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Introduction
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Srinivasa K R, Microchip Technology Inc

The Configurable Logic Cell (CLC) is a flexible peripheral that enables creation of on-chip custom logic
functions for PIC® microcontrollers. This peripheral allows the user to specify combinations of signals as
inputs to a logic function, and can route the logic output to other peripherals and I/O pins. It can be
configured with basic logic functions such as logic gates, flip-flops and latches.

The CLC is a Core Independent Peripheral (CIP), which means it performs its tasks with no code or
supervision from the CPU after configuration is completed. It operates independently and outside the
speed limitations of the PIC microcontroller's CPU. This not only decreases the system’s response time, it
also reduces the software development time, as some of the functions typically done in code are instead
done in hardware.

The CLC can be used to build custom logic functions, and also to internally connect other peripherals like
timers, PWMs, serial ports and 1/O pins, allowing hardware customization with unprecedented ease.

Scope

This application note introduces the CLC in PIC® microcontrollers and presents two examples of how it
may be used to simplify the design of a real-world system. This application note is supplemented by the
respective firmware of the two case studies. To access the firmware visit http://www.microchip.com/
wwwproducts/en/PIC18F47Q10. The following content is discussed in this application note:

* Overview of CLC in PIC Devices

* Features and Benefits of CLC

* CLC in Real-Time Applications

* Finite State Machine Implementation using CLCs
* Encoder and Decoder Implementation using CLCs
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Overview

Overview

The CLC is a user-configurable peripheral, similar to a Programmable Logic Device (PLD). Various
internal and external signals can be used as inputs to the CLC. These signals from other peripherals or
from input pins, are routed to the CLC’s specified combinatorial and sequential logic. CLC performs the
intended logic operation and provides an output that can be routed to other peripherals, or can be sent to
an 1/O pin for external circuit management.

Features

The CLC in PIC devices has a range of input and output selection possibilities. In general, configuring the
CLC involves four steps. A brief insight into the four stages of the CLC peripheral is as follows:

Input Selection

The CLC can receive various signals, such as input pins, internal clocks, outputs of other peripherals,
and events of peripherals, such as a timer input.

Signal Gating

The selected input signal sources can be directed to the desired logic function through the signal
gating stage.

Logic Function Selection

In the CLC, the outputs of the data gating stage are inputs to the logic function selection stage. The
CLC supports logic functions such as AND-OR, OR-XOR, AND, SR latch, D flip-flops and J-K flip-
flops.

Output Polarity Selection

The output polarity stage is used to select the desired polarity of the logic output.

Figure 1-1. CLC Stages Overview
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For more details refer to the device-specific data sheet.
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Benefits

In addition to implementing common logic functions, the CLC can be used to create custom logic
operations. Individual CLC interrupt triggers allow combinations of many possible input/output signals in
real-time control systems. Some of the advantages of CLC usage include:

The CLC can be used as a stand-alone peripheral in implementing sequential and/or combinational
logic functions, thus facilitating quick event triggers and responses.

The CLC supports a higher level of integration without any external components, thus reducing PCB
size and system costs.

Logic functions implemented in hardware have real-time event response when compared to logic
functions implemented in software.

The CLC, used in conjunction with other peripherals, extends the capabilities of those peripherals by
allowing custom complex function implementation in the hardware.

Since the CLC is completely core independent, it effectively reduces the CPU bandwidth requirement
for any application, as many simple logic and event responses can be offloaded from the CPU to the
peripheral.

The CLC reduces Flash and RAM requirements as software algorithms are not required.

Being a true CIP, the CLC can be used in Power-Down modes for any logical or sequential operation,
or for creating CPU wake-up conditions.
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CLC in the PIC18 Q10 Family

Devices in the PIC18 Q10 family are equipped with eight Configurable Logic Cells (CLCs), which provide
programmable logic that operates outside the speed limitations of software execution. Each logic cell
takes up to 64 input signals and, using configurable gates, reduces the 64 inputs to four logic lines that
drive one of eight selectable single output logic functions.

The CLC output can be steered to the inputs of many of the peripherals or external pins to support design
requirements. Also, The CLC output can generate configurable rising-edge or falling-edge interrupts, or
both if software intervention or quick decision making is required in the application. These interrupts can
also be used to create complex conditions for MCU wake-up.

The CLC module can be configured as combinational logic or as latches. Possible configurations are:
+ Combinational logic:
— AND
— NAND
— AND-OR
— OR-XOR
* Latches:
- SR
— Clocked D with Set and Reset
— Transparent D with Set and Reset
— Clocked J-K with Reset
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CLC in Real-Time Applications

The versatility and simplicity of the CLC extend the capabilities of a PIC microcontroller for real-time
applications. Short duration application signals can be easily missed because of the asynchronous
polling. However, the CLC can be used to store the transition on the input, which the CPU can check at
later time. It is next to impossible for firmware to monitor two signals in real time and take output all at the
same time, as at least one clock cycle delay would be required to execute these operations. Instead, the
CLC can be used for actual real-time operations.

