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Introduction to Digital Systems

Lecture 9 review:  (11.1-11.3)

• Digital Building Blocks

• Logic Blocks

• Flips-Flips

Today: (12)

• Bits and bytes

• Small digital systems

• Digital signal processing

• Introduction to computer architecture
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Digital Building Blocks

• Logical 1 ≡ 5V 
• Logical 0 ≡ 0V

(negative logic)

• Logical 1 ≡ 0V 
• Logical 0 ≡ 5V

There can be different voltage value 
for different digital circuit device.
Logical 1 ≡ 3.3V or
Logical 1 ≡ 2V
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Digital Blocks

• 2 Types of Digital Blocks
– Combination logic blocks (e.g. AND gate) chapter 11.2
– Sequential blocks (e.g. Flips Flops)  chapter 11.3

• Logic blocks have one/several inputs and one output
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Digital Control Example: Hot Tub Controller

Algorithm:  Turn on tub heater if Temp less than desired Temp (T < Tset)
and  motor is on and  key switch to activate hot tub is closed.  Suppose
there is also a “test switch” which temporarily activates heater when
depressed.

Approach:   Series switches :   C = key switch,   B = relay closed if motor is on,
A = bimetallic thermostatic switch. T = Test switch.

Simple Schematic Diagram of Possible Circuit:
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Evaluation of Logical Expressions with “Truth Tables”
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Truth Table for Heater Algorithm
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Logical Expressions to express Truth Tables

We need a notation for logic expressions.

Standard logic notation and logic gates:

AND: “dot”

OR   : “+ sign”

NOT: “bar over symbol for complement” Example: Z = A

With these basic operations we can construct any logical
expression.

Examples: X = A · B ; Y = A · B · C

Examples: W = A+B ; Z = A+B+C
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Digital Heater Control Example (cont.)

• Logical Statement:   H = 1 if A and B and C are 1 or T is 1.

• Remember we use “dot” to designate logical “and” and “+” to designate
logical “or” in switching algebra.  So how can we express this as  a
Boolean Expression?

Logical Expression :   To create logical values we will define a closed
switch as “True”, ie boolean 1 (and thus an open switch as 0).

Heater is on  (H=1)  if  (A and   B  and   C are 1)  or  T is 1

� %RROHDQ ([SUHVVLRQ� +  �$ Ã % Ã &� � 7
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The Important Logical Functions

The most frequent (i.e. important) logical functions are
implemented as electronic “building blocks” or “gates”.

We already know about AND , OR and NOT  What are some
others:

Combination of above:  inverted AND = NAND,
inverted OR = NOR

And one other basic function is often used: the “EXCLUSIVE OR”
… which logically is “or except not and”
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Some Important Logical Functions
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Logic Gates

These are circuits that accomplish a given logic function such as “OR”. We will
shortly see how such circuits are constructed. Each of the basic logic gates has a
unique symbol, and there are several additional logic gates that are regarded as
important enough to have their own symbol. The full set is: AND, OR, NOT,
NAND, NOR, and EXCLUSIVE OR.
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The basic gates in Digital Electronics

2 input OR gate.         3 input OR gate
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The basic gates in Digital Electronics

• 3 input AND gate •3 input NAND (NOT-AND) gate

•NOT/INVERSE/COMPLEMENT
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The basic gates in Digital Electronics

• NOR (NOT-OR)
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The basic gates in Digital Electronics

• F = A + B A OR B

• F = A • B               A AND B
•                                   NOT (A OR B)          alternative notation: (A+B)’ 

•                                   NOT (A AND B)                                        (A • B)’ 
%$) +=
%$) •=

�� %$$) +=Given
+ draw the logic blocks
+ write the truth table 

• 3 inputs: NOT A, A, B
•F1 = (NOT A) OR B
•F = A AND F1
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Logic Synthesis

