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Technology Library (1)

A) Standard-cell library

 Cell types :

— Primitive/complex gates : NAND, NOR, INV, AOI, MUX,
tristate-buffer, half-adder, full-adder, carry-generator, ...

— Storage elements : DFF, LATCH

« Models:
— Functional (technology-independent)
— Delay, layout (technology-dependent)

Load :
A : 0.025pF
B : 0.024pF

Internal delay :
A=>Y(rise) : 0.055 ns
A=>Y(fall) : 0.051 ns
B=>Y(rise) : 0.073 ns
B=>Y(fall) : 0.060 ns

Output transition delay :
Y(rise) : 1.532 ns/pF
Y(fall) : 1.153 ns/pF

delay




Technology Library (2)

B) Memory module library/generator

* Input parameters
— capacity, word size
— access timing (synchronous / asynchronous)
— #of ports (ex. 1 R'W, 1R + 1W, 2R + 1W)

 Layout data : predesigned or auto-generated

C) Arithmetic module library/generator
* Input parameters
— Functionality (add, subtract, multiply, divide, ...)
— Word size
— Speed
« “Hard” module : layout data
« “Soft” module : synthesizable RTL or gate-level netlist



Technology Library (3)

D) Complex function modules
(IP : intellectual property)

« Complex functions take long time to design = design
reuse

 Types of IPs : CPU-core, interface, customized
datapath

« “Hard” IP and “Soft” IP
« |P designers and IP users are different people
(different organization in most cases)

» Need very good documentation of IP. (Difficulty of
understanding how the IP works and how to use the IP is
the major problem in |IP-based designs)



Hard Module vs. Soft Module

— Hard module (layout data)
*  Optimize at transistor-level and layout
« Smaller, faster, power efficient
« Technology-dependent
- need to redesign for each different technology
-> expensive
— Soft module (gate-level / RTL netlist)
»  Optimize at architecture level
 Technology-independent
—> can take advantage of the latest process technologies
- easier to incorporate into user’ s designs
» Soft module is becoming more popular than hard
modules

» Need good cell library !



Cell Synthesis

Purpose :
«  Standard-cell library compilation
*  Transister-level custom module synthesis

« Because of the fast change in process technology, libraries
have to be designed quickly > more tasks are being
automated

Input : logic function, layout design rule (technology)
Output : cell layout
Process flow :

Logic function
\J

CMOS circuit topology
\J

CMOS placement & routing (abstract / stick diagram)
\J

CMOS layout



CMOS Circuit Topology Enumeration (1)

Ex. 2-input XOR: Y=A®B

A)

Decompose to negative-unate functions

Y=A.(~B)+(~A)-B ’

=~((~A) - (-B) + A-B) P
C=~A I
D=~B

Y = ~(C - D+A - B) A BC D

W—>e O

Y =~((~A)-(~B) +A-B)

= ~(~(A+B)+ A B) ] 1

o=+ A A

Y=~(C +A-B) A B C
A B



CMOS Circuit Topology Enumeration (2)

B) Construct circuit topology

« OR:nMQOS = parallel, pMOS = serial
« AND : nMQOS = serial, pMOS = parallel

Vdd Vdd
L,

: | NMOS pMOS
¢
: L., --L
/C”ID\E —— Al | B
| A B -, -2t
: B i A
A B : — = =T

Vt{_d Vdd Yo [o]
:--C-: I"E'II"L'I l"E'Il"L'I
FLIL vA LB, LA LB
ABL ol -l
‘-—#Y ‘-—#Y '"|':-' Y '"|-:" Y
B A B
C ' C ' C ' C
A B A
~ ~ ~



CMOS Placement and Routing

A)

Transistor placement (gate ordering)

place the pMOS and nMOS with the same gate input at the same vertical line
Vdd : top-horizontal, GND : horizontal-bottom

B) Permutate transistor pin (drain/source) direction

C)

Cost function : area (drain/source sharing), # of routing tracks , # of

routing layers (routing cost is not easy to evaluate before actual layout)

Vdd

stick diagram

vy pMOS

m nMOS

metal1



CMOS Layout

A) Generate layout data from stick diagram

 Technology-dependent design rule :
—  Minimum width
— Minimum spacing

Vad
"[' "L'I
I A1l B! Vdd
LL_r --L-,
L C_i L
B = ——¢C stick diagram
] C 9
A A B




Arithmetic Logic Synthesis

. Circuit implementation techniques for arithmetic logic modules
(adder/subtractor, multiplier, divider, square root,
trigonometric functions, etc.) have been extensively studied.