Real-Time Application Examples:

Boolean Expressions

Sequential Circuits

Encoders and Decoders

Counters

Multiplexers

Real-Time Data Capturing without Interrupt
Complex Waveform Generation (e.g., NEC Code for IR transmission)
Cyclo-Converters

Phase Detectors

Frequency Divider

Pulse Extender

PWM Steering

Signal Threshold and Hold Circuit

Switch Debouncing
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Application 1: Finite State Machine
A finite state machine (FSM) is a logical unit or device that stores the state of operation at a given time
and can perform transition of state in response to any change in external inputs. A FSM is defined by a
list of its states, its initial state, and the conditions for each transition.
To summarize, a state machine can be described in four parts:

* Aninitial state or record of something stored someplace

» A set of possible input events

* A set of new states that may result from the input changes

» A set of possible actions or output events that result from a new state

Sequential Logic Circuits

Sequential logic is a type of logic circuit whose output depends not only on the present value of its input
signals but also on the sequence of past inputs and input history. The past values of the inputs are held in
logic storage devices. All circuits in practical digital devices are a mixture of combinational and sequential
logic.

Case Study - Vending Machine

The vending machine is one of the simple yet thorough examples of a finite state machine.
Consider the vending machine selling water or drink in a bottle or can for 75 cents.

» Customers can insert either a dollar or quarters (25 cents). Once a sufficient amount of money is
inserted, the vending machine dispenses a bottle/can.

— If the customer inserts a dollar, it will return one quarter as change along with the purchased
bottle/can.

— If the customer inserts three quarters a bottle/can will be dispensed.
* A “Money Receiver’ detects when money has been inserted in the vending machine.
The receiver sends two logic signals to the circuit indicating whether a dollar or quarter was inserted.

* A “Bottle/Can Dispenser’ system holds the bottles and will release one bottle when its input signal is
asserted.

* A *“Coin Return” system holds quarters for change and will release coins when its input signal is
asserted.

» Depending on the inserted amount of money, it returns the correct change, as follows:
— It returns a quarter if a dollar is inserted.
— ltreturns two quarters if a dollar is inserted after a quarter.
— It returns three quarters if a dollar is inserted after two quarters.

In all of the above cases, the bottle/can dispenser releases a bottle or a can.

» The system also generates an error condition when a dollar and a quarter are inserted
simultaneously. In case of error all the coins are returned back without bottle dispense.
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Figure 4-1. Vending Machine State Diagram
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Vending Machine - State Transition Table and Logic Equations
Every state diagram can be interpreted in the form of a transition table. Breaking up the vending machine
example results in a state transition table as shown in Table 4-1.

Table 4-1. State Transition Table for Vending Machine
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This Boolean table can be easily simplified using the K-map technique into individual expressions for
each of the outputs, giving the result in the form of simple logical equations.
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Solving for next state:
« P=BCD+ACD
* Q=ABCD+BCD
Solving for dispense outputs and error state:

- R=CD+ACD
+ S=BCD +ACD’
- T=BCD’
« E=CD
Apart from these logical operations it can be observed that the previous state is also needed for

computing the next states and dispense signals. Hence, sequential circuit using D flip-flop based latch
can be used to save previous state.

* A= previous of (P)
+ B =previous of (Q)

Vending Machine Example using Curiosity HPC
Curiosity HPC is a fully-integrated 8-bit development platform designed from the ground-up to take full
advantage of Microchip's MPLAB® X development environment.

Curiosity HPC includes an integrated programmer/debugger, and requires no additional hardware to get
started. It supports 28- or 40-pin 8-bit PIC® microcontrollers with low-voltage programming capability. With
two buttons, four LEDs and two mikroBUS™ connectors on the board, it provides the perfect platform for
demonstrating the vending machine example.

Figure 4-2. Vending Machine using Curiosity HPC Development Board

Curiosity HPC Board
PIC18F47Q10
Button 1
CLC1 CLCS - — — - HLT2 4——|_
N f LCD
CLC2 CLC6
LED -
cLes cLez - v
: SPI
CLC4 CLC8 |
N - -~ HT4 <
_|— Button 2
LED
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Application Overview

The general idea of the application is to implement all the logical computations using CLCs. All the logical
expressions derived from section 4.2.1 Vending Machine - State Transition Table and Logic Equations
can be performed using CLCs. By setting them in various gate configurations, the CLCs are used to get
the required logical expression.

The required inputs are dollar, quarter and current state, whereas outputs are next state, dispense of
bottle and change. To implement the vending machine using the Curiosity HPC board, some simulation is
required to create full application environment. Hence, for demonstration, the dollar and quarter inputs
are simulated using push buttons S2 and S1, respectively, present on the board.

For switch debouncing, timers TMR2 and TMR4, in Monostable mode, are used for each switch. These
timers will generate one low pulse of programmed time at each switch press. As this pulse is of low
polarity, each switch press will give logic ‘0’, so it needs to be inverted before input to CLC. This can be
easily implemented by using the input polarity selection of the CLC.

Similarly, for bottle and change dispense output indications on-board LEDs are used. LED D5 is used to
show bottle dispense whereas LEDs D4, D3 and D2 are used to show each quarter out. Depending on
the money received, up to three quarters can be released. The output is triggered by CLC interrupts of
the respective CLC output, where the LEDs are turned on. The ON time of the LEDs is controlled by a
dedicated timer, TMR5. When the LEDs are turned ON, the timer module is also started, which will
generate an interrupt after three seconds. This interrupt is used to turn OFF the LEDs and stop the TMR5
again.