• So far, when given a logic blocks → generate the truth table

Can we reverse the process?    Logic synthesis

• We need a certain truth table → Find the logic blocks to implement it
• For example, a 2 inputs (A, B) and 1 output (F)  
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=
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=
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Logic Synthesis

• Next, we can combine these blocks  AB, AB’, A’B, (AB)’ 
through an “OR” gate →  AB + AB’…
• This is called the Sum-of-products method
• Example  F = A’B + AB can be implemented by the following:

• On the other hand, F = A’B + AB can be simplified
 into F = (A’ + A) B = (1) B = B
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Logic Synthesis (example)

• Use logic blocks to perform binary arithmetic (half adder):
• 2 binary inputs A and B, the result is 2 bits CD

A
+ B
-------------
         C D

The truth table is:  Input Output
A B C D
0 0 0 0
0 1 0 1
1 0 0 1
1 1 1 0
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Logic Synthesis (example)

• Using Sum-of-product  method:
• We only tackle the C and D with a “one” in the truth table: 

– for output D = 1 (second row in the table), A = 0, B = 1  → F1 = A’B

– for output D = 1 (third row in the table), A = 1, B = 0 → F2 = AB’

– for output C to be equal to 1, A=1, B=1 → F3 = AB

• These 3 entries can be “realized” by the following:

A
B

A
B

A
B

A
B

A
B

D

D

C
C
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Practical logic blocks
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Practical logic blocks: Electrical Characteristics
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Flips Flops (Sequential Blocks)

• Output of logic blocks depend on input at any instant*
• Output of sequential blocks depend on the previous input 
as well as the current input (in other word, it has “memory”
effect) 

3 types of Flips Flops: S-R Flip Flops, D Flip Flops, 
                                    J-K Flip Flops
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S-R Flips Flops
• Rule 1

– If S=0 and R=0, Q does not change.
• Rule 2

– If S=0 and R=1, then regardless of past 
history Q=0

• Rule 3
– If S=1 and R=0, then regardless of past 
history Q=1

• Rule 4
– If S=1 and R=1 is a meaningless instruction, which should not be used.
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Realization of S-R Flips Flops

• Truth Table

•Why do we need to guess Q and Q’? The reason is that FF needs more
than the current inputs, different current state of Q  and Q’  will generate 
different Q, Q’ output. And we don’t know what is the current Q and Q’, so
we can guess it in conjunction with the inputs to generate a  truth table.
•S = 0 and R = 0 → no change in Q and Q’
•S = 1 → Q = 1, Q’ = 0
•R = 1 → Q = 0, Q’ = 1
•S = 1 and R = 1 → Q = 1, Q’ = 1 (don’t use)

��

((&6 �� 6SULQJ ���� /HFWXUH �� &� 7� &KRL

S-R Flips Flops (example)

• S = 0 and R = 0 → no change in Q and Q’
• S = 1 → Q = 1, Q’ = 0
• R = 1 → Q = 0, Q’ = 1
• S = 1 and R = 1 → Q = 1, Q’ = 1 (don’t use)
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D Flips Flops

� &ORFNHG )OLS )ORSV

¤ )OLS )ORSV GRHV QRW FKDQJH VWDWH

XQWLO DQ LQVWUXFWLRQ LV JLYHQ WKUX

WKH FORFN �&.�

•Truth Table of D Flip Flops
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D Flips Flops (example & realization)

D Flip Flops realized using 
6 NAND gates

16M RAM contains
16×1024 ×1024 flip flops

Propagation delay - a small
delay between the change 
CLK and the time Q actually 
changed. (this is not shown in 
the timing diagram) 
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Summary
� 'LJLWDO EORFNV

