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System-Level Hierarchy

Circuits

Silicon
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Categories of Components

Types of digital component
B Datapath operators
B Memory elements
B Control structures
M /O cells

Tradeoff of selectiol
W Speed
B Density
B Programmability
B Easy of design
M elc
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Datapath —adder

Adder Truth Table

C A B AB(G) A+B(P) APB SUM CARRY
0) 0) o) 0) 0) 0) 0 0
0) 0) 1 0) 1 1 1 0
0) 1 o) 0) 1 1 1 0
0) 1 1 1 1 0) 0) 1
1 0) o) 0) 0) 0) 1 0
1 0) 1 0) 1 1 0 1
1 1 o) 0) 1 1 0 1
1 1 1 1 1 1 1 1
A B
Generate Signal G(A.B): occurs when a carry output (CARRY) Al/cl
.. _ CARRY— «__ -~
IS internally generated within the adder . P
|
Propagate Signal P(A+B): when it is true, the carry in signal C is passed SUM

to the carry output (CARRY) when C is true

Advanced Reliable Systems (ARES) Lab.

Jin-Fu Li, EE, NCU



Datapath —Adder

SUM=AD BP C
CARRY=AB+AC+BC

Single-bit schematic of SUM

A B C y L =
-C—d A& C—d
L ALl
B B
-d] A_T -(13 SUM
— B - A— -B-4
AL AL
SUM CaL A= CH_
v
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Datapath —Adder

Single-bit schematic of CARRY
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v
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Datapath —Adder

Optimized combinational adder schematic

Ci.1=AB+AC+B,C,
S=(Ai+B;+C).C;,,*AB,C
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Datapath —adder

Symmetrical optimized combinational adder schematic

: LA
A-C B[ A—C; A-qEB-cjci—qE B-4C
Ci_—ql: - — 6out 6out _E a _q =

L& -G
A4E B4E Al A4@_:Q4E B[
$ ! ] A—i
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Datapath —sit-Parallel Adder

Parallel adder implementations

C<n+1> C<n+1>
B<n> B<n> >o~ o
S<n> I S<n>
A<n> A<n> >O_,O
C<n> C<n>
C<3> C<3>
B<3> B<3> >o— ~
a S<3> I S<3>
A<3> A<3> >O_D
B<2> B<2>
a S<2> S<2>
A<2> A<2>
B<1> B<1> >o— ~
a S<1> I S<1>
A<1> A<l> >O_/<>
B<0> B<0O>
a S<0> S<0>
A<0O> A<O>
Cin Cin
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Datapath —sit-Parallel Adder

B<3>——
B<2>_—
B<1>——
B<0>
Subtract
If (Subtract==0)
A-B {S=A+B;}
else
{S=A-B;}
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Datapath —Bit-Serial Adder
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Datapath — Carry Look-Ahead Adder (CLA)

Objective

BmTo avoid the linear growth of the carry delay, we
use a Carry Look-Ahead Adder (CLA) in which
the carries can be generated in parallel

Feature

BThe Carry of each bit is generated from the
propagat and thegenerate signe as well as th
Input carry

B The propagate and the generate signals are derived
from the operand Aand B by

mG=A.B
EP=A+B
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Datapath —carry Look-Ahead Adder

CiiimAB+(A+B)C=G+PC,

C1=Go+PCy

Cr=G1+P1Gy+P1PCy
C3=G,+P,G,+P,P,G+P,P,PyCy
C4=G3+P3G,+P3P,G,+P3P,P Gy +P3P,P, Py Cy

CO
I:)0 GO I:)O-I:)l GO-Gl PO-PZGO-GZ PO-PS GO-GS

4-bit CLA

S, S, S, S,
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Datapath —carry Look-Ahead Adder

CLG1
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Datapath —carry Look-Ahead Adder

CLG4

—

[
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[1
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C,=G3+P;G,+P;P,G+P;P, P, Gy+P3P,P, P, Cy
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=
T
<
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Datapath —carry Look-Ahead Adder

Manchester Carry Chain
Cir1=GitPC
G.=A.B,
P=A+B,

Introduce the carry-kill bit K; this term gets its name from the fact that if

K=1, then P, =0 and G;=0, so that C,,,=0; K=1 thus “kills” the carry-out
bit.

