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Digital systems: from bits to
microcontrollers

- Introduction to digital systems fundamentals
- Combinatorial digital systems

- Sequential digital systems

- Introduction to advanced implementation platforms

LUIS GOMES, 2014,15, 16,17

Revisiting registers

Sometimes is necessary that one register performs different functions along the
time.

As the flip-flop structure is the same for all functions, the different functions are
implemented through different flip-flop input functions.

Q,

CLK |

LUIS GOMES, 2014,15, 16,17
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Revisiting registers
Sometimes is necessary that one register performs different functions along the
time.

As the flip-flop structure is the same for all functions, the different functions are
implemented through different flip-flop input functions.

Q,

CLK I I [

LUIS GOMES, 2014,15, 16,17

Left-right shift-register

SEL
Din
0 DO Q & 0§ Dl Q Ql Ldose DZ Q QZ
2 D D 2 D
5> /Q 12 /Q —— 12 /Q ————

If (SEL = 0) then shift left
else shift right

CLK '

LUIS GOMES, 2014,15, 16,17
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Register with parallel load control

D, D, Do

LOAD

CLK

o

Q, Q

If (LOAD = 1) then load data inputs
else freeze outputs

Register with parallel load control

CLK I l

° al| ° ol

/Q

If (LOAD = 1) then load data inputs
else freeze outputs
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Register with parallel load control and clear

D, D, Dy

LOAD
CLEAR

CLK

o

Q, Q

If (LOAD = 1) then load data inputs
else if (CLEAR = 1) then clear outputs
else freeze outputs

Register with parallel load control and clear

Loap |P2 D, Do
0—:g§_D Q—J O—J:Zé__D Q 0—:2;0_0 Q4
- /Q — /Q — /Q
LK I 1 I
Q, Q, Q,

If (LOAD = 1) then load data inputs
else if (CLEAR = 1) then clear outputs
else freeze outputs

LUIS GOMES, 2014,15, 16,17
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Register with parallel load control and clear

Loap [P D, D,
CLEAR L ‘_ L
0 2§0—D aH 0 250—0 Qi 0 21’5?__0 Q-
00— P 0o—J2 " W = "
- I I I
Q, Q, Q,

If (CLEAR = 1) then clear outputs
else if (LOAD = 1) then load data inputs
else freeze outputs

LUIS GOMES, 2014,15, 16,17

Coping with data processing dominated
systems > FSM with Datapaths

Finite State Machine < “Control-dominated”

Finite State Machine < “Data-processing-dominated”
cooperative with data
processing architecture

—> Partitioning the system
@ @ into control part
and datapath
Control part > Datapath
(FSM) < ——{register transfer level

LUIS GOMES, 2014,15, 16,17
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A simple multiplier

Goal: to implement one
multiplier of one number (with
N bits) by 3.

Strategy: Result=0+A+A+A

Multiplier
by 3

OK C

J /\J\HZ bits

LUIS GOMES, 2014,15, 16,17

A 3*A multiplier (C = O+A+A+A)

GO A
J %\l bits
Control

Part s Datapath

10AD_C

1 )

CLK

N+2 bits

oK c

LUIS GOMES, 2014,15, 16,17
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A 3*A multiplier (C = O+A+A+A)

¥/

CLEAR_C
GO A P_RC LOAD
J %\l bits
Control
Part asarc Datapath
10AD_C
1 i)
CLK N+2 bits
0K C

LUIS GOMES, 2014,15, 16,17

A 3*A multiplier (C = O+A+A+A)

GO A

J %\l bits
Control
Part s Datapath
LOAD_C
1 T
CLK N+2 bits
oK C

jade
Lisho:

LUIS GOMES, 2014,15, 16,17
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A 3*A multiplier (C = O+A+A+A)

GO A Si LOAD_C
CLEAR_C
N bits
0
Control
Part asarc Datapath o | b Q
10AD_C
1 i) Ux
CLK N+2 bits
oK c RCi

FACULDADE DE
CIENCIAS E TECNOLOG!

