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Chapter 4 — Combinational Datapath Components

e —

* More advanced common combinational building blocks, generally used to process
data in a digital system.

* From the reading list on the website...
«4.3 — Adders
« 4.5 — Comparators
+ 4.7 — Multiplier — Array style
* 4.8 — Subtractor

+ 4.9 — ALUs (Arithmetic-Logic Units)
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Adders

B —

Adds two N-bit binary numbers

— 2-bit adder: adds two 2-bit numbers,
outputs 3-bit result

-
-
-
1
-
+
W
1
P

Can design using combinational design
process of Ch 2, but doesn’t work well for

reasonable-size N
— Why not?
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4.3

Inputs Qutnuts
al a0 b1 bo (&2 s1 sO
0 0 0 0 0 0 0
0 0 0 1 0 0 1
0 0 1 0 0 1 0
0 0 1 1 0 1 1
c 1 0 0 o 0 1
0 1 0 1 0 1 0
0o i i 0 o 1 i
0 1 1 1 1 0 0
1 0 0 0 0 1 0
1 0 o0 1 0 1 1
1 0 1 0 1 0 0
1 0 il 1 1 0 1
1 1 0 0 0 1 1
1 1 0 l 1 0 0
1 1 1 0 il 0 1
1 1 1 1 1 1 0

3
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4.3

Why Adders Aren'’t Built Using Standard Combinational Design Process

» Truth table too big Inputs Outputs
—  2-bit adder's truth table shown al_a0 bl b0 c s1 sO
. Uas 2022 4p coe 0 0 0 O 0 0 0
as = W IUWD 0 0 0 1 G 0 1
—  8-bit adder: 2°**® = 65,536 rows 8 8 % ? 8 1 (1)
— 16-bit adder: 2'**'® = ~4 billion rows g 1 0 o0 0 0o 1
- -bi : 0 1 0 1 0 1 0
32-bit adder: ... 0 1 1 0 0 1 1
0 1 1 1 1 0 0
- Biﬂ trith tahla with Rnimaranie 1effNe wvialde khim lamis 1 Q 9 g g ;[ 9
Y UUul Llaiuic Wil niuiniiciivus 19/vo yiciuo vy iuyie i (1] 0 i U 1 i
— Plot shows number of transistors for N-bit adders, using .1| 8 } ? 1 8 ?
state-of-the-art automated combinational design tool 1 ‘1| 8 ? (1} 6 (1)
1 1 1 0 1 0 1
1 1 1 1 1 1 0
Q: Predict number of transistors for 16-bit adder 10000
8000
A: 1000 transistors for N=5, doubles for each increase g
of N. So transistors = 1000%2™-5), Thus, for N=16, '% oaea
transistors = 1000%2(16-5) = 1000*2048 = 2,048,000. § 4000
" Way too many! a _—
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Alternative Method to Design an Adder: Imitate Adding by Hand

SR

Alternative adder design:
mimic how people do

At Am by A A
auuiuunt vy rianiu

Fhe =
oo = |
=
>
S

o =

0 1111 i
A 11 1|m 1 1” 1|1 1||1|1 1 ‘1|1 1
B:+ 0 1 1“o| +01|Ho +[:”1|10 +‘0|1 ]
1l 1] 1] il
One column at a time [uU UJJJ I_MJ I-[U
— Compute sum, add * * * + *
carry to next column
1 01 101 10101
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Alternative Method to Design an Adder: Imitate Adding by Hand

BE—-
P T P s M ﬂ
redle colmponent 1or eacr 0
column A

T

— Adds that column’s

R ° -,
bits, generates sum u .
o 4 . M :

A forng bhite
altd wall y Wit

-t
O -
g

101
A1 1 1 1
| + B: 0 1 1 0
SN 22 TN X (O 2 T (O X
9b a ci b a ci b aci b aV
o s o s © s © s
— M M Y e
TU \ L l / Tu LN | SUN
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Half-Adder

e —
«  Half-adder: Adds 2 bits, generates sum and carry

A

Step 1: Capture the function Inputs | Outputs
=1 9] 1 L0 5 1
o 0 |0 o0
o 1 0 1
1 0 0 1
1 1 1 0

Step 2: Converl Lo equations

co=ab
s=a'b+ab’ (same as s =a xorb)

