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Foreword

The Laboratory Works are addressed to students from the Faculty of Automation
and Computer Science, who study the domain of Logic Design in the undergraduate cycle.
They can also be useful to anyone who wants to study the fundamental techniques of
logic design, as the basis for the implementation of digital computing systems. The
content of this book represents the foundation for the preparation of practical
applications within the domain, and an important means for verifying the acquired
knowledge, by getting familiar with a varied range of solutions specific to practical tasks.

The chapters follow a didactic organization focused on a progressive degree of
difficulty. It is recommended to approach their study in the order of appearance within
the book. The objectives are detailed using a theoretical formalism, with the role of
substantiating knowledge, but considering a complete experience based on practical
implementation and testing of the circuits in the operative state. As the subject covers a
vast area, the objectives aim particularly the deepening of the knowledge about the
functioning of essential components within the digital systems, in view of the subsequent
approach of broader subjects, such as the implementation of automata and processor
microarchitectures.

Regarding the circuits studied, both individual operating concepts and ways of
integration into more complex architectures are presented, thus providing a higher
perspective, which combines the understanding of hardware components with the
formation of creative skills, aimed to designing circuitry with more advanced computing
capabilities. To facilitate implementation and testing, a framework was developed for the
ISE Project Navigator application, and a simulation library was developed for the Logisim
application. Together, they complete the reader's experience both at a practical level, on
FPGAs, and within a simulator.

Within the struture of the laboratory works, the information follows a constructive
approach. Each chapter presents the objectives, followed by the theoretical concepts
necessary for the implementation. The practical activities proposed at the end of each
chapter mittigate the development of hardware design skills through concrete
implementation and testing sessions. When several solutions are available, comparative
analysis can be emerged, similar to research activities. To facilitate the comprehension of
the hardware design principles, it is recommended to carefully read each chapter before
the practical assignments. The appendices provide solutions to common hardware
applications, by using the circuits studied throughout the book.

The author wishes you a pleasant and enriching reading experience!
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LOGIC DESIGN LAB WORK 1

1 Design and implementation using didactic boards

1.1 Objectives

This work presents the resources necessary for laboratory activity. The basic
notions used in modelling the behavior of digital circuits are studied. A step-by-step guide
presents the development methodology with Xilinx ISE suite and the implementation on
FPGA (Field Programmable Gate Array) boards. The activity will be carried out into an
already existing project that integrates the TTL (Transistor-Transistor Logic) circuits. The
project is described and analyzed in detail. Several circuits are implemented using basic
logic gates and their functionality is tested according to their function (truth) table.

1.2 Resources necessary

The following resources are required for the implementation and testing of the
circuits:

e Nexys A7 development board, The reference manual [1].
e Xilinx ISE WebPACK 14.7 suite [2]; The lab works will be carried out in an
already existing project, which contains the TTL circuits.

1.3 Fundamentals on modelling digital circuits behavior

The mathematical background behind modelling the behavior of digital circuits
uses concepts from boolean algebra (conceived by mathematician George Boole). It
contains a set of logical operations, which are commonly used to describe their
functionality. A digital circuit has several inputs and outputs, called terminals (or pins).
Any output can be modeled as a function of the inputs, which means the inputs are the
variables of the function. In boolean algebra the result of the function (output) and its
variables (inputs) can have two values, either 1 (true) or O (false). These functions are also
known as boolean functions. The values are associated with electrical properties, such as
voltage. For transistor-based circuits of the TTL family [3], value O is associated with low
voltage and 1 is associated with high voltage. The representation is called positive logic.
When the polarity is reversed (0 means high voltage and 1 means low voltage) the
representation is in negative logic.

Any boolean function can be described by its truth table (also called function
table). The left side of the table contains all possible combinations of input values. The
function value (response) for each combination is placed on the right side. An example of
truth table for a 2-variable function is presented in Table 1. 1, left side. According to the
table, the associated circuit will output 1 when x1=1 and x>=1, hence its name, the AND
function. Considering its simplicity, the circuit is also called a basic logic gate. In boolean
algebra AND uses the - (dot) operator (not to be confused with multiplication). The

corresponding graphic symbol used within a circuit is :D_, with inputs on the left and
output on the right. There are AND gates with higher number of inputs, which implement
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Xn-1-...-Xo0. They respect the same behavior: the output is 1 only when all inputs are 1. Since
AND is associative, the extension to a higher number of inputs can be implemented using
AND gates with less inputs. For instance, based on the property that x2-x1-x0 = x2:(x1-X0), a
3-input AND gate can be implemented with 2-input AND gates: ,)(((}IDQD— .

Table 1. 1 Truth-tables for AND (left), OR (middle) and NOT (right) gates

X1 Xo | AND X1 Xo OR X NOT
0 0 0 0 0 0 0 1
0 1 0 0 1 1 1 0
1 0 0 1 0 1
1 1 1 1 1 1

There are other types of basic logic gates, such as OR and NOT (also called INV).
The operator for OR is represented by a + (attention! it doesn’t represent summation).
The expression x1+xo will be 1, only if x3=1 or xo=1 (see Table 1. 1, middle). The graphic
symbol for OR is :D' NOT is a 1-input gate and inverts its value. The representation in
boolean algebra is NOT =X. Its symbol is 7 AND, OR and NOT gates implement the
basic operations in boolean algebra. By repeated interconnections, an unlimited number

of circuits can be implemented, representing boolean functions with any number of input

. . . ey e . — - X X
variables. For instance, the circuit implementing x, + (X3 * Xo) is ™7 2

The priority of the operators inside a boolean expression is: 1) brackets; 2) NOT;
3) AND; 4) OR. The operations inside the circuit follow the rules from the truth tables, in
left to right order, from inputs to outputs. Considering x=0, x1=0 and xo=1, and replacing
their values inside the expression, the result is x, + (X;:%X,) =0+ (0-1) =0+
(1-1) =0+ 1 = 1. Similarly, the expression can be computed for any combination of
input values, and the truth table can be generated. Several pairs of input values are
presented as follows, with the corresponding computation of the expected values:

e x=1,x1=0,%=0 > X+ & X)=1+(0-0=1+(1-0)=1+0=1;
o x:=0,x=1,x0=1 > X+ (% %)=0+(1-1)=0+(0-1)=0+0=0;
e x=0,x1=0,%=0 > X,+ (& %X)=0+(0-00=0+(1-0)=0+0=0.

1.4 Xilinx ISE Project Navigator — a step-by-step guide

The Project Navigator application is part of Xilinx ISE suite and offers support for
designing digital circuits using a schematic editor.

1.4.1 Loading the tt/_env project

After launching Project Navigator, the ttl_env [4] project must be loaded from File
> Open Project... in the menu and selecting ttl_env.xise project file. Next, the application
will display several working panels, as in Figure 1. 1. Some panels on the lateral side are
dedicated to project management and those at the bottom offer information related to
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logic diagram interpretation and processing [Note: If the graphical user interface differs
it can be reset to default from Layout > Load Default Layout.]:

I File Edit View Project Source Process Tools Window Layout Help

- & x
Qg ! ‘ do U r-‘|‘7\"‘” b 2B R §J|ﬂ"_::__' R =LY
Design + 08 X | & Design Overview ~ . -
i | View: @ 8 tmplementation O B Smulation [El summary | C=f =L
5] : = i 6 [ I0B Properties roject File: P Parser Errors: No Errors
JZ] | Hierarchy [ Module Level Utilization Implementation State: M
E;J 'E:j tl_env O [} Timing Constraints Common toolbar e —
= £ xcTal00t-1csg324 [ [} Pinout Report 7 . -
Sl Unassigned User Library Modules [] Clock Report Product Version: | ISE 14.7 D=
‘test_boa oo+ board.sch) v | C": Static Timing Design Goal: Balznced * Routing Results:
& o Errors and Warnings Design Strategy: | Yiin Defautt (unlocked) « Timing Constraints:
¥ = £s5ages - —
o4 [ Synthesis * Final Timing Score:
P | T2 o Pracesses Running =d % Translation Current panel toolbar
= Map Messages
l?f‘ Pro(e.sses. test._buard [ Place and Route Messages o | Detailed Reports -1
=1 L Design Summary/Reports =0 [EST—R— Ststus | Genersted |Errors |Warnings | Infos
— Design Utilities Design Properties . :
E‘t User Constraints [ Enable Megs Worklng panelS
— TAE) Synthesize - XST W ort
- P3(C) Implement Design 1 Sh eport Map Report
P20 Generate Programming File ng Constraints
- - Place and Route Report
@ Configure Target D arnings
€4 Analyze Desi sing ChipScope Paver Report ~
& Stat 2 pesign L] Fles [ Librag // Design Summary @J
Gonsole // eOax
1. WARNING: ProjectMgmt i : s/Cristi/Work/PL/ttl_env/test_board map.ngm is missing. -~
1, WARNTNG: Project! sers/Cristi/Work/PL/ttl_env/test_board map.xrpt is missing.
I, WARNING: Proj i f/Users/Cristi/Work/PL/ttl_env/test_board ngdbuild.xrpt is missing.
I, WARNING: P i D:/Users/Cristi/Work/PL/ttl_env/test_board pad.csv is missing.

w

Figure 1. 1 Project Navigator interface

e Design panel (Figure 1. 1) — highlights the project structure organized as a set of
interconnected circuits. Initially, the project contains the test circuit called
test_board. With double-click on the name of the circuit the schematic editor will
appear, and the Symbols panel will open.

e Symbols panel (Figure 1. 2) — contains the list of components that can be
integrated into the circuit diagram, represented by their symbols. It can be
activated by clicking on Add Symbol = in the toolbar of the schematic editor. In
this panel the symbols are organized into several categories. Selecting a category
in the upper layer, you will notice the list of corresponding circuits bellow. When
selecting <--All Symbols--> at the top, the list of all available components will
appear. A component can be searched into the current category by introducing its
name in the Symbol Name Filter box. The most relevant categories are Arithmetic,
Buffer, General, Logic, Mux and Decoder. The category next to <--All Symbols-->
represents the local library attached to the project and contains the circuits from
the TTL family. Note: The name of these circuits starts with TTL_ followed by the
code of the circuit.

e Console, Errors, Warnings (Figure 1. 1) —these panels display relevant information
when the diagram is processed. It is useful for debugging features. The Console
displays all messages generated in the process, while Errors and Warnings are
related to specific messages. A typical warning appears when some inputs are not
connected. In such a case the inputs will be automatically connected to 0 (Ground
— GND). For connectionless outputs, Project Navigator warns about pruning the
circuitry. Unlike errors, the warnings do not negatively affect the implementation
process.
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Figure 1. 2 Symbols Panel and the Schematic Editor
1.4.2 Creating a new diagram

A blank diagram can be added to the project by pressing New Source ' button in
the toolbar of the Desing panel. In the next step, the type of source will be set to
Schematic, and the name of the diagram will be chosen (without special characters or
spaces): e.g., lab01_01 (Figure 1. 3). Note: Verify that Add to project is checked. Then
press Next and Finish. The schematic editor will highlight the empty diagram, which can

+

be added new components and connections. Zooming is possible using Zoom In #* and
Zoom Qut #° in the common toolbar at the top.

& MNew Source Wizard x

“—Select Source Type
Select source type, file name and its location,

BMM File

&% ChipScope Definition and Cennection File
Implementation Constraints File

J P (CORE Generator & Architecture Wizard)

B Schematic File name: 2
|=] User Document i=b01_01

Verilog Module
] Verilog Test Fixture Location:
(e VHDL Module

[ VHDL Library

[F] VHDL Package

] VHDL Test Bench
Embedded Processor

D:\Users|Cristi|Wark\PLItt_snv

Add to project / 3

Mare Info Meat = Cancel

Figure 1. 3 Setting up a new diagram
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When the project has several diagrams attached, only one can be set active.
Setting lab01_01 active is possible by right-clicking its name in the Desing panel and
choosing Set as Top Module from the list of options. The active diagram is marked by the
symbol #= in the project hierarchy. The active diagram can be changed at any moment.

A diagram can be removed by right-clicking its name and choosing Remove from
the list of commands.

Inside the diagram you will introduce an AND component with two inputs. In the
Symbols panel select <--All symbols--> at the top. The search will include the entire list of
components. Then type and2 (2 indicates the number of inputs) in the Symbols Name
Filter (Figure 1. 4). Click on and2 in the filtered list and finally, click on the diagram to place
the gate. You can add more gates by clicking several times. (Note: You can use the
Orientation setting to change the symbol appearance before being placed on the
diagram.)

Symbols +OF x

Categories

<--All Symbols--> ~
<D\Users\Cri stW\P LhsolutiitLabs_Nexysd A7>

Advanced

Arithmetic 2 W

Symbols (that bagin with and2)

and? Q— ~
and2b1 5

and2b1l v

Symbol Name Filter 3

zndd

Drientation‘/ 4

Rotate O LY
1

Symbal Info /

& Start E‘l‘s D=sign n.|_"| Files |D Libraries 2r Symbols *~  Options

Figure 1. 4 Steps required for selecting and2 in the list of symbols

The selection of a component within the diagram is possible by enabling the
selection mode with a click on Select * button. Once selected, an element can be drag-
and-dropped and can be removed with right-click and Delete (or simply press the Del key).

Next, you will introduce wires on the inputs and outputs of AND2 gate. Click on
Add Wire Y in the toolbar to enter the wiring mode. The wire can be placed by drawing

it between the interconnected points. You should notice a specific mouse hover &h near
connection points, meaning a click will generate a connection in place. A wire is finished
when both ends are connected. An unconnected end is marked by a red rectangle.

]

AND2

Figure 1. 5 Wires attached to AND2 having unconnected end points

At unconnected ends you will place input and output terminals. The input
terminals are required to introduce signal values (0 or 1) in the circuit. The output

7
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terminals carry the results outside the circuit. Click on the Add 1/0 Marker = button and
place terminals near the end points of the wires to mark connections. (Note: Terminals
can be attached directly to the pins of a symbol without wires.) The proper type of
terminal (input or output) is automatically chosen by Project Navigator. The name of the
terminal is automatically generated, nevertheless it is possible to change it by right-
clicking the terminal and choosing Rename Port. The name should not contain special
characters or spaces. Rename the input terminals to A and B and the output terminal to
F1 (Figure 1. 6). Note: Wires connected to terminals carry their names, automatically.
Important: Wires with a similar name are considered connected (a logical connection).

[:>________ :

IE’RAAAAAAA,

AND2

Figure 1. 6 The AND2 gate connected to input and output terminals

A new output function F2 will be added to the diagram. This function will extend
the AND operation to 3 inputs using the already existing AND gate. Consequently, a new
AND gate will be added to the diagram. The two inputs of this gate will be connected, one
to the output of the first AND, and one to a third input terminal C. Its output will be
connected to a second output terminal F2. The steps required are as follows:

1. Add a new AND2 gate to the diagram from the Symbols panel.

2. Connect the output of the previous AND2 to one of the inputs of the new gate.
Doing so, will generate a new branch on the wire connected to F1, marked by
a rectangle. Note: All branches represent the same wire and always carry the
same value.

3. Connect wires to the free pins of AND2.
Link a C terminal on the unconnected input wire and an F2 terminal on the
unconnected output wire. The result should be as in Figure 1. 7.

5. Save the diagram using Ctrl+S or File > Save from the menu.

A
B ANDZ \
wire branch
[C— :
AND2

Figure 1. 7 Circuit with two output functions: F1=A - Band F2=(A-B) - C

Next, connect the input terminal C to a new output terminal named F3. Note: A
direct connection from an input terminal to an output terminal is only allowed though a
buffer called BUF. BUF can be found in the category General. After adding a BUF, the
circuit should be as highlighted in Figure 1. 8.
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B
B

AND2

[C>
AND2
[~
F3 >
Lur

Figure 1. 8 Circuit with three output functions: F1=A - B, F2=(A - B) - Cand F3=C

1.4.3 Defining design constraints

The circuits designed using the schematic editor are tested on the board shown in
Figure 1. 9. It has 16 switches and 5 push buttons for generating logical values on the
input terminals. The results registered on output terminals can be visualized on 16 leds.

When pushed, a button generates 1, otherwise it always generates 0. A switch
generates 1 when turned towards the leds, and 0 on the other side. A led is off when
receiving 0 and lights up when receiving 1. The switches and the leds are indexed from 0
to 15, in right to left order.

The input and output terminals in a diagram are associated (constrained) with
buttons, switches and leds on the board. The correspondence is defined in a text file
having the .ucf (User Constraints File) extension. Every diagram must be assigned a
constraints file. The file is not case sensitive. To ease the task of elaborating the
constraints file from scratch there is a _template.ucf file within the project folder, which
entails all possible resources, in comments. A comment starts with a # character. Your
task will be to uncomment only those resources necessary for the current diagram.

Power switch

Power indicator led ¥ LA 1. A |
Siae | i el . 1] =%
USB port for L : o
ne o 2 e
power-up and 53 A LA ] e :

data transfer

=8
35
oX

16 leds

16 slide switches

Figure 1. 9 Testing board
9
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Before assigning a constraints file, a copy of _template.ucf should be renamed as
the diagram, still keeping the .ucf extension. Hence, for diagram lab01_01 a copy of
_template.ucf should be renamed to /ab01_01.ucf. The assignment can be carried out if
lab01_01 is the active diagram of the project (the top module). This is indicated by the

symbol # in the Design panel. Check this out and then press the Add Source &l select

lab01_01.ucf from the disk and finish the process. The constraints file will appear under
= [)efts 1ab01_01 (1abD1_01.5ch)

the diagram name in the project hierarchy BN Double-click the

constraints file in the hierarchy to open for edit.

Inside the constraints file you will notice all available resources carrying
predefined names in double quotes, immediately after the keyword NET. The lines
corresponding to leds, and switches necessary for the current diagram, will be
uncommented by removing the preceding # character. Also, their names will be adjusted
to match the names of the terminals within the diagram. Considering that input terminals
A, B, C will be associated with switches 0, 1 and 2 respectively, you will have to
uncomment lines 13-15 and modify them as follows (follow the changes in red square):

##t Switches
NET|"A"{LOC=J15 | IOSTANDARD=LVCMOS33 | CLOCK_DEDICATED_ ROUTE=FALSE; # sw0
NET|"B"|LOC=L16 | IOSTANDARD=LVCMOS33 | CLOCK_DEDICATED_ROUTE=FALSE; # sw1

NET|"C"|[LOC=M13 | IOSTANDARD=LVCMOS33 | CLOCK_DEDICATED_ROUTE=FALSE; # sw2

Note: The values of LOC attribute (LOC is short for location) are identical with the
codes mentioned on the board near the switches. The situation is similar for push buttons
and leds.

Considering F1, F2 and F3 will be connected to leds 0, 1 and 2, lines 40-42 will be
uncommented and changed accordingly:

## LEDs

NET|"F1"{LOC=H17 | IOSTANDARD=LVCMOS33; # led0

NET|"F2"|LOC=K15 | IOSTANDARD=LVCMOS33; # led1

NET|"F3"|LOC=J13 | IOSTANDARD=LVCMOS33; # led2

Save the constraints file with Ctr/+S or File > Save from the menu.

1.4.4 Generating the programming file

The programming file can be generated from Generate Programming File at the
bottom of Design panel (Figure 1. 10), by a right-click and choosing one of the commands
available: Run, ReRun or Rerun All. Various messages will appear on the console. In case
of errors, depending on their gravity, the entire process might stop. The issues reported
must be solved accordingly, and the entire process relaunched with Rerun All.

10
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Hierarchy
'C‘ﬂ ttl_env

1
B £3 xc7al0lt-1csg324
[ Unassigned r Library Modules
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e S stop

Figure 1. 10 Generating the programming file

If the programming file is successfully generated, the file lab01_01.bit will appear
in the project folder along with a green icon: @ Generate Programming File

1.4.5 Programming the FPGA and testing on the board

Important: Before any programming session, the board (Figure 1. 9) must be
connected to the working station using a USB cable and must be powered-up from the
power switch. The power indicator led will light up.

You will launch the ISE iMPACT tool by right-clicking on Configure Target Device
and selecting Run from the menu (Figure 1. 11).

?2() Generate Programming File,
B ECﬂnfiurE Target Device
&% Analyze Design Using Chip!

Figure 1. 11 Launching the ISE iIMPACT tool

A new working session ca be created inside ISE iMPACT by double-clicking on
Boundary Scan (Figure 1. 12).

@ ISE iIMPACT (P.20131013) - [Boundary Scan] — O *
@ File Edit View Operations Output Debug Window Help - 8 X
ODPEH DX =0 ,R

MPACT Flows 0857 X ‘
1

=1 Boundary Scan. . i
[=] SystemACE double-click ' g,5ce dedicated for the working session
|=] Create PROM File (PROM File Formatter)

| Fight click to Add Device or itialize JTTAG chain

IMPACT Processes +05F x

Figure 1. 12 Creating a working session in ISE iMPACT
Steps required to initialize the connection with the board:

1. Right-click in the working session and choose Initialize Chain.

11



LOGIC DESIGN LAB WORK 1

2. Confirm the association with the programming file and select lab01_01.bit from
the project folder.

3. Important: Always refuse the attachment of SPI or BPI PROM when asked.

I Attach SPI or BPI PROM x

This device supports attached Flash PROMSs,
Do you want to attach an 5P1 or BPI PROM to this device?

Yes Mo «

4. Press OK in the next window showing programming settings.

A successful connection will highlight the FPGA symbol in the working space, its
model, and the name of the current configuration file, as in Figure 1. 13.

iMPACT Flows +0O &5 X
‘75 Boundary Scan

D) systemACE FPGA symbol

|=] Create PROM File (PROM File Format...

FPGA model
e
xc7al00t = | _ Current .bit file
iMPACT Processes «+085 X lab01_01 bit <]
TDO

Available Operations are:
= Program .
= Get Device ID Identify Succeeded

mp Get Device Signature/Usercode
=) Read Device Status
=) One Step SVF

= One Step XSVF % Boundary Scan |

Figure 1. 13 ISE iMPACT has successfully connected to the board

The final step is the physical configuration of the FPGA board with the
programming file. Right-click on the circuit symbol and select Program from the list (Figure
1. 14). Immediately after this step you will notice the programming status indicator lights
up. From this moment the board behaves according to the circuitry on the diagram. You
can use the switches to send 0 and 1 input values, and you will notice the results on the
leds: F1=1, if A=B=1, F2=1, if A=B=C=1 and F3=C.

Get Device |D
xc7all  Oet Device Signature/Usercode
lab01_0  One Step SVF

oo One Step XSVF

Add SPI/EPI Flash...
Assign New Configuration File...

Figure 1. 14 Launch the programming session after attaching the .bit file

The current configuration is maintained for as long as the board is powered and
will be lost when switching off. The ISE iIMPACT session can be maintained even when new
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changes are made to the current diagram in Project Navigator. To save time, you should
not close ISE iMPACT after each tested circuit. If you apply changes to the diagram and
generate a new programming file with the same name, you may return to ISE iMPACT and
Program the board without having to pass through all the steps required for connection.

If the name of the programming file changes, supposing you want to test another
diagram, you should choose Assign New Configuration File... first (Figure 1. 14). You will
have to select the new .bit file from the disk and then you can Program the board. Again,
passing through all the steps required for connection is not necessary.

Note: When closing the ISE iMPACT (at the end of the class), you will be asked to
save the current project. It is not recommended to save the current project in ISE iMPACT.

Important: Project tt/_env can be cleaned by files generated throughout time, by
executing the script clean_win.bat in Windows or clean_Inx.sh in Linux. Both scripts can
be found in the project folder. They will preserve the .sch diagrams and the .ucf files.

1.5 Assignments

1. Add the following circuits to the tt/_env project (use a separate diagram for each
circuit) and test them on the board using the truth tables. Name the diagrams and use
switches and leds of your choice.

a) F1=A+B " >0 A B|FR

= O 0 o0 1

0o 1| 1

1 0| o0

1 1] 1

—A. B >0 EEEEN A B| R

b) F2=A-B - ANT/ %‘p Fo 5 A .

o 1| o0

1 0] 1

1 1] 1

c) F3=(A-B)+ (A+B) g A B | F3
B

AND2 0 0 0

e 1 0] 1

1 1] 1
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2 Basic logic gates

2.1 Objectives

The fundamental principles and properties of digital circuits are presented from a
technological perspective. The basic logic gates are introduced and analyzed using the
operations from boolean algebra. Given the priority of the boolean operators, the
computation of the truth table for a boolean expression is detailed. The most common
properties of boolean algebra are listed and several operational conversions are explained
at gate level as well as implementing new functionalities.

2.2 Fundamental technological aspects

The basic logic gates are the primary circuits used in logic design. They have simple
functionality and contain a small number of transistors or semiconductors. They
implement the basic operations in boolean algebra: NOT (INV), OR, AND. Gates
implementing combined functionality such as NOR (NOT OR), NAND (NOT AND), XOR
(eXclusive OR) and XNOR (eXclusive NOR) are also considered basic gates due to the
simplicity of their electronic compound.

From a technological perspective there are two common categories of gates, the
TTL (Transistor-Transistor Logic) and the CMOS (Complementary Metal-Oxide
Semiconductor). The most important parameters defining the two families are related to
tolerance against variations, switching speed and power consumption.

e tolerance against variations — according to values in Figure 2. 1 the CMOS circuits
have an extended voltage interval for state 0, which means a better tolerance
against oscillations around small values and a smaller chance for an uncontrolled
exit outside this state, as compared to TTL circuits.

o TTL CMOS

State 1

State 1
3.5V

Undefined

2V

Undefined

0.8V

- 1.5V

Figure 2. 1 Voltage level association with logic states

e switching speed — this parameter represents the reaction time when a state
transition should occur on output due to changes of values on one or more inputs.
Usually, the CMOS gates are slower than their counterpart.
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power consumption — the TTL circuits are power hungry, hence mobile devices
running on batteries or accumulators are equipped with CMOS gates, for a longer
life period.