LUIS GOMES, 2014,15, 16,17

A 3*A multiplier (C = O+A+A+A)

Go A si LOAD_C
CLEAR_C
N bits
0
- wait for GO=1
- Clear RC Control Data - b a
path v
- AddA Part | oo
- Add A
t t ux
- AddA CLK N+2 bits
- Wait for GO=0 RCi
oK C

FACULDADE DE

7

s

LUIS GOMES, 2014,15, 16,17
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A 3*A multiplier (C = O+A+A+A)

ﬁ/ =
GO-l i GO

A si LOAD_C
CLEAR_C
N bits
0
- wait for GO=1
- Clear RC Contro' Datapath o D Q
- Add A Part  —omec ]
- Add A
i i x

- AddA CLK N+2 bits
- Wait for GO=0 [ Rai

oK C

0
CTS - Ceontre of lec ks anc Syslem: .
ﬂy«uu\!g\.{émwmkm ’ LUIS GOMES, 2014,15, 16,17

Exercise: multiplier of two numbers

Goal: to implement one multiplier of two numbers
(with N bits each).

LUIS GOMES, 2014,15, 16,17
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One multiplier (1)

Goal: to implement one multiplier of two numbers (with N bits each),
using successive additions algorithm.

GO A B
C=AxB
N bits N bits

LoAD_A ‘
a0 |
Control CLEAR B |
ontro INC_B g C=0+A+A+..+A
Part CLEAR_C » Datapath
A c |
o« TP B times
CLOCK SIGNAL 2N bits
A,

LUIS GOMES, 2014,15, 16,17

One multiplier (I1)

mmm=) Successive additions,
using add-and-

accummulate register to |:>
store partial additions as

well as final result

s
FACULDADE DE ﬁ
e, COE B o @lnnova

LUIS GOMES, 2014,15, 16,17
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One multiplier (I1)

m==) Successive additions,
using add-and-

accummulate register to |:>
store partial additions as

well as final result

==) \What about B times counter?

LUIS GOMES, 2014,15, 16,17

One multiplier (I11)

Datapath: counting B times:

Option 1 - using an up-
counter s

INC_B

jade

Lo o o LUIS GOMENBIA0R 4657
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One multiplier (1V)

Datapath: counting B times

Option 2 - using a down-
counter

LUIS GOMES, 2014,15, 16,17

One multiplier (V)

Control part

jade
Lisho:

LUIS GOMES, 2014,15, 16,17
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FSM with Datapath

LoAD_A
LoAD_B
CLEARB |
Control [ s 7
Part CLEAR_C
LoAD_C
st
| |

CLOCK SIGNAL 2N bits

v

OK C

Datapath

C=AxB

$

C=0+A+A+..

+A

B times

LUIS GOMES, 2014,15, 16,17

Introducing tri-state buffers

___RDA | ___RDB | ___RDC |
wra | A wrs | B wee | C

<L <

N Universidade
A ¥ Nova de Lisboa

LUIS GOMES, 2014,15, 16,17
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Introducing tri-state buffers

ﬁ“ ﬁ“ ﬁ“
] A 1 B 1 C

WRA I\/I WRB I\/I WRC I\/l

;

LUIS GOMES, 2014,15, 16,17

Introducing buses

A B C
RDA RDB RDC CLEAR_TEMP
TEMP | Loap_temp

8 BITS

LUIS GOMES, 2014,15, 16,17
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Control sequence to compute
A €& 2*B+A+C

Control
part

WRA

RDA

<

WRB

RDB

WRC

RDC

WRX

WRY

RDALU

/]
WRA i/|‘ WRB
RDA

C

/] /]
i
B C
%%

2

TEMP

LOAD_TEMP

s

Datapath

8 BITS

% RD_TEMP

CLEAR_TEMP

DATABUS

—)

Control sequence to compute
A €& 2*B+A+C

(A €B+B+A+C)