Step 3: Create the circuit
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Full-Adder

y—— == 0=
Full-adder: Adds 3 bits, generates sum and carry iy 1A L
N ucllclﬂtca =Uuli andg \JGII)'
caoll | o1 L] ol
Design using combinational design process from Ch 2 { { J { } /*'T“\ ‘ ‘
b aci b aci b aci b a
ms Mms ( ms \ oS
— ] L N,
Step 1: Capture the function o
) Step 3: Create the circuit
Inputs Outputs Step 2: Convert to equations 5 &
a b ci @ s co=a’bc +ab’c +abc’ +abc
0 0 o0 0 o0 co = a’be +abc +ab’c +abce +abe’ +abd — *
0o 0 1 0 1 co = (a’+a)bc + (b’+b)ac + (¢’+c)ab I | \L
0 1 0 0o 1 co=bc +ac+ab
0 1 1 1 0
1.0 0 0o 1 s=a'b’c+a’bc’+ab’c’ + abe
IR 1.0 s=a’'(b’c+bc’) +a(b’c’+ be)
b c Y s=a’(b xor c)’ + a(b xor c) Full
1 1 1 1 1 _ ROt D
S=aXxor adder
I
Digital Design co s
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Carry-Ripple Adder

e ———

Using half-adder and full-adders, we can build adder that adds like we would by hand

Called a carry-rippie adder

— 4-bit adder shown: Adds two 4-bit numbers, generates 5-bit output
+ 5-bit output can be considered 4-bit “sum” pius 1-bit “carry out”

— Can easily build any size adder

a|3b|3 a|2 b|2 ai1 b|1 a0 b|0
aboeci aboci abci ab
FA FA FA HA
co s co S co s co s
co s3 s2 s1 s0
(a)
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a3a2alal0 b3b2b1b0
4-bit adder

co s3s2s1s0

(©)




e ——

Carry-Ripple Adder

Using full-adder instead of half-adder for first bit, we can include a “carry in” bit in the

addition

— Wil be useful later when we connect smaller adders to form larger adders

Y
o
cr
o
Y

[}
cr
[}

[H]
cr
-
ot
(=]
cr
[==]
o

0

abeci a b ci abaci a b ci a3a2alal b3b2b1b0

FA FA FA FA 4-bit adder ci—
[es) s 0 B [es] s co s co s3s2s1s0
o s3 s2 s1 s0

(@) (b)

Digital Design
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Carry-Ripple Adder’'s Behavior
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004 009 004 00,
l||_| IIIT Hlj L1
a bci abci abci abci
FA | FA ‘ FA ‘ FA Assume all inputs initially 0
@ s||lo sl s]|lo s
L T B
0 0 0 0 0
005 105 10,5, 11, 0111 + 0001
I | | | I | I | | (answer should be 01000)
abci abci abci abci
FA FA FA FA
o s o s o s w s
l | 0 0 1 l
o 0 23 ® 3 90§  Gupuafter2ns (1FADelay)

Wrong answer -- something wrong? No -- just need more time for carry
to ripple through the chain of full adders. 11
—
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Carry-Ripple Adder’'s Behavior

e —

000 100 104 11, 0111+0001
O e 0 ey | 0 0 I (answer should be 01000)
FA FA | FA FA

o s|llem s Lpo s lo s
e = e
0 0 1 e | 0 Outputs after 4ns (2 FA deiays)
00 104 ® 104 11“

L Ly ey

abci abci abci abci

A FA FA FA

w s @ s w s w s
e,

0 0 o2 0 © 0 0 Outputs after 6ns (3 FA delays)
00, 10, 10, 1.9,

Ly ey ey L

abeci abeci abeci abci

FA FA FA FA

s

oo oo s

w

o0 S

HEmgk
. )

C,
0 tput after 8ns (4 FA del
Digital Design g (d 0 Output after 8ns { aelays)
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Cascading Adders

a7ababa4 b7b6b5b4 a3azala0 b3b2b1b0

e e e

a3a2alal0 b3b2b1b0 a3a2ala0 b3b2b1b0
4-bit adder «ci 4-bit adder Cil—
oo s3s2s1s0 o s3s2s1s0
0 s7s6s5s4 s3s2s1s0
@
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8-bit adder Cil—

(00) s7..s0

| T

(b)
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Adder Example: DIP-Switch-Based Adding Calculator

SR

+ Goal: Create calculator that adds two 8-bit binary numbers, specified using DIP switches
— DIP switch: Dual-inline package switch, move each switch up or down

[ = iy
= QuUlduu

ID mussibmba mm
ir bWII.l.-I [L=-1

1 M m mEnEnEnEninl _§ |
0 ol [ e

ol b bl il ]

G

ar7..a0 b7..b0

==

8-bit carry-ripple adder ~ Ci[—0
s7..s0

)11

Digital Design . . . . . . . . LEDs
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Adder Example: DIP-Switch-Based Adding Calculator

e —
+ To prevent spurious values from appearing at output, can place register at output

- Actually, the light flickers from spurious values would be too fast for humans to detect -- but the principle of registering
ouiputs to avoid spurious vaiues being read by externai devices (which normaily aren't humans) appiies here.

