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~ ABSTRACT

e

Performance Analysis and Optimized

Design of CMOS Buffers

* . Xi Zhu I

©

-
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@

This thesls describes the theory and Implementation of a module generator

for CMOS buffers. The generator s written In C language and out,p‘ﬁts optimal
buffer designs In respect to an objective functlon and layout. The user has the
cholce of minimizing speed, power and area or a comblnation of these. Also the

optlons to choose bun‘er.conﬂgurailons Is provided, making this tool useful for

¢ ,/ t

varlous designs. .

-

The module generator 1s made- up of two parts the optimizer and the layout

o

genérator. The former Is the essence of this thesls, where varlatlons of process

1

¢

‘and deslgn parameters with respect to each objectlve function Is studled In detall

.

and In each case optimal design parameters are,d'erlved.

E 4
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CHAPTER 1

. INTRODUCTION

<

Many silicon compllers lise the standard technlque of place and route of
cells. These cells are previously deslgned and chaLracterlzed. However\durlnz the
‘ ‘deslgn' a varlety of cells are required particularly If the deslgn 1s' to be optimum.
Many vendors provide numerous standard cells for the same. runctl,og. however 1t
1s difficult to cater for the varlety of cells that 1s required. This l‘ea)ds to too much

storage and pre-compller work and also due to limitéd—cholce the optimlization

L3

will be poor.-It I1s much more convenient to have an adaptive module generator
that genera'tes cells automatidally to sult,'a required slttia.tlon In terms of

performance and layout.. This thesls focuses on this type of generators.

The module generator optimizes 1ts objeci;lve function and then produces its
layout to that effect. The optimlization function can be sbeed. power, area or a
combination of these. Each of these three baslc’ quantities can _be.traded off

agalﬂst each other: speed may be lncreased by consuming more power, power

-

consumption can be bd/eoreased by xjeduclng buffer size, etc. Much of the art pf the

design process Is In balancing qt,he tradeoffs: How to achleve one quantity at upper

?

bound and other two at lower bounds ?

The module implements four major parts: , >

1

* 1. , Performance optimization !

- 14

§

Y It evaluates capac.lt,ances of a proposed buffer, to ‘determine expected
“time delay and calculates’ power and area‘ for the buffer under

consideration.

1
° It determ'nes the effect of the Input waveform, channe‘l‘ width ratio and

§
N

the output loading. ’ A



e It calculates the performance parameters such as scaling factor or the

num'ber of lnverte;' stages for a particular bufler.

2. Deslgn parameters calculation:

n
-

[ To determine the width of each Inverter .gLo form a buffer according to
user's specificatlon as obtalned from part 1. .° ) ot
G

3. Poly routing condguratlon selection . z

L "To provide multiple configuration of layouts. The zigzag, parallel and

- Star cross are avallable to be selected.

L

4. Layout géneration . e

° To provide a two-dimenslonal full custom mask geometry flle in CIF /

format for CMOS-1B 5 micron NT process. ’ . /

‘ Thls module computes opt.lmum buffer slze to meet the pe'formance /
requirements speclified by the user. It assists the user evaluate rapldly ma ”
design alternat.lves choosing the best tradeoff or speed, power and area. It Is a |
pbwerful and fast tool that allows the user to explore the space of deslgns /havlng
opt,lmal buffer slzes. The rest of this thesls I1s organized as, follows, /Chapter 2
explorlng CMOS modelings which describes CMOS capaclta;'{ces, CMOS
prqpagat,lon delay and dela.y analysls expresslons for CMOS b};ﬁer. Ohapter 38
focuses on speed optimlization of CMOS devices and descrlbes/he optimum ratio
of channel width £ for minlmum delay for CMOS buﬁex;,/Chaptcr 4 describes

/ .
power consufnpt.lon of CMOS device and overvlews CMOS static, short-circult

I

and translent power consumptlon. In Chapter 5, we lpék Into the-optimization of
.CMOS device In terms of area, Power-Delay tradeoff, Area-Time and AT?2

_ Chapter 6 describes the Implementation of our module which Is written In C .

3

followed by the conclusion and future work/_ni Chapter 7.

/
’ —



CHAPTER 2

* 8 '

DEVELOPMENT OF A MODEL FOR THE CMOS -

- INVERTER PROPAGATION DELAY
2.1 Introduction ' -

As we know today's VLSI silieon compller must have accurate and efficient

,\/‘

models - of varlous cells used In the compller to achleve a high degree of
performance. In this ch\apter, two major models are presented for our analysis: a)
CM‘OS Inverter capacltar:ce model and i)) Inverter timing delay model. Some
MOS capacitance's models have been developed for MOS transistor 1] - [8).

Using these models, a general llnear capacltahce's model for a‘CMOSVlilverter is

derived In terms of SP{(fE parameteré and newly deflned constants. This Is

described In Section 2.2, The capagcitance’s expression for a single CMOS inverter

model provides the necessary and sufficlent condltlon (e.g. the dynamlc response

of MOS circult 1s very much dependent on the capacitance’s model) 10 derlve a

' precise timing model for CMOS Inverter andl buffer. Timing models.for MOS

transistor logic are avallable in the literatures [5) - [10]. Loglc timing model for a
ramp Input waveform has been developed by N. Hedenstlerna [11]. In Sectlop 2.3
we cievelop the timing model of CMOS Inverter for thé ramp Input waveform
using capacitance’'s model descrlbed in Section 2.2. The timing model is further

-

extented to cover multl-stage buﬂ‘er deslgn

-
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2.2 Capacitance for CMOS Inverter

~ . »

~The propagation delay of 'a MOS device ls heavlly dependent on 12 s parasmc
and peripheral capacltance. Thererore, accurate capacitance’s model provldes the

necessary and sumclgnt condltion to estimate the translent delay of clrcults

- . First of all, Wef%onslder all p,aras)tlc capacltances of a MOS Inverter and the
y : interconnect capacltances whlchd.;elate to the other MOS devices are ignored.

Secondly, we assume that all capacitances In the MOS device are lnerized to

constant values. The model that Is to be derlyed Is an enhanced verslon of.

parameper&zed model.

2%

2.2.1 Input Capacitarice

! ' .
In this sectlon we study an Inverter's Input capacltances hy consldering the

capacltances Is represented by a cross-section dl'agramaln Fig. 2.2.1. For a MOS

\

translstor, the Input capacitance C;, s equlvalent to the gate capacltance C'g .

Cin = C, = Cp +C,, + Cy (2.2.1)

Where C;, lit;ie capacitance between gate and bulk or substrate
C’,a Is the capacltance between gate and source

ng is the capacltance between gate a.ng draln.

Therefore the lnput c;zpacltance, Ci, for a-‘CMOS Inverter Is lumped by the
sum of NMOS and PMOS's gate capacltances according to Flg. 2.2.2 which shows
the CMOS Inverter's model with paraslth capaclitances. Flg. 2.2.3 shows a tob-
view.of a CMOS Inverter channel layout‘. Using Flg. 2.2:1 and Flg. 2.2.3 C;, Is

»

then related to devices slze and SPICE paramete‘rs.

components of the Input- capacltance. The model of MOS transistor’s parasltlcu

oy,

e



LS

‘e
o

%

v
1
| -
| o
T b
C,. | ' A -
— gs ‘d N
) FTI L1l ;K lTrT
-
[Lowane |~ _ 1| ’
1 ?
SOURCEI L s+ [ prRAIN
_l_-.l BEPLECTION LAYOUT
i

1

i

.
wH



- 6 - -~
. '
ﬁ \ X
\ . , <
f' .
j ! . Vop
| |
® \
It :
. 1} :
» // ' Cup S_ ¢
i . - -1
- //' . ' = : C‘bp - G
. _ ‘ D]
;' , Ceap T Cavp
INPUT: -©O- < - -0 OUTPUT
- Cldn‘ :I-—;- Cdbn
! D N
. == cgbn G | -
| l .
- . ) ‘ Cean . S
* B \ {/
! : .
< / . ——
/ ’ * - GND
.Figure 2.2.2 Capacltance Symbo_ls qf a CMQOS Inverter's Model
‘

s



-

- :r»,‘_l' | 'O'—'——— .VVD -——J M
gy ' ;
N ‘

Lep SOURCE DIFFUSION
. ‘ . B
ANNDNIN
i DN
_ , Lgp | oram pEFFUSION
T e
e . ;- | pFFuUsion
4 NN
-~ _ . ., | source
b T { DIFFUSI'OON
o «— W, ~—

Figure 2.2.3 Top-view of a CMOS Inverter Channel Layout

r ]

.
e )
- .
: ’ K;..
) . . ,

!



> .
_8.. .

.

Cn'n = Ib:l + Cpbp + Cgm + Cgcp;l"' ngn + ngp

\

= Cozq W, Pu + Cozp BW, Lp 0 ’

_ BN U+ Cogn Wy LDy + Cozp BW, LD,
+ Cyzn Wy LDy + Coyp AW, LD, .
’ 4 ‘ '
/ Where# = W, / W, is the channel width ratlo between the P- and N-channel
) transistors. o ' |
LD,, 158 n-type lateral diffusion o} gate-spurce overlap
LD,p Is a P-type lateral diffuslon of date-source overlap )
.Lpdn Is a n-type lateral diffuslon.of gate-drafn averlap ;
' LDd, 1s a;l‘l-type lateral diffusion of gate-draln‘ overlap
/ Cozn and CO,P are the gate caipaclta.nces per unlt area for both of N- and
" P-channel translst.or; and are ‘gl;ﬂ—%eTln a.ppéndlx B. N
Usually both trahs)qtom have the same’ 'ga,te “oxlde  thickness
Coz = Cozn = Cogp, the same channel length L = L, = L, and the same
,  type of lateral diffusion, le. LD, = LD,, = LD,,, LD, = LD,, = LDy, (
refer to Northern Telecom SPIéE proéeés parameters ~fo§ examplg ). The !nput
¢ capacitance equation (2.2:2) can now b/q represented 1n terms of dévlce geom
constants ' . ' i
B ' Cin = Cyn (5, + 6,8)
where C,, = C,; W, L, Is the gate cabacltagcé of the N-channel transistor and
‘ W,. and L, are the wic.l't,h __\and length of I\}-channel' m:ansls.tor respectively as
p . shown In Fig. 2.2.3. §, and §, botl.l depend on.process, design ruld’and’ defihed
here as ' )
e T 6, =1+ gD
: . . L



Y

. may be represented as . . e
~ o

aﬁd . - . N N ~7 10/ [N
., Y . . . . . 1

) . . Lp, // S .
, . h=1+2 7 . (2.2.5) °
st ) A . . . .

- and can be evaluated for a parblcular process. The typleal values of 6l and 6, rcsr ¢

~

gIVen process are in tHe Table A-2 of Appendix A.

- "

2.20.2 Output Capacitance
y .
* The output capacitance of CMOS Inverter also anect- the speed of CMOS |
device. The output capaclitance C’m may be represented by the sum of the ~
draln-bulk capacltan%*Cd,,p and Cyp, or both N- and P-channel ‘transistors. *

Wsing thé capablt,ance model of the inverter given In Flg 2.2.2 llnearlzed Cout

-~

’ Cout = Cdlm + Cdbp

- =‘(_CeqdbnADn + C;gdsn PDn) - - o .
+ (Céédbp A‘Dp + Legdap P-Dp) - ’ e ) . (2.2.61
- - 4 Y s
N - = '

_Where C,qdb,, “and C,oq, -aré the bottom equivalent Junction . capacitances” of

> dna\n d\ﬁuslon per unit area for both channel transistors.

-

C.qdsn and éeqdap are the sldewall equlvalent Junction capacitances of

a $

drain dlﬁ'uslon reglon per unlt length qt Junction perimeter for both -

. channel trapslstors . ' e

AD,,: and ' AD, are t.he area of drain diffusion reglon for both channel

..
»

translstors. ., . . . .
\ . PD, and PD, are the length of draln diffuslon reglon for both channel
: transistors. - ‘ i : . T . )
~ ; “ N o v - R \
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Generally to llnearlze the depletlon capacitances thé botion and sidewall
capacltances are multiplied by a constants K., [1]. The samé dimenslonless
const&nt K,‘, 1s applled to all equlvalent Junction c:.a,paclt,ances, K,q has been
| evalﬂuated'tymcally,for the Northern Telecom CMOS-1B process in Appendix B,

[ - ¢

giving K,, = 0.52.

Hence,
’ ) ~ . . T .
o - . Cogan = K,y CJ, E
‘ .

) . Ceqdbp = Keq CJP TN

‘ F .o -
. Ceqdan = Keq CJISW,
. . ' 3
Cogisp = K,y CISW, C 0 (229)

,Wherg CJ, and C’J; are the zero-blas junction bottom capacitances of junctlon '

reglon- per, unlt area for N- and P- channel translstors.

-«

, ~CJSW, and CJS W, are the zero-blas bulk Junctlon sldewall. capacltances

-

~ of Junction perimeter per unit length for N- and P-channel transistors.

According to .Flg. 2.2.3, the aréas of draln diffusion reglon can be determined by

-

B ) ’ A‘JDn=VVdnLdn'° o

) g AD, = Wy, Ly, ' T (2.2.8)

And the perlmetérs of draln diffuslon reglon can be.determined by

.
w
¥

PDn = 2(de_ + Ldn) A

< )
°
M 3

¥ Where Wy, and de are the draln width of N- and P- chanﬁgl translstors -

-

Ly, and Ly, are the draln length of N- ang P- cha;xnel transistors.
' S « v

- .

* Py =2(Wy + Lyy) ' o (2:2.9)

:é‘
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E'Moreover, according to Flg. 2.2.3 the gate chanflel, Is cross over the diffusion area

to share the same wldth for N- and P-transistors respectlvely'. Substitute Eqns.

t

(2.2.7), (2.2.8), and (2.2.9) Into (2.2.6), we have ] .

Cout = Gyn 1@ + 836:8) + Y,(1 + 6,8) + Va(1 + 6,65)) (2.2.10)

* where o . ’

53 Is the ratio of bottom equlvalent Junctlon. capacitance of N- and P-

¢

‘channel transistors. o ‘ -

cJ,

- _ 5 T i . 2.2.1
: T oY, - @2

54 Is the ratlo of zero-blas bulk junction sidewall capacltance of N- and P-

channel translstors. ) .
s CISW, (2.2.12)
. , “ ~ T oS, e
n -2 -
({ o 65 1s the ratio of drain length both P~ and N-channel transistors. <
\ .
.o ™ R Ly, :
¢ 65 = (2.2013)
y Ly,
Moreover we define  as ' . ' .
K, cJ, W.L
oy = C’f n dn , (2.2.14)
gn . '
» p . ! . ) o
~ o - . K, CISW, W, ‘ .
=2 ol - (2.2.15)
¢ gn ' I ,
‘ ° K,, CISW, Ly,
Ny = 2 = R (2.2.16)
gn .
© o . . \
17 -
\ ‘ .
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+ . ]

. 63, 04 05 and 7, 7,, 7, are constants as a functions of the process, design rule;
a‘.nd typlcal values of these_c.onst,ants for the'given Northern Telecom process"‘ af‘e )
.gh'ren In Taf)le’A-z of Appendix A. The derlved equations of Input and output
capacitance as given by Equatlons 2.‘2.3‘ and 2.2.10 are simliar to Kan'u‘ma"s

equation [14] In form, but Include more parasitic and- perlpheral capacltances. -

>

¢ B f

’ . "2.2.3 Interstage C'apacitance

1
’
s t

Now con‘slder the case when an Inverter drlves ~another simllar lnverter., Let

the C, represent the Interconnect c;ibacltance. T;xen Cr, the total Interstage

‘ cépacltance, 1s represented as a lumped lnear perlpheral capacitance ‘éhcﬁl ls given’

:)y the sum of the output capacitance C;,, of the drlvln‘g— Inverter;\ the Input
capacitance C;, of the driven Inverter and the Interconnect capacltance C.. The

Interconnect capacitance 1s ‘determlned by C, = C, W, L., where C", 1s the

ca.pa:cltance per unlt area of the 'Interconnect laxeir,_ Wc. and Lc are the wildth

and length of the l'nt,erconnéct. layer respey(lvely.' However, for the buffer design

. where chaln of inverters Is us;ed, and‘ea;h inverter 1s: dlrectly connected to the
C input of the other Inverter, the length of the interconnect, 1s extremel'y short.

‘ Thus this, contribution to the overall capacltance 1s small afld thus may? be
’:neglecte’d. For Instance, In one of, our application & layer of Pdls; runs between
two stages onls; in 8\. In NT CMOS-1B, C, = 8.1e—4 pF Jum? - for Poly\_
.equivalent cap.;zcltor,and C, = 0.02 pF. Other layers such as metal has even a

- _sx_x_lgl_lq‘ yalixe of C,.

Flg. 2.2.4 shows the linear model of Interstage capacitance. ’CT: then 1s glven

by .

: Cr = Cyut + Ci ' (2.2.17)
Using Eqns..(2.2.3) and (2.2.10), Cr can be written as

> . . '. "



\ s *
. 8 ° , . - 5 -
! Ay
- 13 - -
. .
.
1 —
2
. R '
<
. i . -
L .
P .
’ 1y
M 0y
",
i . T f; . ’
f . s
" - . s .
. .
. - = -
kl ~
s , -~ . - o
. N N -~
* : ‘ - .
N v
. .
.
. N
+ . -
_A \‘ . ) . . w .
. ,
. * . »
P
) N Tn # o * + & ~
¥
i
e L3
. v
¥ )
. ?
\
- A -
v . M N
P
T .« (" » B
- - M \ - M
) ’ . 1 c 1 N
* - .
- el LY )
‘ hd . - a— -— ’ -
. ' - -~ ' . 0
% . . » B L,
»  GND
Q Y :
a .
[ L
. o o .
.2 . . ,
A . . » i
.. )
oo, : ’
* . » . . .
. L] v - " » kY
f , .
5 . ) ’ N > "
N . @ . . - ’
‘e . oW ,
- 1 ' N .
b, s L - 1 .
' ‘ M N ~ f
. . . § R 2 o0 b »
. T R
, . Figure 2.2.4 Cascaded Stage Capacitance .o
' L) ' a4 L O . !
. .
. . -~ . i
. . ) to
. ) ,
- ' . .
. . . .
. e ' !
v w, ll b
- »
- - a - ‘ . , ™
. . N " .
: ' . .
. . . Co. - . f '
. d ‘ el
b v - f - h
s . . B
) . R
7’ ¥ - -
. B N ' ' ’ , >
H - ) .
~ 2 . ro-.
* 5\
.
\ r . .
.
13 .
R | . . , N )
I .
¢ . ’ ' . |
M . = . DN -
N M 0 . e . y ~ *
’ B 1 " .
i . . - . B T
. . o ,
o, a o e ) 3 .
' ] - ' , - . N N - A » R
~ e '



- 14 -

Cr =C,(g M+ 9% + da%+ 1) - (2:2.18)
.. Where 0, = C,-,, in accordance with our previous description and G192 80d g3
are glven by
where
. . _ .
, 1 + 83658
: g, = -5—‘-—%-5— (2.2.19)
b+ 58
s 1 6 .
g, = 130 (2.2.20)
) ht&f .
2 1 + 6,6
§g=— (2.2.21)
# ® '751 + 52ﬂ :

Typi€al values of these proéess constants for a glven ‘process parameters are In’
the Table A-3 of Appendlx A. Alsb, 'i‘able A-5 of Appendix A st;ows typical
" values of the Input and output capacltances of a single. CMOS Inverter as a

function of the channel width ratlo f.

N

2.3 CMOS Propagation Delay A ’

» 2.3.1 General Description of CMOS Delay
) ] o

/ “ . Propagatloh delay In the VLSI deslgn‘ls a 'maJor prot;lerrf. We Intend to
‘ study a typlcal CMOS Inverter delay model in thils sectlon. MaJorl.ty 61‘_ analytléal
models for the translent response 6r CMOé Inverter are Inaccurate. This Is
because they wuse' a step lnput‘ and this Is not a realistic lnput.. waveform.
Consequently errors are Introduced Into the propagation defay model. In real
circult \appllc“;tlons. the input wavero'}m will depend on the fan-out and the

driving capabllity of the preceding stage. In our study, we vary the characterlstic

waveform by changlng the capacltive loading of the' preceding Inverters relative

[}

~

»
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3

to the loading of the Inverter under conslderation. Thus, the propagation delay

will depend on these parameters which s more realistic. Hedenstierna and Jepson

[11] have developed a timing model for the CMOS(lnvert.er. The model conslders
the CMOS lﬁvexjter output response to be an, input ramp. They relabé the Input
waveform slope to the delay model by deﬁnlng.an‘ input waveform constant B
selected from the conélderatlon of an average slope approximately 70 percent qf
the charact',érlsmc input waveform slope at the 50-percent level and matches the
variation of the ramp. Experlmental results showed that B approximately
matched t,hé Input waveform varlation within an acceptable error range.
Therefore B was assumed to be Independent of the l}xpun waveform In further
tlme delay analysis. In thls sectlon, we adopt the Hedenstlerna and Jepson's

model and apply it to Northern Telecom CI\/_IOS-TB~ process ln'order to find the

value of B through our own experimental \l;esults and 'study the eflect of the

' Input waveform varlation.

2.3.2 General Expression of CMOS Delay

o

Let us conslder the application of a step Input waveform to the Input of the
first inverter of. a three-stage inverter buffer as shown In Fig. 2.3.1 (a). The

outpout response waveform s shown In Fig. 2.3.1 (b) and 1s greatly changed In '

the shape at polnt 2 and 3. This Is due to three factors:

(a) The affect of the Input capaclitances of the stage under conslde;*atlon.
(b) The affect of the out,'put capacltances of the stage under conslderation,
(¢) The affect of the inherent deléy of the Inverter itself.

This Indlcates that the step delay model may not be sultable for the bufler delay
estimatlon, since the Input waveform Is not a step any more except at the input

of the first stage.
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3

In thf rollqwlng analysls we wlll derlve the]nverter delay model with a ramp

"input waveform. Let a rising edge be represented as ramp, then the normalized

" , \
Input voltage Is written by ?

L ’ .0, t'<0

v, =1 5¢t, O<t <, - (2.3.1)

-1, ?\(>T, Y

. ar

where' 5, 1Is the normallzed slope of the rising ramp and 7, = 1/8, s the

normalized rlsé time of an Inverter.

Simllarly the normalized input voltage waveform for the falling edge !s

represented by, ‘ '
) , 1, t <o ‘ a ,
‘ ' v"n == 1 - 3! t' 0 /< t < Tf '(20302)
[} ) O' t > Tf

where s; 1s the slope of the falllng ramp and 7, = 1/8ﬁ _1s the fall time of the
nprmallzed Input voltage. Generally, the ranip waveforni. Is not symmetrical. Fig.

2.3.2 shows a N-stage finlte Inverter chaln, the ramp response of #th stage’

»

.

Inverter has been derived In [11] and 1s given as ,

b = [ L ] +b[—-~CL (2.3.3)
= C 3.
& Ky iy . UKy ), '

[

where the subscript ¢-1 and ¢ are the Input and output termlnal of the ith stage
Inverter respectively. C, is Interstage load capacltance which Is equivalent to

Interstage capacitance, Cp that’'was derived in Section 2.2.and Ky 1s the device

_ transconductance parameter of N-channel transistor and 1s definéd In Appendix

B. ) ~ ‘
.

- The propagation delay of the tth stage may be rewritten by two parts:

“1. the step response t;, = a (Cp /Ky);

“
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and

2. the ramp response t;, = b(Cp /Ky);_;

4
X .
Therefore a s related to the slope of step response and b 1s'related to the slope
of ramp response. More detalled discusslon of ¢ and & will be given in the next
U . ¢ .
sect1én. The propagation delay of any Inverter staée within the buffer of Fig.

2.3.2 cah be rewrlitten as
&

g =ty + ty ) (2.3.4)

The step respomse {;, is Independent of the I!nherent Input capacltances but
‘e N ) * ¥ *

dependent on the physical characteristics (e.g. layout, design rule etc.) and the

output load capacltance. The ramp response iy 1s quite dependent on the 1np?t ‘

capacitance.