Copy Bto TEMP

Copy TEMP to A

Accumulate B on TEMP H
Accumulate A on TEMP ||
Accumulate C on TEMP H

|, 1 11

RDALU

==

<

B

WRC

)

TEMP

<

Datapath

8 BITS

CLEAR_TEMP
LOAD_TEMP

RD_TEMP

DUATA BUS

=

LUIS GOMES, 2014,15, 16,17
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Control sequence to compute
A €& 2*B+A+C

(A €B+B+A+C)

Clear TEMP

Accumulate B on TEMP
Accumulate B on TEMP ||
Accumulate A on TEMP
Accumulate C on TEMP ||

Copy TEMP to A

==

(—= 7 7 —
I WRA iL WRB iL WRC iL
1 A B C
2
RDA RDB RDC CLEAR_TEMP
TEMP | Loao_teme
< 8 BITS
/ %
RD_TEMP
Datapath DATA BUS =)

Control sequence to compute
A €& 2*B+A+C

(A €B+B+A+C)

WRA

RDA

==

WRA

WRB

WRB

RDB

WRC

RDC

WRX

WRY

RDALU

WRC

Clear TEMP

Accumulate B on TEMP
Accumulate B on TEMP
Accumulate A on TEMP
Accumulate C on TEMP

| Copy TEMP to A

TEMP

8 BITS

CLEAR_TEMP
LOAD_TEMP

RD_TEMP

DUATA BUS

=

LUIS GOMES, 2014,15, 16,17
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Control sequence to compute
A €& 2*B+A+C

part

WRA

RDA

WRB

RDB

WRC

RDC

WRX

WRY

RDALU

(A €B+B+A+C)
(—= 7 7 i —
WRA u V& iL VL iL
A B c
2
% % = TEMP fﬁi}ﬁ:ﬂ:
< 8 BITS
Datapath DATA BUS i

—)

Control sequence to compute
A €& 2*%(B+A)+3*C

Control
part

WRA

RDA

<

WRB

RDB

WRC

RDC

WRX

WRY

RDALU

B

| A
WRA iL WRB iL WRC
RDB

)

CLEAR_TEMP

TEMP | roap_temp

<

Datapath

8 BITS

RD_TEMP

DUATA BUS

=

LUIS GOMES, 2014,15, 16,17
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Connecting to the external world

A~

= =

. 4
RDA WRA WRB WRC
WR8 A B C
RDB z
Control wee
RDC
CLEAR_TEMP
pa rt x:/( = = TEMP | oao_temp
RDALU
< 8 BITS
/ %
RD_TEMP
Datapath DATA BUS —)

0
ﬂpguNLNwom\n{éwrnk1m CTS - Ceontre of lec ks anc Syslem: i 215166177

Moving from dedicated architectures to
general purpose microprocessor architectures

Control <: Control <:
Part Datapath Part | Datapath

Instruction|
register

T i) T i)
CLOCK SIGNAL CLOCK SIGNAL
| >
MEM R Control
ontro < :_
/’ A Part Datapath
Memory with the list of instruction codes
Instruction register “1 pc
Program counter =~ T i

CLOCK SIGNAL

WIS GIVFES, 2014151 661 77
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Introducing memories

Unit: BIT (Blnary digiT)

°1 Byte = 8 Bits

°1 K (Kilobyte) =210= 1024

°1 M (Megabyte)=220= 1048 576

°1 G (Gigabyte) =230= 1073741824

°1T (Terabyte) =2%= 1099511627776

©1 P (Petabyte) =2°0= 1125899 906 842 624

LUIS GOMES, 2014,15, 16,17

Different technologies available
for solid state memories

Address |j|>
lines

Control
lines

MEM

ROM Read-Only Memory Cﬁ:tersol
PROM Programmable Read-Only Memory {}
EPROM Erasable Programmable Read-Only Memory Data out
EEPROM Electrically Erasable Programmable Read-Only Memory lines