Circuits from the TTL family will be studied in detail. In dedicated electronic

catalogues they can be identified by their code composed of more digits. The initial two
digits are either 74 or 54. Considering the properties mentioned earlier several categories
of TTLs can be identified:

standard.

low power.

high-speed.

Schottky (the fastest).

other combinations (e.g., Low-Power Schottky).

2.3 The basic logic gates

The basic logic gates implement the functionality of boolean operators with one

or two inputs (variables) and can be extended to more inputs. Their expression, the truth
tables and the associated graphic symbol for logic diagrams are listed in Table 2. 1.

Table 2. 1 The basic logic gates

NOT (INVerter) x, | f
f=x, 0|1
L
OR X1 Xo| £ |NOR(NOTOR) X1Xo| f XOR (eXclusive OR) Xy Xo| f
f=x1+Xg 82 2 f=x, +x¢ 82 é f=x1 P xo g(l) (1)
o T p 1ol 1 [ T et 100 | gl Ot 10| 1
X X1 1
' 11 1 11 o 11/ 0
AND X1Xo| f |NAND (NOTAND)X1Xo| f | XNOR (eXclusive NOR) %, Xo| f
f=x; %o 0010 ff=x%-% 00 1 f=x,Px=x, 0%, 00] 1
01/ o 01| 1 . o1l o
X 0
oD SR . NN (o DS S (S B 10 0
11| 1 11| 0 11 1

An analysis of the symbols shows that logic inversion is usually represented by a

small circle and the mathematical operator is represented by a bar on top of the inverted
boolean expression. Also, you should not confuse the + operator with addition, nor the -
operator with multiplication from arithmetic.

From the truth tables, the effect of the logic gates can be summarized as follows:

the NOT gate inverts the input.

the result of OR is 1 if at least one input is 1 — the equivalent for max function.
the result of AND is 1 if all inputs are 1 — the equivalent for min function.

NOR is the inversion of OR.
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e NAND is the inversion of AND.
e the result of XOR is 1 when both inputs are not equal.
e the result of XNOR is 1 when both inputs are identical.
e XNOR is the inversion of XOR.

The logic gates are associated with unique codes (Table 2. 2), which identify the
boolean operation.

Table 2. 2 Codes associated with TTL basic logic gates

Gate Code
NAND 7400
NOR 7402
NOT 7404
AND 7408
OR 7432
XOR 7486
XNOR | 74266

Note: In Project Navigator the basic logic gates are grouped in the Logic category and can
be searched by their name (AND, OR, INV etc.). INV replaces NOT.

Observation: An alternative implementation for NOR is to connect the output of
OR to the input of NOT. This solution is less efficient since it uses two gates, therefore
doubles the resources used. Also, the speed decreases because the propagation path
covers both gates, and the power consumption increases. Nevertheless, the preferred
solution is the use of dedicated logic gates implementing the behavior described by the
truth table of NOR. The situation is similar for NAND, XOR and XNOR.

2.4 Generating the truth table for a boolean expression

The computation of an expression is based on the priority of operators presented
in Table 2. 3. The results are computed for all combinations of values associated to the
variables. For n variables there are 2" combinations.

Considering the expression a - b + c the first operation will be the NAND over a
and b, followed by the operation OR over the previous result and the variable c. The
computations will use the specific truth tables of the operations. According to this rule
the intermediary values and results are presented in Table 2. 4.

Table 2. 3 Priority of operators in boolean algebra

Operator Priority
() high
[
D, 0
+ low
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Table 2. 4 Computing the truth table fora-b + ¢

abc ‘b+c abc | a‘b+c
ooo:'ﬁﬁ+o_1+o_1 000 1
001: 0-0+1=1+1=1 001 1
010: 0-1+0=1+0=1 010 1
011: 0-1+1=1+1=1 011 1
100: 1-0+0=1+0=1 100 1
101: 1-0+1=1+1=1 101 1
110: 1-1+0=0+0=0 110 0
111: 1-1+1=0+1=1 111 1

2.5 Designing the logic diagram for an expression

The connection of gates in a logic diagram follows the operator priorities. Applying
the priorities from Table 2. 3 over the expression f =b +a-a + (b + a), the result can
be calculated using the following steps:

P1=Db 4+ a (the OR inside brackets)
P2 =a + P1 (NOR operation)

P3 =a- P2 (AND operation)

f=b + P3 (OR operation)

P wnN e

Considering the gates propagate the values from inputs on the left side to the
output on the right side, the resulting logic diagram is presented in Figure 2. 2.

b P1
a P2

P3

Figure 2. 2 The logic diagramforf =b+a-a+ (b + a)

2.6 Properties of boolean algebra

Two boolean functions are considered identical if they return the same result for
all possible combination of input values.

Using the tables for the basic logic gates, the following properties can be
demonstrated true:

e Commutativelaw:a+b=b+a; a-b=b-a
e Associativelaw: (a+b)+c=a+(b+<c); (a-b)-c=a-(b-c)
e Distributivelaw:a+ (b-c)=(a+b)-(a+c); a-(b+c)=(a-b)+(a-c)
e Identityelement:a:1=a; a+0=a
o Consequences of the identity element: a4+ 1=1; a-0=0
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e |dempotentlaw:a+a=a; ara=a

e Double negationlaw:a = a

e XORoperationra@®b=a-b+a-b

e XNORoperationra®b=a-b+a-b

° DeMorgan:a-l-—b=5-B; ab=3a+b

2.7 Transforming logic gates and generating new behaviors

It is possible to generate various functionalities using the logic gates and the
properties of boolean algebra. A common example is the reduction of inputs for AND,
NAND, OR and NOR gates. A 4-input AND implementing expression a-b-c-d can be
redesigned to implement a - b using any of the following properties:a-b=a-1-b-1 =
abrab=a'b-b-b=a-a-a-b=--, etc. In these expressions, the value 1
represents the power source (5V) and is called VCC (Voltage Common Collector). It is
available on Project Navigator, in the General category. Several solutions implementing a
2-input AND using a 4-input AND are highlighted in Figure 2. 3. The solutions are similar
for AND, and NAND.

a

}7

5]
o
>

Figure 2. 3 Solutions for implementing a 2-input AND using a 4-input gate

The equivalent properties of OR operation use the constant 0, which is the ground
GND (0V) of the circuitta+b=a+0+b+0=a+b+a+b=a+b+b+b=a+
a+a+b=--, etc. Several solutions for input reduction are showcased in Figure 2. 4.
They are similar in the case of the NOR gate. GND is also available in the General category.

. a a—y a
& b b —s
b ) >

o
z L
O

Figure 2. 4 Solutions for implementing a 2-input OR using a 4-input gate

An inverter (NOT) can be implemented from a 2-input NAND or NOR by the
following expressions:a=a-1=a-a=a+a = a+ 0 (Figure 2. 5).

Figure 2. 5 Implementing NOT from other gates

1

VCC

Based on De Morgan laws, an OR can be implemented from a NAND and two
inverters. An AND can be implemented from a NOR and two inverters. They respect the

following properties: a-b=a+b, a-+b=a-b (Figure?2.6).
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a a 0
b § } b —— >0 W
OR AND
Figure 2. 6 Alternative solutions for implementing OR (left) and AND (right)

2.8 Assignments

1. Add one diagram to the project tt/_env, which implements the basic logic gates NOT,
NOR and XOR with two inputs. Use the board and the corresponding tables from Table 2.
1 to test their functionality.

2. Add the following logic diagram to the project. The diagram implements the expression
a-b+3a-b. Use the board and the table of XNOR to demonstrate the equalitya® b =
a-b+a-b.

A
(B>

ANDZ
F_XNOR

L ORZ

AND2B2

3. For each expression below calculate the truth table, design the corresponding logic
diagram, and test its behavior on the board against the truth table. Do not apply any
changes to the expressions. Finalize each point before advancing to the next.
a. ab+c

b. a-c+b-c
c. a+b-c

d a+b-c
e

f.

(a+b)-a+c
at+b-a+c
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3 Design and simulation of digital circuits using computer aided
design software (l)

3.1 Objectives

Logisim offers a dedicated environment for design and simulation of digital
circuits. Its structural elements are presented, and the handling of active controls as part
of the simulation environment. The design steps for several circuits and their simulation
sessions are detailed as guide for using this tool and its facilities. This work is mainly
focused on schematic editor and symbol editor as well as the management of the circuits
in the default library attached to the project.

3.2 The Logisim application

Logisim (v. 2.7.1) offers support for logic design of digital circuits and functional
simulation with values applied on input terminals, while highlighting the results on output
terminals. The design of the circuit has a graphical representation called logic diagram,
which contains the symbols of the inner circuits and their interconnections. Logisim
contains a set of basic logic gates and several other circuits. Nevertheless, the user has
the possibility to extend them with more complex circuits by means of hierarchy design
and encapsulation in reusable libraries. The design phase is twofold:

1. The implementation of logic diagram in the Canvas of the schematic editor by
defining the structure of the circuit. In this phase, Logisim allows the
enabling/disabling of the simulation engine.

2. The design of the circuit symbol, which enables its integration inside other circuits.
This is representative of the hierarchy design using abstraction levels of
progressive complexity.

3.2.1 The schematic editor

The schematic editor is available immediately after launching Logisim. A logic
diagram can be implemented in the Canvas (Figure 3. 1). The zoom in/zoom out control

I@ in the lower-left corner can be used to change the size of the elements in
the diagram.

3.2.1.1 Elements of the logic diagram and their packaging into libraries

The Explorer Pane (also called Toolbox) in the lateral side of the Canvas shows the
elements (tools/circuitry) that can be placed on the logic diagram. The elements are
packed into libraries. The topmost library is called Untitled, same as project name. Initially,
it contains the circuit called main, which is currently under development. Pressing [ on
the left side of a library name, will highlight the list of tools and circuits inside. For
instance, the Gates library contains the basic logic gates. The other libraries contain more
complex circuitry or useful tools required for the development of logic diagrams.
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I Logisim: main of Untitled — ] X

File Edit Project Simulate Window Help
b A|®me>DD
e

+

Untitled*
-1 main

[ Wiring o o o
=+ | Gates
NOT Gate)

- [> Buffer
[ AND Gate
- 1> OR Gate
~[» NAND Gate
- T NOR Gate
- I XOR Gate
T XNOR Gate
0dd Farity
Even Parity
- [ Controlled Buffer
- [y Controlled Inverter

Flexars
Arithmetic
Memory

LI Canvas for logic diagram
o Cenvasio _og_c_d_ag.a_.
implementation

=8

R ) ) )

E .. > Logic gates with various - - .

[+ Input/Output

G | Base \ number of inputs in the
Tool: NOT Gate ~ Listoflibrariesinthe ~~~~ ~~~~ logicdiagram

Facing East E N

Data Bits 1 Toolbox (Explorer Pane)

Gate Size Wide

Label ¥~ Properties of currently

Label Font SansSerif Plain 12 B .

selected symbol in the - -
Attribute Table -

LLd

133%

Figure 3. 1 The schematic editor in Logisim

3.2.1.2 Symbols and their properties

The symbols are graphical representations of the available circuits and tools. They
can be inserted in the logic diagram by selection, followed by a click in the Canvas. Also,
they can be drag-and-dropped to other positions. A symbol in the diagram can be
multiplied with Copy, Paste actions available in the Edit section of the menu bar. The
keyboard shortcuts for Copy-Paste are Ctr/+C followed by Ctr/+V, or simply Ctrl+Insert.
When a symbol is selected, either in the Toolbar or the Canvas, the Explorer Pane will
display its properties in the Attributes Table below the library list. For instance, by
selecting the inverter gate (NOT) the list of properties will contain the following set of
attributes (Figure 3. 1):

e Facing - orientation of the symbol (used to rotate the symbol);
e Data Bits — number of bits for the logic gate;

e Gate Size - symbol dimension in the diagram;

e Output Value - the output behavior: “0/1” is most common;

e Label —an optional text used as ID in the diagram;

e Label Font —font size for label.

The list of properties may change by the symbol type, but there is a common list
of properties for most of them. The attribute values can be modified, which may affect
the functionality of the circuit, sometimes reflected by minor changes of the symbol’s
appearance in the Canvas. For instance, a NAND gate with attribute Number Of Inputs

= 2 has the symbol |DD; with 5 inputs, the symbol changes its shape to |Dﬁ; if inputs
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2 and 4 are inverted, with attribute values Negate 2 = Yes and Negate 4 = Yes, asmall
circle appears nearby: D .

3.2.1.3 Connections between elements on the diagram

When placed in the diagram, inputs and outputs of the elements are represented
by dots visible on the boundaries of the symbol with a different color. When the mouse is

hover around an input or output pin a green circle highlights its presence £ .

To connect inputs and outputs, the user should move the mouse from one pin to
another, while keeping the left button pressed; a connection appears like this:

DO_I—D . To create a branch in a certain position of the wire the user can start a new

wire from that point to an unconnected input/output: DO_E]:) . The starting point of
a branch takes the form of a visible dot on the wire. There are two types of connections
allowed on the diagram:

e direct connection from output to input;
e connection from output to wire or from wire to input. As a side note, two
connected wires always fuse to one wire.

A cable with more wires can be created with the F SPIt=" element available in the
Wiring library. Attributes Fan Out and Bit Width In must be settothe number of wires.
Note: Any element on the diagram (symbol or wire segment) can be removed by right-
clicking it and choosing Delete in the context menu or by pressing Del key after selection.

3.2.1.4 Inputs with fixed value

The Wiring library contains the 4* Power and = Ground elements. 4 Power
generates a “1” (VCC) and <+ Ground represents the mass “0” (GND). Figure 3. 2 highlights
the usage of such inputs. Because these values propagate through the circuitry, they
produce visible effects on outputs and wires: the wires carrying “1” are colored in light-
green, while those carrying “0” are in dark-green.

vcC —» 4

>0
0

:)_

GND—»i

Figure 3. 2 Circuit with inputs connected to VCC and GND

3.2.1.5 The text tool

The text tool A Text Teol can be accessed from the Base library or from the Toolbar

& r[a]lme>D>

in the upper side . It can be used to insert a block of text in the
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diagram, without any functional effect. The text has a descriptive role or can be used to
highlight relevant labels.

3.2.1.6 Input and output terminals

Any logic diagram requires input and output terminals. Input terminals are
required to send signals to the elements of the circuit. Output terminals capture the
results. The number of input and output terminals may vary with the structure of the
circuit. During simulation, the terminals highlight their values. In Logisim, the input
terminal Fin is available in the Wiring library. In case the Output attribute is changed
to False the terminal type switches to output, and its shape turns circular @ asin Figure
3. 3. A terminal can have one or more bits defined by Data Bits attribute. For 1-bit
terminals Data Bits should be set to 1. The terminal can be named using attribute Label.

o . — a@ >0 N
1-bit input terminals \A\> b[@] {©@f «— 1-bit output terminal
clol >0 |/

Figure 3. 3 A diagram with input and output terminals highlighting their values

3.2.1.7 Simulation in Logisim

When placing input terminals, their values propagate throughout the circuitry and
generate corresponding effects. Since edit mode is enabled at startup, it is not possible to
change their values. The simulation mode can be enabled by using the ¥ Poke Tool from
the Base library or from the Toolbar[B]* 4 [ © =D > Afterwards, any click on
the input terminals will toggle their values between “0” and “1”. The return to edit mode
is possible using either & Select Tool or & Edit Tool from the Base library or from the Toolbar:

w«r]al= e =D >

When the simulation engine detects errors or incomplete connections, the output

terminal will signal unknown “® or erroneous @ values. All options linked to simulation
can be found in the Simulate menu. Simulation Enabled or Ctr/+E will toggle between
starting/stopping the simulation. Reset Simulation or Ctrl+R applies a reset on the
simulation and clears all values to “0”.

3.2.1.8 The Toolbar of the schematic editor

The Toolbar situated beneath the menu bar offers quick access to a subset of
elements that can be placed in the diagram. The Toolbar has the following structure

M A[® @ D D it is possible to bring appropriate changes by accessing
Options in the Project menu. A new window will appear, where the Toolbar tab allows
access to configuring Toolbar components.

3.2.2 The symbol editor

The circuit from the logic diagram can be encapsulated in a symbolic
representation having a rectangular shape with input and output pins (representing
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terminals). The symbol is saved in the project library; hence it is possible to be used inside
other diagrams, with the functionality of the circuit it represents. Any communication
with the circuit is possible solely through the pins of the symbol. The switch from
schematic editor to symbol editor, and back, is possible using the commands Edit Circuit
Appearance and Edit Circuit Layout from the Project menu. A quick switch is possible using

the shortcut buttons from the Toolbar: I:}”D. For instance, the symbol generated
automatically for the diagram in Figure 3. 3 is highlighted in Figure 3. 4.

File Edit Project Simulate Window Help

A/’)M-..u

-
[ 5[] Toolbar
+

output terminal

_ Untitled* 4

a main [ ]

- Wiring

+- | Gates

- Plexers r . .
+ Arithmetic input terminal pOSItIOﬂ
# | Memory . in the diagram
+- Input/output |terminals

+l- | Base

Selection: Port

200% |5

Figure 3. 4 The symbol editor associated with current diagram

The symbol and its graphical elements can be modified. The input terminals on the
symbol have a rectangular blue shape, while the outputs are circular. Selecting a terminal
pin from the symbol will highlight its position in the logic diagram. Optionally, the label of
the terminals or the name of the diagram can be placed on the symbol using the text tool

from the Toolbar of the symbol editor: \[a- v = e
3.2.3 Managing the circuits in the project library

The project library can support one or several circuits. The Add circuit +
command on top of the list of libraries can be used to add a new circuit. Logisim will ask
its name and will generate an empty diagram. The up-down buttons © * can be used to
move the current circuit into another position within the library. A circuit can be deleted
using the remove button * .

Itis possible to switch between the circuits within a library by double-clicking their
symbol in the Toolbox. The schematic editor will load the corresponding diagram in edit
mode.

The File menu contains options to Save the project, Open a project or create a
New project. A saved project will save its library in the project file.
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Note: It is important to save the project as often as possible to keep the work safe.

Selecting a symbol in the current library will display its properties. Changing the
attribute Circuit Name will rename the circuit and its symbol within the library.

3.3 Assignments

1. Create a new project in Logisim and design a circuit that contains the NOT, AND, XOR
and OR gates from the Gates library. Excepting NOT, the gates will be configured to accept
two 1-bit inputs. Add two input terminals linked to all gates and four output terminals,
one for each gate. Test the logic gates using the simulator and their truth tables.

2. Add a new circuit to the project and design the logic diagram in the figure below.
Calculate the truth table. Apply all possible combinations of values on a, b, cand compare
the results with the truth table. Switch to symbol editor and alter the symbol generated
automatically by adding the names of the terminals using the text tool from the Toolbar.

al®

}—@f_nand
bl

’ @f
clel

3. Add a new circuit for each of the following logic functions. Test the circuits using the
simulator, by confronting the results with the corresponding truth table for all possible
combinations of input values:

a) f;=a+b+c

b) f,=(G+b)-(a+¢)

¢) f=a+b-c

d f,=b-(@a+c+b-0)
e) f=a-b-c

f) f,=a+b+a+c

g) f,=a-b+b-c
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4 Design and simulation of digital circuits using computer aided
design software (ll)

4.1 Objectives

The management of the libraries is described as means to hierarchy design in
Logisim. An example of hierarchy design is detailed. The facilities offered by Logisim for
the combinational analysis of a circuit are enumerated.

4.2 Library management in Logisim

An implicit library is attached by default to a Logisim project. The library may
contain several circuits represented by their logic diagram. The file created by Logisim —
when saving the project — contains the project library with its logic diagrams, as well as
the project dependencies. This enables the possibility to load the project library into
another project; its circuits will be available for reuse. The integration of circuits from
current library or from other libraries is called hierarchy design. A library can be loaded
with command Load Library > Logisim-library... from the Project menu. Logisim will
request the associated project file, as in Figure 4. 1.

I Load Logisim File e
Look in: logisim ~| e
. 3> lab02.circ 32 lab10.circ
et 3> lab04.circ 3> lab11.circ
Recent rems ) )
3> lab05.circ 3> ProblemeCLC.circ
[ > lab06.circ > ProblemeCLS.circ
Desktop |7 lab08.circ I test.circ
T 1ab09.circ
Documents
File name: TTL .circ
- IQ“ Files of type: | ogisim Project (*.circ) “ Cancel

Figure 4. 1 When loading a library, Logisim asks the location of the project file
implementing the library

The libraries loaded into the project appear in the Toolbox area, and their circuits
— represented by symbols — are available for reuse. Figure 4. 2 highlights the access to
circuits from TTL library [1]. A project can load as many libraries as necessary, which allows
the possibility to integrate components from multiple sources.

A library can be removed from the project by right-clicking its name and selecting
Unload Library from the context menu. Selecting Reload Library will update the library.
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t { 74194 (bidir universal shift reg) WP
{1 74283 (ADD_4b) D5
t i 7442 (decimal DCD)
t § 7447 (7SEG decoder) D6
t§ 7473 (JK flip/flop w/ clear)
t§ 7474 (D flip/flop w/ clear & preset) D7
t {7476 (K flip/flop w clear & preset) C B A
t § 7495 (shift reg w/ parallel load) a1
Circuit: main
Circuit Name main
Shared Label
Shared Label Facing East
Shared Label Font SansSerif Plain 12
[@]
v
100% 2| < >

Figure 4. 2 TTL library appears in the Toolbox after being loaded. Its circuits can be

accessed via their symbols

4.3 Circuit analysis

A logic diagram supports the following types of analysis:

Circuit analysis;
Circuit statistics.

Circuit analysis is available with Analyze Circuit command from Project menu. The
Combinational Analysis window that appears when launching this utility is organized on
several Tabs as follows (Figure 4. 3):

Inputs — contains the list of input terminals detected on the diagram. They are
identified by their label or receive one automatically, if the label is missing.
Outputs — contains the list of detected output terminals.

Table — highlights the truth table of the circuit outputs. A click in the cells of
the output columns will toggle the values between 0, 1, and x.

Expression — lists the boolean expressions of the outputs in Minimal
Disjunctive Normal Form or in Minimal Conjunctive Normal Form.

Minimized — lists the functions of the outputs in a Minimal Normal Form —sum
of products (disjunctive form) or product of sums (conjunctive form) — as set
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by the Format choice. If the diagram contains up to 4 inputs, this section will
highlight the corresponding Karnaugh map. The map has an interactive
behavior: any click inside the grid will toggle the value in the corresponding
cell between 0, 1 and x. Consequently, the minimization adjusts automatically,
with effects on the grouped cells, as well as on the resulting minimal
expression. If enabled, the Set As Expression button should be pressed, to set
the minimized form as primary expression of the Combinational Analysis tool.

I Combinational Analysis — O hos

File Edit Project Simulate Window Help

Inputs Outputs Table Expression Minimized

~
Output
Output: 'm 4—/ terminal
. Format: |Sum of products
Interactive i
Karnaugh oo 01 11 10
map \ uu' 11 l Type of
= 01 (M minimization
"nufpl o o fi
Expression WEE o 0 W A click in the
L — _ _
minimized o8 cell changes
Set As Expression the Value
Generate

—_ y
minimized circuit o

Figure 4. 3 Combinational analysis of the circuit from Figure 4. 4

a

b|®@

>0
>0

c

i

d

Figure 4. 4 A logic diagram with complex structure that can be simplified using the
Combinational Analysis tool

Note: Circuit analysis works only for combinational circuits: which have their
outputs as a function of the inputs.

The Build Circuit button is available on all tabs of the Combinational Analysis
window. Pressing the button will generate a new circuit that implements the current
expressions in the Combinational Analysis tool. The tool will require the name of the new
circuit. The circuit will be attached to the project library. For example, the minimized
version of the circuit in Figure 4. 4 is highlighted in Figure 4. 5.
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DO Pa

EU =

Eo

3] =

Figure 4. 5 Logic diagram after minimizing the circuit from Figure 4. 4

The Combinational Analysis tool may also be used to generate a new circuit from
its analytical expression, truth table or Karnaugh map. When the diagram is empty the
tool can be launched with the command Combinational Analysis from the Window menu.
The input terminals may be added in the Inputs tab, and the output terminals in the
Outputs tab. The logic functions corresponding to outputs can be defined analytically in
the Expression tab, by truth tables in the Table tab or through the Karnaugh maps in the
Minimized tab. Note: Karnaugh maps are available if the number of inputs is less than 5.
After the output functions are defined, the circuit can be generated by pressing the Build
Circuit button.

Note: The analytical expression defined in the Expression tab accepts the following
operators: NOT, AND, OR and XOR. Operator NOT is represented by character ~, AND is
represented by a space, OR can be defined with + and XOR with ~. Brackets may also be
used if necessary. After finalizing the expression, the Enter button should be pressed, if
available (Figure 4. 6).