4
{

2.3.3 Matching the Ramp o

As mentloned In*the previous sectlon, a-Is part of the slope of step response
and b 1s part of the slope of ramp response. Moreover they are functions of B,

the channel width reio. Applylng the resxyt In [11], a 1s glven by
Ap

pre |
Kn

a =-;— Ay + (2.3.5)

where Ay and Ap are functions of the process constants for the N- and P-
channel devices, and the supply voltage. Fromgwell known: step-response

propagation delay equation [1}, Ay and Ap are glven as

o : : .
k ' 1 an 2(1—n)—va~}

= | .3.
AN VDD(I—n) Ll_n+n[ (2 Ga)

_ [

. Ap = 1 ~2p +'1n[2(1+p)-v°) (2.3.6b)
VDD(1+p) bl+p v,

£
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-~ s *
where v, = V,,; /Vpp Is the normalized output voltage, n = Vpn/Vpp and

p = Vrp/Vpp are the normalized threshold voltages' of N- and P-channel

transistors. . C
And similarly, the b ‘s expresslon Is resulted as .
S B
b= —|Bp + —- (2.3.7)
cr 21 Ko .
“ n e
RN a

where Bp and By are functions of Input waveform for P- and N-channel

transistors. They are developed from Hedenstlerna's equation and represented’

Ay

respectively by

(2.;3.8a) ‘

1 + 2n
BM‘—l = l
i-1\ 8¢

Bpiy = = 2p ] ' (2.3.8b)
i-1

4 )

¢

where the éubscrlpt t—1 and ¢+ are the nodes of the ¢ th stage Inverter's Input and
output terminals, and Kp and K are the device transconductance 'paramete'rs
for P- and N-channel transistors. Ylelding Equatlons (2.3.3), (2.3.5), (2._3.Ba),
(2.3.6b), (2.3.7), - (2.3.8a), and (2.3.8b) whe're Kp Is replaced by
Kp' == P(p, /etn )Ky and p, and u, are the surface m9bllltj of P- and N-
gannel transistors, the valyes of By and u, are glven In Appendix A. In thils

. P
context the propagation delay through the s th stage Inverter may be written as

ti =Yy +7.) +a

Ry ] .’ (2.3.9)

where 4, = (1-2p )/12)2= (14+2n)/12 Is process constant. Notice that thls

L]

equatlon Is different from the equation of ¢; = (7, + Ty )/4, which s to average

the rise and fall times to denermlne the delay. Equation (2.3. 9) Is more accurate,

L
-
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“and a constant output load. Hence we assume that the qutpub
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@ f

. ) j
since the step response Is theoretically calculdted by the term of a (Cp, /Ky ), and

the ramp response part Is obtained by 7, and T; at the output termlnal or/the

f
= i

Inverter. Also, it Is Interesting to notice that the Input capaclitance CLs\-x' has

J
disappeared from the equation (2.3.8). This Is true, because the loading
J [}

capacitance only affects the outpit waveform shape which comes from preceding

~

stage, and not the input waveform ltself [11]. Regarding the genera] case of hand

. analysls, the rise and fall times of the output waveform is not obtalned by direct

reading. Therefore, we must derlve an equation In. terms of loadlng factor; In
another words, we estimate the propagatlc;n delay through :,he loadlng factor
changes Instead of measuring the results of the response from the rise and fall
tlmes. The loadlng factor Is an integer multiple of phe fan-in and fan-out of the
lnverteir loading under conslderation. Once the Input slope Is converped 10 the
loading factor, the propag'af,loﬁ delay is then a function of the fan-out and the
driving capa'lilllty of the stage ftself, as In the step-response model, but also a
function of the fan-out and tt;e driving capabllity of the preceding stage. TQ do
so, first of all, the Input waveform dependent function B {(l.e. By or Bp) has to
be determlined. - . .
- .

Fig. 2.3.3 (a) an(;"&:) are plots of the variation of.an inverter normallzed
output rise and fall slopes with Input capacitive loading and the 'P- and N-

channel width ratio # as a parameter., This Indicatés that both the output rise

and Tall slopes of a single Inverter 1s almost constant for varlatlo,h of Input load
. t /' AN

slope 18

v /
Independent of input loads. Indlcating that (By ),_, and (Bp),_, are lncge{denn
/
of slope, therefore the terms of K, /C, and K, /C;, may be removed from-the
‘ !
equations (2.3.8a) and (2.3.8b). In order to match the time response between step
' /

N

and ramp Input waveform, the averaged tlme silope 1s chosen ,i'rom experimentsal

o

results, which is approximately 63% of the .step waveform sjope and then this

 C /,’)1
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Cweraged slope (-— 1.52 ns! for normanzed voltage R /VDD) for both of rise .
- and fall time Is substituted into equation (2.3. Sa) .and- (2 3.6%) respectlvely.’we
have the Input waverorm constant By = Bp f" 0.149 wmch 1s the best fit to the

e .
. . - ’

Input ramp. | . ) v

‘/Q?\Slnce we' u,sed practlcai proce?s parameters Mlller effect was neglegted.
Simllar to By.and Bp the Ay and Ap have been adjusted to experimental \zalue

a

© 0. 2 Instead of 0.308 ror theoretlcal value or n = -p =0 18 and Vpp = 5° volt.s
at the 50—percent level Thus, a and b can be determlned by Eqns. (2.3.5) and ,
(2.3.7) respectlvely, the typical values of a and..b are given in the Table A-3 of

AppendlicA. .. > .

A

1

Now ‘we ook lnto {,he loadlng capacltance CL, at node ¢. If a Inverter

derl\{es n same uniform slze inverters, the logding capacitance Cj; Is represented i
. . - <k i . -
by' o o s

bl - ———

Ci = (CoutJict * 1 (Cin )i | (2.3.10)

S

Notice that the subscript £—1 and 1 are $-1th and s th stage. respectively. By .
substituting Equation '(2.3.10), Into” Equatlon (2.3.3) the propagatlon delay

tlirough‘tl;?*{@ stage snverter Is then given by - i )

td=a

9

{ Cout + "Cin ] + b[, Cout + mCin') (2.3.11)
KN ) it 7 Ky i-1

[
a

_ : ) .
o Thls Is a propaga,tlpn’ delay for an 1nvert,er with a fan-out of n identical lnveners

-

?

and a fan-out of m ldentdcal inverters 1n.the precedlng stage. . According to Eqn.

-

- (2. 2. 18), Eqn. (2 3. 10) can be written as

e-

<

N CL = (9m+ 9o + 937 + 1) W (23.a2)

rurthermore using, Eqns. (2 3. 10) (2.3. 11) and (2 3 12) the propazatlon delay’ may -

.

now be wrltten by ' Lt

[ 4
3
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C -
l4 = K:, a[(n + 91+ g+ 937%)

N rd
P

B

b
to—m +gm + ga% + 95%) (2.3.13)

" the bropagation delay can be divided into three different delays.
The lnm»n_stc delay
CF ‘ A N s .
(¢ +b0)gm+ 927+ 937%) (2.3.14)

i = oo

i

The fan-out dependent delay

. \ | ‘ : " C

tgy = —L an (2.3.15)
0 KN . ‘
o .J A . N
?I‘he Input load dependent delay
/ e ’
- ’ ' C '
, : , tiin = __.K" bm : (2.3.186)
N
o 4
2.3.4 SPICE Simulation . . 8
P . .

[ 24

‘ > . ' )
To validate the derlved model, SPICE sifulation was performed on inverters

deslgned with Northern Telecom's CMOS-1B process paraieters which are listed

in Table A-1 of Appendix A.

L ad

4 &
Simulation 1 , .
. . " ] '.‘ ’ _N:k\"q o ! .
. Flg. 2.3.4 shows a chaln of three-stage Inverters. The propagation delay for

-the mlddle Inverter 1s to be evaluated. Since the Input step waveform Is supplled *
by SPICE and wlll niot be affected by input capacitances varlation, an additional
Inverter lé located In the first poslt,ldh of the chaln betwégﬁ the signal source and-

the:studled Inverter's Input t,erfnlnalo. The third Inverter which is connected to

z
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*

the studled inverter's output termlnal 18§ an output loadlng inverter for the

-

- studied Inveérter. All inverters have the same uniform size. Here the uniform size

has been chosen as minimum size inverter. For Instance, for the CMOS-1B 5

. micron technology the mintmum size lnverter 1s characterized by the width of N-

channel transistor equal to 5 um The change In Input load Js studled by
addmon of simllar Inverters at node ¢t -1 of the studled Inverter's input terminal.
Up to nlne Inverters were added 1qcludlng the studled Inverter 1tself. ' The
purpose of l{lcreaslng the number of Inverters 1s to achleve the change Im
capacltive loading. Therefore the delay at the:-node { s ramp response according

H4

to the Input waveform at node ¢ 1.

Figs. 2.3.5 (a), (b), (c) Hustrate comparlson of theoretical analysls and
SPICE simulation results for varlation of the propagation delay, with loading and

B. This indlcates that, the avéragé error between SPICE slmulatlon and

) analytical result for all stmulated results are expected to be less than 10%.

-~
"

Simulation 2 ‘

\

This slmuldtion  has been made to observe the time delay variation ln
response to 1Increase. In output loads.- Thls ls equlvalent to observing the
waverorm varlation at node ¢+—1 In stmulation 1. The simulation clrcult is shown
in Fig. 2.3.6. Flgs. 2.3.7 (a), (b) and (c) Nlustrate the comparison of analytical and
SPICE simulation results for the propagatlon delay variatlon due to purely
output loads and channe! width ratio B with constant 1nggst load one fan-ln weas
choien in this plot, at 50-percent level. Also Indlcating that, the averaged errors
between §PICE simulation and( analytical results for all curves are expected to be

less than 8%. ‘ !

-

~From the theoretical analysls and simulatlon results, we confirm that the

expression describing the propagatlon delay time ls good enough’ to estlmate the Ly

I



Propagation Delay

s *+’+ + * SPICE

Le I Analytical
~» \ . ’
1-0 1 il " ’
0 4 8 _ 8 m
" Input Loading
(a) Channel Width Ratlo =1
b ) (nsf :
. Q 2’ -
)
Qa
g |
2 : X
g - «+¢ ¢ SPICE
go 1 - \‘
& —-=—— Analytical
£ . ' :
A
0 A L ' 1 >
0 4 e 8 m

Input Loadling S
(b) Channel Width Ratlo =2 |



Pmpagziﬂlon Delay

[y

-28 - - - r~

-

o o B o 0 SPICE

E!zure 2.3.5 Varlation of Propagation Time with Input Loading Factor .

/
’ . I ———— Analytical
— - .
- . 4 -1 L -
0 2. 4 , 6 8 m

Input Loading Factor
. (¢) Channel Width Ratlo 8 =3

-

3

n ' . -

[

’



. ' (
12 a 'x
- | \
D e by -~
STEP WAVEFORM
'.l

1

- . ‘
' —

| .
e
f ‘\‘
* ! \\ ' P
e

i /”

L’f. ’ I CL=0.1 pF i
b h——d —

. / N ‘ i
. ,
?
* L)
~ Flgure 2.3.6 Simulation Ctreult for the Output Loading Study
h - / ;

L . -29‘




ropagation Delay

Propagation Delay

L « .- 30°-

Output Loading

(b). Channel Width Ratlo f = 2 .

t’d ‘ (ﬂS)
4 ad
3 e
2 L
s s & 0 o SPICE
Analytical
0 . 1 [ - l< P.
0 2 4 6 8 n
ty * (ns)
3 -
2 ot *
9 s o o8 SPICE
. ———  Analytical
0 - , 4 : — A —
0 « 2 4 . . 6 8 n



‘Propagation Delay

- 31.-

> .’
by + (ns)
3 bt
2 B - .
e o s o SPICE
' " e——— Analytical
1 |- . ! : .
0 1\* ' R . ' , . A . - [ ] :.
0 , 2 4 ' 6 8 .
. Output Loé.dlﬁg Factor .
- .
p . (c) Channel Width Ratlo f = 3
5
) e - ' -
Ry \ {

~
'

- - .
' .

Figure 2.3:7 ' Varlation of Propagation Time with output Loa.dlhg Factor

«



- 32 - ‘
. JW

time delay for a single CMOS Inverter, and for all CMOS c[rcult_s characterized

P [

by pull up and pull down structures. The programs for simulation 1 and 2 are

glven In Appendix C.

During SPICE slmulation, a prdblem had been noticed which Introduces

" reading errors of results from the slmulathn. This error 1s inherently introduced

\whenever the time step In SPICE was changed. Flg. 2.3.8 shows the error

' difference ‘when using 0.00S\né and 0.01 ns tlme step Increments. This can

Introduce an error of up to 4.95%, when the time step was varled.  Naturally thls

error can reduce the degree of confldence In the developed model.

~ 7
-, ~
* L4
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" "C}L@B'r\mz)s |
SPEED OPTIMIZATION OF CMOS DEVICE
: C /

3.1 Introduction A ,

In this chapter, methods of minimizing propagétlon_delay for CMOS clrcults

are described.

Parameters affectlng delay are studled and two parameters affecting delay

are singled out, these are §, the channel width ratlo and the scaling factor. An
! e 4
\

analytical expression of optimum channel width ratlo 8 1s described in Sectlon 3.2

¢

that 'é!yes minimum delay for a single CMpS inverter.

In Section 3.3.1 we review an analytlcal eXpressfon for a N-stage CMOS

.« buffer and~ the buffer's delay 1s related to the general process constants ¢ <y and

- - . ’
scaling factor. ’

For bu‘ﬂer' drlving large capaclitive loads, we ;hm!ze the buﬁer for minlmum
delay In Sectlon 3.3.2. The maln ;esult; c;r »the buﬁer optimization Is that, when
t,he remp tlming model Is taken Into account, the optimum scaling ract.or Is
lncreased from theoretical 2.7 {14] to the range 3-5 '

-

3.2 Optimum g for Minimum Delay

.

4

To obtaln m!nlmqm delay, the analytlcal expression of CMOS propagation

delay glven by Eqn. (2.3.13) is differentlated wltﬁ. respect to B, recalling that '

C, a, b and ¢ are all functlons of §. For the glven uniform size N-channel

|
! ‘
3

i
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R ’ ) ¢
- 3 5 -
d K, Ap (’71';'72‘*"73'*"734"7355'*’" 6, )+Bp (7, +73+7s05+m b)) 18
B, = : (3.2.1.)
By Ap (1,03+750,+n 8,) + Bp (71,64+7,6,+m 6;)

4 .

optimum S, s a function of fan-in m, fan-out n a‘nd other process and _la.yout
parameters. For a fixed process and layout parameters, four cases are studied for -
different values of m and n. Case 1: fan-In m equals fan-out n and varled. Case
2: fan-ln m 1s fixed at a certaln number and fan-out 1s varied. Chse 3: fan-In is

varled and fan-out Is flxed at a certaln number. Case 4: Both m and n are

varied lndependgntly.

s

Fig. 3.2.1§hows the relationshlp between optimum B, and fan-in and fan-
out loads. CurVe 1 1« = n and varled; curve 2 m = 1 and n 18 varled; curve 3
# =1 and m Is varled. Plots of 3.2.1 clearly Indicate that 5, decreases as the

Input or output load Increases.

3

Propagation delays are also obtalned as a funftion of channel width 8 by
SPICE simrulation and the results are plotted In Fig. 3.2.2.- It Is a excellent
agreement according to curve 1 at m = n ==1 In Flg. 3.2.1. the curves show
thén the minimum delay 1s around at B = 2.4, for the Northern Telecom’s
process  parameters and .the n =-p = 0.18, AN = Abp‘= 0.2,
By = Bp = 0.149, Vpp =5 volts and at 50-percent level anal’ysls and
m = n = 1. The other polnt to'notche 1s that varlation of the propagation delay

around f, Is not vary high. S

3.3 CMOS Buffer

3

3.3.1. Time Arialytical Expre;ssion fqr°N-sfage Finite CMOS Buffer '

@

In VLSI circult design, it Is common that various size buflfers are required to

drive varlous loads. Some of thelr loads are large such as elock driver or output

‘< . v
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pad driver. It Is a common .practice to design a chain gf Inverters to replace a

I'd P

large buffer. This Is achleved by ‘gradﬁally increasing geometrical slze of each

stage ln\;erter to }orm a buffer such that at each stage, Inverter Is driving a
slightly larger lnverter Flg. 3.3.1 shows an N-stage ideal CMOS inverter bufler,
C, Is the Input capacltance of the buffer, which is the lumped capacltance of the
first lnvert,ers gate capacltance C, ancr%ther external capacltan;e If other
loading 1s appllcable. Cpy 1s output capacltance of buffer,"which Is a lamped

capacitance of the last Inverter's output capacitance Cp,,; and the output '

o

' external capacitance Cjy and C;,(f =1, 2, .., N+1) 1s the Interstage

L3
capacitance at node i-1. A scaling factor S 1s defined by the Increment of the

gate capacltal.xice as following - - .o .
;o c,, 2 Cp Cioad
,S=C”‘=-..=.a_gt_/=...=0 (3.3.1)
. L 0 . Jei-t L r N o
or ;he 1 tzlq Inverter's gate capacltance can be-represented as .
' Cpi =57 C,, " -7 (3.3.2)

L4
o

Meanwhlle, the device transcondué‘tance p.aram_et,erL K; of thé respective stage for

L = L, = -+ = Ly are also held by the equation (2.3.1)as -~
‘ K 1 K" ' KN
. Ko \ Ks‘-l . KN-—I
L . N

It all the Inverters have the same value of c(panné,l width ratlo B, Then Eqn.

(8.3.1) and (8.3.3) can be ‘written as R4
Coe o ‘ c C - . C .o

[—'—l == [—q-] == [—"—l {3.3.4)
t K J, ) , K §-1 K N-1- Vo

Accordlng to Flg. 3.3.1 a.nd Eqn. (2.2.18), we look at. the output termlnawhe

" {th stage at node ¢, the Interstage capacitance C' can be wrltten as

C; = Cyi-l[(g 1M+ 92% + 93m)ia +5] ;‘ (3.3.5)
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the average propagatlon delay through the f th stage Inverter s now wrjtten as-

follows using Eqn. (2.3.13) . | B
C, - .
B ra{['s T+ 9+ 957l
- N . L,
. b :
-+ ;[S +(9n + 927 + 95%3)il
}
=17,[S + (g1 + 9572+ 9aMia) F (3.3.6)

where T, = (C, /Kn)e +b), and C, /Ky Is the constant ratio of Inverter
input gate capaclt.ance' to N-channel transistor for any of the Inverters In the
buffer chain. For the minimum size inverter the unit delay 7, as a function of g.

.

Is given In table A-4 of appendix A.
Since the Inverter chaln consists of N stages,‘tfhe total delay can be wrltten

8. R ot

{Total ’::_To'N [S + (gM'+ 9o% + 937%)0] (3.3.7)

Ay . ‘
s

. Let the.total fan-out of the buffer or ( the ratlo between the output external load

capacitance Cjy,y of the last (/N'th) Inverter and the gate capacitance C, of the -

.~ first Inverter ) be defined as ;

. Gy |

Y =2 . (3.3.8)

Bl . C’o . ]

S . . ‘ : .
'+ ‘Meanwhlle, the relationship between Cloag 20d. C,s 1s glven by

!
Cl?ad = SN Cgo ‘ (339)

Yielding Eqns. [3.3.8] and [3.3.9] the buffer's fan-out Y's expresslon In terms of §

and N Is glven by

)

-f Y =8N - - (3.3.10)
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To ellminate N in Eqn.-(3.3.7), uslng N = InY /InS, the buffer delay can be

rewfitten as

rotal = ToIY[S + (9, + §2Y2 + 9as)e] /IS (3.3.11)
In the analysls to follow, the lnput capacltance s ;a.lways modeled as an output
capacltahce of the minimum slze inverter and it has the same value of £ as the,
Inverter's Inside the buffer. ruz't,hermore, ’t:)ye first Inverter lg to be assumed as

minlmum slze Inverter In analysls as Well.

3.3.2 Speed Optimization for CMOS Buffer - ' : )
So far the analytlcai expression of tlme delay for a buffer has,been derlved, °
and \now we look Into buffer speed optimization. The bptlmum performance
W ' ' . '

parameter that mlnimizes overall delay, the optlmum scaling factor S, or’

alternatlvely, the optlmum number of Inverter stages [V,. In order to find

optimum S, for minimum bufler delay, we differentiate ¥y, With respect to S.

d (troer ) _ Cg (a+b)nY 1 S +(91M1+9 5%+ 9 3o 3 '3‘12)
ds K, InS SmSyE - o
the optimum S, then can be determined by |,
So“'—'-‘ elSe +(@vn+ gam+ gamll / S, ' (3.3.13)

- ]

-

As we see that 9,7, + 9,7, + 9373 =0 ylelds’S,, == ¢, which Is acéordlnz to
mead and conway [15] who have done this optimization neglecting the lntrlnslé
load capacltan‘cc; of ‘the Inverter. We also notlce that the o'ptlmun% scallix/g factor
S, In the Eqn. (3.3.13) Is Independent of capacitance. The buffer propagation
'delay as a function of scallng factor S -with 8 as parameter ('f? = 1; 2,3)1s

shown In Fig. 3.3.2. Notice that the optifaum scaling factor ¥ 1s sllgjhtly vaﬂed’fn

— o
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the range of 3.27-3.49 with respect to' S8 varlation. Hence, a 0.22 difference may be
néglected and an averaged value 5.37 of optimum scallng factor may be
reasonable to the minimum propagation ;lelay time. Once the scaling factor 1s
“determlned, the optimum number of Inverter stages N, for the buffer can be

found l.e.’ ) . ' ’ '

InY
N =
°  InS§,

(3.3.14)

However, the number of Inverter stages N can only be an Integer number. We
have to check whether N =r or N = r + 1, where r < N, < r+1, gives

the shortest buffer delay. * |

-~

Using § = YVN to eliminate S 1n Eqn. &3.7), the delay can be rewrltten

as .
:

trota =T, NIYYN 4+ (9.1 + 90m + 95%)0] - (3.3.18)

the optimum number of lnverters{ Is then’ N=r1t |
r (YY" +(9 13 927+93%)0 )
< (rH)[Y VU H (g 1149 2ot 9 5)o ) o (3.3.16)
and N =r + 11t - "
YV 49 it 92+ 935%), )

‘ > (r+)[Y 04 g vt ggmade] (3:317)

However, our analysls showed that the propagation delay would be varled, not

) more than 3 percent If NV = r was chosen Instead of N = r + 1 In the second

case, but conslderable savings In area may be achleved as discussed In the
Chapter 5. The above algorithm willl be applled in our buffer design
implementation at Chapter 6, and since the chosen number of Inverter stages may

not be exactly .equal to the optimum number ylelding the optimum scaling factor

-

{
{
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S, , the actual scaling factor should be adjusted to

§ = YUN | \(3.3.18)

¢

and always an Integer number of N 1s selected. The propagation delay through

an N-stage Inhverter buffer for a given process agalnst number of inverter stages 1Is

4 .

plotted in Flg. 3.3.3. . ‘

Both Figures 3.3.2 and 3.3.3 show that an’ optimum scaling factor exists that "

. minimizes the propagation delay. The flgures show this In the range of load"

capacltance chosen from 1pF to 10pF . However, the optimum S and N are
related and‘ they follow the exponentlal relatlonshlp. We will also conslder other‘

objectlve functlons (e.g. Area, Power, '-PowerDélay, AreaTime,

AreaTime?, etc. ), and determine the optimum scaling factor. These .analysls are

A

performed In C’hapte{? 4. ‘ .
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CHAPTER 4

’

~POWER CONSUMPTION OF CMOS DEVICE = . -

4.1 Introduction

©

The general description of the power dlsslpatlbh of CMOS de\"lce Is given in
. X
‘this chapter. Some dlscusslons of the power &\sslpatlon have been presented for
" CMOS device [2], (3], [11] and [16]-[19]. However, we develop the power

i disslpation model and‘ expressions based on anqutlcal results which have been

derlved from previous chapters. There are two components that establish the

IN ¢ -

amount of power disslpated In a CMOS device, P = P,"+ P,;, These are :

1. P, Is a static dlssipgtion due to leakage current.

RN
-

2. Pd "Is*'a dynamlc disslpation which has two component‘é t;>o,
Py = P,, + P,.
i. P, 15 a short-circult power disslpation. .
1. P, Is a translent power dlssipation.
where P,, and P, are due to \ _ ‘ .
a) switching translent current.
b) charging and discharging of load capacitances.
In Sectlon 4.2, the statlc power disslpatlon ,0of CMOS Inverter 1s descrlbed.
Dynamlc power'dl'sslpatlon Is discussed In Sectlon 4.3. Sectlon 4.4 presents afl
expression for the estlmatlon of power disslpatlon of an N-stage finlte CMOS ’%\;—

Inverter buffer.
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4.2 CMOS Static Power Dissipation

Flg. 4.2.1 shows a complementary CMOS Inverter. If the Input Is at 0"
state, the assoclated N-channel transistor Is “OFF" and the P-chan;lel transistor
Is **ON™. The output voltage 18 Vpp or logic 1", When the Input Is at 1", the
assoclated N-channel transistor Is blased ““ON" and the P-channel transistor 1s
“OFF". The output voltage 1s at GND level or loglc 0" state. Note that one of
the transistors is always *OFF' when ~Dt,he gate Is In elther of these logic states.
Since no current flows Into the gate terminal, and there 1s no D.C. current path
from Vpp to GND., the resultant qulescent (steady state) current, ;md hence

power P, , Is zero.

However, there 1s some small statlc dissipation due to rever;;e blas leakage

! between diffusion .reglons and the bulk. some parasitic dlodes can be modeled
between all source, dr;m diffusion reglons a‘r:d P-well dlﬁ‘usion to bulk. Fig. 4.2.2
shows a slmple model that describes the par:;slhtlc diodes for a CMOS Inverter In
order to have an understanding of the leakage Involved In the devlzce. In this
mode], dlode D 1s a parasitic dlode between p-well to bulk. Since parasitic dlodes

are reverse blased, only thelr leakage current contrlbutes to statlc power

dissipation, the leakage current is described by the diode equation

] v
I =1S(e KT - 1) (4.2.1)

where IS = Bulk junction saturation current-

V = voltage across the dlode ( Volts )

= electronlc charge ( Coulomb )

x>

= Boltzmams’s constant ( Joule/Kelvin )

T = temperature ( Kelvin )

”~
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For the given NT's process paramet.e;'s IS = 1e—1a; (;1 ) In ziddltloil, -unless
speclal precautions are taken, the leakage current across the surface of the device
. Wil be In the order of le-9 (A" ;)er gate at room 'temperat.ure, the leakage
cug'rent Increases as the applled voltage 1s Increased. The static power dlselpatlon

I1s the product of the device leakage current and the supply voltage..