FSM states and dispense messages are displayed accordingly on the LCD, in synchronization with the
system state and dispense outputs. The LCD mini click from MikroElektronika is used as display unit,
which is supported by the MPLAB® Code Configurator (MCC). MCC generates all the required driver files
for LCD and the display routines are implemented at the application level. After some period of inactivity,
set by the user, the controller is put into IDLE mode and the LCD backlight is turned off, to reduce power
consumption. The system automatically wakes up on any switch-press event, which is implemented by
using the switches’ timer output interrupt. The same interrupt is used to clear the user inactivity time-out.
Figure 4-3 provides the overview of the vending machine application flow diagram.
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Figure 4-3. Vending Machine Application Flow Diagram
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4.2.4 Hardware Setup
The Curiosity HPC (Figure 4-4) with a PIC18F47Q10 microcontroller is used for demonstrating the
vending machine example. The vending machine demo also uses an optional LCD display for displaying
the FSM states and dispense messages, so a LCD mini click (MIKROE-2453) from MikroElektronika is
used (Figure 4-5). The LCD click is used with mikroBUS slot 1.
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Figure 4-4. Curiosity HPC Board
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Figure 4-5. LCD Mini Click
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4.2.5 Pin Mapping
As discussed in the 4.2.3 Application Overview section, the demo requires two switches for simulating
the coin inserts of dollars and quarters, four LEDs for simulating dispense outputs of bottle/can and
change coins, and one LCD display. Table 4-2 shows the pin configuration of PIC18 Q10 MCU and the
module tied to it for all the required peripherals.
Table 4-2. Pin Details for Vending Machine

mm Pin Type __ UsedAs |

LCD CS Output-Digital LCD I/O0
LCD CS2 RA1 Output-Digital LCD I/O
LCD Reset RDO Output-Digital LCD I/O
LCD BL RC2 Output-Digital LCD I/O
LCD SDI RB2 Input-Digital LCD SPI
LCD SDO RB3 Output-Digital LCD SPI
LCD SCK RB1 Output-Digital LCD SPI
Bottle LED RA7 Output-Digital I/0
Change 1 LED RA4 Output-Digital I/O
Change 2 LED RA5 Output-Digital I/O
Change 3 LED RAG Output-Digital I/O
Dollar Switch RB4 Input-Digital TMR4 IN
Quarter Switch RC5 Input-Digital TMR2 IN

4.2.6 Software Tools

Microchip’s MPLAB X IDE, compiler and graphical code generators are used throughout the application
firmware development to provide an easy and hassle-free user experience. Following are the tools used
for this demo application:

+ MPLAB X IDE v5.20
» XC8 Compiler v2.05
* MPLAB Code Configurator (MCC) v3.75

Important: For running the demo, the installed tool versions should be the same or later. This
example is not tested with the previous versions.

4.2.7 MCC Configuration

MPLAB® Code Configurator (MCC) is a graphical programming environment that generates seamless,
easy to understand C code to give a head start to the project, saving the designer’s time to initialize and
configure all the modules, and to go through the data sheets. Using an instructive interface, it enables
and configures all peripherals and functions specific to the application requirements. For more details visit
http://www.microchip.com/mplab/mplab-code-configurator.

MCC is used for this demo to generate the initialization and peripheral configuration code:
» System configuration for clock settings
» CLC configurations for logic expressions
» Timer configurations for switch debouncing and LED on-time delay
» LCD mini click SPI configuration and respective code generation

© 2019 Microchip Technology Inc. Application Note DS00002912A-page 13
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These configuration steps are detailed below:

» System Configuration

The system clock is taken as 1 MHz and is generated from HFINTOSC. Watchdog Timer is disabled.
Figure 4-6. System Configuration via MCC

System Module

{Eﬂ: Easy Setup | = Registers

¥ [NTERMNAL OSCILLATOR

Current System clock 1 MHz

Cecillator Select

HFINTOSC

External Clock 5Select | =i

HF Internal Clock

= J o —PLL Capable Frequency

Time-out Period Divider ratio

External Clock 32.768 kHz
Clock Divider 1 - J
* WWDT
Watchdog Timer Enable | WDT Disabled = J
Clock
Clock Source Software Contro -

Window Open Time | window always open (7
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+ CLC Configuration
The CLCs are configured to get the logical expressions for each variable and to generate wake-up
signal for the MCU. The equations described in 4.2.1 Vending Machine - State Transition Table and
Logic Equations are logically configured using the CLC. Table 4-3 lists the equations with some
rearrangements for AND of OR (product of sum) format as to be implemented via CLC.
Table 4-3. CLC Settings

Previous (P) Current State MSB CLC 1
2 B Previous (Q) Current State LSB CLC 2
3 C Inverse of Timer 2 output Dollar in TMR 2
4 D Inverse of Timer 4 output Quarter in TMR 4
5 P [(B°+C+D)(A+C+D) Next State MSB CLC3
6 Q [A+B+C+D)((B +C+D) Next State LSB CLC 4
7 R [(C+D)(A+C+D) Bottle out CLC 5
8 S [B"+C +D)(A+C +D) Change out MSB CLC6
9 T BCD Change out LSB CLC7
10 E CD Error State CLC 8

