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Review of Combinational Circuits

1. Fundamental Gates
e AND and NAND
e OR and NOR
e XOR and XNOR
e Buffers (regular, tri-state, open-collector)

2. Combinational Logic Circuits

e Multiplexer
e Encoders and decoders

e Parity detector
® Priority encoder

3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers
e Dividers
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Combinational versus Sequential
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Introduction

Combinational versus Sequential
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Non-recursive

Recursive — Has memory!




1. Fundamental gates
e NOT
e AND and NAND
e OR and NOR
e XOR and XNOR

e Buffers




NOT

y=x ?7

y = NOT x




AND and NAND
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OR and NOR

OR ab y
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XOR and XNOR

XOR

ab y
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Regular buffer
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Tri-state buffer
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2. Combinational Logic Circuits
e Multiplexer
e Encoders / Decoders

e Parity detector

e Priority encoder




Multiplexer

Concept
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Multiplexer

Implementation examples 2x1 mux
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Multiplexer

Mux with larger inputs (2x1 — 2x3)
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Multiplexer

Mux with more inputs (2x1 — 4x1)

a—o0
b—1 0
y —> y
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2. Combinational Logic Circuits
e Multiplexer
e Encoders / Decoders

e Parity detector

e Priority encoder




Encoders / Decoders

Address decoder

/— Yo X y

Xo — L X sl DeCOEr gl y 000 | 00000001
Xq yi N 2 001 00000010
— V2 010 | 00000100

011 00001000
100 | 00010000
\_ yon X(N=1:0)mm{ Decoder s y(2"-1:0) 101 00100000

2 110 | 01000000
111 10000000

XN-1 —

Symbols Truth table (‘one-hot’ code)




Encoders / Decoders

Address decoder

X

y
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Truth table (for N=2)

Implementation examples (for N=2)

y0 =x1'.x0" (SOP) or y0 = (x1 +x0)' (POS)
yl=x1".x0 (SOP)or y1=(x1+x0')" (POS)
y2 =x1.x0" (SOP) or yl1=(x1"+x0)" (POS)
y3 =x1.x0 (SOP) or y1=(x1'+x0')" (POS)
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Encoders / Decoders

Address decoder

Larger address decoder (2-bit — 4-bit) — v
Xo —V
X1 — Yo
/—yo y
Y3
Xo — — Y1 \'\
X1 — Y2 /—Y4
V3
X2 — 1 — Y5
o
— Y14 Yo
(a) S (b) ~_fv
X3 X2 X1 Xo Y15 Y14 Y13 .. Y2 Y1 Yo /_ Ya
0000 000...0000 1 — — Yo
0001 000..00010 v
0010 000..00100
0011 000...01000 ]
0100 000..10000
— Y12
1110 010...00000 — Vi
1111 100...00000 X ,
— Y14
X3 — Y15




Encoders / Decoders

Address encoder

Xo —
: \_ Yo X + Encoder +y X y
1 — N

Ly, 2 N 0001 | 00

X2 — 0010 | Of
0100 | 10
— Yt ( ) 1000 | 11

] X(2"-1:0) mmms{  Encoder = y(N-1:0

XaN-1 / Truth table

Symbols

4‘ D‘W
4 | Dyo

X3 X2 X1 X0

Implementation
with OR gates




Encoders / Decoders

SSD (seven-segment display) decoder (or encoder)

iNput s
4

BCD-to-SSD
converter

+ output
7

(d)

(e)

common anode

(b)  common cathode (c) a b h
input output (7 bits) output (8 bits)

ABCD decimal abcdefg  decimal abcdefgh  decimal
0000 0 1111110 126 11111100 252
0001 1 0110000 48 01100000 96
0010 2 1101101 109 11011010 218
0011 3 1111001 121 11110010 242
0100 4 0110011 51 01100110 102
0101 5 1011011 91 10110110 182
0110 6 1011111 95 10111110 190
0111 7 1110000 112 11100000 224
1000 8 1111111 127 11111110 254
1001 9 1111011 123 11110110 246
others 10-15 don’t care don’t care




