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Introduction to
Computer Architecture



What is o computer?

1. A machine that is programmed to automatically perform

sequences of arithmetic/logic instructions with some input data
and to output result

2. An electronic device that operates under the control of a program
stored in its memory

3. A device that accepts binary input and manipulates it for some
binary result following a sequence of instructions



What is a Computer Architecture?

- Hardware organization of computer systems
- Hardware/Software interaction principles

- Performance-related computer aspects



Computer Architecture explains

- Key computer components and progroms execution principles
- Hardware circuit design

- Efficient programs implementation for specific hardware

- Computer hardware customization for specific prograoms

- Computers principles relevant for other areas



Central Processing Unit (CPU) CPU:

Central
Processing
Unit

- Head and brain of the computer

- Performs execution of various commands

Widely-known CPU architectures

- Intel x86

- RISC-V (Reduced Instruction Set Computer)
- AMDé64 (Advanced Micro Devices)

- ARM (Advanced RISC Machines)



CPUs differ in various aspects

- Speed of instructions execution
- Supported instructions set
- Energy consumption

- L1 cache storage capacity

Ccu ALV

Registers

Oood.. 0o




CPU components

- Control Unit (CU) - picks the next instruction

to execute from memory

- Arithmetic-Loqic Unit (ALU) - performs arithmetic and logic

operations

- Reqisters - store data required by an executed instruction




Hardware Components

System Memory

contains program instructions and data

Communication Bus

exchanges data between computer components

Caches

intermediate data exchange point




Wall problem w | Aw

Registers

Oood.. 0o

When the processor's speed outpaces the rate at
which data can be transferred to and from the

memory system.

As a result, the processor must wait for the data to be

fetched from memory, which slows down its

performance and limits its speed.
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A memory hierarchy s >  Cache L(i)

System Memory I

| _— ALU (Arithmetic-Logic Unit):

performs arithmetic and logic operations

CU (Control Unit):
picks the next instruction to execute from memory, etc.

Registers:
Store data required by an executed instruction
(e.g. input arguments)

Contains program instructions and data

Storage Devices
(SSD Disk, NAND Flash Memory, others)




Different levels of CPU caches

Control Unit
= | Arithmetic { Logic | #
[I .

E Memory o

- L1 cache

embedded into a CPU chip
the fastest

..
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il

the smallest storage capacity

- L(i) cache
either on or outside of a CPU chip

slower, but has a larger storage capacity than L(i-1) cache
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Storage Devices

- Solid State Drive (SSD)
- Hard Disk Drive (HDD)
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Multicore (multiprocessor) system

1/0 (peripheral) devices
(keyboard, printer, remote
storage devices, etc.)

le— ...

CPU Core 1 CPU Core 2
(o) ALU CcuU ALU
Registers Registers
0000 00 000000

Depends on a specific hardware
implementation; variations are possible

Cache ,Izl IcaChe = ! Some cache (e.g. L1) is on a processor chip;
! " i ; Other cache - outside of a processor chip
- Cache L(i)
______________________ Contains program instructions and data
System Memory

Storage Devices
(SSD Disk, NAND Flash Memory, others)




Some Performance Metrics

- CPU speed (~2-3 GHz; speedup - ~5 GH2z)

- CPU speedup (~5 GHZz)

- System memory storage (up to ~16-64 GBs)

- System memory access speed (~10-20 GBs/sec)
- Storage capacity (~TBs)

- Storage access speed (up to ~50-300 MBs/sec)



Northbridge vs Southbridge

Northbridge handles the
communication between the CPU,

memory, and graphics card

Southbridge manages the
input/output operations and connects
devices like drives, Universal Serial Bus —
(USB) devices




Basic Input/Output System (BIOS)

- Performs hardware testing when the computer is turned on to
ensure that it is working properly and to detect errors.