1. CLCA1: 1-input D flip-flop

[Goon ]
p s A = Previous (P)
o a
c
>
R
L
D’ Flip Flop Clock is NOR
- of Switch Press
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2. CLC2: 1-input D flip-flop

CLC1.out

CLC4_0oUT

<

TMR2_OUT

<

TMR4_OUT

Iq IQ ID I

3. CLCS: 4-input AND

CLC1_0uT

CLC2_ouT

TMR2_OUT

<

]

D’

TMR4_OUT =

4. CLC4: 4-input NAND

CLC1_0UT

| ! |
<

<

CLc2_ouT

TMR2_OUT

TMR4_OUT

<

B = Previous (Q)

|
5
D
>
R
1

Flip Flop Clock is NOR
of Switch Press

P=[(B’+C+D’)(A’+C+D)]’

R
L/

Q=[(A+B+C+D’)(B’+C+D)]’
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5. CLC5: 4-input AND, CLC Interrupt Enable (Rising Edge)
A

CLC1_ouT

| I
[]

R=[(C’+D)(A"+C+D’))’

<

CLC2_ouT

c

TMR2_OUT =

D’

TMR4_OUT -

6. CLCG6: 4-input AND, CLC Interrupt Enable (Rising Edge)

>
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TMR2_OUT ==

)

I

TMR4_OUT

7. CLC7: 4-input AND, CLC Interrupt Enable (Rising Edge)

cLc1_out

| l |
«

cLc2_out ~

c

TMR2_OUT

!

D’

TMR4_OUT -
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8. CLCS8: 4-input AND, CLC Interrupt Enable (Rising Edge)

A
cLe1 out - r—<

CLc2 out A
]

B
c

TMR2_OUT ~

D’

TMR4_OUT -

* Timer Configuration
As discussed in 4.2.3 Application Overview, TMR2 and TMR4 are used in Monostable mode for
switch debouncing, a period of 250 ms is programmed for the debounce. The timer is triggered with
the rising edge of the switch release event. The timer clock is set to get the desired timer period only,
and need not be identical to the settings in this application. The timer output is directly fed into the
CLC, yet timer interrupts are enabled for wake-up from Sleep mode.
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Figure 4-7. TMR2 and TMR4 MCC Configuration
TMR2

{:} Easy Setup | =] Registers

Hardware Settings

Enable Timer
Control Mode Monostable v ]
Ext Reset Source T2CKIPPS pin v ]
Start/Reset Option Starts on rising edge on TMR2_ers v ]
Timer Clock
Clock Source LFINTOSC * | [ ] enable Clock Sync
Clock Frequency 32.768 kHz
Polarity Rising Edge v
Prescaler 1:128 v D Enable Prescaler O/P Sync
Postscaler 1:1 v

Timer Period

Timer Period 4129032 ms = 250 ms < 1.057032258 s
Actual Period 251.870968 ms (Period calculated via Timer Period)
Software Settings

Enable Timer Interrupt

Callback Function Rate 0x0 x Time Period = Os

TMR2 and TMR4 are configured similarly for both switch-press operations. The timer Reset source is
selected through the PIN Manager tool. Pins RC5 and RB4 are configured for T2CKIPPS and
T4CKIPPS, respectively, as per Curiosity HPC board switch connections.

For LED delay, TMRS5 is configured in One-Shot mode to give a delay of three seconds. The timer is
only initialized and not enabled. When a delay is needed, TMRS is started in firmware. Interrupts for
TMRS5 are enabled to get software control for turning off the LEDs.
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Figure 4-8. TMR5 MCC Configuration
TMR5 P S

£0% Easy Setup | [ Registers
Hardware Settings

|:| Enable Timer

Timer Clock Timer Period
Clock Source ‘ LFINTOSC | - | Timer Period 64.516 us = 3s = 4228120032 5
External Frequency 322,768 kHz Pericd count 0wl = Oued 8 5C = (OxFFFF
Prescaler ‘ 12 | - | Calculated Period 3s
[ ] Enable 16-bit read
Enable Synchronization
D Enable Gate
l:‘ Enable Gate Toggle Gate Signal Source | T5G_pin | b |
D Enable Gate Single-Pulse mode  Gate Polarity | low | hd |

Enable Timer Interrupt
|:| Enable Timer Gate Interrupt

* LCD Configuration

MCC supports a wide range of click boards including the LCD mini click. The only configuration that
needs to be done is to select SPI source, Pin, and SPI speed. mikroBUS slot 1 is used to configure
the LCD of the Curiosity HPC board, by selecting the corresponding pins in the Pin Manager.

Refer to Figure 4-9 for pin configuration and Table 4-2 for pin details.

