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17.4.2  General Call Address Support

The addressing procedure for the I12C bus is such that the first byte after the START condition
usually determines which device will be the slave addressed by the master. The exception is the
general call address which can address all devices. When this address is used, all devices

should, in theory, respond with an acknowledge.

The general call address is one of eight addresses reserved for specific purposes by the 2C pro-

tocol. It consists of all 0’s with R/W = 0.

The general call address is recognized when the General Call Enable bit (GCEN) is enabled
(SSPCON2<7> set). Following a start-bit detect, 8-bits are shifted into SSPSR and the address
is compared against SSPADD, and is also compared to the general call address, fixed in hard-

ware.

If the general call address matches, the SSPSR is transferred to the SSPBUF, the BF flag bit is
set (eight bit), and on the falling edge of the ninth bit (ACK bit) the SSPIF interrupt flag bit is set.

When the interrupt is serviced. The source for the interrupt can be checked by reading the con-
tents of the SSPBUF to determine if the address was device specific or a general call address.

In 10-bit mode, the SSPADD is required to be updated for the second half of the address to
match, and the UA bit is set (SSPSTAT<1>). If the general call address is sampled when the
GCEN bit is set while the slave is configured in 10-bit address mode, then the second half of the
address is not necessary, the UA bit will not be set, and the slave will begin receiving data after

the acknowledge (Figure 17-16).

Figure 17-16: Slave Mode General Call Address Sequence (7 or 10-bit Address Mode)

Address is compared to General Call Address
l after ACK, set interrupt
=0

.- RW Receiving data ACK
SDA AN General Call Address |ACK/ b7 X D6 X D5X D4 X D3 X D2 X D1 X DO)
SCL .
SSPIF
BF (SSPSTAT<0>) ] T
I I— Cleared in software
SPBUF is read
SSPOV (SSPCON1<6>) 0
GCEN (SSPCON2<7>) 1
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17.4.5 Master Mode

Master mode of operation is supported by interrupt generation on the detection of the START and
STOP conditions. The STOP (P) and START (S) bits are cleared from a reset or when the SSP
module is disabled. Control of the 12C bus may be taken when the P bit is set, or the bus is idle
with both the S and P bits clear.

In master mode the SCL and SDA lines are manipulated by the SSP hardware.
The following events will cause SSP Interrupt Flag bit, SSPIF, to be set (SSP Interrupt if enabled):

» START condition

+ STOP condition

» Data transfer byte transmitted/received
» Acknowledge Transmit

» Repeated Start

Figure 17-17: SSP Block Diagram (12C Master Mode)
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17.4.7.1  12C Master Mode Operation

The master device generates all of the serial clock pulses and the START and STOP conditions.
A transfer is ended with a STOP condition or with a repeated START condition. Since the
repeated START condition is also the beginning of the next serial transfer, the 12C bus will not be
released.

In Master transmitter mode serial data is output through SDA, while SCL outputs the serial clock.
The first byte transmitted contains the slave address of the receiving device, (7 bits) and the
Read/Write (R/W) bit. In this case the R/W bit will be logic '0'. Serial data is transmitted 8 bits at
a time. After each byte is transmitted, an acknowledge bit is received. START and STOP condi-
tions are output to indicate the beginning and the end of a serial transfer.

In Master receive mode the first byte transmitted contains the slave address of the transmitting
device (7 bits) and the R/W bit. In this case the R/W bit will be logic ‘1‘. Thus the first byte trans-
mitted is a 7-bit slave address followed by a '1' to indicate receive bit. Serial data is received via
SDA while SCL outputs the serial clock. Serial data is received 8 bits at a time. After each byte
is received, an acknowledge bit is transmitted. START and STOP conditions indicate the begin-
ning and end of transmission.

The baud rate generator used for SPI mode operation is used to set the SCL clock frequency for
either 100 kHz, 400 kHz, or 1 MHz I2C operation. The baud rate generator reload value is con-
tained in the lower 7 bits of the SSPADD register. The baud rate generator will automatically
begin counting on a write to the SSPBUF. Once the given operation is complete (i.e., transmis-
sion of the last data bit is followed by ACK) the internal clock will automatically stop counting and
the SCL pin will remain in its last state.

A typical transmit sequence would go as follows:
a) The user generates a Start Condition by setting the START enable bit, SEN
(SSPCON2<0>).

b) SSPIF is set. The SSP module will wait the required start time before any other operation
takes place.

c) The user loads the SSPBUF with the address to transmit.
d) Address is shifted out the SDA pin until all 8 bits are transmitted.

e) The SSP Module shifts in the ACK bit from the slave device, and writes its value into the
SSPCONB2 register (SSPCON2<6>).

fy  The SSP module generates an interrupt at the end of the ninth clock cycle by setting the
SSPIF bit.

g) The user loads the SSPBUF with eight bits of data.
h) DATA is shifted out the SDA pin until all 8 bits are transmitted.

i)  The SSP Module shifts in the ACK bit from the slave device, and writes its value into the
SSPCONB2 register (SSPCON2<6>).

i) The SSP module generates an interrupt at the end of the ninth clock cycle by setting the
SSPIF bit.

k) The user generates a STOP condition by setting the STOP enable bit, PEN
(SSPCON2<2>).

[) Interrupt is generated once the stop condition is complete.

DS31017A-page 17-30

Preliminary © 1997 Microchip Technology Inc.



PICmicro MID-RANGE MCU FAMILY

17.4.9  I2C Master Mode Start Condition Timing

To initiate a START condition the user sets the start condition enable bit, SEN (SSPCON2<0>).
If the SDA and SCL pins are sampled high, the baud rate generator is re-loaded with the contents
of SSPADD<6:0>, and starts its count. If SCL and SDA are both sampled high when the baud
rate generator times out (Tgrg), the SDA pin is driven low. The action of the SDA being driven
low while SCL is high is the START condition, and causes the S bit (SSPSTAT<3>) to be set. Fol-
lowing this, the baud rate generator is reloaded with the contents of SSPADD<6:0> and resumes
its count. When the baud rate generator times out (Tgrg) the SEN bit (SSPCON2<0>) will be
automatically cleared by hardware, the baud rate generator is suspended leaving the SDA line
held low, and the START condition is complete.

