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A Generic Digital Processor
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DATAPATH

Q The core of a digital Processor
where all computations are performed

a Datapath consists

* Logic Blocks

— Combinational Logic Functions (AND, OR, XOR....)
= Arithmetic Blocks

— Addition

— Multiplication

—Comparison
— Shift




An Intel Microprocessor
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Bit-Sliced Design
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Design a single bit datapath and repeat for all bits




Adders
Design an Adder

0 Fundamental Arithmetic Building Block

d Performance

* Logic Level Optimization
— Optimize Boolean Functions
— Carry Lookahead

» Circuit Level Optimization
— Transistor Sizing

2 Power Consumption




Fundamental Logic of Adders

0 Truth table of a full adder
= SUM: S=A®B ® Cin
= Carry out:
Cout=(A+*B) + (Cin* (A® B))

o
oy
—

0 PGK (independent of Cin)
= Generate: G=A-+B
* Propagate: P=A®B
» Kill: K=~A+~B
S=P®Cin,Cout=G+Cin-*P
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Adder Overview

Qa Different adders covered In the slides:

» Single-bit adder » Multi-bit adder
s Static *» Ripple-carry adder
« Static CMOS s Carry bypass adder
* Mirror design « Linear carry select
« Transmission gate e Square-root carry
s Dynamic select

« Manchester chain s Carry look-ahead




Half-Adder Implementations
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Full-Adder

’é‘: HA
L | Cout
HA
Cin |
S

S=A®B®C_=ABCu+ABCy +ABC_+ABC_

C i = AB + BCin + ACin
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Express Sum and Carry

A B C S C, | status

0 0 0 0 0 D Generate (G) = AB

0 0 1 1 0 D _—

0 1 0 1 0 P Delete (D) = AB

0 ! ! 0 ! P Propagate (P) =A ® B

1 0 0 1 0 P

1 0 1 0 1 P

1 1 0 0 1 G _
C,=G+PC

1 1 1 1 1 G

Truth Table for Full Adder S=Pe&C_C,




Complimentary Static CMOS Full Adder
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28 Transistors

S=A®B®C_=ABC +C (A+B+C)

C0 = AB + BCin + ACirl



The Ripple-Carry Adder

Ao B A; B: A, B, Az Bj

PY YV Yy V¥

C C
—» FA =% FA =% FA —»| FA =55
CiO * Cil * Ci2 * Ci3 *
SO S]_ Sz SB

Worst case delay: linear with the number of bits  t; = O(N)
Ladder ~ (N'l)tcarry + Loum

a Propagation Delay is proportional to N

Q .,y dominates the propagation delay




Inverting Property

A B
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Ci—»{ FA »C, =—
Y

S

S(A,B,C)=S(A,B,C)

Co(A,B.C)=C,(AB,C)

Inverting all inputs to FA results in inverted values for all outputs




Minimize Critical Path by Reducing Inverting Stages

Even cell Odd cell

Ay By A, B; A, B, A; Bj

by . b .
Cio Co,0 Co,1 Co,2 Co,3

—>| FA p—>»d FA I——> FA pb—>d FA |—>

Exploit Inversion Property




Mirror Adder (1)

Carry
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Truth Table for Full Adder 1 propagate generate B—L

a Carry-inverting gate Is eliminated
O PDN/PUN networks are not dual




Mirror Adder (2)

Sum Vop
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Mirror Adder Implementation

Stick Diagram
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Mirror Adder Summary

Q 24 Transistors

0 The NMOS and PMOS chains are completely symmetrical

0 A maximum of 2 series transistors in carry-generation circuitry
a The transistors connected to C; should be closest to the output
a Carry-Stage transistors have to be optimized for speed

O Sum-Stage transistors can be optimized for area

O The most critical issue is to minimize the capacitance at C,

a C,is composed of 4 diffusion capacitances, 2 internal gate

capacitances, and 6 gate capacitances in the connecting adder cell




Transmission Gate Full Adder
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This implementation has similar sum and carry output delay




Manchester Carry-Chain

Manchester Carry Gates
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4-Bit Manchester Carry-Chain

ML L ST
U TT T T T 1 c
ol | oAl e | oAl
= HE HE |

+ < < <




Manchester Carry-Chain Implementation

Stick Diagram

GND
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Design for Long Word Length

Discharge Transistor

\1‘R12 Kooy Ry Reog  Rs oo Re gy

e e e e e et
-—_— -— -— -— -_— -_—

N \ N(N +1)
tp=0.69ZCiLZRjJ=O.69 ” RC

Q Propagation delay of chain style design is
guadratic in the number of bits

a Chain style design is NOT practical for long
word length (e.g. 32 bits)




Carry-Bypass Adder

Carry-Skip Adder

R S S S S R

— FA | FA |— FA |— FA |—

Multiplexer

Idea: If (PO and P1 and P2 and P3 =1)

then C 5, = C,, else “kill” or “generate”.




