Sandbox 5 32 bit Adders

5 adders

fulladdA...... Textbook adder

fulladdB...... Adder that enables null wavefront carry play ahead

fulladdC...... Canonical adder mapped directly from canonical equations
fulladdD...... Halfadd, halfadd, OR - to illustrate combinational oscillation networks
fulladdQ...... guaternary (radix 4, 4-rail) full adder

4 flow path structures
full word completeness...... what you are used to with a clock
two D pipelined...... free flowing digits with numbers separated logically by null

digit pipelined......... optimized two D pipelining
fully integrated....... every gate is flow control, some also do combinational duty

1 composition example

32 bit adder fed by 2 32 bit counters



Graphs of the statistics of the various adders and configurations

from the spreadsheet.
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Average Carry Chain Analysis for NCL Adders

No need to waste time waiting on worst case behavior (critical path)
or to waste logic speeding up worst case behavior. (carry look ahead)

© Bingry acdton © Quaternary adation
Average max carry chain length

Average max camy chain length
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length of addition in bits

© Binary addition © Quaternary addnion
32 bit adder carry chain length with rancom summands
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© Bnary addton © Quatemary adation
64 bit adder carry chain length with random summands

Average max carry chain length = 2.209

) Average max carry chain length = 5340

© Bnary acdton © Quatemary addtion
16 bit adder carry chain length with random summands

o Average max carry chain length = 1.226

Average max carry chain length = 3.338

A.W. Burks, H. H. Goldstine, J. von Neumann, “Preliminary Discussion of the Logical Design of an Electronic Computing Instrument,” Institute for Advanced Study, Princeton, NJ, 1946.



2D Pipelined




Digit Completeness

The carry is pipelined indirectly by
sharing a completeness behavior




Integrated Completeness

The enable ranks of the links are

integrated with the combinational logic
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The binary fulladd Component - the sum and carry equations

A/, B/ ]
00 01 10 11

. 0o 1| 1|0
carryin/ sum/

11 O] 0] 1

{[A/0, B/O, carryin/Q], [A/1, B/1, carryin/0], [A/1, B/O, carryin/1], [A/O, B/1, carryin/1]} -> sum/0;
{[A/1, B/O, carryin/0], [A/O, B/1, carryin/0O], [A/O, B/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1;

A/, B/ ]
00 01 10 11
~olofo] o] 1
The carryin/ carryout/
equations |

{[A/0, B/O, carryin/0], [A/1, B/O, carryin/0], [A/O, B/1, carryin/0O], [A/O, B/O, carryin/1]} -> carryout/0;
{[A/1, B/1, carryin/1], [A/1, B/1, carryin/0], [A/O, B/1, carryin/1], [A/1, B/O, carryin/1]} -> carryout/1;

fulladd(A, B, carryin -> sum, carryout){
flow [A, B, carryin] -> [sum, carryout];
token {0:1} A, B, carryin, sum, carryout;

The full {[A/0, B/O, carryin/0], [A/1, B/1, carryin/0], [A/1, B/O, carryin/1], [A/O, B/1, carryin/1]} -> sum/0;
€ Tully {[A/1, B/O, carryin/0], [A/0, B/1, carryin/0], [A/0, B/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1;
eXp|ICIt {[A/O, B/O, carryin/0], [A/1, B/O, carryin/0], [A/O, B/1, carryin/0], [A/O, B/O, carryin/1]} -> carryout/O;

comonent {[A/1, B/1, carryin/1], [A/1, B/1, carryin/0], [A/O, B/1, carryin/1], [A/1, B/O, carryin/1]} -> carryout/1;
close A <- [sum/#, carryout/#];
close B <- [sum/#, carryout/#],
close carryin <- [sum/#, carryout/#];
close sum <- ?/#;
close carryout <- ?/#;