P, =1Vpp . (42.2)

L

Ty'plca.ll static power disslpation due to leakage ror\an lnvert',er operating at 5
volts i1s about 5 nano-watts. For an N-stage CMOS Inverter buffer, the static _
power dissipation can be represented as

{=N .

P, = Vpp P I; '(4.2.3)

=1 -
where N l;\t.he number of CMQS Inverter's stage and I;*1s the leakage current of
¢ th stage lnvefter«. However, for a CMOS clrcults, seltz [20] had commented that '
t,here 1s no statAc power disslpation; there Is only dynaml}: potver dissipation
during transition In operatlon. The matter of the sta.tlc power dlisstpation may be

neglected toward our further analysls as long as it’s a small percentage of power

dissipation. . . . : )
-

‘4.3 CMOS Dynamic Power Dissipation’

P

v

The current through the CMOS Inverter, varies depending on each tramnslstor
. , .
and what reglon of operation*the transistor 1s operating at. For the P-channel

tgansistor, the draln to source current Ip Is represented by

K [( VII VDD V(A; X Vnt VDD H Vut 'VDD )2/2) 0< V < Vnt + Vdp
-1, = K, (Via=Vop-Vu, Y/2, Ve +Vay SVia < Voo - Vi (4 3.1a)
o, Vie 2 er“Vu, ;

2

and the draln to source current for N-channel transistor
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a . , &
o ~Noo 0< Vin < Vira :
I, = Ky, (Via ~Virn )2/2" Vine < Yin < Vout +Vian  (4.3.1b)
' ‘ Kn [( Vt’n = thm ) Vout -Voﬁt /211 Vout + Vthn _<.. Vin S. VDD

B

Moreover, we normallze voltages with respect to Vpp as was the case In previous

4
Chapters, Eqns. (4.3.1a) and (4.3.1b) can be rewritten as

’ Ky Vi (v -1-p )(v, -1)-(9,-1)/2], 0Ly, <v,+p %
—dp = K, Vb (vin-1-p /2, v, +p <vjp <1-p (4.3.2a)
0, . Vip 2 1-p -

»

w e . ’ :

and simllarly the draln to source current for N-channel! transistor Is given as ,

0' ’ st"i <n
i, = Ko Vip(vin-n)2/2, |« nSvp<v,+n  (4.3.2b)
Kn VDQD [(vz'n —-n )vo "‘002/2], vo +n _<_vl'n Sl s

If we load the Inverter output with a capacitive loacflng CL , and a brapezgldal
input voltage with slow ramp, Fig. 4.3.1 shows the beha@\orjgs of Input voltage and
current wziveform. Durlng transition *from elther state "0" .to “1' or |,

alternatively, from state “1'’ to 0", regarding the x"amp'yvia,verorm.~ there Is a

-

time period In ‘which both N- and P-channel transistors conduct, resulting a -
b~ o

short-clrcult to flow from voltage supply Vpp- to ground GND according to Fig.

4.2.1, then the Lpower dissipation of the jrcul_t’ Is considered separately for that

time perlod. » -

v

Definition 1.

The short-circult power dissipation PR,, Is that exiergy that 1s dlsﬂﬁated only by

) ' _ AV
the occurrence of the edge of Input slgnal waveform. R Q

& t -~

Definition 2. o
- \
The translent power disslpation P, Is that energy tfiat 1s disstpated only by the -

occurrence of the square wave without edging affect of the Input slgnél waveform,

o~

Then, the dynamic dissipation of the circult consists of two components:
I -

X\
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1. the short-circult power disslpation.

2. the translent power dlsslpation.

The short-clrcutt current and the transient power dissipation st,roxlgly,
depends on the Inverter deslgn (process parameters). But the translent power

disslpation for the case of single Inverter with a 10ading capacltor 1s apartly from

-

contributions due to parasitlc output capacltances, such as junction capacltances.
For ‘the case of Inverter buffer except the last stage, -the trans_l*gm power
dissipation of each Inverter strongly depends on the lnvé’rter deslgn too. Our

analysls will be given detalled discussion In the foliowing sections.

4.3.1 Short-circuit Power Dissipation

Two anélyl;lcal expressloils for calculatlon of short-clircult power dlssfi)at,lon

-

of a CMOS Iinverter with load and without load have  been developed by

B}

Hedenstlerna [11] and Veegdrick [18]. In the followlng analysls we derive our own

I3

expresslon for thg short-clrcult pBwer dissipation with reference to Fig. 4.3.1.

¢

In the region of the input voltage, Vin = 6,1, and as long as the P-channel

transistor Is saturated the differential equablon'ror the current i? may be written -

’ /
as

Y ¢ 3

dv, K o, .
(‘) = CL—~ i ~~Vop(st-1-7p) (4.3.3)

where sz(t) 13 the norm zed draln to source current for P-channel translstor as,

¢ -

v, =1 for s, =1+ p, Intergration ylelds
= v K V2 ) ‘ ' ’
o P DD 3 .
. W, = 1 - ——(5, 1 —1- ‘ 41.3.4
0 68, CL ( 4 O p ) ) ( )
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-~

The N-channel transistor 1s conducting as long as n < v;, <1 and
0 < vy, <1+ p for P-channel transistor, so the integral reglon 1s (n, 1+p ) for
both transistors conducting. The Input voltage v, , when the N-channel

transistor 1s entering the llnear reglon, Is determlned by v, = v, + n .

The short-circult power disslpatlon for the current tl;roﬁgh the N-channel

transistor per transition 1s represented as

]

. . _
¢ . P, = VDD]"l i, (t)dt (4.3.5)

where ;',, (¢t ) 1s the normallzed draln, to source current for IN-channel transistors as

. ‘ a ‘runctlon.or t. t, =‘nIA/s, and 5 = (14p)/s, are the time perlod.ror both

) translstors conducting. But, for, the time 'perlod of ¢, and t)3 according to Fig.

’ 4.3.1, the current, I, has two expresslons for the saturated and llnear regions
which 1s separated by an m‘t,erm?dlate time ¢, = -V,l, /s,, the time for which the

T ) i N-channel transistor enters the llnear reglon. Ylelding qu.ls. (4.3.5) and (4.3.2b),

the short-clrcult power dlsslpatlon i1s wrltten as

' 5 t | A :
' 1 vlf/av | g ~
. > P,, = Ky Vbab { —2',[" /"'. ('vl'n~ - n)?dt N
0w ¢ . N - 13
- . (1+p)/s, 1
- + f"-' o, (v - n )vo‘ - ;vozl dt} ‘ 4.3.8)

;o where the N-channe] transistor is saturated in the first Integral and Is linear 1n

. . (] .
the second Integral. Substitute the expresslon of v,‘glven by Eqn. (4.3.4) Into
.o X -

-

y Eqn. (4.3.68) and Integrate, ylelds .-

1

. , ) d . 1
ch = CL VDD K\in {'2'%(”", -n T—l)(vn, -1-p )4 + —2— [(1:}"?\—72 )2—(’0"1 —n)z]

t
©

. . ,
o . - L4 . i 2 . -~

1 3 dy, 5 d° . 7
; : —(vy—n) - ——(vy-1- (V| —=1—p
+ gwn P - oy -1-p ) + (v 1)
» " . f"y’
- ‘ L. . ~
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.

1 T
+ S (Vu-1-p )}‘ \ (4.3.7)

.~ .

where d, = Ky Vi /5, Cp- d;, = Kp Vi#p /s, Gy are process dependent

constants and Cj s lnter@e load capacitance, substituting Kp = ﬂ(p,, /ng)

-«
and the relatlonshlp between d, and d, Is glven by
- M
dp = ﬂ—!i-‘ n (40308) 4
Ha '
<

The short-circult power dissipation for the current through the P-channel
transistor while the load cgpacltor is dlschhrged ‘by the I;T-channel transistor ls
similar meﬁhod, ‘the P-channel stays in sat,urat'lon regllon and the N-channel

Naﬁslstor moves from saturatl?n to llnear: The expressldn had been derlved by
Hedenstlerna-[11], buf; so.me mlét,akes were apparently made in the calculation of"

the Integral. A'co-rrect, expression of short-circult power dissipation per transition

is glven by

3

d, , dy i
Py = Cp Vppdy | ==ty + pYvp 1) - —=(vy - 1)

120
1] 4 : d 2 1 0
- '5_37{(””’ -n) + TA -+ )? (4.3.9)

where v, = v, + p Is the Input’ voltage, when the P-channel transistor s
leaving the linear reglon. Eqns. (4.3.7) and (4.3.9) show a general situatlon, since
the lnput slgnal hz;s different rise and fall time while asymmetrical Inverter™s

“ involved as part of buffer.

il A

The short-circuit power dissipation for the negative ramp input voltage 18
the same as those glven In Eqns..(4.3.7) and (4.3.8) just reverse the sign of input
voltage. Theretd#he the short-clrcult power dissipatlon per clock cycle of time

perlod 1s double the short-circuit power disslpationper trans<ition, and can be

J



written by

P, = 2LT-P“ " (4.3.10) - .

where f = 1/T the frequency of switching, resulting in
P, =2P,, | (4.3.11)

The analytical expression for calculation of an averagé short-clrcult power
dlsslpz;tlon per switching In a geometrically symmetrical CMOS inverter and with
the same slope for rise' and fall time Input voltage without capacltance load ls
given by Veendl:lck [18]

Ky Vpp
. & = _1-2-8_(1 -2n)*f (4.3.12)

" Notice that Eqns. (4.3.7), (4.3.9) and (4.3.12) , depend on the design parameters,
of Ky, Kp, f and slope s of the rise and fall times of Input voltage. Aiso the

short-circult power dissipation Is proportional to the switching frequency. .
& . \

e

i

4.3.2 Transient Power Dissipation

?

g

The traﬁs!ent power dlsslpat;on 1s modelled by assuming the rlse and fall
.tlme of -thfa step Input 1s much less than the repetition perlod or ldeally say th;m
the rise and fall time are zero according to definltlon 2. The avgragé translent
power P, , dissipated durlyn_g switching for a standard square wa\fe' input voltage ‘

e

—— V,-,,, havlwpetltlon frequency of f =1/ T, Is glven\by Weste and

X_-E‘shraghlan (2]

o

L te o r o
Pr=1f in (6o dt + =l G (4XViop — V)t - (43.13)

where the energy Is dissipated durlng the posltive step wave In the first integral '

and during the‘ negatlve step wave In the second lﬁtegral, substituting
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t (t) =—14,(t) = C,dV,, /dt into Eqn. (4.3.13) and the translent power

dissipation per clock cycle of t.lme perfocl can be written as

C Voa '
Pt = _T—"(-J out dVout + T fV (VDD out )d(VDD" -Ol‘)

® P ’ '
Cs. .
= A—D—D— _ . (4.3.14)

T
with f = 1/T resulting 1n , «
Py = CyLV5p/ , (4.8.15)

Thus for a repe't.it,lve steép 1nput; the average tra‘nﬁf:ant power that 1s dissipated 18
proportional to the energy requlred to charge and dlscharge t,he circult
capacitance. The Important factor to be noticed here, I1s that Eqn. (4 3.15) shows
translent power to be proportiponal to switching frequency but depends on the
. deslgn parametérs, since Cy, 1s Interstage load, capacitance. For a single Inverter,
this s partly from contributions due to parasitlc output capacltance of 1t's

_Junction.

Flg. 4.3.2 shows comparlson of translent and short-circult power disslpation
per clock cycle as a function of the Inverter's load capacitance and the rise time
of input voltage as a paraineter. The short-clrcult dissipation 1s not negligible at
the ran‘ge of small values of load capacitance, 1t's even blgger than translent
dlsslpatlox;. While the load capacltance. Cj,,; = 0, the short-circult dissipation
reaches to peak and thls agrees to Veendrick's result (17] of the short-clrcult
current belmlor. We evaluated our expression experimentally by taking a slow
rise tlme 7 = 15 ns, and plotting the short-clrcult power as a functlion of lnverter
load _capacltances. As It can be seen the short-clrcult power dissipation Is

1

exponentlal decaying while the load capacltances Increases almost inearly’ with

the load. For Instance, the short-circult power disslpation only is a fraction

Pl

(<8.5%) of the dynamlc power dissipation, when the load capacitance Is
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Increased to 8 pF . ‘ !

4.4 Dynamic Power of CMOS Buffer

Theoretlcally, the dynamic power dissipation per clock cycle of an N-stage
finlte CMOS inverter buffer l§ proporthn’al to the sum of the Indlvidual Inverter's
dissipation. Howgver, In order to find the optimum power disslpation we X}ll
neglect the short-circult power ‘dlsslpat,lnon In- tl}e estimation of buﬂﬁer p&ier
consuniptlon. Since the short-clrcult energy disslpation s dlrectly proportlonal to
the average‘short-clrcult current a‘fld this current Is falntly contributing to the
charge and discharge of the load capacltor, If the buffer drives a large load
capacitance. It Is an acceptable approk\'mat\on as long as the short-clrcult power
_disslpation Is smaller to the power needed to charge the capacltor. For simplicity

we wlll derlve an expression of buffer’'s power consumj)t,lon which only consists of

g translent dissipation.

g g
To determine the dynamic power disslpatlon per clock cycle of an N-stage

finite CMOS inverter buffer, we take the summation &f each Inverter's

t

disslpation, such as

N T,
PB = EP‘“ (4.4.1)

=1

where Py, Is the 1th stage Inverter's dynamlc dissipation, thus using Eqgns. (4.4.1),

. oY
© (4.3.15), (3.3.2), and (2.2.8), we have

N :
Pg = Vb1 ¥ Cu, .

d4=1

N '
- =Vp S S TCLIS + (9. + 9272 + 93%)o]

\ f=1




1- SV

n—
==

(S + (@ + 92% + 93710 Vi fqgo (4.4.2)

i

1-5

wher.e S 1s the scaling factor of the buffer, C;; Is an Interstage capacitance at
node i, and N s the number of inverter stage. The foad capacltance
Cloga = S N Cp Is lnserte:d into Eqn. (4.4.2) and the expresslon of dynamic
power dissipation per clock cycle’ror the N-stage finite CMOS Inverter buffer can '
be written as -

- QN
PB=IS

“ (1- S)SN [S +(@m+ g7+ ga’Ya)o]Vp%) I Ciond (4.4.3)

Fig. 4.4.1 and Flg. 4.4.2 plot the dynamlc power dl’sslpatlon per clqck cycle of a

. CMOS btiffer as a functlon of the scallng factor S' and the number of the inverter

"stages N i'espectlvely at working frequency f = 10 MHz, the ratio of channel

wlg;ith B = 3 and load. capacitance C,,; = 10 pF. \\3." '
~ ' A

th



. I:'iuffer Power Dissipation

Buffer Power Dissipation

= N

Pre - 61 - % ;.‘
Pp (mW)
2 L
1 o
. A
0 - i ' i 3 ' 4
o . 2 - 4 8 . 8 )
Secaling Factor )
Figure 4.4.1 Power Dissipation as a Function of Scaling Factor - °
Py (mW) . -
¥
1.5 I~
1.0 r‘
0.5 F
0 3 ‘. A .. 4 3
o - 2 -4 ! ] 8 .
Number of Inverter Stages
Figure 4.4.2 Power Disslpation asa Funetion of

) ~ Number of Inverter Stages



2

- 62 -

CHAPTER 5

\

OPTIMIZATION OF CMOS DEVICE

5.1 Introduction

Q

This chapter describes optimlzatlon procedures for area, time and power as

well as the comblnations of these parameters. An analytlcal expression of area for

the sl‘nzlem and the multl-sfdge ‘buffer have been presented In Sectlon’ 5:2.1 and

buffer.

5.2.2 respectively. Speclal attentlon 1s focused on the gengral anhalytical
expression to determine the width of each Inverter for the design of mu@ge

A
[

.
In Section 5.3.1 analyslg of varlous oblective functlons are presented.

Recommendations are made in developing algorithms for our Implementation for

i

the deglgn of buffer. These algorlithms are used to ,choose the optlmﬁm

performance parameters such as scallng factor and number of Inverter stages with'

~

respect to an objectlve functlon such' as propagation delay, area, and power

1

disslpation as well as thelr comblinations. In Sectlon 5.3.2, power and delay -

tradeofl has been described and the feasible tradeoff boundary of power and delay

has been found according to Matson's optimum loop [21]. A general description of

the comblinational products of area, power and delay Is described In Section-5.3.3.



. : - 63 -

5.2 Area of CMOS Device
‘ 5.2.1 A Single CMOS Inverter -
The area In a slngle CMOS Inverter consists of two components: /
1. gate area - ‘ *

2. diffuslon area

Accordlng to Fig. 2.2.3 , fhe irea of gate for a single CMOS 1nvert.eUs glven by

A=W, L, + W, L,

R —~—
. ‘ . + -
= W, L1+ f) (5.2.1)
and the area of diffusion for a single CMOS Inverter 1s simllar as
Ad == Aan <+ Ade -+ AD"‘ + AD‘p (5.2.2)

where ADy, and ADy, are the draln diffuslon areas, similarly AD,, and AD,,

are yhe source diffuslon areas of N- and P-channel transistors respectively. Thesev

areas determined by geometrical size from Fig. 2.2.3, for the glven design rule, a

We assume that the length of the draln or squrce areas to be equal to L, of N-
"channel transistor for all re}glons, then the are a of diffuslons A; can.be rew;ltten

as

Ag =2W, L, (1+pB)" o (5.2.3)

~ The area of a single CMOS%nverter is the sum of gate and diffuslon areas and Is

represented by L « '

L4

Ay =A, + Ay =3W,L, (1 +f) (5.2.4)

l.e. the area of a glngle' CMOS inverter depends on device parameters g, W, and

L,.

]

)




5.2.2 CMOS Buffer

'
2 '

The area of a buffer 1s the sum of each Individual Inverter's area, For the

- finite N-stage CMOS Inverter buffer, the buffer area can be written by

N
Ap = Ay (5.2.5)

=1 . LB

where Ap 18 the area of i th stage Inverter and the relationshlp between this gate

capac]tance C ;-1 at the node -1 and the load capacltor Cmd according to Eqn. \

(3.3.1) for (ft =1,.., N) Is determlned by k
» Cios = SN G, . - (5.2.8)
. | s
where C;_, 1s determlned by .
- 4
B Cm'-l = Wm’ Lm‘ Coz (51 + 523) (5‘2'7)

and W,; and L,; are the width and length of N-channel transistor of the tth

stage Inverter respectlvely.\ ‘Comblining Eqns. (5.2.8) and (5.2,7), W, 1Is

4
+

determlined by 3 ,
. . .

s - r

_ Cload
SN-i+1g L. (6, + 8,0)

Wn )

6pt.ion. For simplicity, we have agoptéd the mlnuﬁum s1ze Inverter as a first stage
‘of ttm}QMOS buffer In our linplement.gon. As the deslgn process Is glven, let
Lm

Eqns. (3.3.10), (5.2.4) and (6.2.8) Into Eqn (5.2:5). The total area‘ of the bufler, .

L, for all lengths of N-channel transistor lnslde the buﬁer Substltuting

4

Ap can be rewrltten as

(1-Y)g, o
(1 -8)YC,, lod

AB = (5.2.9)

since Cpeq = SN C Cyo» W& I1nsert -1t Into Eqn. (5.2.9) and then Ap can be



- c‘a ’
- 65 = e
represe‘nted as a functlon of the first stage inverter : 1
b . V 2 R ' Y
. (1- Y)94
A = ———( 5.2.10
B a-S )Coz ’” . ( )

where

g L+ B) \ PO
RRNCEIY) (6249

“ P

«1s a deslgn process dependent constant,; typical value of g, by varying /9 for th_(\
glven process parameters is given In \eble A-3 of Append(L);,A Fig. 5.2: r"’ ho

area of buffer Ag as a functlon of t;lﬁ ating factor and Flg 5.2.2 shows that AB

-

Is a fanctlon of the number of Inverter stages. . ®
~ ' .

C . . S 7, . -
5.3 Objective Functions Optimization

2

5.3.1 Buffer Area Optimizatian

‘ . ! ‘ ” ) : . . ¥
So_ far, we have minimized the buffer propagation delay and power

ﬁlss‘lpatlon 'wlthout looking into the ared. Mlnln})lzatlpn 6fp area‘l'sylmport,ant,
because t.ﬁe need for large buffers 1s always t.here,"l.e. phe I/O xiads, the Algck
drivers, clrcult lsolat?ors etc: Tpese buffers usually occupy a relatively large pagt,
of the total area o{gs tfle chip, and secondly the cost of fat'n‘lcatlng a clrcult i8: an

exponentlal functiof of the area. In this "case, optlmlzﬁ}g the ar¢a of a buffer

design 1s much more important than optimizing other functions.

K

v

For lﬁstance, for a glven prdcess pdrameter,and normal working coxidlt,len
(ﬂg' 3 Vpp =5 V /[ =10 MHz), to drive a 15 pF - df 1c'>a;:llng capacitance, .
the optimum number of lnverter st,ages N, 1s 4.77 ( optlmum scallng factor .S‘ Is N -
3.37 ) when delay 1S mlnlmlzed If we choos€ the 1nt,egero number of N = 4 -

instead of N =5, then ,speed 1s.lowered by factor of 2%, but 32.8%% or area Is )

’ *
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saved. The power Is a simllar case.. . i,

Fig. 5:}.1 Is a plot of .area, prb,pagatlon delay and power dissipation as a

, function of4scallng factor S. As the scallng factor Increases, Power, area, and

delay are relatlvely decreased or Increased 1n corresponding scallng factor reglon,
. ; -
since the optlmum value of the scallng ‘factor for varlous objectlve functlons

differ, then one has to be‘llnore observant of ihe scaling factor that we choose to
J N

optimlze as many functlons as possible. v
\/ { PO
\ \ ky
, . e
5.3.2 Power-Delay Tradeoff L " ¥

Fig. 5.3.1 doés not offer a solution when we require to optimlze two-objective 4
: r

, functlons as a product. We know however that power and delay can be traded for
“ ,

each other. A'c'lasélc power-delay tradeoff curve Is glven by Matson's optimum

) ) loop [21]. For the example buﬁ‘er and for a given process t‘,hls is shown in Fig. ".“ )

5.3.2. This shows that the palr set p of polnt in the PD plane gould be
.presented as a rﬁnctlo,n “of ‘any performance parameter elther p= [ (S) or

p= [ (N ) ’i‘herefore the polnts at the s¢gmental border of the feaslble curve of

o~

power-delay. tradeoff prgbably can be determined as
‘ )

1

- p
) e p= l, ) | (5.3/1)
) - ' ‘ ) t

whére pl' Is the palr set or‘ border polnt at the lowest level of propagation delay

' é.nd the p2" Is the ﬁalr set of border:<point at the lower. level.of power dlsslpa.tglo'n.
: 2 )
Fig. 5.3.2 describes the power-delay tradeoff boundary varlatfon, as seen the bold

-, . . N

line curve moves from p,‘ to pz’, we trade off speed for reduced power dissipation.
y Y

Our delay specificatlon restricts the polnts that we can accept to those losing

speed less than or equal to D! which 1s cqmput‘ed by our ppw&delay tradeoff

algorithm. This algorithm is implemented by taking e derlvative d(t)/d(S)all

-\

Y
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along the delay curve at AS intervals and evaluating the ratlo of rate of change
of speed with scallng factor at varlous successlve £)olnts on the delay-scaling
factor curve. The direction of derl;rat;ve can be mathematically expressed as

d(t)/d(S)< O (v Y e
, ‘ d(t)/d(S)=0 (5.3.2)
b d(t)/d(S)> o0 o :
Notice that d(t)/d(S) < 0 ludlcates “‘delay decrease’ and Is the reglon to tlhé
left of the minimum delay polnts; also since the derlvative of minimum deAaym)i
zero l.e. d(t)/d(S)=0; and d(t)/d (S) > 0 shows *‘delay Increase’ and Is the

region to the right of the minimum delay. Our Interest here is on the last reglon.‘

Fig. 5.3.3 Is a plot of the ratio of derlvative varlation wlith respect to scallng

fac'tor. Thti ratlo of rate of change 1s great In the region of the minimum delay °

with the rest of curves belng almost constant. This gives the exact polnt of

minimum and the areas of the curve which are suitable for tradeoff. Subscribe

4 [y
t—-1 and ¢+ 1s the calculation step of S. The following 1s an example that shows
the percentage of speed traded out and optimal power traded 1n as a function of
channel width ratio 8, and with Cj,,4 = 10 pF and f = 10 MH2 as parameters

for a particular process.

>

B | Speed trades out | Power dissipation deducted

an

1 9.5% . 21.3%

2 10.2% . - 21.5%

3 10.65% . 21.4%
) 2

5.3.3 PD, AT and AT

%
We have discussed the optimization of the buffer behaviors when the

\

objectlve function Is propagat,lon delay, area, power dlsslpation. We are

Interested In the minlmizatlon of some combinations of the area, power pand

Y



*

At BRI A N SE 8 -
S R & Y .

o
P

e

| d(t)/ d(S) | 3 ” '

o

.

law/a®) |, L

A

T ﬂml',
teseveverere ﬂﬂlﬂ
.‘.._..._._.“ﬂg' 3

: -

.