Note: If at the beginning of START condition the SDA and SCL pins are already sampled
low, or if during the START condition the SCL line is sampled low before the SDA
line is driven low, a bus collision occurs, the Bus Collision Interrupt Flag,BCLIF, is

set, the START condition is aborted, and the [2C module is reset into its IDLE state.

17.4.9.1 WCOL Status Flag

If the user writes the SSPBUF when an START sequence is in progress, then WCOL is set and
the contents of the buffer are unchanged (the write doesn’t occur).

Note: Because queueing of events is not allowed, writing to the lower 5 bits of SSPCON2

is disabled until the START condition is complete.

Figure 17-20: First Start Bit Timing

Write to SEN bit occurs here. Set S bit (SSPSTAT<3>)
SDA =1, . .
SCL =1 At completion of start bit,
B Hardware clears SEN bit
l 1 and sets SSPIF bit
k= Tera —1 Terg™ Write to SSPBUF occurs here
N r 1st Bit X 2ndBit
SDA . e
. Lot ke Tore
SCL l B

..... n I‘TBRG’l

DS31017A-page 17-32

Preliminary © 1997 Microchip Technology Inc.



PICmicro MID-RANGE MCU FAMILY

17.4.10 12C Master Mode Repeated Start Condition Timing

A Repeated Start condition occurs when the RSEN bit (SSPCON2<1>) is programmed high and
the 1°C logic module is in the idle state. When the RSEN bit is set, the SCL pin is asserted low.
When the SCL pin is sampled low, the baud rate generator is loaded with the contents of
SSPADD<5:0>, and begins counting. The SDA pin is released (brought high) for one baud rate
generator count (Tgrg). When the baud rate generator times out, if SDA is sampled high, the
SCL pin will be de-asserted (brought high). When SCL is sampled high the baud rate generator
is re-loaded with the contents of SSPADD<6:0> and begins counting. SDA and SCL must be
sampled high for one Tgrg. This action is then followed by assertion of the SDA pin (SDA = 0)
for one Tgrg while SCL is high. Following this, the RSEN bit (SSPCON2<1>) will be automati-
cally cleared, and the baud rate generator is not reloaded, leaving the SDA pin held low. As soon
as a start condition is detected on the SDA and SCL pins, the S bit (SSPSTAT<3>) will be set.
The SSPIF bit will not be set until the baud rate generator has timed-out.

Note 1: If RSEN is programmed while any other event is in progress, it will not take effect.
Note 2: A bus collision during the Repeated Start condition occurs if:

» SDA is sampled low when SCL goes from low to high.
» SCL goes low before SDA is asserted low. This may indicates that another

master is attempting to transmit a data ‘1.

Immediately following the SSPIF bit getting set, the user may write the SSPBUF with the 7-bit
address in 7-bit mode, or the default first address in 10-bit mode. After the first eight bits are
transmitted and an ACK is received, the user may then transmit an additional eight bits of
address (10-bit mode) or eight bits of data (7-bit mode).
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Figure 17-23: Repeated Start Condition Flowchart (part 1 of 2)
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17.4.11 12C Master Mode Transmission

Transmission of a data byte, a 7-bit address, or the either half of a 10-bit address is accomplished
by simply writing a value to SSPBUF register. This action will set the buffer full flag bit, BF, and
allow the baud rate generator to begin counting and start the next transmission. Each bit of
address/data will be shifted out onto the SDA pin after the falling edge of SCL is asserted (see
data hold time specification parameters 106). SCL is held low for one baud rate generator roll
over count (Tgrg). Data should be valid before SCL is released high (see Data setup time spec-
ification parameters 107). When the SCL pin is released high, it is held that way for Tgrg, the
data on the SDA pin must remain stable for that duration and some hold time after the next falling
edge of SCL. After the eighth bit is shifted out (the falling edge of the eighth clock), the BF flag
is cleared and the master releases SDA allowing the slave device being addressed to respond
with an ACK bit during the ninth bit time, if an address match occurs or if data was received prop-
erly. The status of ACK is written into the ACKDT bit on the falling edge of the ninth clock. If the
master receives an acknowledge, the acknowledge status bit, ACKSTAT, is cleared. If not, the bit
is set. After the ninth clock the SSPIF bit is set, and the master clock (baud rate generator) is
suspended until the next data byte is loaded into the SSPBUF leaving SCL low and SDA
unchanged (Figure 17-26).

After the write to the SSPBUF, each bit of address will be shifted out on the falling edge of SCL
until all seven address bits and the R/W bit are completed. On the falling edge of the eighth clock
the master will de-assert the SDA pin allowing the slave to respond with an acknowledge. On the
falling edge of the ninth clock the master will sample the SDA pin to see if the address was rec-
ognized by a slave. The status of the ACK bit is loaded into the ACKSTAT status bit
(SSPCON2<6>). Following the falling edge of the ninth clock transmission of the address, the
SSPIF is set, the BF flag is cleared, and the baud rate generator is turned off until another write
to the SSPBUF takes place, holding SCL low and allowing SDA to float.

17.4.11.1 BF Status Flag

In transmit mode, the BF bit (SSPSTAT<0>) is set when the CPU writes to SSPBUF and is
cleared when all 8 bits are shifted out.

17.4.11.2 WCOL Status Flag

If the user writes the SSPBUF when a transmit is already in progress (i.e. SSPSR is still shifting
out a data byte), then WCOL is set and the contents of the buffer are unchanged (the write
doesn’t occur).

WCOL must be cleared in software.

17.4.11.3 ACKSTAT Status Flag

In transmit mode, the ACKSTAT bit (SSPCON2<6>) is cleared when the slave has sent an
acknowledge (ACK = 0), and is set when the slave does not acknowledge (ACK = 1). A slave
sends an acknowledge when it has recognized its address (including a general call), or when the
slave has properly received its data.

DS31017A-page 17-38

Preliminary © 1997 Microchip Technology Inc.