DIP switches

\1\ \\ KKK/”

o =
H 1]

a7..a0 b7..b0
For now think of a register as 8-bit adder G0
a way to hold a value when Id &5 s7.50
is asserted. | | | | | | | | |
We will learn more about |j e Id
registers later in this course. ok > 8-bit register
Il L 1 1 L 'l 1 1 CA"I-C
S I I ) N I
Digital Design @ @ @ @ (3 . @ . LEDs
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Adder Example: Compensating Weight Scale

SEE——]

Weight scale with compensation amount of 0-7

— To compensate for inaccurate sensor due to physical wear

Plom O loih ol ol
= UJSE O-UIlL dUuuel

- 0
weight / 1
sensor 5] O 2
T L e et

0 d)(] )0 10 00000010

YYYYNY \HHF"WH;
a7..a0 b7..b0

8-bit adder ci |--—0

co s7..s0

* YYVYVYVYYY

1 =t

clk - lxd 010007200 Weight

Adjuster
YyYyvyvyvyyyy
Digital Design \ f f Vv
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Comparators

e —

N-bit equality comparator. Outputs 1 if two N-bit numbers are equal
— 4-bit equality comparator with inputs A and B

+ a3 must equal b3, a2 = b2, a1 =b1, a0 = b0
— Two bits are equal if both 1, or both 0
- eq=(a3b3 +a3'b3’) " (a2b2 + a2'b2’) " (alb1 + a1’b1’) * (aObO + a0’'b0’)

+ Recall that XNOR outputs 1 if its two input bits are the same

— eq=(a3 xnor b3) * (a2 xner b2) * (a1 xnor b1) * (a0 xnor b0)

a3b3 a2b2 albl a0dbo
ol ol

0110=01117? g g ol

4.5

1 a3a2alal0 b3b2b1b0 a
4-bit equality comparator
€q
(b)
T
0 leg

Digital Design @)
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Magnitude Comparator

EEE———
N-bit magnitude comparator. Indicates A=1011 B=1001
whether A>B, A=B, or A<B, for its two N-bit
Inputs; Aand B 1011 1001 Equal
— How design? 101 1 1 001 EO Uﬁ.l
yiis 1
» Consider how compare by hand. 1n11 1AN1 TT H
IRVA | vl unequal
« First compare a3 and b3. If equal, compare a2
and b2. And so on. SoA>B

« Stop if comparison not equal -- whichever's bit is
1 is greater.

+ If never see unequal bit pair, A=B.

Digital Design
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Magnitude Comparator

BE——-—- ]
+ By-hand example leads to idea for design
Start at left, compare each bit pair, pass results to the right

— Each bit pair called a stage

Each stage has 3 inputs indicating results of higher stage, passes results to lower stage

a3 b3 a2 b2 a1l b1 al b0
a b a b a b a b
Igt —e={in_gt out_gt Fe=lin_gt out gt Felin_gt out gt in_gt out_gt e AgtB
leq —=={in_eq out_eq Hm=in_eq out eq He=lin_eq out_ in_eq out_eq =AeqB
It —s={in_It out_It m=fin_It out_It  m=in_It out_|t in_It out_It m=AltB
Stage 3 Stage 2 Stage 1 Stage 0
(a)
0 Igt a3a2alal b3 b2 b1 b0 AgtB o
1> legq 4-bit magnitude comparator AeqB =
0—= It AltB
Digital Design
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Magnitude Comparator

[
o |-—
o
o |-—F

-
v

W |——
or |--—T

a3 a2 b2
! L

Igt —===lin_gt out gt pFe=in_gt
leq —=lin_eq out_eq e=lin_eq out_eq Fe={in_eq
out_It j=me=in_It out_It j=me=iin_It

o |-

out_gt Fe={in_gt out gt Fe=in_gt out gt —m=AgtB
out_eq m=iin_eq out_eq m=AeqgB
out_It (=== AltB

It —atin_It out_It  fm=lin_lt

Stage 3 Stage 2 Stage 1 Stage 0

Each stage:

— out gt=in_gt+(ineg*a*b’)
A>B (so far) if already determined in higher stage, or if higher stages equal but in this stage a=1 and b=0

.

