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Comparator

e Comparator determines whether two binary numbers are
equal or if one is greater or less than the other

e An equality comparator produces a single output indicating
whether A is equal to B

Example: 4-bit equality comparator
A
o)
A
ol

— Equal

A

o)

Korea Univ



General Comparison

e From the subtraction slides, we know that we can do comparison of
unsigned numbers and signed numbers by checking flags (N, C, Z, V) after

subtraction
= N is set to MSB of the result
= Cis set when there is an end carry-out
= Zis set when the result is zero
= Vs set if signed overflow occurs

e Unsigned number comparison
= CPUdoesA-B
= If C(carry-out)is 1, then A> B
= If C (carry-out) is 0, then A < B

e Signed number comparison
= CPUdoesA-B
= If(V==N),thenA =B
= If(V!=N), thenA<B
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Arithmetic Logic Unit (ALU)

e ALU is a digital circuit that performs arithmetic and logical

operations

e ALU is a fundamental building block of CPU (Central
Processing Unit) in computers

F..o Function
000 A&B
001 A|B
010 A+B
011 not used
100 A & ~B
101 A|~B
110 A-B
111 not used
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ALU Design Example

A B
N N
F..o Function
N 000 A&B
[N 07
] F, 001 A|B
N
010 A+ B
@ @ 011 not used
. VT o | s
S 101 A| ~B
110 A-B
N N N 111 not used
w N = o
\ /L? I:1:0
J(N
Y
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Basic Shifting

o Shift types
= Logical (or unsigned) shift
= Arithmetic (or signed) shift

e Shift directions

= Left (multiply by powers of 2)
= Right (divide by powers of 2)
e Take floor value if the result is not an integer

e Floor value of X (or [ X]) is the greatest integer less than or
equal to X
= [5/2] = 2
= [-3/2] = -2

Prof. Sean Lee’s Slide, Georgia Tech Korea Univ



Logical Shift

e Logical shift left
= MSB: shifted out
= LSB: shifted in witha 0

=  Examples:
e (11001011 << 1) = 10010110
e (11001011 << 3) = 01011000

e Logical shift right
= MSB: shifted in witha 0
= LSB: shifted out

=  Examples:
e (11001011 >> 1) = 01100101
e (11001011 >> 3) = 00011001

» Logic shifts are useful to perform multiplication or division of unsigned
integer by powers of two
e Logical shift right takes floor value if the result is not integer

Modified from Prof Sean Lee’s slide, Georgia Tech 7 Korea UniV



Arithmetic Shift

e Arithmetic shift left
= MSB: shifted out, however, be aware of overflow/underflow
= LSB: shifted in witha 0

=  Examples:
e (1100 <<< 1) =1000
e (1100 <<< 3) = 0000 (Incorrect!) = Underflow

e Arithmetic shift right
= MSB: Retain its sign bit
= LSB: Shifted out

=  Examples:
e (1100 >>> 1) = 1110 (Retain sign bit)
e (1100 >>> 3) = 1111 (1-4/8] = -1 ) = Floor value of -0.5

o Arithmetic shifts can be useful as efficient ways of performing multiplication
or division of signed integers by powers of two

= Arithmetic shift right takes floor value if the result is not integer

Modified from Prof Sean Lee’s slide, Georgia Tech 3 Korea UniV



Examples of Arithmetic Shift

1111 1011  Arithmetic shift right by 1
1111 1101

1111 1011 Arithmetic shift left by 1
— 1111 0110

1011 1111 (= -65) Arithmetic shift left by 1 (i.e. x2)
— 0111 1110 (= +126 # -130) = Underflow !