‘¢ . ! N ’ '
Figure 5.3.3 Rétlo of Dertvative Varlation as o

. & Function of Scallng Factor



propagation ume for the CMOS buffer. Frequently, these objective functions are
expressed as AT, AT? and PD, l.e. the products of area-time, area and square.of

the time as well as power-delay. ¢

‘ -
v A useful and often-quoted figure of merlt for CMOS device Is the power-

delay product (PD), also the PD could be a most stralght forward case of .
P*1p*s whie k, and k, are 1. Where k; and k, are the dimenslons of th power
and delay—respect,lvely, The units of PD are (watts)(seconds) = Joules. Thus PD

may be lnterbreted as energy conspmed per logic declsion.

i

Fig. 5.'3.4 lllustrates objectlve functlons such as AT, AT? and PD as'a
functlon of scallng factor S for some deslgn parameters of /=3, f = 10 MHz,
Cload == 10 pF and Vpp =5 V. ‘As we see AT follows the same curve as the
area aflud thus 1t has minimum at oo. But the AT? has the mlr)llmlzatlon as
optimum scallng factor S, = 11.8. Well, as we know, that these results are
expressed as AT and AT? bounds are required to solve problems In the VLSI
domaln. In order to solve a certain problem, at least some minimum amount of
Informatlon must be shipped from one part of the circuit to anot,her,”ag else one
half of the chip ca}n be fooled Into thinking the Input to the other half was jong:
thing, when In fact it was %nother. Since shipping large amounts of data requlres
elther a—qlong tfme or @any parallei wires, w;ve can obtaln AT or AT? lo;vler
bounds In this way. These bounds are based on the requlrements f(;r Informatlon
flow within the chip. : , -

4
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CHAPTER 6

IMPLEMENTATION

6.1 Introduction o

In order to create a full custom layout of CMOS buffer at mask level, a
description langwage such as Caltech Intermediate Form‘— CIF flle is used.
Inltlally however deslgn specificatlon have to be supplied by-the userf These are
parameters such as the obJectlve functlon or the layout type or the loading

factor. The module generator‘uses the user speclfied data to arrlve at Its

e
)

. optimized bufler design, tlirough the algorithms that have been described In
previous chapters. The Implementation of these algorithms are enforced by the
module which contains a set of programs written In C. The program contal_ns
both the a) optimlzation algorithms and b) design rule. Hence output Is qptlmlzed

<

and correct with respect to both the functional specification and the design rules.
°

This’ module s composed of four manr\“ c'omporfents, these are a)
Performance optimlzation, b) Deslgn parameters calculation, c¢) Poly routling
configuratiaps classlficatlon and d) Layout generation. The flowchart glven In Fig.

" 8.1.1 'descrlbes the baslc operation of thls module. In the followlng description we

lelf attempt to descrlbe the program operation In conjunctlon with Its

;

Implementation and reference to the theoretical results. i
’ ; ‘ ™

v /
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(loading capacitance 1)

. J,Tnvalld input warnlng—l

toset N =2

e [optimlza&lon constralnts]

@z@\

~{ invalid input warnlngJ

[ Poly routing type | . ’

4

| .
@allel ?) (star cross ?)

+*

Jﬁnvalld input warmngJ

r output flle s!electlm

‘(criLw) ' CRiED)

{ invalid Input warning |

-———-—————-[ﬂle name detective ]

I layout generation |

. nFlgure 6.1.1 Dlagram of Basic Operation

L)




(1]

[2]
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" performance parameter.
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The user 1s prompted to declde whether a conventional CMOS buffer or an
output p.ad Is requlred. If an output pad hds been chosen, a two-stage
Inverter buffer Is selected. In this case, the number of Inverter stages, NV, Is

set to 2, and no further optimization is performed.

.

Deslgn parameters Input: .
. .

‘ : @ )
a. As a second lt,e;n, the program expects a loading capacltg)r as an lnput
data. The value typed should be In pF. ( no units to be typed ). The

format 1s free.

b. The user Is then prompted for the microns per lambda,( here 2.5 should
be typed for a 6 micron process ). It must be however emphaslzed here
that the deslgn rules used In the program are those of CMOS-1B NT
and any attempt to wuse other teclinologles requires further

gnchanpement of the program to Include other technology flles.

¢. The third design parameter Input frompted rox" 1s the channel width

l

ratio G.

‘The program automaticély checks to see If the speclﬂed fan-out I1s above a
threshold (/1n this program the-fan-out threshold, Y = Cj,,y /C,,, Is set to

5 ). If 1t Is not then warnlng Is glven otherwlse the optimization continues.

3
b

Optimization performance: The user Is prompted to Input the objectiv

H v

functlons as ‘‘speed’’, ‘‘power’ and ‘‘area’. Then the algorithms that are

. descrlbed previously Invoked to produce the corresponding optimized

= ~

.

Poly routing type. selectlon: Currently, we provide three typés of Poly

routing structures, they are In traditional zlgzag, parallel and star cross

types.

\
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{8] Output file format selection: The fAinal iayout. mask symbolic descriptionlsin . -
v ®

CIF format, but an attached KIC format Is created as an optlon, which 1s

sultable for viewlng on the graphical screen\spwmch run KIC2,

6.2 Performance Optimization
n

a

The performance optlmizer 1s a program module which trades off speed,
power and area to meet user's requirement and affects the slze of the‘l'bun‘er cell

only. The buffer Is u\sually g chaln of Inverters, with each buffer driving a larger .

succeeding Inverter. The relation of the number of Inverter stage and the size of
each stage is the function of the performance optimizer, which trades off between

various objective functlons using previously defined algorithm to arrlve at its

resuit.
7

. 4
To lmprove speed, or meet a speclfied speed, the buffer is designed to give )

greatest speel increase along with feasible lose of power or area consumption. In
“ 3 4
this case the number of inverter stages are high, thus contributing to large area -
a . R . ”

and large power consumptlon. "1;1:?15 a relation between speed and area or

" power, and scaling factor and numpér.of Inverter stages. . . |

»
[}

The following show the two algorithms for speed and power optimization

respectively.

Optimum Speed A]gorithm '

9 - ) . * ' : ‘ , 3 .
Set optimum_stage =/In ( Y.? /1n(3.37); - ) |
Let r = oplimum_stage ; ' )
Compute delay with r and ;+i stages; ’ o -
expression_1=r (YV" )+ 91’;1 + 92’;2 + 937 ) |

" ezpression_2=(r +1)(Y “/( PHD) L g mt 9+ 9% )

LI



For Instance, If a 15 pF capacltance loading 13 needed to be driven and we let

Select N for minimum delay.

L4

Optimum Power Algorithm *

Do loop scaling = scallng + 11fcrement :
to compute derlvative of delay and
compare the differences of the ratlo
of derlvatlve to meet t;‘adeon’.

Let optimum_stage =1In(Y )/In (scalingj ;

Set r == optimum_stage ‘;/

Set Ni =r..

»

Optimum area Is a simllar algorithm to power. \ ..

8.3 Design Parameters Calculation

y
’

In the above section we gave an algoriﬂ:m to obtaln the optimum number of

Inverter stages N. Next we recomputer scaling factor S with N as an Integer.

g=3. Then let sf)eed be the optlmum function accordingly optlmum scaling
factor S, = 3.37. This value Is then used to determine the optimum number of
Inverter stages N, = !n(Y)/ln"(So)=4.77, but the N, must be a Integer

ﬁumber of r,as a i'esult r = 5 Is chosen. Now S 1s needed to.be readjusted by

S = YN For turther calculatlon we applylng equation (5.2.8) =

Cload

nl SN—: +1qox Lm'(61 + 62/3)

A}

which gives the values of N-channel width of each inverter as follows

\ T~ .
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Stage's number l 1 2 3 4 5

N : o

W,,(pm)~|5 16 49 152 474

Yo

6.4 Physical Layout Consideration -
& . ¢ . ’ s
Baslcally, we have three type of layout configurations. Poly routing lh .
' . - -
1. Zighag
2. Parallel , ' __—

3. Star cross

. <

.. Running polysllicon In zlgzag ls a tradltlonal te¢hnlque for long polysliicon

e

. running. Alternatively, a parallel connectlon style may be used to strap

\

“polysllicon to reduce delays due to long poly runs particularly for the big value ot

channel width, the Source and draln reglons are stitched wlth the contacts and

A

. meta.l to reduce source-draln reslstance. A further reductlon in draln capacltance

J.p
Is achleved by using the star cross connectlon. In,mask, the source and the draln

reglons would be one contlnuous area with no’corner’gaps to lncrease gain’ and

reduce per}pheral capacitance ( due to the draln diffusion area 2hares 'vth
d

contact ). Filg. 631 (a) and (b) 1llustrate the symbolic.layout in color. (a)

represents a 4-stage Inverter buffer In ‘ZIgzag configuration with respect to f = 3,

(b) I1s a 7-stage Inverter buffer with large cax;acltlve‘load to drive. The parallel

' conﬁgmatlgn buffer Is represented in Fig. 8.3.2 with respéct t6 # = 3 and 7-stage

- -
~ < .

. inverter. Fig. 6.3.3 shows the star crbss conﬁgurwn buffer with reipect to f = 1

and 1-stage Inverter.

. . - \
\__Tzhe colors of the plot are ¢sgresponding’as following:

. A



(2)

A 4-stage Inverter Buffer Layout -\
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Figure 6.3.2 A 7-stage CMOS Inverter Buffer Layout

in Parallel Configuration
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A Lambda-rbased CMOS-IB process layout rules s, used for our layout

o

generator The process and rules description are ldentlcal to those contalned ln

CMC publicatlon GICIS verslon 3:0 1ssued on January 1987 [33]. ‘

The layout generatlon 1s done by a set of sort,ware modules The sequence 18

shown as followlng: = - .

inverter
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-

/r

This sequence shows that a primary module ' is used to create the PMOS and

' JNMOS translstors for dlﬂerent conﬂg atlons as requlred A secondary module ls

used to assemble place and rout the sgrlp MOS and NMOS transistors to' rorm

*

an lnverter and t,he modules are called repeatedlx depending on the numbgr of

lnvener stages In the buffer. The last module assembles the buffer by place and

. ' ,' rout the strip Inverters to create the final buffers. ,

~

As‘ail example, we lilustrate the ajgorithm used to create a barallel Poly

routing.

+

Parallel P olﬁRouting Algorithm

T

J

P-channel t.ranslstor;‘

\

Step 1:
Step 2:

Step 3:

Step 4:

Step 6:

- threshold = a * iaeta * helght;;

_Calculﬁe the averaged helght of Poly in Integer form calculated as
helght = ( Int ) ( 100 * total_wldth ) /n;

Set thrgshold helghtifor P-channel transistor calculated as -

Set the minimum helght of Poly uslng glven deslgn rules,

Calculate the number of vertical Polys using deslgn rules and step 3;

PR e i TR I

" Calculate Poly positions starting with initial placement.

The other conflgurations are simllar to the above algorithm and the detalled R

.

programs are Vglven In appendix D. : b

L ’
N »
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. CHAPTER 7
/
CONCLUSION AND Fl/J’TURE WORK

* . R »

4 -

‘u

This thesls contalned two parts:

1. CMOS performance analysls '

2. Implementation of the modulé generator for ‘buffers.

delay to a ramp Input signal, power disslpation and ared conslderation. These

models were formallzed In an afialytical expressions taking the layout parameters
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-APPENDIX A

-

Table A-1 °

SPICE Version 2G6é Northern Telecom CMOS-1B Transistor Model Parameters

» 7

¢ &

* P-channe]

Symbol Name Parameter Unit N-channel
‘LEVEL Model index . 2 2
Vro VTO Zero-blas thréshold voltage - |4 -0.900 0.900-
¥ KP Transconductance parameter A/V? 9.76E-06  3.06E-05
v GAMMA  Bulk threshold parameter 1k 0.634 1,502
2| ®r | PHI Surface potentlal \4 0.612 0095
A "LAMBDA  Channel-length modulation /v 3.00E-02 . 1.00E-02
T4 RD Drain ohmic resistance 0 2.00E+00 _2’.00E+00
?, RS Source ohmic resistance 0 2.00E+4+00 2.00E+00
Ciu CBD Zero-blas B-D junction capacitance F 2.00E-14  2.00E-14
Cy, ' CBS Zero-bias B-S junction capacitance F 2?00314 2.00E-14
A IS Bulk junction saturation current LA > 1.00E-14 1.00E-14
o, PR’ Bulk junction potential | 4 0.700 0.700
CGSO Gate-source overiap capacitance '
per meter channel width F/m 2.44E-10  2.84E-10
CGDO Gate-draln overlap capacitance
per meter channel width F/m 2.44E10  2.84E-10
CGBO Gate-bulk ovm-lap| capacitance
per meter channél length F/m 2.00E°12  2.00B-12
RSH Drain and source diffusion .
sheet resistance . - 7.50E+0344 1,60E-+01
C,, cl Zero-blas bulk Junction bottom cap. ' :
. per square meter of Junction ares F/m? 1.54E-04  8.41E-04
M MI Bulk Junction bottom grading coef. - 0.5b0 0.500
CJsw Zero-blas bulk junction sidewail cap. .
per meter of junction perimeter F/m 4.37E-10 * 1.00E-00 . {
M MJISW  Bulk junction sidewall grading coef. 0.500 0500 .
! s Bulk Junction spturationcurrent ,

. per square meter of junction area A/ m? 4.10E-10 , 1.37E-05
b0 TOX Oxide thickness ’ m - . 8.50E-08 8.50E-08
NiorNp  NsuB Subtrate doping 1/em® 1.08E+16 - 0.02E+16

TPG "~ Surfpce state density lfo;m’ 1.000 1.000
X, XJ 7" Metallurglcal Junction depth ;t m 9.00E-07  1.00E-00
LD LD Lateral diffusion m 0.00E-07  7.00E-07
H uo “ Surface mobility cm"‘/' V-&8  240E4+02 7.50E402
UCRIT Critical field for mobllity 0
. - degradation V/em 8.44E4+04 1.Z3E+05
' UEXP Critical field exponent-in )
' mobllity degradation 0.130 ' 0.022
) VMAX  Maximum drift velocity of carriers  m /s 7.38E+04  4.02E+05
xqc Thin-oxide capacitance model flag o . .,
- . and coeflicient of channel charge ©

. share awtributed to draln " 0.400 0.400 .

\ .
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i ’ . . °  Table A2 _ ° - yal!
" élndgpendenp Process Coﬁs&t;aﬁt.s o 4
< 6, 6, 6, A b5 N Y|
. IS SR SUNUN S T—— N A S— ’
- 1.280 -.0448 ] 0401 ] 1.000{{ 0.441 | 0558 | 0.558 | ‘Q.113
v > » ” . . . . . 7 . ‘:
. . ’ ) , o - X . . .
I Co A ‘Table A-3 T v
) . @ v
’ . T ) B Dependent Process-Constants , ’ s i ‘&,’f
° e b £y - ;. . .
v_ A ’ . -
‘ » A ﬂ gl - N
e
= 1 0.574 . :
. -2 || 0.504 | -O. 2:304] 0.118
’ . . 3[l"0.460 | 0.441] 0.280] 2.400] 0.111] 0.082] ‘
) . N - . : ,!" . ’ "
' - - . c i
o | Thable ‘A-4 .
S o ® : ' ) ) . < -
- - . . . Unitrdelay 7, by varylng 3 o+ . o -
“ ! * . ' ¢ e =
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& %able A-5°

Input & Output Capacltances of a Single CMOS Inverter by Varying g

L]
0

, : o -
Q B | Gy WF)| Cou (pF)
: —_— =
. 1.0 | 0.0258 0.0224
1.1 0.0268 0,0228
1.2 0.0281 « - 0.0232
{113 0.0204 0.0236
1.4 0.0308 ‘0.0241° °
_ 1.5 0.0319 0.0245
, 1.8 0.0331 0.0249
i -y 1.7 0.0344 0.0253
' 1.8 0.0356 0.0258
1.0 0.0369 0.0262
2.0 0.0382 0.0266
2.1 0.0394 0.0271
) 2.2 0.0407 0.0275
2.3 0.0419 0.0279
2.4 0.0432 0.0283
2.5 | ** '0.0445 0.0288
. 4.8 0.0457 0.0292
; 2.7 0.0470 0.0296
2.8 0.0482 0.0300
2.9 0.0495 0.0305
' ' 3.0 0.0507 0.0309
a < .
N -
Ve n &
. o~ b
5 ! . . >
’/ N - R [
P LS .

V4

4
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. APPENDIX B
The gate oxlde capacitance C,, per unit area for both of'N- and P-channel

transistors I1s defined by

-

~ | Cop = == (B1)

Y

.\ where ¢,, =3.5¢~11 F./m and {,, = 8.56¢-8 m are the permittivity and

thickness of the gate dlelectrlc and C,, = 4.06¢—4 F /m?2

. The devlce transconductance parameter Ky for N-channel transistor 18
deflned bir
¢ Wn _
° K N = —L'ﬁ— Caz By (B'2)
y 'n

\

-

4

For a 5um milnl-size Inverter W, == L, == 5 um-', surface mobllity of N-channel

. ‘ transistor 4, == 750 tcm?/V -s and typlcal value of Ky = 3.045¢ -5 A /V?
? o . : ,
. ‘7—.2<bohl ' Al. M B
Keq = 7—7— (®, - V,) = (®, -V)) (B-3).
2 1 . 3

N ” .

Note that voltage applled to the Juncton s V, = —(Vo; - Vpp) In the low state
and V., = —~(Vog - Vpp) In the high state. Vgg Is the (zero or, negative)

bodybias voltage applled to the body with respect’ to the source. of Inverter

3 £ - 4.. ‘
transistors. .M is the grading coefficlent of bulk junctlon bottom and sidewsall, By

convention, voltages applled to junctions are deflned as positive for forward blas

and negatl've for reverse blas. On the assumption that VOL =0, ‘(oy = VDD.

2

. ®, =07 V,M =1/2, Vgg =0V, this glves K,, = 0.52.

-
-

v i

< - . " %
‘
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APPENDIX C ‘ .

’ - SIPCE Programs . ' .

Ke
N

. Input Loading Affects Propagation Delay ( Fig. 2.3.4 )
Y ¢
. C ¥ . L ]

.model enp pmos(level=2 vto==-0.900 kp==9.75e-08 gamma=—0,634 phl=6.612
lambda==3.00¢<02 rd==2.00e+00 rs==2.00e+00.cbd==2.00e-14
. cbs==2.00¢e-14 is=1.00e-14 pb==0.700 cgso=—2.44e-10
‘ cgdo==2.44¢-10 cgbo=2.00e-12 rsh==75.000 cj—1.54e-04 — -
mj==0.500 cjsw=4.37e-10 mjsw=0.500 js=—4.19e-10 tox=—8.50e-08 -
nsub==1.98¢+15 tpg==1.000 XJ==9.00e-07 1d=6.00e-07 u0=240.000
. ucrit==6.44¢+04 uexp==0.139 vmax="7.33e+04 xqc=0.400)
model enn nmos(level=2 V10==0.000 kp==3.06¢-05 gamma==1.692 phi=—0.695
lambda=1.00¢-02 rd==2.00¢+00 rs==2.00e+00 cbd=2.00e-14
’ cbs==2.00¢-14 1s=1.00¢-14 pb=0.700 cgso=2.84e-10
cgdo==2.84e-10 cgbo=—=2.00e-12 rsh=15.000 cj=3.44e-04
mj==0.600 cjsw==1.09¢-00 mjsw=0.5600 js=1.37e-05 tox==8.50e-08
nsub==9.92e+15 tpg=1.000 x§==1.00e-08 1d=7.00e-07 uo==750.000
ucrite=1. 23¢4-06 uexp==0.022 vmax==4, 92e+05 Xqc==0.400)
* invert input 2, output 3, vdd1l .
. .subckt inv 231
mlu 3 211 enp w==15u l=5u ad=75p as=75p pd=40u ps=—40u .
mip 3 2 0 0 end w=>5u l=5u ad==25p ds= 25p pd=20u ps—20u ",
.ends inv
* {nput 2, outputl 3, output2 4, vdd 1 L A
.subckt load1 2341 4
x0 231 inv — ' '
x1 341 inv
X2451 inv
cloadl 5 0 0.1pf -
.ends load1 ) ' . :
* {nput 1, outputl 3, out,out.z 4, ydd 1, for all follows '
.subckt load22341 . ( ,
x0231inv ‘ ) ' ' v
x1 841 inv - . ‘ ) , _
‘ x2°8 51 Inv ' ’ '
x3461inv
cloadl 5 0 0.1pf .
cload3 6 0 0.1pf . T ] -
.ends load3 . " . . s .
. .subckt loads 2 8 4 1 o , o
xQ 2 81 inv . ’
X1 841inv . ° . -
x2 881 inv '
x33861inv ‘
X4 471 inv ’ . ' T e
’ cloadl's 0 0.1pf T - . . . vo- .
: cload2 B Q 0.1pf : . . -,

+4+++++

+4+++++;

3 A




cload3 7 0 0.1pf
.ends load3 ’
.subckt load423 41 °
. & x0231inv’ ’
t x1341inv
x2351 inv
x3361 {nv
'x43711inv
x5 481 inv
cloadl 5 0 0.1pf
load?2 6 0 0.1pf
“¢load3 7 0 0.1pf
Apf

x3361 inv
x4 371 inv
o x6 3 8 1'inv .
X6 4 971 fpv BT
cloadl 5 0 0.1pf
. cload2 6 0 0.1pf
cload3 7 0 0.1pf
y . cload4 8 0 0.1pf
) cload5 9 0 0.1pf * .
.ends loadb ’
.subckt load6 23 4 1
x0 2 31 inv
x1341inv
x23511nv
x3 3 6.1 inv
x4371inv
x5 381 inv
x63 91 inv:
x7 4101 inv
" cloadl § 0 0.1pf
cload?2 6 0 0.1pf
cload3 7 0 0,1pf
c!oad&_s 0 0.1pf -
cloads 9 0 0.1pf
clodds 1Q 0 0.1pf
' .ends.loadé
.subckt load7 2341
x0231inv
: x1341 inv
. ’ s “x2851inv
' x3 3 6 1'inv
v - x43711nv
x5 3,81 inv
- x6 3.9 Finv
S X7 3101 jnv
x84 11 1 fnv

i

: - : .
_—

55% 4"1"7"'; R
~
-
)



cloadl § 0 0.1pt *
cload2 8 0 G.1pf
cload3 7 0 0.1pf
cload4 8 0 0.1pf
cload5 9 0 0.1pf
cloads 10 0 0.1pf
cload? 11 0 0.1pf
.ends load?

.subckt loads 2 3 4 1

X0 2 3 1.inv
x13 41inv
x2 381 inv
x3 361 inv
x4 371 inv

 x5381inv

x6 3 01 inv

X7 310 1 inv

x8 3111 inv

x0 4 121 {nV
cloadl 5 0 0.1pf
cload2 6 0 0.1pf
cloada 7 0 0.1pf
cload4 8 0 0.1pf
cloads:9 0 0.1pf
cloads 10 0 0.1pf
cload? 11 0 0.1pf
cloads 12 0 0.1pf
.ends loads

.subckt loado 2341 .

x02 31 inv
X1 341 inv
X235 1 lnv
x3361inv
x4371inv
x5381inv
X6 301 inv
X7 8101 inv
x8 3 111 inv
X9 3 121 inv
x10 4 18 1 inv

cloadl 50 0.1pf

cloads 6 0 0.1pf
cloads 7 0 0.1pf
cload4 8 0 0.1pf
cloads 0 0 0.1pf
cload6 10 0 0.1pf
cload? 11 0 0.1pf
cloads 13 olo.x.pr

cload9 13 0 0.1pf |

.ends load9

. .subckt !oadlo 2341
x0231inv

xX1341inv
X238 351inv

- 97
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T

., X3361inv
X4371inv
x5381inv
x6391inv
X7 3101 inv
x8 3 11 1 inv
x93 121 inv
X103 13 1 inv
X111 4 141 inv
cload1 5 0 0.1pf
cload2 6 0 0.1pf
cload3 7 0 0.1pf
cload4 8 0 0.1pf
cload5 9 0 0.1pf
cloadé 10 0 0.1pf
cload7 11 0 0.1pf
cloads 12 0 0.1pf
¢loado 13 0 0.1pf
cload10 14 0 0.1pf
.ends loadl10

"% call subeircuits
X0 2 3 41 load1
x12561load2 .
x3 2781 load3
x4 2 0 10 1 load4

x5 211121 loads -

X6 2 13 14 1 loads
X7 2 15 16 1 load?
X8 2 17 18 1 loads
X9 2 19 20 1 load9

x10 2 21 22 1 load10

vdd 1 0 dec 5v

vin 2 0 pulse (0 § Ons Ons Ons 20ns 40ns)

98 ~-

: .options abstol=1.e:12 vntol=1.e-12" llmpu-—aooo

.tran 0.01ns 20ns

.plot tran v(2) v(3) v(4) v(5) v(6) v(7) v(8) (0, 5)
.plot tran v(2) v(9) v(10) v(11) v(12) v(13) v(14) (0,5)

.plot tran v(2) v(15) v(18) v(17) v(18) v(10) v(20) {0,5)

.end
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1

*  Output Loading Affects Porpagation Delay ( Fig. 2.3.8 )

a

]

.model enp pmos(lével=2 Vto==-0.§00 kp=9.75¢-06 gamma=0.634 phi=0.612
lambda==3.00e-02 rd==2,00e+00 rs=2.00e+00 cbd=2.00e-14
cbs=2.00¢:14 Is==1.00e-14 pb=0.700 cgso=20.44e-10
¢gdo==2.44e-10 cgbo=2.00e-12 rsh=75.000 cj=1.54e—04
mj==0.500 cjsw=—4.37¢-10 mjsw=0.500 js—4. 19e-10 tox=8 50e-08

, nsub=1/.98e+15 tpg==1.000 Xj==0,00¢-07 1d=8. 00&-07 u0==240,000
ucrit==6.44e+04 uexp=0.139 vmax="7.33e+04 xqc==0.400)

.mode] enn nmos(level=2 vto==0.900 kp==3.05e-05 gamma=1.662 phi=0.895
lambda==1.00e-02 rd==2.00e-+00 rs=2.00e+00 chd==2.00e-14
cbs==2.00e-14 {8==1.00e-14 pb=0.700 cgso=—2.84e-10
cgdo==2,84e-10 cgbo=2.00¢-12 rsh=15.000 cj—=3.44¢-04
mj==0.600 cjsw=1,09e-090 mjsw==0.600 Jjs—1.37¢-06 tox=8.50e-08"

« nsub==9.92¢+16 tpg==1.000 Xxj==1,00€-06 1d==7.00¢-07 uo==750.000

" ucrit==1.23¢+05 uexp==0.022 vmax=4.92e+05 xqc="0.400)

* invert input 2, output 3, vdd 1 .