I Combinational Analysis — O *
File Edit Project Simulate Window Help

Inputs Qutputs Table Expression  Minimized

Cutput: x ~

b+abc

b + a ~(b ~c) ~

Clear Revert

Build Circuit

Figure 4. 6 Boolean expression of the output function defined in the Combinational
Analysis tool (left). The corresponding circuit generated for this expression (right)

Circuit statistics can be visualized using the command Get Circuit Statistics from
the Project menu. A new window will appear containing statistical data related to
elements found in the current logic diagram.
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4.4 Assignments

1. Create a new project in Logisim and load the TTL library. Analyze the list of circuits
inside the library.

2. Create a new diagram for the circuit in the next figure and use the Combinational
Analysis tool to generate the equivalent circuit obtained after minimization using the
Minimized tab.

D

3. Use tabs Inputs, Outputs and Expression from the Combinational Analysis tool to
implement the following logic functions in a single logic diagram.
fl=~a+b+~c f2=~(a+b)(a+c) f3=~a+~(~bc)
4. Implement the logic diagram in the next figure, which represents the design of an
unsigned 2-bit comparator unit, using 1-bit unsigned comparators (with attribute
Numeric Type=Unsigned)from the Arithmetic library, and additional logic gates. Test the
2-bit comparator in the simulator for all input combinations.
The diagram explained: The 2-bit numbers which are compared are A;Ap and B1Bo. The

diagram implements the next rules for the 3 cases possible:

(] F1 = A1Ao>BlBoZ F1=1 if A1>B1 OR (A1=Bl AND Ao>Bo),’

L] Fz = A1Ao=B1Bo: F2=1 if A1=Bl AND Ao=Bo,‘

(] F3 = A1Ao<BlBoZ F3=1 if A1<B1 OR (A1=Bl AND Ao<Bo).

1-bit unsigned Ar>B1
A1=Bl

comparators
A1<Bq

= H
B1[®] D—@FZ

Bo[@}
Ao>Bg
Ao=Bo F3
Ao<Bog

Il W

Il W
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5 Combinational logic circuits — optimization and synthesis

5.1 Objectives

The two classes, characterizing completely and incompletely specified functions,
are studied. Several strategies for function optimization are enumerated. Next, commonly
used functions are exemplified, optimized and synthesized using logic gates. The following
combinational circuits are implemented: the BCD—Excess 3 converter, the 2-bit arithmetic
comparator and the summation units.

5.2 Theoretical considerations

According to their structure, circuits can be combinational or sequential. The
outputs of the combinational circuits represent functions which are strictly dependent on
input values. When implemented with logic gates, they can be recognized for their lack of
backward connectivity, from output pins back to input pins. The functions implemented
by the outputs can be completely specified or incompletely specified.

A function is incompletely specified when the output is unknown for a subset of
input combinations of values. In such cases, the common notation used for the output is
the symbol X or @. For instance, a circuit expecting 4-bit decimal digits on its input will
have an undefined behavior for binary values in the range 1010-1111, because they do
not represent decimal digits. This is the case for the BCD—Excess 3 converter with the
behavior defined in Table 2. 3.

Table 5. 1 Truth table of the BCD—Excess 3 converter

A B C D W X Y YA
0 0 0 0 0 0 1 1
0 0 0 1 0 1 0 0
0 0 1 0 0 1 0 1
0 0 1 1 0 1 1 0
0 1 0 0 0 1 1 1
0 1 0 1 1 0 0 0
0 1 1 0 1 0 0 1
0 1 1 1 1 0 1 0
1 0 0 0 1 0 1 1
1 0 0 1 1 1 0 0
1 0 1 0 X X X X
1 0 1 1 X X X X
1 1 0 0 X X X X
1 1 0 1 X X X X
1 1 1 0 X X X X
1 1 1 1 X X X X
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5.2.1 Techniques for optimizing logic circuits

The optimization process aims to generate a new circuit with similar functionality,
but with a simpler structure. The goal is to decrease the number of operations and the
number of variables, which will decrease the necessary logic gates, their interconnections
and the length of the wires. Next, we enumerate several optimization strategies
commonly used when synthesizing circuits:

a) The use of additional variables: For instance, the set of boolean expressions
{a=(C®d)'(e®f)
b=cOd+(e®f)

and n = e @ f. The result will be a new set of expressions: {

can be rewritten using the auxiliary variablesm = c (© d
a=m-n
b=m+n"

b) Applying the laws from boolean algebra: The laws of boolean algebra are largely
used in circuit optimization. Some of the most common are: X=%, x+1=1,
x-1=%x, x+X=1 or x-X=0, etc. Considering the expressionx -y -z + x -
y-Z and applying the distributive law we obtain the following equivalent
formulations:x y-z+x-y-Z=xy-(z+2Z) =x-y-1=x"y.

c) Adopting general scale techniques, such as minimization based on Karnaugh maps
or the Quine-McCluskey algorithm.

5.2.2 Boolean functions synthesis

The synthesis starts with a graphical representation of the implemented functions
using the truth tables or the Karnaugh maps. The representation is converted to optimized
boolean expressions, which are implemented using physical circuits. The following
sections will describe several synthesis examples.

5.2.2.1 The BCD—-Excess 3 converter

The set of outputs W, X, Y, Z in the truth Table 2. 3 describe the conversion from
BCD (Binary Coded Decimal) code to Excess 3 code. Their corresponding Karnaugh maps
are presented in Figure 5. 1.

Function optimization to Minimal Disjunctive Normal Form (MDNF): Looking at
the Karnaugh map representation the goal is to identify groups of neighboring 1s and X
cells. The groups must have rectangular shapes, and their size (number of cells) must be
a power of 2. It should be considered that, for a Karnaugh map, the first and last rows as
well as the first and last columns are adjacent (neighbors). While all 1s should be part of
a group, the size of the identified groups must be maximized, and their number
minimized. Groups solely based on X cells must be avoided. A 1 or an X cell can be part of
several groups, if needed to increase their size.

A term will result for each group by applying the operator AND over the variables
which are constant within the group. The variables will be inverted if their value is 0, or
not, otherwise. The Minimal Disjunctive Normal Form is obtained by ORing the terms.

Function optimization to Minimal Conjunctive Normal Form (MCNF): The
technique is symmetrical to Minimal Disjunctive Normal Form, because it aims to identify
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groups of Os, based on the same principles. All Os must be grouped. The groups can
contain X cells, as well. The term resulted from a group apply an OR operation solely on
the constant variables within the group. The variables are inverted if their value is 1, and
not inverted, otherwise. The Minimal Conjunctive Normal Form is obtained by applying
AND over these terms.

D D

AR, 00 01 11 10 ap % 01 11 10

oo |o|lo|o|o o0 | o |la [ld] 1]

01 | 0 |[[T [[1)] 1] 01 [[1]| 0|0 | O

1 [ x [OCLXIT x| 1 [ x [ x [ x

10 Lla 1 [ x][x] 10 [0 [T X [X
w X

CcD CcD

Ap. 00 01 11 10 Ap. 00 01 11 10

00 |[(1)] 0 |[1]] 0 o0 [ 1] 0|0 (1]

o1 [[1]] o [|1]] o 01 | 1{| 0 | 0 |1

11 [ X[ | x | [x]]| x 11 | x| x| x |[[x

10 [[aJ] o [[x]] x 10 J]o | x [x]
Y z

Figure 5. 1 Karnaugh maps for the BCD—Excess 3 converter outputs

The Minimal Disjunctive Normal Forms resulted from groups identified in Figure
5. 1 will reveal the following expressions:

(5.1)

5.2.2.2 The 2-bit unsigned comparator

The 2-bit unsigned comparator have the inputs N1=A1A¢ and N;=B1Bo. The outputs
are F1, F; and Fs. Their functionality respects the following rules:

e Fi=1, if N;>N; and F1=0, otherwise;
e F,=1,if N:=N, and F,=0, otherwise;
e F3=1, if N1<N; and F3=0, otherwise.

The block diagram of the 2-bit unsigned comparator is presented in the following
figure.

— A, e s
—»{Ag

Fo—>
—» B

Fsl—>
—(B, 3

Figure 5. 2 Block diagram of the 2-bit unsigned comparator
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As noticed in the previous lab work, the 2-bit unsigned comparator can be
implemented using 1-bit unsigned comparators and additional logic gates. An alternative
solution is fully based on logic gates. It uses the Minimal Disjunctive Normal Forms of the
outputs, as functions of the 4 variables: A1, Ao, and B1, Bo, respectively. The Karnaugh maps
can be filled according to simplified rules. For F1, the 1s in the Karnaugh map are matched
where A1A0>B1Bo. Similarly, in the Karnaugh map for Fs3, the 1s indicate A1A0<B1Bo, while
for F,, they indicate A1Ao=B1Bo. The rest of cells are Oed. The diagrams are highlighted
below:

1Bo 1Bo
1 11 1 00 01 11 10
AAS 00 O 0 AR

00 0 0 0 0 00 0 0 0

01 (11| o | 0 | O 01 0 0| O

11 )] 1] o | @ | 11 0| o0 0

10 t ' 1Jl o] o 10 olo] o
F1 F2

00 0|1 L%} 1)

01 oot | 1)

11 o/ 0|0]oO

10 0] o0 |[1]]0
F3

Figure 5. 3 Karnaugh maps for the 2-bit unsigned comparator outputs

Based on groups identified in the Karnaugh maps, the resulting Minimal
Disjunctive Normal Forms for F1, F2 and Fs are:
Fi =A 'B—1+A0‘B_1'B—0+A1'A0'B_o
F; :A_1'A_0'B_1'B_0+A_1'AO'B_1'BO +A1-Ag By Byt A 'A_O'B1'B_o (5.2)
F3 :A_1'B1 +A_O'Bl'B0 +A_1'A_0'Bo
Using the boolean algebra laws, F; can be further simplified as:
F, =A;-B;-(Ag-Bg+Ag-Bg) +A;-By-(Ag-By+Ay-Bp) =
=(A;-B;+A;-By) - (A OBy) = (A1 ©OBy) - (Ag O By) (5.3)
5.2.2.3 The 1-bit full adder

The 1-bit full adder is the basic element when implementing summation on inputs
with n bits. For an n-bit adder, the 1-bit full adder is cascaded n times. The 1-bit full adder
unit implements the summations of 2 input bits plus a carry input bit ci, (Carry In), that
can be generated from inferior ranks. On the output, the 1-bit full adder unit generates
the result bit s (Sum) and the carry bit cout (Carry Out) that remains to be forwarded at the
superior rank. The block diagram and the truth tables are highlighted in Figure 5. 4.
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a b Cn | Cout S

4 0O 0 0|0 O

S 0 0 1 0 1

—> Cin + Cout —> O 1 0 0 1
3 b 0 1 1 1 0

T T 1 0 0 0 1

1 0 1 1 0

1 1 0 1 0

1 1 1 1 1

Figure 5. 4 Block diagram and the truth table for a 1-bit full adder

From the truth table above the Karnaugh maps of the outputs can be generated:

) 00 01 11 10 S o000 01 11 10
d
0 o| o [[1]] O 0 0 0
1 0 | (1 1) 1 0 0
Cout S

Figure 5. 5 Karnaugh maps for the 1-bit adder outputs

The resulting Minimal Disjunctive Normal Forms for cout and s are:

Cout=a-cin+b-cin+a-b

_ - 5.4
s=a‘b-c,+a-b-¢g,+a-b-¢,+a-b-¢, =...=a®bBc;, (5-4)

5.2.2.4 The 4-bit (half-byte) adder designed by cascading 1-bit full adders

A 4-bit adder, for inputs As.o and Bs.o, can be implemented with four 1-bit full
adders connected to allow the carry bit propagation from lower ranks to higher ranks
(cascading). The carry input at the lowest rank will be connected to 0 (GND) — the result
will be a 4-bit half-adder. The highest carry output bit will indicate an overflow. The logic
diagram is presented next:

! ! I I
S S S S
GND— cn 4+ Cout[® Cn + Cout[® Cn + Cou[ G F Couu > Cour
b b b b
o rtr ot 1t
Ao Bo Aq B, A, B, A3 Bs

Figure 5. 6 Design of a 4-bit half-adder by cascading 1-bit full adders

Note: Similarly, 4-bit adders can be cascaded to implement summation units on
multiple of 4 number of inputs bits: the carry input at the lowest rank will be connected
to 0, while the rest of the carry lines will be interconnected to forward the carry bits to
superior ranks.

35



LOGIC DESIGN LAB WORK 5

5.2.2.5 Designing adders using minimization techniques

An alternative solution is to express the outputs of Taple 5. 2 A 2-bit half-adder

the adder as functions of input bits. From the truth tables, Ar Ao B: BolCour S1 S
it is possible to generate the Karnaugh maps and extract 000 o0lo0 o0 o
the Minimal Disjunctive Normal Forms, which canbe § o o 1|l 0 0 1
synthesized using logic gates. For instance, a 2-bitadder g o0 1 0|l 0 1 o0
implementing the sum A1Ap+B1Bo, will outputthesumon o 0 1 1/ 0 1 1
S1So, plus a carry out Cour bit. Its functionality isdescribed 0 1 0 0| 0 0 1
in Table 5. 2. Functions S1, So, and Cout can be minimized 0 1 0 1| 0 1 O
using the Karnaugh maps and the boolean algebralaws, 0 1 1 0 0 1 1
leading to the following expressions: 01111 0 O
1 0 00[{0 1 O

Cour =A;-Bi+A,-B;-By+A;-Ay- B 100 1l0 1 1
S1=A, DB, D (A - Byp) (5.5) 1010l1 0 o

So = Ao @ By 101 1|1 0 1

Note: The pros with minimization techniques (vs. 1 1 0 0] 0 1 1
cascading) is the reduced number of logic gates. Thecons 1 1 0111 0 O
is the exponential number of combinations involved in the 11101 0 1
111 1({1 1 O

minimization process, as the number of variables
increases. Since the minimization based on Karnaugh maps is limited to 4 inputs,
alternative solutions should be adopted, such as the Quine-McCluskey algorithm.

5.3 Assignments

1. Calculate the Minimal Disjunctive Normal Form of f=}/(0,4,7,10,12,13) +
Y9(1,8,15).

2. Implement and test on the board the output W of the BCD—Excess 3 converter.

3. Implement and test on the board the output F; of the 2-bit unsigned comparator, using
XNOR gates.

4. Implement and test on the board the 1-bit full adder. For the s (Sum) output use XOR
gates.

5. Implement and test in Logisim a 4-bit half-adder using 1-bit adders (with attribute Data
Bits = 1) from the Arithmetic library.

6. Implement and test in Logisim an 8421(BCD)-2421(Aiken,
https://en.wikipedia.org/wiki/Aiken code) converter. For implementation, design the
truth table and generate the Minimal Disjunctive Normal Forms.
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6 Basic MSI combinational circuits

6.1 Objectives

The most common circuits from the MSI (Medium Scale Integration) family are
analyzed and their functionality is tested. We enumerate the demultiplexers, the
multiplexers and the decoders. From the same family, we also study the priority encoder
and the binary-Gray converter.

6.2 Theoretical considerations

The TTL circuits in the MSI family encompass around 50-500 transistors.
Considering their complex functionality, the MSI family is often preferred when
implementing digital circuits, mostly because they reduce the size of the circuit, while
replacing a significant number of basic logic gates and their interconnections. In practice,
a hybrid approach is preferred, which combines MSI circuits with basic logic gates. Next,
we will study several MSI circuits, with simple structures, which are commonly used in
hardware synthesis.

6.2.1 Demultiplexers

A 1:n demultiplexer (DMUX 1:n) has an input x, n outputs y;, and m selection
signals sk, where n=2™. The output indicated by the value on selection signals will take the
value of the input, while the rest of the outputs will be Oed. The effect can be described
as:yi=x, ifi=Ynod s, X 2k, otherwisey; = 0.

The DMUX 1:2 implementation, its symbol and the function table are highlighted
in Figure 6. 1. Calculating the Minimal Disjunctive Normal Form will conclude the following
expressions for the outputs: yo=x-5,y1=x"5s.

Yo y S X|[Yo y1

X N :}—Dw 0 0|0 O
Y1 0O 1(1 O
D—Dyl 1 0[0 0

s 1 1|10 1

Figure 6. 1 DMUX 1:2 symbol (left), its implementation (middle) and the function table
(right)

Demultiplexers with a higher number of inputs can be synthesized using basic logic
gates or by cascading smaller demultiplexers. For instance, a DMUX 1:4 can be
implemented with three DMUX 1:2 units, cascaded on two logic levels:

37



LOGIC DESIGN LAB WORK 6

Yo = (x-51) - So

y1 = (X-51) " sg

_‘__ﬁi(x‘sl)'so

ys= (X-51) - Sp

[y
~
WNERO
i
w - yO

$1'Sp

Figure 6. 2 DMUX 1:4 symbol (left) and its implementation with DMUX 1:2 units (right)

Note: When input x = 1, the demultiplexer has the functionality of a decoder,
because it enables the output indicated on the selection bits.

There are demultiplexers with a higher number of inputs such as DMUX 1:8, 1:16,
1:32, etc.

In Logisim, the demultiplexers are available in the Plexers library. Their size can be
set using the Select Bits attribute, which refers to the number of selection inputs. The
width of data input and data output signals can be set to 1 bit by having attribute Data
Bits = 1. Optionally, the demultiplexer can have an additional enable input, which can
be removed by setting Include Enable = No.

In Project Navigator, 1:4, 1:8 and 1:16 demultiplexers can be implemented using
the decoders D2_4E, D3_8E, and D4_16E respectively, which are available in the Decoder
category. The E (Enable) input of the decoder can be used as data input of the
demultiplexer. The data inputs A; can be used as selection bits. A 1:2 demultiplexer is
available in the local library of the ttl_env project. Its name is D1_2.

6.2.2 Multiplexers

A n:1 multiplexer (MUX n:1) has n inputs x;, an output y, and m selection signals
sk, Where n=2". The output will get the value of the input indicated by the selection bits.
Multiplexers are useful when one signal should be selected out of several inputs. Its effect
can be expressed as: y = x;, where i = Y1 s, X 2k,

The 2:1 multiplexer highlighted in Figure 6. 3 selects the input indicated by the
signal s. Using the function table and calculating the Minimal Disjunctive Normal Form,
the resulting expression for the output signal becomes: y=xp -5+ x1 * s.
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S Xo X1|Y

0 0 0[O

0 0 1|0

o 0 1 01
y y 01 11
1 0 0]0

1 0 1|1

1 1 0]0

1 1 1)1

Figure 6. 3 The symbol of MUX 2:1 (left), its implementation (middle) and the function
table (right)

Designing multiplexers with a higher number of inputs is possible through
cascading smaller multiplexers, or by using basic logic gates. For instance, a MUX 4:1 can
be implemented with three multiplexers MUX 2:1, cascaded over two logic levels:

&)_.O
1 LY
&2_,24:1
)13_,3

S11Sg

Figure 6. 4 The MUX 4:1 symbol (left) and its implementation with cascaded units (right)
The multiplexers can be extended to a power of 2 inputs: MUX 8:1, 16:1, 32:1, etc.

In Logisim, multiplexers are available in the Plexers library. Attribute Select Bits
controls the number of selection bits; Data Bits controls the number of bits on data
inputs and output. The enable can be removed by setting Include Enable = No.

In Project Navigator, the multiplexers are available in the MUX category. Their
names are M2_1, M2_1E, M4_1E and M8_1E, respectively. The suffix E indicates the
presence of the enable. It must be connected to VCC, otherwise the output will be 0.

The TTL circuit 74151 in Figure 6. 5 implements a MUX 8:1 unit with inputs Dy, ...,
D;, having selections A, B, C and two complementary outputs: Y and W, respectively.
Output Y is active high and output W is active low. They are related by the following
expression: W = Y. The selection bits generate the binary number CBA,. There is an
additional enable input called STROBE (S), which is active low. If STROBE = 0 the circuit
functions normally, otherwise Y=0and W =Y = 1.

In Logisim, the TTL circuits are available inside the TTL library. Inside the project
ttl_env, the TTL circuits are available in the local library. Their name is prefixed by TTL_,
followed by their code.

39



LOGIC DESIGN LAB WORK 6

l STROBE C B A|Y W
STROBE
(DO D0 1 X X X|0 1
[Bf— 0 0 0 0Dy D,
. L 0O O0 0 1|(D,D;
% 74151 0 0 1 0|D,D,
(| wo— (W =2
oot o 10 0|D,D,
S 0 1 0 1|DgDs
0 1 1 0|DgD,
o 11 1|D,D,
3 S

Figure 6. 5 The TTL circuit 74151 implements a MUX 8:1 unit

6.2.3 Decoders

The decoder has n inputs and maximum 2" outputs. The decoder activates the
output indicated by the input bits. The rest of outputs are disabled. The decoders can
have active high or active low outputs.

The TTL 7442 circuit in Figure 6. 6 (left) is a BCD-decimal decoder with 4 inputs
(the BCD code represented by DCBA;), and 10 active low outputs, counted from 0 to 9.
The function table is highlighted in Table 6. 1. For input values in range 1010,-1111, the
outputs are disabled (set to 1).

(&> A u

[B—e !

G 2

(A |a ip—oo> o D 3
[B>——1B To—{or T
© o 2 5
[O>—o 3 5o— 08>
7aa2 * 74154

5 so—108>

61— 06> so— 09>

7 Rl 010

g m on

ir— o9 72

T 013

Gl e O14

&2 s 015

Figure 6. 6 The decimal decoder 7442 and the hexadecimal decoder 74154

The 16-bit output version is implemented by TTL 74154. This is a hexadecimal
decoder DCD 4:16. Any input value in range 0-15 will enable a corresponding output (with
value 0). This circuit has two additional active low enable inputs G1 and G, respectively.
To enable the circuit, G1 and G should be set to 0 (GND), otherwise the outputs will be
disabled (value 1).
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Table 6. 1 Function table of the decimal decoder 7442

BCD Decimal
D CBAO1 2 3 456 7 8 9
o 0oo0o0f0O1 11 11 1 1 1 1
o 0011201 1 11 1 1 1 1
0 01 0/11 0111 11 11
0 011121101111 11
01 0 0/11 110111 11
010 112111 1 01 1 11
011012112111 01 11
01111111 1 1 1 0 11
1 0002111111 1 0 1
1 00 1211 1 1 1 1 1 1 0O
1 010211 11 1 11 11
101 1121 1 1 1 1 1 1 1 1
11 00211 1 1 1 1 1 1 1
11 0 12f2 1 1 1 1 1 1 1 1 1
111021111 1 11 11
111 111711 11 1 11 1 1

6.2.4 Encoders - the priority encoder

The priority encoder has 2" inputs and n outputs. The code generated on the
outputs indicates the active input with the highest priority. The priority increases with the

index.

The circuit 74178 is a priority encoder with 8 inputs and 3 outputs. All terminals
are active low (Figure 6. 7). Additionally, there is an active low enable input El (0 — enable,
1 — disable) and two outputs, GS and EO, respectively. GS is enabled (GS = 0) when the
output code on A is valid. A code is invalid when the circuit is either disabled (El = 1) or
there is no active input. The EO output signals an error. It is activated (EO = 0) if the circuit
is enabled and all inputs are disabled. The function table is highlighted below:

Inputs Outputs

_ _ Eljlo 1 2 3 4 5 6 7|A A AGs|EO
[o—0a0 “ o x o x X x o x x x|1 1 1]1]1
[—a" 5 A o0l1 111111 11 1 1]1]0
M2—q & £ X X X X X X x 0lo o o001
03 0|X X X X X X 0 1]/0 0 1|01
[0+ 74148 0|X X X X X 01 1|0 1 o|0]|1
[E—0qs O|X X X Xx 011 1|0 1 1|01
0" 0{X X X 0111 1|1 0 0of|0]1
U—a7 _ O|X X 01111 11 0 1]|0](1

Gs

o da = = O0[X 0 11111 1|1 1 0]|0]1
0j]o 111111 1|1 1 1]0]1

Figure 6. 7 The priority encoder 74148 (left) and its function table (right)
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6.2.5 Conversion units — the 4-bit binary-Gray converter

The converters perform the transition from one code to another. Usually, they are
used for communication purposes, linking systems using different encoding schemes.

The 4-bit binary-Gray converter has 4 inputs and 4 outputs. A binary code on the
inputs will generate a Gray code on the outputs (the inverse conversion is also possible).
The function table is presented next:

Bz B, Bi1 By | Gz Gy Gi Gog

O 0o 0 0|0 0 0 o

o o o 1l0 0o o0 1

o o 1 oo o 1 1

o o 1 1]0 0o 1 o0

0 1 0 0|0 1 1 0 pgr— —G,
o 1 0o 1|0 1 1 1 T:)D—DG
o 1 1 o|lo0o 1 o0 1 B 2
o 1 1 1|0 1 0 O :)D_D
1 0 0 0|1 1 o o B o1
1 0 0 1|1 1 0 1 g ) >
1 0 1 o1 1 1 1

1 0 1 1|1 1 1 o0

1 1 0 o|1 o 1 o

1 1 0 1|1 o 1 1

1 1 1 0|1 o o 1

1 1 1 1|1 0o 0 o0

Figure 6. 8 The 4-bit binary-Gray conversion (left) and the design of the circuit (right)

Each output G; is a separate boolean function of 4 variables (the input bits). Using
minimization and boolean algebra laws, the output expressions can be reduced to: G; =

B3,G2 :B2®B3,G1 :BI®B2IGO :B()@Bl.

6.3 Assignments

Implement and test on the board the 74151 multiplexer.

Implement and test on the board the 7442 decimal decoder.

Implement and test on the board the 74148 priority encoder.

Implement and test in Logisim a DMUX 1:2 unit, using basic logic gates.