—  Transistor-level structures
—  Gate-level structures
—  RTL structures

. Logic optimization algorithms do not work well with arithmetic
logic

-  Logic synthesis tools generate predesigned logic structures

for a limited types of arithmetic logic (adder, subtractor,
multiplier)

-  Some standard cell libraries include cells dedicated for
arithmetic logic (such as carry computation)



Adders

® Addition is the most basic arithmetic operation

® Variety of adder structures
v" Ripple-carry adder
Carry-lookahead adder
Carry-skip adder
Carry-select adder
v' Carry-save adder (for intermediate accumulation)

® Tradeoff in circuit area, speed (power)

AN NN



Ripple-Carry Adder

Ciis =@ b+ a; G+ by ¢ b a a b ¢
— S,-=a,-6-)b,-6-)c,- 1 l } ll
v FA ¢ _Iﬁ
1 N
Si
Ci+1 S
b, a, bs agz b; a; b, a, by a3 b, a, b, a, b, a
f—lFAl J< 1FAl ClFA1 ClFAlClFA1C 1FAlC lFA1 ClFAlf—
N
S; Sg Ss S, S3 S, S, So
« Small area

 Slow because of carry propagation




Full Adder with Carry-Generate and
Carry-Propagate (1)
Generate : g; = a;- b;
Propagate : p; = a; + b;
Civ1 = 8;-b; + a;- C; + bj-
=a; bt (a+b)-c;=g;tp;c
Si=a®b;®c

=(a; b+ a;b) ®c;i=(pg)®c
b, a, bg ag bs as b, a, by a3 b, a, b, a, by a
O e T T I A I T I e I e A e A
GP GP GP GP GP GP GP GP
g7 1P~ 96 1Ps g5 |Ps 94 P4 g3 |Ps g 1P gs 1P+ 9o 1Po
& "FA’l i ‘I;A’l & "FA’l & "FA’l z ‘I;A’l & "FA’l & ‘I;A’l & "FA’l o
S, Se Ss Sy S3 S, S, Sy

a; b ¢ FA

] |

FA’

[
Y

L o




Full Adder with Carry-Generate and
Carry-Propagate (2) b &

Generate : g; = a;- b; il
Propagate : p; = a; ® b, g
Cir1 = @j- b + a;- C; + b ¢; G s
=a; b+ a; (bt b)-ci+b(a+a)c
— A - v
=a; bt a;b-cit(a-bt+a-b)c ' 8 b o
=a; bt (a;®b)-c;=g;+p;ic 3
- §=a,®bdci=p®c %7
FA”gi" Pi
b, a, bg ag bs as b, a, by a; b, a, b, a,
| S T AR A R S A A R A A |
GP’ GP’ GP’ GP’ GP’ GP’ GP’ 1
g \ 4 \ 4
Cg - i,lp7c7 "gfj ,1p606 "95, ,lp5c5 "g‘: }p4c4 "ga: ,lp3c3 "gz, ,1p202 "g1, }p1 g\/
“HFA [FHFA [<HFA [HFA #HFA [<HFA <4 FA

I S R e

S7 S S5 Sy S3 S, Sy



Carry-Lookahead Adder

Unfolding carry propagation

- 4-bit lookahead carry generator (LAC4)

Civ1 =gi*TPiC

_ Civo = Giv1 T P,+1 i+1 = Qivr Tt p,+1(g,+ pic )

Cir3 = Qis2 ¥ Pix2 Civz = Giwz + Pis2(Gir1 + Pins(gi + PIC;))
Cirs = Gisz * Pir3 Civg = Givg + Piss(Gis2 + PiraGins + Pise(gi +

PiCi))) 4-bit lookahead carry generator (LAC4)
b, a, bg ag bs as b, a, "' b; a; b, a, b, a; b, a,

VUl bbb bbbt by bbb
GP GP GP GP GP GP GP GP
197 JP? 196 ‘I,P6 195 J,P5 194 J,P, 2 193 J,ps 192 lpz 197 ‘I,P1 190 j,PO
C
Cy Ce Cs T C3 Co Cy ‘ Co