} with default AND related flow and close

fulladd(A, B, carryin -> sum, carryout){

CQmPO”?”t token {0:1} A, B, carryin, sum, carryout;

with |mpI|ed {[A/0, B/O, carryin/0], [A/1, B/1, carryin/0], [A/1, B/O, carryin/1], [A/O, B/1, carryin/1]} -> sum/0;
flow and {[A/1, B/O, carryin/0], [A/O, B/1, carryin/0], [A/O, B/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1;

close AND {[A/0, B/O, carryin/0], [A/1, B/O, carryin/0], [A/O, B/1, carryin/0], [A/O, B/O, carryin/1]} -> carryout/0;
relations {[A/1, B/1, carryin/1], [A/1, B/1, carryin/0], [A/O, B/1, carryin/1], [A/1, B/O, carryin/1]} -> carryout/1;



Composing the Addition Path

path composition

adder(A, B, carryin -> sum, carryout){
flow [A, B, carryin] -> [sum, carryout];
token [0:31]{0:1} sum, A, B;
token {0:1} carryin, carryout;
token carry[0:32{0:1};
path sum/i <

(carryin -> carry/0);

fulladdA(A/, Bli, carryli -> sum/i, carry/i+1)
(carry/max(i)+1 -> carryout ));
>
close A <- [sum/#, carryout/#];
close B <- [sum/#, carryout/#];
close carryin <- [sum/#, carryout/#];
close sum <- ?/#;
close carryout <- ?/#;

}
fulladd component

fulladd(A, B, carryin -> sum, carryout){
flow [A, B, carryin] -> [sum, carryout];
token {0:1} A, B, carryin, sum, carryout;

composition of the canonical component
below results in the canonical 2D
pipelining structure

fullword completeness is a relaxation of
the 2D structure

digit pipelining and integrated pipelining
are optimizations and enhancements of
the 2D structure

{[A/0, B/O, carryin/Q], [A/1, B/1, carryin/0], [A/1, B/O, carryin/1], [A/O, B/1, carryin/1]} -> sum/0;
{[A/1, B/O, carryin/Q], [A/O, B/1, carryin/0], [A/O, B/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1;
{[A/0, B/O, carryin/0], [A/1, B/O, carryin/0], [A/O, B/1, carryin/Q], [A/O, B/O, carryin/1]} -> carryout/O;
{[A/1, B/1, carryin/1], [A/1, B/1, carryin/0], [A/O, B/1, carryin/1], [A/1, B/O, carryin/1]} -> carryout/1;

close A <- [sum/#, carryout/#];
close B <- [sum/#, carryout/#],
close carryin <- [sum/#, carryout/#];
close sum <- ?/#;

close carryout <- ?/#;

}



fulladdC - canonical component - direct mapping of equations

{[A/0, B/O, carryin/Q], [A/1, B/1, carryin/0], [A/1, B/O, carryin/1], [A/O, B/1, carryin/1]} -> sum/0;
{[A/1, B/O, carryin/Q], [A/O, B/1, carryin/0], [A/O, B/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1;
{[A/0, B/O, carryin/Q], [A/1, B/O, carryin/0], [A/O, B/1, carryin/0], [A/O, B/O, carryin/1]} -> carryout/0;
{[A/1, B/1, carryin/1], [A/1, B/1, carryin/0], [A/O, B/1, carryin/1], [A/1, B/O, carryin/1]} -> carryout/1;

