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Digital Systems
e Digital

) \ f )
e All values are discrete N \
® A value can be on (1) or off (0) N o
® Analog Analog signal Digital signal

® Have a continuous range of values
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Logic Gate: AND

nom
0 0 0 B

out
0 1 0

out = A & B

C syntax
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Logic Gate: OR

ia

out

out = A | B

C syntax
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Logic Gate: XOR
s on [N
0 0 0 B

out

out = A * B

C syntax
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Logic Gate: NOT

A out

out = ~A

T

C syntax
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Logic Gate: NAND

"o on SN
0 0 1 B

out

out = ~(A & B)

C syntax
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Logic Gate: NOR
s Lo [N
0 0 1
0 1 0 B

out

out = ~(A | B)

C syntax
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Logic Gate: XNOR
o o [
0 0 1
o 1 o B

out

out = ~(A * B)

C syntax
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Connecting Logic Gate

e Out=(A&B)|C
® (A, B, and C are one bit each)

A
B

out

12
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Types of Circuit

e Combinational Logic (CL) circuits

e OQOutput is a function of the inputs only

e Similar to a pure function in mathematics, y = f(x)
e State Elements

e Circuit that store information

13
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Outline

e Logic Gate

e Arithmetic Logic Unit (ALU)
e Clock Signal

e Latch

e D Flip-Flop

e Register

14
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Arithmetic Logic Unit (ALU) (1/12)

e The ALU is used to compute the result of R-type
instructions (ADD, SUB, ADDI, AND, OR)

32

ALV

32

iyl

WhenS=00,R=A+8B
WhenS=01,R=A-B
WhenS=10,R=A&B
WhenS=11,R=A|B

15
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Arithmetic Logic Unit (ALU) (2/12)

e The ALU is used to compute
the result of R-type instructions A B

(ADD, SUB, ADDI, AND, OR) - M-
® A 32-bit bitwise AND unit 5, —! oddsubtrack [“MD

® A 32-bit bitwise OR unit l T
e A 32-bit ADD/SUBTRACT unit overflew b2
with a control line

e The logic to output carry —
® Overflow N
® Zero :

® Negative
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Arithmetic Logic Unit (3/12)

e Binary addition

Carry out from the
second column /

Carry into the third

column Carry in to the
1 1 ‘1 second column

1 01

1 11

100
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Arithmetic Logic Unit (ALU) (4/12)

e Half adder

® Add only two 1-bit binary

numbers, sum is from 0 to 2

1 1
+1 40
10 1

18
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Arithmetic Logic Unit (ALU) (5/12)

e Full adder (single bit) A |B[C Co|S
0 0 0 0

® Add three 1-bit binary numbers

® Sum is from O to 3, which can
be expressed with two output
bits (“117)

Sis1when 1 or 3 ofthe bits are 1

S APB@C;
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Arithmetic Logic Unit (ALU) (6/12)
e Full adder (single bit)

S

A(—BB@CJ‘_

Co = AB + C; (A@B)

A—>

B—>

Half Adder
Circuit

Sum

\ 4

Half Adder
Circuit

—‘ Cin—>»

Ci
Sum > S
Carry
Cary | OR Gate [—>C

20
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Arithmetic Logic Unit (ALU) (7/12)
e 4-bit adder

B3 B> B1 Bo Cz3 Cy C; Cp Ci1=0
| SR I S N T S
FA |-C»2 FA iﬁ FA k] FA |— 0 Bs B2 Bi Bo

[ ! ! ! !

Cs

21
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Arithmetic Logic Unit (ALU) (8/12)

e Overflow
Indicate when the result cannot fit into n bits

e Highest adder

Ci, = Carry-in = C,

C,, = Carry-out = C,

No C, or C;, -> No overflow!
-> No overflow!
-> Overflow!
but no C,, -> Overflow!

Overflow = c, XOR C_ ,

C,and C
C.,,butnoC
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Arithmetic Logic Unit (ALU) (9/12)

e Subtractor (A—B =A + (-B))
® XOR serves as conditional inverter!