0v-21 ebed-y/101€SA

II9id

Aeuiwi

-ou| ABojouyda] diyoouoIN 2661 ©

Write SSPCON2<0> SEN = 1
START condition begins

SEN=0
Transmit Address to Slave RW=0

From slave clear ACKSTAT bit SSPCON2<6>

Transmitting Data or Second Half
of 10-bit Address

son i \L_a/arpo ) me Y az )\ 4 ACK-o0

! SSPBUF written with 7 bit address and R/W
start transmit

SCL

. SCL held low
, " while CPU \

‘responds to SSPIF

SSPIF [

cleared in software

BF (SSPSTAT<0>) '

,L SSPBUF written

SEN [ ]

ACKSTAT in
SSPCON2 =1

L cleared in software service routine
From SSP interrupt

——— SSPBUF is written in software

t'— After start condition SEN cleared by hardware.

PEN

RW _I

(ssaJppy 1q-01 10 / ‘UoISSIWISURI]) WIOIBARAN PO 191SEl o1 921 ainbi4

ATINVA NOIN 3ONVH-AIIN old1w)id



PICmicro MID-RANGE MCU FAMILY

Figure 17-27: Master Receiver Flowchart
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17.4.13 Acknowledge Sequence Timing

An acknowledge sequence is enabled by setting the acknowledge sequence enable bit, ACKEN
(SSPCON2<4>). When this bit is set, the SCL pin is pulled low and the contents of the acknowl-
edge data bit is presented on the SDA pin. If the user wishes to generate an acknowledge, then
the ACKDT bit should be cleared. If not, the user should set the ACKDT bit before starting an
acknowledge sequence. The baud rate generator then counts for one rollover period (Tgrg), and
the SCL pin is de-asserted (pulled high). When the SCL pin is sampled high (clock arbitration),
the baud rate generator counts for Tgrg. The SCL pin is then pulled low. Following this, the
ACKEN bit is automatically cleared, the baud rate generator is turned off, and the SSP module
then goes into IDLE mode (Figure 17-29).

17.4.13.1 WCOL Status Flag

If the user writes the SSPBUF when an acknowledge sequence is in progress, then WCOL is set
and the contents of the buffer are unchanged (the write doesn’t occur).

Figure 17-29: Acknowledge Sequence Waveform

Acknowledge sequence starts here,

Write to SSPCON2 ACKEN automatically cleared
ACKEN = 1, ACKDT = 0 |7
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| | |
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Set SSPIF at the end
of acknowledge sequence

Note: Tgre= One baud rate generator period.
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17.4.14 Stop Condition Timing

A stop bit is asserted on the SDA pin at the end of a receive/transmit by setting the Stop
sequence enable bit, PEN (SSPCON2<2>). At the end of a receive/transmit the SCL line is held
low after the falling edge of the ninth clock. When the PEN bit is set, the master will assert the
SDA line low. When the SDA line is sampled low, the baud rate generator is reloaded and counts
down to 0. When the baud rate generator times out, the SCL pin will be brought high, and one
Tgrg (baud rate generator rollover count) later, the SDA pin will be de-asserted. When the SDA
pin is sampled high while SCL is high the P bit (SSPSTAT<4>) is set. A TBRG later, the PEN bit
is cleared and the SSPIF bit is set (Figure 17-31).

Whenever the firmware decides to take control of the bus, it will first determine if the bus is busy
by checking the S and P bits in the SSPSTAT register. If the bus is busy, then the CPU can be
interrupted (notified) when a Stop bit is detected (i.e. bus is free).

17.4.14.1 WCOL Status Flag

If the user writes the SSPBUF when a STOP sequence is in progress, then the WCOL bit is set
and the contents of the buffer are unchanged (the write doesn’t occur).

Figure 17-31: Stop Condition Receive or Transmit Mode

SCL =1 for Tggg, followed by SDA = 1 for Tggg

Write to SSPCON2 after SDA sampled high. P bit (SSPSTAT<4>) is set

Set PEN__
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SCL \ 1 | |
- I I
SDA ACK | |
L P, v
N TBRG TBHG I TBRG _.‘
SCL brought high after Tggg

SDA asserted low before rising edge of clock
to setup stop condition.

Note: Tgrg= One baud rate generator period.
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17.4.15 Clock Arbitration

Clock arbitration occurs when the master, during any receive, transmit, or Repeated Start/stop
condition de-asserts the SCL pin (SCL allowed to float high). When the SCL pin is allowed to float
high, the baud rate generator (BRG) is suspended from counting until the SCL pin is actually
sampled high. When the SCL pin is sampled high, the baud rate generator is reloaded with the
contents of SSPADD<6:0> and begins counting. This ensures that the SCL high time will always
be at least one BRG rollover count in the event that the clock is held low by an external device
(Figure 17-33).

Figure 17-33: Clock Arbitration Timing in Master Transmit Mode
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to measure high time interval Release SCL, Slave device holds SCL low. .
SCL =1 BRG starts counting

l l clock high interval.
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Hold off BRG until SCL is sampled high.

X X

‘ TBF(G ‘ ‘ TBRG ‘

SCL

‘ TBRG

17.4.16 Sleep Operation

While in sleep mode, the I°C module can receive addresses or data, and when an address match
or complete byte transfer occurs wake the processor from sleep (if the MSSP interrupt is
enabled).

17.4.17 Effect of a Reset

A reset disables the MSSP module and terminates the current transfer.
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17.4.18.1 Bus Collision During a START Condition

During a START condition, a bus collision occurs if:

a) SDA or SCL are sampled low at the beginning of the START condition (Figure 17-35).
b) SCL is sampled low before SDA is asserted low (Figure 17-36).

During a START condition both the SDA and the SCL pins are monitored.

If:

the SDA pin is already low
or the SCL pin is already low,

then:

the START condition is aborted,
and the BCLIF flag is set,
and the SSP module is reset to its IDLE state (Figure 17-35).

The START condition begins with the SDA and SCL pins de-asserted. When the SDA pin is sam-
pled high, the baud rate generator is loaded from SSPADD<6:0> and counts down to 0. If the
SCL pin is sampled low while SDA is high, a bus collision occurs, because it is assumed that

another master is attempting to drive a data '1' during the START condition.