> common subexpressions
&= sum common minterm
0 + :E%m. '\M token min{000, 001, 010, 011, 100, 101, 110, 111}
B 72\101 [A/O, B/O, carryin/Q] -> min/000
1 0%{ [A/0, B/O, carryin/1] -> min/001
0 {3 >0 [A/O, B/1, carryin/0] -> min/010
A t @ [A/O, B/1, carryin/1] -> min/011;
1— @ [A/1, B/O, carryin/0] -> min/100
75\,000 [A/1, B/O, carryin/1] -> min/101
CBA [A/1, B/1, carryin/O] -> min/110
(s o [A/1, B/1, carryin/1] -> min/111;
7 3,010 045 5 {min/000, Min/110, min/101, min/011} -> sum/0;
8 , 1 @ carrvout {min/100, Min/010, min/001, min/111} -> sum/1,
31 =€ ‘ 1 y {min/000, min/100, min/010, min/001} -> carryout/O;
tHs 3 {min/111, min/110, min/011, min/101} -> carryout/1;
f 3 |
. —\ 000 full v 0 internal oscillations
Tt >3(110 >(CBA lladde 21 cells
4 111 p — 3 . .
=€ | . I 2&:— o 10 signal transitions
carryin r 3 7 1\0 <2>- 0
0 internal oscillations 1 ¥ ’E%m-l T (> L Sum
29 cells N O_L 733,100 "@1 %- Oscillation periods
11 signal transitions B{ 1 [ & 0 3 5 TBD
1 carryout
Oscillation periods 0 *- %I\l Cz}- @ 1> Y
TBD A @S N

©



fulladdC integrated

Pipeline the AND OR ranks 3 internal oscillations

33 cells
fulladdC(A, B carryin -> sum, carryout){ 18 signal transitions
token {0:1} A, B, carryin, sum, carryout;
token min{000, 001, 010, 011, 100, 101, 110, 111}, Oscillation periods
token {0:3} midA, midB; min 400 ps
(A, B, carryin -> min){ mid 300
[A/O, B/O carryin/Q] -> min/000 fulladdC1.v

[A/O, B/O, carryin/1] -> min/001
[A/O, B/1, carryin/0] -> min/010
[A/O, B/1, carryin/1] -> min/011;
[A/1, B/O, carryin/0] -> min/100
[A/1, B/O, carryin/1] -> min/101
[A/1, B/1, carryin/0] -> min/110
[A/1, B/1, carryin/1] -> min/111;

(min -> midA, midB){
{min/000, Min/110} -> midA/O
{min/101, min/011} -> midA/1;
{min/100, min/010} -> midA/2;
{min/001, min/111} -> midA/3;
{min/000, Min/100} -> midB/0;
{min/010, min/001} -> midB/1;
{min/111, min/110} -> midB/2;
{min/011, min/101} -> midB/3;

carryout

Emigél-;losumé{OR/l} N 0 convert the 4 input ORs into a tree to make room for the closures
mi . mi -> sum/0;

{midOR/2, midOR/3} -> sum/1;

(midB -> carryout){
{midOR/4, midOR/5} -> carryout/0;
{midOR/6, midOR/7} -> carryout/1,

}
}
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A{o— fulladdA - Text book fulladd component

1 — 3 O internal oscillations

2 2 13 cells
o-—Hwtt 8 signal transitions
N \/2> 3
1= > - ) Oscillation periods
~ <>_ difficult to derive TBD
( 0- @ >Co easy to prove
ci G . .
\_1-—— fulladdAv from the function equations we can
@ recover the defining equations

[A/O, B/O], [A/O, carryin/0], [carryin/O, B/0]} -> carryout/O; TH23
[A/1, B/1], [A/1, carryin/1], [carryin/1, B/1]} -> carryout/1;

[carryout/O, A/1], [carryout/O, B/1], [carryout/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1 TH34W?2
[carryout/1, A/Q], [carryout/1, B/0], [carryout/1, carryin/Q], [A/O, B/O, carryin/O]} -> sum/O

xpand carryout

[carryin/O, B/O], A/1], [[A/O, carryin/O], B/1], [[A/O, B/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1
[carryin/1, B/1], A/O], [[A/1, carryin/1], B/O], [[A/1, B/1, carryin/O], [A/O, B/O, carryin/0]} -> sum/O

The canonical equations are derived so the sum equations are correct and fulfill the completeness criterion.