Implement and test in Logisim a DMUX 1:4 unit, by cascading DMUX 1:2 units.

Implement and test in Logisim a MUX 4:1 unit, by cascading MUX 2:1 units.

Implement and test in Logisim the hexadecimal decoder 74154.

Implement and test in Logisim the 4-bit binary-Gray converter.

Implement function f(A,B,C,D,E)=B-C-D+C-D-E+B-C-E+A-B-D+A-
- C - D using one 16:1 multiplexer and constants 0, 1. The variables cannot be inverted.

W o o N WwN e
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7 Complex MSI combinational circuits

7.1 Objectives

The structure of several complex MSI combinational circuits is studied, such as:
the multiplexer with multiple data bits on datapath, the adder, the arithmetic-logic unit
and the BCD-7 segment decoder. An adder-subtractor unit is implemented using only
adder units, and its functionality is analyzed. Cascading is used as strategy to extend the
bit width.

7.2 Theoretical considerations

Complex MSI combinational circuits are widespread in applications based on
digital circuits. For instance, the most frequent operations in computational devices are
arithmetic and logic, therefore arithmetic-logic units are ubiquitous. Extending the
number of bits of the datapath is an implicit consequence of having most computations
performed on operands with a multiple of 8 bits (1 byte). In most cases the results are
displayed in base 10. The BCD-7 segment decoders represent a common solution to
converting binary values to the format specific to 7-segment display units.

7.2.1 Multiplexers and demultiplexers with multiple bits on the datapath

The multiplexers forward one input from a list to a single output. The
demultiplexers forward a unique input value to one of several outputs. The selection is
based on the value set on the selection bits. Both multiplexers and demultiplexers can
have multiple-bit datapath. For instance, the data inputs and output of a MUX 4:1 unit
with 3-bit datapath consist in 3-bit data lines (buses). This can be interpreted as having
three 1-bit MUX 4:1 units, sharing 2 selection bits, as in Figure 7. 1.

o
= WNRO
ey
=

0

Figure 7. 1 The MUX 4:1 with 3-bit datapath —implementation with three 1-bit MUX 4:1
units (left) and the symbol (right)

Similarly, a DMUX 1:4 with 3-bit datapath can be implemented with three 1-bit
DMUX 1:4 units, sharing the selection bits, as in Figure 7. 2.
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3
—3—

Figure 7. 2 The DMUX 1:4 unit with 3-bit datapath — implementation with three 1-bit
DMUX 1:4 units (left) and the symbol (right)

The TTL 74157 implements a 4-bit MUX 2:1 unit. The symbol of the circuit is
highlighted in Figure 7. 3. Data inputs As:1, Ba:1 and the output Ys.1 are 4-bit wide. The
selection bit S decides the input forwarded to the output:

A4:1, lfS = 0

Y, = {B4;1; o1 (7.1)

The G input (Strobe) enables the circuit, when G=0. If G=1, the outputs are Oed.

@—(L

G

Al bl

- Inputs Output

(53> A G (Strobe)|S (Select)| A; B; Y;

A vz 1 X X X 0
74157 0 0 0 X 0

0 0 1 X 1

B Y3 0 1 X 0 0

B2 0 1 X1 1

B3

B4 5 4

o

Figure 7. 3 Multiplexer 74157: the symbol (left) and the function table (right)

7.2.2 Circuits implementing arithmetic and logic operations

The basic arithmetic operations are summation and subtraction. The TTL 74283
circuit (Figure 7. 4) implements 4-bit binary summation of operands As.1 and Ba.1. The
result is calculated on output Ss.1. The circuit has a carry input Co of rank 0, and a carry
output Cq4, of rank 4. The Cq4 line signals the overflow. The carry lines can be used to extend
the number of bits by cascading several 74283 units. Note: Setting Co=1 is equivalent to
incrementing the result by +1. The arithmetic expression implemented by 74283 is:

(C4S4S3SZSI)2 = (A4A3A2A1)2 + (B4B3B2B1)2 + (OOOCO)Z (7 2)
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CIN co s1]

At

A2 s2]

3

A 74283 g3l

o1

B2 st

B3

Z e —fcouT

Figure 7. 4 The 4-bit adder 74283

7.2.2.1 Implementing the 4-bit adder-subtractor

In 2’s Complement representation, the subtraction can be implemented by adding
the first term with the 2’s complement of the second term. The 2’s complement is the 1’s
complement plus 1, meaning that: A—B=A+ B =A+B+ 1. On 4-bit operands the
expression becomes:

(A4A3A2A1)2 - (B4B3B2B1)2 = (A4A3A2A1)2 + (§4§3E2§1)2 + (0001)2 (7 3)
In boolean algebra, an expression ¢ follows the rules: e @ 0=¢eande P 1="¢.
Consequently, addition and subtraction admit the next XOR-based formulation:

{(A4A3A2A1)2 + (B4B3B;B1), = (A4A3A;A1), + (B4,B3B,B;0000), + (0000),
(A A3A5A;); — (B4B3B,B;), = (A4A3A%A,), + (B4B3B,B;®1111), + (0001),

Both operations can be unified as (C,S,S35,S1), = (ALA3ALA ), +
(B4B3B,B; ®Sel Sel Sel Sel), + (0 0 0 Sel),, where Sel=0 for addition and Sel=1 for
subtraction. It is possible to implement the expression with a 74283 unit and 4 XOR gates,
as follows:

SEL> co s
Ay Al
2> n 52
A3 A3
[Ad> A 74283 33
E— ) o
[
XOR2 B2 4
|:
P B4 c4
[
XOR2
N :)J —
XOR2

Figure 7. 5 The 4-bit adder-subtracter unit implemented with 74283
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7.2.2.2 Implementing the 8-bit adder-subtractor

When extended to 8 bits the adder-subtractor expression has the following
formulation:

(CgS5S7S6S554535,51)2 = (AgA7AsAsALAzALA ), +
+ (BgB,B¢B<B,B;B,B,®Sel Sel Sel Sel Sel Sel Sel Sel), + (0000 0 0 0 Sel), (7. 4)

When implemented in hardware, the expression uses two cascaded 74283 adders
and 8 XOR gates. One adder will perform summation on bits ranked 1-4, having the Sel
signal connected to its Co input. The other adder will perform summation on bits ranked
5-8, with Co connected to the carry output Cs of the other unit:

SEL co 51
A A

A2 a2 sz
A3

as 14283 s3]

:‘ ]] h B1
XORZ B2 54
:)) ) B3
s B4 cé —‘
XORZ

XOR2

B

1)

|
[

Al

=
o

AB 2 52
A Al
a4 14283 =3

:‘ ]] b B1
XoRz B2 54
:)) ) B3
e B4 cel

XORZ

) Oo——

XORZ

Figure 7. 6 The 8-bit adder-subtracter implemented by cascading two 74283 units

7.2.2.3 Arithmetic-logic units

The 74181 circuit (Figure 7. 7) performs 2’s complement arithmetic and logic
operations on 4-bit operands As.o and Bs.o. The current operation is defined by the binary
code set on the selection inputs S3.0. Each code represents two operations: a bitwise logic
operation is performed when input M=1, and an arithmetic operation is performed when
M=0. The result is output on F3.0. The carry input (Cn) and carry output (Cna) signals are
active low. They are useful when cascading 74181 units to extend the bit width. The
output EQ (or A=B) tests the equality between As.q and Bs.o, when performing A minus B
minus 1 (when S3.0=0110). The table below highlights the complete set of operations:
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[AD>— A0 Selection inputs Operations
A e B
[AZ>— A2 F 0 0 0 0 0 .
A3 F2 0 0 0 1 iTE A+B
[BO——ro : o 0 1 o0 A-B A+B
(B— o o0 1 1 0 minus 1
) 0 1 0 O A-B Aplus (A-B)
74181 0 1 o0 1 B (A + B) plus (A- B)
N - o 1 1 0 A@B | AminusB minus1
50 o 1 1 1| A'B (A-B) minus 1
[ST— 1 0 0 0 A+B A plus (A-B)
-— i} 1 0 0 1 ADB Aplus B
N 1 0 1 0O B (A + B) plus (A-B)
” 1 0 1 1 A-B (A-B) minus 1
[—m e 1 1 0 © 1 Aplus A
T 1 1 0 1| A+B (A + B) plus A
&n ona Chd 1 1 1 0 A+B (A+B) plus A
11 1 1 A A minus 1

Figure 7. 7 Circuit 74181: the symbol (left) and its operations (right)
(+=0R, - = AND, & = XOR, plus = summation, minus = subtraction)

7.2.3 Displaying decimal digits

The testing board has eight 7-segment display units used for displaying decimal
digits (Figure 7. 8) [1]. A decimal digit appears on each display by lighting up a subset of
the 7 segments (Figure 7. 9). The status of the segments is controlled by 7 signals, called
cathodes, indexed from A to G. The cathodes are shared by all displays. Each display has
an individual enable signal, called anode. The anodes of the displays are indexed 0-7, in
right to left order. Note: Because cathodes are shared, all displays will highlight the same
decimal digit, however there are techniques to display different digits, for decimal values
with more digits. The anodes and cathodes are active low. By default, the cathodes have
a value of 1 and the anodes have a value of 0, meaning that displays are active, but their
segments are inactive (by default, the displays are blank).

® .. e
Al

- Eight 7-segment displays

SENSOR

Figure 7. 8 The 7-segment display units on the testing board

Cathodes 7 =y =y

s b IZ0

F B o B -

o B B

Gepsi
ed I E 1]

Figure 7. 9 The segments on the 7-segment display and the decimal digits configuration
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Circuit 7447 is a BCD-7 segment decoder, which converts 4-bit binary codes to the
cathodes’ configuration associated with the corresponding decimal digit on the 7-
segment display. The complete set of associations is highlighted in Figure 7. 10.

0000 0001 0010 0011 0100 0101 01100111 1000 1001 1010 1011 1100 1101 1110 1111

0| 12134156118/ |5[VIEiE

CIl |-

Figure 7. 10 Symbols on the 7-segment display associated to binary codes

The outputs of the decoder representing the A-G cathodes are active low (Figure
7.11). The inputs LT, RBI, BI/RBO are reserved for testing, therefore they are disabled
in a normal regime, by connecting to VCC.

%0 O
Al b
w2 o
AS 7447 dp—H D>
VCC — LT To—JE>
VCC — R To—F
VCC —} BIURBO go—G>»

Figure 7. 11 The 7447 BCD-7 segments decoder

In Logisim, the 7-segment display is available in Input/Output library and has active
high inputs, therefore the outputs of the 7447 decoder must be inverted with NOT gates.

In Project Navigator, the cathodes and the anodes are found in a separate section
of the .ucf file:

## 7 segment display
NET "A" LOC=T10 | IOSTANDARD=LVCMOS33; # cat a
NET "B" LOC=R10 | IOSTANDARD=LVCMOS33; # cat b

7.3 Assignments

Implement and test on the board the 74157 multiplexer with 4-bit datapath.
Implement and test on the board the 74283 4-bit adder.

Implement and test on the board the 4-bit adder-subtractor using the 74283 unit.
Implement and test on the board the 7447 BCD-7 segment decoder.

Implement and test in Logisim the 8-bit adder using 74283 units.

Implement and test in Logisim the 8-bit adder-subtractor using 74283 units.
Implement and test in Logisim the 4-bit arithmetic-logic unit 74181.

Noukwhe

7.4 Bibliography

[1] Digilent, “Nexys A7 Reference Manual”, Available online:
https://digilent.com/reference/programmable-logic/nexys-a7/reference-manual
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8 Sequential logic circuits — bistable elements

8.1 Objectives

The synthesis and functionality of common bistable elements is studied. For the
synthesis part, the implementation is strictly NAND-based. The functionality highlights
their specific behavior according to input commands, which can be asynchronous or
synchronous. The advantages and disadvantages concerning different types of clock signal
synchronization (e.g. level based, or edge based) are detailed. Finally, a method for
implementing a bistable with other types of bistables, and logic gates, is presented.

8.2 Theoretical considerations

The sequential logic circuits are level 1 automata characterized by internal state
and outputs, which can be controlled using input commands. The simplest sequential
circuits are the bistable elements, also known as bistables. They have two distinct states
coded as 0 and 1, meaning they can store one bit of data. When powered, the state of the
circuit can be maintained indefinitely or can be changed. The bistables have two
complementary outputs, representing the internal state and its inverted value,
respectively.

Considering the reaction from the input commands the bistables are classified as
asynchronous and synchronous. The asynchronous bistables have an immediate reaction,
when triggered. The synchronous bistables react depending on the clock signal state. The
clock is a signal oscillating between 0 and 1, with a period T and a frequency f=1/T. The
synchronous bistables can have asynchronous inputs with immediate effect on their state,
when activated. These inputs have priority over synchronous commands. Usually, the
asynchronous inputs are used to initialize the state of the bistable to 0 or 1.

8.2.1 The asynchronous SR latch

The asynchronous SR latch has two asynchronous inputs, one for set (S) and
another for reset (R). The function table is highlighted in Table 8. 1.

Table 8. 1 Function table of the asynchronous SR latch (Qf = current state, Q'*! = next

state)
S R Qt+l
0 0 Qt
0 1 0
1 0 1
1 1 *

The synthesis with NAND gates can be obtained from the Minimal Disjunctive
Normal Form (MDNF) by inverting twice and applying De Morgan law (Figure 8. 1). Note:
Inputs Sn and Rn are active low.
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Qts R| Q! QtI

inverted twice
8 8 (1) 8 1 + De Morgan

—1Q>
010 1 0 MDNF _ E—
011l x X Qt+1=S+(Qt'R)=S'(Qt'R) NAND2Z
1000 1 O = MDNF [
101l o 1 Q*T—=R+ (Q-5) =R-(Q¢-5)
1 ¥ y NANDZ2
111] X X
Figure 8. 1 Synthesis of the asynchronous SR latch using NAND gates (Sn=S, Rn=R, Qn=Q)

8.2.2 The synchronous SR gated-latch

The SR gated-latch has a clock signal CLK, and two active high inputs S and R,
implementing the functionality in Table 8. 1. Signals R and S are synchronized with the
clock signal, meaning they can only affect the bistable state when CLK=1. This type of
circuit can be implemented using NAND gates, by extending the implementation of the
asynchronous SR latch according to Figure 8. 2.

4,(1
- 0 O 0 X
_ 0 1 10
} Q 1 0|01
Ri
async SR latch 11 X0

Figure 8. 2 Synthesis of the synchronous SR gated-latch using NAND gates (left) and its
excitation table (right)

The excitation table in Figure 8. 2 can be extracted from Table 8. 1. It highlights
the values on the input commands S, R, necessary for a certain behavior on the bistable
state. These values are defined for all combinations of current and future states. For
instance, the top row highlights that keeping the state to 0 (Q'=0, Q**!=0) is possible when
S=0 and R=X (R can be 0 or 1). For the second row, changing the state from 0 to 1 (Q!=0,
Q™*'=1), requires S=0 and R=1 on inputs.

8.2.3 The D gated-latch and the D flip-flop (D = data/delay)

The D gated-latch has one synchronous input called D. When CLK=1 the value on
D is transferred to the state of the bistable. The symbol of the circuit and its synthesis
with NAND gates are presented in Figure 8. 3.

T
CLK ga

R }D‘LQ
SR gated-latch

Figure 8. 3 The symbol of the D gated-latch (left) and its NAND-based synthesis (right)

|
jo]
!

|
ol
,

CLK
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Note: A D-latch can be implemented using an SR bistable with S=D and R=D.

Both the function table and the excitation table (Table 8. 2) expose the expression
Q! = D, which describe the future state as a function of the input D. The expression is
also called the characteristic equation of the D bistable.

Table 8. 2 The function table (left) and the excitation table (right) of the D bistable

CLK D | Qt*1 Q' Q™Mb
0o 0 |0
0 1 |1
1 0 |0
1 1 |1

The behavior of the bistable is highlighted in the next timing diagram. The input D
affects the bistable state when CLK=1 — the trigger is on the positive level — and it is
blocked when CLK=0. Both intervals are marked with green and red in the diagram.

CLK 0 ] | o
D ] 1
Q ] [

D is blocked D is unblocked D is blocked

Figure 8. 4 The functionality of the D gated-latch triggered on the positive level

Note: There are D latches triggered on the negative level, meaning input D is
effective when CLK=0.

The TTL 7474 implements the D bistable with two additional asynchronous inputs
for set (PR) and reset (CLR). The PR (preset) and CLR (clear) are active low. Their effect
is immediate, and they have priority over the input D. When PR = CLR = 1 (disabled), D
is triggered on the rising edge of the clock. The rising edge takes place when CLK shifts
from 0 to 1. Bistables with edge-based trigger are also called flip-flops. Level-based trigger
bistables are called latches. The behavior of the flip-flop is presented in the timing
diagram from Figure 8. 5. You can notice the effect of input D, only on the rising edge. The
bistable reacts immediately after the edge.

I PRCLR CLKD|Q®**
—{pD PR Q}—> 0 0 X X| * CLK o f 1 | of1
—bCLK
R T e
<
1 1 0 X|Q Q | |D
1 1 MD|D PR=CLR=1

Figure 8. 5 The 7474 D flip-flop (left), the function table (middle) and its rising edge-
based behavior (right)
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Note: In Project Navigator, all TTL-based sequential logic circuits in the tt/_env
project have an additional input, called CKF (ClocK-Fpga), which must be connected to the
clock signal of the board, with a similar name. The clock signal of the board must be
declared in the .ucf file, in the clock section, as follows:

## Clock signal

NET "CKF" LOC="E3" | IOSTANDARD ="LVCMOS33";

NET "CKF" TNM_NET = sys_clk_pin;

TIMESPEC TS_sys_clk_pin = PERIOD sys_clk_pin 100 MHz HIGH 50%;

Important: The user clock on the test board will be generated using any of the 5
buttons. For each push, a button may generate several clock pulses due to mechanical
deterioration (noise). The DECOUNCER unit (Figure 8. 6) available in the library of the
ttl_env project, can be used to filter out false pulses. Its BT_IN input will be connected to
the button terminal. The filtered signal will be available on BT_OUT. The CKF input will be
connected to the clock signal of the board. The test circuit for TTL 7474 is highlighted, as
follows:

o o T a—T®
7474
BTN BT_IN BT_OUT CLK R @
DEBOUNCER CKE
CKF CKF CLR

Figure 8. 6 The circuit for testing 7474 D flip-flop in Project Navigator

Note: The .ucf file contains a special section for declaring the buttons in use:

## Buttons
NET "BTN" LOC=N17 | IOSTANDARD=LVCMOQS33; # center

In Logisim, the signal CKF is missing, because it is specific only to FPGA boards. The
DEBOUNCER unit is unnecessary because the simulator is noise-free.

Note: In practice, there are also D flip-flops triggered on the falling edge (on the
clock shift from 1 to 0). Several solutions exist for implementing edge-based triggered
bistables from level-based triggered bistables. One solution is to connect two SR latches
in a master-slave configuration. The D input is connected to the master, and the Q output
is generated by the slave. The implementation with NAND gates is highlighted in Figure 8.
7. The master has direct connection to the clock signal, while it is inverted for the slave,
leading to an effect of alternate triggering for both latches.

Functionality: A command on input D affects the master while CLK=1, but its
output cannot propagate to the slave, until CLK=0. The values for the signals are
highlighted in Figure 8. 8. It can be noticed how blocking intervals alternate based on the
value of the CLK, leading to the edge-based effect: only the most recent command before
the falling edge will trigger the output, with results visible immediately after the edge.
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A S A

CLK SR master SR slave
BDED DD
R Q. A R Qs

Figure 8. 7 Implementation of the master-slave D flip-flop using NAND gates

CLK 0 | 1 0
D 0 | ' 1 |
S 0 | 1 w
3 1 | 0o
Q 0 | 1
D master is blocked T D master is unblocked b}HD master is blocked

S., R, slave are unblocked ' S, R, slave are blocked 'S,, R slave are unblocked
Figure 8. 8 The behavior of the signals from a master-slave D flip-flop
8.2.4 The JK gated-latch and the JK flip-flop

The JK gated-latch has two synchronous inputs J and K, replacing the S and R inputs
in a SR gated-latch. The functionality is almost like an SR circuit, except when J=K=1, the
bistable state inverts itself. The function and the excitation tables are presented next:

Table 8. 3 The function table (left) and the excitation table (right) of the JK gated-latch

CLK J K Qt+1 Qt Qt+1 J K
0 XX| Qf 0 O 0 X
100 Q 0 1 1X
101 O 1 0| X1
110 1 1 1 X0
111 Q¢

The NAND-based implementation extends the structure of an SR gated-latch with
the following expressions for the inputs: S = @ -], R = QY - K (Figure 8. 9 — left). Merging
AND gates with NAND gates generates the 2-level logic circuit in Figure 8. 9 — right.

[ : LeveI2: Level 1
A DA e L ke
o = I g -
| Q i I
KTD\R% gated-latch K:T—DQT )

Figure 8. 9 The JK gated-latch implemented using basic logic gates
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The master-slave version of the JK flip-flop below is triggered on the falling edge.
The reactions are connected from the output of the slave to the input of the master:

B -
CLJK;qzj:i% %:g )

Figure 8. 10 The master-slave JK flip-flop implemented using NAND gates

The edge-based triggering advantage over level-based triggering is outlined when
J=K=1, because the bistable state suffers only one change during a clock cycle (Figure 8.
11). For a level-based triggered JK latch, multiple changes are possible, depending on the
duration of the clock period, which can lead to uncertain behavior.

¢k | of1] o1l of2] o1

J=K=1 1
Q 0 1 | o [ 1

Figure 8. 11 The master-slave JK flip-flop state changes once per clock cycle

Circuits TTL 7473 and TTL 7476 implement master-slave JK flip-flops triggered on
the falling edge. The 7473 has an asynchronous input CLR (clear) for reset. The 7476 has
both an asynchronous CLR and an additional asynchronous set, called PR (preset). The
asynchronous inputs are active low and have priority over the synchronous inputs. The
circuits are highlighted in Figure 8. 12.

- =]

— ] 7473 Q— K J PR a—a@
—>CLK _
—{ K CIR Q> BTN BT_IN BT_OUT cLk 7476
? DEBOUNCER K @
[ CKF CKF ’7 CKE CLR
CLR J

Figure 8. 12 The 7473 JK flip-flop (left) and the testing circuit for 7476 JK flip-flop (right)

8.2.5 The T gated-latch and the T flip-flop (T = toggle)

The T gated-latch has one synchronous input, called T. When T=0, the state is
unchanged. The state toggles when T=1. There are also flip-flop variants of the T bistable.
Its falling-edge triggered variant is presented in Figure 8. 13. Considering the function
table, the characteristic equation is: Q™' = T @ Q. Note: The behavior is identical to a
JK bistable having J and K connected to T. The right side of Figure 8. 13 highlights the
implementation of a T flip-flop using the 7476 JK flip-flop.
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CLKT Qt+1 Qt Qt+1 T (L
—T aQ— 0 x| Qt 0 0|0 T-+—)] PR Q-
— 1 X| Q 0 1|1 —pCLK  —
—GCLK Q— d 0 Qt 1 0 |1 * K CLR_Q—
= ?7476
b 1| @ 1 1|0

Figure 8. 13 The T flip-flop triggered on the falling-edge (left), the function and
excitation tables (middle) and its implementation using the 7476 JK flip-flop (right)

8.2.6 Implementing a bistable with other types of bistables

Implementing a bistable of type A with a bistable of type B is based on both
excitation tables, as follows:

1. The pairs in both tables are associated based on similar values for the current and
next states (Qf, Qt*1). A new truth table is generated, which places the current state
Q! and the type A bistable inputs on the left side, while having the type B bistable
inputs on the right side.

2. The expressions of the type B bistable inputs are extracted using the values from the
truth table.

Several examples of bistable “conversion” are presented next:
a) Implementing D using JK

When implementing a D using a JK we use their excitation tables:

Qt Qt+1| D QL QH* J K
0 0 0 0 O 0 X
0 1 1 0 1 1X
1 0 0 1 0 X1
1 1 1 1 1 X0

Pairing common values for (Q¢, Qt*1) in both tables we obtain the truth table
below, which expresses the J, K inputs as functions of current state Q¢ and input D. The
expressions for J and K can be extracted using the Minimal Disjunctive Normal Form from
the Karnaugh maps: ] = D and K = D. We obtain the following implementation:

QtD| JK
0 ol ox
0 1] 1x

= D J Qr—+
1 0| X1 - {(—Dﬁ % _
1 1] X0 B K Q—

Figure 8. 14 Truth table for inputs J, K and the implementation using a bistable of type D
b) Implementing D using T

We use the excitation tables for D and T, and generate the truth table expressing
T. By extracting the expression from the table we end up with the following solution:
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Qt Qt+1 D Qt Qt+1 T QE D T \4_) :
0 0 |0 O 0|0 o0 o o )

p—L =T S >
001 |1 40 1 (14001 14 1 pgq c
1 0 |o 1 001 10 1 R Q—
1 1 |1 1 100 11| o ?