If the SDA pin is sampled low during this count, the BRG is reset and the SDA line is asserted
early (Figure 17-37). If however a '1' is sampled on the SDA pin, the SDA pin is asserted low at
the end of the BRG count. The baud rate generator is then reloaded and counts down to 0, and
during this time, if the SCL pins is sampled as '0', a bus collision does not occur. At the end of

the BRG count the SCL pin is asserted low.

allowed to continue into the data portion, Repeated Start, or STOP conditions.
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Note: The reason that bus collision is not a factor during a START condition is that no two
bus masters can assert a START condition at the exact same time. Therefore, one
master will always assert SDA before the other. This condition does not cause a bus
collision because the two masters must be allowed to arbitrate the first address fol-
lowing the START condition, and if the address is the same, arbitration must be
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Figure 17-37: BRG Reset Due to SDA Arbitration During Start Condition
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Figure 17-39: Bus Collision During Repeated Start Condition (Case 2)
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175 Connection Considerations for 1°C Bus

For standard-mode 1°C bus devices, the values of resistors Rpand Rsin Figure 17-42 depends
on the following parameters:

» Supply voltage
» Bus capacitance
» Number of connected devices (input current + leakage current)

The supply voltage limits the minimum value of resistor RP due to the specified minimum sink
current of 3 mA at VOLMAX = 0.4V for the specified output stages. For example, with a supply volt-
age of VDD = 5V+10% and VOLMAX = 0.4V at 3 mA, RPMIN = (5.5-0.4)/0.003 = 1.7 kQ. VDD as a
function of RpP is shown in Figure 17-42. The desired noise margin of 0.1VDD for the low level,
limits the maximum value of Rs. Series resistors are optional, and used to improve ESD suscep-
tibility.

The bus capacitance is the total capacitance of wire, connections, and pins. This capacitance lim-
its the maximum value of RpP due to the specified rise time (Figure 17-42).

The SMP bit is the slew rate control enabled bit. This bit is in the SSPSTAT register, and controls
the slew rate of the 1/O pins when in I1°C mode (master or slave).

Figure 17-42: Sample Device Configuration for I2C Bus

VDD + 10%
Rp Rp DEVICE
Rs Rs
SDA
SCI

L CB =10 - 400 pF

T T

NOTE: I2C devices with input levels related to VDD must have one common supply
line to which the pull up resistor is also connected.
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17.7 Design Tips

Question 1:  Using SPI mode, | do not seem able to talk to an SPI device.
Answer 1:

Ensure that you are using the correct SPI mode for that device. This SPI supports all 4 SPI modes
so you should be able to get it to function. Check the clock polarity and the clock phase.

Question 2:  Using Pc mode, | write data to the SSPBUF register, but the data did not
transmit.

Answer 2:
Ensure that you set the CKP bit to release the I°C clock.
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17.9 Revision History
Revision A

This is the initial released revision of the Master SSP module description.
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18.1 Introduction

The Universal Synchronous Asynchronous Receiver Transmitter (USART) module is one of the
two serial /O modules (other is the SSP module). The USART is also known as a Serial Com-
munications Interface or SCI. The USART can be configured as a full duplex asynchronous sys-
tem that can communicate with peripheral devices such as CRT terminals and personal
computers, or it can be configured as a half duplex synchronous system that can communicate
with peripheral devices such as A/D or D/A integrated circuits, Serial EEPROMs etc.

The USART can be configured in the following modes:

» Asynchronous (full duplex)
» Synchronous - Master (half duplex)
+ Synchronous - Slave (half duplex)

The SPEN bit (RCSTA<7>), and the TRIS bits, have to be set in order to configure the TX/CK and
RX/DT pins for the USART.
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Register 18-2: RCSTA: Receive Status and Control Register

R/W-0 R/W-0 R/W-0 R/W-0 U-0 R-0 R-0 R-0
| SPEN | Rx9 | SREN | CREN | — | FERR | OERR | RX9D
bit 7 bit O

bit 7 SPEN: Serial Port Enable bit
1 = Serial port enabled (Configures RX/DT and TX/CK pins as serial port pins)
0 = Serial port disabled
bit 6 RX9: 9-bit Receive Enable bit
1 = Selects 9-bit reception
0 = Selects 8-bit reception
bit 5 SREN: Single Receive Enable bit
Asynchronous mode
Don’t care

Synchronous mode - master
1 = Enables single receive
0 = Disables single receive
This bit is cleared after reception is complete.

Synchronous mode - slave
Unused in this mode
bit 4 CREN: Continuous Receive Enable bit
Asynchronous mode
1 = Enables continuous receive
0 = Disables continuous receive

Synchronous mode
1 = Enables continuous receive until enable bit CREN is cleared (CREN overrides SREN)
0 = Disables continuous receive
bit 3 Unimplemented: Read as '0'
bit 2 FERR: Framing Error bit
1 = Framing error (Can be updated by reading RCREG register and receive next valid byte)
0 = No framing error
bit 1 OERR: Overrun Error bit
1 = Overrun error (Can be cleared by clearing bit CREN)
0 = No overrun error

bit 0 RX9D: 9th bit of received data, can be parity bit.

Legend
R = Readable bit W = Writable bit
U = Unimplemented bit, read as ‘0’ - n = Value at POR reset
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Table 18-3: Baud Rates for Synchronous Mode