Overflow/Underflow

0100 0010 (= +66) Arithmetic shift left by 1 (i.e. x2)
— 1000 0100 (= -124 # +132) = Overflow !
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4-bit Logical Shifter

Input
| | |
A3 A2 Al A0 S1 (SO | D3| D2 | D1 | DO
S/NS —S1 0 | X | A3 | A2 | Al | AO
L/R —sS0 1|00 [A3]|A2]|AL
D3 D2 D1 DO
I 1| 1 |A2|AL|A0]| O
Output
Legend S: Shift L: Left D _A +S S A
NS: No Shift R: Right —
D,=SA,+S S A;+SS,A,
D,=S,A, +SS,A, +SS,A,
D,=SA,+S,S,A,
Prof. Sean Lee’s Slide, Georgia Tech 10 Korea Univ



4-bit Logical Shifter using 4:1 Mux

s1|so|Db3|Db2|D1]|DO
A3 | A2 | A1 | AO
Right shift —] 2 | 0 | 0 [ A3 | A2 | A1
Left Shift — 4 | 4 | A2 [A1 | A0 | O

A3 A2 Al AO
L ! 1 — | L
00 011 11 00 01 10 1 00 01 10 1 00 01 10 1
\91 \sl \sl \sl
\90 4-to-1 Mux \sO 4-to-1 Mux \sO 4-to-1 Mux \sO 4-to-1 Mux
\ N\ N\ N\
| D3 D2 D1 DO
S1
] ] 9
] L @
S0
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4-bit Arithmetic Shifter using 4:1 Mux

s1|so|Db3|Db2|D1]|DO
0 A3 | A2 | A1 | AO
Right Shift —{ 1 A3 | A3 | A2 | AL
Left Shift — 1 A2 | AL | AO| O
A3 A2 Al A0

| \

T + i

L

\ \ \

\ 00 01 10 11 \ 00 01 10 1 \ 00 01 10 1
s1 sl sl
\sO 4-to-1 Mux \sO 4-to-1 Mux \sO 4-to-1 Mux

| o o2

S1

D1

00 O3

\ | 10 1
S
\sO 4-to-1 Mux

\

SO

DO

Prof. Sean Lee’s Slide, Georgia Tech 12
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4-bit Arithmetic Shifter using 4:1 Mux

s1|so|Db3|Db2|D1]|DO
A3 | A2 | A1 | AO
Right shift —] 4 | 0 | A3 [ A3 | A2 | A1

Rl Leftshit —] 1 | 1 | A2 [ a1 a0 ] o
Underflow

A3 A2 Al AO

|

: + 1 — | L

\sl 00 01 10 1: \100 01 10 1 \100 01 10 1 \100 01 10 1
S S S
\s\O 4-to-1 Mux \sO 4-to-1 Mux \sO 4-to-1 Mux \sO 4-to-1 Mux
N\ N\ N\

|D3 |D2 |D1 |D0

S1

SO

Prof. Sean Lee’s Slide, Georgia Tech 13 Korea Univ



4-bit Arithmetic Shifter using 4:1 Mux

s1|so|Db3|Db2|D1]|DO
A3 | A2 | A1 | AO
Right shift —] 4 | 0 | A3 [ A3 | A2 | A1

Rl Leftshit —] 1 | 1 | A2 [ a1 a0 ] o
Underflow

A3 A2 Al A0

l ? 1 1 ' L]

\ 00 011 11 \ 00 01 10 1 \ 00 01 10 1 \ 00 01 10 1
sl sl sl sl
\sO 4-to-1 Mux \sO 4-to-1 Mux \sO 4-to-1 Mux \sO 4-to-1 Mux
\ N\ N\ N\

| D3 D2 D1 DO

Overflow
Underflow Detection

S1

SO

Prof. Sean Lee’s Slide, Georgia Tech 14 Korea Univ



Rotator

e Rotate right Input
| | | |
s1 | so | b3 | b2 | b1 | po B A2 AL A
o | o | a3 | a2 | a1 | a0 —ps1
0 1 | a0 | A3 | A2 | A1 SO
D3 D2 D1 DO
1 o | a1 | ro | A3 | A2 | | | |
1 1 A2 | A1 | AO | A3 Output
A3 A2 Al A0