{[A/0, B/0], [A/O, carryin/Q], [carryin/O, B/O]} -> carryout/0; TH23

{[A/1, B/1], [A/1, carryin/1], [carryin/1, B/1]} -> carryout/1;

restore don’t cares

{[A/0, B/O, {carryin/O, carryin/1}], [A/O, carryin/0, {B/0, B/1}], [carryin/O, B/O, {A/0, A/1}]} -> carryout/O;
{[A/1, B/1, {carryin/O, carryin/1}], [A/1, carryin/1, {B/0, B/1}], [carryin/1, B/1, {A/O, A/1}]} -> carryout/1;
expand

A/0, B/0, carryin/0], [A/O, B/0O, carryin/1], [A/O, carryin/O, B/0], [A/O, carryin/O, B/1], [carryin/O, B/0, A/Q], [carryin/O, B/0O, A/1]} -> carryout/O;
A/l1, B/1, carryin/0], [A/1, B/1, carryin/1], [A/1, carryin/1, B/0], [A/1, carryin/1, B/1], [carryin/1, B/1, A/Q], [carryin/1, B/1, A/1]} -> carryout/1;
emove redundant terms

[A/O, B/O, carryin/0], [A/O, B/O, carryin/1], [A/O, carryin/O, B/1], [carryin/O, B/O, A/1]} -> carryout/0;

[A/1, B/1, carryin/0], [A/1, B/1, carryin/1], [A/1, carryin/1, B/O], [carryin/1, B/1, A/Q]} -> carryout/1,

The canonical equations are derived so the sum equations are correct and fulfill the completeness criterion.



fulladdA - integrated
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TheTH34W?2 as a circuit of smaler functions.

TH34W?2 to TH44W?2 to accept the closure.

TH44W?2 is a 5 input gate not in the standard library
and not practical for CMOS

So we back the logic out of TH34W2 to get lower
input gates that are in the NCL library that can
accept the closure.
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Two half adders derived from from Sum Equations

association - common sub

{[A/0, B/O, carryin/0], [A/1, B/1, carryin/0], [A/1, B/O, carryin/1], [A/O, B/1, carryin/1]} -> sum/0;
{[A/1, B/O, carryin/0], [A/O, B/1, carryin/0], [A/O, B/O, carryin/1], [A/1, B/1, carryin/1]} -> sum/1;
[A/0, B/0] -> ABO
[A/O, B/1] -> AB1
[A/1, B/O] -> AB2
[A/1, B/1] -> AB3

substitution

{[ABO, carryin/0], [AB3, carryin/0], [AB2, carryin/1], [AB1, carryin/1]} -> sum/0;
{[AB2, carryin/0], [AB1, carryin/Q], [ABO, carryin/1], [AB3, carryin/1]} -> sum/1; substitution

distribute carryin

{[carryin/O, {ABO, AB3}], [carryin/1, {AB2, AB1}]} -> sum/0;
{[carryin/0, {AB2, AB1}], [carryin/1, {ABO, AB3}]} -> sum/1; factor out common terms

common sub

tABO. AB3} -> suma0 _ {[AI0, B/O], [A/L, B/AJ} -> SUMal0; firsy haifadder
{AB2, AB1} -> sumal {[A/0, B/1], [A/1, B/O]} -> suma/1,

substitution
{[carryin/0, suma0], [carryin/1, sumal]} -> sum/0; second halfadder

{[carryin/O, sumal], [carryin/1, sumaO0]} -> sum/1;



Carry Equations for fulladdB

{[A/0, B/O, carryin/0], [A/1, B/O, carryin/0], [A/O, B/1, carryin/Q], [A/O, B/O, carryin/1]} -> carryout/O;
{[A/1, B/1, carryin/1], [A/1, B/1, carryin/0], [A/O, B/1, carryin/1], [A/1, B/O, carryin/1]} -> carryout/1;

common subexpression

[A/0, B/O] -> ABOOO
[A/0, B/1] -> ABOO1
[A/1, B/O] -> ABO10

[A/1, B/1] -> ABO11

substitution
{[ABOO, carryin/0], [AB10, carryin/0], [ABO1, carryin/0], [ABOO, carryin/1]} -> carryout/0;
{[AB11, carryin/1], [AB11, carryin/0], [ABO1, carryin/1], [AB10, carryin/1]} -> carryout/1;

