplets
One possible application of chiplet systems is the possibility

of mixing different technology nodes by integrating different
technology chiplets on the same interposer. This could
have cost and performance advantages since it would allow
producing performance-critical chiplets in an advanced node and
non-performance-critical chiplets with low switching activity in
an older node. This could potentially allow the non-performance-
critical chiplet to be less expensive, more power efficient due
to reduced leakage, and easier to reuse across different versions
of the system to reduce design cost. This is a very broad
design-space to explore and is a good direction for future work.

F. Cost-Aware Partitioning
The models in this paper can be used to estimate costs for

specific chiplet parameters and could be used to help inform
cost-aware partitioning in a CAD tool in the future. An important
consideration here is that inter-chiplet interconnect requirements
can become expensive for poorly chosen partitioning (random
logic in Figure 8), so a smart cost-aware partitioning algorithm
would likely result in partitions that are closer to the
microprocessor interconnect density since the microprocessor
Rent’s Rule constants assume a well-chosen chip boundary.

G. Delay-Aware Chiplet Yield
In many-core homogenous systems, the entire system must run

faster than a certain minimum frequency or be considered defec-
tive. This means that for a monolithic system, the entire chip will
be considered defective if a single core falls below this threshold.
Testing chiplets and only using known good dies in the assembly
improves yield. Yield can drop off quickly for chiplets containing
many cores depending on the maximum delay distribution as
shown in Figure 11, left. This study comes with several caveats
as performance binning, adaptive voltage scaling, multiple clock
domains, etc. all can help mitigate this performance-limited
yield issue (albeit with other power or cost overheads). Here,
we assume a Gaussian distribution of maximum delay [27].

Figure 11, right shows a similar plot to those shown in
Section III. The default parameters are the same as described
in that section, but the performance yield is added in. Note that
this assumes a homogeneous many-core system that contains
1mm2 cores, so an 800mm2 chip contains 800 cores. If this is
split into 4 chiplets, each 200mm2 chiplet contains 200 cores.

V. CONCLUSION

Our 800mm2 design study seems to indicate that the best
size for chiplets is somewhere between 50mm2 and 150mm2

for microprocessor logic and above 200mm2 for random logic.
Splitting a large design into chiplets improves yield substantially
at first, but eventually, the cost and yield loss due to assembly be-
gin to dominate. Fast, low-cost, high-yielding assembly methods
may help make many-chiplet systems practical just as high-yield
die manufacturing processes can help make larger chips more
practical. Although these two factors seem to have the greatest
impact on the ideal chiplet size, it is also important to consider



Fig. 10. The Additional Power Consumed by Added Wire and ESD Capacitance.
Since this measures additional power due to inter-chiplet interconnect, at chiplet
size of 800, there are no internal wires and additional power is 0. The plot
starts at chiplet size of 10mm2. M stands for microprocessor and RL for
random logic Rent’s Rule constants. We analyze two cases of inter-chiplet
communication intensity: 100Mbps per link and 1Gbps per link. For 4GHz
inter-chiplet communication link, 1GBps amounts to a link activity factor of 25%.

Fig. 11. Left: Yield with Number of Cores Per Chiplet. The delay distribution
for cores is assumed to be Gaussian with a mean of 1000ps and sigma as
marked in the legend. This plot considers delay values above the threshold to
fail. Right: Cost of Assembled System with Performance-Aware Yield for 40nm.

inter-chiplet IO requirements as splitting a design introduces the
need for additional drivers for longer connecting wires along
with ESD protection that increase both area and power usage that
do not scale well with technology node. This impact can be mini-
mized by assuring that manufacturing processes use ESD controls
to reduce or eliminate the need for ESD on inter-chiplet IO cells.

For brevity, the case studies in this paper are limited and
the models are general. Larger or smaller SoC sizes, mixed-size
chiplet partitioning, models of NRE costs, and models of
chiplet reuse are interesting future directions. Large “minimum
economically viable” chiplet sizes have implications for a future
chiplet-based design ecosystem. 50+mm2 is a large real estate
in advanced technology nodes making reusable chiplet IPs
challenging. Our ongoing work is investigating these chiplet
ecosystem challenges.
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