— out_lt=in_It+(in_eq*a *b)
A<B (so far) if already determined in higher stage, or if higher stages equal but in this stage a=0 and b=1

— out_eg=in_eq*(a XNOR b)
A=B (so far) if already determined in higher stage and in this stage a=b too

Simple circuit inside each stage, just a few gates (not shown)

Digital Design
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Internal Stage design

» Student activity: take a couple minutes and draw the circuit for the internals of the each stage.

in_gt) \ \‘\
T
s ’—J A e
Y z
\_ oR2
& ) J
— - - /

n_eq
— ‘\}J_,__"
b—!) —
WNORZ
n i “\..\
n_eq A
"\ =
b | J
a——O
ANDEN
21
P—

21



Magnitude Comparator

Ao i var~ IN11 = 1NN1T 9
Uuco IL vw IVIil Ui
1=1 o 0 10 o1
a3 b3 az bz al b1 a0 bo
P A~ 1Y L R B
a b [ \ a b b | | a b |
|0 |_'| |
igt--ln _gt out l|-1;-- out_gt—e=in_gt out_gt lin_gt out _,gti-a—ﬁgtB
leg=1 caiises this > |eq-h|n eq oul pga out_egin_eq oui_ege|in_eq oui_egwAeqB
1 :
stage to compare Iit+|n It |Ep )£ out_It —in_It out_It |in_lt out_lt i_pNtB
/ i
Fage3 Sage?2 Sage1 Rage0d
11 10 11
ald b3 a2 b2 al b1 a0 b0

Digital Design
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Igt{—]p-ln _gt out_gtl—»-:in_gt out t—(‘]r
qu—b-ln eq out_egwin_eq out_leqi

I e in It out_| It lelin It out

pr o

ii‘

+i|

ih_gt out_gt—in_gt out_gt;—pﬁgtEl

_eq out_egsin_eq out_eqwAeqB
toout itlelin it out Itle AR

Sage3 Sage2

Sagel

Sage0d
22




1011 =1001?

e ———
1 1
a3 b3
v o
' !
a b

IIt(-}b-

Sage3d

0
Igt_p|in_gt out _gtmin_gt out gt in_gt out gt in gt out

L
Sage3

Magnitude Comparator

ai b
oy
T !
a b

-—

0 |- I\)O
o

D—-._l\.) o
<]

m-'-_C} -
o

T -3

=k
—

igtpein_gt out_gtipein_gt out gt pin_gt ouLEt J[:_gt out_gtp-AgtB
leamlin_eq out edmin_eq out edmin_eq out

eq out_edm PeqB

It oul It p/in_ It out_It plin_It oul:h P,..J‘L_It out_It Ly AlB

Sage2 o Sage1 Sagel
(©

0 0 0

a2 b2 al b1 a0 bo

L I B Pt

1
t? tB
legpelin_eq out egpin_eq out edpin eq out egpin_eq out G- AeqB
IIt-p-||'n_It out_It —in_It out It L in_It out It in_It out Ep. B
Sage2 Sage1 Ragel v
@
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Cirmml memmtasme oo oo
rirgal ariswel appeais

on the right

Takes time for answer
WP [ <
el

adim e P L
I

to “rippie” from
right

Thitn salladd “amees
HHuS Laneu Laiy-

ripple style” after the
carry-ripple adder
— Even though there's
no “carry” involved

23



Cascaded Comparator

a|3 b3 a2 b2 al b1 a0 b0
|
T S S A A A
in_gt —> = —> > — out_gt
s— | - | - =1 —>out_eq
in_it—>, —> . — —> out_t

» What is the worst case propagation delay through this 4-bit Comparator?

» Assume the propagation delay through an AND or an OR gate is tp, and the
delay through an XOR gate is 2*tp ... now calculate number of tp’s.

Answer: Worst case through a single cell is 3*tp (from a or b thru to
out_eq). That change on that signal now takes 1*tp to get through
the next stage and so, on. Unless one of the subsequent stages are

laca tham Ar Aaraatarthan (%R Thitle warat cacs ic 2%n 4 D54 5 hah
ICoo viall vi yicatlcl uviaiil (& ). U, WUWIoL vaoG 1o J W ' & |1 W)
+ 2*tp = T*tp.
24
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Alternative faster design

E=-

: e
swl——g
steatis )
W T e T
n—-IGC A
. adecn) Y
o b2
3o — a— o
L e
et —— ™,
twgtt —
w—ri

25




Magnitude Comparator Example:
Minimum of Two Numbers

Design a combinational component that computes the minimum of two 8-bit
numbers

e ——

— Solution: Use 8-bit magnitude comparator and 8-bit 2x1 mux
« |If A<B, pass A through mux. Else, pass B.

11000000 01111111
MIN A B 8 8
8 8 ‘ 8 ‘ 8 A B
Min
0—] Igt A B Agte Ha {5 " “ «
1—=leq 8-bit magnitude comparator Aqu-Gﬁ- | 8-bj
00— It AltB U 2x1 gnux ,ta
8
o (b)
@) !