Ki= |§|
A B[] P, G K L P,
i i i i i |—- Gi 0
0O 0| 0 0 1 Cint { i C
O 1/ 1 0 O
1 0|1 O O |_ Ki
1 11 0 1 O J;_
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Datapath —carry Look-Ahead Adder

Manchester circuit styles

, ]
-G - i
= L C — =
Cist - Ci Ciiq 1 Ci
|-_i LG,
P.
P, i Clk
Static circuit Dynamic circuit
b ks k=t S Clk
_ P P P P
C4 _|_3 _ﬁ L 1 L 0
] ] Inmt L 0<} Co
st VGZ fGl VGO
f f Clk

% EF % Dynamic Manchester chain
C4 Cs C, C,
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Datapath —carry Look-Ahead Adder

Extension to wide adders

If we use a brute-force approach for an 8-bit design, then the
carry-out bit Cg would have a term of the form

P.P,P.P,P,P,P,P,C,

Multilevel CLA networks can improve this problem

bit[n-1] bit[O]

i3] <L i
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Datapath —carry Look-Ahead Adder

I:)i+3 Gi+3 I:)i+2 Gi+2 I:)i+1 Gi+1 I:)i Gi

block propagate
P[i,i+3]

Gyijsg]

block generate

Ci+3 Ci+2 Ci+1

Glirira=GiratPirsGina tPitaPi2Gin1 TP aPin P G
Plisisa;=Pi3Pis2Pis1 P
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Datapath — Carry-Skip Adder

A carry-skip adder is designed to speed up a wide adder by aiding
the propagation of a carry bit around a portion of the entire adder.

[i+3] [1]

Carry-skip logic Generalization

I:)[i,i+3]:|:)i+:<}|:)i+2|:>i+1F)i

Carry=C;, 4 +Py;13Ci
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Datapath —carry-select Adder

10 10 10 10 10
MUX| |MUX| |MUX] |MUX]| |MUX
Cg S, Se Ss S,

bsa;

b,a,

b, a,

boag
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Datapath — conditional-Sum Adder

Co=Ciy
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Datapath —s-vit Conditional-Sum Adder

Ly 0y P I Y I N |
L cc || cc | | « [ cc || ecc | | cc || cc |
TFF FRE_ FEF SN o S o ) SN S S T S S
L . . »
+ vir ¥ | + ¥ ¥ + T Y | L L K o
Level T x| o pMux| MU US| MUK U IMUX P MUY MUY LU | MUK
1
- »
: | |
Tt 4 Y ¥ ¥ ¥ ¥ ¥ ¥
Level 20 pux|MUux| pMux e MUx| MUK MUX[*— MU | MUX| MU ¥
HJ

¥ 1r'|r1|f1|r'lrl'lf"lr

Level 3 VLT US| ML VOS] LT |

LR N
(- T T :
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Datapath —wmultipliers

Bit-level multiplier

ab axb
00 0
01 0
10 0
11 1

Multiplication of two 4-bit words

as a, aq g
b, b, b, by,
asb, ab, ab, agb,
azb, ab;, ab; agb;
agh, ab, ab,  agbhyr. .
a3b3 a2b3 a1b3 aobS""' .
*, — — —_— =
P Ps Ps P4 Ps P2 P1 Po
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Datapath —muitipliers

The product axb is given by the 8-bit result
P=P7PePsP4P3P2P1Po

The ith product term p, can be expressed as

as a, aq g
bs b, b, by

(as ay a; o) xb,
(as ay a; ) Xb,
(as as aj o) xb,
(as ay a; o) Xb,

P7 Ps Ps P4 Ps P> Py Po

(axb,)2°
(axb,)2!
(axb,)2?
(axby)23
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Datapath —wmultipliers