factor out common terms

{[ABOO, {carryin/0, carryin/1}], [{ABO1, AB10}, carryin/Q]} -> carryout/0;
{[AB11, {carryin/1, carryin/0}], [[ABO1, AB10}, carryin/1]} -> carryout/1;
remove don't cares
{ABOO, [{ABO1, AB10}, carryin/Q]]} -> carryout/0; if sum fulfills the com .
. i pleteness criterion and the
{AB11, [{ABO1, AB10}, carryin/1]} -> carryout/1; conlipletlfaness of sum and carryout is ANDED then
common subexpression from sum ggmgllgttgrr\lzséss of carryout does not have to imply input

{AB0O, AB11} -> suma0
{AB10, ABO1} -> sumal

substitution

{AB0O, [sumal, carryin/0]]} -> carryout/O; > {[A/0, B/Q], [sumal, carryin/O]]} -> carryout/O;
{AB11, [sumal, carryin/1]} -> carryout/1; {[A/1, B/1], [sumal, carryin/1]} -> carryout/1;




FulladdB - enable null carry play ahead
useful only for full word width completion and for additions with long chains of 00 and 11

{[A/0, B/O], [sumal, carryin/0]]} -> carryout/O;
{[A/1, B/1], [sumal, carryin/1]} -> carryout/1;
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Back logic out of THXOR
to isolate carryin

There is another consideration not evident in the equations.
The data wavefront carry will play ahead for [A/O, B/0] and

for [A/1, B/1]. The carryin orphan will arrive holding the
THXOR gate at data causing all fulladds to wait for the

complete carry ripple with the null wavefront. Breaking the
THXOR into two gates will isolated the carry when it is an

orphan so that null carryins will play ahead also.

This is useful only for full word width completion and for
additions with long chains of 00 and 11. The effect of the
carry orphan is illustrated with the counter examples. For

random numbers it does not seem to be an advantage. With

free flowing digits all carry propagation is fully shadowed
and is inconsequential .
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FulladdB - integrated

with 5 input THXORE
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FulladdD as halfadd - halfadd - OR

{[A/0, B/0], [A/1, B/1]} -> suma/0; :
{[A/0, B/1], [A/1, B/OJ} -> suma/1; first halfadder

sum : . )
{[carryin/0O, suma/0], [carryin/1, suma/1]} -> sum/0; half
{[carryin/O, suma/1], [carryin/1, suma/0]} -> sum/1, second halfadder

oscillation

{{A/0, B/Q], [A/O, B/1], [A/1, B/Q]} -> carrya/O first halfadder
[A/1, B/1] -> carrya/l
{[suma/0, carryin/0], [suma/0, carryin/1], [suma/1, carryin/Q]} -> carryb/0

camy | [suma/1, carryin/1] -> carryb/1 second halfadder
[carrya/0, carryb/O] -> carryout/O OR
{[carryall, carryb/1], [carrya/0, carryb/1], [carrya/l, carryb/0]} -> carryout/1

Each token is either an input, and output or an internal result

The token flow dependence is established and defines oscillation boundaries Oscillation periods

_ - sum 540 ps
fulladdD.v 0 internal oscillations carry 520 ps
. 0 28 cells includes the source enable rank
carryin i iti
y 1 14.25 signal transitions not part of the component
Closure minterma mintermb
0 + closure
A 0
1 ( :E sum
closure L
— closure
B I
1 > carr
yout
closure ——

carrya




FulladdD Single Component Specification

fulladdD(A, B carryin -> sum, carryout){

token {0:1} A, B, carryin, sum, carryout, suma, carrya, carryb;
token {0:3} minterma, mintermb, mintermc;

[A/0, B/0O] -> minterma/0;

[A/O, B/1] -> minterma/1,;

[A/1, B/O] -> minterma/2;

[A/1, B/1] -> minterma/3;

{minterma/0, minterma/3} -> suma/0;

{minterma/1, minterma/2} -> suma/1;

{minterma/0, minterma/1, minterma/2} -> carryal/0;
minterma/3 -> carrya/l;