- Initializes hardware, including processor, memory, disk drives,
graphics card, and other components

Hard Disk Drives Specifies the boot
. from the
available devices.
- T I_ t h l 2nd Drive [HDD :PO-Corsair CSS]
urns on earuer an anyone etlse 2nd Dri (HDD:PO-Carsaix CSS)
4th Dri [USB:IT117204 USB1
Options
HDD:PO-Corsair CSSD-F120GB2
HDD:P1-S NG HD?S3LJ
IDE:0CZ-! EX3

USB:IT117204 USB

v02.61 (C)Copyright 1985-2009, American Megatrends, Inc



Fundamental Ideas of Computer
Architectures



1. Hierarchy of memories

cU AW cu ‘ ALU

Registers Registers
O000..00 The fastest memory = | HHER .00
jt Storage jt
Cache L1 : Cache L1
T capacity T
i increase i

Cache L(i)

A

Cache L(i)

A

Access
speed
increase

\4

System Memory

Y

System Memory

A

A

Y

\ 4

Remote Storage Devices
(SSD Disk, NAND Flash Memory, others)

Remote Storage Devices
(SSD Disk, NAND Flash Memory, others)

The slowest memory =




2. Design simplification via abstraction use

Indicates branch or jump instruction /_i Indicates branch or jump instruction (from CU)
N, Indicates validi-ty of branch
condition (from ALU)
Indication of /w instruction
i _ Value loaded from memory
4 —> M [
(bytes) g __ The result of ALU instruction
R Result
of lw
CU AW . —
:\:Setr:IU:tlon > Register File > Data
CPU 9 A 9 o [ ] Registero Memory
Registers N Lis L freatoniy | [ Register1 AU erol| s (read and write)
DDDD DD i 1] Register2 -5 5
The least —
detailed Address [ ] Register31 I | Mem  Mem
.e alle to :eadt. Subset of > M W | Write  Read
(simplest) ;::r;uc o instruction data  RegWrite  Reset X opcode | sore”
(e:8-apcode) / ! Tl I- instruct
/ /
A i / type? (sw)
Contro X
—>| T
. L.
Abstraction Unit
> The most detailed

level decrease



3. Moore's Law

50,000,000,000

The CPU execution
speed doubles every
18-24 months (due to
an increasing number

of transistors on a
CPU chip)
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Moore's law stagnation

- Heat dissipation problem
- The limitation of the speed
of light

Conclusion:

There is a strong need for
multiprocessor/multicore
systems
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4. Performance via parallelism

Multiprocessor (or multicore) system:
Computer program

(a set of instructions to be executed);
loaded into system memory

—_—>
/\) : M instructions can be
CPU 1 executed at a time,
simultaneously
Multiprocessing aims at

il speeding-up program

execution, or simultaneous
execution of multiple

Instruction 1

Instruction 2

Instruction 3

Instruction 4

Instruction 5 Simultaneous

. execution
Instruction 6 (restrictions apply) programs
Instruction 7
CPUm, - The major problem:
Some instructions depend on
the execution result of

Y\ previous instructions, and thus,
have to wait for their

completion




0. Performance via pipelining

Idea of pipelining:

The same CPU executes several instructions simultaneously,

Each instruction is executed in several steps: but with each instruction being at a different execution stage
Instructions in Step 1:
System Memory InstructionFetch Our CPU Step 3: Clock
- ] (IF) ——— Execution (EX) Instr>Syele [ 11 2 1 3|4 |5 |6 |7
(nstruction 1: 010 ) — No.
Instruction 2 CcuU ALU 1 IF | ID | EX [MEM| WB
ifist ti 3 2 IF ID EX |MEM| WB
nstruction
3 IF ID EX (MEM| WB
Instruction 4 Regisiers A 4 E | 1D | EX |MEM
Instruction 5 Register 5 IF | ID | EX
A Write Back
U (WB) IF: Instruction Fetch

ID: Instruction Decode

EX: Execution

MEM: Memory access (optional stage)
WB: register Write Back

Step 2:
Instruction Decode (ID)
(simplified)

Step 5:

Storing the result : ; T
into System Memory What is the difference of “pipelining” from

(becomes available for the following instructions) the “performance via parallelism” idea?