Figure 8. 15 The steps for implementing a D bistable using a T bistable
¢) Implementing T using JK

Using the excitation tables for T and JK we generate the truth table expressing the
inputs J and K. By extracting the expressions from the table we obtain the following circuit:

Qf Qt+1 T Qt Qt+1 ] K QfT|JK :

0 00X 2
0 0|0 0 00X =1 T 7 s Qb
0 1 |1 440 1 |1X g 01]2X _
1 0|1 1 0 [X1 11(X1 K=T K R Q>
1 1]0 1 1 [x0 10X0 v

Figure 8. 16 The steps for implementing a T bistable using a JK bistable

8.3 Assignments

1. Implement and test on the board the asynchronous SR latch using NAND gates.

2. Implement on the board the 7474 D flip-flop. Test the asynchronous and synchronous
commands.

3. Implement on the board the 7476 JK flip-flop. Test the asynchronous and synchronous
commands.

4. Implement and test in Logisim the synchronous SR gated-latch using NAND gates.

5. Implement in Logisim a T flip-flop using the 7476 JK flip-flop. Test the asynchronous
and synchronous commands.

6. Implement in Logisim the 7473 JK flip-flop. Test the asynchronous and synchronous
commands.

7. Implement in Logisim a JK flip-flop using the 7474 D flip-flop. Disable the asynchronous
commands, by connecting to VCC, and test the synchronous commands.
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9 Sequential logic circuits — counters

9.1 Objectives

The function of the counters is defined, and their general properties are studied.
The advantages and disadvantages of implementing asynchronous and synchronous
counters with JK flip-flops running in toggle configuration are analyzed. Several integrated
circuits implementing 4-bit count-up and up-down counters are presented, while focusing
on their behavior and specific details.

9.2 Theoretical considerations

The counters are sequential logic circuits, which count the number of clock cycles
registered on their clock input. They are implemented with flip-flop bistables. The number
of flip-flops sets the number of bits used for counting. The number of states defines the
counter capacity. In an asynchronous counter the flip-flops trigger at different moments
of time. For synchronous counters, the flip-flops trigger simultaneously at moments
defined by the clock signal state. Considering the state succession, counters can be direct,
inverse or reversible. In general, direct counters count upwards, inverse counters count
downwards, and reversible counters are capable of counting both ways. The counting can
be binary, decadic or modulo p. The sequence counted by a modulo p counter contains p
(p<2™) n-bit values.

9.2.1 The asynchronous count-up binary counter

The asynchronous count-up counter has the simplest structure, being based solely
on JK flip-flops running in toggle configuration (J=K=1). No additional circuitry is required.
The counter is asynchronous because, excepting the rank 0 flip-flop, which is connected
to the CLK signal, the clock input for any higher rank flip-flop is connected to the output
of the inferior rank flip-flop. Figure 9. 1 highlights the implementation with JK flip-flops of
a 3-bit asynchronous count-up binary counter. The counter size can be extended by
adding more flip-flops. Note: The active-low RST signal resets the counter to O,
asynchronously (the effect takes place immediately).

Qo Q. Q,

Jo Qo Jl Ql JZ O~2_T
CLK—-CLKy  _ >CLK, bCLK,  _
Ko Ro QO K1 R1 Ql Kz Rz QZ

1 T 1 I 1 T

Figure 9. 1 3-bit asynchronous count-up binary counter implemented using JK flip-flops

The timing diagram in Figure 9. 2 shows the various states registered on the
outputs of the asynchronous count-up binary counter, implemented with 3 JK flip-flops.
The counting loops is 0-7. Each falling edge of the CLK advances the counting by +1. Also,
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a falling edge on the output state of a flip-flop triggers the toggling of the superior rank
flip-flop. The transition from 111, to 000 is the slowest, because all flip-flops must toggle
in sequential order. The drawback: considering that CLK cycle period must be higher than
the slowest transition, increasing the size of the counter limits the working frequency.

CLK [of 1lo|1lo]2bof1lo]1lo|1lo[1bo]1)o]1

% | o T Tl o1 lo T 1o 1] o

Q | ol o 1 T 1 0o 01 10 o

Q, 0. 0 o ! o 1 1 1 1§ o
Q,Q,Q,| 000 ' 001 ' 010 ' 011 ' 100 ' 101 : 110 | 111 : 000 001 ..

Figure 9. 2 The timing diagram for a 3-bit asynchronous count-up binary counter

Analyzing the waveforms for outputs Q; in Figure 9. 2, it can be noticed that each
flip-flop generates a clock period, double the amount of clock period generated by the
inferior rank. Consequently, the JK flip-flops running in toggle configuration are frequency
dividers with a factor of 2. Compared to CLK signal, Qo, Q1 and Q; apply a division factor
of 2, 4, and 8, respectively.

9.2.2 The synchronous count-up serial binary counter

The frequency limitation problem encountered for asynchronous counters is
partially solved by synchronous serial counters. In this case, the JK flip-flops trigger
synchronously, being connected to the same CLK signal, as in Figure 9. 3. The J and K inputs
are connected, however the boolean function controlling their values can be extracted by
analyzing the behavior of each bit during the counting loop. Table 9. 1 highlights the

values registered on the outputs for the loop 0-15.
Table 9. 1 Outputs of a

Analyzing each column Q;, the following associations can 4-bit counter

be noticed: Qo toggles each clock cycle; Qi toggles when Qo=1; Nr|Q; Q, Q; Q,
Q; toggles when Qi=1 and Qo=1; Q3 toggles when Q=1 and Q;=1 60000
and Qo=1. By analogy, a flip-flop should toggle when all flip-flops ; 8 g 2 (1)
of inferior rank have a value of 1. Consequently, the following 3l o 0111
boolean expression are true for inputs J; and K;: 4lo0 100
Jo =Ko =1 elo1 10

]1=K1=Q0 (9.1) 710111 1

J.=K;=Q1-Qo 8l 1°0 00
J3=K3=0Q2°Q1"Qo 9/1 001

. . . ) 1001 0 1 0

In a serial configuration, 2-input AND gates are 1111 0171
connected serially, to implement the operations required, 1211 170 0
because they have a simple structure. The drawback with the 131 1 01
serial connection is the increase of propagation delay with the 141110
increase of flip-flop number, when extending the counter size. 105 é é (1) (1)

The consequence is a partial limitation of the clock frequency.
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Qs

Jo Qo
SCLK,
Ko Ro Qo

|

RST *

CLK—e o

Figure 9. 3 4-bit synchronous count-up serial counter implemented using JK flip-flops

9.2.3 The synchronous count-up parallel binary counter

To remove the limitations imposed by the serial connection, a solution would be
to use multiple-input AND gates, which implement the expected boolean expressions
simultaneously, as in Figure 9. 4. The propagation delay is dictated by the slowest AND
gate. In matters of complexity, the slowest gate has the highest number of inputs,
however its time delay is significantly lower than 2-input AND gates connected serially.
Consequently, the working frequency is less affected when increasing the counter size.

90 Q Q, Qs
0—’_D L
[
Jo Qq ™4 Q J, Q, J3 Qs
SCLK | POk, SCLK, SCLK;
KO RO Qo _’Kl R1 Ql Kz Rz QZ K3 R3 O{-}
g [ [ T
RST * * .
CLK—e * ’ 3

Figure 9. 4 4-bit synchronous count-up parallel counter implemented using JK flip-flops

9.2.4 The synchronous up-down decade counter 74192

Circuit TTL 74192 in Figure 9. 5 is a 4-bit up-down counter, running the counting
loop 0-9, associated with the decimal digits. The counter has an asynchronous reset
command MR (Master Reset). The reset sets the counter to 0. A second asynchronous
command PL (Parallel Load) sets the counter to the 4-bit value registered on inputs Po..
The reset has priority over the load. The load command PL is active low. The current value
of the counter can be read on outputs Qs.o. The effect of the signals is presented in the
function table from Figure 9. 5.

To enable the count-up, the clock signal must be connected to CPy (Count Up), and
CPp (Count Down) must be connected to 1. To enable the count-down, the clock signal
must be connected to CPp, and CPy must be connected to 1.
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e ,,, MR PL CPy CPp| Q4%

<P3]

R PL
PL PO P1 P2 P3 1 X X X [(0000);
BT_IN BT_OUT TcU Tcu 00 X X p
DEBOUNCER 74192 _ 3:0
[ CKF CKF cPe ep TCD 01 1M1 g:0+1
CKF MR Q0 Qi Q2 @3 t
[ BTNR BT_IN BT_OUT 011 /[\ Q3:to'1
DEBOUNCER [WR> 0 1 1 1] Q3
=l s

Figure 9. 5 Testing circuit for counter 74192 (left) and the function table (right)

At count-up, the active low output flag TCy; (Terminal Count Up) signals the upper
bound (by having TCy; = 0), when reaching value Q3.0=1001. Similarly, at count-down, the
active low output flag TCp (Terminal Count Down) signals the lower bound (by having
TCp = 0), when reaching value Q3.0=0000. Note: The signaling takes place in the second
part of the clock cycle, as shown in Figure 9. 6. The expressions for TC; and TCp, are:

T_CU = Q3" Qo '@U

TCh=0Q3°Q2- Q- Qo Ch

(9.2)

cp cp
Qs < 1001 >< 0000 >UC°U”" Q3DO < 0000 >< 1001 > ﬂcount

down
TCy I TCp

Figure 9. 6 Signaling the upper and lower bounds for 74192

The 74192 counter has synchronous self-correction mechanism: in case the current
value is outside 0-9, the state will return to the counting loop after several clock cycles.

9.2.5 The synchronous up-down binary counter 74193

Circuit TTL 74193 in Figure 9. 7 is the binary version of counter 74192. It counts
the complete 4-bit counting loop in range 0-15. The inputs and outputs have different
names, but their functionality is the same as for 74192.

i l l l l Clear Load CountUp CountDown L
Load A B C D 1 X X X (0000),
—PCountUp 74193 Carrypo—> 0 0 X X (DtCBA)Z
—p>CountDown Borrow o—> 0 1 T 1 Q?:A”l
Clear Qa Qg Q¢ Qp 0 1 1 ™ Qh.4-1

Figure 9. 7 The symbol for counter 74193 (left) and the function table (right)

The signals Clear and Load represent the asynchronous reset and load with the
binary value DCBA;, respectively. The inputs CountUp and CountDown are the clock signal
inputs. When connecting the clock to one of them, the other input must be connected to
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1. The current value of the counter can be read on outputs Qp:a. According to the timing
diagrams in Figure 9. 8, the output Carry signals the maximum value 15 when counting
up, and the output Borrow signals the minimum value 0 when counting down. The
signaling takes place only when the clock signal is 0. Accordingly, the boolean expressions
for Carry and Borrow are:

Carry = Q3 - Q2 - Q1 * Qo - CountUp

—_— (9.3)
Borrow = Q3 Q, - Q; * Q, : CountDown
CountUp ] | CountDownJ | c
Qo < 1111 >< 0000 >Hcou”t Qs < 0000 >< 1111 >ﬂd°unt
own
Carry I | Borrow |

Figure 9. 8 Signaling the upper and lower bounds for 74193

9.2.6 The synchronous count-up decade counter 74162

Counter 74162 (Figure 9. 9) counts the 4-bit loop 0-9. The current value of the
counter can be read on outputs Qs.o. The clock signal is applied on input CP (Clock Pulse).
The active low command SR (Synchronous Reset) resets the counter synchronously (on
the rising edge of the clock), setting its value to 0. The active low command PE (Parallel
Enable) loads the counter synchronously with the 4-bit value on inputs Ps.0. According to
function table in Figure 9. 9, the command SR has priority over PE. Both have priority

over counting.

<P3]

SR PE CET CEP CP| Q&%

PE PO P1 P2 P3 0 X X X 1 |(0000),

BTN BTON  BT_OUT 10X X7 P30
SEBOUNCER cET 74162 TC 111 1 1[Q4e+1

CKF J.i CKF SR Q0 Q1 Q2 Q3 110 X X 5:0
11X 0 X| Q%

Sp

Figure 9. 9 Testing circuit for counter 74162 (left) and the function table (right)

Q3]

To activate the counting, signals CEP and CET must be set (CEP=CET=1), and
synchronous commands SR, PE must be disabled (SR = PE = 1). The output TC
(Terminal Count) signals when reaching the upper bound 1001,, by enabling TC=1 (Figure
9. 10). The output TC is functional only when CET=1, according to the expression:

TC=Q3°Q;-Qu Qo CET (9.4)

Considering that values outside the counting loop can be loaded, the counter has
synchronous self-correction mechanism, which brings the counter state back to the loop,
after maximum 2 clock cycles.
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el LT 1
Qs < 1001 > 0000 >
TC | |

Figure 9. 10 The output TC signals the presence of the upper bound for 74162

9.2.7 The synchronous count-up binary counter 74163

The counter 74163 is similar to the decade counter 74162 presented in the
previous section, except that the counting loop is 0-15. According to its symbol,
highlighted in Figure 9. 11, the terminals of the counter have different names, but their
functionality is preserved, as described in the table below.

(L l l l l Clear Load ENP ENT CLK| Q&2
. EL'\(l)Sd A B C D 0 X X X 7 |(0000)
—» ENT 74163  RCOf—> 1 0 Xx X 1 |(DCBA)
—P>CLK 1 1 1 1 M|Qhatl
Clear Qa Qs Qc Qo 1 1 0 X X| Q4,
T Vv v v o 1 1 X 0 x| Qha
akd LT L
Qpa < 1111 >< 0000 >
rRcO |

Figure 9. 11 Counter 74163, the function table and the signaling of the upper bound

The active low commands Clear and Load, reset and load the binary value DCBA,,
respectively. Both have priority over counting. To enable the counting, ENP and ENT must
be activated (ENP=ENT=1). The current value of the counter can be read on outputs Qp:a.
The output RCO (Ripple Carry Output) signals when reaching 15, the maximum value. The
behavior is described in the timing diagram from Figure 9. 11. The expression for RCO is:

RCO=0Qp-Qc-Qp-QaENT (9.5)

9.3 Assignments

1. Implement on the board counter 74192. Test the reset and load commands, the up-
down counting, the self-correction, and the signaling of the boundaries.

2. Implement on the board counter 74162. Test the reset and load commands, the
counting, the self-correction, and the signaling of the upper bound.

3. Implement in Logisim counter 74193. Test the reset and load commands, the up-down
counting, and the signaling of the boundaries.

4. Implement in Logisim counter 74163. Test the reset and load commands, the counting,
and the signaling of the upper bound.

5. Implement in Logisim a 3-bit asynchronous count-up binary counter, using 7473 JK flip-
flops. Test the counting loop.

6. Implement in Logisim a 4-bit synchronous count-up serial binary counter, using 7473
JK flip-flops. Test the counting loop.
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10 Sequential logic circuits — applications based on counters

10.1 Objectives

Several methods are presented for extending the counting loop, by cascading
smaller counters with reduced number of bits. The differences between binary and
decade counters are analyzed, when implemented with multiple counters. The
implementation of modulo p counters is studied, while highlighting the particularities
specific to counters used.

10.2 Theoretical considerations

Digital systems with larger number of bits incorporate counters of higher capacity.
The size of the counters can be extended by cascading smaller counters. For instance,
using the 4-bit counters studied in the previous work, the size can be extended to any
multiple of 4 bits by connecting several such units. Consequently, the counting loop is
extended from 2% values to 2™4, where n represents the number of cascaded counters.

Another situation frequently met in digital systems is the reduction of the counting
loop to a subset of values from the total of 2" n-bit values. A counter of capacity p, where
p<2", is called a modulo p counter. The p values can be randomly chosen, meaning there
can be several counting loops defined for the same p. For instance, the decade counter
representing the decimal digits (with the counting loop 0-9) is modulo 10.

10.2.1 Extending the counting loop

The increase of the counting loop, using cascaded counters, respects the following
principle: the counting for the lowest ranking counter is enabled every clock cycle; any
other counter from the list of cascaded counters will activate its counting once, for each
end of the inferior counter counting loop.

When cascading 74193 up-down binary counters, the carry and borrow flags must
be connected to the clock signals of the superior rank counter (if any), as highlighted in
Figure 10. 1:

e At count up, the counter on Qs has its CountUp input connected to the clock
signal, while the CountDown input is connected to 1. Consequently, the Borrow
output flag will be kept inactive to 1, meaning the Q7.1 counter will increment once
for every rising edge registered on the Carry flag, specifically on the transition
from 15 to 0 of the Qs.o counter (Figure 10. 2 — left).

e At count down, the Qs.ocounter connects its CountDown input to the clock signal,
and CountUp=1. Hence, the Carry flag will be 1 (inactive), and the rising edge on
the Borrow flag, at the 0 to 15 transition (Figure 10. 2 — right), will decrement the
Q7.4 counter.
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Load Do D; D, Ds D, Ds Dg Dy
load A B C D Toad A B C D
—>CountUp 74193 _ Carryo—>CountUp 74193 _ Carrypo—»
—]>CountDown Borrowo—>CountDown Borrowp—»
Clear Qn Qg Q¢ QOp Clear Qs Qg Qc Qp
Clear Qo Q; Q, Q3 QG & Q Q@
Figure 10. 1 Cascading two 74193 counters
CountUpJ | c ; CountDown_T | Count
oun
Q 1111 0000 0000 1111
T >U S >ﬂdown
Carry [ Borrow 1

Figure 10. 2 The counter 74193 generates a rising edge on Carry or Borrow, at the end
of the loop

Note: The 8-bit loop on the outputs has 256 values, in range 0-255 (Figure 10. 4 —
left).

When cascading up-down decade counters 74192, their interconnection follow
similar rules: the output flags TCy and TCp are connected to clock inputs CPy and CPp,
respectively, as in Figure 10. 3. The output values must be interpreted in base 10, after
converting 4-bit pairs to corresponding decimal digits. At runtime, each 10 consecutive
values on Qs correspond to a change on Qz.4. The values registered on outputs Q.

generate the loop 00-99: 00, 01, 02, ... 09, 10, 11, 12, ... 19, 20, 21, 22, ... 99, 00, 01, 02, ...
(Figure 10. 4 —right).

PL Do D: D; D3 TA T T D,

pL Po P1 Py Ps pL Po P1 Py P3
—P>CPy 74192 TC,p—p>Cpy 74192  IGpo—
—PCPp TCoo—>CPy TCop—>

MR Q Q; Q, Qs MR

T
MR Q, Q Q, Q3 Q QG Q QO
Figure 10. 3 Cascading two 74192 counters

Note: The asynchronous reset and the asynchronous load with D7, are shared by
all counters. Their effect is simultaneous.
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Q.. Qyy Q,., Qi
Binary 0 0000 0000 Decimal 00 0000 0000
count 1 0000 0001 count 01 0000 0001
2 0000 0010 02 0000 0010

.. 0000 ... .. 0000 ...
up 14 0000 1110 up 08 0000 1000
t 15 0000 1111 F 09 0000 1001
16 0001 0000 10 0001 0000
17 0001 0001 11 0001 0001
18 0001 0010 12 0001 0010

.. 0001 ... .. 0001 ...
30 0001 1110 18 0001 1000
31 0001 1111 19 0001 1001
| 32 0010 0000 20 0010 0000
down 33 0010 0001 down 21 0010 0001
34 0010 0010 22 0010 0010
2541111 1110 98 1001 1000
255 1111 1111 99 1001 1001
0 0000 0000 00 0000 0000

Figure 10. 4 The 8-bit counting loops: binary (left) and decimal (right)

Itis also possible to cascade binary and decade counters. If the objective is a binary
counter, the less significant bits Qs.o should be the outputs of 74193, and the rest of bits
Qz7.0, should be the outputs of 74192 (Figure 10. 5). The ensemble will generate a counting
loop in range 0-159 (15910=10011111;). Otherwise, if the decimal counter 74192 counts
on Q.0 the loop will be discontinuous, because after 10 consecutive values, the following
7 values will be skipped: 0, 1, ... 9, 16, 17, 18, ... 25,32 ...

Load Do D1 Dz D3 D4 D5 D6 D7

load A B C D PL Po P: P2 P3
—P>CountUp 74193 _ Carryo—>CPy 74192 EO—>
—>CountDown Borrowp—>CP, TCoo—>

Clear Qa Qs Qc Qp MR (io Clll Cllz Cllza

Clear o, Q; Q, Qs Q Q Q Q

Figure 10. 5 Cascading counters 74192 and 74193 to generate a binary counter

When cascading 74163 count-up binary counters (Figure 10. 6 — left), they must
share a common clock signal. The counter on Qs.0 should always be active, by enabling
inputs ENP=ENT=1. The rest of counters should have ENP=1, and ENT should be connected
to the RCO output flag of the inferior counter. Since RCO activates when Qs,0=1111, the
higher rank counter increments on Qs. transition to 0000, as shown in the timing diagram
from Figure 10. 6. Afterwards, the RCO flag is disabled for the next 15 cycles. The resulting
8-bit binary loop is 0-255.
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LOW T D[ D[ T
load A B C D load A B C D CLKm
17> ENP 1—> ENP o < 1111 0000
1—» ENT 74163 RCO » ENT 74163  RCO— Q0 < >< >
= PaK oy
Clear Qs Qc Q Clear Qs Qc Q
T T f lc f Qzs  val > Vahl

CLK Clear Q@ Qi Q; Qs Q Qs Qs Q

Figure 10. 6 Cascading two 74163 counters (left); the counting for the superior rank
counter is enabled when the inferior rank counter ends its loop (right)

Cascading decade count-up counters 74162 (Figure 10. 7) follows the same
principles as for 74163. The resulting 8-bit counting loop has 2 decimal digits, in range 00-

99.

PE Dy D; D, Ds D, Ds Dg Dy

e L

74162 TC>
TC |

Val+1

CLK SR Q, Q; Q, Qs Q Qs Qs Q

Figure 10. 7 Cascading two 74162 counters (left); the counting for the superior rank
counter is enabled when the inferior rank counter ends its loop (right)

Figure 10. 8 highlights an 8-bit counter implemented using a decade counter
74162, and a binary counter 74163. To avoid loop discontinuities, the binary counter must
be placed on outputs Qs..

load Do Di D, D3 D4 T D[ Dy
load A B C D PE Po P1 Py Ps3
1—» ENP 1—»{ CEP
1—» ENT 74163 RCO » CET 74162 TC—>
>CLK CP_
Clear Q4 Qs Qc Qp SR Q O Q, Qs

y

CLK Clear 0, Q; Q, Q3 Q Q Qs Q
Figure 10. 8 Cascading counters 74162 and 74163 to generate a binary counter

The binary loop of the 8-bit counter in Figure 10. 8 is in range 0-159 (15910=1001
1111,).
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10.2.2 Modulo p counters with continuous loop

The loop of a modulo p counter contains p n-bit values, out of the 2" possible
values. Continuous loops contain consecutive values, but the start value, the end value
and the counting direction can be customized. Considering the output bits of the counter
are linked to other synchronous units, only values registered (visible) at the rising edge of
the clock signal are important. Other intermediate values are ignored; hence they are not
considered part of the counting loop.

The strategy behind implementing modulo p counters using 74192, 74193, 74162
and 74163 units, is to load the start value after reaching the end value. If the start value
is 0, the load can be replaced by reset. The end value can be decoded with additional logic,
or using the carry/borrow flags, when possible. Note: The counters used when
implementing modulo p counters should be able to count all the values in the loop. For
instance, when using a decade counter, it is possible to implement only modulo p counters
with values in range 0-9.

Note: If the counter is Oed at startup, and this value is outside the modulo p loop,
several clock cycles will be required before entering the counting loop.

When using 74192 and 74193 counters, the reset and load commands are
asynchronous. If Val represents the end of loop, a reset or load will overwrite Val
immediately, before the next rising edge. Consequently, Val is removed from the loop. To
avoid such effect, the solution is to delay the load for one clock cycle, therefore, to detect
Val+1 at count up or Val-1 at count down. Considering the start of loop is Ds., the
implementation is highlighted in Figure 10. 9. Inputs A, B, C, D will be connected to 0
(GND) or 1 (VCC) as indicated by Ds.o. If D3.0=7 (710=0111;), then A=1, B=1, C=1 and D=0,
respectively. Note: When not used, Clear must be disabled. The values of the signals when
the loop is restarted, are highlighted in Figure 10. 10.

Do D1 D2 Ds Do D D; Ds
load A B C D losd A B C D
CLK —>CountUp 74793 _Carryp 1—>CountUp 74193 _ Carryp
1 —P>CountDown Borrowp CLK—>CountDown Borrowpb
Clear G Qs Qc Qo Clear Qs Qs Qc Qo
3| Detect A3 Detect
0 Y Vval+1 0 M val-1
y v
Q QG Q@ Q Q Q1 Q Qs

Figure 10. 9 Implementing loop Ds.0-Val using counter 74193; count up loop (left) and
count down loop (right)

67



LOGIC DESIGN LAB WORK 10

Val+1 Val-1
cak - L_f 1_f cak o L L1
Q3.4 Val Ds., >< D3+l D;.ot2 Qs Val Dsyo >< Dsol D32

Load —|_| Load —|_|

Figure 10. 10 Signal values at count up (left) and count down (right) when restarting the
loop Ds.0-Val, implemented with 74193

The presence of a certain value on the outputs of the counter can be detected by
implementing the corresponding minterm, using an AND gate, but knowing that Load is
active low, the NAND gate is more appropriate. If the decoded value is 15 or 0, the Carry
and Borrow flags can be used instead. For instance, when implementing a 0-14 loop
counter, value 15 can be decoded using the Carry flag. Loading the start value 0 can be
issued by enabling Clear and keeping Load inactive (Figure 10. 11 — left). When
implementing loop 7-15, the start value 7 should be loaded when detecting 0 (0=15+1),
as in Figure 10. 11 —right.