Figure 4-9. Pin Configuration for Modules

Pin Module
£0% Easy Setup | = Registers
Selected Package : UQFN4O
PinName 4 Module Function CustomName |  StartHigh | Analog | Output ]

RA1 LCDMini nCs2 LCDMini_nCS2 ] L]
RA3 LCDMini nCS LCDMini_nCS ] ]
RA4 Pin Module GPIO CHANGE1 | L]
RAS Pin Module GPIO CHANGE2 O] L]
RAG Pin Module GPIO CHANGE3 | L]
RA7 Pin Module GPIO BOTTLE ] ]
RE1 MSSP1 scKi ScK1 | L]
RB2 MSSP1 sDit DIt | L] U
RB3 MsSP1 SDO1 SDO1 [ L]
RBa TMR4 T4IN ] L] L]
RC2 Pin Module GPIO LCD_BL D D
RC5 TMR2 T2IN | ] |
RDO LCDMini nRESET LCDMini_nRESET ] L]
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Firmware Overview

The vending machine demo firmware consists of minimal application code as most of the operational
activities are performed by CIPs, such as CLCs and timers. The application code consists of LCD display
and Sleep mode snippets.

The bottle and change output are taken from CLC output and the corresponding code is written in CLC
interrupt. Whenever the CLC output becomes high, the corresponding LED is turned on and TMR5 is also
started, which will notify after three seconds to turn off the LEDs. This delay is also used for the LCD
display interval. Therefore, a flag is used to indicate the Dispense state, which is used for LCD display
function. If the system is in Dispense state, dispense messages are displayed on the LCD, otherwise the
present FSM state messages are displayed. In case of an error, the CLC8 interrupt is used to set the
invalidFlag status. This flag is used in the application firmware display routine to show the error caused
by simultaneous activation of both quarter and dollar signals.

To get the CLC output for bottle and change dispensing, interrupts are enabled for the corresponding
CLCs. Similarly, interrupts are enabled for TMRS5 in order to turn the LED off and to clear the dispense
flag timer.

This application also keeps a watch on user inactivity time. Each switch press will generate an interrupt
which is used to clear the inactivity time counter and to wake up the MCU. If no switch is pressed for 60
seconds, the system will enter into Sleep mode after turning the LED back-light off. For the CLC to keep
running while the CPU is in Sleep mode, the IDLE bit is set to high.

Note: The delay 60 seconds is realized using counter in while loop, thus it is approximate and will vary
in case of any change in the program.
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Figure 4-10. Application Flow for Vending Machine Firmware
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Memory Requirements

Table 4-4 lists the operating conditions and peripheral configurations of the PIC18F47Q10 MCU for the
vending machine application. The vending machine application firmware memory requirements are
explained in Table 4-5, with MCU operating at 1 MHz of CPU clock, and for none and maximum compiler

optimization levels.
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Table 4-4. Peripheral Configuration for Vending Machine

MCU PIC18F47Q10

Operating Voltage 3.3V

Operating Frequency 1 MHz

CPU Clock Configuration 1 MHz internal oscillator HFINTOSC is configured with clock divider 1
Peripherals Enabled CLC, SPI, TMR2, TMR4, TMR5

SPI Configuration MSSP1 is configured with 125 kHz, SPI is used for MiniLCD interface

CLC1, CLC2, CLC3, CLC4, CLC5, CLC6 CLC7 and CLCS8 are configured for
vending machine logic implementation

250 ms delay period clocked with LFINTOSC for Monostable mode and trigger
source as SW1 and SW2

TMR5 3s time delay operating in One-Shot mode

CLC Configuration

TMR2 and TMR4

Table 4-5. Vending Machine Firmware Resource Usage

Optimization Level
e ___Nome(® | Maximum(S) |

Data Memory 173 bytes 91 bytes
Program Memory 4096 bytes 3196 bytes

Finite State Machine Demonstration

The vending machine implementation using the PIC microcontroller’s CLC modules give a conclusive
result about the simplified nature of firmware. It is elementary, unambiguous and coherent to use the CLC
for logical and sequential expressions-based applications.
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Application 2: Encoders and Decoders

In computing, data often needs to be converted from one format to another. For this purpose, encoders
and decoders are needed in many applications.

Encoder

Encoding means converting the data from standard or original format to any other format; the objective of
using an encoder varies from standardization, speed, secrecy, security, and/or compression of the data.

Examples:
* Rotary Encoder
» Linear Encoder
* Multiplexers
* Gray Code Encoder, etc.

Decoder

Decoding is the process of converting any encoded data back to the original data format. A decoder can
take the form of a multiple-input, multiple-output, logic circuit that converts encoded input into decoded
output.

Examples:
* Rotary Decoder
» Binary Decoders
* De-multiplexers
* Gray Code Decoder, etc.

Case Study — Gray Code Decoder

Gray code is an ordering of the binary numeral system such that two successive values differ in only one
bit. More formally, a Gray code is a code assigning to each of a contiguous set of integers, or to each
member of a circular list, a word of symbols such that no two code words are identical and each two
adjacent code words differ by exactly one symbol. These codes are also known as single-distance codes,
reflecting the Hamming distance of 1 between adjacent codes

Gray code is used in many applications such as Position encoders, Mathematical puzzle, Genetic
algorithms, Boolean circuit minimization, Error correction, communication between clock domain and
cycling through states with minimal effort, etc.