¤ &RPELQDWLRQDO EORFNV

� RXWSXW RI D ORJLF EORFNV GHSHQGV RQ WKH LQSXWV DW DQ\ LQVWDQW RI WLPH

� ([DPSOHV DUH� $1'� 25� LQYHUWHU �&203/(0(17�� 1$1'�

125� ;25 �H[FOXVLYH RU�

¤ 6HTXHQWLDO EORFNV

� 6HTXHQWLDO EORFNV UHPHPEHU LQSXWV DSSOLHG DW HDUOLHU WLPH

� ([DPSOHV DUH� 6�5 IOLS IORSV� ' IOLS IORSV� -�. IOLS IORSV�

� 0DWKHPDWLFDO H[SUHVVLRQV IRU ORJLFDO RSHUDWLRQV DUH ZULWWHQ XVLQJ %RROHDQ DOJHEUD�

� 7KH ORJLF EORFNV LV VSHFLILHG E\ D WDEOH VKRZLQJ WKH RXWSXWV WKDW UHVXOW IURP

YDULRXV FRPELQDWLRQ RI LQSXW� 7KLV WDEOH LV NQRZQ DV WKH WUXWK WDEOH�

� $Q\ WUXWK WDEOH FDQ EH UHDOL]H E\ DSSURSULDWH FRQQHFWLRQ RI LQYHUWHUV� $1'

JDWHV� DQG RQH 25 JDWH� XVLQJ WKH VXP�RI�SURGXFW PHWKRG� +RZHYHU� WKLV PD\

QRW EH WKH VLPSOHVW UHDOL]DWLRQ RI WKH WUXWK WDEOH�

� 'LIIHUHQW IOLS IORSV H[LVW� 6�5 ))� ' ))� GLIIHULQJ LQ ZD\V LQVWUXFWLRQ IRU

VWRULQJ LQIRUPDWLRQ DUH DSSOLHG� 6�5 )) FDQ EH EXLOW E\ � 1$1' JDWHV� '

FORFNHG )) LV EXLOW E\ PRUH ORJLF JDWHV� EXW DUH VLPSOHU WR XVH�
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So Why Digital?

�For example, why CDROM audio vs vinyl recordings?)

• Digital signals can be transmitted, received, amplified, and re-
transmitted with no degradation.

• Binary numbers are a natural method of expressing logical variables.

• Complex logical functions are easily expressed as binary functions
(e.g., in control applications … see next page).

• Digital signals are easy to manipulate (as we shall see).

• With digital representation, we can achieve arbitrary levels of “dynamic
range,” that is, the ratio of the largest possible signal to the smallest
than can be distinguished above the background noise

• Digital information is easily and inexpensively stored (in RAM, ROM,
EPROM, etc.), again with arbitrary accuracy.



��

((&6 �� 6SULQJ ���� /HFWXUH �� &� 7� &KRL

How do you represent number digitally?

10V in decimal becomes:
� ¦��§ LQ EDVH �

� ¦��§ LQ EDVH �

� ¦��§ LQ EDVH �

� ¦����§ LQ %LQDU\ �EDVH ��

� $ ELQDU\ GLJLW �ELW� FDQ VWRUH � RU �

DQG FDQ EH VWRUHG LQ D IOLS IORS

� ��ELW FDQ VWRUH QXPEHU EHWZHHQ ���� WR ���� ���

GLIIHUHQW QXPEHUV�

� 1�ELW FDQ VWRUH �1 GLIIHUHQW QXPEHUV� �� ELW FDQ

VWRUH ���� �� ELW → ����� �� ELW → �����

���×��������
��
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Binary transmission 

� 6XSSRVH ZH QHHG WR WUDQVPLW � ELW LQ ELQDU\�

� :H FDQ WUDQVPLW � ELW VHULDOO\ �RQH ELW DW D WLPH�

RU VLPXOWDQHRXVO\ �IRXU ELW WRJHWKHU�
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4-bit flip flops or registers
• 4 bits are transmitted simultaneously, but 4-bit byte is
transmitted serially. 
• FF5-FF8 are called the storage register or data latch.
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Decimal, binary, and hexadecimal number