O1111111

Digital Design
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Multiplier — Array Style

SR

+ Design a multiplier by mimicing multiplication by hand

gt Ll

— Notice that multiplying multiplicand by 1 is same as ANDing with 1

0110 (the top number is called the multiplicand)
0011 (the bottom number is called the multiplier)
(each row below is called a partial product)
0110 (because the rightmost bit of the multiplier is 1, and 0110%1=0110)
0110 (because the second bit of the multiplier is 1, and 0110%1=0110)
0000 (because the third bit of the multiplier is 0. and 0110%0=0000)
+0000 (because the leftmost bit of the multiplier is 0, and 0110#0=0000)

00010010 (the product is the sum of all the partial products: 18, which is 6%3)

Digital Design
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Multiplier — Array Style

4

o

W W
[al]

-

o w

oo

b
b0a3 b0a2 bOal b0al (ppl)
bla3 bla2 blal blaO 0 (pp2)

b2a3 b2a2 b2al b2a0 0 0 (pp3)
+ b3a3 b3a2 b3al b3al 0 0 0 (pp4)

p7 p6 p5 p4 p3 pZ pl p0

Digital Design
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cr
[==]

DG

b1

b2

b3

e —

Multiplier design — array of AND gates

a3 a2

Multiplier — Array Style

al

b0a3 bOa2 bDal bOa0 (ppl)
b1 A E 'y

;
\

] \FT

.

'
'
'
15

'
o
h

Digital Design
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|
i

+ (7-bit) |
HHETTT

p7..p0

1.0

bla3 blag blal blal {pp2)

b2a3 b2a2 b2al b2al 0 (pp3)

a0 + b3a3 b3a2 b3al b3al 0 /(ppfi)
/‘ -

X

P

{

Block symbol

29
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Multiplier — Array Style (alternative)

e —
b1 bo
a3 a2 al a0 .i’ a|2 .ll T
| I I I I
b2 @ tJ @ U J\_-./’ @ ttl @
. L |
i e o 33 a2z al a0 B3 b2 b1 b0 L
EEEEE | c Adder_dbit cin
. U — =
Pl
2 a2 a 0 a3 a2z al ad B3 bz b1 bD
Cout Adder_4bit ci
53 52 1 50
a3 a2 al al
2 x b3 b2 bl b0
a3 a2 al a0 3 b2 M W 0 assssssssssssssssssssssssssssssms===
Cout Adder_4bit Cin b0a3 b0a2 b0al bOal
L _l_l bla3 bla2 blal bla0 0
| ‘ ; b2a3 b2a2 b2al b2a0 0 0
| J + b3a3 b3a2 b3al b3lad 0 0 0
»7 5 Pt 93 p7 p6 p5 p4 p3 pZ2 pl po
30
[I—
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Multiplier — Simulation of alt. crkt.

e —
frop_thia 0 s To Tu TNz N3 Tie s © 1 B B B ¥ ¥ 7 B B To Jn Tiz N3 fis Nis © 01 & B 5
frop_thib o ] E
rop_tbfp (] i] N B B kB K ¥ F B B holn B2 13 Ttie s b 2 B % B
fiop_tbia 1] 3A B B VUV B B Gho i 5iz 4is s 05 B 4 EF B W B B ¥ B B 1o\l hz s na s
Jrop_thib 1] 2 b
frop_thlp 8 &6 0 liz G5 No Jiv Lo Pz 3 e o b0 B p 5 iz Y5 Lo i Bd 7 0 o Do L9 W hw
fop_thfa 0 7 B B To Juu iz 73 N4 05 P N L B B F F F B B To {1 2 13 14 fis B [ E
top_thib 0 q 15 E
frop_thip 0 B8 [z 6 Fo Ps Do B Be b0 P 115 o W5 b0 /s 190 Jios Jiz0 195 1150 Ji6s [ieo 109 B0 ks B B Lz

Notice: all the bit-vectors (busses) are shown in unsigned integer number

format. This is accomplished, in Modelsim, by right clicking on signal
name and selecting (Radix -> Unsigned).
31
—
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4.8

Subtractor
EEE———
Can hiiild ciihtrartar ac wa hiiilt carrv_rinnle addar
AACAN T WU UL LWL LA WV RS uull} ||HP|U AL
— Mimic subtraction by hand

R S v TSR ATTAE LR i

Use full-subtractor component:
— wi is borrow by column on right, wo borrow from column on left

— Compute borrows from columns o
-

a3 b3 a2 b2 al b1 a0 b0 wi
| | | | | | 100 I I 1 I O [ 8
a b wi a b wi a b wi a b wi a3a2alal b3b2b1b0
FS FS FS FS 4-bit subtractor  wiF—
wo s wo S wo s wo s wo  s3s2s1s0
|| I I I N
wo s3 s2 s1 s0

(b) ©

* In practice, it would be designed differently.