Using a product register for multiplication

Product register
(axb,)2°
(axb,)2!
(axb,)22

(axby)23
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Datapath —wmultipliers

Shift-right multiplication sequence

add (axb,) a3y | axbg [ a0 | 2bg
shift right asby | a0, [a by | agbg
agbg | @04 [a,bg | agbg
add (axb;) Cx |ashy|a,b;[a;by|agh,
shift right I_ . agbg | g [ a,bg | 2ghg
™ “x |ash, [asby |ab, [agh,
agby | @by [ ab, | aghg
a3b1 a2bl albl aobl
aﬁl? (axsz) ¢, |asb,|asb;|ab,|adh;
shift right 2bg | a,by | aube [ agbs
L C azb, |a,b, [ab, [agh;
" [azh, [azb, [a;b, [agh,
azbg [ 220 | @by | agby
ad.d (§Xb3) azb, &by | a;by |agh,
shift right ash, | a,b, | asb, | agh,
P, |ashs[azbs|a;bs|aghs
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Datapath — Register-Based Multiplier

Product register (2n)

\ 4

— clk
L shr

n-bit adder

AN

N\

n
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Datapath —Array Multipliers

Considenwo unsigned binary integers X and Y

x:ixiz Y :nf‘\/j 2
i=0 j=0

P:XXY:nixiZ‘ [nz_lvjzi

i=0 j=0

n-1 n-1 o
=2, 2 (X)Y;)2r
=0 j=0
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Datapath —Array Multipliers
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Datapath —Array Multipliers

X3Y0 0 X2Y0 0 X1Y0 0 XOYO
XOYl
P, Po
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Datapath —Booth Multiplier

Booth’s algorithm takes advantages of the fact émat
adder-substractor is nearly as fast and smallsamale

adder

Consider the two’s complement representation of the
multiplier y
B Y=2Y 2Ty 2Ty
The representation can be rewritter
O y= 2n(yn—1 - yn) +2n_1(yn—2 - yn—l) +2n_2(yn—3 - yn—2) Tt
Extract the first two terms
] y — 2n(yn—1 - yn) + 2n_1(yn—2 - yn—l)
B The right-hand term can be used to add x to partial
product
B The left-hand term add 2x
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Datapath —Booth Multiplier

Actions during Booth multiplication

yi yi—1 yi_2 Operation

0 Add 0O
Add x

1

0 Add x
1 Add 2x
0 Sub 2x
1 Sub x
0 Sub x
1

0
0
0
0
1
1
1
1 Add 0

© O + + OO

For example, x=011001 (25,,), y=101110 (-18,)
1. Vy,Y9y,=100, so P,=P;-2x.1=11111001110
2. Yay,y,=111, so P,=P,+0.4=11111001110
3. YeY.Y,=101, so P,=P,-x.16=11000111110
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Datapath —Booth Multiplier

Structure of a Booth multiplier

Pi. left shift 2
Adder/substractor — Viis
code [ VY3
P Mux | sel — Yi2
|
0I X | 2X Stage j+1
P left shift 2
Adder/substractor — Vi
code [ Yin
P Mux | sel -,
|
0I X | 2X Stage j
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Datapath —wallace Tree Multiplier

A Wallace tree is a full adder tree structured
specially for a quick addition of the partial products

Example
B A 16x16 Booth multiplier
M 8 partial products are generated

B Assume that all partial products are negative so all sign
extension bits are 1's

M Sign extension correction vector is 1010101010101011

11111111111111711
11111111111111
111111111111
1111111111
11111111

111111

1111

11
1010101010101011
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Datapath —wallace Tree Multiplier

Wallace tree multiplication

Partial
Products

1st stage
L] 4-2 compression

2nd stage
4-2 compression
‘1 L ‘1‘0‘1‘0‘1‘0‘1‘0‘1‘ o‘ 1‘0‘1‘1‘
Sign Extension
Correction

* Final Addition

Advanced Reliable Systems (ARES) Lab. Jin-Fu Li, EE, NCU
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Datapath —wallace Tree Multiplier