6. Performance via speculation (prediction of
program flow)

. . . lllustration with a code sample
Estimate the execution time or .
Assumptions:

other performance factors (such _ 4 processors are available;

as cache misses of o program - No dependencies between functions
. Processor 1

on a given computer) i

switch (some_int_func(..)){ 5
rocessor
case 1:

case 2: func2(...);

case 3: Processor 4

case 4: func4(...)

default: func_default(...);

Processor 2

}

For this sample code, we aim at predicting (“speculating”)
3 cases with the highest probability to occur ac



/. Dependability via redundancy

Using some redundant components (e.g. CPU or memory unit) to
increase the reliability of a computer platform.



8. Make the common case fast

The computer plaotform should be optimized
for the most common use case expected.

Making the common case fast will tend to |
enhance performance better than optimizing
the rare case.

The common case is often simpler than rare
case and hence is often easier to enhance.




9. Finite State Machine (FSM)

Sample FSM for a vending machine:

Finite set of states and
transitions between them

Awaiting for
a client

No payment, Client choses
. timeout product
A convenient way to model v
| Requesting
systems behaviour @@
Delivery _ .
successful Client paid
Y
Delivery failed

Product
delivering

Client received money back |




Architectures, Performance Metrics,
aond Logic gates



Harvard Architecture

Principle: Instruction and data are in different physical memory units

Pros: Lower performance overheads

Cons: Complex hardware implementation

1
W)
[
o[
Q|

Usage: Embedded systems instrlictions Lxada =
' i CPU u

S

<
)
3
o
<
]
<
®
3
O

A

Y

Read only Read and Write



Von-Neumann Architecture

Principle: Instruction and data stored in System Memory

Pros: Simpler memory management, Simpler hardware implementation

Cons: Higher performance overhead

Usage: All general-purpose computers 0

[System Memory:

A

CPU Instructions and Data

Y

Read and Write



Performance Metrics

Latency (Delay, Response Time)

Delay between a program invocation and an actual execution start
time

Execution Time

Time between a program invocation and its completion

Program Execution Time

A

vl
. >

i i .,

tcompf

tinvoc tstart

Program Actual execution Actual execution
invocation (call) start completion



Performance Metrics

Bandwidth

Theoretical bound on the number of instructions to execute
concurrently

Uniprocessor Multiprocessor with bandwidth m:
Not more than Not more than m jobs to
CRENN 1lobatatime execute concurrentlu
(bandwidth is 1 job)

Average number of concurrently executing instructions over some
time

Throughput

Utilization

Time percentage of an effective component use



Bandwidth vs Throughput
Bandwidth

24 Cars per second

~ RS =




CPU Clock and Frequency

CPU
Clock

The slowest instruction
in IS must finish during
this time

<

CPU Clock Period/Cycle
of length T, (ns)

>

...................... ).t

T . - clock cycle time/period

F.= l/Tc - clock frequency



CPU vs GPU

mmmm .

-

Q

-+

.

Q

-

@)

@)

Q

h

-+

Y—

O O

=2 £

o 0

C o

O O S
Q O 1 O
£ 5 1 O
O I |
o O - -

D I (I
- EE S
= > N
e e i 1 o o A
S o o o o o o e L
R &
— O
= O .
n m ) SN | WSS | G Y GENSS | G ) G_—S Y —
- - e
e) m MMMl
C
w.@

o 2 3| 3
O O B
° 5
=3 =
Dl = =
d w Al At .m W 5
QO Qrb Q (a] o
.ml.B s
its k
= C
O =




Average Performance Characteristics

Device ‘ Operation Speed Storage Capacity

CPU 2.0-3.5GHz 32 or 64 Bits

(4-6 cores) Up to 5.0 GHz (Turbo mode) | per register
1.5-2.0 GHz

GPU 32 Bits

Simple IS; parallel execution

(700-2000 cores)
~100 times faster than CPU

per register

The same as CPU speed;