To use the devices operating with Gray code in digital computing systems, the decoding of data to binary
is frequently required as the mathematical and logical computations cannot work. Hence, a Gray code
decoder is a requirement for such applications.

The decoder can be implemented in both software and hardware. Unlike the software function, the
hardware implementation is free of limitations such as input detection latency, non-real-time input
detection, and time consumption.
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Figure 5-1. Gray Code Decoder Using the Curiosity HPC Development Board
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5.31 Gray Code Decoder - Logic Design Using Gates
Being a purely logical circuit, the Gray code decoder can be implemented using logic gates only. Table
5-1 describes the logical implementation of the decoder.
Table 5-1. 4-Bit Gray Code Representation from Corresponding Binary Codes

0000 0000 0
0001 0001 1
0011 0010 2
0010 0011 3
0110 0100 4
0111 0101 5
0101 0110 6
0100 0111 7
1100 1000 8
1101 1001 9
1111 1010 10
1110 1011 11
1010 1100 12
1011 1101 13
1001 1110 14
1000 1111 15
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Upon study of the truth table we can conclude the following points for conversion of data from Gray code
to binary:

» The Most Significant bit of the Gray code number is always identical to that of the binary number.

« To derive the successive second bit, perform EX-OR operation on the Most Significant bit of the
binary code and the second bit of the given Gray code.

» To derive the successive third binary bit, perform the EX-OR operation on the second Most
Significant bit of the binary number to the third Most Significant bit of Gray code, and so on for the
next successive binary bits conversion to find the equivalent binary code.

Also, the outputs can be solved for the Boolean expressions using K-map or other methods, to come to
the similar conclusion. The derived logical expressions for Gray code decoder are as follows:

* b(3)=9()

* b(2)=g@)®g(2)
cb(M=b@)eg(1)
* b(0)=b(1)®g(0)

These equations can now be represented using logic gates as given in Figure 5-2.
Figure 5-2. Decoder Logic Diagram

b(3
g(g) C() )
) b(2)
g(2) XOR O
b(1)
g(1) ) XOR @)
O

Gray Code Decoder Example Using Curiosity HPC

Curiosity HPC is a fully-integrated 8-bit development platform for exploring 8-bit PIC microcontrollers.
Refer to 4.2.2 Vending Machine Example using Curiosity HPC for more details on the Curiosity HPC
board.

Application Overview

In this application demo the Gray code decoder is implemented using the CLCs of the 8-bit PIC
microcontroller. The 4-bit Gray code input is taken on GPIO pins and is fed to the CLCs. The CLCs will
perform the logical operation and will generate the decoded output.

For demonstration, a 4-bit rotary encoder from Grayhill (see Figure 5-3) is used to generate Gray codes.
The output from the encoder is used as input to the CLC-based decoder.
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Figure 5-3. Rotary Gray Code Encoder

LSB g(0
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A logic gate-based design as shown in Figure 5-2 is implemented using CLCs configured via the MCC
tool. The CLCs will perform logical operation on the encoded input values and give the decoded binary
output. The output of each CLC is routed to four on-board LEDs, and is read in firmware to display on
LCD. The MikroElectronika LCD mini click board™ is used to show the decoded values in the form of
decimal value of the Gray code, and corresponding rotary encoder position in degrees.
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Figure 5-4. Gray Code Decoder Application Flow
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Hardware Setup

The Curiosity HPC (1) along with the PIC18F47Q10 microcontroller is used for demonstrating the Gray
code decoder application. As discussed in the application overview, the Gray code decoder application
needs a Gray code rotary encoder (2) and a LCD display for displaying the decoded values by using the
LCD mini click from MikroElektronika. (3).

Figure 5-5. Hardware Setup

1. Curiosity HPC Board. 2. Grayhill Rotary Encoder 3. LCD mini click

Pin Mapping

In the Hardware Setup section, the output of the rotary encoder is connected as input to the Gray code
decoder, and the decimal output of the decoder is displayed using the LEDs and LCD. Table 5-2 shows
the pin mapping of the PIC18 Q10 MCU for the Gray code decoder.

Table 5-2. Gray code Decoder Pin Mapping

Decoder Input g (0) Input-Digital

Decoder Input g (1) RCA1 Input-Digital I/O
Decoder Input g (2) RD2 Input-Digital 1/0
Decoder Input g (3) RD3 Input-Digital I/0
LCD CS RA3 Output-Digital LCD I/0
LCD CS2 RA1 Output-Digital LCD I/O
LCD Reset RDO Output-Digital LCD I/O
LCD BL RC2 Output-Digital LCD I/O
LCD SDI RB2 Input-Digital LCD SPI
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........... continued

I T N T
LCD SCK Output-Digital LCD SPI
Decoder Output b (0) RA7 Output-Digital I/O
Decoder Output b (1) RAG Output-Digital I/0
Decoder Output b (2) RA5 Output-Digital I/0
Decoder Output b (3) RA4 Output-Digital I/O

Software Tools

Microchip’s MPLAB X IDE, compiler and graphical code generators are used throughout the application
firmware development to provide an easy and hassle-free user experience. Following are the tools used
for this demo application:

*+ MPLAB X IDE v5.20

» XC8 Compiler v2.05
* MPLAB Code Configurator (MCC) v3.75

Important: For running the demo, the installed tool versions should be the same or later. This
example is not tested with the previous versions.