.subckt inv 23 1 .

mlu 3 2 11 enp w=15u l==5u ad==75p a8==75p pd==40u ps==40u_

mip 3 2 0 0 enn w="51i |=>5u ad==26p as=25p pd=20u' ps=20u

.ends inv

* {input 3, output 4, vdd 1

.subckt load1 341 _

X1 341 inv

X2451 Inv ’

cload1l 5 0 0.1pf

.ends loadl v ‘ j

» Input 8, outout 4, vdd 1, for all follows '

.subckt load23 41 .

X1 341 inv

x2351 inv

x3 461 inv \

cloadl 5 0 0.1pf ' ) - i

cload3 6 0 0.1pf . . ‘ \

.ends load2 - \

subckt load3 3 4 1 - |

x1341 inv oo \

X2351 inv . . i

x3361inv. .

x4 471 inv

cload1 5 0 0.1pf K - \

cload2 6 0 0.1pt r ,/ A

cloads 7 0 0.1pf ™ / ‘

..ends load3

.subckt load4 841 /

x13841inv ) ‘ / ,

x2 881 inv ' ’ A .

x3861 inv o ' /

x4 371 inv _— / -

x5 481 inv . o/

cloadl 5 0 0.1pf o o —

cload2 6 0 0.1pf ’ / '

++++++

+++++ 4

o
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cload3 7 0 0.1pf  / . -

cload4 8 0 0.1pf }

.ends load4
.subckt loads 3 4.1
x1341inv -~
x2351inv . .
x3361inv , -
x4371inv.
x5 3881 inv
x6491 l/mr
cloadl 5 00.1pf
"cload2 8 0 0.1pf
. cload3 7 0°0.1pf
cload4 8 0 0.1pf .
cloads 0 0 0.1pf '
rends loads ‘
\ ,subdt l0ade 3 4 1
x1341inv
* / x23511inv.
. %3361V -,
; x4 371 inv
/ x6 381 inv =
roe x6391inv
/ - X7 4101 inv . ‘
/ cloadl 5 0 0.1pf ‘
/ cload2 6 0 0.1pf -
cload3 7 0 0.1pt v
cload4 8 0 0.1pf
cload5 9 0 0.1pf .
* cload6 10 0 0.1pf ) '
.ends loadé
.subckt load7 3 4 1
Xx1341inv
x2351 inv
\ " x3361inv
’ X4 371 1nv .
x5 381 inv
x6 391 inv
X7 3 10 1 inv
T x84111 inv
cloadl 5 0 0.1pf
¢load2 8 0 0.1pf
“ cload3 7 0 0.1pf. ,
’ ! cload4 8 0 0.1pf '
" cload5 ¢ 0 0.1pf
cloads 10 0 0.1pf
¢load? 11 0 0.1pf N ' I
.ends load?7 c
-.subckt load8 3 4 1
x1 3 41 fnv RN
x2361inv
x3361 inv
x4371inv
x63 81 {nv ' .

'S . - o

L



x63¢91inv

‘x7 3101 inv
-Xx8 311 1 inv
x9 412 1 inv
¢loadl 5 0 0.1pf
cload? 6 0 0.1pf
cload3 7 0 0.1pt

. cload4 8 0 0.1pf

cloadb 9 0 0.1pf
cloadé 10 0 0.}pf,
cload7 11 0 0.1pf
cloads 12 0 0.1pf
.ends loads
.subckt loade 3 4 1
x1341inv
x2351inv

x3 8 6 1 Inv-

X4 371 inv
x6381inv

x6 301 Inv

X7 310 1 inv
x83111 inv
x93 121 inv
x104 13 1 inv
¢loadl 5 0 0.1pf
clgﬁQ 8 0 0.1pf
cload3 7 0 0.1pf
cload4 8 0 0.1pf.

.cload5 9 0 0.1pf

cloads 10 0 O.1pf
tload7 11 0 0.1pf
cloads 13 0 0.1pf
cloado 18 0 0.1pf
.ends loado

.subekt 10ad10 3 4 1

X1341inv
X2351 v
x33611

X4 371 inv
x5 381 inv
x6 391 inv
X7 3101 inv
X8 3111 inv
X03121 inv
X108 138 1 inv
x11 4 14 1 inv
¢loadl 5 0 0.1pf

_cload2 6 0 0.1pf

cload3 7 0 0.1pf
¢cload4 8 0 0.1pf
-cloads © 0 0.1pf
cloads 10 0 0.1pf
cload? 11 0 0.1pf
cloads 13 0 0.1pf '

i

o
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¢cloado 13 0 0.1pf \
cloadl0 14 0 0.1pf 1
.ends load10 \
* call subcircults 1
" x0 3 41 loadl '
X1 8 6 1 load2 ‘
x3 3 8 1 loads ‘
x4 3 10 1 load4 . *
x5 3 12 1 load5s ,
X6 3 14 1 load¢
X7 3 16 1 load7? -

T\ X8 3 18 1 loads

9 3 20 1 loado

/Zio 322 1 load10
vdd 1 0 dc 5v o
vin 3 0 pulse (0 5 Ons Ons Ons 20ns 40ns) .
.options abstol=1.e-12 vntol==1.e-12 limpts=3000
.tran 0.01ns 26ns :
.plot tran v(3) v(4) v(5) v(8) v(8) v(10) v(14) v(18) (0,5)
“plot tran v(3) v(18) v(20) (0,5) .

© .end

J “

<
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. APPENDIX D ‘
. )
Implementation Package

.

/% This a main program of layout generator.
tigzag, pal, star, fun, funo, pmos, nmos, ldczen, cifgen will be called »/
¥include <sgtty.h> -
¥include <strings.h>
' finclude <stdio.h>
#include <math.h> 4 - -
FILE *fp, *fopen(); . . - = )

mgn()
{

int height;

FILE sptr, sfopen();’ ’ /
; .

int axis2m=0; -~ —
int i, n, t, s, Wn; - “- .
int in, per;

char n/ame[zo], namel[20], namez[zol; ¢a, ch, type, key, ret, yes;

float beta, Y, fr, wnl, wn2, total_width, thre, tau0, delay1, delay2; ~ ", .-
float an==0.2, ap==0.2, a, bn=0.149, bp=0.149, b, kn, cload, cgn, cg, se;
float dt1, dt2, dt3, dt4, dt, scale==3.37;

float deltal, delta2, deltad, delta4, delta5;

float

float
float f

ammal, gamma2, gamma3; N
1, g2, g3;
, lambda, optimum_stage, expression, expressionl, expression2;

rd

/% spice parameters &/
float CGDONn=2.84e-10, CGSOn==2.84e-10, CIn=3.44¢-4, CISWn=1.09¢-9;
float CGDOp=2.44e-10, CGSOp==2.44e-10, CJp=1.54¢e-4, CISWp=4.37¢-10;
float cox=4.06e-4, un=760, up=240, LDn=7¢-7, LDp=6e-7; _ '
, - float keq=0.52; [* for PB=0.7v, MJ=MJCW=0.5 */

/% set screen »/ ‘ -

system ("clear”); .

printf(”
+ printf(®
printf(”
printt(*

printf(* .

printf(”
printf(”
printf(”
prinef(”
printf("
printf(”
prinef(®

% B % B B B N B X B »

{0

#*#‘t‘#ttt*t#%tlﬂl****IHHF*#*##**#******ttt*t***tt##t!**t*#*#**t**#\n");

“\n");
’ “\n");
: “e\n”);,
CMOS-1B BUFFER GENERATOR s W\nm);
IN MULTI-CONFIGURATION t\n"); )
: : T s\at); .
version 1.1 *\n");
s . t\n");
_ *\n"); .
[ . ,.,\nv-); N

+\n");
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printf(* + Written by Y. Zhu - w\n");
printf(" = , Electrical and Computer Départment *\n");
printf(® » Concordia University *\n");
©~  prntf(" « 4 ' May, 1987 - *\n")
" printf(*, * *\n"); .
7 printf(" %, “e\n");

' printf(> + “\n"); .
e85 ¢ L L T T T T T B TR AT DAY TR LT RE L LT TAN
prlnt.f("\n"); o

- pelnef(” hit return key to continue ..\n");
Ecﬁ'f(”%c , &key), . .
1 %‘ JL ' / i
sfseem’ ("clear); o :

/* refresh(); */
printf("\nDo you want to generate a drNer as an output PAD-? (y/n)\n");
scanf("%c", &yes)

' print.!f" \nLo&d capacitance (default unit pf) =1");
scanf("%", &cload);

print{(" \nMicrons per lambda ?"); v
scanf(" %", &lambda); \

printf(* \nChoose the ratio of channel width of p- and n-transistor \n");
printf("and the same length ror both transistors are assumed. \n?"
y . scanf("%f", &beta); :

l==2e-6¢lambda; /* m */
‘wnl==2e-6xlambda; /* m %/ 4
kn=:cox*750e-4%(wn1/1);
cgn=wnlslkcox; /* F %/ .
deltal=1+2*LDn/l; .
delta2=}-+2+LDp/];

delta3=CJp/ClJhn;
delta4=CJISWp/CISWn; o

déltab=delta4; ,
gammal=(keq*CJn)/cox; .

gamma2=2+(keq+CISWn)/(cox*1);

gammad==gamma2;

g1=(1-+delta3d=beta)/(deltali-delta2+beta);
g2==(1+delta4xbeta)/(deltal+delta2sbeta);
g3==(1+delta5)/(deltal-delta2*beta);

<f-

a=(an+ap*un/(betasup))/2; . : : .
==(bp+bn*un/(betasup))/2; . .

cg==cgn*(deltal+delta2«beta); /+ F %/
tau0=(cg/kn)#*(a-+b);
Y==Le-12¢cload/cg; . -

if (Y<50) *

N ..
{ 5 .
N ©
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N
printf("\nThe fan-out of buffer is ess than 5 \n"); )
exit(0); . e ' .

} ) | ~ . 0 . ‘ - 5

If (yes=="y")

*

N=x2; . ' . '
printf("\nThis CMOS PAD has 2 stages.\n");

-
(4

else ‘ ]
{ o ‘ :
print{("\nSelect a letter from following to optimize your buffer”);
print{("in speed, power or area\n");

printf("\ns _-speed\n");
printf("p - power\n");
print{("a - area\n"); | .
letter_detectivel: . . . ™~
scanf("%c¢", &ch); f * | ;
" ch==getchar(); ' )

If ( ch=m='s" )’
goto speed_optimum;
else if (ch 'p' || che=="3")
goto power_area_optimum; .
.else ' s T g
print{(* \nThe Input letter is invalid ! try agaln.\n" )
goto letter_ detectivel

}

speed_optimum:
optimum_stage == log('Y)/log(scale); . v
r == (int) optimum_stage;
fr == ( flcat ) S '
expresslon1==rt(pow(Y 1/fr)+zlt¢amma1+gzt¢amm32+23#gamma3)
exprmlon2===(r+l)t(pow(Y 1/(rr+1))+g1*gammal+gztgammwﬂugammas)
if ( expressionl < expression2) ©
N==r; '
else
n=r+l;
goto type_select;

power_area_optimum: .-
dt.a-(scale+¢1tzammal+g2tzammaz+g3tgammas)/(scaleﬂog(scale)tlog(scale))
dt2 == (le-12=cload*log(Y) t(a+b)w(l/lox(scale)—dtz))/(Ytkn) L
dtl = dt3; .
“dt4 = dt3/de1; " ) -

loop_1: : R ) : '
scale = scale + 001 ; ) "
dtl e ded ;
dt8 == dt4 ;

dta—(scale-i-zl*zammal+z2#zamma2+g3tzammas)/(scaletlog(scale)tlog(scale)) :

kdtz e (le-l2tcload*lO¢(Y)'(a+b)*(I/IOK(SC&le)-dm))/(Ytkn)

¥ (\ I
, . ® L,

03
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u(.&zz-<=0) ’ e /

goto loop_1; . ) . /

else .
- 3 - . . -

" dt4 =, dt2/dtl ;

dt == dt3 - dr4 ; - '
it(dt<o) . : . .
dt = (-1) = d ; ) : v
U(;it>15 . ’ v :
. ¥ «%) , &

goto loop_1;

o;;t,lmum ,:st,age ¥ log(Y)/log(scale) ;
r = (int) optimum_stage ;

n=r,; , .
} N b B
. p .
type &elect L '

printf(” \nSelecs. the layout configuration of poly rouung from following\n"});
prin f("\nz ' - zigzag\n™); , .
printf™ p - parallel\n"); -
printf(*s _ . - star cross\n");
[ - )
“letter_detectives:
scanf(" %", &type); .
- t,ype-—getchar(), : ° . e
if (type!="z" && typc;!—— p’ && type'— 's') '
A
_printf(” The input lettey is invalld ! try again.\n");
- goto letter_detectived; - v
} ) | ' . . o
printf(” \nSelect your output me\from fellowing\n");  ~ A
printf(" \n¢ - cif fle\n"); :
printf("k - kic file\n");
printf("b - - both of cif and kic file\n"); -
£ . L}

labell: . ‘ ) '
scanf(*%c”, &ch); . ) .
- ch=getchar();
if (ch!=="c’ &£& cht="k’ && chi="b’") k . -
:(print.r("'rhq fnput letter is invalid L try again'\n");" '
goto labell; . .

o : , . :

& N N A

I (ch==p) -

e yrintr(" \nThe output clt file name *\n" ) A " .
sca.nf("%a" namezl); o o
printf(*\nThe output kic file pame \n"~); B

. N ~
label2: E - '
_~ scanf(”%s", name2); o .

¥

&



it (strcmp(namei, namgz) 0) - ' . - .

. ° printf("\nKic file name Is same as cif file ! rename it please.\n"); @
goto label2; : ) : ‘

. . else
. { .
printf(" Output file name ),
scanf(” %s", name); . . < "
~ . ptintf(” \nRunlng \n ) ‘ ¢
. i printf(Ze\nThis CMOS driver has %a st,ages \n , n )
i se=lof (Y)/n; - g
$ ! scale==exp(se); /+ readjust scaling racwr */ :
a8 N s==(int) 10Q*lambda; ) o
ptr==fopen(~data”, "a"); P
for (1=1; {<n; 1++) \
A X : :
- wn2=1e-8«cload/(pow(scale, ((floaf) n-i{+1))*coxsl*(deltal+delta2+beta)); /* um */
v wne=(int) 100*wn2; oo ‘
o total_width==total_width + wn2; . . . <
” . fprintf(ptr, "%d ", wn); . ,

felose(ptr); . *
hetght==(int) (100*total_width)/n; ) ’ ' §
e it (t,ype=‘='z')

\w ° { ) -
\?l , - fp==fopen("data”, "r");
- for (1=0; i<n; ‘++t) { . .
axis2=zigzag(height, beta axis2, s); . -

3 “ =
‘ fclose (fp); ﬁ .
: . funo(s, axis2);

. .
'7\‘ else if (type=="p') ‘ : .
wer { S S 4 .

hd ‘ . fp==fopen("data”,'"r"); . P .
N “Ufor (1=0; 1<n; ++1) { T _

) ) axis2==pal(height, beta, axis2, s); . .. oo

' R ¥ ‘ .
Lo fclose (fp); - ' R | ' S .

T . : : fun(s); . ° .

' ~ . . . .
(. Ve else if (type=="3") ‘ . \
star(beta, wn, 8); : . .

,: - 3 "1!"‘ (ch==vcl)

LY . — o
.t . [



\ ¥

N

3

cifgen(name);
else if (ch==="k")
kicgen(name);
else if (ch==="b") '

cifgen(famel1); - .
kicgen(name2); . .

unlink(” data");
unlink(” Poly_box");
unlink(*LCF_box");
*  unlink("LCPP_box");
- unlink("LCNP_box");
= unlink("LCC_box");
' unlink("LCM_box"); N
" unlink("LCPW_box");
unlink("LCPG_box");
unlink("LCNG_box");
prlnt.r(" Okay, the job is done f\n");

}

K
13

/* A, module to auto generate zigzag structure inverter, -
Poly routing in vertical direction »/ ‘
#include <stdio.h>
#finclude <math.h>
Int wycf, nxcf, nwxcf, nwycf, nycf;
extern FILE »fp;
zigzagiheight, beta, axis2, s)
float bets,; .
int height, axis2, s;
|

int x=0, y=0;

int wn, wp;

int threshold, thres;

intc i, };
FILE #ptr, *fopen(); ‘
char b——'B"
char q=";";

- int wxbp, wxsp, wxcf, WXpP, WXnp, wxcc, wxcm.
int wybp, wysp, wypp, wynp, wycc, wycm; ’

.int xbp, xsp, xcf, xcc, xem, Xpg, Xng;

" int ybp, ¥sp, ycf, ycc, yem, ypg, yog;
int wxccu, wyccu,xccu, yecu, wxeml, wysml, xeml, yeml;
Int wxefl, wyefl, xcfl, ycfl, wxefu, wycefu, xefu, yefu;
{nt wxpbi, wypbi, xpbli, ypbi; <
int ni, n2, m1, m2, msi, ms2; '
int nwxbp, nwxsp, nwXpp, DWXnp, DWXcc, DWXcm, DWXPE, DWXNE;
int nwybp, nwysp, nwypp, nwynp, hwyce, nwycm, nwypg, n(Wyng;
int nxbp, nxsp, nxce, nxem, nXpp, NXnp;
int nybp, nysp, nycc, nycm, nypp, hynp;

¢




int nwxcel, awyecl, axccl, nyccl, hwxcml, nwyeml, nxcml, nycmi;
int wxcml, wycml, xeml, yeml, wxcmu, wycmu, xcmu, yemu;
int nwxcfl, nwycfl, nxcfl, hycfl, nwxcfu, nwycfu, nxcfu, nycfu;

.
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* int nwxpbl, nwypbi, nxpbl, nypbi;

int p, offset, n;

int wxpi, wypl, xpi, ypl, nwxpl, nwypi, nxpi, nypl; .
int wxcmg, wycmg, Xcmg, ycmg, Wxcmo, wycmo, X¢mo, ycmo; .
Int wxcmv, wycmyv, xcmv, ycmy; .

q

" int wxeel, wycel xcel, yeel; -

float 8==0.2, yspf, nyspf;

13

offset==2x%s;
x==s8+abs(axis2);

fscanf(fp, *%d", &c);
wn=c;

a
wp==betaswn;

.

int Wxpe, wype, xpe, ype, nWXpe, nwype, 1xpe, m.rpe:
int wxbpl, wybpl, xbpl, ybpl, wxbpe, wybpe, xbpe, ybpe;
int wxeco, wycco, xcco, ycco, wxbpo, wybpo, xbpo, ybpo;

.

it (wp%R2==1) /» w=o0dd */

wWp==wp+1;

iIf (wn%2==1)

{

wn=wn-1;

I

-

threshold = asbetasheight;

thres==({nt) betau*s+2:s; /* the minimun height of verticil poly »/

if (threshold <= thres)

threahold-::tht‘es.-zts;

"}

)

nl=wp/(threshold-+2+s);

it (wp <= threshold+5
J=1;
else
J=3;
switch()) -

case 1: . .
wxcf==pmos(wp, thresh
break;

%8) ' .

old, axis2, beta, s);

-

’

ta
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case 2.

-

" . /% device well box */
ptr = fopen("LCF_box", "

-

{ / ptransistor «/

- .

ptr = fopen(*Poly_box", "a™);

‘for(l=‘0; i<ni+1; +41)

{

wXbp=2+s;

wybp=threshold;

Xbp==|%4¥s-+x;

+ybp==84s+wybp/2+y;
fprintf(ptr, "%c %d %d %d %d%co b wxbp, wybp, xbp, ybp, q);

L co ./* small goly box +/

{
wxsh==2+3;
Wysp==2s§; '

for(1=0; 1< nl; +-+I)

, Xsp==offset-i*4#s+Xx; °

}

WXpe==4#s;
wype==248;

Xpe==xsp-+wxpe /24 3%s;.

If (n1%2===1)

yspf=pow(-1.0,(foat}1); .

' _ysp—(((lnt) yspf)+1)*(wybp-2ts)/2+9*s+y.‘
/% ysp=(pow(-1, 1)+ 1)#(Wybp-2+8)/2+0es+y */

fprintf(ptr, *%c %d %d %d %d%¢c0, b, wxsp, wysp, xsp, ¥sp, qQ);

-

.

ype—ybp-wybp/2+wype/2

else v

ype=ybp-+wybp/2-wype/2;
fprlntf(ptr. "%c %d %d-%d %d%:¢0, b wxpe, wype. xpe, ype. Q)

}

fclose(ptr);

_wxcf==4ns#(n1+1)-+2+s;
wycf=wybp+14+s; ‘

xef=wxc{/2-3#8+X;

yet=3ss+wyct/2+Y;

}

fclose(ptr);

]

A /* p-pulse box */

/*

N

ptr = topen("LCPP box" "

wxpp———-wxet+8*s:
wWypp=wycl-248;

-

a”);

i

a%);

LY

@
{ /#* 1ast big poly box to extension */

’

.

N

forintf(ptr, *%c %d %d %d %d%c0, b, wxef, wycf, xcr ycr q),
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s,

=%

xpp_-rxcrﬂ;
" ypp==s+wypp/2+Y;
fprintf(ptr, "%c %4 %d %d %d%co, b, wxpp, Wypp, Xpp, YPP, Q)

. felose(ptr);
%/
/* n-pulse box. */

[+ -ptr == fopen("LCNP_box", "a”);

WXNDm=WXPD+438;
WYnps=Wypp--2+8;
XDp==XDP;
ynp=ypp-s;

fprintf(ptr, "%c %d %d %d %d%¢co, b, WXnp, Wynp, Xnp, ¥np, q);

fclose(ptr); ’ . e ’
*/

' ml-wxcf/('l‘th):
g Msl=(wxcf-448)/(7ss);

»/* contact cut hox »/
ptr == fopen("LCC_box", "a"); - .o
/% upper cut box »/
foi-(lmo; i<ml; ++1) A
WXCClxx24s;
wycclm=Ges; ° )
Xcclwmg{u(748)+X; X '

yecl==wycf-8+Yy; L
tprintf(ptr, *%c %d 26d %d %d%co, b, wxfclj wycel, xeel, yeel, q);

/* below cut box »/
for(lm=0; {<ms1; ++1)
{ X '
wXcc==12ss; , .
wycco=2s8; ‘ ‘ ) )
XCC==448+107#8+X; J
yeemaBisty; ' ’
fprintf(ptr, " %e %d %d %d %d%co b, wxce, wyee, xcc, yee, q); .
}
fclose(ptr);
/% metal box =/ ;
ptr = fopen("LCM_box", "a");
/# upper 1petal +/ b :
for(i=0; i<m1; +-+i) ~ : o
{ wX¢mlo=2s-4wxcel; ~ ’
wycmla=2es+wyccl; .
XCIn1zws+18748+X; -
yeml=yccl;
{print.r(ptr, *%c %d %d %d %d%co b, wxeml, wyeml, xeml, ycml a¥

S -

/t below thu ./ : : . : '

“
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for(i=0; i<msl ++H)
{
WXC==WXec+248; .
wycm==wycc-+2#8;
xcm==4a8+}+1%72s+x;
yem==yecc; s
“fprintf(ptr, "%e %d %d %d %d%co, b, wxem, wycr, xcm, yem, q);

fclose(ptr);
} . : , '
break: . :

} /% switch loop */ , .

threshold = asheight;
if (threshold <= 6#*8)
A h :
threshold =» 4»s;

}

n2=wn/(threshold+2ss); o

if ( wn <= t.hreshold-l—s*s)
=3,

else

T =

switch(j) 0

case 3:
nmos(wn; threshold, axls2, k,s); , o
break; . P

case 4:

{/* ntrsistor */

i
1

ptr = fopen(”Poly_box", "a"};
/* big poly box #/ '
for(i=0; 1<n2+1; +-+1)

{ .

nwxbp==2#s;

nwybp==threshold;

nxbp==i%4%s-{-X;

nybp==(-1)*(nwybp/2+124s)+y;

fprintf(ptr, "%c %d %d %d %d%c¢o, b, nwxbp, nwybp, nxbp, nybp, a);

/+ small poly box «/ :
for(i==0; i <n2; ++1) . ‘ -
{ DWXED==2#5;
nwysp==24s; . -
nxsp==2%s+is4s8+x; . ‘ \ )
nyspf=pow(-1.0, ((Aoat) 1));
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/ ; nysp==(((int) n&spf)-f»1)&(2tsrnw;(bp)/2g;3ts+y; .
K - /% nysp==(pows(-1, 1)+1)%(24s-nwybp)/2-13%8+y &/ N

forintf(ptr, "% %d %d %6d %d%c0, b, nWXsp, nWYsp, 0Xsp, nysp, q); -

’ { /* ntrsistor big poly extension */
NWXpE==44s;
nwWype==2+s;
nXpe==nxsp+nwxpe/2+3*8;
if (n2%%2===0)

nype==nybp-nwybp/2+nwype/2
else
nype=nybp+nwybp/2-nwype/2; ,
fprintf(ptr, “%%¢ %d 94 %4 %d%c0, b, nwxpe, nwype, nxpe, nype, q);

|

i

£
’

I3

fclose(pyr);

/* device-well box */
3 ptr = fopen("LCF_box", "a”);
nwXcf==448%(n2+1)+2+s; *
nwycl==nwybp-+ 14#s; . ,
nxcfamnwxcf/2-348-+x; ‘
nycf=(-1)s(nwycf/2-+7+8)+Y; 7
forintf(ptr, *%c %d %d %d.%d%c0, b, nwxcf, nwycf, (xxcr, nycf, Q);. -

felose(ptr);

/* p-well box =/ ! .
- /*  ptr = fopen("LCPW_box" ,"'a"); v
DWXpW==NWXC[+-448;
DWYPW==nWycl-+448; T
nxpw==nxcf; . )
nypw==nycf; o
m}rlntr(pt,r, "%c %d %d %d %d%c0, b, DWXPW, DWYDW, DXDW, DYDW, q);

fclose(ptr); )
*/

/% p-gard box */ . ' .