[carryin/0, suma/0] -> mintermb/0;

[carryin/O, suma/l] -> mintermb/1;

[carryin/1, suma/0] -> mintermb/2;

[carryin/1, suma/l] -> mintermb/3;

{[mintermb/0, mintermb/1} -> sum/0;

{[mintermb/1, mintermb/2} -> sum/1;

{[mintermb/0, mintermb/1, mintermb/2} -> carryb/0;
mintermb/3 -> carryb/1;

[carrya/O, carryb/0] -> mintermc/0;

[carrya/O, carryb/1] -> mintermc/1;

[carrya/l, carryb/0] -> mintermc/2;

[carrya/l, carryb/1] -> mintermc/3;

{[mintermc/1, mintermc/2, mintermc/3} -> carryout/1;
mintermc/0 -> carryout/O;

}



2 internal oscillations
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3 internal oscillations
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FulladdD1 Three Internal
Component Specification

fulladdD1(A, B carryin -> sum, carryout){

token {0:1} A, B, carryin, sum, carryout, suma, carrya,
carryb;

token {0:3} minterma, mintermb, mintermc;

(A, B -> suma, carrya){

[A/O, B/O] -> minterma/0;

[A/O, B/1] -> minterma/1,;

[A/1, B/O] -> minterma/2;

[A/1, B/1] -> minterma/3;

{minterma/0, minterma/3} -> suma/0;

{minterma/1, minterma/2} -> suma/l;

{minterma/0, minterma/1, minterma/2} -> carrya/0;
minterma/3 -> carrya/l,;

}

(suma, carryin -> sum, carryb){

[carryin/0, suma/0] -> mintermb/0;

[carryin/O, suma/1] -> mintermb/1,

[carryin/1, suma/0] -> mintermb/2;

[carryin/1, suma/l] -> mintermb/3;

{[mintermb/0, mintermb/1} -> sum/0;
{[mintermb/1, mintermb/2} -> sum/1;
{[mintermb/0, mintermb/1, mintermb/2} -> carryb/0;
mintermb/3 -> carryb/1;

}

(carrya, carryb -> carryout){

[carrya/0, carryb/0] -> mintermc/0;

[carrya/0, carryb/1] -> mintermc/1;

[carrya/l, carryb/0] -> mintermc/2;

[carrya/l, carryb/1] -> mintermc/3;

{[mintermc/1, mintermc/2, mintermc/3} -> carryout/1;
mintermc/0 -> carryout/0;

}
}

FulladdD2 Three Internal
Component Specification
with Buffer Component

fulladdD2(A, B carryin -> sum, carryout){

token {0:1} A, B, carryin, sum, carryout, suma, carrya,
carryal, carryb;

token {0:3} minterma, mintermb, mintermc;

(A, B -> suma, carrya){

[A/O, B/O] -> minterma/0;

[A/O, B/1] -> minterma/1;

[A/1, B/0] -> minterma/2;

[A/1, B/1] -> minterma/3;

{minterma/0, minterma/3} -> suma/0;

{minterma/1, minterma/2} -> suma/1;

{minterma/0, minterma/1, minterma/2} -> carrya/0;
minterma/3 -> carrya/l;

}

(suma, carryin -> sum, carryb){

[carryin/O, suma/0] -> mintermb/0;

[carryin/O, suma/1] -> mintermb/1,

[carryin/1, suma/0] -> mintermb/2;

[carryin/1, suma/l] -> mintermb/3;

{[mintermb/0, mintermb/1} -> sum/0;

{[mintermb/1, mintermb/2} -> sum/1;

{[mintermb/0, mintermb/1, mintermb/2} -> carryb/0;
mintermb/3 -> carryb/1;

}

(carrya -> carryal)

(carryal, carryb -> carryout){
[carrya/0, carryb/0] -> mintermc/0;
[carrya/0, carryb/1] -> mintermc/1;
[carrya/l, carryb/O] -> mintermc/2;
[carrya/l, carryb/1] -> mintermc/3;
{[mintermc/1, mintermc/2, mintermc/3} -> carryout/1;
mintermc/0 -> carryout/O;