Data in
RAM Random Access Memory lines
SRAM Static Random Access Memory @
DRAM Dynamic Random Access Memory Ac!dress |:>

lines MEM

LUIS GOMES, 2014,15, 16,17
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A, Ay

|

ROM structure

DECODER
my m m,

% [%
% %

Dop=mg + my

Di=mg+my . m, +my

D,=m; + m,

Address

Data

0

1
2
3

011
111
010
110

Using a ROM to implement a function

DECODER
my m m,

EA
[ %

Address

A1Ag

Data

WN -

00
01
10
11

011
111
010
110

LUIS GOSMESN2BIAPDIA} 6517
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A, Ay

|

DECODER
my m m,

EA
% %

F2(A,B)=2(1,3)
F1(A,B)=2(0,1,2,3)
FO(A,B)=2(0,1)

A B | F,F,F,

Using a ROM to implement a function

170

O
N

O
=

O
=)

060 011
01111
10 010
11110

01
10
11

L O Fr O
e
OO R K

Using a ROM to implement a function

DECODER
my m m,

EA
EA

Address
AlAO

lines |j‘> MEM

4x3

U

D,D;D,
Data out lines

AA,
00011
01111
10(010
11(110

D,D,D

LUIS GOSMESN2BIAPDIA} 6517
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RAM structure

/WR

Data in
lines

= )

& =
Address A

lines Ij\> MEM @

Cp

+—Cs

Control |:>

lines

V

Data out
lines Address

ouT, ouT, Access
Control

Revisiting how to implement
combinatorial functions?

- Simplification using Karnaugh maps or Quine-McCluskey methods
- Direct implementation:

- Using decoders + additional logic

- Using multiplexers

- Using memories

LUIS GOMES, 2014,15, 16,17
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A simple microcontroller

INPUTS
Control <:
Part | Datapath
Instruction|
T T
CLOCK SIGNAL
OUTPUTS

LUIS GOMES, 2014,15, 16,17

INPUTS FROM OUTSIDE

H H CLEAR_PC LOAD_IR
INC_PC MEM RD_PROG

The datapath ] = o e b p R

INA| O IN_B pata a

RD_IN

{
‘
WR_REG [ J

DEC LOAD LOAD ADD_SUB
A 0
RD_REG DEC % l CLEAR_TEMP
EN 1 ‘ TEMP | wr_Temp
WR_OUT EN 1 ﬁ—L

LOAD LOAD
L OUT A our g ||=° Ro_ewe
i/ l/ DATA BUS N

OUTPUTS TO OUTSIDE

Z2go>
m
- nO
-
/L
\_
A
)
L4
‘VV

> g
m
e

Tibon S Q‘ TS Cantre of Tck olngy anc Systems

LUIS GOMES, 2014,15, 16,17
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Instruction set

Y

7

8

IR R4 IR3IR2 IRL IRO I nstructions

- - - - HALT

- - - - CLEAR TEMP

- n - m IN FROMnTO m
STORE TEMP TO m
ADD m TO TEMP
SUB m TO TEMP
LOAD TEMP WITH m
OUT FROM M TOn

O O OO O o o o
P P P P OO O O
P P OO FrP Fr OO
P O L, O Fr O Fr O

3 3 3 3 3

LUIS GOMES, 2014,15, 16,17

INPUTS FROM OUTSIDE

H H CLEAR_PC LOAD_IR
The datapath ] e P [ o 8
S INA| O INB para |
IR2

A 0
DEC \ﬁ % P
: RD_IN hP- N
I nstructions EN 1 —% )

HALT N
CLEAR TEMP T E 1‘J%_I_ !