MCC Configuration
+ System Configuration
System configuration in MCC is used for microcontroller oscillator configuration, PLL, Watchdog
Timer and low-voltage programming settings. In this application, an 1 MHz oscillator with clock
divider 1 is used as system clock, and Watchdog Timer disabled. Figure 5-6 shows the system
configuration settings in the MCC tool.
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Figure 5-6. System Configuration
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+ CLC Configuration

Configurable Logic Cells (CLCs) are used to decode the encoded Gray code value by performing the
Boolean expressions as described in 5.3.1 Gray Code Decoder - Logic Design Using Gates. The
next steps describe how the CLCs are configured for a PIC device using the MCC tool.

1. CLC 1: OR-XOR

b(1)

L cLcz our b d E_._

| apcre ozl g
LY g
e

[ ADCRC v ] 0;?“
NP PO
X0
-

g(0)
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2. CLC 2: OR-XOR

b(2)
i CLC5.0uU ?} V.;NI VVVVV
e 1o - b(1) = b(2) € g(1)
L 5
ADCRC 9

| cLoNt (cLaiNees) v <

g(1)

3. CLC 5: OR-XOR

8(3)

CLCIN3 (CLCIN3PPS) | ~ r_

o o - b(2) = &(3) D &(2)

ADCRC i .
= 1 i

CLCIN2 (CLCINZPPS) | ~ <

g(2)
4. CLC 6: OR-XOR
(3)

oQ

!

ADCRC

ADCRC v

ADCRC -
* LCD Configuration

For LCD configuration refer to the section 4.2.7 LCD Configuration.
Pin configuration for the Gray code decoder is as per Figure 5-7.
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Figure 5-7. Pin Mapping for Grey Code Decoder
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Firmware Overview
The Gray code decoder firmware contains minimum code. The CLCs’ features accomplish the needed
tasks for the application. LCD mini click and LEDs are used to display the application activities, like the
binary and decimal output of the decoder and rotary encoder switch position.

The application flow is initializing the system, pin configuration, CLC configuration and LCD display
configuration. Since the CLC is a core-independent peripheral, it does not require any trigger or run
command to process the input.

Input to the decoder is fed by the Gray code rotary encoder (discussed in 5.3.3 Application Overview).
The decoded CLC output is available in the CLC output register (CLCDATA), as well as output lines.
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These CLC output lines are routed to respective GPIOs connected to the on-board LEDs to represent the
decoded values in binary format.

Since only four of the eight available CLCs on the PIC18 Q10 devices were used for designing the
decoder and the CLC output bits are available in 8-bit register, shifting and masking operation is done in
firmware to align the output displayed on the mini LCD in decimal format. The angular position of the
encoder rotatory switch is also displayed on the LCD in degrees. The whole application flow is described
in Figure 5-8.

Figure 5-8. Firmware Flow Diagram
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Memory Requirements

The CLC requires minimum software functionality to perform Gray code decoder equations. Table 5-3
describes the operating condition and configuration of all the peripherals used. Table 5-4 and Table 5-5
show the Gray code decoder application firmware memory requirements at 1 MHz system clock.

Table 5-3. Peripherals Configured for Gray Code Decoder

MCU PIC18F47Q10

Operating Voltage 3.3V

Operating Frequency 1 MHz

CPU Clock Configuration 1 MHz internal oscillator HFINTOSC is configured with clock divider 1
Peripherals Enabled CLC, SPI

SPI Configuration MSSP1 is configured with 125 kHz, and SPI is used for mini LCD click interface

CLC1, CLC2, CLC5 and CLCE6 is configured without interrupt for realize the

CLC Configuration Gray code encoder equations

Table 5-4. Gray Code Decoder Firmware Specification without LCD

Optimization Level
e ___ Nome(® | Maximum(S) |

Data Memory 72 bytes 53 bytes
Program Memory 1280 bytes 1030 bytes

Table 5-5. Gray Code Decoder Firmware Specification with LCD

Optimization Level
e ___ Nome(® | Maximum(S) |

Data Memory 177 bytes 153 bytes
Program Memory 5318 bytes 4114 bytes

Gray Code Decoder Demonstration

The Gray code decoder implementation using the CLCs of the PIC18 Q10 family of microcontrollers
shows the effective potential of CIP-based applications. As all the processing is handled by CLCs, the
overall memory footprint of the code is very small; the remaining memory can be used for the balance of
the user application. In conclusion, the CLCs are a very useful resource for real-time applications such as
encoders and decoders.
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Conclusion

The addition of CLCs to the Microchip set of peripherals allows users to design a logical application circuit
that can interface with the PIC® microcontroller. This extends the capabilities of PIC MCU devices.
Combining outputs of different peripherals and input pins using configurable gates enables and enhances
the capabilities of the existing peripherals, thus expanding the horizon of applications a peripheral can
accomplish.

Since the logic functions implemented in the hardware have faster event response compared to the logic
functions implemented in the software, the CLC gives the advantage of faster and predictable response
to users. It provides a higher level of integration without the need of external logic gates to implement the
logic functions, therefore it can reduce the size of a PCB. It also helps in combining various input source
signals using different logic gates to produce different signals.