BAUD Fosc = 20 MHz SPBRG 16 MHz SPBRG 10 MHz SPBRG 7.15909 MHz SPBRG
RATE % value % value % value % value
(Kbps) | KBAUD ERROR (decimal) | KBAUD ERROR (decimal) | KBAUD ERROR (decimal) | KBAUD ERROR (decimal)
0.3 NA - - NA - - NA - - NA - -
1.2 NA - - NA - - NA - - NA - -
24 NA - - NA - - NA - - NA - -
9.6 NA - - NA - - 9.766 +1.73 255 9.622 +0.23 185
19.2 19.53 +1.73 255 19.23 +0.16 207 19.23 +0.16 129 19.24 +0.23 92
76.8 76.92 +0.16 64 76.92 +0.16 51 75.76 -1.36 32 77.82 +1.32 22
96 96.15 +0.16 51 95.24 -0.79 41 96.15 +0.16 25 94.20 -1.88 18
300 2941 -1.96 16 307.69 +2.56 12 3125 +4.17 7 298.3 -0.57 5
500 500 0 9 500 0 7 500 0 NA - -
HIGH | 5000 - 0 4000 - 0 2500 - 0 1789.8 - 0
LOW |[19.53 - 255 15.625 - 255 9.766 - 255 6.991 - 255
Fosc = 5.0688 MHz 4 MHz 3.579545 MHz 1 MHz 32.768 kHz
BAUD SPBRG SPBRG SPBRG SPBRG
RATE % SPBRG % value % value % value % value
(Kbps)| KBAUD ERROR (dzzlil:al) KBAUD ERROR (decimal)| KBAUD ERROR (decimal)| KBAUD ERROR (decimal)| KBAUD ERROR (decimal)
0.3 NA - - NA - - NA - - NA - - 0.303 +1.14 26
1.2 NA - - NA - - NA - - 1.202 +0.16 207 1170 -248 6
2.4 NA - - NA - - NA - - 2.404 +0.16 103 NA - -
9.6 9.6 0 131 9.615 +0.16 103 9.622 +0.23 92 9615 +0.16 25 NA - -
19.2 [19.2 0 65 19.231 +0.16 51 19.04 -0.83 46 19.24 +0.16 12 NA -
76.8 |79.2 +3.13 15 76.923 +0.16 12 7457 -2.90 11 83.34 +851 2 NA -
96 97.48 +1.54 12 1000 +4.17 9 9943 +357 8 NA - - NA -
300 [316.8 +5.60 3 NA - - 2983 -057 2 NA - - NA - -
500 [NA - - NA - - NA - NA - - NA - -
HIGH |1267 - 0 100 - 0 8949 - 0 250 - 0 8.192 - 0
LOW [4.950 - 255 3.906 - 255 3.496 - 255 0.9766 255 0.032 - 255
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18.4 USART Asynchronous Mode

In this mode, the USART uses standard nonreturn-to-zero (NRZ) format (one start bit, eight or
nine data bits and one stop bit). The most common data format is 8-bits. An on-chip dedicated
8-bit baud rate generator can be used to derive standard baud rate frequencies from the oscilla-
tor. The USART transmits and receives the LSb first. The USART’s transmitter and receiver are
functionally independent but use the same data format and baud rate. The baud rate generator
produces a clock either x16 or x64 of the bit shift rate, depending on the BRGH bit (TXSTA<2>).
Parity is not supported by the hardware, but can be implemented in software (stored as the ninth
data bit). Asynchronous mode is stopped during SLEEP.

Asynchronous mode is selected by clearing the SYNC bit (TXSTA<4>).
The USART Asynchronous module consists of the following important elements:

» Baud Rate Generator

+ Sampling Circuit

» Asynchronous Transmitter
» Asynchronous Receiver

18.4.1  USART Asynchronous Transmitter

The USART transmitter block diagram is shown in Figure 18-1. The heart of the transmitter is the
transmit (serial) shift register (TSR). The shift register obtains its data from the read/write transmit
buffer, TXREG. The TXREG register is loaded with data in software. The TSR register is not
loaded until the STOP bit has been transmitted from the previous load. As soon as the STOP bit
is transmitted, the TSR is loaded with new data from the TXREG register (if available). Once the
TXREG register transfers the data to the TSR register (occurs in one Tcy), the TXREG register
is empty and the TXIF flag bit is set. This interrupt can be enabled/disabled by setting/clearing
the TXIE enable bit. The TXIF flag bit will be set regardless of the state of the TXIE enable bit and
cannot be cleared in software. It will reset only when new data is loaded into the TXREG register.
While the TXIF flag bit indicated the status of the TXREG register, the TRMT bit (TXSTA<1>)
shows the status of the TSR register. The TRMT status bit is a read only bit which is set when
the TSR register is empty. No interrupt logic is tied to this bit, so the user has to poll this bit in
order to determine if the TSR register is empty.

Note 1: The TSR register is not mapped in data memory so it is not available to the user.

Note 2: When the TXEN bit is set, the TXIF flag bit will also be set since the transmit buffer
is not yet full (still can move transmit data to the TXREG register).

Transmission is enabled by setting the TXEN enable bit (TXSTA<5>). The actual transmission will
not occur until the TXREG register has been loaded with data and the baud rate generator (BRG)
has produced a shift clock (Figure 18-1). The transmission can also be started by first loading
the TXREG register and then setting the TXEN enable bit. Normally when transmission is first
started, the TSR register is empty, so a transfer to the TXREG register will result in an immediate
transfer to TSR resulting in an empty TXREG. A back-to-back transfer is thus possible
(Figure 18-3). Clearing the TXEN enable bit during a transmission will cause the transmission to
be aborted and will reset the transmitter. As a result the TX/CK pin will revert to hi-impedance.

In order to select 9-bit transmission, transmit bit, TX9 (TXSTA<6>), should be set and the ninth
bit should be written to the TX9D bit (TXSTA<0>). The ninth bit must be written before writing the
8-bit data to the TXREG register. This is because a data write to the TXREG register can result
in an immediate transfer of the data to the TSR register (if the TSR is empty). In such a case, an
incorrect ninth data bit maybe loaded in the TSR register.
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Figure 18-3: Asynchronous Master Transmission (Back to Back)
Write to TXREG I I cc
Word 1 Word 2 D)
F’Sﬁ% 8}’(}%‘ I 1 I 1 I 1 I 1 3§ 1 I 1 I 1 I 1
I bIX/CK pin Start Bit < Bit0 Bid ¢ BiL7/8_ Stop Bt \Start Bit BitO
(interrupt reg. flag) '! WORD 1 ! WORD 2
i I cc
JJ
TRMT bit WORD 1 — —
Sll’gar]esnr?';ttyslf‘]lgtg) Transmit Shift Reg. yr\l{aonFerT)ﬂtZShiﬂ Reg.
| - 55
Note: This timing diagram shows two consecutive transmissions.
Table 18-6: Registers Associated with Asynchronous Transmission
Value on: Value on
Name Bit 7 Bit6 | Bit5 Bit4 | Bit3 Bit 2 Bit 1 Bit 0 POR, all other
BOR Resets
PIR TXIF 0 0
RCSTA SPEN RX9 | SREN | CREN — FERR | OERR | RX9D | 0000 -00x | 0000 -00x
TXREG TX7 TX6 TX5 TX4 TX3 TX2 TX1 TX0 0000 0000 | 0000 0000
PIE TXIE M 0 0
TXSTA | CSRC | Tx9 | TXEN [ sSYNC| — | BRGH | TRMT | TX9D | 0000 -010 | 0000 010
SPBRG | Baud Rate Generator Register 0000 0000 | 0000 0000
Legend: x = unknown, — = unimplemented locations read as '0".