(a) AB (b) AB ©) AB (d) AB
cD | 00 | 01| 11 ] 10 cD [ 00| 01|11 |10 cD oo o1l 111 10 CD | 00|01 |11 ]10
00 | 1]J] o [x TN 00 [[1Y] 1 [ X [(1] 00 | 1 1 x | 1 00 | 1J] o [ x TN
01 o |[1 ][ x)] 1 01 1 o | x || 1 01 1 1 x| 1 o1 | o [(1 _[[xX]] 1
11 |1 |1 X J| X) 11 ([ 1 1 X || X} 11 1 1 X | X 11 1 0 X | X
10 ﬂ 1 (X .(X’ 10 | 1) 0o | x [(X 10 [[o]] 1 | x | x 10__ul 1 [\ O]
a=A+C+BD+B'.D b=B+C.D+C'.D' c=(A.B'.CDY d=A+B.C+B'.D'+C.D +B.C'.D
(e) AB
cb | 00, 01 | 11 [ 10

o0 | 1J] o | x [l

01 | o | 0| X ] o

1 | 0o | 0o | X

10 (1) 1 X [ X]

e=B' D +CD
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cD|[oo]ot1]11]10 g,:

o0 |[(1 [[1 [/~ xJ 1 c - ¢

01 [ o (L1 [[x ] 1 D’
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BCD-counter d -

(9) AB C ™ e ' '
cD |00 |01 ] 11|10 D f Y
00 | o |[1 |[xX]] 1) g

o1 | o |L1 [[xJ] 1

11 1 0 || X [[X

10 |(1 1 [\ [ xJ

g=A+B.C' +B'.C+C.D’



2. Combinational Logic Circuits
e Multiplexer
e Encoders / Decoders

e Parity detector

e Priority encoder




Parity detector

e Odd or even parity?
e Linear or logarithmic size?
e Linear or logarithmic propagation delay?




Parity detector

e Odd or even parity? Odd
e Linear or logarithmic size?
e Linear or logarithmic propagation delay?




Parity detector

e Odd or even parity? Odd
e Linear or logarithmic size? Linear (N-1 gates)
e Linear or logarithmic propagation delay?

-




Parity detector

)
D, D
)

e Odd or even parity? Odd
e Linear or logarithmic size? Linear (N-1 gates)
e Linear or logarithmic propagation delay? Log (log2(N) logic layers)




2. Combinational Logic Circuits
e Multiplexer
e Encoders / Decoders

e Parity detector

e Priority encoder




Priority encoders

Output = conventional binary
address of highest-priority input

Output = one-hot address
of highest-priority input

X7 — — Y7 X7 —|

Xe — — Y6 Xg —]

X5 —— —— Vs

Xq Priority 54 7 Priority [ Y2
encoder X4 — encoder [— V1

S R X3 — — Yo

X2 — — Y2 Xy —|

X1 — —— Y1 Xq —|

Xo —— — Yo

X7 ... Xo Y7 ... Yo

TXXXXXXX 10000000 ;‘)70;)'(')( i;( y213;1 1y°

01 XXXXXX 01000000 010000k 110

001xxxXX 00100000 001 3XXX 101

0001 xxxx 00010000 000 T3xx 100

00001 xxx 00001000 00001xx 011

000001xx 00000100 00000 1x 010

0000001x 00000010 0000001 001

00000001 00000001 0000000 000

00000000 00000000




3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers

e Dividers




Basic adders

Full-adder (FA) unit

a b a b

+ * cin ab | s cout

0 00 0 0

0 01 1 0

cin— FA L cout cin cout 0 10 1 0

0 11 0 1

1 00 1 0

+ 1. 01| 0 1

s S 1 10| 0 1

17 11 1 1

Symbols Truth table

s=a®b®cin — 0Odd-parity function

cout =a.b + a.cin + b.cin — Majority function




3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers

e Dividers




Fast Adders

General approaches to the design of fast adders

(a) Faster carry propagation

do bo Co do bo Co aq b1 do bo Co a4 b1 as b2

vy PYVYY  YYVYYYY

Co

Cq Co C3
do aq do as

bo b1 b, bs
So S1 S) S3

(b) Faster carry generation




3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers

e Dividers




Signed Adders/Subtracters

b|o b ’J_‘ /.
*] do 6 a4 U az 5 as LQJV . —/ fé
. e . zj :)D— overflow

(cin) (cout) a3
+ * + ba*%Df overflow
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3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers

e Dividers




Comparators

XOR-based

equality comparator

a=b

Adder-based

equality and magnitude

comparator

‘0’ for a>b or

ao
bo

a-
b

az
b

as
b3

Dy
Dx
D
Dy

‘1’ forazb = |

a>b or azb

Mux-based
equality and magnitude
comparator




3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers

e Dividers




ALU

cin

opcode

Unit Instruction Operation opcode
Transfer a y=a 0000
Complement a y=a' 0001
Transfer b y=Db 0010
_ Complement b y=b' 0011
Logic AND y=ab 0100
NAND y = (a.b)’ 0101
OR y =atb 0110
NOR y = (a+b)’ 0111
Increment a y = a+1 1000
Increment b y = b+1 1001
Add aand b y=atb 1010
_ . Sub b from a y=a-b 1011
Arithmetic | g1 a from b y = -atb 1100
Add negative y=-a-b 1101
Add with 1 y = atb+1 1110
Add with carry y = a+b+cin 1111