/* ptr = fopen("LCPG_box", "a"); ' —
{ ‘ , , ;
NWXPE==NWXDPW+4%S;
DWYPE==NWYDW-|-448;
nxpg==nxcf; '

nypg==nycf;
fprintf(ptr, "%c %d %d %d %d%co b, NWXDE, DWYDg, NXDE, DYDE, Q);

RS

3

fclose(ptr);
*/ . :
/* n-gard box =/ . : .
/* , pir=fopen("LCNG_| box ~a"); -

NWXNE=NWXDg-+418; -
nWYNg==nwypg-+4+s;
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b - ,

> nXng==nxcf; " ; /

n¥ng=nycf; , . . \
forintf(ptr, "%c %d %d %d %d%co, b, nwxng, nwyng, nxng, Ryng, Q;

®

,fclose(ptr); | -
*/ ’ N to

m2=nwxcl/(7+s); “
. ms2=(nwxcf-dss)/(T#s); 'L

/* contact cut box */
ptr = fopen{"LCC_box", "a®), X
/* upper contact */
for(l==0; { <ms2; +-+1)

nwxccl==2xs; -

nwyccl=2ss;

DXCCl==4*s8-{-{*7#8-{-X;

nycel==(-1)*9*s+y;

forintf(ptr, "%c %d %d %d %d%:¢0, b, nwxcel, nwycel, nxcel,
" nyeel, q); ‘ .

/* below contact «/ ° -
for(1=0; 1 <m2; +-1) . -

{ .

DWXCC="248;

‘nwycc=6#s;
nxcc=8-+1%7%s+x;
nyce=(-1)*(nwycf+3+s)+y;
fprintf(ptr, "%ec %d %d %d %d%:¢0, b, nwxee, Iwycd nxcc, nyee, q);

}

fclose(ptr);

/* metal box »/ ) . »
ptr ='fopen("LCM_box", "a"); N
/# upper contact */
for(l=0; 1 <ms2; +-+1) .

{ ' [ E J
nwxeml=nwxcci+4-2+s; !
nwycml=nwyccl-+2*s;
nxcml==44s-4j*7xs4-X;
nycml=nyccl; , .

. ferintf(ptr, "%c %ad %d %d %d%c0, b, nwxcm1l, nwycml, nxcml,

nyeml, q); a

..

-
@

- /% below metal box &/ . l ‘ "
. for(l=0; i<m2; ++i - . - T
{ -
awxem=2#s-4-nwxce; )
DWYycIm=Fnwycc--24s;
DXCM==8+1{%7#5+X;
nycm==nycc;
. fprintf(ptr, "%c %d %d %d %d%co0, b, nwxcm, nwycm, nxcm, nycm, Q)

}

fclose(ptr); ’ .



‘s

" /# p-pulse box s/, i
ptr == fopen("LCPP_box", "a”);

nNwXpp==nwxcf+4ss;, °
nwWypp==@ss;
nXpp==nxcf;
nypp==nycc-nwypp,/2;
rprlntf(ptr. "%c %d %d %d %d%co b, nwxpp. DWYPP, DXpp, DYPP, a);

fclose(ptr);

/* n-pulse box »/ - :
" ptr = fopen("LCNP_box", "a");
Yo g
DWXDP==NWXDP+4+8; *
DWYDP==nWypp-+2+8; o,
NXNP==nXpp; L
nynp==nycc-nwynp/2;
fprintf(ptr, *%c %d %d %d %d%co b, nwxnp. nwynp, nxnp, nynp, q);

fclose(ptr); .
break;

} /% switch loop s/ —'

/+ output metal box / .

ptr = fopen("LCM_box", "a"); ' .

{ o o
wxcmo==wxcf+248;. . -
WYyCcmo==10#s;

b XCmo==WXCcmo/2+2#8+X;
ycmos=(-1)*(wycmo/2-3+8)+Yy;

_tprintf(ptr, “%c %d" %d %d 2%d%co, b, wxcmo. Wycmo, Xcmo, ycmo, Q); _

fclose(ptr);

/* output cut box &/
ptra=fopen("LCC_box", "a");

{

WXCCOm=2u4s;

Y wycgom=2ss;

XCCO=WXCmOo+X; (

YCCOm=y; )

forintf(ptr, "%c %d %d %d*%d%c0, b, wxcco, wycco, xcco, yeeo, q);
q-—-—‘ 0

fclose(ptr);

/* p-n connection poly */ ‘
ptr = fopen("Poly_box", "a");

wxbpl=3ss; TS

Wybpl=224s;

Xbpl==x; Coe N

¥bpl=(-1)a(wybpl/2-8ss)+y; o
forintf{pur, ~%e %d %d %d %d%c0, b, wxbpl, wybpl xbpl, ybpl, Q);
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}

/+input poly «/ !

/*+ output contact poly box ./i ' .

wxbpe==4ss; ’

L, Wybpe==24s,;
Xbpe=x-wxbpe/2-s;
ybpe=y; ‘
rprlnt.r(ptr. "%c %d %d %d %d%c0, b, wxbpe. wybpe xbpe, ybpe, q);

wxbpo==6+«s;
wybpo=8as;
xbpo=xcco;
Ybpo=ycco;
fprintf(ptr, "%%c %d %d %d %d%c0, b, wxbpo, wybpo. xbpo, 'ybpe, Q);

}

fclose(ptr);

X=X+ wXclf+0es;
return(x);

1 ‘ . ¢

/* A module tp suto generate parallel structure inverter » /
#finclude <stdio.h>

#include <math.h>

int n1, m1, yccl, nwycf, xcmo, nxce, nyce;

extern FILE *fp;
pal(height, beta, axid2, s)

float beta; ) .

{

int height, axis2%€

int wycf, nxcef, nwxcf, nycf;
int x=0, y=0;

int wn, wp;

int threshold, thres;-

_hn' e L . 1 ¢
FILE sptr, *fopen();

char b="8";

char q="\

int wxbp, wxsp, wxcf, wxpp, wxnp, wxcc, wxcm;

int wybp, wysp, wypp, wynp, wycc, wycm;

int xbp, xsp, xcf, xcc, xem, Xpg, Xng;

int ybp, ysp, ycf, yce¢, yem, Ypg, yng, - .

int wxeecu, wyecu,xcey, yeeu, wxeml, wyeml, xeml, yeml;

int wxefl, wycfl, xcfl, ycfl, wxctu, wycfu,kéfu, yefu;

int wxpbi, wypbi, xpbl, ypbl;

int n2, m2, msl, ms2; .
lnt nwxbp, DWXSp, nWXpp, DWXNp, BWXce, NWXCM, DWXPE, DWXDE;
int nwybp, nwysp, nwypp, nwWynp, Owycc, hWycm, BWypg, AWyng;
int nxbp, nxsp, nxcm,: nXpp, AXnp;

< [}
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int nybp, nysp, nyem, nypp, nynp; .
int nwxcel, nwyecel, nxcel, nycel, nwxeml, nwycml, nxeml, nycmi;
int wxeml, wycml), xcml, yeml, wxcmu, wycInu, Xcmu, ycmu;
int nwxefl, nwy'efl, nxefl, pycfl, nwxcfu, nwycfu, nxcfu, nycfu;
int nwxpbi, nwypbi, nxpbi, nypbi;

int p, offsctl, offset2, n; . )

int wxpl, wypi, xpi, ypl, nwxpl, nwypl, nxpi, nyp;

int wxcmg, wycmg, Xxcmg, ycmg, wxcmo, wycmo, yemo; ™
int wxcmy, wycmy, Xemy, ycmy,

int wxeel, wycel xecl;

float a==0.2, yspf, nyspf;

Int wxpe, wype, Xpe, ype, nwxpe, nwype, nxpe, nype;

int wxbpl, wybpl, xbpl, ybpl, wxbpe, wybpe, xbpe, ybpe;
int wxeco, wycco, xcco, ycco, wxbpo, wybpo, xbpo, ybpo;
int wxeem, wycem, xeem, yeem, wxemi, wyemi, xemi; yemi;
int nwxcml), nwyeml, nxcml, nycml;

offset 1 m=10¢s;
offset 2= fns;
xm=abs(axis2);
/* printf(* x==%do, x);
»/ : .
. tscanf(fp, "%d", &c); :
Wh==c; ) - -

Wp?-bet,’uwn;
it (wp%2==1) /* w=o0dd »/
Wp—ﬁp+1:
it (WnPpgm=e=1) o . .
{ wn-::wnib‘l: ‘ |

o)

threshold == axbetasheight;
thres=(int) betas7+s; /# the minimun height of vertical poly +/

if (threshold <= thres)
{ . . ‘
threshold==thres;

}

nls=wp/(threshold); , . i
if (n1<1) - B
nl==); )

{ /*» ptravsistor +/ | Lt
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ptr = fopen(”Poly_box", "a");

for(i=0; i<nl; ++1)
{
wWxbp=2ss;
wybp==threshold+4»s; . .
xbp==oﬂset2:ifh 10%8+-X; . . ! '
ybp==3#s+wybp/2+y;
fprintf(ptr, "%c %d %d %A %d%c0, b, wxbp, wybp, xbp, ybp, q);

~

/* middle poly box */

for(l=0; i<n1; ++i)

{ ‘ a *
WXSp=0#s;
wWysp=04s;
xsp=offset2-}i*10%s-X;
ysp=yYy; —

fprintf(ptr, "%6c %d %d %d %d%c0, b, Wxsp, Wysp, Xsp, ¥sp, Q);

-

- felose(ptr);
/* device well box */ Y .
ptr == fopen("LCF_box", "a"); —
for (1==0; i<n1; ++1) .
{ + -

wxcf=wxbp-4»*s; : .
wycf=threshold; . *
xcf==offset2+1%10%s+x;
yef==ybp; - . .
fprintf(ptr, *%c %d %d %d %d%co, b, wxcf, wyef, xcf, yef, q);
v . .

i’close(pt.r);

i, (n1%2==0)

| m1=(n1+2)/2; : o
msl=n1/2;
}

else
mi=(n1+1)/2; ‘

msl=ml; ’

}

/* contact cut box */ . -

ptr = fopen(*LCC_box”, "a"); .
/* upper cut box */ . :
for{i==0; i<m1; +-+i)

{

'

wxccl=£‘s:
wyccla=01s; , - -

xccl==1¢(20%8)+x; »
Yyecl==wybp8es-+y; . ®
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fprintf(ptr, * %c %d %d %d %d%co, b, wxcct, wyeel, xeel, yeel, qQ);

- /-}below cut-box */ .-
ro}-(g-o; f<msi; £-41) »
- WXCCu=248; . .
WYCCm=245; )
xcc-:-on‘seu+lt20u+x ' . -
yecmT48+y; i '
fprlntf(ptr, "%c %d %d %d %d%co b, wxce, wycc, xcc, ycc a);
) )
/* mlddle cut box */ KR .
for (1==0; 1<nl; +-+1)
- { : ' o o
WXCCMa=248; :
wyccm==2+s;
. xccm—offset2+i*10ts+x, ’ ’
- yccm-=-y.
. fprintf(ptr, "%¢ %d %d %d %d%¢0, b wxcem, wycem, xcem,
ycem, q); . ;
fclgse(ptr): T . ],
”CJ . . ". .
/* metal box */
ptr == fopen("LCM_box", "a"); .-
/* upper metal *=/
. , ro{r(imo; i<ml; ++1) ' . ‘
wxemls=2ss+wxeel; | ‘ ' ]
. wycml==24s+wyccl;
. xeml=={%2048+4-X;
ycmlssyccl; .
© fprintf(ptr, "%c¢ %d %d %d %d%co0, b, wxeml, wyeml, xoml yeml, q);
- } ,
/* below metal =/ - .
/" for(l==0; { <msl; ++1)

{

.

)

WXCI==WXCC+2#8;

. wycms=wycc+32¢s;

. ‘ xcm==offset1+1%20#5-+X; "
yem==yce;

fprintt(ptr, *%c %d %d %d %q%ce b, wxem, ‘Wycm, Xcm, ycm, qQ;.

#} } \ "\\ ‘ .' e

/* lower output metal */ . - .
‘o . { “ 8- ) .
| . - if (n19%63====1) , ,
wxcml==(msl-1)%20%s+63s;
else ' - e .
wxcml==(msl-1)#204s-+16+s; ' .
wycml=wycc+2=s; . . _
xeml==wxcml/2+8+s-+X; , o
ycml==ycc;, ,
rprlmt(ptr. *%c %d %d %d %d%co b, chml wycml, xeml, yeml, q)
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-

3

fclose(ptr);

/* upper contact device well ¥/ -

}

threshold =

ptr=fopen(*“LCF_box", "&");
for(l=0; i<1h); ++1)
{ ’ ° ' ) L)
wxcfu=wxcml; X
if (threshbld > thres)
wycfu=wycm1l-+2s; ‘
else
wycru--wycmsl-&-ats, .
Xcfu==i*20%8+X;

yefu=ycml-(wycfu-wycm1)/2;

rprint,r(ptr. "%c¢ %d %d %d %d%co, b, wxcru. wvcfu xcfu, yefu, q); -

} L

-,

' /% lower contact device well s/*

for (i=0; i <msi1; ++1)

. \
- .{wxcﬂ=wxcc+2*s;
wycfls=wycc+2%s;
. xcfl=offset1-+i*20%s+X; *
yefi=ycc; - i

fprintf(ptr, "%c %d %d %d %d%c0, b, wxcfl, wycfl, xefl, yefl, Q);

fclose(ptr); | | '

atheight,

if (threshold < -7xs)

{

threshold = 7xs;

}

"

{/* ntrsistor */_-

ptr = fdpen("Poly box", "a'
/* big poly box s/ .
for(1==0; {<n1; +-+1) :

o nwxbp==2»s; ) :

nwybp-——-thr’esl;oldﬂu;
nxbp=offset2-+i#10%s+Xx; ‘

")

8

%

. nybp=(-1)%(nwybp/2+3%s)+y;

fprlntf(ptr, "%c %d %d %d %d%co h, nwxbp, nwybp, nxbp, nybp, q);

fclose(ptr), °
Lo, . e °

/* device-well box t/

—
7

ptr = fopen("LCF_| ' box”, " a”);
Tor (1==0; 1<n1; ++1)

.

-

o

1



nwxcf==4sa+nwxbp; : \
nwycf=thresho}d; . o
nxcf==offset 2% 104s+X; ~ o
nycfs=nybp; .
fprintf(ptr, "%c %d %d %d %4%c¢0, b, nwxef, nwycf, nxcf, nyef, Q);
: 3
s fclose(ptr);
\ -
/# contact cut box =/
~& ptr == fopen("LCC_box", "a"); Lo
/t,upper cut x/ .
°  for(i=0; |<msl; ++1) !
{ . ' * -
s ' nWXccl==2#s;
" pwyccl==2us;" . .
_nxccl=offset1-+1#20%s+x; ' .
nycol==(-1)sycc; ' ;
fprintf(ptr, *P5¢ %d %d %d %d%c0, b, nwxeel, nwycel, nxccel,
nyccl, q);.

/4 below cut =/ & .
s ro€(l=0; i<ml; +41) . >
nwxcc=24s;
nwycc=:=6+s; . - .
* " nxee==[+20#8+X; . . " :
nycc=(-1)*(nva:bp+6ms)+y. ¢
-} * tprintf(ptr, "%e %d %d %d %d%co b, nwxee, nwgcc nxee, nyce, q);

fcloae(pu:),
b ]

—_ N

/* metal box */ ¥
ptr == fopen("LCM_box", "a"); ’
/* upper output */
nwxecm=wxcml;
, DWyem==wyeml;

mxcme=xcml;
nycme=z(-1)*(y€ml); )
rp\rlntf(ptr, "%c %d %d %d %d%co b, nwxcm, nwycm, nxcm,
nycm, Q) . ,
}. , .
/* below metal box */ . -' ¢

for (1=0; i<ml; ++1)

(-

nwxcml=2#s+-nwxce; .
nwyc_ml==nwycc+2ts;1 N . *p, -
nxcml==i*200s4-X; 27 '
nycml==nycc;
fprintf(ptr, " %c %d %d %d %d%c0, b, nwxcml, nwycml nxcml,
y nycml, q); - e e

. <
} ’ >
N



-

v

rclbse(pt,r); ~
- - .
/* below CF box */
‘ptr==fopen("LCF_box~, "a");
“for (1=0; i<ml; i)

{ _
nwxcfl==nwxcml; : T
if (threshold > _7+s)

nwycfl=nwx®ml+2+s;
else ' *
nwycfl=nwycml+3s;
nxcfl=1*20*s+x;
nycfl=nycml+(nwycfi-nwycml)/2; :

fprintf(ptr, "%c 9%6d %6d %d %d%c0, b, nwxcfl, nwycﬂ nxcﬂ
-nyefl, q);
}

/* upper CF box */
for (i=0; i <msl; ++1)
{
nwxcfu=nwxcc1+24s; ¥
nwycfu==nwyccl-2»s;
»nxcfu=oflset1+1%204s+x;
nycfu=nyccl;

", fprintf(ptr, "%c %d %d %d %d%co, b, nwxcfu, nwycfu. nxcfu,
nycfu, q);
}

fclose(ptr);

&

/+ 1nput metal box */
ptr=fopen("LCM_box", "a");
{

. wxcmi==n1%(wxsp-+4*s)+s;
wycmi=—4s+s;

xcml-—(wxcmi)/%ua-f—x, . -
yemi=y;

}

/* output metal box */

3

-

WXCMO==4%8;
WYCmo==1048;

xcmo=xccm+5té+wxcmo/2;
ycmo=Yy,

}

tprintf(ptr, "%c %d %d %d %d%c0, b, wxcmo, wycmo, Xcmo, ycmo, q);

. fclose(ptr); °

if (n1%2====0)
X==Xclo+ 6%8;
else- -

!
X==XCMO+5+5;
i

fprintf{ptr, "%c %d %d %d %d%co, b, wxcml wycml, xeml, ycmi, Q);
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return(x);

o

[

- ‘ ~
/* A module to auto generate star structure inverter */
. ' #include <stdio.h> .
%include <math.h>
star(beta, wn, s)
float beta; — . , S
int wn, s; )
{
int x=0, y=0; *
int wp; 9 . &
int threshold, threshold_n;
inte i, §; ,
FILE #ptr, tropen()
char b="B’;
char q==";’; -
int wxbpe, wxbps, wxbpn, wxbpw, wxcfe, wxcfs, wxefw, wxcfn, wxpp;
int wxnp, wxcce, wxces, wxcCcw, wxcen, wxcme, wxcms, wxcmw, wxcmn;
int wybpe, wybps, wybpn, wybpw, wycfe, wycfs, wyefw, wyefn, wypp;
int wynp, wycce, WYyccs, Wycew, wycen, wyéme, wycms, Wycmw, wWycmn; .
int xbpe, xbps, xbpn, xbpw, xcfe, xcfs, xefw, xefn, Xpp, xnp; ) Lo >
int xcce, xccs, xcew, xcen, Xeme, Xems, Xemw, Xcmn; :
int ybpe, ybps, ybpn, ybpw, yefe, ycfs, yefw, yefn, ypp, ynp;
Int ycce, yccs, yoom Ycen, ycme, yems, yemw, yemn;
1y, ¢
int wxecm, wycm, Xcm, yem, wxcmem, wWycmem, Xcmem, yemem;
int wxcem, wycem,xcem, yécm, wxcmm, wycmm, xcmm, yemm;
" int wxefm, wycfm, xcfm, ycfm, wxeth, wyemh, xcfh, ycrh
int wxefv, wyctv, xcfv, ycfv; . -
int wxpbi, wypbi, Xpbi, ypbi; -
int wxvdd, wyvdd, xvdd, yvdd, wxgnd wygnd, xgnd ygnd;

int nwxbpe. nwxbps, nwxbpn, nwxbpw, nwxcfe, nwxcfs, nwxcfw, nwxcfn, nwxpp;
int nwxnp, nwxece, nwxces, nwxeew, NWXccn, NwWXcme, IWXcms, nwWxXcmw, awxcmn;
- int nwybpe, nwybps, nwybpn, nwybpw, nwycfe, nwycfs, nwycfw, nwycfn, BWypp;
int nwynp, nwycce, nwyccs, nwyccw, nwycen, nwycme, lwycms, NWycmw, nwycmn;
int nxbpe, nxbps, nxbpn, nxbpw, nxcfe, nxcfs, nxcfw, nxefn; -
* Int nxcce, nxces, NXCCW, NXCCn, nXcme, NXCMS, RXCINW, NXC
int nybpe, nybps, nybpn, nybpw, nycfe, nycfs, nycfw, nycfn;
int nycce, nyccs, nyccw, nyccn, nycme, nycms, NycImw, Nycmn;

int nwxppe, nwxpps, nWXppw, nwXppn, DwXnpe, nwWXnps, DWXnpw, Qwxnpn;
’ Int nwxpw, nwxpg, nwxng; -
’ int nwyppe, nwypps, NnWyppw, nwyppn, nwynpe, DWynps, 1\Wynpw, nwynpn. .
- int nwypw, nwypg, nwyng;
- int nxpbe, nxpps, nXppw, nxppn, nxnpe, nxnps. nXnpw, nxnpn; \
int nxpw, nxpg, nxng;’ X
int nyppe, nypps, nyppw, nyppn, nynpe, nynps, nynpw, nynpn; 1
int nypw, nypg, nyng; - )
int wxbpe, wybpc, xbpe, ybpe, nwxpe, nwype, nxpe. nype;

. @ ~
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" int nwxeem, nwycem, nXcem, NYCCm, RWXCMM, DWYCmMm, NXCMM, DYCmm;
.int nwxefm, nwyefm, nxefm, nyefm, nwxefv, nwyefv, nxcfv, nycfv;
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int nwxcfh, nwyecth, nxcfh, nycfh;

int wxXcmes, wycmcs.‘ 3‘('c\mcs, ycmcﬁ. wxecmew, wygmcw, Xcmew, ycmew,;
int wxpi, wypi, xpi, ypi, nwxpi, nwypi, nxpl, nypl; « '

int wxcmev, wycmeyv, Xemev, yemeyv, wxemo, wycmo, Xcmo, yemo;

r

int wxcmece,'wycmee, Xxcmcee, ycmee; . . s -

-

int nwxcmen, nwycmen, nxemen, nycmen, nWXcmew, Nnwycmew, nXcmew, nycmcew;
int nwxcm, nwycm, nxcm, nycm, awxcmem, nw;ycmcm, nxemem, nycmem;

int nwxcmeg, nwycmeg, nXcmeg, nycmeg;
int nwxcmee, nwycmcee, nxcmce, nycmee;

'S -

if (wn<<16#s)
wn=16#s;

wp= (int) betaswn; .

it (wp%22===1) /% wp==odd */

{

Wwp=wp+1; . )

SR ot
it (wn%2==1) -
{ - .

—wn+1; \ .
3 \ . _
/

threshold = wp/4;

{/* ptransistor */

ptr = fopen("Poly_box", "a"); -
{/* west %/ '
WXbpw==2#5;
wybpw=8#s+threshold;
Xbpw==0%8+X; )
ybpw_13*s+wypr/2+y, Co
tprintf(ptr, "%c %d %d %d %d%:co, b, wxbpw, Wybpw, xbpw, !

ybpw, q); -

{/# south */ ‘ S
wxbps=4ts+threspold:
. Wybps==2#s;
xbps*w&bps/2+7ts+x;
ybps—utsﬂh
- fprintt(ptr, "%c %d %d %d %4%c0, b, wxbps, wybps, xbps, .
ybps, q);

{/» north »/ :
. ‘wxbpn==4+s-+-threshold;
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_ Wybpnm==2ss; ' ) . -
+xbpns=xbps; ; ‘
ybpn==12¢s4-wybpw-+y;

fprintf(ptr, "%c %d %d %4 %d%c0, b, wxbpn, wybpn, xbpn,

- ybpn, qQ);

(/s easts/ o -
. Wxbpew=2ss; .

, Wybpe=wybpw;

xbpee=g8#s+wxbps+X;

ybpe==ybpw;

fprintf(ptr, "%c %d %d %d %d%co b, wxbpe wybpe, xbpe,.

ybpe, q); . .