ELCache ~100 times faster than RAM HE1Z5Ke
L2 Cache ~25 faster than RAM 256-512 KB
L3 Cache ~2 faster than RAM 32-64 MB
System Memory 18-36 GB/sec 8-32 GB
GPU MEmaty ?:l?éigoh?gi/iﬁ:ough put) E-1giaB

RAM (DDR4) | 18-36 GB/sec (64 lines)
Bus | PCle (4.0) 8 GB/sec (4 lines) N/A

| USB (3.0) - 0.5 GB/sec (1 line)
SSD 0.5-2 GB/sec 250-500 GB

Storage e e
HDD 0.1-0.15 GB/sec 100-150 GB




tlproc 1
Amdahl's Law speedup = s = —i
m

Provides a theoretical upper bound on the execution speedup due to
multicores use

Sample 1. Sample 2
Given S cores Given 8 cores
Given 40 instructions (100 %): Given 30 instructions (100 %):

10 independent instruction (25%) 0 independent instruction (0%)
30 dependent instructions (75%) o0 dependent instructions (100%)

1 1
= 1.25 speedup = =1
0.75 + +—2- 1+ 121

speedup =




Amdahl's Law

Speedup

20

18

16

14

12

10

Number of processors

//-";-—a_
/’/
“ Parallel portion
/ 50%
/| e 75%
—— 90%
// —— 95%
S L R e 7*****'***:;_*;, e W — ——) —
/ e
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Boolean function

A function taking one or multiple binary inputs and producing exactly

one binary output

Sample boolean variables:

A B,C,D,F € {0,1}

Functions in another notation:

F(A,B) = AND(4,B)

F(A,B,C) = OR(AND(4,B),0)
F(A,B,C,D) = OR(AND(4,0R(B,()),D)

Functions in one notation:
F(A,B) =A+*B
F(A,B,C)=A*B+C
F(A,B,C,D)=Ax(B+C)+D



Truth Table

A toble specifying the output of a Boolean function for every
combination of input values

Truth table for function F = A * B:

A B F=AxB
0

= = 0O 0O

0
1 0
0 0
1 1



Logic Gate

An abstract or physical device implementing a Boolean function

Sample logic gates:

A | A
g | AND Q BQ A | yor




Logic Circuit

Composition of logic gates, to implement a certain boolean function

4 AND | AND p ID-
—1 | AND 'b,

AND f
E {1 anD

Sample logic circuit:

DSy




Basic Logic Gates

A A A
Q Q Q
B B B
AND OR XOR
A | B| Output A | B| Output A | B[ Output
00 0 00 0 010 0
0f1 0 01 1 011 1
110 0 1[0 1 1[0 1
11 1 1|1 al 1|1 0
A A A
o] ® ) - )
B | B B
NAND NOR XNOR

Output Output Output

'—"—OO>
—|o|—|o|w

A|B A|B
il 010 il 010 1
011 011
I 1|0
I 11

1 0 0
1 0 0
0 0 1




Universal Logic Gates

Any other logic gate can be implemented through one of these

= Q 4 Q
g | AND .

\

NAND = AND + NOT NOR= OR + NOT




Universal Logic Gates Sample Use Cases

Universal NAND NOR
Gate
A
Als
Original B |
Gate
AND
_A | A |
le B | AND @ anp p2

i{ AND Yoo

OR
Dt | ™
B

B—{ AND Jo-%2




Logic Circuits: Adder and
Subtractor. Circuit properties



Propagation (Time) Delay

A time delay between the updates of input and output signals

A

1
———
]

AND

——+ | AnD
— | AND

AND P

AND

Jor
Jor )

L




Critical Path

The path taking the longest time

AND




Binary Values Summation

Most Significant Bits (MSB)