._ hl__c l&h FA | FA |eee| FA

Outputs

Outputs

4-2 compressor Carry-save adder
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Datapath — serial Multiplication

Serial multiplier

reset D— |_o
{>C i serial register

) :
D;(J

1. Require MN clock cycles to produce a product for an N-bit
multiplier and a M-bit multiplicand

X
Y
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Datapath — serial Multiplication

Serial/parallel multiplier

Yo Yy Y, Y3

X El El 0]

1. Require M+N clock cycles to produce a product for an N-bit
multiplier and a M-bit multiplicand

2. The critical path consists of the adders
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Control — Fswv

>: —} YO——— output

Moore

D
input

clk D

Mealy
D

input

clk D

| output
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Control — Fswv

[1 FSM design procedure
B Draw the state-transition diagram
B Check the state diagram
B Write state equation$\(rite HDL)
1 An example of state-transition diagram

IDLE: (S1,S0)=(00)
WAIT: (S§1,S0)=(01)
EXIT: (S1,S0)=(10)
A: car-in

C: change-ok

R: rst

Advanced Reliable Systems (ARES) Lab. Jin-Fu Li, EE, NCU
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Control — Fswv

Check the state-transition diagram

B Ensure all states are represented, including th& D
state

B Check that the OR of all transitions leaving aestat
TRUE. This is a simple method of determining that
there Is a way out of a state once entered.

M \erify that the pairwise XOR of all exit transitisms
TRUE. This ensures that there are not conflicting
conditions that would lead to more than one exit-
transition becoming active at any time.

M Insert loops into any state If it IS not guarantased
otherwise change on each cycle.

Formal FSM verification method
M Perform conformance checking

Advanced Reliable Systems (ARES) Lab. Jin-Fu Li, EE, NCU 43



Control — verilog Coding Stylefor FSMs

odule

toll_booth(clk,rst,car_in,change_ok,green);

input clk,rst,car_in,change_ok;

output green;

reg[1:0] state reg, next_state;

parameter IDLE = 2'b00;

parameter WAIT = 2’'b01;

parameter EXIT =2'b11;

always @(posedge clk or posedge rst) begin
If (rst==1'b1) state_reg<=IDLE;
else state_reg<=next_state;

end

always @(state_reg or car_in or change_ok)
begin

case(state_req):

IDLE: if (car_in==1"1) begin
next_state=WAIT,
green=1'b0;

end else begin
next_state=IDEL,
end

WAIT: if (change==1'b1) begin

next_state=EXIT;
green=1'b1;

end else begin
next_state=WAIT,
green=1'b0;

end

EXIT: if (car_in==1"1) begin
next_state=EXIT;
green=1'b1;

end else begin
next_state=IDEL,;
green=1"b0;
end
default: begin
next_state=IDLE;
green=1"b0;
end
endcase
end
endmodule

Advanced Reliable Systems (ARES) Lab. Jin-Fu Li, EE, NCU



Control — pLA

Structure of a PLA

Minterms ‘

AND array > OR array

TT T TT1T]

a b ¢

A PLA represents an expression of sum-of-product (SOP)

f :Zm(a,b,c,d)

f, =albeld +ablcld+aled

Advanced Reliable Systems (ARES) Lab. Jin-Fu Li, EE, NCU
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Control — pLA

Fuse-programmable PLA

{ Fuse

+—+ N\ Y
DD
Pary Pary PanY Pany
Y Y () () A\ > \N> U A7
MDD
O
P N\
DD
Pary PanY o Pary
Y Y () () A\ A\ A\ A\
a0
WU
&P N\
’) () Pany Pany PanY o
() () \\> \Y 74 A% A%
DD /
U
O N\
Pan S an
PanY PanY ParY PanY
Y Y () () \v> \v> \V>4 \Y>4
DD
U
| | | |

a

b

C

d

fo f; f f3
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Control — pLA

Logic gate diagram of a PLA

==z Z====() GUINIID
======pullIImliIm
2=z z==c==ppuil M|
sz zr=z=puiIINIEIIY

A

A

A

a

C
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