*+  Usesigned numbersand {A-B > A+ (-B)}

Digital Design * more on this later ...
Copyright © 2006 32
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Subtractor Example: DIP-Switch Based Adding/Subtracting
Calculator

SE———]

+ Extend earlier calculator

DiP switches
example

— Switch f indicates 1HHHHHHHH HHHHHHH
whether want to add 0 : : el
(f=0) or subtract (f=1)
8 18 € 8
(] (] (1
— Use subtractor and A B ci—ﬂ- A B wig-
an 8-bit, 2x1 mux 8-bit adder 8-bit subtractor
co S wo S
1 f 8
0 = 0 2x1 1
8
[He >|1d o
K S 8-bit register
c CALC

8

00000000 .o

Digital Design
Copyright © 2006 33
Frank Vahid —




Subtractor Example:

Color Space Converter — RGB to CMYK

e —

«  Color

— Often represented as weights of
three coiors: red, green, and biue

(RGB)
= Perhaps 8 bits each, so specific color
is 24 bits
- White: R=11111111, G=11111111
B=11111111
— Black: R=00000000, G=00000000,
B=00000000

— Other colors: values in between,
e.g., R=00111111, G=00000000,
B=00001111 would be a reddish
purple

— Good for computer monitors, which ) )
mix red, green, and blue lights to *  Printers use opposite color scheme
form all colors — Because inks absorb light

— Use complementary colors of RGB: Cyan
(absorbs red), reflects green and blue,
Magenta (absorbs green), and Yellow
Digital Design (absorbs blue)
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Subtractor Example:

Color Space Converter — RGB to CMYK

e —
! ! |
Printers must quickly convert RGB to R l G l B l
255 255 255
CMY 8 8 8
— C=255-R, M=255-G, Y=255-B }e | }e | }e ]
Y Y YUY vy
— Use subtractors as shown
8 8 8
o} M Y
Y \ Y

Digital Design
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Subtractor Example:

Color Space Converter — RGB to CMYK

— Expensive
— Imperfect — mixing C, M, Y doesn't yield good-iooking biack

CAh |tinn r Fartar

1t tha hi
WU L L i

m
WL 1 Al vu e

using black ink

— e.g., CMY of (250,200,200)= (200,200,200) + (50,0,0).
» (200,200,200) is a dark gray — use black ink

Digital Design
Copyright © 2006
Frank Vahid
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Subtractor Example:

Color Space Converter — RGB to CMYK

E——
* Call black part K - ] = ] - I
— (200,200,200): K=200 ]:3 iﬁ ia
—  (Letter “B" already used for blue) Y Y Y
R G B
+  Compute minimum of C, M, Y ROB trﬁ CMYY

semle i C
vdiucs I l
Use MIN component designed

earlier, using comparator and 13 {8 1818
mux, to compute K M

— OQutput resulting K value, and 8
subtract K value from C, M, and Y ‘
values MIN

— Ex: Input of (250,200,200) yields K
R

output of (50,0,0,200) Y —$_*

8

Digital Design \ J \ J Y
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Representing Negative Numbers: 2's Complement

— As we already kn now, 2 S complement is the most common method of

[rp—

iumoers III Ullldly

2’'s complement

— Big advantage: Allows us to perform subtraction and addition using the
same circuit.

— Thus, only need adder component, no need for separate subtractor
component!

Digital Design
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Two’s Complement Subtractor Built with an Adder

EEE———
+ Using two’s complement Al I B
A-B=A+(-B)
= A + (two’s complement of B) N-bit
= A +invert_bits(B) + 1 | ¢
| 1
* So build subtractor using adder by inverting A Adidar B cin 1
B’s bits, and setting carry in to 1 !
1
Digital Design
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Adder/Subtractor

BE——-—- ]
_1°
« Adder/subtractor: control input AI/:, i ?\_, it
determines whether add or I }
subtract iy B *
) |\(\I-bil 2x1 |
— Can use 2x1 mux — sub input T
passes either B or inverted B l 1
"Adder  ©in adder’s B inputs
— Alternatively, can use XOR 1’ b
gates — if sub input is 0, B's bits s (@ (b)
pass through; if sub input is 1,
XORs invert B’s bits XOR