Computation starts with the least significant bits;
Excess is carried-out



Half-Adder Circuit

No carry-in handling

Least Significant Bits (LSB) summation only

a, 0

b, 0

a; 1

a; 1

b, O

> . O

XOR
\ Cout 0

AND }
) OF 1 1
\ Cout Q

AND |

by 1 )xon “ 0
\ Cout 1
AND }
a; 0
b, 1 )XOR @ 1
\ Cout Q

AND



Half-Adder vs Full-Adder

o - —— i ————

h Half-Adder:

2, No carry-in handling
- Least Significant Bits (LSB) summation only

RS
R B
——

o)

iy

— e ——— o — -

e 4 Full-Adder:
- Carry-in handling

P ettt

Cout

]

N e e e e o e e e e e e e e e e e e e e e e e e
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4-bit Adder Circuit

al_L__>D \ Q1
I XO }
bl : I 7
c
| @—:Out
VI Es=ne 7
______ “in _ _ ______
I, q2 B
a )
2 . )XOR )XO | q2
b2 I
L :
! Cout
: AND b 1
\ AN ;
il Sin _ _ _____._
i qs >
a [ }
b3 : )XOR ) 29 \ q3
3 I |
I AND e
] —NAND b | out
‘\ _= _—:j_ ___________ /
_______ < AR
N
A4 f XOR—14 | qa
4 |
I




Half-Subtractor Circuit

- No borrow-in handling
- Subtraction of Least Significant Bit

a,

U
(WY

b

o
o
c
—+

Y
%’J

e I R R



Half-Subtractor vs Full-Subtractor

Half Subtractor Circuit:

a, y Tttt Tttt TT R - No carry-in from outside
I ) 1 di - The Summation of Least Significant Bit dy
b, I XOR .
: :
| 1
| )
I AND I
T 4 Full Subtractor Circuit:
TTTTTTET T - Takes borrow-in from outside
2 Composed by two Half-Substractors and OR
in
£ f \
a, | ,/ \
11 1
bz 11 | dz
' :
[ 1
[ 1
11 1
(A : bout
I
/




Subtractor Circuit for 4-bit Input Arguments
di1

———

i d21




Characteristics of Combinational Logic Circuits

- An output signal depends just on “current” input signals

- Comprised of logic gates, such as AND, OR, etc., and wires
connecting them

- Output signal is updated after the change of input signals, subject
to propagation delay

- Use no memory units, such as registers

- Typically, no clock signal is present (exceptions might apply)

Pros: Fast

Cons: No support of inputs synchronization



Types of Logic Circuits for CPU Components

Not a pure combinational circuit

(for example, might have IR —

instruction register)

Combinational logic circuit

—

_—— for arithmetical and logic

v -
erations
“ v op ion
cu AL Fast - advantage
No synchronization support
) - disadvantage
Registers

(A NAEER)

N

1) Capture inputs (might arrive not simultaneously);

Sequential logic circuits (clocked)

2) Store inputs until a certain time instant;
3) Output all inputs simultaneously to ALU



Hardware Building Blocks



Multiplexer

Based on combination of control pin signals, sets its output to one of

its inputs
14
L\
I B N I

2™ input pins -

. Sn
l—Y—‘

n control pins
(selector signals)



2-to-1 Multiplexer Implementation

I

\

Da

ND
NOT z 5 OR —
ND

)

—

il (L, ifS=0
S Q=11,ifs=1

Verification of correctness:

L | I, | S | Q
0 0 0 0
1 0 0 1
0 1 0 0
1 1 0 1
0 0 1 0
1 0 1 0
0 1 1 1
1 1 1 1




4-to-1 Multiplexer Implementation

2\

51

52

Control pins

T

o

5 1f51 = OandSZ =0
,ifS1=0ands, =1
) lfSl = 1andSZ =0
) 1f51 = 1and52 =1



4-to-1 Multiplexer Implementation

I 1 I,
1
ﬂ 12 ; 0
a 1 B I
£ X Q
13 (‘; 0 _
1
I, 3 "
0
T a+ (14, ifS; =0andS, =0
Q = { IZ) lfsl = Oand52 =1
S]- SZ 13, 1f51 == 1 and SZ ! O