DEC LOAD LOAD
IN FROMNTO m RO A 0_r R_A R_B w /ADD_2U8
STORE TEMP TO m %Ecoﬁ :% T1
RD_REG EN 1 CLEAR_TEMP

ADD m TO TEMP (A 7 TEMP | wr_temp
N
SUB m TO TEMP oo — 1*'—‘F—|_
LOAD TEMP WITH m o |DEC| [*® sars .
—1A_ 0 OUT_A OUT_B |~ -
OUT FROM M TOn DATA BUS

0 >

OUTPUTS TO OUTSIDE

@ Universidade .
gAY Nova delLisboa ) LUfS GOMES, 2014,15, 16,17
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OUT A=

2*IN_A-IN_B

I nstructions
HALT

CLEAR TEMP

IN FROMNnTO m
STORE TEMP TO m
ADD m TO TEMP
SUB m TO TEMP
LOAD TEMP WITH m
OQUT FROM m TO n

INPUTS FROM OUTSIDE

H

H

Cw LOAD_IR
INC_PC MEM RD_PROG
PC [> Address 4'}\ IR
> INA| O INB pera &
A 0
RD_IN EEEcl “r N\
). 2 Y
\|
WR_REG [ __[—i*—l_ i
DEC LOAD LOAD ADD_SUB
"0 A 0 R_A R_B -
A 0
RD_REG EEEcl ‘\_% % l CLEAR_TEMP
(A 4 TEMP | wr_teme
\|
DEC _,’_‘ LOAD LOAD 2 BITS
LI DS OUT_A OUT_B RD_TEMP
DATA BUS N

Yo U

OUTPUTS TO OUTSIDE

LUIS GOMES, 2014,15, 16,17

OUT A=

2*IN_A-IN_B

IN FROM IN_A TO REG_A
LOAD TEMP WITH REG_A
ADD REG_A TO TEMP

IN FROM IN_B TO REG_A
SUB REG_A TO TEMP
STORE TEMP TO REG_A

OQUT FROM REG_A TO OUT_A wrour|

HALT

INPUTS FROM OUTSIDE

H

H

CLEAR_PC
INC_PC

MEM

RD_PROG

LOAD_IR

PC [:>Address "}\ IR
a IN.A| O IN_B Data a
IR2
A 0
DEC \% ~ \
RON |07 y T \
§ i 4
WR_REG QI
EgEcl LOAD LOAD ADD_SUB
. A 0 R_A R_B -
A 0
RD_REG DEC ﬁ ’% l CLEAR_TEMP
o2 A /. TEMP | we_temp
¢
N
EDNEC1 _[— LOAD I—— |.0ADi & BITS
S OUT A oUT B = Ro_TEMP
DATA BUS \

J

rsidade

X Univer
A ) Nova de Lisboa

LUIS GOMES, 2014,15, 16,17
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OUT A=
2*IN_A-IN_B

I nstruction code

0010-0-0
0110---0
0100---0
0010-1-0
0101---0
0011---0
0111-0-0
0000- - - -

IR7 IR6 IR5 IRA IRBIR2 IRL IRO
0000 -

0001 -

0010- n m
0011 - m
0100 - m
0101 - m
0110 - m
0111- n m

IN FROM IN_A TO REG_A
LOAD TEMP WITH REG_A
ADD REG_A TO TEMP

IN FROM IN_B TO REG_A
SUB REG_A TO TEMP

STORE TEMP TO REG_A

OUT FROM REG_A TO OUT_A
HALT

I nstructions

HALT

CLEAR TEMP

IN FROMNnTOm
STORE TEMP TO m
ADD m TO TEMP
SUB m TO TEMP
LOAD TEMP WITH m
OUT FROMMTOnNn

LUIS GOMES, 2014,15, 16,17

Addr ess
000
001
010
011
100
101
110
111

Universidade
) Nova de Lisboa

OUT A=
2*IN_A-IN_B

INPUTS FROM OUTSIDE

L]

Dat 2

0010-0-0
0110---0
0100---0
0010-1-0
0101---0
0011---0
0111-0-0
0000- - - -

CLEAR_PC [ 77 LOAD_IR
el MEM  Ro_PROG
’ | Address ’}\
Data
2 IN_A IN_B
'R_’A—o;_ ;-
FC
e B \
i~/ y
¢ [7