1 1 1 O
(L l l l l load A B C D
Load A B C D CLK_‘DCOUHtUp 74193 Carryp
CLK_‘DCOUI'\tUp 74193 Carry 1_{>g|(;uar:tgian a Bocr{owo
1—>CountDown Borrow 8 ¢ b
Clear Qa Qg Qc Qp

e

Q Q Q@ Qs Q Q Q Qs

Figure 10. 11 Loops 0-14 (left) and 7-15 (right), implemented using counter 74193

The implementation using the decade counter 74192 is similar, excepting the
counting loop, which must be in range 0-9. Figure 10. 12 highlights the implementation of
loops 6-0 (6 is loaded when 9 is detected) and 8-1 (8 is loaded when 0 is detected).

0 1 1 o

PL Po P1 P3s Py

1—]>CPy 74192 EJO PL Po P1 Ps P4_
CLK—DC'\PADR e a a QTCDO 1—>CPy 74192 TCyp
T L—2—2 CLK—>CPp TCp
E;::B: MR Q Q; Q, Qs
0
l—%z}\—“—j v by
Q@ Q; Q@ Qs 0 Q Qi Q; Q3

Figure 10. 12 Loops 6-0 (left) and 8-1 (right), implemented using counter 74192

When using 74162 and 74163 counters, only count up loops are possible, in range
0-9 or 0-15, respectively. The end of loop is detected, followed by a reset or load with the
start of loop. Since reset and load are synchronous, their effect is only after the next rising

68



LOGIC DESIGN LAB WORK 10

edge of the clock, thus avoiding the overwrite of the end of loop. The implementation of
the loop Ds.-Val, using the counter 74163, is presented in Figure 10. 13, along with the
actual signal values, when the loop is restarted.

Do D1 D; Ds

load A B C D
1—>{ ENP cak L 1 1

1= ENT 74163 RCO
CLK—P>CLK. Qs VGI9< val >< D3y >@3:o+1
Clear Qu Qs Qc Qp Toad —II
(r 1 .._r\_r\_L Detect ||
1 ¢ — Val
. >

v v r 4
Q Q Q Qs
Figure 10. 13 Implementing loop Ds.o-Val using counter 74163 (left), and the signal
values, when the loop is restarted (right)

To implement the loop 10-12, using counter 74163, the value 10 is loaded when
12 is detected on output. The test circuit is highlighted in Figure 10. 14.

GND  GND
vee - VoG - vee

BTN BT_IN BT_OUT ENP
DEBOUNCERT ENT 74163 RCO —=
CKF CKF CLK

CKF CLEAR QA QB QC QD

T

Ba

NAND4B2

Figure 10. 14 Test circuit for the counter with loop 10-12, implemented using 74163

The following circuits implement the count up loops 4-9 and 0-8, using the decimal
counter 74162:

. LIl
PE Po P1 P, P PE Po P1 Py Ps
1—» CEP 1—»{ CEP
1= CET 74162 TC 1—> CeT 74162 TC
CLK—p>CP CLK—P>CP
SR _Q Q; Q Qs SR_Qy O; Q, Qs
1 Q@ O O Q3 Q@ Qi Q; Q;

Figure 10. 15 Counters with loops 4-9 (left) and 0-8 (right), implemented with 74162
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Note: In the first case, the value 9 is detected using the TC flag. In the second case,
value 8 is detected using only Qs, because it is activated solely when reaching 8 within the
loop. For the rest of the loop Q3=0.

When implementing extended loops, the counters can be cascaded onto a larger
number of bits. For instance, loop 37-74 can be implemented using two cascaded 74193
counters, by loading value 37 (00100101;) when detecting value 75 (010010115,):

1 0 1 0 0 1 0 0
Toad A B C D Tosd A B C D
CLK—P>CountUp 74193 _Carryp—>CountUp 74193 _ Carryp
1 —{>CountDown Borrowo—>CountDown Borrowp
Clear Q. Qg Qc Qp Clear Qa Qg Q¢ Qp
0
0 1
0
0
1
0
1
1
Q Qi Q Q3 Q Qs Q¢ Qy

Figure 10. 16 Counter with loop 37-74, implemented using cascaded 74193 units

10.3 Assignments

1. Implement on the board the counter below, using two 74193 cascaded units. Test the

asynchronous reset command, and the up-down counting loop 0-255.
VeC

-
| i L
[ ]

oAb A B C D LoAD A B C D GND

DEBOUNCER
——| CKF cup CARRY p————— 1= CUP CARRY
74183 74193
[BTNR BTN Br_our CDN BORROW 5 1~ CON BORROW
DEBOUNCER CKF CLEAR QA QB QC QD CKF CLEAR QA QB QC_ QD

CKF CKF

RST

{Q2
3

diel 6
2. Implement on the board the 4-bit modulo 3 counter, with ascending counting loop 10-
12, implemented using the 74163 unit. Test the counting loop.
3. Implement in Logisim an 8-bit counter, by cascading 74162 and 74163 units. Test the
synchronous reset and load, and the ascending counting loop 0-159.
4. Implement in Logisim the 4-bit modulo 7 counter, with descending counting loop 6-0,
implemented using the 74192 unit. Test the counting loop.
5. Implement in Logisim the 4-bit modulo 6 counter, with ascending counting loop 4-9,
implemented using the 74162 unit. Test the counting loop.
6. Implement in Logisim the 8-bit modulo 38 counter, with ascending counting loop 37-
74, by cascading two 74193 units. Test the counting loop.

70



LOGIC DESIGN LAB WORK 11

11 Sequential logic circuits — registers

11.1 Objectives

The registers are defined and classified based on their functionality. The
implementation of the universal shift register, based on flip-flops and multiplexers, is
studied. Two representative integrated circuits having register functionality are
presented. Several numerical sequence generators are implemented using the analyzed
registers.

11.2 Theoretical considerations

The registers are sequential logic circuits capable of storing or shifting binary data.
They are implemented using as many bistables as the number of bits. For simplicity, the
registers are often implemented with D flip-flops. The number of stored bits represent
the register capacity. According to their functionality, the registers can be classified as:

e storage registers — can load and store data every clock cycle;

e shift registers — can shift data one position every clock cycle, while serially loading
one bit of data: SerialBit>Qa>Qs>Qc~> ...;

e combined storage and shift registers — combines the functionality of the previous
categories;

e universal shift registers — adds bidirectional shift to a combined storage and shift
register.

11.2.1 The universal shift register

Figure 11. 1 highlights the implementation of a 4-bit universal shift register using
D flip-flops and multiplexers. Each output bit is associated with a flip-flop and a
multiplexer defining the various functionalities. The flip-flops can be reset
asynchronously.

D3 D,
=t
v v v v
3210 3210
MUX MUX
S1o
D D —e
>CLKR Q >CLKg Q
CLK i
RST v

Q3 Q, Q Qo
Figure 11. 1 Implementation of a 4-bit universal shift register using D flip-flops

The selections S1, Sp define the functionality as follows:
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® 51,0=00 —storage: Q3QzQ1Qot+1 = Q3Q2Q,Q05

e S$10=01-—parallel load: Q3Q,Q;Q,** = D;D,D,Dy;

e S1.0=10—serial load on S, (Serial Left) with left shift: Q3Q,Q:Q," ™" = Q,Q:Q,S.5;
e S10=11 — serial load on Sg (Serial Right) with right shift: Q3Q,Q;Q,** =

SrQ3Q2Q:".

Note: Serial load refers to filling one bit of data each clock cycle. Filling a 4-bit
register entirely requires 4 consecutive clock cycles. Alternatively, a parallel load fills the
register in 1 clock cycle.

11.2.2 The shift register 7495

The 4-bit shift register 7495 has the following functions: load, storage and data
shift. The testing circuit and the function table are highlighted in Figure 11. 2. The register
has two functions: if MODE=0, every falling edge of the clock signal CK1, the data is shifted
with serial load on input SER (shift direction: SER->Qa—>Qg—>Qc—>Qp); if MODE=1, the
binary value (ABCD); is loaded synchronously on the CK; falling edge.

111

SR | s o 5 | MODECK;CK;SER &
SER
[ BTNU>—BT_N BT_OUT 0 b X 0 OQt Qt Qt
DEBOUNCERj—c cKt 7495 ? f f
[ CKF CKF —d 0 v X1 1QA QB QC
CKFMODE QA QB QC QD 1 X \l/ X A B C D
[ BIND BT_IN BT_OUT
DEBOUNCER MODE
CKF

Figure 11. 2 Testing circuit for register 7495 (left) and the function table (right)

When cascading several 7495 registers, the same functionality is extended to a
multiple of 4 bits. An 8-bit register is implemented from two 4-bit registers, as shown in
Figure 11. 3.

D; D¢ Ds Dy D; D, D; Dy
vy by vl
SER—»SER A B C D »SER A B C D
>CK; 7495 >CK, 7495
> CK, > CK,
MODEQa Qs Q¢ Qo MqDEQA Qg Qc Qp
vy v Y Voyov o
QG Q Q Q Q Q Q Q
CLK;
CLK,
MODE

Figure 11. 3 Cascading two 7495 registers
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The clock and MODE signals are shared by all registers. To enable the shift of data
bits from one register to its right neighbor, the output Qp is connected to the serial input
SER of the neighbor, thus implementing the shift from Qa to Qs.

11.2.3 The universal shift register 74194

Circuit 74194 is a 4-bit universal shift register with synchronous operations on the
clock rising edge. The active low input CLEAR performs asynchronous reset and has
priority over the other operations. Selection signals S; and Sy, define 4 synchronous
operations, highlighted in the function table from Figure 11. 4:

e S1,0=00 — for storage;

e S;1.0=01 —for right shift with serial load on Sg;
e S;.0=10—for left shift with serial load on Si;
e S;.0=11—for load with binary value (ABCD),.

o]

? T CLR S; So CLK L

'
CLEAR A B C D 0 XX X|]0 0 0O
| BTN BT_IN BT_OUT t t t t
DEBOUNCER SR 74194 st 1 001T|QaQsQcQp
CKF CLK t t t
[CKE i CKF S1 S0 QA QB QC QD 1017 SR QA QB QC
1 101MQ5Q5Q5S,
a @ 1 111™MA BCD

Figure 11. 4 Testing circuit for register 74194 (left) and the function table (right)

To extend the capacity, several 74194 registers can be cascaded. Figure 11. 5
highlights two cascaded registers implementing an 8-bit universal shift register. Both
74914 units share the same clock signal, the asynchronous command CLEAR, and the
selection pair S; and So. Consequently, the registers have the same function regime. To
shift the data bits between registers, the output Qp is connected to the serial input Sg
(Q4—>Q3), and the output Qa is connected to the serial input S, (Qz—>Qa).

D, Dg Ds Dy D; D, D; Dg
G !
CLEAR A B C D CLEAR A
Sr —>{SR 74194 Sy« Sk 74194 S S,

> CLK CLK
S1 S Qs Qc Op 51 So Qg Qc Qp
A
i v oy oy rt ¢ v ¢
Q; Qs Q5 Q — P Q@ Q Q
CLK
S; So

Figure 11. 5 Cascading two 74194 registers
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11.2.4 Numerical sequence generators

Numerical sequences are arrays of values, which repeat in the same order. Such
sequences can be easily generated using shift registers and additional combinational
logic. A sequence containing 2"-1 non-zero random n-bit values is called a pseudo-random
sequence. Such a sequence can be generated using a register, initially loaded with any
non-zero value. The register must perform data shift, while serially loading the XOR result
between the most significant output bit and the least significant output bit. Figure 11. 6
shows two versions for implementing a 4-bit pseudo-random sequence generator using
register 74194. The Initial value 0001, is loaded at startup, by setting S1.0=11, for at least
1 clock cycle.

i’ f i’ ll 0 0 0 1
SR 74194 S X X —Sk 74194 S
CLK ~P—>CLK CLK —>CLK L
Sl SQ QB QC QD Sl SO QA QB QC QD
It Tt &)
Qs Qz Qo 1% qf Q, Q Q

\ 7

Figure 11. 6 The 4-bit pseudo-random sequence generator, implemented using register
74194, with serial load on Sg (left) and with serial load on S, (right)

In the first case (Figure 11. 6 — left), after loading the initial value, the functionality
is changed to right shifting with serial load on Sg, by setting S1.0=01. The sequence
generated on Q3. contains the following 15 values: 0001 - 1000 - 1100 - 1110 > 1111
- 0111 - 1011 - 0101 - 1010 - 1101 - 0110 - 0011 -> 1001 -> 0100 —> 0010. After
the last value the sequence restarts, while keeping the same order.

In the second case (Figure 11. 6 — right), turning S1.0=10 after the initial load,
enables the left shift regime with serial load on S;. The recurrent sequence generated on
outputs becomes: 0001 - 0011 - 0111 - 1111 - 1110-> 1101 - 1010 - 0101 - 1011
- 0110 - 1100 - 1001 - 0010 - 0100 - 1000.

The implementation of the first sequence using register 7495 is highlighted in
Figure 11. 7.

O 0 0 1
VI 2R T
» SER A B C D
CLK—1 > CK, 7495
> CK,
MODE Qa QB Qc Qp
—G Qs Qz ’_310

MODE
Figure 11. 7 The 4-bit pseudo-random sequence generator, implemented using 7495
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The command MODE is set to MODE=1, for at least one clock cycle, and value
(0001), gets loaded into the register. Afterwards, MODE is set to MODE=0, and the rest
of sequence is generated. Every transition between values takes place on the clock rising
edge.

Note: A zero value should never be loaded, because the output will not change
afterwards.

To generate pseudo-random sequences on a larger number of bits, the registers
must be cascaded, as in Figure 11. 8. After loading the non-zero value, the ensemble
transitions to data shifting regime. To implement a 6-bit sequence, 4 bits can be
generated by one register, and 2 bits by the second register.

> CKy 7495

MODE Qp (iB MODEOiA Qs Qc
K

QG Q4 Q3 Q@ A Qi Qo

Qc Qp

MODE

Figure 11. 8 A 6-bit pseudo-random sequence generator, implemented using cascaded
7495 registers

11.3 Assignments

1. Implement on the board the 7495 register. Test the commands synchronized with the
clock falling edge. Considering Qa is the most significant bit, load the following values,
using parallel load and serial load: 13, 15, 17.

2. Implement on the board the 74194 register. Test the asynchronous reset, and the
commands synchronized with the clock rising edge. Considering Qa is the most significant
bit, after an asynchronous reset, load the following values, using parallel load and serial
load (in both directions): 10, 12, 6.

3. Implement and test in Logisim a 4-bit pseudo-random sequence generator starting
with value 0001;, loaded at startup. Implement using the 7495 register.

4. Implement and test in Logisim a 6-bit pseudo-random sequence generator starting
with value 000001, loaded at startup. Implement using 7495 registers.

5. Implement in Logisim an 8-bit universal shift register, by cascading two 74194 registers.
Test the asynchronous reset, and the commands synchronized with the clock rising edge.
After an asynchronous reset, load the following values, using parallel load and serial load
(in both directions): 17, 31, 67.
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12 Logic design using programmable circuits of type FPGA

12.1 Objectives

The architecture of the FPGA (Field Programmable Gate Array) is presented. The
structure of the configurable logic block is detailed and the design principles for using
these resources. The automatic symbol creation of a circuit is described. Simulation basics
with ISim tool are studied and the configuration steps required are mentioned. Simulation
details are explained through practical examples.

12.2 Theoretical considerations

The development board used for testing is equipped with an FPGA chip, that
contains a grid-like structure of Configurable Logic Blocks (CLBs), which are
interconnected as in Figure 12. 1 — left. A CLB is composed of 2 or more slices. A slice
contains Look-Up Table (LUT) memories (RAM units), carry logic for arithmetic operations
and bistables. The LUT memories can be configured to implement any boolean expression
of n variables, where n is the number of address bits. The carry logic enables fast carry
propagation through bits from the lowest to the highest rank. The bistables are required
to implement any type of sequential logic. The board is equipped with an Artix-7 FPGA
model, whose slice has 4 LUTs and 8 bistables (Figure 12. 1 —right). The LUT response can
be driven outside the slice, directly or through a bistable. Using the interconnection
network available in the FPGA, the slices can be connected to themselves or to other slices
from similar or different CLBs.

-atalal
HaHaHa|
A

Figure 12. 1 The grid-like structure of the FPGA (left) and the composition of a slice
(right)

The interconnection wires are distributed around the CLBs. They intersect through
Programmable Interconnection Points (PIPs) controlled by the cells of a special RAM unit
located inside the FPGA. This memory is separated from the CLB grid, and defines the
active connections inside the FPGA, according to the architecture being implemented. Its
content is written when the FPGA is programmed by the user.
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PIP

CLB

Figure 12. 2 Programmable interconnections spanning the grid of CLBs in FPGA

12.2.1 Implementing a circuit using FPGA resources

When implementing circuits using FPGA devices, the original architecture is
redesigned based on the available resources inside the CLBs. The process is carefully
conducted, to avoid altering the initial functionality. The synthesis and implementation
tools analyze the proposed architecture and automatically perform the changes necessary
for a CLB-based structure. They also allocate the CLBs from the grid, decide the internal
configuration of the slices and the necessary interconnections. For instance, the 2-bit
register in Figure 12. 3 (a) can be implemented in a single slice, using two LUTs and two D
flip-flops, connected as in Figure 12. 3 (b). The LUTs can be configured to implement MUX
2:1 units, if written with the output column from Figure 12. 3 (c). Consequently, the LUTs
will output the value of bit address A: or A, based on the selection connected to bit
address As. The rest of address bits A4, As, As will be connected to 0, inside the slice,

without requiring any wires from the interconnection grid.

E

o M2_1 IFDI M2 1 IFDI
” =
CKF
e g
(a)
As As Ag As A, Ai| D
00000O0O0|0
00000 1|1
0000100
0000111
000 100|0
00010 1|0
0001 10|l
0001111
001X X X|X
01X X X X|X
1 X X X X X|X

(c)

Figure 12. 3 The 2-bit register (a) is implemented using one slice inside the FPGA (b) and
the 64x1 LUTs are configured with the bitmap table (c) to act like 2:1 multiplexers
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In Project Navigator, the synthesis and implementation phases precede the
programming .bit file generation. The succession is highlighted in Figure 12. 4. Besides
other tasks, the programming step with the ISE iMPACT tool writes the RAM which
controls the programmable connections, and the LUTs inside the slices that were
allocated.

Processes:

= Design Summary/Reports
Design Ltilities
User Constraints

PAC) Synthesize - XST 1

) Implement Design 2

P20 Generate Programming File 2

-

V¢ Configure Target Device 4

- -

[l

Figure 12. 4 Steps for circuit implementation in Project Navigator
12.2.2 Generating the symbol of a circuit

A circuit can be encapsulated in a representative symbol, which can be later
integrated into other designs. To generate a symbol in Project Navigator, the circuit must

be selected in the Design panel. Extend ‘& Design Utilities ¢ tion at the bottom, click on

€ Create Schematic Symbol 514 chose Run. These steps are highlighted in Figure 12. 5 -

left. The symbol generated will be available in the project library under the name of the
circuit. Figure 12. 5 — right shows the symbol for the 2-bit register in Figure 12. 3 (a). The
pins of the symbol represent the inputs and outputs of the register.

= B xc7alllt-1csg32d
(7 Unassigned User Library Modules 1 00 a1
@ﬂﬁﬁ reg2b (reg2b.sch) é’/_

t} MNo Processes Running

Processes: reg2b 2

= Design Surnmary/Reports / 3 Qo B
=%  Design Utilities

— . = CKF
v Create Schematic Symbol
View Command Line Log Fils

Figure 12. 5 Steps for generating the symbol of a circuit in Project Navigator (left); the
symbol for the 2-bit register from previous section (right)

12.2.3 Simulating the functionality of a circuit

The simulation module is called ISim and can be launched from Project Navigator,
for any circuit under development. The launching steps are: select ® Simulation
the top of Design panel, click on the diagram, extend & 15im Simulator at the bottom,

right click on i >imulate Behavioral Model 5,4 select Run. The steps are highlighted in

Figure 12. 6. ISim will display the waveforms generated for the signals in a dedicated area.
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View: () IF:@I Implementation (@) Simulation

Behavioral
)
Hierarchy 1
f‘ﬂ tl_enw
B €3 xcTal00t-1csg324 2

(7 Unassigned User Lip#8ry Modules
@ reg2b (reg2b.sch)

E} No Processes Running

Processes: reg2b 3

5%  ISim Simulator pd

Fo  Simulate Behavicral Model

15 i

Rerun All

Figure 12. 6 Launching the simulation tool ISim from Project Navigator

Regarding the register in Figure 12. 3 (a), the signals listed for simulation represent
the inputs, the outputs and other internal signals (Figure 12. 7). Initially, their values are
set to unknown (U).

Mame Value

Figure 12. 7 The list of active signals in the simulation window

The simulation can be set at time 0 by pressing Restart & in the toolbar at the

z (W] b=
top: Qb % s Gz Il . Each signal can be assigned different values by right click

on its name and choosing Force Constant .... In the next step, set the value for attribute
Force to Value, as shown in Figure 12. 8.

Signal Name: [reg2b/dd

Walus Radix Binary o
Force to Valus: 1

Starting at Time Offsat: 0

Cancel after Time Offsst:

Figure 12. 8 Setting a signal in the simulator to 1
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The clock signal can be set by choosing Force Clock... instead of Force Constant....
In the next step (Figure 12. 9), set attributes Leading Edge Value = 0, Trailing Edge Value
=1 and Period = 10ns (the equivalent of 100MHz). Note: The clock Period can be assigned
any value.

Signal Mame: flab12_reg2bickf

Walue Radi: Binary e
Leading Edge Value: |E|

Trailing Edge Value:

Starting at Time Offset: 0

Cancel after Time Offset:

Duty Cycle (9%): LT

Pericd 10ns

Figure 12. 9 The clock signal period is set to 10ns in the simulator

During simulation, the execution is partitioned into simulation steps. The time

m b ..E 10ns vcy}

interval for the simulation step can be set in the toolbar: . For

simplicity, a good choice is to set to 10ns, the equivalent of the clock period. A simulation

step is executed when pressing the button px . The simulator displays the waveforms of
the signals for 10ns. The values of the inputs can be modified before each step, using
option Force Constant.... Figure 12. 10 shows a 4-step simulation, the equivalent of 40ns,
for the 2-bit register. During the first cycle, value 2 is written on the rising edge of CKF by
setting PL=1 and D1Do=10. During the next cycles, by disabling PL (PL=0), the state of the
register remains unaltered, despite the values set on D1Do. Note: On a visual scale, the

waveforms can be changed by using Zoom In #* , Zoom Out #~ and Zoom to Full View B
, from the toolbar.

MName Value

_—-—_-
I I . B
e e e

Figure 12. 10 Testing a 2-bit register using the ISim simulation tool

Inside the simulation panel, the signals can be added by drag&drop from the
Objects window (Figure 12. 11 — left). Also, the signals can be removed by right click and
Delete (Figure 12. 11 — right).
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Objects O & X| #
Simulation Objects fo...

W o 1S >

Object Name

e

' 4
ckf P
do O
d1 51
Pl Kol
5 q0 drag&drop
a a1 ‘

Rename

Figure 12. 11 Adding signals to the waveform panel (left) and elliminating the signals
from the panel (right)

12.3 Assignments

1. Implement the next circuit with slices and define the bitmaps for the LUT memories
required:

l} % @ %LK - : DCOLK @
>CLK > >
CLKJ Q f Q[ ! Qo

2. Implement in Project Navigator the 2-bit register from Figure 12. 3 (a), generate its
symbol and simulate its functionality using ISim.

3. Implement in Project Navigator a 1-bit full adder using basic logic gates and generate
its symbol. In a new diagram, implement a 3-bit full adder, by cascading the 1-bit full
adder. Test the functionality of new circuit using ISim.
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A. Annex 1 - Problems with combinational logic circuits

1. Implement a 1-bit ALU (Arithmetic-Logic Unit) for two operands A, B capable to perform
the following operations given the selection signals S1So: 00 -> unsigned summation; 01 -
> unsigned subtraction A-B; 10 -> bitwise logical AND; 11 -> bitwise logical OR. The unit
shall have 2-role Carry/Borrow signals on input and output.

Solution: The ALU (Arithmetic Logic Unit) can be found in most microprocessors and is
capable of various arithmetic and logic operations. The operations are performed in
parallel. The output F takes the result indicated by selection inputs. As there are 4
operations, the selection will be implemented using a MUX4:1 unit. The 2-role
Carry/Borrow signal appears on both input and output. Using a MUX2:1 unit, the signal So
sets the role of Carry or Borrow on output. It can be noticed that for S; = 1 the output
Cout_Bout has no meaning, because the operation selected is either AND or OR. Hence,
Cout_Bout has meaning when S; = 0 and should be ignored when S; = 1.

A a
L Cout_Bout
Br—
Cin_Bin e —
y— P —>
———> F

Sl >

SoC—
Implementation of 1-bit adder unit: Implementation of 1-bit subtractor unit:
Cout = (b- Cin) + (a- Cin) + (a - b) bout = (@- bin) +@-b)+(b- bin)
s=a®b®cy, d=a®b® b,

2. Using 1-bit ALUs (Arithmetic-Logic Units) implement a 4-bit ALU for two operands A, B
capable to perform the following operations given the selection signals SiSo: 00 ->
unsigned summation; 01 -> unsigned subtraction A-B; 10 -> bitwise logical AND; 11 ->
bitwise logical OR. The unit shall have 2-role Carry/Borrow signals on input and output.
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Solution: A multi-bit ALU can be implemented by cascading several 1-bit ALUs. The
selection signals S1Soare commonly used by all 1-bit ALUs. The input Carry/Borrow signal
is connected to the less significant 1-bit ALU. The output Carry/Borrow signal is generated
by the most significant 1-bit ALU. The intermediary Carry/Borrow signals are propagated
though the rest of ALUs from inferior ranks to higher ranks. It can be noticed that even if
the operations are performed in parallel the Carry/Borrow information travels from one
end to the other. Hence, when changing the input operands the result stabilizes after the
end of the propagation.