Shaded cells are not used for Asynchronous Transmission.
Note 1: The position of this bit is device dependent.
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Steps to follow when setting up an Asynchronous Reception:

1. Initialize the SPBRG register for the appropriate baud rate. If a high speed baud rate is

desired, set bit BRGH. (Subsection 18.3 “USART Baud Rate Generator (BRG)” ).

Enable the asynchronous serial port by clearing the SYNC bit, and setting the SPEN bit.

If interrupts are desired, then set the RCIE, GIE and PEIE bits.

If 9-bit reception is desired, then set the RX9 bit.

Enable the reception by setting the CREN bit.

The RCIF flag bit will be set when reception is complete and an interrupt will be generated

if the RCIE bit was set.

7. Read the RCSTA register to get the ninth bit (if enabled) and determine if any error
occurred during reception.

8. Read the 8-bit received data by reading the RCREG register.

o oA N

9. If any error occurred, clear the error by clearing the CREN bit.
Figure 18-5: Asynchronous Reception
RX (pin Start Start Start
o Y C C OSSN AN T G5 G S T
it i ! i
Recv shift .
CC ] C M C .
Rov buffer reg D . DD D .
1 e rsree! -
Read Rov CC L PORES (¢ CC i
buffer reg D) T D) D) T
RCREG ' : }
RCIF CC : G S —
(interrupt flag) ) )
OERR bit C)C) C)C) C)C) 1
CREN C C CQ \)
DD D) )7 L/
Note: This timing diagram shows three words appearing on the RX input. The RCREG (receive buffer) is read after the third word,

causing the OERR (overrun) bit to be set.
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Figure 18-8: RX Pin Sampling Scheme (BRGH = 1)

RX pin

baud clk

x4 clk

Start Bit bit0 bit1
baud clk m
First falling edge after RX pin goes low
Second rising edge
x4 clk
1 2 3 4 2 3 1 2
ewudx _ UYWL
Samples Samples Samples
Figure 18-9: RX Pin Sampling Scheme (BRGH = 1)
RX pin
P \ Start Bit / bito
\4_ Baud clk for all but start bit

1

First falling edge after RX pin goes low
Second rising edge

I N e

2

i

Samples

3

oo [UUTUTUUUUUUUTUUUUUUUUTUTUIUUUUUUUUUUyL

4

Table 18-7: Registers Associated with Asynchronous Reception

Value on: Value on

Name Bit 7 Bit6 | Bit5 | Bit4 | Bit3 | Bit2 | Bit1 Bit 0 POR, all other
BOR Resets

PIR RCIF (M 0 0
RCSTA | SPEN | RX9 | SREN | CREN| — | FERR | OERR | RX9D | 0000 —00x | 0000 -00x
RCREG | RX7 RX6 | RX5 | RX4 | RX3 | RX2 RX1 RX0 | 0000 0000 | 0000 0000
PIE RCIE () 0 0
TXSTA | CSRC | 79 | TXEN | SYNC| — [ BRGH | TRMT | TX9D | 0000 -010 | 0000 -010
SPBRG |Baud Rate Generator Register 0000 0000 | 0000 0000
Legend: x = unknown, — = unimplemented locations read as '0".

Shaded cells are not used for Asynchronous Reception.
Note 1: The position of this bit is device dependent.
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Steps to follow when setting up a Synchronous Master Transmission:

1. Initialize the SPBRG register for the appropriate baud rate (Subsection 18.3 “USART
Baud Rate Generator (BRG)” ).

Enable the synchronous master serial port by setting the SYNC, SPEN, and CSRC bits.
If interrupts are desired, then set the TXIE bit.

If 9-bit transmission is desired, then set the TX9 bit.

Enable the transmission by setting the TXEN bit.

If 9-bit transmission is selected, the ninth bit should be loaded in the TX9D bit.

Start transmission by loading data to the TXREG register.

No o MDd

Table 18-8: Registers Associated with Synchronous Master Transmission

. . . . . . . . Value on: Value on all
Name Bit 7 Bit6 | Bit5 | Bit4 | Bit3 Bit 2 Bit 1 Bit 0 POR,
BOR other Resets
PIR TXIF (M 0 0
RCSTA | SPEN | RX9 |SREN |CREN| — FERR | OERR | RX9D | 0000 —00x | 0000 —-00x
TXREG | TX7 TX6 | TX5 | TX4 | TX3 X2 TX1 TXO | 0000 0000 | 0000 0000
PIE TXIE ™M 0 0
TXSTA | CSRC | TX9 |TXEN |SYNC| — | BRGH | TRMT [ TX9D | 0000 -010 | 0000 -010
SPBRG |Baud Rate Generator Register 0000 0000 0000 0000

Legend: x = unknown, — = unimplemented, read as '0'".
Shaded cells are not used for Synchronous Master Transmission.
Note 1: The position of this bit is device dependent.

Figure 18-10:  Synchronous Transmission

01|02|03|04EQ1|02|03|Q4:01|Q2|03|o4:o1|02|03|o4:o1|Q2|o3|04{ |03|Q4; o1|02|os|a4!o1|a2|as|a4!m|az P3|Q4EQ1|Q2P3|O4Q1|OZP3|Q4Ib1|Q2|QS |Q4
RX/DT pin ;HCWW . Bit 7 . Bit 0 . Bit 1 : SSDCE
v e« WORD 1 - WORD 2 5 >~

TX/CK pin T pva I . | S e IS oy N vy N ey B .
Wri o X X . X X X : X
TXREG reg IS : g : : 1 S
Write word1 ' Write word2 ' ' ' ' ' '
TXIF bit vt ' ! ' ' ! ! ! (C !
(Interrupt flag) L] ! ! . )()( . ! ! , 2 !

TRMTb —— f f : o | | f o
| | | K J) | | | ' ) |

TXEN bit —- ' : l ! (¢ ' ' ' : (¢ ' E

Note: Sync master mode; SPBRG = '0". Continuous transmission of two 8-bit words.