VVJ \ 4 VVJ \ 4 VVJ \ 4 v v A v A v v v \ 4
« J -




CMOS Implementation of

Lookahead Carry Generator (1)
C4 =93+ P3(92+P2(97 +P1(go + PeCo)))

nMOS pMOS
X conducts :"i": conducts
i if x =1 __l.__' ifx=0
I I
Co Po ,-J--,r-]--,
c | |  Co 1y Po
Po 0 Do Co |‘_I_|'
[ [
P IO
[ I PoCo: 1 9o !
PoCo || 9o JEURN DR B
9o Po Co I_I_I v 9o ! EpOCO
B I
I I
P1 9otpoCo || ----L___- - 1,
| [ ' 9otPoCo 11 P11
P1 90%PoCo | | Go+PoCo ps| | |_|_| _________




CMOS Implementation of
Lookahead Carry Generator (2)

* C4=03*P3(92*P2(91 *+ P1(go + PeCo)))

I e T
+ 93 ! ' Co v Poi I
92 ! + 90 | "["i P2 __1__
. . [T P
91 91 ]
8 ~1._1 Ps3 B
' 9o ! Ao P2 T : 92 | There are a total of
e P [ . 210 combinations of
+ Co it Po} T[T LR network topologies
R . — T
C4 . . . C4 0000000
Co P3
[ 9o ]
Po g1 P2
— g> 2
P1 gs P1 gs
] — g>
P2 Po g1
[ ] ] 9o
P3 Co




CMOS Implementation of
Lookahead Carry Generator (3)

Cs =03+ P3(9> +P2(gs *+P1(90 + PoCo)))

g,d
g
god
co 9L pgd P1q§P2qE >

¢ g5 15 971G g5 e
po

P1_|
P2'|

V




CMOS Implementation of
Lookahead Carry Generator (4)
C1=go * PoCo
9.9 1
90
el

co

S
po o _./..:
P1_| ol




Hierarchical Carry-Lookahead (1)

4-bit generate-propagate :
Cira = 9i+3 * Pixa(Giv2 + Pir2(Giv1 + Pivs (Gi + PiCi)))
- §?.f.+.~?..T.B':{%.(.Qﬁ.?..?“..f?/:?..(.szt!..f.ﬁ’.f.flé?.'.).) ¥ (f.’.':?.P.'.f?.f?zf.?.f?.')
Cig =g i+4 +P’/+4CI+4_ g’ i+4 +P’/+4(Q’ tp C)
Cir12=9’ 8 +p’ i*8 Ciig=0 isg * P ive(9 va + P s (g’ + P i C))
Cir16 =g w12 ¥ P j+12Cis12 =
=09 w12+ P s12(F s ¥ P 11g(9 s P a(@ i +PiC)))
16-bit (42 bit) generate propagate ;
C/+16 g’ i+12 + P 412 (Q v ¥ P i+g(9 va ¥ P 1449 )
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rchical Carry-Lookahead (2)
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Hierarchical Carry-Lookahead (3)

Delay estimation (assume the below normalized gate delays):
Dy1=1.0:g;=a;b;
D,y=20:pi=a®b;
D;=20:s8=p® ¢
Dc1=1.0:¢civ1 =g +piC
Dcr = 1.5 Cis2 = Gis1 + Pir1(9i* PICI)
Dc3 =20: Ci+3 = Gir2 pl+2(gl+1 + pl+1(gl + PiC ))
Doy =2.5: Ciog = Gzt Pisa(Gis2 + Pis2AGin1 + Pir1(gi + PICi)))
Dgs=2.0:9"i = gis3 * Pir3(Gir2 * Pir2(Gir1 + Piv19)))
Dps=20:p i = P3P+ 2P+ 1P;
64-bit ripple-carry adder :
D(ap=2ceq) = max{Dys,Dpe} + 64* Dy = 2.0 + 64.0 = 66.0
D(ap=2sg3) = max{Dgys,Dpq} + 63" Dyy+ Ds= 2.0 + 63.0 + 2.0 = 67.0
64-bit carry-lookahead adder using 42-bit carry-lookahead:
D(ag2cey) = max{Dys,Dpe} + 2°max{Dyy,Dpy} + Doy = 2.0 +4.0+2.5=8.5
D(ap=2s¢3) = max{Dy1,Dp1} + 2"max{Dyy,Dp4} + 3*Dc3 + Ds
=20+4.0+6.0+20=14.0