Control pins | Ls, ifS; =1and S, =1



Demultiplexer (Flipped” Multiplexer)

Based on combination of control pin signals, sets its input to one of

its outputs
/ O -
_/

0,

Up to 2™ output pins

n control pins
(selector signals)



1-to-2 Demultiplexer Implementation

/ﬂ 0
| A J
D Q>
\
\

S

Q,=1IandQ, = 0,ifS =1
Q1=OandQ2 =I,lf5=1



X-to-Y Multiplexer

Chooses one of its X input pins, and outputs its value at one of its Y
output pins, while all other output pins are reset to Os

s 11 \

0 -
I, 1
—_
Up to 2™ Q 0, m
input pins | T > | Upto2 ,
\\ output pins
Oy
Ix

Slrnux Srrlnux Sldemux S%emux

Control J
pins ‘




Decoder

- All output pins are set to “0", except

- The only one pin is set to “1", which corresponds to a given
combination of inputs

n input pins

-

51

-

Up to 2™ output pins



2-to-4 Decoder Implementation

L L L|L o |0, |05 |0,
o )01 olo|l1]|0/|0]o0
> o/l1/0/1 /00
o 0, 1/{0/{0,0|1]0
> 1(1/0/|0]|0]1
O3
D°>
-

Note: These encoder and decoder circuits have symmetric truth tables.



4-to-2 Encoder Implementation

o|lr | o o
~r o|lo|o
kR k| oo
kRl lo|r|o

%
=
OO | O |
O | O |+ |0

Note: These encoder and decoder circuits have symmetric truth tables.



Multiplexer for ALU Implementation

Let our ALU support 4 instructions: “+”, “-”, “*” “/”

Result of “+”

/

MUX

Circuit for “+” >
Arg. 1
Circuit for “-” Result of ™ >
Result of “*”
Arg. 2 Circuit for “*” >
Result of “/”
Circuit for “/” >

Opcode




Demultiplexer for Memory Unit Write

Memory Unit —

a set of memory cells
(each cell has its address)

Ql,
Data to be stored Q2
(1 bit in this case)

Qm:

Memory cell address

Links for data transfer




X-to-Y Multiplexer for Multiple Bit Storage

0 —
I, 1
—_—>

Up to 2™ Q 0, .
input pins | —— _ Upto2 )

output pins

L Oy
Ix —

Slrnux Srrlnux S{iemux S%emux

Control
pins




Binary Multiplicator, Latches, FSM
for Latches



Binary Multiplicators

Single bits case:

a % b=¢g

0x0=0

1x0=0 a:D—»c
0x1=0 D
1x1=1

2-by-1 bits case:
a,ay X b =ccg
a,a9 X 1 =a4q
a,ay X 0=00

Every bit of a,a, is multiplied
by b:

aO :}—vco
Zl }Cl

2-by-2 bits case:
alao X blbO - C3C2C1CO
11 x 11 =1001

10 x 01 =010
00 x 11 =00

a; Qo
X
by by
+ _@abo aobo
a;bq agby
Cout @1b1 aibg +aiby aebg
B oo B oo
out out
€23 €12




4-by-2 Bits Multiplication Construction

aO ao bo CO
Half-
e | Tabo— Adder [ €1
I i
] a; by
_ Full-
a2 | _azbo Adder CZ
] —
ab,
— Full-
a3 as bo Adder
_/ Cé)}l.lt
Adder
B —— T

as a; a Qo

X by b,

4 asbo azby | a;by  agbg
azb, ab;  a1by  aphy

cast syt eyt ot

a,b; a.b agb

cOUt asby +asb, +1a21b0 +Oa11b0 %obo

Cs C4 C3 C2 €1 Co



4-by-4 Bits Equality Checker

As A, A, A,

L

) >

1) >
SRE



NOR

OR

S/R Latch

OR

OR

e (]



OR NOR

S/R Latch

OR

OR




OR NOR

S/R Latch

T

Set S

OR

OR

e ]