. {/* p-n connection */
wxbpe==2#s; .
wybpc==25ss; -
_Xbpcm=Bs+X; '
ybpe=s/2+y;

fprintf(ptr; *%c %d %d %d %d%¢0, b, wxbpc wybpc, xbpc,

ybpe, q);

fclose(ptr);

/* device well box.*/

. ptr = fopen(*LCF_box", "a");.

{/* vertical ¥/ -
wxcfv==threshold; -
wycfv==2#48+wybpw;
Xcfv==xbps;
,YON-YbDW-

fprintf(ptr, " %c" %d %d %d %d%co b, wxefv, wyefv, xcfv,

yefv, q);

{/* horlzetal &/
wxcfh=0#84-wxbps;
wycth==threshold;
xcfhamxbps-+348/2;
yefh==ybpw;
fprintf(ptr, *%c %d %d %d %d4%c0, b, wxcrh Wycrh xefh,
yefh, q); v,

4

{/# west contact device #/

wxcfwa=84s; ’ ,

) wycfw==4xs; ¢ -y
Xcfwamx; .
yefw=ybpw; i
forintf(ptr, “%c %d %d %d %d%co. b, wxefw, wycfw, xefw,

yefw, Q);
{/+ south contact device */
wxcfs==4es;
wycfs=84s;
xcfs==xbps;

he]
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yefs==8s8; -
wprintf(ptr, "%c %d %d %d %d%c0, b, wxcfs. wycfs, xcfs,
yefs, q);

{/* north contact device »/
wXcfn==4+s; i . .
- wycfn=—=8as;
xefns=xbpn; .
| yefn==wycfn/2+ybpn-+2+s; e .
rprintr(ptr,"'%c %d %d %d %d%co, b, wxcefn, wycfn, xcfn,
- yefn, q);
{/* east contact device */ \
wxcfe==4+s; :
- wycfe==4ss; ' .
xcfe==wxcfe/2+Xbpe+54s;
ycfe==ybpw; ’ '
forintf(ptr, "% %Bd %d %d %d%co b, wxcfe, wycfe, xcfe,
ycfe, q),

{/* middle contact device %/
wxcfm==44g;
wycfm==4+s;
xcfm==xcfs;
ycfms=ybpw; _
forintf(ptr, *%c %d %d %d %d%c0, b, wxcfm wycfm, xefm,
yefm, q); ’
}

fclose(ptr);

) A «

/* contact cut box */
ptr = fopen("LCC_box”, "a”);
{/» middle cut box »/- e
WwXccm=218;
wyccm=2#s;
Xcem==xcfm;
. yecm==ycfm;
fprintf(ptr, "%c %d %d %d %d%:¢0, b, wxccm wycem, Xcem,
’ yeem, q);

P

{/» west cut box =/ . -

WXCCW=84S; E '

WYCCW=248; '

Xcow==xciw; i A .

yeew=ycfw;

fprintt(ptr, "%c %d %d %d %d%:¢0, b, wxcew, wycew, xcew,
T ycew, qQ);

{/* south cut box */ '
wXccs==2#s; o .
wyccs==0s+s;

L]
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XCCgmuxCfs; o '
ycessmycts;

fprintt(ptr, *%c %d %d %d" %d%co, b, wxccs, Wyccs, Xccs,
yees, q);

{/* north ¢ut box «/ - ) .

wXcena=2+s; .

- Wyccn==B4s; .
. XCcnmexcfn; '

ycens=ycfn;

fprintt(ptr, "%ec %d %d %d %d%co0, b, wxccn wycen, xeen,
yeen, q);

“~

{/* east cut box */
WXCce==248;
WYyccesn2is; )
xcce==xcfe;
ycce=xycfe: .

fprintf(ptr, " %c¢ %d %d %d %d%c¢0, b, wxcce, wycce, xcce,
yeee, q);

’

A\
felose(ptr);

/* metal box »/
. btr == Topen("LCM_box", *a");.

{/* mjddle metal */ . . o
wxq%-awxcfm'
wycmme==wycfm; .

Xemm==xcfm;

yYcmma=ycfm;

fprintf(ptr, "%c %d %d %d %d%c0, b, wxemm, wycrim, xemm,
‘ yemm, q).

v
r

{/* west metal »/
wxcmw=wxcfw; .
wycmw==wycfw; |\ to-
xemws=xcfw; ‘
yemwamyefw:

forintf(ptr, "%c %d %d %d %d%c0, b, wxcmw, wWycmw, Xcmw,

yemw, q); Y *

\
. \

{/* south metal »/ |

~

e~ WXCIMSm=WXC[S;

wycms==wycfs;
xe ma—xcrs'
ycma—ycfs,

fprintf(ptr, "%c %d %d %,d %d%:c0, b, wxcms, wycms, xcms, - ‘
yems, q);

{/* north metal «/
wxcmn=wxcfn;
wycmn==wycfn;
Xcmns=Xxcfn;
ycemnssyefn;
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fprintf(ptr, * %c %d %d-%ad %d%c0, b, wxcmn, wyémn. xemn, ¢
yemn, q);

{/# east metal »/

wxcme=wyxcfe;

wycme=wycfe;

Xemes=xcfe; ‘ ",

yeme==ycfe; ‘

fprifitt(ptr, *%e %d %d %d %d%c0, b, wxcme, wycme, xcme,
ycme, qQ);

b

.

{/* connection metal to south contact */
wxcmes==8#8-+(wxcfv-wxcfs)/2;
WyCcmes=—2+8;
* Xcmcs==wxcmes/2-+8+X;
ycmess=ycfs;
fprintf(ptr, *%c %d %d %d %d%co b, wxcmes, wyemes, Xcmes,
ycemes, q); L

{/» connection metal to west contact */
WXCICW=248;
wycmew==<10+s+(wycfh-wycfw)/2;
XCmew=x;

yemew=wycmcw/2+7+s+y;

fprintf(ptr, *%6c %d %d %d %d%c0, b, wxcmew, wycmew, Xemew,

i

yemew, q); '

’

{/* connectiop metal to VDD «/
WXCINCV==2#S; .
, wycmcv=9*s+(wycfh-wycrw)/2. "L -
Xcemevs=x;
yecmcev==wycmcev/24ycfw--2xs;
forintf(ptr, "%c %d %d %d %d%c0, b, wxemev, wyemcy, xemev,
« « yemcev, qQ); b

{/* connection qnetal to east contact */
WXCMmCe==2+48§; ;

" wycmce=0#s+(wycfh-wycfw)/2;
‘xcmcee==xcfe;
yemce==wycmce/2+4-ycfe-248;
forintf(ptr, "%c %d %d %d %d%c0, b, wxcmce, wycmcee, xemce,

yemee, qQ);

~{/* connection metal to middle contact / g ' .

_wxemem=(wxcfh-wxcfm)/2-2#s; '

Wycmem==2+s; .

xemema=xcfm-+2+s+wxemem/2; ; :

ycmem==ycfe; i

fprintf(ptr, "%c %d %ad %d %d%C8,, b, wxcmem, wyemem, xemem,
yemem, q); -0

{/* p-n connection metal */ .
WXCI==2%8;
wycm=20#*s+(wycfh-wycfm)/2;
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Xcm==xbpe-+8; ’ ' ' N
yems==wyem/2+y; ’ ' '
forintf(ptr, " %c %d %d %d %d%c0, b wXcm, wycm, Xcm,
. yem, q);
fclose(ptr); —

/% p-pulse box s/
ptr == fopen("LCPP_box", "a”);

wxpp=wxcfw+wxcfh+wxcfe-2+¢s;
WYpp==wycin+wyclv+wycfs-8+s;
xpp=xcrm+5ts/2;
YDD==8#8+WYDD/2+Y;
fprintf(ptr, " %c %4 %d %d 96d%c¢c0, b, wxpp, WYppP, Xpp, YPP, Q);

rcloqe(ptr); ~

» /% n-pulse box »/.
ptr w= fopen(" CNP_] box" "a”);

WXNpmcwXPP-+248;
WYnp==wypp;
Xnp==Xxpp-+s;
ynp==ypp; :
fprintf(ptr, "%c %d %d %d %d%¢0, b, wxnp, wynp, Xnp, ynp, q);

fclose(ptr);

threshold_n == wn/4; ) ’ ’
{/» ntrsistor */ /
ptr = fopen("Poly_box”", "a"); .

{/» west */ A

nwWxbpw==2#s; :
. nwybpw=8#s-+threshold_n;

nxbpwa=Bes+X;

nybpw=(-1)%(12ss+0wybpw/2)+y;

fprintf(ptr, “%e¢ %d %d %d %d%co, b, nwxbpw, nwybpw, nxbpw,

nybpw, q);

{/* north »/
nwxbpn=a4#s+threshold_n;
.{  nwybpn==2ss; = -
nxbpnunwxbpn/2+7-s+x,
nybpnm(-x)uatwy.
‘fprintf{ptr, *%c %d %d %d %d%c0, b, nwxbpn. nwybpn,
#Axbpn, nybpn, q); .

{/* south «/ .
nwxbps==4e¢s-+threshold_n;
nWybps=24s;

- nxbps==nxbpn;
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nybps=(-1)*(1143+-nwybpw)-+y;
fprintf(ptr, "%c %d %d %d %d%¢0, b, nwxbps. nwybps, nxbps,
nybps, q);

}
{/# cast »/
nwxbpee2xs; -
nwybpe=nwybpw; = .
nxbpe==8#s-+nwxbpn-+x;
nybpe==nybpw;
fprintf(ptr, "%c %d %d %d %d%:c0, b, nwxbpe, nwybpe nxbpe,
nybpe, q); .

s
N

fclose(ptr);

/* device well box */

ptr = fopen("LCF_box", "a" ), ..
{/* vertical »/ :
nwxcfv=threshold_n;
nwycfv=2#s+nwybpw;
.nxcfv=nxbps;
nycfv=nybpw;
forintf(ptr, * %c %d %d %d %d%c0, b, nwxcfv, nwyefv, nxcly,
nycfv, q);
{/* horizatal +/
nwxcfh=90%s+nwxbps;
nwycfh=threshold_n;
nxcfh=nxbps+3*s/2;
nycﬂx=nybpw; .
fprintf(ptr, ~%c %4 %d %d %d%c0, b, nwxcfh, nwycfh, nxcfh,
nycth, q); ‘ .
3% . ‘ .
{/* west contact device */ .-
nwxcfw==8%s;
nwycfw==4%s;
nxcfw=x;
nycfw=nybpw; -
fprintf(ptr, " %c %d %d %d %d%c0, b, nwxcfw, nwyctw, nxcrw
nycfw, q); o

]

{/ * north contact device * /
nwXcin=4#s;
nwycln=8#s; .
nxcfn==nxbpn; * .
nycfn==y-7«s;
fprintf(ptr, " %c %d %d %d %d%co b, nwxcfn nwyefn, nxcrn,
nycn, q);
i 4
{/#* south contact device »/ : :
nwxcfs=—4#*s;
nwycls=8+s; ' L
nxcfs=nxbps; '

nycfs—nybps-nwycrslz-zfs, oY

- tprintf(ptr, * %c %d %d %d %d%co, b, nwxcfs, nwyecfs, nxcrs,
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nycfs, q);

{/=» east contact device #/

nwxcfesmgus; R

nwyecfesm4us;

nxcfessnwxefw/2+nxbpe+54s;

nycfes=nybpw;

forintf{ptr, "%c¢ %d %d %d %d%co b, nwxcfe, nwycfe, nxcfe,

nycfe, q); -

. - {/» middle contact device */ ’
. nwxcfme=4ns; .
- nwycfmasqss;
nxcfm==nxcfs;
nycfms=nybpw;
fprintf(ptr, "%ec %d %d %d %d%co b, nwxefm, nwycefm, nxcfm,
nyefm, q);

fclose(ptr):

A contact cut box */ -
ptr == fopen("LCC_box", "a"); ‘
{/* middle cut box */ -
DWXCCma=24s;
T T Dwyccms==2ss; ’ ) .
» nxeem==nxefm; .
nycems==nycfm; :
fprintf(ptr, "%c %d %d %d %d%¢0, b, nwxccm, nwycem, nxcem,
© nyeem, q);

{/%*west cut box »/
' DWXCCWr=B1s;
DWYCCW==2%8,;
- - nxcew==nxcfw;
’ nyccw==nycfw;
fprintf(ptr, "%c %d %d %d %d%c0, b, nwXxccw, nwycew, nxcew,
" . nycew, q);

{/* south cut box %/ ‘ . A
. DWXceam=ges; ' '
- . DWYccs==61s;
i 4 nxcess=nxcfs; . / _ .
nyccs==nycfs;
. © fprintf(ptr, "%c %d %d %d\%d%co, b nwxccs, nwyccs, nxccs,
- , . . nyces, q);

{/* north cut box t/

. , NWXCCn=2s;
’“ nwyccn==6+s; .
nxcen==nxcfn; - . -

nycen==nycfn; ‘ ‘
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 fprintt(ptr, *%c %d %A %d %d%c0, b, nwxcen, Dwyeen, nxceen,
nycen, Q);

{/* east cut box */
nwxcce==0xs;
NWYycce==2%s;
nxcce==nxcfe;
nycce==nycfe;

fprintf(ptr, "%c %d %d %d %d%c0, b, nwxcce, nWycce, nxcce,
nycce, q); * :

)

felose(ptr);

/#* metal box #/
ptr == ropeﬁ('LCM box" "a");
{/* middle metal ¥/ - '
nwxemm=nwxcfm;
nwycmm=nwycfm;
nxcmm==nxcfm;
nycmm=nycfm;

fprintf(ptr, "%c %d %4 %d %d%c0, b, nwxcmm, nWycmm, nxcmm,’
nycmm, q);

{/» west metal »/ p
nwxcmw=nwxcf{w;

nwycmw==nwycfw;

nxcemws==nxcfw; .
nycmw=nycfw;

fprintf(ptr, "%c¢ %d %Bd %d %d%c0, b, nwxcmw, nwycmw, nxcmw,
nycmw, q);

{/+ south metal */
nwxcms=nwxcfs;
nwycms=nwycfs,
nxcms==nxcfs;
nycms==nycfs;

forintf(ptr, "%c %d %d %d %d%co b, nwWXcms, Nwycms, nxcms,
nycms, q);
}

{/* north metal »/
nwxcmn==nwxcfn;
nwycmn=nwycfn;
nxemn==nxcfn;

pycmn=nycfn; ' ; ’

forintf(ptr, "%c %d %d %d %d%c0, b, nwxcmn, DWycmn, nxcmn,’
.nycmn, q); ’
_{/# east metal */
nwxcme=nwxcfe;
nwycme=nwycfe;

LY

nxcme==nxcfe; , o o
pycme=nycfe;
fprintf(ptr, *%5c %5d %d %d %d%co b, nwxcme, nwycme, nxcme.
nycme, q);
< T \ _
. L
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*

L4
3

{/s connection metal to north contact */

nwxcmens=8ss+(nwxefv-nwxefn)/2;

DWYCINCN==i24s; :

nxcmcn:-nwxcmcn/2+s+x, v

nycmcen==nycfn; !

fprintf(ptr, *%c %d %d %d %d%co b, nwxcmen, nwycmen,
nxcmen, nycmén, q);

{/# connection metal to west contact */
NWXCIMCW==248; .

U nwyemcew==10+s+(nwycfh-nwycfw)/2; 5
nXcmew==x; :
nycmew==(- l)t(nwyc w/2-8+8)+y; )
fprintf(ptr, "%c %d %d %d %d%c0, b, nwxcmcew, nwycmew,

'

., DX¢mEw, nycmcw, q); -

} \

{/* connection metal to GND =/
NWXCMCg==248; !
nwycmcg—lets+(nwycfh-nwycfw)/2;

nXCMCEg==x; ’

nycmeg==(-1)*(nwycmecg/2+248)+nycfw;
fprintf(ptr, *%ec %d %d %J\%d%co. b, nwxemeg, nwycmcg,
nxcmeg, nycmeg; q); .
{/# connection metal to east contact */
_ nwXxcmce==2ss; -
nwycmce-—lets+(nwycm-nwycrw)/2‘
nxcmce==nxcfe;
nycmce=(-1)*(nwycmce/2+2+s)+nycfe;
fprintf(ptr, "%c %d %d %d %d%c0, b, nwxcmce, nwyemce,
nxcmce, nycmce, q);

./ connecuon metal to middle contact */
nwxcmem=(nwxcfh-nwxcfm)/2-2#s;
DWYCmCm=2+s;
nxemems== nxcfm+2¢s+nwxcmcm/2
nycmcm==nycfe;
fprintf(ptr, '%c %d %d %d %d%c0, b, nwxcmem, awycmem,
nxcmem/ nycmcm qQ);
}

{/* p-n connection metal x/
nWXCm==2#s;
nwycme=]10ss-+(nwycfh-nwycfm)/2;
nxcm=nxbpe-+s;

. nycm=(-1)*nwycm/2+y; ‘ -

fprlnt,r(pt.r, "%c %d %d %d %d%co, b, nwxem, nwyem,
. ' nxem, nycm, q);

fclose(ptr);
/% p-pluse */ :
ptr == fopen("LCPP box*, "a"); T
{/» west box »/
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' DWJ&DDW=B_*8;
: "« DWYppW==8%s; .
. : " nxppw=x-3ss; )
nyppw=nycfw; ;0 '
. . » - fprintf(ptr, "%c %d 95d %d %d%co b, DWXPPW, IWYDPW, DXDPPW,
nyppw, Q);
. , .
{/* south box */
o RWXPpS==8#s;
., nWYppS=64s;
v . nxXpps=nxcfs;
o nypps=nycfs-nwypps/2;
L forintf(ptr, *%c %d %d %d %d%¢0, b, nWXpps, nwypps, nXpps,
nypps, (I) -

a

»

. nwWXppn==1248;
. © DWyppn==6#s;’ ) C
> . . 'nXppn==nxcfn-2+s;
nyppn~(-1)~(nwyppn/2+s) R
fprlntf(ptr "%¢ %d %d %d 7d%co b, anppn AWYppPN, DXppn,
nyppn, q);

: }
. {/* east bax o .

-

nwxppe==6xs; .
@ nwyppe==8ss; ‘ -
nxppe=nxcfe+nwxppe/2; - ) } .
nyppe=—nycfe; .
: tprintf(ptr, "%c %d %d %d 9%d%co0, b, nwxppe. nwyppe, nxppe,
nyppe, q);

fclose(ptr); . ) ¥ '
. /sn-pluse */ i L
- ptr = fopen("LCNP_box™, "a");
{/*% west box x/
NWXDPW=NWXPpW- 248, .
DWYNPW==DWYDPDW - 4%S; v
. . IXDpWE=nXPpw-s;
- ' nynpw-—-nycfw -
fprlnt,f(pt.r. ~%c %a %d %d %d%c0, b, nwxnpw, nwynpw nXnpw,
nynpw, q);

.
- -
]

' - {/* gquth box */

. DWXDPS==nWXppS+4#5; ' S ‘

DWYNDPS==nNWypps-+2#S; L . ) )
. DXnps=nXpps; i
V ' DYRPS=nYpps-s; ' ' :
. fprintr(ptr, »%%c %d %d %d %d%co b, DWXDPS, DWYnps, NXnpsy

- - ‘ ) nynps, Q);

{/* north box %/ R ‘ .
DWXNPR=NWXDPDN+ 458, - {

) NWynpn=nwynps; . T * f
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- XCMO==WXCIMO/2+nxcm-s;

'x

ycmo==y; -
tprintf(ptr, " %c %d %d %d 9%d%¢c0, b, wxcmo, wycmo, Xcmo, ycmo, q); -

/* VDD box =/ o, .
{ ~— .
if (wxnp <nwxng) - ’ .
wxvdd=rfwxng;
elsg &
wxvdd=10+s4wxnp; ;
, wyvdd==4+s;
N o xvdd=nxng; ) '
yvdd==ycin+2ss; " . ,
. ’ tprintf(ptr, "%c %d %d %d 2%4%c0, b,.wxvdd, wyvdd, xvdd, yvdd q);

0
o

/* GND box »/ & .
{
wxgnd==nwxng;
wygnd=4+s; : -
xgpd—nxng. PO ‘
‘. N : ygndaLnynpspgts,
fprlntf(pt-r. "%c %d %d %d %d%co, b, wxgnd, wygnd, xgnd, ygnd, q);
| < ) 4
rcloge(pt,r); ) ‘ ’ -

-

R}

. ‘ /* output cut box / . ‘
/% ptr=fopen("LCC_box", "a"); . r i

. ’ WXCCO==248; . -
§ WYCCO==2+48; - - -
xcco=wxcmo+x; ° .
5 , . yecomsy; * (W
) tprintf(ptr, * %c¢ %d %d %d %d%co b, wxcco, wycco, Xeco, ycco, q);
- 7} - .
w/ ’ ,
/% input poly */ .
ptr=fopen("Poly_box", "a"); .

i . { . \ "

- J wxbpe=i5+s; . N
wybpe=2ss; - C ‘
Xbper=x-2¢s8; . 4
pr$HY+5*8.

_ fprintf(ptr, "%c %d %d %d %d%:¢0, b, wxbpe; wybpe, xbpe, ybpe, q); -
[} ‘f } v . *

fclose(ptr); . . n'ooL

&o

* /* output contact poly box t/ - ) .
/t . . , . ' -

) wx{bpo-ets; | 'p/:
. Wybpo==68ss; : . . .
) xbpo==xcco! .

ybpomeycco; .
fprintf(ptr, *%c %d %(i %d %d%:¢c0, b, wxbpo, wybpo, xbpo, ybpo, q);

} . & - »

o : - . . ) . of -
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'ﬂ:lose('ptr) ;
*/
|8 '

\

1 /* A module to create the parallel conﬂgunatlon of PMOS and, NMOS Inverters s/
#lnclude <stdio.h>

#include <math.h>
fun(s)
int s;
{ . B
extern int n1, ml, yccl, nwycef, Xemo, nxce, nycc;
FILE #ptr, #fopen();
int x=0, y=0;

char b="B";
char q=";";

. ‘ o
int wxpp, wypp, xpp, yYpP; ‘ o /
int wxnp, wynp, xnp, ynp; )

int wxpw, wypw, Xpw, ypw;

int wxpg, wypg, Xpg, Ypg:

int wxng, wyng, xng, yng;

int wxcm, wycm, xcm, ycm;

int wxcmo, wycmo, ycmo;

int nwxcm, nwyem, nxem, nycm;

int wxcmi, wycmi, xcmi, yeml;

int nwxpp, nwypp, nXpp, nypp;

int nwxnp, nwynp, nxnp, nynp;

int wxcc, wyce, xcc, ycc;

int wxcco, wycco, Xeco, ycco;

int wxpb, wypb, xpb, ypb;

int wxpbo, wypbo, xpbo, ypbo; -

/* p-pluse box #»/ _

ptr==fopep("LCPP_box", "a");
{ /* p-transistor */

" 1f (n1%2==0)
WXDPP==XCINO-+0*s; o )
else 5 v
wxpp xcmo+6ts,
Wypp=yccl-3+s;
Xpp==WXpp/2-4%8-+X; ) < -
YPR=WYypp/2+34s+y; '

fprlnt.f(ptr, "%c %d %d %d %d%co, b, wxpp. WYDP, XpP, YPP, Q);

-

{/* n-transistor */
nwxpp=nxcc+8ts L . .
Wy pp=6+s; '
DXPP=DWXDp/2-448+X; ' .
nypp==nycc-nwypp/2;
forintf(ptr, "%c %d %d %d %d%:co, b, DWXDRWBWYPP, DXPD, NYPP, 9);

=



<, . felose(ptr); - ) .

./* n-pluse box s/ : '
! . ptre=fopen("LCNP_box", "a"); ’ e ..
' {/#* p-transistor s/ . ™

- | WXnps=wWXpp+4s; .

WYnps=wyDpp--2+s;
Xnp==Xpp; L
ynp==ypp-s; . . .

fprintf(ptr, "%c %d %6d %4 %d%c0, b, wxnp, wynp, Xnp, ynp, %); ’

. {/# n-transistor =/ F ,

DWXDP==NWXDD-+4%5; : . .’
DWYNPe=nwWYDPp+24s; :
nxnp=nxpp; .
nynp==nypp-s; -

fprintf(ptr, " %c %d %d %d %d%co b, nwxnp, DWynp, nxnp, nBynp, Q); :

fclose(ptr);

/#* p-well box »/ ‘
ptr=fopen("LCPW_box", "w"); .
{ .
WXPW==WXDD; . '
wypw==abs(nycc)+3ss; ~ — .
Xpw=XDD; '
v . . ‘
T . ypw=(-l)*(wyp“’7‘~'+3*s)+y. - S
. fprintf(ptr, "%c¢ %d %d %d %d%¢c0, b, wXpw, wypw, XPW, YDW, q);
/* prlmt("wxpw=-%d wypw=%d xpw=%d ypw==%%d0, wxpw, wygw XDW, YPW); */
") , “ '\

rclose(pt.r);

- /% p-gard box »/
ptr=fopen("LCPG_box", "w"); . \

WXPE==WXPW4%8; i .
WYPE==WYPW-448; s .
XPE==XpW; -
- ¥pg=ypw;
’ ' rprum(pcr. *%c %d %d %d %d%c0, b, WXPZ, WYDE, XPE, YPE. Q)

. \rclose(ptr); . .