Figure 18-11:  Synchronous Transmission (Through TXEN)

RX/DT pin X bito X bt X2 §§ X" bite X b7

TX/CK pin
4/_\_/_\_/_\%
TXRVI\E/rCiater;g j >/ §
TXIF bit : (C )
T )) :
TRMT bit _| )()( |
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Figure 18-12: Synchronous Receptlon (Master Mode, SREN)

02|03|04|o1|02|03|Q4Q1|02|03|Q4|Q1|oz|03|o4o1|oz|os|o4|Q1|02|03|04|o1|Q2|Q3|Q4|Q1|Q2|03|04|01|02|03|Q4|o1|02|03|Q4|o1|02|03|o4|
DT pin Z >< bit0 >( bit1 >< bit2 >< bit3 >{ bit4 >( bits > bne pdé bit7
CK pin I;II;I_I;II;II;II;l
Write to
SREN bit _\_l
SREN bit — Z Z Z Z Z Z Z Z S
CREN bit ——; : : : : : : : : —
RCIF bit X X X X X X X X X ,—._\_‘
(interrupt) Z Z Z Z Z Z Z Z Z Z .
Read . . . . . . . . . . X
RXREG : : : : : : : : : : :

Note: Timing diagram demonstrates SYNC master mode with SREN ='1' and BRG ="0'.
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18.6.2 USART Synchronous Slave Reception
The operation of the synchronous master and slave modes is identical except in the case of the
SLEEP mode. Also, bit SREN is a don't care in slave mode.
If receive is enabled, by setting the CREN bit, prior to the SLEEP instruction, then a word may be
received during SLEEP. On completely receiving the word, the RSR register will transfer the data
to the RCREG register and if the RCIE enable bit bit is set, the interrupt generated will wake the
chip from SLEERP. If the global interrupt is enabled, the program will branch to the interrupt vector
(0004h).
Steps to follow when setting up a Synchronous Slave Reception:
1. Enable the synchronous master serial port by setting the SYNC and SPEN bits and clear-
ing the CSRC bit.
2. If interrupts are desired, then set the RCIE enable bit.
3. If 9-bit reception is desired, then set the RX9 bit.
4. To enable reception, set the CREN enable bit.
5. The RCIF bit will be set when reception is complete and an interrupt will be generated, if
the RCIE bit was set.
6. Read the RCSTA register to get the ninth bit (if enabled) and determine if any error
occurred during reception.
7. Read the 8-bit received data by reading the RCREG register.
8. If any error occurred, clear the error by clearing the CREN bit.
Table 18-11: Registers Associated with Synchronous Slave Reception
. . . . . . . . Value on: Value on all
Name Bit7 Bit6 | Bit5 | Bit4 Bit 3 Bit 2 Bit 1 Bit 0 POR,
BOR other Resets
PIR RCIF (M 0 0
RCSTA SPEN RX9 | SREN |CREN| — FERR | OERR RX9D | 0000 -00x | 0000 -00x
RCREG RX7 RX6 | RX5 | RX4 RX3 RX2 RX1 RX0 0000 0000 | 0000 0000
PIE RCIE (1 0 0
TXSTA | CSRC | TX9 |TXEN|[SYNC| — | BRGH | TRMT | TX9D | 0000 -010 | 0000 -010
SPBRG |Baud Rate Generator Register 0000 0000 | 0000 0000

Legend: x = unknown, - = unimplemented read as '0'.

Shaded cells are not used for Synchronous Slave Reception.

Note 1: The position of this bit is device dependent.
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18.8 Design Tips

Question 1:  Using the Asynchronous mode | am getting a lot of transmission errors.
Answer 1:
The most common reasons are

1. You are using the high speed mode (BRGH is set) on one of the devices which has an
errata for this mode (PIC16C65/65A/73/73A/74/74A).

2. You have incorrectly calculated the value to load in to the SPBRG register

3. The sum of the baud errors for the transmitter and receiver is too high.
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18.10 Revision History
Revision A

This is the initial released revision of the USART module description.
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19.1 Introduction

The Voltage Reference module is typically used in conjunction with the Comparator module. The
comparator module’s inputs do not require very large drive, and therefore the drive capability of
the Voltage Reference is limited.

The Voltage Reference is a 16-tap resistor ladder network that provides a selectable voltage ref-
erence. The resistor ladder is segmented to provide two ranges of VREF values and has a
power-down function to conserve power when the reference is not being used. The VRCON reg-
ister controls the operation of the reference as shown in Figure 19-1. The block diagram is given
in Figure 19-1. Within each range, the 16 steps are monotonic (i.e. each increasing code will
result in an increasing output).

Figure 19-1:

Voltage Reference Block Diagram

VREN—l>o—q

8R(M

VREF

16 Stages

R R

RM

-\ \V\-9- e 00 +/\/\/\ s

R

"\~

16-1 Analog MUX

8r(M —VRR
VR3
(From VRCON<3:0>)
VRO

Note 1: See parameter D312 in the Electrical Specifications section of the device data sheet.

Table 19-1: Typical Voltage Reference with VbD = 5.0V

VREF
VR3:VRO

VRR =1 VRR=0
0000 0.00V 1.25V
0001 021V 1.41V
0010 0.42V 1.56V
0011 0.63V 1.72V
0100 0.83V 1.88V
0101 1.04V 2.03V
0110 1.25V 219V
0111 146V 2.34V
1000 1.67V 250V
1001 1.88V 2.66V
1010 2.08V 281V
1011 2.29V 297V
1100 250V 3.13V
1101 271V 3.28V
1110 292V 3.44V
1111 3.13V 3.59V
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19.3 Configuring the Voltage Reference
The Voltage Reference can output 16 distinct voltage levels for each range.

The equations used to calculate the output of the Voltage Reference are as follows:

if VRR = 1: VREF = (VR3:VR0/24) x VDD

if VRR = 0: VREF = (VDD x 1/4) + (VR3:VR0/32) x VDD

The settling time of the Voltage Reference must be considered when changing the VREF output.
Example 19-1 shows an example of how to configure the Voltage Reference for an output voltage

of 1.25V with VDD = 5.0V.

Generally the VREF and VDD of the system will be known and you need to determine the value to
load into VR3:VRO. Equation 19-1 shows how to calculate the VR3:VRO0 value. There will be
some error since VR3:VRO can only be an integer, and the VREF and VDD levels must be chosen

so that the result is not greater then 15.