Digital Design
Copyright © 2006
Frank Vahid

Look at it another way ... what we need is a

selectable buffer/inverter ... 0 0
0 1
A 2-input XOR gate acts like a selectable 1 0
buffer/inverter ... connect as shown above (b). 1 1
» whencntl = 0,thenout = in (addition)
when cntl = 1,thenout = in’ (subtraction) 40
.
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K]
XORZ
P

K

Adder/Subtractor Circuit

& &

A<

SN—

XORZ

§ 'B

J

-

[
|

X

\/
I

A<
B
A

b
Cin

41
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Adder/Subtractor Example: Calculator

e —

*  Previous calculator used
separate adder and subtractor

* Improve by using
adder/subtractor, and two’s

compiement numbers

DIP swiches

o

2
A5
i “ LCALC

| P |
00000e00 |Leos

Digital Design
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sub  8-bit adder/subtractor

Ie

| Id
8-bit register
> CALC
8
00000000 | .=
42
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— e.g., 4-bit two’s complement addition of 0111+0001 (7+1=8). But 4-bit two’s
complement can’t represent number >7
s N1 1-Lnnn‘1 = 1NNN WDBRNKNIT ancwar 10NN in han'e craomnlamant ic L8 nnt 40
RATAVAV N | TUUY VVIANIND QHIovWwol, 1VUJY T LWy o UUIII'JIGIIIGIII. o 7w, 1ive v

— Adder/subtractor should indicate when overflow has occurred, so result can
be discarded

Digital Design
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Detecting Overflow: Method 1

e —

Assuming 4-bit two’s complement numbers, can detect overflow by
detecting when the two numbers’ sign bits are the same but are different

fram tha raciilt’'e cinn hit
HULI Ui icouil o Qlyll L

— If the two numbers’ sign bits are different, overflow is impossible

AAdAdin~a a nacitiua and nanativa ~fan 't oAavenn A laranact mannitiidas nacitiv
AUUINY a PUSIuveE dainu licyauve Lall L TALTTU iairycot iniayiinuues pusiuv

a
o)
=1
[}
©
0)

Simple circuit
— overflow = a3’bh3’s3 + a3b3s3’
— Include “overflow” output bit on adder/subtractor

sign bits

111 1711 00O
#0/0 01 +H1/0 0 0 +0/1 1 1

Mooo @111 (@MD111

overflow overflow no overflow
(a) (b) (©
o ) If the numbers’ sign bits have the same value, which
Digital Design differs from the result’s sign bit, overflow has occurred.
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Detecting Overflow: Method 2

e —

Even simpler method: Detect difference between carry-in to sign bit and
carry-out from sign bit

Vialde cimnlar Airanits Avarflaae — A2 var ~A
[ L= L b ] CIIIIIPICI LATGUIL. UVSIHTIIVVW = LJ AU U
111 00O 000
0111 1111 1000
+0 0 0 1 +1 000 +0 1 11
01 000 1:0:4. 1 14 01 1 11
overflow overflow no overflow
@) (b) ©
If the carry into the sign bit column differs from the
carry out of that column, overflow has occurred.
Digital Design
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Adder/Subtractor w/ Overflow: Method 2 (circuit)

e —

Sy ‘
U

1

]

A

o

I
T

g

B § EF B B B
[ | | I
\/ \/ \/
- s e s i s Tl @
L
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Arithmetic-Logic Unit: ALU

SR

ALU: Component that can perform
any of various arithmetic (add,

subtract, increment, etc.) and iogic
(AND, OR, etc.) operations, based

nn cnntral innnite
T Ui o |Pu‘\1

4.9

— Addition/subtraction TABLE 4.2 Desired calculator operations
— Increment Inputs Sample output if
— Bitwise AND. OR. NOT T I— Operation A=00001111,
! ' Xy z B=00000101
o 0 0 0 |s=A+B $=00010100
Motivation: S=A-B S=00001010
§ S=A- 8=
— Suppose want multi-function 0 0 1
calculator that not only adds and 0 1 0 |S=A+1 5=00010000
subtracts, but also increments
: ; S=A $=00001111
ANDs, ORs, XORs, ec. 0 1 1
1 0 0 |S=AANDB (bitwise AND) $=00000101
— All microprocessors have ALUs 1 0 1 |S=AORB (bitwise OR) $=00001111
1 1 0 |S=AXORB (bitwise XOR) $=00001010
1 1 1 |S=NOTA (bitwise complement) S=11110000
Digital Design
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Multifunction Calculator without an ALU

power computing all those
operations when at any time you
only use one of the results