Prof. Sean Lee’s Slide, Georgia Tech 15 Korea Univ



Barrel Shifter

e In many applications, data
should be shifted more
than one bit position in a

single clock cycle S2 |S1|S0|D3|D2|D1| DO

~|l o[ 0|0 ]|A3|A2|AL]|AD

e Barrel shifter is one form of piaht Shift ol ol 11Aa3]|A3]|A2]!A1

- - - - I I

combinational circuit that 9 < ToliTolm s iso
shifts or rotates the input

data bits by the number of N I I T Ml Ml Ml W

bits 1| 0| 0]|A3|A2]|AL|AO

Left Shift 2 1 0|1 |A]|AL|[A0]| O

1|1 1| 0]|AL|A]| O] O

~| 1|1 |1]A|O0]|O0]|O

16
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Barrel Shifter Desigh w/ Mux (D3)

A3 ===~
+—r—— S2 |S1|S0|D3|D2|D1| DO
\11(?04 t°11 ;0 4 ~lo] o] ofas]ala]a
-to- u
" _ _ 0 [0 | 1 |A3]|A3|A2][AL
S0 D3 Right Shift 2
+ 0| 1|0 ]A3|A3]|A3]|A2
s1 . 0 | 1 |1 [A3|A3|A3|A3
p—
/ﬁo dtod MU 10| o0 fA3|A2|AL]|A0
00 01 1(|’ 1| Left Shift 10| 1A ][AL[A0]| O
A3 A2 Al A0 1|1 |0}fA|jA| 0] O
~| 1| 1| 1}A|0]|O0]|0O
J

\

- —

Replicate and change wiring of the two 4-to-1 Muxes for D2, D1 and DO

17
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Barrel Shifter Design Alternative (16-bit)

Input Numbe
put Nu %16

S3 :
23 Shifter
4 16
52 A
|| 2¢ Shifter
1 16
S1 . —
|| 2* Shifter
4 16
S0 0 o
|| 2° Shifter
= 416
Left/Right , Output Number

(S3 S2 S1 S0) specifies the “shift amount” in binary

Prof. Sean Lee’s Slide, Georgia Tech
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Counters

An N-bit binary counter is a sequential arithmetic circuit with

clock, reset, and an N-

bit output

= Increment output on each clock edge
= Used to count cycles via numbers

e For example: 000, 001, 010, O11, 100, 101, 110, 111, 000, 0O01...
= Counters are used in many digital systems

e Digital clock displays

e Program counter (PC) register is used in computers to keep track of the current
instruction CPU is executing

B‘ﬁ CLK
— N Q
134; |_r
Reset
19
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Verilog Representation

‘timescale 1lns / 1ns

module counter # (parameter N = 8)
(input clk, module counter tb( );
input reset, reg clk;
output reg [N-1:0] q); reg  reset;
wire [7:0]1 qg;
always @ (posedge clk or posedge reset) parameter clk period = 5;
begin

counter counter uut(.clk (clk),

if (reset) g <= 0;
.reset (reset),

else qg <= g + 1; g (9));
end
always
begin
endmodule clk = 1;
forever #(clk period/2) clk = ~clk;
end
N CLK o
initial
N ELQ begin
1 N reset = 1'bl; #(clk period*2+3);
— \J .

Reset reset = 1'b0;
end
endmodule

I
H—I_I_I_I_I_I_I_I_I_I_I_I_I_l_

00| [ o1 1oz Jo5 Jo% Jo5 o6 Jo7 106 109 Joa [1ob Joc Jod Joel Jor

Sl R < 10 ns 20 ns 30 ns 40 ns 50 ns ons  Tons

Cursor 1
4] ] I -

Korea Univ
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Shift Register

Shift register has a clock, a serial input (S;,), a serial output (S,,), and N
parallel outputs (Q[N-1:0])

A new bit is shifted in from S, on each clock edge
= All the subsequent contents are shifted forward

= The last bit in the shift register is available at S

Used as serial-to-parallel converter
= Converts serial input (S;,) to parallel output (Q[N-1:0])

Don't be confused with shifters, which are combinational logic blocks that
shift an input by a specified amount

CLK | | | |
S~ ‘ ‘ W“‘— ‘ Sout
Qo Q]_ Q2 QN—l
21
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Shift Register with Parallel Load

o Parallel-to-serial converter
= When Load = 1, acts as a normal N-bit register
= When Load = 0, acts as a shift register

 Now a shift register can act as
= Serial-to-parallel converter (S;, to Q[N-1:0])
= Parallel-to-serial converter (D[N-1:0] to S, ;)