OR NOR

S/R Latch

=0

Set R




OR NOR

S/R Latch

=0

Set S




OR NOR

S/R Latch

1

Set R




OR NOR

S/R Latch

=0

Set R




Circuit Behavior Analysis

2

I~

OR

OR

<l

inputs

A B OR | NOR
1 1 1 0
1 0 1 0
0 i | 1 0
0 0 0 1
1
0
QPrev
lllegal




Bistable Multivibrator

- . Q - Stoble in either state

e

- Flipped from one state to the other
by an external trigger pulse
- Used to store one bit of data;

, q - Used in volatile computer memory

| =




S/R Latch through Universal Logic Gate

||

1) Implementation by using NOR logic gates: 2) by using NAND logic gates:
S 6 S

| OR = — Dc AND

R OR - — R S AND




S/R Latch Hardware Implementation

+Vcce
O
R1 R4
1 1
JL 0 R2 R3 0 B
O o _
Output Q Output Q
TR, TR;
"OFF “OFF
Ov
+ O

SPDT Switch



S/R Latch Symbolic Representation




Enable Latch (D Latch)

- All input combinations

are allowed

Enable Latch implementation; 1 bit of “data” (0 or 1) to be stored

- SI m pler U SQge clock serves as “Enable” pin /
D b |
Q
Enable Latch
o (or D Latch) 0
CLK— Enable

/~

Enables data storage:
-if “1”: D is stored;
-If “0”: Dis ignored



Finite State Machine (FSM)

An abstract machine which
represents all possible states with
transitions between them

=L
i
oo

~ W
o

o~ TInvalid \\«/
( state

k= ~dg=0L
State transition diagram — S=

visualization of a finite state machine




Flip-Flop, Synchronous and
Asynchronous Circuits



Inputs Synchronization: Motivation

Expected execution: Reality (inputs arrive async.):

Opcode  Argl Arg2 (Ex:::ie d) Opcode | Argl | Arg2 (R:;?ty)
0 0 1 1 0 uninit| 1 uninit
1 i | 1 0 1 0  § 01 Opcode
0o 0 o 0 IERE 10 0: 4%, 1: %
0 1 1 10 0 0 1 1

Inputs synchronization is needed!

Opcode

Argl === uninit ===g4=

Arg2

Res

Y



Clock Generator (Oscillator)

An electronic device, producing a
periodic clock signal

Clock oscillator - a physical Oscillation - a repetitive variation,
device, that converts Direct typically in time, of some measure
Current (DC) from a power supply between two or several values
into an alternating periodic signal

Quartz Piezo-Electric
Oscillator

Direct Current (DC)

from power supply

Alternating Current (AC)

L

' time

Y

T
Clock signal (wave)



Clock Signal Terminology

v

X

Deasserted state /

|
Asserted state

Rising (or leading)

edge

\

Falling edge

time



Characteristics of Rectangular Clock Signal

TC - clock cycle time, or period, or cycle length

Fc = 1/Tc - clock frequency

T T,

A
Y

time

Clock frequency sets the tempo for the processor to execute instructions

Common characteristicts for modern general-purpose CPUs:
T - a few nanoseconds, ~107? sec
F. - a few gigahertz, 2-3 GHz



Transformation of an Asynchronous Latch into a
Synchronous Flip-Flop

S

Step 2: Adding “AND” gates,

to propagate “S” and “R” at
asserted clock states only

R\
Step 1:

Di

Step 3: Adding another latch
(“slave”) with 2 “AND” gates

Stepd: .-~ TTTTTeeeeell

Di

Providing Q
1" \
! S
i v
i 8
1

Q ' Q Fl:‘hal

-DO' R"” :

1
1
1

Master Latch

Slave Latch

The inclusion | CLK
of a clock [
generator Clock

generator

p
;
A P
\\ '4’
> i ”