ALU

Conceptual circuit

3
—/— logic

Decoder for Decoder for
logic section arithmetic section
I I
opoode | Lices | | % | cuitanes

0000 A0 EO 1000 BO C2 D1 E1
0001 A1 EO 1001 B2 CoD1E1
0010 A2 EO 1010 BO CO DO E1
0011 A3 EO 1011 B0 C1 DO E1
0100 A4 EO 1100 B1 C0O DO E1
0101 A5 EO 1101 B1 C1 DO E1
0110 AB EO 1110 BO COD1E1
0111 A7 EO 1111 BO CO D2 E1

Instructions decoder

arith

D Circuit details



3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers

e Dividers




Multipliers

Parallel unsigned multiplier (array multiplier)
bs bo

carry'['sum

oo
XA
XA
A




Multipliers

Parallel signed multiplier (modified Baugh-Wooley multiplier)

bs b, by bg < Multiplicand « b; by by b
43 @ a1 & < Multiplier a3 8 & 4
a0b3 aob2 a0b1 aobo . a_0b3 aObZ a0b1 aObO
+ aibs aib, asby asby Partial + aibs asb, asby aibg
azbs azby aby axbg products

a2b3 azbz a2b1 azbo
sbs @b asby 2y A ashs @b @by adby

Pz Ps Ps Psa P3 P2 P1 Po

Pr Ps Ps Ps Pz P2 P1 po < Product

ALU-based —> not combinational




Multipliers

Parallel-serial multiplier (not combinational)

b3 b2 b1 b0
.«.d2 dq Ao
sum
d d d ¢ d q d qF —
«..P2 P1 Po

> rst D> rst D> rst D> rst

I —q q I q q I q q I
cin cout

rst <_ rst <‘ rst <‘
T T T




Multipliers

ALU-based multiplier (not combinational)

Multiplicand
Register

v

\Y4

ALU

Add/Sub

» Shift/Write Control
>

Left Right

Test

Product register




Multipliers

ALU-based multiplier (not combinational — employs Booth’s algorithm)

, " Product
Iteration | Procedure Multiplicand left Right Extra

0 Initialization (Multiplier loaded into 10010 00000 01110 O
ProdRight)

1 Bits=00 — No operation 00000 01110 O
Shift right arith 00000 00111 O

2 Bits=10 — ProdLeft — Multiplicand 01110 00111 O
Shift right arith 00111 0001 1 1

3 Bits=11 — No operation 00111 00011 1
Shift right arith 00011 10001 1

4 Bits=11 — No operation 00011 10001 1
Shift right arith 00001 11000 1

S Bits=01 — ProdLeft + Multiplicand 10011 11000
Shift right arith 11001 11100




3. Combinational Arithmetic Circuits
e Basic adders
e Fast adders
e Signed adders/subtracters
e Comparators
e ALU (arithmetic-logic unit)
e Multipliers

e Dividers




Dividers

ALU-based divider (not combinational)

lteration | Procedure Divisor I_Reef,:nag%irt
0 Initialization (Dividend is loaded into RemRight) 0101 0000 1101
Shift Rem left with ‘0’ in empty position 0001 1010
1 RemLeft — Divisor 1 100 1010
Bit=1 — RemlLeft + Divisor 0001 1010
Bit=1 — Shift Rem left with ‘0’ 0011 0100
2 RemLeft — Divisor 1 110 0100
Bit=1 — RemLeft + Divisor 0011 0100
Bit=1 — Shift Rem left with ‘0’ 0110 1000
3 RemLeft — Divisor 0 001 1000
Bit=0 — No operation 0001 1000
Bit=0 — Shift Rem left with ‘1’ 0011 0001
4 RemLeft — Divisor 1 110 0001
Bit=1 — RemLeft + Divisor 0011 0001
Bit=1 — Shift Rem left with ‘0’ 0110 0010
() Shift RemLeft to the right with ‘0’ 0011 0010
(*) After the last iteration the left half of the remainder must be shifted to the right.