3. Implement a 3-bit ALU for two operands A, B capable to perform the following
operations given the selection signal S: 0 -> unsigned summation; 1 -> bitwise A@B. The
unit shall have Carry signals on input and output. Use the 74283 adder and the 74157
multiplexer.

Solution: As there are 2 operations, the selection of the result on output F will be
implemented using a MUX2:1 unit (74157). The output takes the appropriate value based
on the selection S. The summation can be implemented using the 4-bit adder 74283. Since
only 3 bits are required, they will connect to the less significant inputs of 74283, and the
rest will be zeroed (GND), to leave the summation unaffected. The Az and Ba inputs of the
74157 multiplexer are irrelevant (X means they are connected to either VCC or GND).

GND
Cin | » Co 5 R A\i}("o
Ao " Ay S A ®
Ap > A, z_,—»,/_\3,\Y1—|:>Fo
Ay | A, 3 X— ALY, ——>F
GND —| A, 74283 2,4 g gl Ny \ég—D Fa
Bo [ —e— » B, Ca ” Bz 4
B >—T 1 TT— B X —» Bi S
B, _>—— T P—B; 1
GND —* B, MY L Cout

S |
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4. Implement a MUX 16:1 unit using two 74151 multiplexers and two additional logic
gates.

Solution: The 74151 multiplexers have an Strobe signal, which can be used to alternate
the enabling of the two units (one active, one inactive). The most significant Sz selection
will decide the active unit by connecting it to the Strobe for one multiplexer, and inverted
for the other. The other selections S, S1, So will be common for both multiplexers. The
output of both 74151 units will be ORed to generate the final result. This way a selection
value Ss3, in range 0-7 will enable the superior multiplexer and a selection value in range
8-15 will enable the inferior multiplexer. At any time, the disabled multiplexer will ouput
0, thus keeping the final OR result unaffected.

74151

N oukhwNER, O
S<

@
L\

I
|

$2
S

74151

w)

S

N
NoubhwNEFk O

S<

5. Implement function f(A,B,C,D,E) =A+C-D+B-D+B-D+ B-C-E using 74151
multiplexers. The available inputs are 0 (GND), 1 (VCC) and the variables in direct form,
not inverted.

Solution: Because A is not inverted in the expression, the variables B, C, D, E are
connected to the selections of a MUX 16:1. Therefore, the cells in the Karnaugh map are
grouped based on identical combinations for B, C, D, E. If a group has similar value, that
value is applied to the multiplexer input selected by the code on B, C, D, E. If a group has
different values the corresponding input is decided based on the value of A for the cell
containing 1:

e If A=0, then A is applied.
e |f A=1, then Ais applied.
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Note: The implementation of a MUX 16:1 unit using two 74151 units has been presented
in the previous exercise.

Ap<PE| 000|001 [011|010]110(111| 101|100
oo |{oJ[loJ] W] J]lJ|l]]a]] o]
ol [MIMmMI@MEEimim| =9
v (W] W W{W W] W] ] 23,
— ~
0 [ a2 [ [2]]  tfpd =W
6
7¢34
| Tt
0% |
1
24
23T
VCC {5 ™
»6
Al > 7C
B
CI
DI
El o

6. Implement a 4-bit DMUX 1:4 unit using 1-bit DMUX 1:4 units.

Solution: The implementation of a 4-bit DMUX 1:4 unit requires four 1-bit DMUX 1:4 units.
The DMUX units will share both selection signals S; and So. Each DMUX will generate a
certain output bit from the output buses. A DMUX will decide for bit 0, the next DMUX
will decide for bit 1, etc. The data inputs of the DMUX units will be connected to a unique
bit from the input data bus.

— :
Yo(3) Yo(2) Yo(1) Yo(0) Yo(3:0)
N\ N\ N\ N\ DY1(3:O)
Y1(3) Y1(2) Y1(1) Y1(0)
NI\ N\ N\ NI\ DY2(3:0)
A ;.Y2(3) A "YZ(Z) A "YZ(]‘) A ;.YZ(O) Y (30)
Y3(3) Ys(2) Ys(1) Y;(0) 3=
0 o oH 0
145 145 145 143
S5, S, s, ~Siso
X(3) X(2) X(1) X(0)
X(3:0)— 5
S1 I
SO I
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7. Implement a 4:2 priority encoder using logic gates. The highest priority input has index
3. Inputs and outputs are active-high. When all inputs are inactive the output code is 00.

Solution: The truth table is designed and the outputs are minimized using Karnaugh maps.
Xvalues in the truth table are replaced by all possible combinations of 0 and 1, thus filling
more cells in the Karnaugh maps — one cell for each combination.

Truth table XaX>~X1Xo| 00 | 01 [ 11 { 10 XaX~XuXo|0001]11] 10
X3 X2 X1 Xo| Y1 Yo 0 ]0]0]0]0 , oo f[ofoflt]1
0oo0o0loo 1 01 (1111] 0 01 olololo
000 1l00 11 1111J| 11 (1111]
001 X/o1 10 L1 10 Lll[l_ﬂ;l
01X X/10
1 X X X|11

Xl Y1:X2+X3 Y0=X1.X_2+X3

Xy @—D Yo

8. Implement f = }:(0,1,2,4,6) using 3 possible implementation strategies.

Solution: Because the highest minterm is Ps the function requires 3 input variables to
encode it.

Version 1

The implementation using logic gates requires the minimal disjunctive normal form
(MDNF) obtained from the Karnaugh map.

X2 0/00|01 (11 {10

1)| o |[1 f=X,+% X,
1 1J{ 0| 0 (L0

Xo | @—D f
X]_ [
" O

86



LOGIC DESIGN ANNEX 1

Version 2

The implementation using a decoder requires the canonical disjunctive normal form
(CDNF). The 7442 BCD-to-Decimal decoder implements the inverted minterms on its
outputs, therefore a NAND on the right outputs should generate a disjunctive OR (acc. De
Morgan law), hence implementing the canonical disjunctive normal form of the function.
The 3 variables are connected to the less significant inputs of 7442 and the 4™ input is
zeroed (GND).

0
Xo C—>——A 1b
X, C—— B b
Xz D—’C 3:)
GND —{D 4
7442 }Df
6\./7
70
8p
9p
Version 3

When using MUX 8:1 (74151) the input variables will be connected to selections according
to their rank. Therefore, the MUX will implement the canonical disjunctive normal form
(CDNF) by ORing the minterms from the truth table. In this regard, the data inputs
corresponding to function minterms will be connected to 1 (VCC) and the rest will be
connected to 0 (GND), which means the output column of the truth table can be applied
to MUX data inputs.

Truth table

X
N
X
&
x
o
—h
N

N O O AN W N R O
R = = =, O O O O
= O O L » OO
- O O Fr O Fr O
O L O FrP O R kL P

9. Implement f = (A + B @ B) - C using NAND gates.

Solution: To implement with NAND gates, the function is minimized to minimal
disjunctive normal form (MDNF) using the Karnaugh map. The MDNF is transformed using
double negation and De Morgan law. Finally, the result becomes a NAND-based
expression. Any inverted variable in the resulting expression will be implemented with a
NAND gate using one of these equations: X = X - X = X - 1.
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Truth table

ABC
00O

»—\OOO»—\O»—\ol—h

N = = = el e o)
R P, O O R Kk O
R O R O R O K

(o] o
O (@)

Double negation
A D—EDO_L

C r Dol
BD—D—'—

|

10. Using a decoder with active-high outputs implement the function f corresponding to
the Karnaugh map below.

X2 Xo/00 (011110

Solution: The implementation using a decoder requires the expression in canonical
disjunctive normal form (CDNF). The Karnaugh map represents a disjunction (OR) over the
minterms corresponding to cells of 1. Additionally, cells with embedded expression
generate a conjunction (AND) between the expression and the corresponding minterm.
The X values will be replaced with 0 to reduce the number of minterms. The function can
be written as: f=a-P, +b-P,+1-P,, where P, =X, -X; - Xo, P, =X, - X; - X, and
P, = X, - X; - X, are minterms of variables X, X;, X,.

Variables X, X;, X, will be connected to the decoder inputs, hence the minterms will be
available on the outputs. Using the outputs, the CDNF can be implemented accordingly
with additional logic gates.

Note: The implementation may follow the values from the Karnaugh map without
necesarilly rewritting the CDNF.
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a |
b I
X 0
o >— X0 1
X Co——xg % f
X, C——x, DCD 3
5
6
7

11. Implement the function f corresponding to the Karnaugh map below using a 74151
multiplexer.

Solution: The implementation using a multiplexer requires the expression in canonical
disjunctive normal form (CDNF). The Karnaugh map represents a disjunction (OR) over the
minterms corresponding to cells of 1. Additionally, cells with embedded expression
generate a conjunction (AND) between the expression and the corresponding minterm.
The X values will be replaced with 0 to reduce the number of minterms. The function can
be written as: f=a-c-Py+b:P,+1:P;, where Py =X, Xy, P, =X; - Xy, B3 =X, -
X are minterms of variables X;, X,.

As multiplexer 74151 has 3 selection inputs, both variables X;, X, will be connected to
the less significant selections. The remaining selection will be Oed (GND). Therefore, the
values from the Karnaugh map can be connected to data inputs 0 to 3. Since selection C
=0, inputs 4 to 7 are irrelevant (X means they are connected to either VCC or GND).

Note: The implementation may follow the values from the Karnaugh map without
necesarilly rewritting the CDNF.

alC—>—
CC>—

Y

NoukhwNER O

VCC—

(Piiid

XX XX

J
X
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12.Implement f(A,B,C,D) =b P, + P, + (@@ ¢) - Pj3 + Py + P15 + Y0(1,3,4,5,6,8,9,10,11)
with logic gates, where P; are the minterms of variables A, B, C, D (in order, A is most
significant and D is least significant).

Solution:

The implementation using logic gates requires the minimal disjunctive normal form
(MDNF) obtained from the Karnaugh map. The embedded expressions are placed in those

cells corresponding to their conjuction minterms.

Minimization

Stepi: Replace embedded expressions with 0 and generate a minimal number of maximal

AB~CD|00| 01 |11]10
00 |0 X X|b
01 [ x| X 1| X
11 |0|la@®c|1|1
10 [ X]| X X | X

rectangular groups containing 1s and Xs, such that all 1s are covered.

Step,: Replace 1s with Xs and generate a minimal number of maximal rectangular groups
covering all embedded expressions. A group cannot contain two different expressions.
For each group generate an AND between the embedded expression and the

corresponding term of the group.

Steps: Apply OR over the results from previous steps.

Step:

A 00(01|11]10
00 OfX|X]O
01 X[ X|1]X
11 o(ojlrj1
10 X[X|X]|X

Stepsf=B-C+(@@®c)-D+b-C

O oo O®

>

Step>
AB~CD|00| 01 [11]10
00 |0l x {[X]] o]
01 X X X[ X
11 Ol|la®c ||X]| X
10 X X X[ X

)
L/

= >

90




LOGIC DESIGN ANNEX 1

13. Use a decoder with active-high outputs to implement f;(A,B) =a-P, + P, and
f,(A,B) = X.(0,2), where P; are the minterms of variabiles A, B (in order, A is the most
significant and B is the least significant).

Solution:

The implementation using a decoder requires the canonical disjunctive normal form
(CDNF). Both functions are expressed in CDNF. Since they use the same set of variables
they can be implemented with the same decoder. Variables A and B will be connected to
the decoder inputs, hence the minterms will be available on the outputs. The embedded
expressions will AND with the outputs correponding to minterms. Finally, OR gates will
generate the functions’ expressions.

a |
B ——{xo 0 ‘)
ATl x .
DCD
N — )t s
3

14. Implement functions f; = .(0,3) and f, = }.(2) using the 7442 decoder.
Solution:

The implementation using a decoder requires the canonical disjunctive normal form
(CDNF). As noticed, both functions are expressed in CDNF. Since they use the same set of
variables they can be implemented with the same decoder. The 7442 BCD-to-Decimal
decoder implements the inverted minterms on its outputs, therefore a NAND over the
right outputs should generate a disjunctive OR (acc. De Morgan law), hence implementing
a canonical disjunctive normal form. The two variables are connected to the less
significant inputs of 7442. The 3"¢and 4™ inputs are zeroed (GND). Relevant minterms will
be found on outputs 0 to 3. f; has 2 minterms and requires a 2-input NAND. f, has 1
minterm and requires an inverter.

0
Xo C>—A 1 p——>f
X, C——{B 5
GND —(C 3
GND—>D74421513 P m—
60
70
8p
9p
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15. Implement — using logic gates — a comparator which performs >, <, = between 2
unsigned 2-bit operands.

Solution: One possible solution would be to define the truth table having the 2-bit
operands on inputs and the results on three output columns for <, > and =, respectively.
Each output function can be minimized using the Karnaugh maps.

Another solution would be to implement the following arithmetic rules for unsigned
numbers:

e F.=1,if A>B, meaning A1>B; or (A;=B; and Ap>Bo) > F-=A,-B; + (A; ®B,)-

(Ao - Bo)

e F.=1,if A< B, meaning A1<B; or (A1=B1 and Ao<Bg) < F<=A;-B; + (A; ©® B;) -
(Ao - Bo)

e F-=1,if A=B, meaning A1=B; and Ao=Bo & F-=(A1 ©OBy) - (Ag ©By)

Note: Even if expressions obtained though minimization are less expensive, the
minimization itself becomes exhaustive when increasing the number of input bits.
Therefore the 2" solution based on arithmetic properties is more convenient.

d —— —

) >k

) > F.

) > —F

B, C——>—

)

./

| >

-
O——~1—

16. Implement — using logic gates and 2-bit unsigned comparators —a comparator, which
performs >, <, = between 2 unsigned 3-bit operands.

Solution: The following arithmetic rules for unsigned numbers will be implemented:

e F.=1,if A>B, meaning A»>B; or (A,=B; and A1.0>B1.0) < F-= A, - B, + (A, ® By) -

F>1-0

e F.=1,if A<B, meaning A><B; or (A>=B; and A1.0<B1.0) & F<=A, - B, + (A, ©® B,) -
1::<1:o

e F-=1,if A=B, meaning A>=B; and A1.0=B1.0 & F-=(A, OBy F_ ,
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I
|
I
%

AO > SN AO F>

COMP F= —\__\ > F_
B, =% Fe o )
B, Bo B
Bo C—>—1

R
L/
17. Implement — using logic gates and 2-bit unsigned comparators —a comparator, which
performs the relation > between 2 unsigned 3-bit operands.
Solution:
Version 1
F- =1, if A2 B, meaning A=B or A>B & F>=F+F-
The following arithmetic rules for unsigned numbers will be implemented:

e F.=1,if A>B, meaning A>>B; or (A;=B; and A1.0>B10) @ Fs=A, - B, + (A, ©® By) -

l::>1:0
e F.=1,if A< B, meaning Ax<B; or (A,=B; and A1.0<B1.0) < F<= A, - B, + (A, ® B,) -
F<1:0
R
A, C——s L/
Ay T |
— A |
Ao |:>—"—|_/ A(l) F. J_ Fs
COMP F. M
B, 11—+ P B, T
P — Bo
By
e
7
Version 2
F» =1, if A 2 B, meaning not(A<B) & Fy=F_

The following arithmetic rules for unsigned numbers will be implemented:

e F.=1,if A<B, meaning A><B; or (A;=B; and A1,0<B1o) < F<=A, -B, + (A, ©® B,) -
F

<1:0
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A,
A |:>—’“| A,
~ A comp E
Bz C—>— > B]_ F;
B, |:>—’\—’\_,_' Bo
By
\ Fs
*—1 e

18. Implement — using logic gates and 2-bit unsigned comparators —a comparator, which
performs >, <, = between 2 unsigned 4-bit operands.

Solution: The following arithmetic rules for unsigned numbers will be implemented:

oF.=1,if A>B, meaning As.2>B3.2 or (A3.2=Bs3.2 and A1.0>B1.0) & F» =F>3:2 + F=3:2 . F>1:0
eF.=1,if A<B, meaning A3»<Bs: or (As:2=Bs:2 and A1.0<B10o) & F<=F.  +F_  -F
oF_=1,if A =B, meaning A3.»=B3.; and A1.0=B1.0 & F=F__-F

<1:0
=1:0

Note: One 2-bit comparator will compare the bits in range 3:2 and another 2-bit
comparator will compare the bits in range 1:0.

A —o>—— A
A C—o—1 A, F.
ﬁl COMP F. b

0 o B, Fe

Bg —{ > F.
NA—p Al F )

E3|Z>—V_’ Ao COMP F> I N '

2 =

Bir—>————{B; F. 44|7

Bo——>————4B,

F<

19. Implement — using logic gates and 4-bit unsigned comparators —a comparator, which
performs >, <, = between 2 signed 5-bit operands in 2’s Complement representation.

Solution: The following arithmetic rules for signed numbers in 2’s Complement
representation will be implemented:

eF. =1, if A> B, meaning (As=0 and Bs=1) or (A4=B4 and Az.0>B3.0) < F-=A, - B, +
(A4 O, B4) ’ l:‘>3:0
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eF.=1, if A< B, meaning (As=1 and B4=0) or (As=B4 and As3.0<Bs.0) <> F<=A, - B, +
(AL OBy -Fo
oF-=1,if A=B, meaning As=Bs and Az.0=Bs.

l::23:0
A [ _\;
4 4 /
Az C—>——
A, D—I Sy ,—
A1 C—>—— 7 :: ﬁz F.
Aol—""1—"11A% COMP F—
—> B, F.
B,C———9 — B _L
B; ——>—
Bz D—‘ 4 )
Bl C————
BO ————
— >

S F-=(A, OBy

Fs

/

|
9y

F<

20. Implement a 3-bit BCD-to-Gray converter using the 7442 decoder and logic gates.

Solution: The implementation using a decoder requires the

canonical disjunctive normal form (CDNF) or the truth table. As the
output functions use the same set of variables they can be
implemented with the same decoder. The 7442 BCD-to-Decimal
decoder implements the inverted minterms on its outputs,
therefore a NAND over the right outputs should generate a
disjunctive OR (acc. De Morgan law), hence implementing a
canonical disjunctive normal form. The three variables of the
functions are connected to the less significant inputs of 7442. The
4™ input is zeroed (GND). Relevant minterms will be found on
outputs 0 to 7. All functions contain 4 minterms, consequently

three additional 4-input NAND gates shall be used.

Bo C—>—
Bl C—>—
B, C——>—

GND —

O0Ow>

7442

OOoOON OV WNEFLO

95

N O 0 A W N R O

Truth table

B2B1Bo [ G2 G1 Go
000|0O00O
001|001
010|011
011(o010
100|110
101|111
110|101
111|100




LOGIC DESIGN ANNEX 1

21. Implement the 2-input NOR gate using the 7442 decoder and logic gates.

Solution: The implementation using a decoder requires the canonical disjunctive normal
form (CDNF) or the truth table. The 7442 BCD-to-Decimal decoder implements the
inverted minterms on its outputs. Inverting the 0" output would return the Po minterm,
which is also the NOR function (acc. Truth table). Both function variables are connected
to the less significant inputs of 7442. The higher ranking inputs are zeroed (GND).

Truth table

Op— >t
B A[F AT———A b ]
00 0|1 B D—’g 2b

3P
1010 GNDL:D7442 ab
21 0|0 5p
3110 6P

7P

8p

9pb

22. Implement the 2-input XNOR gate using the 74151 multiplexer.

Solution: The implementation using a multiplexer requires the expression in canonical
disjunctive normal form (CDNF) or the truth table, which highlights the minterms. Both
variables A, B can be connected to the less significant selections A, B of the multiplexer
74151. The remaining selection will be zeroed (GND). Therefore, the values from the Truth
table can be connected to data inputs 0 to 3. As selection C=0, inputs 4 to 7 are irrelevant
(X means they are connected to either VCC or GND).

GND
Truth table VCC OJ}}

1 %

B Al F >
S E -
0001 3ﬂY F
70 1|0 E‘EW
2100 6
31 1)1 76
G

> m

23. Implement a 1-bit half subtractor unit using the 7442 decoder and logic gates.

Solution: The implementation using a decoder requires the canonical disjunctive normal
form (CDNF) or the truth table. The 7442 BCD-to-Decimal decoder implements the
inverted minterms on its outputs, therefore a NAND over outputs 1 and 2 should generate
a disjunctive OR (acc. De Morgan law), hence implementing the CDNF of D. Note that Bout
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requires 1 minterm, meaning the corresponding decoder output must be inverted. The
two variables of the functions are connected to the less significant inputs of 7442. The
higher ranking inputs are zeroed (GND).

Truth table ob
A B| Bouw D B >—A 10— >>—T">Bou
AN il AC——B 5
nool 0o L:C 3g_| D
1701 1 1 GND D 447 4P
210 0 1 5p
311/ 0 0 gg
8D
9p

24. Implement a 1-bit half subtractor unit using two 74151 multiplexers.

Solution: The implementation using a MUX requires the expression in canonical
disjunctive normal form (CDNF) or the truth table, which highlights the minterms. Both
variables A, B can be connected to the less significant selections A, B of the multiplexer
74151. The remaining selection will be zeroed (GND). Therefore, the values from the Truth
table can be connected to data inputs 0 to 3. As selection C=0, inputs 4 to 7 are irrelevant
(X means they are connected to either VCC or GND). The implementation of each output
function requires a separate 74151 multiplexer.

Truth table GND GND
A B BoutD
000/ 00 > 0% 053
VvCC ——11 VCC —1 €
101 11 13 =5
210 0 1 " ~3 . >3 D
311 0 0 X ¢ X e
X ——1{6 X ——{6
X —p—1{7¢B X —— 7¢C
> Bout

25. Implement a 4-bit ALU (Arithmetic-Logic Unit) for two operands A, B capable to
perform the following operations given the selection signal SEL: 0 -> 13+B; 1 -> A-4 in 2’s
Complement representation. Use the 74283 adder and 74157 multiplexers.

Solution: It may be noticed both operations can be implemented with an adder-
subtractor unit (circuit 74283 + XOR gates) having the inputs indicated by signal SEL. Two
74157 units (4-bit MUX 2:1) can be used to select the proper inputs of the adder-
subtractor, based on the value of SEL.
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VCC — .
GND —»! " Co y—L— Fo
VCC —— \ T At S, > F
VCC —] N A R A2 2 1
AOD—’ M M > A z3_|:> F2
AC—>—B M A J A, 742834 Fs
o[ > ! R
> — > > B C
As > » B, )
f ] >——Bs
e
Bg >
B>
B,[——>— M
B ——>— —
GND — I—
GND —* —
VCC —
GND —™

SELL

26. Implement a 4-bit ALU (Arithmetic-Logic Unit) for two operands A, B capable to
perform the following operations given the selection signal SEL: 0 -> A+B+1; 1 -> A+7. Use
the 74283 adder and the 74157 multiplexer.

Solution: It may be noticed both operations can be implemented with a 74283 adder
having the 2" input term indicated by SEL, as follows: it is B when SEL=0, and it is 0111,
when SEL=1. A 74157 unit (4-bit MUX 2:1) can be used to select the proper 2" term. The
+1 increment from A + B + 1 can be added by connecting SEL to Co. Consequently, when
SEL=0, Co becomes 1 and the increment (+1) is enabled. When SEL = 1, Co becomes 0,
maintaining the result unaffected.

Aol T " A —1 > Fy
Al T A2 L3—L > F
A [ M > A
Aql A J A 74283%4———> s
GND M » B C44|:> Cout
By C—>—A¥% T " B2
Bi_—>——A, ¢ T * Bs
Bo [ >——A; Y 1 » B4

SELI i
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27. Implement an 8-bit arithmetic unit for two operands in 2’s Complement
representation, which calculates A - B - 1 using two 74283 adders and basic logic gates.

Solution: In 2’s Complement representation A - B - 1 may be rewrittenas: A-B-1=A+
B +1-1=A+B. The expression can be implemented using two 74283 adders and several
inverters. Co will be connected to 0 (GND).

GND — Gy 5= F,
Aot=>——1 Ay ) e m—
Alr—>— A, 5, 3

Ajr=>— A 5 .
A3|:>—> A4 74283 44 (— 3

B()D—I>o—> Bl C4

B,—-{>— B,
Bo—={>»{ B,
B;—{> B,

" Co Ji.F—F,
Ay—=>——— A 5, = F.
Asc—— A, |

A7|:>—> A4 74283 24_|:> I:7

B,—-_>— B; Ca

28. Implement a 4-bit arithmetic unit for two operandsin 2’s Complement representation,
which calculates A + B - C using two 74283 adders and basic logic gates.

Solution: In 2’s Complement representation A + B - C may be rewrittenas: A+B-C=A+
B + C + 1. The expression can be implemented using two 74283 adders and several
inverters. The first Co will be connected to 0 (GND) and the second Co will be connected
to 1 (VCC), to generate the final increment.