0 1 2 N-1
Load
Clk | | I !
S, —o  —to —o ] B —ﬂ '~ S,
e -y
Qo Ql Qz QN—l
22
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Verilog Representation

module shiftreg # (parameter N = 8)

‘timescale 1lns / 1ns

module shiftreg tb();

(input clk, reg clk, reset, load, sin,
input reset, load, reg [7:0] d;
input sin, wire [7:0] q;
input [N=-1:0] d, wire sout;
output re N-1:0
P 9 [ ] ar parameter clk period = 10;
output sout) ; -
shiftreg shiftreg uut
always @(posedge clk or posedge reset) (.clk (clk), .reset (reset), .load (load),
, .sin (sin), .d (d), .g (g), .sout (sout));
begin
if (reset) q <= 0; always
else begin
) _ clk = 1;
if (load) g[N-1:0] <= d; forever #(clk period/2) clk = ~clk;
else g[N-1:0] <= {g[N-2:0], sin}; end
end S
initial
begin
assign sout = g[N-17]; load = 1'b0; d = 8'h00; #3;
load = 1'bl; d = 8'h5A; #(clk period);
load = 1'b0; d = 8'h00;
endmodule end
initial
begin
sin = 1'b0; #3;
sin = 1'bl; #(clk _period);
sin = 1'bl; #(clk period);
R sin = 1'b0; #(clk _period);
shiftreg_1 . .
[sifireg_tbjq TETRTS CTMN (TVS TR RTUTGEAN #FGEUET TR CYUVCS VR (TUTY FVMM S VE FYMMM (L TVE EEMS cTVVEY SVAMRVVEVY IV sin = 1'bl; #(clk _period);
ey sin = 1'bl; #(clk period);
end
endmodule

23
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Serial-to-Parallel Application

e RS-232 or UART communication

(

)

[FEEEE 29

7595 m i
. .

» A IR 1 o N 2 a
lc."m \?w{

4
NN

RxD

TxD

T  =1/Baud Rate. Bit-cell period.

Tua =TAB. Oversarmpled bit-cell period.

SU =2 Tua. Worce case synchronizer
uncerainty.

UART receiver samples the
incorning data using =16
Baud Rate clock

1.68T- 35U
=24Tua- 2 T
- -+

| S [DO[D1[D2[D3[D4[D5|D6][D7 | PB| P

I I I N I N N I I I N

detect sampln_a
start bit by sensing stop bit
transition from logic

1 to lagic O sample incoming data
at the bit-cell center

25 H
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Floor and Ceiling Functions

e Floor function maps a real number to the next smallest

integer

= Floor(x) is the largest integer, not greater than x

e Ceiling function maps a real number to the next largest

integer

= Ceiling(x) is the smallest integer, not less than x

Example
Sample X | Floor |[X] | Ceiling [X]
-2.7 -3 -2
-2 -2 -2
12/5 2 3
2.7 2 3

26
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Barrel Shifter Design w/ nMOSFET

A3
D3
L — — -
5=1 T T T T
A2
D2
- L L L
S=2 T T T 1
Al
D1
1 L L L
S=3 T T T T
AO
DO
-~ | = | |
T - T T
I | |
5=0 S=1 5=2 5=3
(No Shift)
Prof. Sean Lee’s Slide, Georgia Tech 27 Korea Univ



Barrel Shifter Design w/ nMOSFET

RS

A3
— N
|\ D3
- tr Y= |-
5=1 T T T T
A2 A2
> D2
‘ L L L
S=2 T 1 T 1
Al
. D1
Ll | e [
S=3 . 1 T T
AO
i DO
— —#l—’ —| — |
- | — T
S=0 5=1 =2 5=3
(No Shift)
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Barrel Shifter Design w/ nMOSFET

\\/ﬁ : P = A3
e i F
" ) —
Al \
\ \ DI, - A2
S=3 _#I_’ A]L#I_/ >_\_\I_\__I_/r _#I_,
AO \
i DO, - a1
-~ | Y= |- |
L= — T 1
S= S=1 S=2 S=3
(No Shift)
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