Step 5: Providing an inverted clock signal



Flip-Flop flow

) S’ 5
& o 0 - ” QFinal
_’IDI CLK : Master Latch o Slave Latch
cLk__ | I I I [ [l [..] [...] [ ] .
s I [ .1 [ N
R [ 1] I | 5
S'=f(S,CLK) | M ] [ [ -
R" = F(R,CLK) [ ] [ [] >
Q=f(5,R) [ | | 2 %
"= fQ.cLi) | I I I [ 1 [ 1 -
R = £(Q,CLK) | | I I [ ] S
oFinal — (s gy | | I T




Digital Circuits Classification

Digital Logic
Circuits

Sequential
(Combinational + Memory)

Combinational

Example: Adder Circuit Example: ALU + CPU Registers

[ \ i
Zl 1 )) ) } q1 ALU Computation
1 1 1 result
| - ADDER | | result.
\ —_D V) _ [ sustr. ]
I | Cin_ _ _ ___
¥ - : ~ " MULT.
a; ) ——
bL i ) - 1 42 Input data arrives
2 | 1 asynchronusly and Registers output
: | Cout is stored into registers | data synchronously
! ;D ' >_|_’ _)l CLK based on clock signal
B A RS U — - I

Uses NO memory or clock elements Uses memory or clock elements



Digital Circuits Classification

Digital Logic
Circuits

Sequential
(Combinational + Memory)

Combinational

Opcode Reg 1 ALU Computation
result Memory and
Arg.A Reg i > clock are used
Arg.8 —{ Reg]

Input data arrives
asynchronusly and Registers output
is stored into registers | data synchronously

_)I CLK based on clock signal




Digital Circuits Classification

Digital Logic
Circuits

Sequential
(Combinational + Memory)

Combinational

Memory and
clock are used

Asynchronous sequential circuits, also known as self-timed or
ripple-clock circuits, are digital circuits that do not use a clock
signal to determine the timing of their operations. Instead, the
state of the circuit changes in response to changes in the inputs.



Asynchronous and Synchronous Circuits

S/R latch — asynchronous circuit: updates of output signal Q
are not synchronised with a clock signal

S

Asynchronous sequential circuits, also known as self-timed or ripple-clock
circuits, are digital circuits that do not use a clock signal to determine the
Q timing of their operations. Instead, the state of the circuit changes in
R response to changes in the inputs.

Flip-Flop — synchronous circuit: updates of output signal Q are synchronised with a clock signal edge

— D=
Q
R RI E | | RII | —
Master Latch L Slave Latch
CLK
- >




Digital Circuits Classification Use Cases

Digital Logic
Circuits

The output depends on
current inputs, as well as
previous inputs

Sequential

Combinational (Combinational + Memory)

The output depends on
current inputs only

ALU

No clock signal is used A clock signal governs a
circuit operation

Simplified microprocessors _
(Possibly, ALU as well); CPU registers
Asynchronous carry-lookahead adders;

Ripple carry adders



Synchronous vs. Asynchronous Circuits

Characteristic
Output Update Trigger

Clock Presence

Reliability (for result correctness)

Memory Element Presence

Operation Speed

Power Consumption

Logical Complexity,
Size (the number of elements)

Sample Use Cases

Asynchronous (like S/R latch)
Any change of one of the inputs

No clock present

Less reliable

(prone to incorrect result, subject to propagation
delays)

Not used

Faster
(no clock signal for synchronisation delay is used)

Lower

Simpler, smaller

(Note: an asynchronous circuit might behave as a
synchronous, but at the price of a higher
hardware implementation complexity)

Arithmetic-Logic Unit (ALU);
Small fast peripheral circuits supporting CPU
operation

Synchronous (like Flip-Flop)
A clock signal, together with other input signals

Clock governs the entire circuit activity

Reliable

(guarantees a correct result, independently of
propagation delays)

Used

Slower

(due to overpessimistic synchronisation delays)
Higher

(e.g. due to the presence of flip-flops, consuming
power for data storage)

More complex, larger

Register files;
Most of the circuits containing memory
elements



That's alll



Good Luck!

23 October, 2025
Recap by @scruffyscarf