16-bit Carry-Bypass Adder

Bit 0?3 Bit 4?7 Bit 8711 Bit 12?15
Setup l tsetup Setup t Setup Setup
bypass
U RN U RN U RN U RN
Carry | _ Carry ~ _ Carry ~ . Carry ~
‘ propagation propagation propagation propagation
> ‘o > >
\/ - \/ e \/ e \/ e
Sum Sum Sum teum l Sum
M bits
N=16 M=4
tadder = 1:setup + Mt carry T (N/M 1)tbypass t (M 1)tcarry sum




Carry Ripple versus Carry Bypass

For smaller N, bypass ——
adder is not preferred due

to the overhead of bypass
multiplexer
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Depends on technology



Linear Carry-Select Adder

Setup

PG Both situations are evaluated

ks —p "o Carri/ Propagation /

[ "1™ Carry Propagation

/ Sum Generation

~ 30 % Hardware overhead




16-bit Linear Carry-Select Adder

Bit 0?3 Bit 4?7 Bit 8711 Bit 12?715
Setup Setup Setup Setup
0 = 0-Carry 0 = 0-Carry 0 = 0-Carry 0= 0-Carry
@ A AV AV
1 1-Carry 1> 1-Carry 1 1-Carry 1 - 1-Carry
<L b <L N <L Jb
—> Multiplexer > Multiplexer > Multiplexer > Multiplexer >
c:i,O C:0,3 C:o 7 C0,11 C0,15
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Square-Root Carry-Select Adder

Bit 0-1
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N bits P stages First Stage has M bits

For example:

M=2

tadder = tsetup

N =2+3+

+ Mt
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+ (N/M)t 0 +

sum_
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Adder Delays - Comparison
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Look-Ahead - Basic Idea

Ao, BO Al’ Bl ??7? AN-l’ BN-l

Expanding Lookahead equations: \L | |

Cox=GtPCo k1 T
Cox=GtP (G 1+P 1Co ko)

Cio —I Po

All the way:

Cox=GtP (G 1P 4 (-..... +P1(Go+PoCip))))))




Carry Determination
Co.0=GotPoCig
Co1=G11tP1C, 0=G 1P (Gp+PC 0)=G,+P,Gy+P, P Ci

Co =G, +P,G+P,P,Gy+P,P, PG

Co3=G3tP3G,+P3P, G +P;P,P G +P3P,P PG




4-bit Look-Ahead
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Hierarchically Decomposition

Co.0=GotPeCip

Co1=61+P1Co0 4, — o e ® ® o e[ e F
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Logarithmic Look-Ahead Adder

Kogge-Stone tree
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Multipliers

The Binary Multiplication

101010 Multiplicand
X 1011

Multiplier
1 01010
1 01010
00 0O0O0O O " Partial products
+ 1 01010

111 001110 Result




Reduce Partial Products

a Partial products can be reduced by
multiplier transformation

(Booth’s Recording)

a Reduce number of partial products is
equivalent to reducing the number of
additions




4X4 Bit-Array Multiplier
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Critical Path ol %i: ’ <G

M X X4V R Y1 Zg
J J J '
HA FA FA Z5&—5 HA
ng 2YY X1 R4 Y2 12
Y Y
FA FA HA N-1
Y
1 Xoé 3 4
w J Y
Ze Z, Yz,

For MXN Bit-Array Multiplier
tmuItipIier = [ (M'l) + (N'Z) ] tcarry T (N'l) tsum + tand




Carry-Save Multiplier

20 S 20 S O

HA

lll

HA FA

vl

FA

HA HA

Carry is saved for the next adder stage

Vector Merging Adder

t

multiplier = (N'l) L + tand +1

carry merge




Multiplier Floorplan

Carry-Save Multiplier

HA Multiplier Cell

FA Multiplier Cell

Vector Merging Cell

X and Y signals are broadcasted
through the complete array.

[QE—

Rectangular shape is easy for integration




Partial Products Transformation

Partial products
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Wallace-Tree Multiplier

X3Y2 X2Y2  XaY1Xq¥Y2 X3YoX1¥1 Xo¥Yo  Xo¥r
Partial products X3Y3s  KoYa {ﬂ)@ {o)@ XY 1Xo¥2 p1¥o 1 XoYo
First stage HA HA
L %} (f/ A
Second stage FA HA
——————————— —’/__ ?_i T _‘i‘ T _‘l_____ __ _'_1:__ N By ;_\
Final adder \__o_____________________________9___9,’
Z; Zg Z5 Z4 Zg

Kaustav Baner;




Wallace Tree Multiplier

Q Pros:
= Substantial hardware saving
* Reduce propagation delay

a Cons:
* Irregular structure
= Customized layout




Multipliers

The Binary Shifter

Widely used for floating point units, multiplications by constant numbers

Right nop Left

Irﬁ__

. TT_JDBi

Bi-l

|

Bit-Slice i

This binary shifter is extremely slow for multi-bit applications




The Barrel Shifter

Area Dominated by Control Wiring
A, ! ! 1 !
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Decoder h Control Signal




4x4 barrel shifter

Buffer




Logarithmic Shifter
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0-7 bit Logarithmic Shifter