There is a wide range of applications that can be implemented using CLCs; a few are discussed in this
document. Microchip encourages users to explore other possibilities of using CLCs.
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Device data sheet for the specific device being used, at http://www.microchip.com.

MCC software: http://www.microchip.com/mplab/mplab-code-configurator

MPLAB X IDE: http://www.microchip.com/mplab/mplab-x-ide

Demo firmware: https://mplabxpress.microchip.com/mplabcloud/example

Curiosity HPC: https://www.microchip.com/Developmenttools/ProductDetails/DM164136
Gray code encoder: http://www.grayhill.com/products/mechanical-encoders/

LCD mini click: https://www.mikroe.com/lcd-mini-click
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The Microchip Web Site

Microchip provides online support via our web site at http://www.microchip.com/. This web site is used as
a means to make files and information easily available to customers. Accessible by using your favorite
Internet browser, the web site contains the following information:

* Product Support — Data sheets and errata, application notes and sample programs, design
resources, user’s guides and hardware support documents, latest software releases and archived
software

* General Technical Support — Frequently Asked Questions (FAQ), technical support requests, online
discussion groups, Microchip consultant program member listing

» Business of Microchip — Product selector and ordering guides, latest Microchip press releases,
listing of seminars and events, listings of Microchip sales offices, distributors and factory
representatives

Customer Change Notification Service

Microchip’s customer notification service helps keep customers current on Microchip products.
Subscribers will receive e-mail notification whenever there are changes, updates, revisions or errata
related to a specified product family or development tool of interest.

To register, access the Microchip web site at http://www.microchip.com/. Under “Support”, click on
“Customer Change Notification” and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

» Distributor or Representative
* Local Sales Office
» Field Application Engineer (FAE)
» Technical Support
Customers should contact their distributor, representative or Field Application Engineer (FAE) for support.

Local sales offices are also available to help customers. A listing of sales offices and locations is included
in the back of this document.

Technical support is available through the web site at: http://www.microchip.com/support

Microchip Devices Code Protection Feature

Note the following details of the code protection feature on Microchip devices:

» Microchip products meet the specification contained in their particular Microchip Data Sheet.

» Microchip believes that its family of products is one of the most secure families of its kind on the
market today, when used in the intended manner and under normal conditions.

» There are dishonest and possibly illegal methods used to breach the code protection feature. All of
these methods, to our knowledge, require using the Microchip products in a manner outside the
operating specifications contained in Microchip’s Data Sheets. Most likely, the person doing so is
engaged in theft of intellectual property.

» Microchip is willing to work with the customer who is concerned about the integrity of their code.
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* Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their
code. Code protection does not mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the
code protection features of our products. Attempts to break Microchip’s code protection feature may be a
violation of the Digital Millennium Copyright Act. If such acts allow unauthorized access to your software
or other copyrighted work, you may have a right to sue for relief under that Act.

Legal Notice

Information contained in this publication regarding device applications and the like is provided only for
your convenience and may be superseded by updates. It is your responsibility to ensure that your
application meets with your specifications. MICROCHIP MAKES NO REPRESENTATIONS OR
WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY
OR OTHERWISE, RELATED TO THE INFORMATION, INCLUDING BUT NOT LIMITED TO ITS
CONDITION, QUALITY, PERFORMANCE, MERCHANTABILITY OR FITNESS FOR PURPOSE.
Microchip disclaims all liability arising from this information and its use. Use of Microchip devices in life
support and/or safety applications is entirely at the buyer’s risk, and the buyer agrees to defend,
indemnify and hold harmless Microchip from any and all damages, claims, suits, or expenses resulting
from such use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual
property rights unless otherwise stated.
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The Microchip name and logo, the Microchip logo, AnyRate, AVR, AVR logo, AVR Freaks, BitCloud,
chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, Heldo, JukeBlox, KeelLoq,
Kleer, LANCheck, LINK MD, maXStylus, maXTouch, MediaLB, megaAVR, MOST, MOST logo, MPLAB,
OptoLyzer, PIC, picoPower, PICSTART, PIC32 logo, Prochip Designer, QTouch, SAM-BA, SpyNIC, SST,
SST Logo, SuperFlash, tinyAVR, UNI/O, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

ClockWorks, The Embedded Control Solutions Company, EtherSynch, Hyper Speed Control, HyperLight
Load, IntelliMOS, mTouch, Precision Edge, and Quiet-Wire are registered trademarks of Microchip
Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, Anyln, AnyOut, BodyCom,
CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController, dsPICDEM,
dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, EtherGREEN, In-Circuit Serial Programming,
ICSP, INICnet, Inter-Chip Connectivity, JitterBlocker, KleerNet, KleerNet logo, memBrain, Mindi, MiWi,
motorBench, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach, Omniscient
Code Generation, PICDEM, PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE,
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Endurance, TSHARC, USBCheck, VariSense, ViewSpan, WiperLock, Wireless DNA, and ZENA are
trademarks of Microchip Technology Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.
Silicon Storage Technology is a registered trademark of Microchip Technology Inc. in other countries.
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ISO/TS 16949
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