TABLE 42 Desired calcwlator operations

Iaputs Sumple satput if

] Operation A=00001 111,
x ¥y 2 e ]
0 0 0 |[S=A+B S=00010100

o 1 |s=a-m Se00001010

g 1 @ [s=as SO0 0000
01 1 |5=A S=00001111

1 0 0 |5=AAKDB bitwise AND} S=0O000101

1 0 1 |5=AORBbime 0k S00001 111

1 1 0 [5AXOR B ibitwise XOR) S=00001010

1 1 1 |5=NOTA (bitwise complement) S=11110000

Digital Design
Copyright © 2006
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DIP switches

s0

| 8
01234567
s2 ;
51 B-bit, 8x1 Mux

ks

A lot of wires

Wasted

-
power

Id 8-bit register
CALC
8
00000000 |
I—
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-

ALU

SE———]

More efficient design uses ALU

ALU design not just separate components multiplexed (same problem as previous slide!),

Instead, ALU design uses single adder, plus logic in front of adder’s A and B inputs
+ Logic in front is called an arithmetic-logic extender

— Extender modifies the A and B inputs such that desired operation will appear at output of the adder
Al B{ a7 b7 a6 b6 a0 bo
" 1 ¢y § Yy Vv ¥ vy AlL-extender
Y=t AL-extender X o e e
z - y s —ns =
4 N z i - -
1 Ly
A
\\
A B N || abext abext abext | | cinext
Adder cin 3
| B | Yy Yy |
1S ia7 ib7 a6 ib6 ia0 b0 cin
ALU (b)
Ys
(a)
Digital Design
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Arithmetic-Logic Extender in Front of ALU

EE— | 2 =
TABLEAZ Desired calcslator sperations ", L al? bl? aé bb a0 b0
Inputs Samiple output if L * é AL-extender
P crmm e ra— L} wtia A=00001111, X—
X ¥y z i T —— Y—-S Al-extender X
G 0 o JE=A:B [ &7 =y Y 4
0 1 0 [s=Ae $=00010000 1A B . | | abext abext abext cinext
= PR = s * T T T T T T T
0 1 1 5=A Seliuniiiii Adder cin i ' I I 1 i
1 0 0 [5=AANDB biwie AND) S=00000101 IS Y ’ U * 1 * 1
i . [ ia7 ib?  ia6 b6 ia0 ibo cin
1 0 1 [5=A0RB (bitwise OR) S=00001111 ALU 'l’
1 1 0 |5=AXORBbiawis XOR) S=00001010 'S (b)
1 1 1 [5=KOTA biwise complement Sl 1110000 (a)

«  xyz=000: Want S=A+B — just pass a to ia, b to ib, and set cin=0
+  xyz=001: Want S=A-B — pass atoia, b’ to ib, and set cin=1

+  xyz=010: Want S=A+1 - pass a to ia, set ib=0, and set cin=1

»  xyz=011: Want S=A - pass a to ia, set ib=0, and set cin=0

«  xyz=1000: Want S=A AND B - set ia=a*b, b=0, and cin=0

» others: likewise

« Based on above, create logic for ia(x,v,z,a,b) and ib(x,y,z,a,b) for each abext, and create logic for cin(x,v,z),
to complete design of the AL-extender component

Digital Design
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ALU — abExt Design

TABLE 42 Desired calculator operations

- o

- = ala S s ala 2 s e e s sl 00000 00 00 DO QOO

amaala s aloco0o 0 0 0a aaala aa alo oo Do ool

= = 2 20 00 0|2 2 2 A0 0002 S 2 Ao 00 Ols 2 s ko0 0 oIN

| IO R R R | R | P 1 )

s osalao2olao selao soaoaalaoaolae s nlaso

iA iB  Cin Inputs Sample ountput if
Operation A=MHHILLLL,
X v r B s s e
bricd - - DI=WARRARIINV
0 0 0 |S=A+B S=00010100
0 o 1 Is=A-B $=00001010
0 1 0 |s=a+1 S=00010000
0 1 1 [s=A S=00001111
1 n n
i v v
1 0 1 [|5=A0RB (biiwise OR) S=00001111
1 1 0 |5=AXORB/biwise XOR) S=00001010
1 1 1 |[S=NOTA (bitwise complement) S=11110000
a
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ALU Example: Multifunction Calculator

DIP switches
1 1
TOUUUARAMA JHUHUERUM
Oy o9 N W L) LJLIL O B L L
_{_ o a
(00000000 |- ‘ S 1°
A B
*  Design using ALU is elegantand = |x e A B
efficient CmY >y ALU
E5 -z S
— No mass of wires 8
e »|Id L
. - 8-bit register
— No big waste of power clk >
8 CALC
AAAAAAANA | ps
LA A A A A A A B Eesnid
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