}
}

Il buffer component



6 internal oscillations
39 cells
24 signal transitions
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FulladdD3 Six Internal Component Specification

fulladdD3(A, B carryin -> sum, carryout){

token {0:1} A, B, carryin, sum, carryout, suma, carrya,
carryb;

token {0:3} minterma, mintermb, mintermc;

(A, B -> minterma){

[A/O, B/0] -> minterma/0;

[A/O, B/1] -> minterma/1,;

[A/1, B/O] -> minterma/2;

[A/1, B/1] -> minterma/3;

}

(minterma -> suma, carrya){
{minterma/0, minterma/3} -> suma/0;
{minterma/1, minterma/2} -> suma/l;
{minterma/0, minterma/l, minterma/2} -> carrya/0;
minterma/3 -> carrya/l;

}

(suma, carryin -> mintermb){
[carryin/0, suma/0] -> mintermb/0;
[carryin/O, suma/l] -> mintermb/1;
[carryin/1, suma/0] -> mintermb/2;
[carryin/1, suma/l] -> mintermb/3;

(mintermb -> sum, carryb){
{[mintermb/0, mintermb/1} -> sum/0;
{[mintermb/1, mintermb/2} -> sum/1;
{[mintermb/0, mintermb/1, mintermb/2} -> carryb/0;
mintermb/3 -> carryb/1;

}

(carrya, carryb -> mintermc){
[carrya/O, carryb/0] -> mintermc/0;
[carrya/0, carryb/1] -> mintermc/1;
[carrya/l, carryb/O] -> mintermc/2;
[carrya/l, carryb/1] -> mintermc/3;

(mintermc -> carryout){
{[mintermc/1, mintermc/2, mintermc/3} -> carryout/1;
mintermc/0 -> carryout/0;

}
}

FulladdD4 Six Internal Component
Specification with Buffer Component

fulladdD4(A, B carryin -> sum, carryout){

token {0:1} A, B, carryin, sum, carryout, suma, carrya,
carryal, carryb;

token {0:3} minterma, mintermb, mintermc;

(A, B -> minterma){

[A/O, B/0] -> minterma/0;

[A/O, B/1] -> minterma/1,;

[A/1, B/O] -> minterma/2;

[A/1, B/1] -> minterma/3;

}

(minterma -> suma, carrya){
{minterma/0, minterma/3} -> suma/0;
{minterma/1, minterma/2} -> suma/l;
{minterma/0, minterma/1, minterma/2} -> carrya/0;
minterma/3 -> carrya/l;

}

(suma, carryin -> mintermb){
[carryin/0, suma/0] -> mintermb/0;
[carryin/O, suma/l] -> mintermb/1;
[carryin/1, suma/0] -> mintermb/2;
[carryin/1, suma/l] -> mintermb/3;

(mintermb -> sum, carryb){

{[mintermb/0, mintermb/1} -> sum/0;
{[mintermb/1, mintermb/2} -> sum/1;
{[mintermb/0, mintermb/1, mintermb/2} -> carryb/0;
mintermb/3 -> carryb/1;

}

(carrya -> carryal) Il buffer component
(carryal, carryb -> mintermc){

[carrya/0, carryb/0] -> mintermc/0;

[carrya/0, carryb/1] -> mintermc/1;

[carrya/l, carryb/0] -> mintermc/2;

[carrya/l, carryb/1] -> mintermc/3;

(mintermc -> carryout){
{[mintermc/1, mintermc/2, mintermc/3} -> carryout/1;
mintermc/0 -> carryout/O;

}
}



8 OSCiIIIIationS fulladdD5 carryb is still the pacing oscillation period.
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fulladdD5(A, B carryin -> sum, carryout){

token {0:1} A, B, carryin, sum, carryout, suma, carrya,
carryal, carrya2, carryb;

token {0:3} minterma, mintermb, mintermc;