• Convert from decimal to binary
• 24510 = 111101012

• Convert from binary to decimal
111101012 = 1×27+ 1×26 + 1×25 + 1× 24

                               + 0×23 + 1×22 + 0×21 + 1×20

                           = 128 + 64 + 32 + 16 + 0 + 4
                     + 0 + 1
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Decimal, binary, and hexadecimal number
� ,W LV FOXPV\ WR ZULWH ��������

�

� &DQ FKDQJH LW LQWR KH[DGHFLPDO �EDVH ���

� ��������
�
 "

��

• Convert IURP KH[DGHFLPDO WR ELQDU\"

� &RQYHUW IURP KH[DGHFLPDO WR GHFLPDO"

¤ $(&
��
 "

��

¤ $(&
��
 "

�

� &RQYHUW IURP GHFLPDO WR KH[DGHFLPDO"

¤ ���
��
 "

��
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Decimal, binary, and hexadecimal number
• Multiplication ?

• 9C16  × A316  =?
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Small digital systems

� 6KLIW UHJLVWHUV
¤ $VVXPH D VHULDO WUDQVPLVVLRQ �OHDVW VLJQLILFDQW ELW ILUVW�

Represents 01001101 or 4D16 
We need to look at the 8 bit in order to something about it.
What we need is shift registers.
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Small digital systems (shift registers)
• Bit is shift to the right 1 clock cycle at a time

• A 4-bit shift register can be implemented by 4 D flips flops connected 
serially -- output Q1 of the 1st FF is connected to the input D2 of the 2nd FF.
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Counter
� ��ELW FRXQWHU

� ��ELW ULSSOH FRXQWHU

State table

State diagram
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'LJLWDO 6LJQDO 3URFHVVLQJ
� $QDORJ VLJQDO → GLJLWDO VLJQDO

�QHHG $QDORJ WR 'LJLWDO FRQYHUWHU RU $�' FRQYHUWHU�

� 6DPSOLQJ

� 1\TXLVW VDPSOLQJ WKHRUHP

7
V
� ����I

PD[
�

��

((&6 �� 6SULQJ ���� /HFWXUH �� &� 7� &KRL

'�$ FRQYHUWHUV

� � ELW GLJLWDO WR DQDORJ �'�$� FRQYHUWHU

[ ]
���

��
�

�
YYYY

RXW
++−=

�
����������������

��� =+++ YYYY
RXW

[ ]
���

�� 444Y
RXW

++−=

When Q1=1, v1=4v
else v1=0v

Vout is proportional to the
values of Q1, Q2, Q3 ...
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'�$ FRQYHUWHUV �FRQWLQXH�

� ,I Q1, Q2, Q3  are:

[ ]
���

�� 444Y
RXW

++−=

� 7KHQ Vout will be:
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$QDORJ WR 'LJLWDO �$�'� FRQYHUWHUV

� &ORFN

� &RXQWHU

� '�$ FRQYHUWHU

� &RPSDUDWRU

� &RQWURO

Percentage quantization error = 100×1/(2N-1), for a N-bit system
Example: 16 bit CD system has a quantization error of 
0.001526%  ≡  Signal/Noise ratio of = 20*log(error) = 96.3 dB
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$�' FRQYHUWHUV �H[DPSOH�
� 6XSSRVH WKH VSHHG RI DQ ��ELW $�' FRQYHUWHU LV OLPLWHG E\ WKH

FRXQWHU� ZKLFK KDV D PD[LPXP VSHHG RI �×��� FRXQW SHU VHFRQG�
(VWLPDWH WKH PD[LPXP QXPEHU RI $�' FRQYHUVLRQV SHU VHFRQG WKDW