WR_REG

RD_REG

WR_OUT

OUTPUTS TO OUTSIDE

Mo i
i

TEMP

WR_TEMP

8BITS
/

DATA BUS

DSU B

CLEAR_TEMP

% RD_TEMP
N\

LUIS GOMES, 2014,15, 16,17
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INPUTS FROM OUTSIDE

OUT B= j o
3*IN_B-2*IN _A? T <

Data /|
r\
[ j;% ;% -
= EN 1L 5 ‘)
|4
—

z
-

WR_REG

. LOAD I——- LOAD ADD_SUB
To implement o A0 R_A R2 —
A 0
Other RD_REG Elecl ‘\_% —'i l CLEAR_TEMP
A

computations ¢ : TEMP [w_rewe
Al
only the contents | wouri— ;—@—\

DEC LOAD LOAD
of the program m |55 47) oura OUT_B sEm Ro_Tewp
memory will be u u DATA BUS i

changed

o
m
(@]

OUTPUTS TO OUTSIDE

LUIS GOMES, 2014,15, 16,17

A simple microcontroller

INPUTS

Control <:
Part | Datapath

< Instruction|

register |

T f
CLOCK SIGNAL

OUTPUTS

=
o WHUNNOVA

LUIS GOMES, 2014,15, 16,17
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The control part

bhe instruction code
e &
on the instruction

Fe
De
Exe

Decodg

LUIS GOMES, 2014,15, 16,17

INPUTS FROM OUTSIDE

H H CLEAR_PC LOAD_IR
INC_PC MEM RD_PROG

The datapath = o e b p R

S INA| O INB oato %

A 0
RD_IN EREcl <t I\
), 4 Y
Al
WR_REG [0 1ﬁ_|_' i

DEC LOAD LOAD ADD_SUB
. A 0 —,— R_A R_B
A 0
RD_REG EREcl “% ’% l CLEAR_TEMP

TEMP | wr_Temp
4
N
WR_OUT EN 1 ﬁ—L

O, OAl
m PR LA(;UT_A L <D)UT_B 22 Ro_rewp
i/ l/ DATA BUS N

LUIS GOMES, 2014,15, 16,17

N Universidade
A ) Nova de Lisboa
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Control part -
initialization

Control part -
fetch

S} S}
CLEAR_PC LOAD_IR
RD_PROG

LUIS GOMES, 2014,15, 16,17
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Control part -
decode

IR=instn-1

LUIS GOMES, 2014,15, 16,17

Control part —
execute HALT

LUIS GOMES, 2014,15, 16,17
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Control part —
execute LOAD

LUIS GOMES, 2014,15, 16,17

Control part —
execute ADD

LUIS GOMES, 2014,15, 16,17
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Control part —
execute ADD

LUIS GOMES, 2014,15, 16,17

Implementing
the control part

S1
Ab_m

RD_PROG

IR4 A0 04

o5

06

RTET CLEAR_PC DEC o7

pSQ D Q1P Q
LOAD_IR

So s 1 RD_PROG S Z

S4

(CLEAR_TEMP)

CLEAR_TEMP,

S5

(RD_REG)
(WR_TEMP)

> o

D Q

¥

S5
/RD_REG

WR_TEME,

LUIS GOMES, 2014,15, 16,17
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A simple microcontroller

INPUTS

ll

Control
Part

Instruction
register

il

Datapath

CLOCK SIGNAL

il

OUTPUTS

LUIS GOMES, 2014,15, 16,17

A simple microcontroller

I nstructions
HALT

CLEAR TEMP

IN FROMnTOm
STORE TEMP TO m
ADD m TO TEMP

SUB m TO TEMP
LOAD TEMP WITH m
QUT FROM M TO n

CLEAR_PC

__Ncec )

RD_PROG

LOAD_IR
RD_IN

WR_REG

RD_REG
WR_OUT
ADD_SUB

CLEAR_TEMP
WR_TEMP

RD_TEMP

Instruction |
register |

jade
Lisho:

LUIS GOMES, 2014,15, 16,17