(A, B -> minterma){

FulladdD5 Six Internal Component [A/O, B/Q] -> minterma/0;

Specification with Two Buffer Components E%cl) E;(l)% :i m:mz:mg//%

[A/1, B/1] -> minterma/3;

(minterma -> suma, carrya){
{minterma/0, minterma/3} -> suma/0;
{minterma/1, minterma/2} -> suma/l;
{minterma/0, minterma/l, minterma/2} -> carrya/0;
minterma/3 -> carrya/l;

}

(suma, carryin -> mintermb){
[carryin/O, suma/0] -> mintermb/0;
[carryin/O, suma/l] -> mintermb/1;
[carryin/1, suma/0] -> mintermb/2;
[carryin/1, suma/l] -> mintermb/3;

(mintermb -> sum, carryb){

{[mintermb/0, mintermb/1} -> sum/0;

{[mintermb/1, mintermb/2} -> sum/1;

{[mintermb/0, mintermb/1, mintermb/2} -> carryb/0;
mintermb/3 -> carryb/1;

}
(carrya -> carryal) // buffer component
(carryal -> carrya?2) /l buffer component

(carrya2, carryb -> mintermc){

[carrya/0, carryb/0] -> mintermc/0;
[carrya/O, carryb/1] -> mintermc/1;
[carrya/l, carryb/0] -> mintermc/2;
[carrya/l, carryb/1] -> mintermc/3;

(mintermc -> carryout){
{[mintermc/1, mintermc/2, mintermc/3} -> carryout/1;
mintermc/0 -> carryout/0;

}
}



fulladdQ

The Quaternary ADD is derived in LDD chapter 9 fulladdQ.v

twoD_adder32Q.v

: uaternary ADD 14 t
fulladdQ(A, B carryin -> sum, carryout){ o Q Y 4 switch
token {0:3} A, B, sum; 2 delay

token {0:1} carryin, carryout; AO
token SOCO, S2C0A, S1C0, S2C0B, S3CO0A, S3CO0B, BO

SOC1A, S2C1, S0C1B, S1C1, IS0, I1S1, IS2, 1S3, ICOA, 4
ICOB, IC1A, IC1B; e s
(A, B -> minterma){ S0 :
[A/0, B/O] -> SOCO; Q- ;
[A/1, B/1] -> S2Cc0A; im0 :
{[A/1, B/O], [A/O, B/1]} -> S1CO; : ;
{[A/2, B/O], [A/O, B/2]} -> S2COB; o B
{[A/3, B/O], [A/2, B/1]} -> S3COA; ;
{[A/1, B/2], [A/O, B/3]} -> S3COB; A3\ 26
[A/2, B/2] -> SOC1A: BO s
[A/3, B/3] -> S2C1; :
{[A/3, B/1], [A/1, B/3]} -> SOC1B: ;
{[A/3, B/2], [A/2, B/3]} -> S1C1;
{S0CO, SOC1A, SOC1B} -> ISO; AO E
{S1C0, S1C1} -> IS1; B3t
{S2COA, S2C0B, S2C1} -> IS2;

{S3CO0A, S3COB} -> IS3;

{S1C0, S2COB} -> ICOA:;
{S2COA, SOCO} -> ICOB:
{S2C1, SOC1A} -> IC1A:
{SOC1B, S1C1} -> IC1B;

[carryin/0, 1S0], [carrym/l IS3]} -> sum/0; A3
[carryin/0, IS1], [carryin/1, ISO]} -> sum/1;
[carryin/0, 1S2], [carryin/1, IS1]} -> sum/2;
carryin/0, 1S3], [carryin/1, IS2]} -> sum/3;
[ICOA, ICOB, [carryin/0, 1S3]} >carryout/0
IC1A, IC1B, [carryin/1, IS3]} -> carryout/0;
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Graphs of the statistics of the various adders and configurations

from the spreadsheet.
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count add

Two 32 bit counters driving a 32 bit adder illustrates plug and play

count_adder32A.v