TP ny

- ——

Y | & 0 0 O
*J i Zﬂ 0o 1 1

Ch-
h- o x e Au SUB

Cn
L 1 0 1
?.b ‘ l 1 1 0
Sy

.Sh-| So

L T XOR Truth Table 23
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Arithmetic Logic Unit (ALU) (10/12)
e Logical AND on 32-bit number

X = AB A3y =i

B3p =

A —
A = Az Ajzp Az .. Ap 30 }ng
B3p—

B = Bi3; B3p Bzg ... Bop Ass

X = X31 X390 Xo9 ... Xp Bog ™

A[31:0] — : .
AND |— x131:0] Ay —

B[31:0] —

24
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Arithmetic Logic Unit (ALU) (11/12)

e 2:1 Multiplexors
® Selects an input to propagate to the output

AND Result i If select = 0, out = AND Result
ADD Result S If select = 1, out = ADD Result

Select
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Arithmetic Logic Unit (ALU) (12/12)

¢ = Sab + sab + sab + sab

e 2:1 Multiplexors — 5(ab + ab) + s(ab + ab)
® Selects an input to propagate to output = 35(a(b+ b)) + s((@ + a)b)
— 5(a(1) + s((1)b)
g :&ux out A =3a + sb
{>o0—
Select out
B

out = AS + BS

Select _._I- 26
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Outline

e Logic Gate

e Arithmetic Logic Unit (ALU)
e Clock Signal

e Latch

e D Flip-Flop

e Register

27



X ,ﬁ National Yang Ming Chiao Tung University
AT d 1N
a4 Computer Architecture & System Lab

Clock Signal (1/2)
e Clock Signal

® Oscillates between a high and low state

® Period = time between one rising edge to the next rising
edge

® [requency = 1/period

rising edge falling edge

Y

- 0

Period
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Clock Signal (2/2)
e Clock

® The unit for frequency is Hertz (Hz)

® E.g.clock frequency is 4 GHz
® The clock goes through 4 billion cycles every second
® Period = 1/frequency = 1/4GHz = 0.25 ns

rising edge falling edge

-_

Period
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Outline

e Logic Gate

e Arithmetic Logic Unit (ALU)
e Clock Signal

e Latch

e D Flip-Flop

e Register

30
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Latch (1/2)

e Latch
® An asynchronous circuit (it doesn’t require a clock signal to work)
® Has two stable states, HIGH (“17), and LOW (“07)
® Can be used for storing binary data

e Set-Reset (S-R) latch ) )
® Two NOR gates with a cross-feedback loop
® The feedback path stores one bit of data
as long as the circuit is powered
® Two inputs (R and S) . ) )
® Two outputs (Q and inverted Q)

R

2l
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Latch (2/2)
e Set-Reset (S-R) latch

']

NOR gate gives 1 when both of its inputs

are “0” S
When both inputs S and R are equal to “0”, the output Q remains

the same as it was (saves the previous value)
If one input is “1”, the output will be “0”

Eyed

Input S Input R Output Q
0 0 Previous State
0 1 0
1 0 1
1 1 0 (Invalid) 32
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Datain — D Q — Data out
D Fllp FIOp (1/3) T —pClk Qf—

e Flip Flops D Flip-Flop
® A flip-flop is a state element
® State element: A circuit component that can hold a value
® Store one bit (1 or 0) on flip flop output
® Synchronous circuit that need a clock signal (CIk)
e D Flip-Flop
® The D Flip-Flop will only store a new value from the D input
when the clock goes from O to 1 (rising edge) or 1 to O
(falling edge)
® Commonly used as a basic building block to create
counters or memory blocks such as shift register

34
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D Flip-Flop (2/3)

e Inputs C (clock) and D
e When Cis 1, latch open, output = D
e When C is O, latch closed, output = store value

C D AND C ——@

000 Q
010

100 )
111 —

35
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D Flip-Flop (3/3)

e The output Q only changes to the value of the D
Input at the moment the clock goes from 0Oto 1

B Rising edge
I | I | i
Clk —
I 1 I ! 1
I | 0 I | !
0 I i | i
D_I I 1 1 (
I | 1 I [ I 1
. 0 0o
Q ] | I | i

OQOutput change
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Outline

e Logic Gate

e Arithmetic Logic Unit (ALU)
e Clock Signal

e Latch

e D Flip-Flop

e Regqister

37
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Register
e How to store a 32-bit number?

e Put 32 flip flops together
® A register is a state element

j 0 dﬂ \ d.n.. do

{1l

—— L
s1ex _— FF FF <
i Q ﬂ 1 L .. _LF__\

{n q’n—l qn2
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Summary

e ALU can be implemented using a mux
® Couple with basic block elements

e N bit adder-subtractor done using N 1-bit adders with

XOR gates on input
® XOR serves as conditional inverter

39