FDQ EH REWDLQHG�

0D[LPXP VSHHG �FRXQWHU� RI �×��� FRXQW SHU VHFRQG
0D[LPXP QXPEHU RI FRXQW SHU VLJQDO �ZRUVH FDVH� LV ���� ��� FRXQW

0LQLPXP WLPH SHU FRXQW  ������×��� �  ����� µVHF
0D[LPXP QXPEHU RI FRQYHUVLRQ LV WKH UHFLSURFDO RI WKDW

 ������� µVHF�  ������� WLPH SHU VHFRQG�
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&RPSDFW 'LVF
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Summary
• A register is a set of N FF, which can store N-bit of info.
4-bit bytes are conveniently represented by hexadecimal
digit. A number can be represented by binary, decimal, or
hexadecimal form.
• A shift register is a small system that collects bytes of data
when the bits are arriving serially.
• Counters are small systems that move thru a cycle of 
states, moving 1 step for each input.
• Usefully tool for analyzing sequential system are timing
diagrams, states tables and state diagrams.
• Analog to digital and digital to analog converters are used
as interfaces between analog and digital system.
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WHAT ARE I-V CHARACTERISTICS OF AN ACTUAL
HIGH-GAIN DIFFERENTIAL AMPLIFIER ? (optional)

([DPSOH� $PSOLILHU ZLWK JDLQ RI ���� ZLWK PD[ 9
�
RI �9 DQG PLQ 9

�
RI −�9�

VIN(µV)
1 2 3

V0 (V)

0.1

0.2

−3 −2 −1

−.2

    (a)
I-V near
origin

−3

(b)
I-V over wider
range

VIN(µV)
10 20 30

V0 (V)

1

−30 −20 −10

−2
−1

2
3

XSSHU ´UDLOµ

ORZHU ´UDLOµ

+
− V0

+
−VIN

• Circuit model gives the essential linear part

• But V0 cannot rise above some physical voltage related to
the positive power supply VCC (“ upper rail”)        V0 < V+RAIL

•  And V0 cannot go below most negative power supply, VEE

i.e., limited by lower “rail”      V0 > V-RAIL
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OP-AMPS AND COMPARATORS (optional)

A very high-gain differential amplifier can function either  in extremely
linear fashion as a very nonlinear device – a comparator.

2SHQ ORRS RU 3RVLWLYH

)HHGEDFN� &RPSDUDWRU

+
− V0

VIN

+−1V

1V Comparator
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EASY WAY TO GET ANSWER
FOR OP-AMP CIRCUITS (optional)

“Ideal Op-Amp Technique”:

With ideal op-amp technique we can analyze all sorts of negative feedback
circuits – see reader

−+ ≅99���

�L

�L���

,1

,1

≈
≈

−

+ Why? (a) RIN large by design

(b)  V+ → V(−) ⇒  voltage
difference across RIN →0

Examples: (1) unity gain follower
(2) amplifiers
(3) summing amplifiers

V0

+
−

iIN(-)

A

iIN(+)

Why?
V0 CANNOT → ∞, BUT
A →∞  ⇒  V+ → V(−)  in
order that  V0 = A (V+ − V−)

Finite      infinite   must be zero
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MULTI-BIT A/D AND D/A CONVERSION

Example: Digital representation of sound to analog
(so you can hear it!) → D/A conversion

The summing junction op-amp provides a simple
means of D/A conversion via weighted-adder  D/A
converter

0 0 1 0 1
0 0 1 1
0 1 0 0

1.5
2

0 1 0 1
0 1 1 0
0 1 1 1
1 0 0 0

2.5
3

3.5
4

1 0 0 1
1 0 1 0
1 0 1 1
1 1 0 0
1 1 0 1
1 1 1 0
1 1 1 1

4.5
5

5.5
6

6.5
7

7.5

Binary
number

Analog
output
(volts)

0 0 0 0
0 0 0 1

0
.5

MSB LSB

S1 closed if LSB =1
S2      "     if next bit = 1
S3      "     if    "     "  = 1
S4      "     if MSB = 1

Another circuit to do this is shown in reader (R-2R
resistive ladder D/A converter
Yet another way (not shown) is to sum charges  instead
of current with capacitor networks

4-Bit D/A

8V
−
+ V0

5K
80K

40K

20K

10K

S1

+-

S3

S2

S4

−
+