/* n-gard box */ . .
ptra=fopen(*"LCNG_box", "w"); B S

\
¢

WXDE==WXPE+4+8; n ‘ -
WYDE==WYDPg+44s; -
Xng==Xpg; ) . -
yng==ypg; ' ,
fprintf(ptr, "%c %d %4 %d %d%co, b, wxng, wynz. Xng, yng, Q); %
. A
fclose(ptr); ' ’
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. 4[* VDD metal box »/' - ’ .
*  ptr=fopen("LCM_box", "a");

WXCI=WXNg;
wycm==01s; '
Xcm==Xnp; ’
) . yem=wynp+wycm/2+s;
‘ tprintt(ptr, “%c %d %d 9%6d %A4%c0, b, wxcm, wyem, xcm, yem, q);

} . ‘
/* GND metal box */

DWXcIm=wXxcm; : ' R
Awycm=wycm; ~

‘ . nXcm==xng; oy
nycm==(-1)%(wyng-7+s-+-nwycm/2); : .
: fprintf(ptr, "%c %d %d %d %d%¢0, b, nwxcm, nwycm, nxcm, nycm, q);
2 ’ . } ¢ ’ I i

/* input metel box */ ,
wxcmi=4xs; .
" wycmi==4ss;
_\Xemi==(-1)s6s+X;,
' yemi=y,; . ’ .
. " fprintf(ptr, *%c %d %d %d %d%co, b, wxemi, wycmi, xeml, yeml, q);
+ /% output metal box */ b - 3
N .
if (n1%2==0])
WXCMO==06#5;
else s
WXCImOo=34s;
Wycmo==4*s; . ’
XCIMO==XCMO+248-+WXCmo/2;
' ycmo=y;’ i \
fprintf(ptr, "%c %d %d %d %d%c0, b, wxcmo, wycmo, Xemo, ycmo, q);
}oo ‘ ‘

, 7 tejogg(per);
ptr==fepen("LCC_box", "a");
/* Input cut box #/ ‘

wXCC=2%5; - . »
WYyce=2#s; . ‘ '
. xee=xcml; ' ( .
) yce=yemi; '
tprintf(ptr, "%c %d %d %d %d%c0, b, wxcc, wyce, xce, Yec, q);

A

/* output cut box */ - P4 )

~

‘ - WXCCO=2¢8;
wycco=2ss;




if (n19%52==10) ) ’

XCCOmmXCMO+S8; ' .

else — . c

XccommxCcmo-8/2;

yecommy: .
fprintf(ptr, "%e %d %d %d %d%c0, b, wxcco, Wycco, Xcco, yceo, q);

} ' . -

felose(ptr);
pt.r-fopen("Poly:_box' L na");

/* input poly box s/
{
wWXpb==Gss;
WypbaxBus;
Xpbhumxcec;
Ypb==y;
fprintf(ptr, "%6c %d %d %d %d%co0, b,-wxpb, wypb, xpb, ypb, q);

)t output poly box */ . /

WXpbo==gss;
wWyphom=gs;
Xpbossxcco;
ypbo=y; .
fprintf(pr, "%c %ad %d %d %d%c0, b, wxpbo, wypbo, xpbo, ypbo, a);

\ fclose(ptr); .
} . |
. | } . : \
* /% A module to connect both PMOS and NMOS transistors */

dinclude <strings.h> -

#include <stdio.h>

sfinclude <math.h>

funo(s, sxis2)

ints;

int axis2; .

{ . »
extern int wycf, nxcf, nwxcf, nwycf, nyef;
FILE sptr, »fopen(); i -
Int x==0, y==0; ‘

4

char b=='B";

char que’;*; -

Int WXpp, Wypp, XPp, YPP; - ,

int wxnp, wynp, Xnp, yip; »

int wxpw, Wypw, Xpw, ypw, Ve

int wxpg, wypg, Xpg. ¥YPR: .

Int wxng, wyng, Xng, yng;

int wxem, wyem, xem, ycm;

int nwxem, nwycm, nxcm, nycm; <
int wxemi, wyemi, xemi, yemt; ’ -



)
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int wxcc, wyce, xce, yec;
int wxpb, wypb, xpb, ypb;

/* p-pluse box */ - N
ptr=fopen("LCPP_box~, "a"); .

wXpp==abs(axis2)-4xs;
wypp=abs(wycf)-2#s;
XPP=WXPp/2-4*s+X;
ypPpP=wWypp/2+8+y;
fprintf(ptr, "%c¢ %d %d %d %d%c0, b, WXpp, WYpp, Xpp, YDD, Q) .
/*  printf("wxpp=%d wypp=%d xpp=%d ypp=2%d0, WXpD, WYPP, XDP, ¥YPp); */

}

fclosé(ptr); ' T

/* n-pluse box */ ' ) .. ’
ptr=fopen("LCNP_box", "a");

. ’ ’
WXDD=WXDp-+4#8; ‘ ‘ )
‘WYND=WYypp-+2#s; . o
xnp"‘xDpr ) “ ! 5 {J '
ynp==ypp-s; )

fprintf(ptr, "%c %d %d %d %d%co0, b WwXnp, Wynp, Xnp, ynp, q);

fclose(ptr);

./* p-well box »/
ptr==fopen("LCPW_box", "w");

wxpw=abs(nx¢f)+abs(nwxcf)/2-+7+s;
wypw=abs(nwycf)+5%s; } \
XPW=WXDW/2-4%8+X; .
yPW==(-1)%(Wypw/2-+4%5)+y; T
fprintf(ptr, *%c %d %d %d %d%:c0, b, WXDW, WYPW, XDW, YPW, Q);
/* prlntf("wxpw-—-%d wypw=0%d xpw=%d ypw=%d0, WXpw, WyDW, XpW, YpW); &/

[3 14 L4

fclose(ptr); L
. /% p-gard box */
ptr=fopen(" LCPG_box", "W w");
{ ' ' o
WXDE=WXDW+445;
WYPR=WYDW--4%5;
Xpg==Xpw,
YPE=YDW, '
fprintf(ptr, "%c %d %d %d %d%c0, b, wxpg, WP, xpt, ypg. a);

} .

fclose(ptr); - )

/; n-Eard box */ ‘ N
.ptr=fopen("LCNG_box", "w"); Co . '
{° .-
WXDE=WXpg-+4*S;
WYNE=WYPg+458;

1

N
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Xng==Xpg; . \
yng=ypg;
rprlntf(ptr, ~%¢ %d %d %d %d%co, b._wxnz, wynz. Xng, yng, Q);
fclose(ptr); -
/* VDD metal box s/
ptr==fopen("LCM_box", "a");

WXCM=WXNp+06*s;
Wy cm=<g4s; F
XCm==Xnp-s; . Ce .
ycme=Wynp-s+wycm/2;
fprintf(ptr, “%c %d %d %d %d%c0, b, wxcm, Wycm, Xcm, yem, q);
/*  printf("wxem==%d wycm-—%d xcm—-—%d ycm-—%do wxem, wyem, Xcm, ycm); */

} \ x

/% GND metal box */

" AWXCMa=wXcm;
AWYCm=eWycm;. ' ' .
nXCM==nWXCm/2-104s; *

. " nycms=(-1)*(wyng-8+s+-nwyem/2); - e

torintf(ptr, "%c %d %d %d %d%coO, b, nwxem, nwycm, nxcm, nycm, q);
/* printf("nwxcm=%d nwycm=%4d nxcm=%d nycm=%d0, nwxcm, nwycm, nxcm, nycm);_ x/

/* input metel box &/

wXCIi=4+3; ' . K ' ' LI
Wycmim=4qss; ’

. - _ xcmi==(-1)748+X;
ycmimy;

- fprintf(ptr, "%c %d %d %d %d%c0, b, wxchnil, wycmi, xemi, yemi, q);

}

‘fclose(ptr);

ptr=fopen("LCC_box", "a"); ’ ’ “\
/* input cut box */ : :

{ .

WXCC==248;

WY cC=248; .

Xcc==xcmi; .

yce=ycmi; '

fbrlntf(pt,r, "%%c %d %d %d %d%co b wxce, wyee, Xec, yee, q);

. fclose(ptr);

_ ptrs=fopen("Poly_box”, "a"); ‘ L . / -
/* Input poly box s/ '

wWXpba=8#s; : ., .
Wypb=}Ges; _ .
Xpb==xcc; o o




Co , - 143 -

Ypb=y; .
intf(ptr, "%c %d %d %d %d%c0, b, wxpb, wypb, xpb, ypb, Q)

félose(ptr);

/* A module to create a PMOS transistor in :lg gag structure %/
#include <stdio.h>
_#finclude <mathh> : -
int wyecf; '
, pmos(wp, threshold, axis2, beta, 8)
float beta;
, int wp, threshold, axis2, s;
- {
" int x=0, y=0; &
FILE *ptr, *topen();
char b="B’;
char q=";";
int wxbp, wxsp, wxcf, wxpp, wxnp, wXce, wxem;
. - int wybp, wysp, wypp, wynp, wyce, wycm;
int xbp, xsp, xcf, Xpp, Xnp, Xcc¢, Xcm;
int ybp, ¥sp, vef, ypp, ynp, yee, yem;
int wxcml, wyeml, xcml, yem1;
int wxccl, wyccl,xeel, yecl;
int wxpe, wype, xpe, ype; -
{nt rest;

et 4

x=s+abs(axis2);
rest==wp-threshold; .
it (threshold%2==1)

' { I
threshold=threshold+1; . ! T
° ., - ' } ) ﬁ

ptr = fopen("Poly_box", "a");
L .
wxbp==2#s; -
" wybp=_threshold;
xbp==x; .
‘ybp=8ss+wybp/2+y; ,
tprintf(ptr, "%c %d %d %d %d%c0, b, wxbp, wybp, xbp, ybp, q);

/* horizatal poly box */

( . | | .
) v if (rest > 54s) ' ‘ :
. - WXsp==rest; T

; B else :

. WXSp==bss; . .

WYysp=2#s; '

XSP==WXsp/2+wxbp/2+X;

A R U L

<
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] yspusawybp+-7484-y;-
. fprintf(ptr, *%e %d %d %d %d%c¢0, b, wxsp. WYSp, Xsp; ¥sp, q);

{ /# 138t out of CF poly box to extension */
WXpe==2x4s;
wWype==2ss; .
.. Xpe==wxsp+wxpe/2+wxbp/2+x; - :
h Ype==ysp; .
fprintf(ptr, "%c %d %d %d %d%co b, wxpe, Wype, Xpe, ype, q)

fclose(ptr); _ . o

/*device well box &/ - . .,
ptr == fopen("LCF_box", "a"); '

wxclf=wxbp+wxsp-+ 2*s;
WY¢f=WybP+l4"'8,
xcr=wxcr/2-3#5+x,
yef=3ss-+wycf/2+y;
fprincr(ptr. "%c %d %d %d 96d%c0, b, wxef, wyct, xcr yef, qQ);

1

fclose(ptr);

/% p-pulse box */ . ' ‘ .
/. ptr = fopen("LCPP_box*, "a"); R
N B ’

WXpp=wxc{-B84s;
wWypp=wycf-2+8;
. xpp=xcf{+s;
o YPp==8+Wypp/2+y; ,
» forintf(ptr, " %c %d %d.%d %d%c0, b, WXpp, WYPP, XPP, YPP, Q);
fclose(ptr);
%/ .
/* n-pulse box &/ :
/* ptr = fopen("LCNP_box”, "a"}; )
. { " 2 -
‘ WXRD=WXDp-+4%s;
: WYNp=WYDp-+2#s;
- Xnp==Xpp;
ynp==ypp-s;
fprintf(ptr, " %c %d %d %d %d%c0, b, wxnp, wynp, xnp, ynp, q);

fclose(ptr);
7
/* contect cut box s/
ptr = fopen("LCC_box", "a");

. " /% ypper cut box */ - ‘.

wXccl=2x4s;

wyccl==6ss,;

Xccl=mwxcl/2-3¢8+X;

yecl=wycf-s+y;’

mrintr(ptr "%c %d %d %d %d%co b, wxccl, wyccl xcel, yeel, q);

-

'-\,._7,_
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/* below cut box-*/

WXCCz=24s;
\wycc==2*s;
Xce==445+X; .
ycc=5#s+y; ' . .
fprintf(ptr, “%e %d %d %d %d%c0, b, wxce, wyee, Xee, yee, qQ);

}

fclose(ptr); .

/% metal box */
ptr == fopen("LCM_box", *a”);
. /% upper metal */ -

wxcml==2#s+wxccl;
wycml=2#s+wyccl; e
xemil==xcel;

ycml=yccl; .
fprintf(ptr, " %c %d %d %d %d%c0, b, wxemi, wyeml, xemi, yeml, q);

}

/* below metal */ .

WXCIM==WXCC+24s;

WYCm=Wyco+2+s;

XCm=Xc¢;

yem==yce; < .

fprintf(ptr, * %c %d %d %d %d%c0, b, wxem, wyem, xem, yem, q);

fclose(ptr);

return(wxef);

}

v

/* A module to create an NMOS transistor in zig zag stfucture »/ .
#include <stdlo.h>

fHinclude <math.h>

int nxef, nwxef, nwycf, nycf; .

nmos(wn, threshold, axis2, beta, s)
float beta; .

int wn, threshold, axis2, §;

{ o ;

int x==0, y=0;

int ¢, 1, J; o o
FILE *ptr, sfopen(); ' . .
char Poly_box; )

char b="B’; \

char g==";"; . ¢

int nwxbp, nwxsp, nWXpp, DWXnp, hWXcc, NWXCMm, NWXPE, NWXNg;

int nwybp, nwysp, nwypp, nwWynp, awWycc, nWycm, nwypg, nwWyng;

int nxbp, nXsp, NXpp, IXDP, NXcc, DXCM, DXDE, AXDE;
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int nybp, nysp, nypp, nynp, nycc, Rycm, nypg, nyng;
int nwxcel, nwyecl, nxccl, nyecl, nwxeml, nwycmi, nxéml, nycmtl;

int wxpe, wype, xpe, ype, nwxpe, nwype,‘nxpe, nype;
int wxbpe, wybpe, xbpe, ybpe; ,
Int rest; '

x==8-+-abs(axis2); ,,
rest==wn-threshold; Qb
if (threshold252====1) ,,

{

threshold=threshold+-1; ’
; }

-/# ntransistor »/ '
ptr == fopen("Poly_box", "a”); - -
/* big poly box */ '

§ AwWXbp==24s; .

nwybp==threshold;

nxbp==Xx;

nybp==(-1)*(nwybp/2+12#8)+y;

- " tprintf(ptr, "%c %d %4 %d %d%c0, b, nwxbp, nwybp, nxbp, nybp, q);

. .

/* horizatal poly box «/ . o

{ ‘ .

if (rest > . 5#s) . -
nWwXsp==rest;

else

NWXSp=5#8; e

DWYSp==2#s; i t .~ ,

nxsp==nwxsp/24-nwxbp/2+x; '~ !

nysp==(-1)*(nwybp-+11#5)-+y; ’

fprintf(ptr, "%c %d %d %d %d%c0, b, nwxsp, nwysp, nxsp, nysp, q);

-

}

v

R {-/* ntrsistor big poly extension */

NWXpe==2x8, -

DWYype==2+s; )

nxpe==nwxsp+nwxbp/2+nwxpe/2+x;

nype==nysp;

fprlntf(pt;, *%c 9%d.%d-%d 26d%co, b, nwxpe, nwype, nxpe, nype, q);

fclose(ptr);
]

/* device-well box »/

ptr = fopen("LCF_box", "a")
{
nwxcf=nwxbp-+nwxsp+2ss;
nwycf=nwybp+14ss;

SnxXef==nwxcf/2-3#s4-x;
nycf==(-1)«(nwycf/2+743)+y; ,

+ fprintf{ptr, "%¢ %d %d %d %d%co, b, nwxcf, nwycf, nxef, nycf, q);

“

»
L4 A

L | .%{flse(p;r): o :

C s

-
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- /* p-well box */ l N n
/* ptr = fopen("LCPW_box", “a");

NWXpw==nwxcf+44s;
AWYPW=nwyéf+4*s;
nxpw=nxcf; °
nypw==nyef;
fprintf(ptr, "%c %d %d %d %4%c0, b, nwxpw, nwWypw, nXpw, nypw, q); -

A } : \
rclose(ptr); .

<

e | - L
/* p-gard box */
T/ ptr = fopen("LCPG_box™, "a"); '

nwxpg==nwxpw+4#sf
DWYPE==DWYpW-+4%s;
. DXpg==nxcf;
nypg=nyef; .
fp}tlntf(ptr, "%c %d %d %d %d%c0, b, nwxpg, nWypg, nXpg, nypg, q);
fclose(ptr);
*/ -
/# n-gatd box */
/* ptr = fopen{"LCNG_box", "a");
NWXNg=nwXpg--4+s;
 DPWYDNE==NWYDg+4%8S;
nxng=nxcf; X '
pyng=nycf; . e
fprintf(ptr, "%c %d %d %d %d%c0, b, nwxng, nwyng, nxng, nyng, q);

v

_ fclose(ptr);
*/
: /* contect cut box */ .
g ptr = ropen("LCC__:box", "a"); ‘/
/* upper contect */ ;

nwxecel=2xs;
nwyccl=2%s;
nXccl==4¥s-+X;
nycci=(-1)*9ss+y; ° . \ .
‘ tprintf(ptr, *%e 25d %d %d %d%co, b, nwxcel, nwyccl, nxccl, )
. : nyccl, q);

. } )

/* below contect */ : \ -

{ .
i x}wxcc=2ts; \
nWYcc=06%8;
NXce=2%8+X; . : .
. nycc==(-1)#(nwybp+14ss+nwycc/2)+y; -

-~

tprintf(ptr, " %c %d %d %d %d%:¢c0, b, nwxce, nwyee, nxce, nyce, q);

el

fclose(ptr);

-
&
3

T T
o
1
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/* metal box +/ o .
ptr == fopen("LCM_box", "a"); —
/% upper contect +/ - -

nwxcml==nwxecl+24s; e

nwycmi==nwyccl+2#s; '

nxceml=enxeccl; ‘ - ' '

nycmls=nyccl; .

fprintf(ptr, " %c %d %d %d %d%:c0, b, nwxcml nwyeml, nxem1,
nycml, qQ); :

/» below contect =/ N
{ .
7 AWXCM==2#84-nWXece;
OWYCM==nWycct+2+s;
nxem==nxec;
hycm==nycc;
fprintf(ptr, *%c %d %d %d %d%c0, b, nwxcm, nwycm, nxcm, nycm, q);

fclose(ptr);

/* p-pulse box =/ .
ptr == fopen(*"LCPP_box", "a8");

. nwWXpp==nwkcf-44s;
. nwypp=6ss;
nxpp==nxcf;
. nypp==nycc-nwypp/2;
forintf(ptr, "%c %d %d %d %d%c0, b, nwxpp, nwypp. nXpp, BYPP,-q);

fclose(ptr);

/* n-pulse box »/
ptr = fopen("LCNP_ box" ~a"); Lol

NWXDD=nWXPp-+495; B
nAWynNnp=nwypp+24§; .
nXnp==nxpp;
nynp==nycc-nwynp/2;

mrlntf(ptr, "%c¢ %d %d %d %d%co, b, nwxnp, DWynp, nxnp, nynp, q);

}

fclose(ptr); ) ;

/* A module to generate CIF file */
_ dinclude <stdio.h>
char string0(]=="(CIF file of symbol hierarchy root.ed at”;
chiar stringl[]="DS 11 1;*;
char string2{j="9";
char strings{]="L CP;";
_char string4{]=="L CF;";
char string8{]=="L CPP;";
char string6{]=="L CNP;";

23



char string7{}="L CC;";

char strings(]="L CM;";

char strings[]="L CPW;"; Pt
char string10{]="L CPG;";

char string11[]="L CNG;";

char string12[]J="DF;"; '
char string13{}="C 1;*;
char string14{|="E";
char string15[]=");";
cifgen(name)

char namel];

FILE #ptr, *fp, *fopen(); | ?
int ¢; -
char q="";"

[

Iy

ptr = fopen{name, "w"); . -
fprintf(ptr, "%s %s %s\n", stringo, name, strlx‘\zl{);
tprintf{ptr, "%s\n", string1);
fprintf(ptr, *%s %s %c\n”, string2, name, q);
fprintf(ptr, ~%%s\n", string3); .

fp = fopen("Poly_box", r);

o

_ while ((c=getc(fp))!=EOF)
pute (c, ptr);°
*  fclose(fp);

fprintf(ptr, "%s\n", string4); -

p

fp = fopen("LCF_box", "r");

a-—o

- while ((c=gete¢(fp))!=EOF)
putc (c,ptr); .

fclose(fp); _ ’/
} ~ .

b - LY
- . fprintf(ptr, "%s\n", string5);

fp = fopen("LCPP_box", "r*); .
v -“
while ((c=getc(fp))!=EOF)
pute (c,ptr);
* . fclose(fp);

fprintf(ptr, *%s\n", strings); \ >

. fp = fopen("LCNP_box", "r");

while ((c=getc(fp))!=EOF) _
putc (c,ptr);




fclose(fp); P . # ' .

}
d
tprintf(ptr, ~%s\1", string?);
fp == fopen("LGC_box”, "r*);

while ((c=getc{{p))!=EOF) ‘
pute (¢,ptr);
fclose(fp); ;
b, : i ¥
' - =4
forintf(ptr, " %s\n", strings); <y

L ' i

‘

Fx

fp = fopen("LCM_box", "r"); '

while ((c=getc(fp))!==EOF) , -
_bute (¢,ptr);
tclos‘e(rp);

fprintf(ptr, " 9%s\n", string9); .

fp = ropen(';LCPW_qu", ”r);

- ® while ((c=getc(fp))!=EOF) .
pute (c,ptr); .
. fclose(fp); . ) ¢
¥ } - , '

forintf(ptr, * %s\n", string e
t
fp == fopen(”LCPG_box", Jr"); .

h Y te { i A .
while ((c=gete(fp))I==EOF) . ' ’
i pute (¢,ptr); Y . oy

o * felose(fp); - ‘ ~n .

. . fprintf(ptr, "%s\n", stringll); “~

s
. v
.

- fp = ropen("LCNG._box", "r);

, , while ((c=zeu:(l‘p))!=i’:)QF) | ¢ . . »
N pute (c,ptr}; y - ‘

© - fclose(fp);
}

' fprintt(ptr, "%6s\n", string12); / ’ ) ) ' M
/ < forinti(ptr, *%6s\n", siringl3); S G .
( T fprinif(ptr, " %6s\n" ,Atring14); , . : . / :

- : N ‘/\ .
felose(ptr); - ‘ ) A

T ~ . ) ' : -




return;

/* A module o generate KIC ﬂle x/
ffinclude <stdlo.h>

char strin0(}="{Symbol";
char strin1{}="DS 01 1;";
char strin2[]="9";

char strin3[]J="L CP;";
char strin4{]="L CF;";
char strins{]="L CPP;";
char strin6(}="L CNP;";

, char strin7[]="L CC;";
char string{}="L CM;";
char string[]="L CPW;";
char strin10{]="L CPG;"~;
char strin11{]="L CNG;";
char strin12[}="DF;";
char strinl4{}="E";

char strin15(]="
klcgen(narpe)

char name|); .
FILE *ptr, *fp, *fopen()
int c; —~

char q="";

ptr = fopen(name, "w});

{

fp = ropen("Poly_,box", "

while ((c-c-getc(tp))'-—EOF)

putce (¢, ptr);
fclose(Tp);

} <

fprintf(ptr, " %s 0", string);

]

12

9

fp = rop_en("LCF;_b ”, ")

’

| while ((c=getc(fp))!=EOF)

\ pute (c,ptr);
- fclose(fp);

¢

v
®

rprlm.f(pt,r, ~%s\n", smni)

s

fp == ropen('LCPP boxp, "r");

4

fprintf(ptr, "%s %s %s\n", sttin0, name, strinls);

tprintf(ptr, " %s %s %c\n", strin2, name, q); :
fprintf(ptr, "%s\n", strin1);
fprintf(ptr, "%s\n", strin3);

~



while ((c==¢etc(tp))!=EOI-*)
) pute (c,ptr);
fclose(fp); -

} ' . fprintf(ptr, "%s\n", strine);

<o
while ((c=getc(fp))!=EOF)
\ ¢ pute (c,ptr); -
| felose(fp);

_ fprintf(ptr, ~%s\n", strin7);
fp == fopen("LCC_box", "l:");

while ((c=getc(fp))!==EOF)
. pute (c,ptr);
fclose(fp);

t’prinpt(ptr, ~%s\n", strins);
fp == fopen("LCM_box", "r");

B while ((c=getc(fp))!=EOF)
. N ¢ pute (¢,ptr);
- * fclose(fp);

» [
.« .

vy fprintf(ptr, "%s\n", string);
Ap = roPén(fwa;box", ")

. ' while {(c=gete(fp))1=EOF)
pute {(¢,ptr);
- fclose(fp);

v

) ‘ ' fprintf(ptr, *%s\n", strin10); '

u’( » ' fp = fopen("LCPG_box", "1");

{ ‘ .
_ while ((c=ghte(fp))!—EOF)
pute (e,ptr); -
fclose(fp);
}

. . N
a .

) tprlnt.r(ptr.:f %s\n", strin11);

/ - fp = fopen("LCNG_box", *r*);

fp == fopen("LCNP_box”, "r"); .

e
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N«

’

while ((c==getc(fp))!=EOF)
pute (¢,ptr); .

}rclose(fp); ' B

fprintf(ptr, "%s\n", strin12);
fprintf(ptr, "%s\n", strin14);

fclose(ptr);

}