Hierarchical Carry-Lookahead (4)

Area estimation (assume the following normalized areas):
Ag1=1.0:g;=a; b
Ay =175:pi=a;®b;
As=1.75:5=p;® c;
Ac1=1.25:¢cn1=0i+piCi
Ac2 = 2.00: Civz = g1 * Pi+1(git PIC))
Ac3 = 2.75 ! Cixg = Givz + Pin2(Gin1 + Pir1(9i + PICi))
Acs = 3.50: Cirg = Giva t Pirs(Giv2 + Pir2(Giv1 + Pir1(9i + PiCi)))
Aga=2.75:9"i = Qi * Pis3(Gis2 * Pir2(Gir1 + Pix19)))
Aps = 1.5: P’ = PisgPinaPis 1P
64-bit ripple-carry adder :
A=64"*(Apg+ A+ Ayy) =64*(2.75+ 1.75 + 1.25) = 368
64-bit carry-lookahead adder using 42-bit carry-lookahead:
A=647(Apgt+ As) + (16 +4) "Apgg + Arcas + (16 + 4) ™ ALcas
=64 *(2.75+1.75) + (16 + 4) *4.25 + 9.5 + (16 + 4) * 6.0 = 502.5
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4-bit Generate-Propagate + Ripple-Carry Adder
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42-bit Generate-Propagate + Ripple-Carry Adder
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Carry-Skip (Carry-Bypass) Adder

« “propagate” - carry-skip condition
Ci+1 = gi T P; C
Ci+2 = Gi+1 F Pis1 Cirq
Ci+3 = Gi+2 T Pjs2 Cix
C irs = Givg * Piv3 Cina
P i = Pi+3Pi+2Pi+ 1P
Cirs =C g + P C
» Carry input with value ‘1" will instantly propagate to
the carry output if p’; = 1, bypassing the ripple-carry

rcLhain

C1£1L£12

J
C 12

RC4

— 161 C12 —, 2 12
—P 12 m< «

C,8

RC4

Cq C 4

RC4

P4 M<C_‘




Carry-Select Adder

Calculate the sum values and carry values in parallel on the

assumptions of carry input values (0 and 1). Select the two
values by the carry input value

Some optimization on conditional adders is possible (but not

+—C

much)
FA4 |«—0 FA4 [«— FA4 [«—
FA4 |e—1 e FA4 (e—1 « FA4 [—1 re FA4
C12LF Cg g: C4 l
v v \ 4 \ 4 \;I;H S3~SO
v v v

S15~S12 S11~Sg S;~Sy



Carry-Save Adder

. Used in multiplier for accumulating a large number of partial
products.

. Propagate the carry to the next level (not to the next bit)
0 0 0 0 0 0

Yo X
‘w ‘ww ‘ww ‘ww ‘ww ‘ww v .y7X
0 FA||FA||FA||[FA||[FA]||FA Z,
T T T 1 10 Vo X
011010X ‘wr ‘w( ‘w( ‘wr ‘wr ‘wr v
X 010011Y=(y5y4y3y2y1y0) 0 )F )F )FA )FA )FA )FA Z4
011010 g e Ty 1 T Hy Vo X
011010 \ 4 v \ 4 \ 4 v v
000000 0 FA||[FA||FA||FA|[|FA||FA| 22
000000 1 21 1 Jl JI| J X
011010 TEITE I T I T T I T Vs
000000 0 F F F F F FA Z3
000111101110 Z i ()l r/; ()l ()l V)l V) Vs X
FA||FA|[FA|[FA||FA]|[FA| 2
‘/"‘/"*/"*/"‘/"*/" carry-lookahead adder

carry-propagate adder carry-skip adder

carry-select adder
Zl11 Zlm ig ig i is ripple-carry adder




High-Level Synthesis and
Its Design Environment

High-level synthesis converts the design described
at algorithm-level to RTL

Needs a rich module library consisting of high-level
circuit blocks (adders, multipliers, ALUs, decoders,
RAM, ROM, etc.) as well as high quality standard

cell library

Numerous circuit implementation techniques for
arithmetic logic are captured into these libraries,
and high-level synthesis provides a path for utilizing
these design resource efficiently and intelligently.