R OND—Co  zp—  VECT 20 5 ——C—> Fo
—>——A > L —
M Ay > A Ay >2 i\
= I
Ay | A, 7428324 o A, 7428324 3
Bo C_——>——> By Ca CO%B:: B1 Cs

B, ———— B, C B,

B, ——>——+ B; Co—>—{>— Bs

Bs—>——{B, Cs—>—> B,
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29. Design a circuit which implements F(x2, X1, Xo) = f1(X2, X1, Xo) + f2(X2, X1, X0), where fi(x2,
X1, X0)=2(5, 7) and fa(x2, X1, Xo) =X; - X; + X, - X;. Use a 7442 decoder and logic gates to
implement f; and f,.

Solution:

The implementation using a decoder requires the canonical disjunctive normal forms
(CDNF) or the truth tables. The minterms of f; are known, consequently its CDNF is
straightforward. The truth table shall be calculated for f; to identify its minterms. The
7442 BCD-to-Decimal decoder implements the inverted minterms on its outputs,
therefore a NAND over the right outputs should generate a disjunctive OR (acc. De
Morgan law), hence implementing the CDNF. The three variables of the functions are
connected to the less significant inputs of 7442. The higher ranking input is zeroed (GND).
Each function is implemented using separate NAND gate. Finally, a NOR gate generates F.

Truth table of f;,

X2 X1 Xo | f2

000 |1 0

00001 Xor——> A 1

7001 |1 X:—{ B 5

2010 /|1 Xo——> C 3J F
30110 GND—>D7442g

4100 |1 2

5101 |1 5

61011 8p

7111 |1 9p

30. Design a circuit which implements F(x2, x1, Xo) = f1(x2, X1, Xo) + X7 - X; + X - X1, Where
fi(x2, X1, X0)=3(1, 2, 7). Use a 7442 decoder and logic gates to implement fi.

Solution:

The implementation using a decoder requires the canonical disjunctive normal form
(CDNF) or the truth table. The minterms of fi are known, consequently its CDNF is
straightforward. The 7442 BCD-to-Decimal decoder implements the inverted minterms
on its outputs, therefore a NAND over the right outputs should generate a disjunctive OR
(acc. De Morgan law), hence implementing the CDNF of fi. The rest of F can be
implemented using basic logic gates. The three variables of the functions are connected
to the less significant inputs of 7442. The higher ranking input is zeroed (GND).
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Ob
Xo » A 1
NE=teB 35
Xal—>tes{C  3b
GND “D7442§§
6P
7
8b F
9b
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B. Annex 2 — Problems with sequential logic circuits

1. Highlight the outputs of the D flip-flop having the input sequence below.

=D Qr> p_[ 1| L
—bclk Q> clk —J L] —

Solution:

The D flip-flop in the figure triggers on the rising edge. At the time of the rising edge the
flip-flop copies the input value D on its output Q. The output Q carries the inverted value
of Q.

Truth table b
t+1
Z QO cLK —J LJ T N

1|1 Q_| | I
g L | I

2. Highlight the transition graph for the circuit in the figure.

<]
\_L)D To Qo ] >-n  al—
l—>cu< R Qo >CLKR Qo
CLK | . T
Reset |

U

Qo Q
Solution:

The boolean expressions for the flip-flop inputs T1, To must be determined from the logic
diagram and then a truth table can be generated containing pairs of all current states
Q¢ Q% and corresponding values resulted on T, To. Consequently, the next state Q{*1Q4L*?
is the result of matching the T flip-flop truth table with the pairs (Q}, T1), (Q%, To) in each
row. The resulted pairs of current state and next state (Q}Q%, Q*1Q54+!) represent arcs

in a transition graph whose nodes are all possible state values.

102



LOGIC DESIGN ANNEX 2

T=Q{®Q5 T=Qi@Q}

Transition graph
Truth table Qt t T1 To Q§+1 Q6+1 Reset

1 X0
T|Q*! 0 O 01|0 1 @.e

o| 0 1 101 1 )
1| @ 1 0l10/0 o -
11 |01/1 o

3. Highlight the outputs of the JK flip-flop having the input sequence below.

A-> | QP A

C—CLK  _ s 1 —

B9 K Sg
C

Solution: The JK flip-flop in the figure triggers on the rising edge of C and changes its state
according to truth table below. The output Q carries the inverted value of Q. The values
of A and B (marked with X) have effect on the flip-flop state at the rising edge.

Truth table A T e e I e e
_] K Qt+1 B _I—I I_

00 | Q@

01| 0
10 | 1 K=B QHHJ E L
11| Qf Q | L1 1

Q1 | L]

4. Considering the frequency of the input clock signal below is 240Hz, what would be the
frequency of the signal generated on the output Q of the JK flip-flop in the figure?

VCC

CLK
240 MHz K Qr

Solution: The JK flip-flop with inputs connected to 1 (VCC) toggles its value every falling
edge of the clock signal, as highlighted in the timing diagram below. The resulting output
of Q takes the form of a clock signal with double period than C and half frequency (works
as a frequency divider with a factor of 2). Therefore, the frequency on the output Q is
240/2 = 120Hz.
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CLK

J=K=1

5. Implement a JK flip-flop using a D flip-flop, a MUX 2:1 and a NOT gate.

Solution: Identical pairs of current and next state are matched in the excitation tables for
JK and D flip-flops, respectively. A truth table results containing current state Q¢ and J, K
values on the left side, and D values on the right side. Based on the values from the truth
table, the expression of D can be minimized using the Karnaugh map.

Excitation table for JK Excitation table for D

at o JK
0 0 |OX
0 1 [1X
1 0 |X1
1 1 |X0

oh

Qt Qt+1

0

0
1
1

0

1
0
1

D

(0
1 =
0
1

Q'J K

00X
01X
1X1
1X0

¥

|—\O|—\O|D

K100

01

0

0

1y

0

@l

D=(Q-]))+ QK

The expression of D can be implemented using a MUX 2:1 having Q¢ connected to the
selection input and ], K connected to the data inputs:

J

K

».

ol

6. A PN flip-flop has 4 operations for any combination of its P, N inputs: 00 - reset, 01 -
hold, 10 - toggle; 11 - set. Highlight the following properties of a PN flip-flop: a) The
truth table; b) The characteristic equation (expression of Q*); c) The excitation table; d)
Generate a PN flip-flop using a D flip-flop and logic gates.

Solution:
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a) Truth table b) Characteristic equation c) Excitation table
Q' P N| Q™ a~=eN[oofo1]11]10 Q' Q" PN
00O0| O Qi 0 ool 0 0 |0X

00 1] o 1 0 EZ' 0 0 1 1X

01 0| 1 1 0 X0

011f 1 D=(Qf-P)+(Q"-N) 1 1 |X1

1 00| O

101 1

1 10| 0

111 1

d) Identical pairs of current and next state are matched in the excitation tables for PN and
D flip-flops, respectively. A truth table results containing current state Q¢ and P, N values
on the left side, and D values on the right side. Based on the values from the truth table,
the expression of D can be minimized using the Karnaugh map.

Excitation table for PN Excitation table for D

Ql’ Qt+l P N Qt Qt+l D QtJ K D
00 |o0X 0010 00x]|o
01 |1x o= 01 |1 wm O01X[1
1 0 | xo 100 1X0]|0
11 | x1 11 |1 1x1]1

D=(Q-P)+(Q"N)

ol

7. Implement a circuit which generates the 2’s Complement of a binary number. The
circuit must have a serial input X, an asynchronous reset, a clock and a serial output Y. The
number is received on X and the 2’s Complement is generated on Y, one bit per clock
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cycle. The input sequence starts with the least significant bit and ends with the most
significant bit when enabling the reset. A new number starts after disabling the reset.

Solution:

The 2’s Complement algorithm starts from the least significant bit until the first bit of 1.
While these bits remain unchanged, the following bits are inverted. Therefore, the
resulting circuit shall have 2 states: one state will output the input value (Y = X) and the
other state will invert the input value (Y = X). A flip-flop unit is sufficient to store the
current state. A state of 0 means output Y = X and a state of 1 means output Y = X. A reset
sets the state to 0, and a transition from 0 to 1 takes place when X = 1. Using these rules,
it is possible to implement the transition graph. The truth table and the boolean
expressions for flip-flop’s next state and for the output Y can be generated using the
transition graph.

Qt X Qi+t Qt X Y
0 0 0 00 0
011 D QL= Qf +X 0111 =p yv=qeex
10 1 10 1
11 1 11 0

The D flip-flop was chosen to store the state. Knowing the characteristic equation for D
flip-flopis Qt*! = D it means D = Q! + X, hence the logic diagram for the resulting circuit
will be as follows:

CLK=——pCLKR

RSTC—
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8. Highlight the transition graph for the circuit below having an input y and an output z.

4

V= b« T
>CLKR Qu >CLKR Qo
CLK | l_ A .

RSTI M
Qi Qo

Solution: The boolean expressions for the D and T flip-flop inputs must be determined
from the logic diagram. Then a truth table can be generated containing all pairs of input
value and current state (y Q¢ Q5), and the corresponding effect on commands D and T.
Consequently, the next state (Q;*1Q%t?) can be calculated using the truth tables of D and
T flip-flops and the pairs (Q¢, D), (Q5, T), respectively. The output z can be calculated from
the current state (Q%, Qf). The next state and the output are added as columns to the
table. The resulted pairs of current state and next state (Q4Q%, Q¢*1Q4™?) represent arcs
oriented from current state to the next, while the nodes represent all possible states. The
transitions are conditioned by the value of y. The output z may appear attached to arcs or

attached to nodes (states). The outputs are highlighted only when active (when z=1).

D=Q5-y  T=Q}

Truth tables y Qﬁ Qf) DT Qﬁ“ QB Z
oo0o0|oo|lo olo

D| Q™ T|ar 100|101 0]lo
0|0 ol o 001fl00[0 110
111 1] Qt 10 1(0o0/0 110
010|l01]0 11

110111 1)1

011|010 o0

111l01/0 o0lo

\

Transition graph

RST
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9. Using 7474 D flip-flops and the 74157 multiplexer, implement a 2-bit shift register with
the following operations: if input signal MODE = 0 the register performs a parallel load
from inputs D1Do; if MODE = 1 the register performs right shifting with serial load from
input SER. The register is synchronous on the rising edge.

Solution:

Circuit 7474 contains two D flip-flops. The operations of the register can be implemented
using a 2-bit MUX 2:1. Circuit 74157 contains a 4-bit MUX 2:1, hence only 2 bits (the least
significant) will be used. The rest of the data bits are zeroed (GND).

GND—¢—
Do I:>—"—"—>A‘fff%0
D, A, ©
A S Y2 — > Q
— B, ,i Y3
SERC——1—B, Y, Qo
(e VCC VCC
i ] !
D PR QI PR
MODE > bCLK ~plra
F CIR Q R Q
CLK | . T7474 T7474
RST | .

10. Implement a frequency divider with a factor of 7 using the 74162 counter and the
7442 decoder. The circuit should have a reset command.

Solution: The circuit should generate an output clock signal CLKour with a frequency 7
times less than the frequency of input clock signal CLK\n, meaning the period should be 7
times higher. As the duty cycle of CLKour is unconstrained it can follow any ratio. For
instance, CLKout can be 0 once in seven CLKy cycles. Such a waveform can be generated
using a direct counter with ascending counting loop from 0 to 6. The CLKour will be 0 when
the counter value is 6, and will be 1 otherwise. The BCD to Decimal decoder 7442 can be
used to decode the counter value. The counting is implemented using the decade counter
74162.

LKy ofT]oft]oft]ofr]ofr]jofi]ofi]ofa

1
ol OF 1 1 1 1+ 1 1 1 1 1 1 1 | O
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0
GND GND GND GND o A 1
sb E )
Ppb, P, P, P >

vee—sjcgbE 0 T T2 T ¢ 30
VCC—»{CET 74162 TC D 40
CLKn[———>—" CP_ 7442 X
SR Qg Q Q Qs 5

. T 601 > ClKout

N

| 80
90

11. Implement a 3-bit right-shift register using MUX 4:1 units and T flip-flops. The register
is synchronous on the rising edge and has a serial input SER.

Solution:

A regular implementation of the shift register uses D flip-flops. Therefore, D flip-flops
must be implemented with T flip-flops and logic gates. To such purpose, identical pairs of
current and next state are matched in the excitation tables for D and T flip-flops,
respectively. The result is a truth table containing current state Q¢ and D values on the
left side, and T values on the right side. The expression of T can be implemented using a
MUX 4:1 having Q* and D connected to the selection inputs, and having the data inputs
connected to values from the T column of the truth table.

Excitation table Excitation table ) ]
D flip-flop implemented

for D forT . )
using T flip-flop and MUX 4:1
Qt Qt+1 D Qt Qt+1 T Qt DI T
0 0 |0 0 0 |0 0 0] O
0 1 1 0 1 1 0 1] 1
ok =
1 0 (0 1 0 (1 1 0|1
11 1 11 0 1110
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Having a T-based D flip-flop, the implementation of a 3-bit right-shift register is
straightforward:

SER

r>CLK
CLKI

12. Implement a sequence detector using the 74194 bidirectional universal shift-register.
The sequence is serially loaded on input Y (1 bit per clock impulse) starting with its most
significant bit (left side). The output Z of the circuit will be set to 1 when the last 4 serially
loaded input bits generate the sequence “1011”, and will be set to 0 otherwise.

Solution:

The register can be implemented using circuit 74194 configured for left-shifting with serial
load on S.. The presence of the sequence “1011” inside the register can be decoded and
signaled on output Z using a 4-input AND gate.

GND GNDGND GND

S

VCC—GCLEAR A B C D v
X —>{Sr 74194 Sl |
CLK (__>—>CLOCK
S1 S Qa Qg Q¢
VCCGND
Z

110



LOGIC DESIGN ANNEX 2

13. Determine the output sequence on Qs.0 generated by the sequence generator below,
considering that first clock impulse loads the register with the binary value D3, = “1011”
and left shift operation is enabled afterwards. S;=Q, - Qp and Sg=0.

D3 D, D1 Do

VCC CLEAR A B C D

ISR 74194 Su[*

CLK [____>——>CLOCK
S1So Qa Qs Qc Qp

N O > Qs
> Q,
o> > aq
> q,

CLC

(CLC — Combinational Logic Circuit)

Solution:

For each clock impulse, the 3 least significant bits (right side) move one position to the
left. The new value of the least significant bit will be the S, function, which depends on
the current state bits.

The sequence generated will be: 1011 (initialization), 0110, 1100, 1000, 0000, 0000, ...
(value 0000 will repeat indefinitely).

14. Implement a counter with decreasing counting loop, from 9 to 6, using the circuit
74192.

Solution:

Circuit 74192 is a 4-bit synchronous reversible decade counter with asynchronous parallel
load command. A value of 9 (in binary = 1001) will be loaded on the parallel input data
lines, because it is the first value in the counting loop. The load command must be delayed
for 1 clock impulse after value 6 is reached, because the parallel load command is
asynchronous and overwrites the current state immediately. Therefore, the load
command is initiated when the counter value reaches 5. For count-down configuration,
the count up clock input CPy is connected to 1 (VCC) and the reset is deactivated with 0
(GND).
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VCC GNDGND VCC

S )

pL Po P1 P2 P3

vee—pCPy 74192 TGP

CLK[___>—>CPp
I\/+R
GND

15. Implement a synchronous binary counter with ascending counting loop, from 32 to
127, using two cascaded 74163 counters.

Solution:

Circuit 74163 is a 4-bit synchronous binary counter with synchronous load command. Two
such circuits must be cascaded to obtain an 8-bit counter with extended counting range.
A value of 32 (in binary = 0010 0000) will be loaded on the parallel input data lines,
because it is the first value in the counting loop. The load command is initiated when the
counter value reaches 127. The value 127 (in binary = 0111 1111) is decoded using an 8-
input NAND gate (AND + NOT for active low). The reset of the counters is deactivated with

1 (VCC).
lGND GND GND GND IGND VCC GNDGND
load A B C D load A B C D
VCC —» ENP VCC—>» ENP
VCC—> ENT 74163 RCOF——" ENT 74163 RCO
CLK >Clock > Clock
Clear Qn Qs Qc Op Clear Qn Qg Q¢ Qp
vCe vce 1 Lc
._r\_r\_r\_\\:
M N M |
f\_l\_l\_l\_,_
MNP N r
[ M M M
Q Q Q Qs Q Q Qs Qy
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16. Implement a 2-bit count-up synchronous binary counter with asynchronous reset,
using 7474 D flip-flops. The counter is triggered on the rising edge of the clock signal.

Solution:

A regular implementation of the shift register uses T flip-flops. Therefore, T flip-flops must
be implemented with D flip-flops and logic gates. Identical pairs of current and next state
are matched in the excitation tables for T and D flip-flops, respectively. A truth table
results containing current state Q¢ and T values on the left side, and D values on the right
side. Based on the values from the truth table, the expression of D is the XOR operation.

Excitation table Excitation table

forT for D
Q QT Qt Q! b o T| D
0 0 |0 0 0 |0 0 0[O
01 |1 01 |1 0 1] 1
10 |1 ¥ 1 0 |0 = 1 1| o Tflip-flOPimplemented
11 1|0 1 1 |1 1 ol 1 using D flip-flop and XOR

D:T@Qtz>T—_)D_'D Q—e—

CLK—CLK Q

Having a D-based T flip-flop, the implementation with 7474 of a 2-bit synchronous counter
is straightforward:

vic vic
vcc—L >—{Dp PR Q | >—{p PR Q
>CLK _ >CLK_ N
[__ ClR Q {__ R Q
7474 7474
CLK | T
RSTI

113



LOGIC DESIGN ANNEX 2

17. Implement a 3-bit count-down asynchronous counter with asynchronous reset, using
7476 JK flip-flops. The counter is triggered on the falling edge of the clock signal and must
have an active-low BORROW signal.

Solution:

A regular implementation of the counter will use toggling JK flip-flops (J=K=1). The clock
signal is connected to the less significant flip-flop, and the other flip-flops will have their
clock signals connected to the inverted output of the immediately less significant flip-flop.
Hence the least significant flip-flop will toggle every clock impulse, and the rest will toggle
when the previous flip-flop transitions from 1 to 0. Finally, a NAND over the flip-flop
outputs will implement the active-low BORROW signal, which will detect the presence of

000. BORROW = Q, - Q; - Qo.

J PR Q ] PRQ J PR Q
CLK >CLK >CLK  _ >CLK

K CLR Q K clR Q K CLR Q
L VCC I VCC I VCC m
RST | . e ig‘ g"D

18. Using the 74194 shift-register, the 74283 adder and basic logic gates, implement a
circuit which receives a sequence of bits. The sequence is serially loaded on input Y (1 bit
per clock impulse). The circuit will output on Zs.0 the Excess 3 equivalent of the binary
value present on the most recently loaded 4 bits. An additional VALID output will be set
to 1 if the value from the register is lower than 1010, otherwise it will be set to 0. This
output will validate the Excess 3 code, which is relevant for values between 0 and 9.

Solution:

The register can be implemented using circuit 74194 configured for left-shifting with serial
load on S,. The Excess 3 code can be calculated using the 74283 adder, which will add the
value from the register with 0011, (3 in decimal). The value from the register is below 1019
if itis 9, or 8 or if the most significant bit is 0 (for numbers less than 8). Therefore, VALID

=Qa Q8 Qc Qo +Qa Qg Qc Qo +Qa.
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GND GNDGND GND

llll

VCC—QCLEAR A

X —» Sk 74194 Sfe—<_"17Y
CLK [__>—">CLOCK

S1 S Qa Qs QA G

VCCGND
> VALID
—___ >7
—____>7;
A >z,
o a2 74283 3, , > 7,
VCC—> B Cy
VCC—| B,
GND—>| B,
GND— &,

19. Using the 74194 shift-register and basic logic gates, implement a circuit which sets its
output Y=1 when the most recently loaded two bits are equal to 0. The register must be

set on right shifting mode with serial load (1 bit per clock impulse) from an input called
SER.

Solution: The register can be implemented with circuit 74194 configured for right-shifting
with serial load on Sg. In this case the most recently loaded bits are present on outputs Qa
and Qg. A 2-input AND gate can be used to check whether these outputs are 00;.
Consequently, the expression for Yis Y = Q4 * Qg (the Po minterm).

GND GNDGND GND

Loty oy

VCC CLEAR A B

SER[__ >—»S: 74194 Sle——X
CLK [ >—>CLOCK
S1 S0 Qa Qs Q¢ &

GNDVCC i : Y

20. Using shift register 7495, implement a circuit having two operations with respect to
the value set on MODE:

e MODE =0 - the register performs right shift with serial load from an input named SER;

e MODE =1-the register performs parallel load with the sum between the register value
and Xs.o, calculated using adder 74283 (with carry-out output ignored).

The outputs of the register are linked to output terminals Qs.o.
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Solution:

The register can be implemented using circuit 7495 having the clock inputs connected to
a common clock signal. The two inputs of the 74283 adder will be connected to register
outputs and inputs Xs.o, respectively. Co will be connected to 0 (GND). The result of the
summation unit will be forwarded to the data inputs of the register for parallel load.

v v v 3
SERC_—>—»SER A B C D
CLKD—t§>CK1 7495

> CK;

MODEQs Qg Qc Qp

GND_’ Co zl ]
A 3, —

MODE " 23

ﬁi 74283 3,

X0| B1 Cy
%1' B>
[ B
Xs > B,

QG Q u Q

21. Implement a synchronous binary counter, with ascending counting loop from 0 to 158,
using counters 74193 and 74192.

Solution:

Counters 74193 and 74192 are synchronous 4-bit bidirectional counters. For an 8-bit
binary counter, the 74193 binary counter will count on the least significant bits Qs.0 and
the 74192 decimal counter will count on the most significant bits Qz.a. Because the first
value of the loop is 0, it can be loaded by resetting the counters. The reset command must
be delayed for 1 clock impulse after value 158 is reached, because the reset command is
asynchronous and overwrites the current state immediately. Therefore, the reset is
initiated when the counter value reaches 159. As 159 (in binary = 1001 1111) is the
maximum possible value, it can be detected using the TCy flag (Terminal Count Up) of the
most significant counter, the 74192 circuit. The TCy must be inverted because it is active-
low and the reset command is active-high. The parallel load of the counters is deactivated
by connecting to 1 (VCC).
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GND
VCC
1],
load A B C D PL Po Pi Py P;
CLK |:>—>CountUp 74193 CarryO—>CPU 74193 EJ
VCC—>CountDown Borrowjo—>CP,,
CliarQA Qg Qc Qp MR Q Q Q
Q Q Q@ Q3 Q Q Q5 Q

22. Using the 7495 shift-register and basic logic gates, implement a circuit which serially
loads a binary sequence (1 bit per clock impulse) from the input SER. The circuit must
activate the output Y=1 when there are three consecutive 1s between the most recently
loaded 4 bits, otherwise Y=0.

Solution: The register can be implemented using circuit 7495 having the clock inputs
connected to a common clock signal. The 3 consecutive 1s can be found on Qa, Qs, Qc or
on Qg, Qc, Qp. Consequently, the detection can be implemented with the boolean
expressionY=Qa - Qg * Q¢ + Qg * Q¢ - Qp. For serial load activation, the input MODE will
be connected to 0 (GND).

GND GND GND GND
v 4 o4
SERC_——>SER A B C D

CLK D—tib CK; 7495
> CK;

MODEQa Qs Qc Qp

GND

23. Implement a serial BCD->Gray converter with a B input, a reset, a clock signal and a
serial output G. The binary number is serially received on B and the correponding Gray
code is generated on G, one bit per clock cycle. The input sequence starts with the most
significant bit, and ends with the least significant bit when reset is enabled
asynchronously. After disabling the reset marks the beginning of a new number.
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Solution: The expression for BCD->Gray conversion at rank i is: G; = B; @ Bj:1. The current
bit B; will be saved in a D flip-flop and will be available on the output Q, in the next clock
cycle, when B;.1 is available on the input. Therefore, Bi.1 @ Q will generate the next Gray
code bit Gi.1, as follows: Gi.1 = Bi.1 @ Q = Bi.1 @ B.. At startup, the flip-flop is initialized to
0, meaning the highest rank bit G, will be G, =B, @ 0 = B,, and B, is saved. At next cycle,
Gn-1=Bn1 @ Q =Bn1 @ B, and B,.1 is saved. Then follows G2 =Bn2 @ Q =Bn2 @ By,
and B, is saved, etc.

BD—l—>D Q—I_)D_DG

CLK=———pCLKR

RSTC—

24. Implement a serial Gray->BCD converter with a G input, a reset, a clock signal and a
serial output B. The Gray code is serially received on G and the correponding binary code
is generated on B, one bit per clock cycle. The input sequence starts with the most
significant bit, and ends with the least significant bit when reset is enabled
asynchronously. After disabling the reset marks the beginning of a new number.

Solution: The expression for Gray->BCD conversion at rank iis: Bi=G, @ Gn-1 D ... @ G..
The result B; will be saved in a D flip-flop and will be available on output Q, in the next
clock cycle, when Gj; is available on input. Therefore, Q @ Gi1 will generate the next
binary bit B;1, as follows: B.1i=Q @ Gi.1=G, B G,1 B ... D G; @D Gi1. At startup, the flip-
flop is initialized to 0, meaning the highest rank bit B, will be B, =0 @ G, = Gp, and G, is
saved. At next cycle, Bp.1 = Q @ Gp-1 = G, @D Gp1, and G, D G,.1 is saved. Then follows B-
2=0P Gp2=G, D Gr1 D Gpa,and G, B G,1 B G5 is saved, etc.

GDSD‘I_'D aF -

CLK=——pCLKR

RSTC—
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