Equation 19-1: Calculating VR3:VR0

When VRR = 1
VR3:VRO = YPEF x4
When VRR = 0
VR3:VRo = YREF-VDD/A  y 5,
VbD
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19.7 Connection Considerations

The Voltage Reference Module operates independently of the comparator module. The output of
the reference generator may be connected to the VREF pin if the corresponding TRIS bit is set
and the VROE bit (VRCON<6>) is set. Enabling the Voltage Reference output onto the VREF pin
with an input signal present will increase current consumption. Configuring the VREF as a digital
output with VREF enabled will also increase current consumption.

The VREF pin can be used as a simple D/A output with limited drive capability. Due to the limited
drive capability, a buffer must be used in conjunction with the Voltage Reference output for exter-
nal connections to VREF. Figure 19-2 shows an example buffering technique.

Figure 19-2: Voltage Reference Output Buffer Example

VREF Module

RO | ANx
—MA]

— VRer Output

PIC16CXXX

———
|

Note 1: Risthe Voltage Reference Output Impedance and is dependent upon the
Voltage Reference Configuration VRCON<3:0> and VRCON<5>.
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19.9 Design Tips

Question 1: My VREF is not what | expect.
Answer 1:

Any variation of the device VDD will translate directly onto the VREF pin. Also ensure that you have
correctly calculated (specified) the VDD divider which generates the VREF.

Question 2: | am connecting VREF into a low impedance circuit, and the VREF is not at
the expected level.

Answer 2:

The Voltage Reference module is not intended to drive large loads. A buffer must be used
between the PICmicro’s VREF pin and the load.
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19.11 Revision History
Revision A

This is the initial released revision of the Voltage Reference description.
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20.1 Introduction

The comparator module contains two analog comparators. The inputs to the comparators are
multiplexed with the I/O pins. The on-chip Voltage Reference (see the “Voltage Reference” sec-
tion) can also be an input to the comparators.

The CMCON register, shown in Figure 20-1, controls the comparator input and output multiplex-
ers. A block diagram of the comparator is shown in Figure 20-1.
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20.3 Comparator Configuration

There are eight modes of operation for the comparators. The CMCON register is used to select
the mode. Figure 20-1 shows the eight possible modes. The TRIS register controls the data
direction of the comparator I/O pins for each mode. If the comparator mode is changed, the com-
parator output level may not be valid for the new mode for the delay specified in the electrical
specifications of the device.

Note:

Comparator interrupts should be disabled during a comparator mode change, oth-
erwise a false interrupt may occur.
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204 Comparator Operation

A single comparator is shown in Figure 20-2 along with the relationship between the analog input
levels and the digital output. When the analog input at VIN+ is less than the analog input VIN—,
the output of the comparator is a digital low level. When the analog input at VIN+ is greater than
the analog input VIN—, the output of the comparator is a digital high level. The shaded areas of
the output of the comparator in Figure 20-2 represent the uncertainty due to input offsets and
response time.

20.5 Comparator Reference

An external or internal reference signal may be used depending on the comparator operating
mode. The analog signal that is present at VIN— is compared to the signal at VIN+, and the digital
output of the comparator is adjusted accordingly (Figure 20-2).

Figure 20-2: Single Comparator

VIN+

Output

VIN- ——

Output
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20.6

20.7

Comparator Response Time

Response time is the minimum time, after selecting a new reference voltage or input source,
before the comparator output is guaranteed to have a valid level. If the internal reference is
changed, the maximum settling time of the internal voltage reference must be considered when
using the comparator outputs. Otherwise the maximum response time of the comparators should
be used.

Comparator Outputs

The comparator outputs are read through the CMCON register. These bits are read only. The
comparator outputs may also be directly output to the 1/O pins. When CM2:CMO0 = 110, multiplex-
ors in the output path of the I/O pins will switch and the output of each pin will be the unsynchro-
nized output of the comparator. The uncertainty of each of the comparators is related to the input
offset voltage and the response time given in the specifications. Figure 20-3 shows the compar-
ator output block diagram.

The TRIS bits will still function as the output enable/disable for the 1/O pins while in this mode.

Note 1: When reading the Port register, all pins configured as analog inputs will read as a
‘0’. Pins configured as digital inputs will convert an analog input according to the
Schmitt Trigger input specification.

Note 2: Analog levels on any pin that is defined as a digital input may cause the input buffer
to consume more current than is specified.

Figure 20-3: Comparator Output Block Diagram

Port Pins
MULTIPLEX
I
To I/O pin =
Bus | D
Data Q
RD CMCON EN <]
Set
CMIF Q D
bit From
Other EN
Comparator cL RD CMCON
L—— RESET
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20.11 Analog Input Connection Considerations

A simplified circuit for an analog input is shown in Figure 20-4. Since the analog pins are con-
nected to a digital output, they have reverse biased diodes to VDD and Vss. The analog input
therefore, must be between Vss and VDD. If the input voltage deviates from this range by more
than 0.6V in either direction, one of the diodes is forward biased and a latch-up may occur. A
maximum source impedance of 10 kQ is recommended for the analog sources.

Figure 20-4: Analog Input Model

VDD
Vr=08v RC < 10k
AW
ILEAKAGE
VT =0.6V +500 nA
L vss

Legend
CPIN = Input Capacitance
\2) = Threshold Voltage
ILEAKAGE = Leakage Current at the pin due to various junctions
Ric = Interconnect Resistance
Rs = Source Impedance
VA = Analog Voltage

Table 20-1: Registers Associated with Comparator Module

Value on Value on
Name Bit 7 Bit6 | Bit5| Bit4 | Bit3 | Bit2 | Bit1| Bit0 POR, All Other
BOR Resets
CMCON C20UT | c10UT — — CIS CM2 | CM1 CMO 00-- 0000 00-- 0000
VRCON VREN | VROE | VRR| — VR3 | VR2 | VR1 | VRO 000- 0000 | 000- 0000
INTCON GIE PEIE | TOIE | INTE | RBIE® | ToIF | INTF | RBIF®® | 0000 000x | 0000 000x
PIR CMIF (M 0 0
PIE CMIE () 0 0
Legend: x = unknown, — = unimplemented locations read as '0".

Shaded cells are not used for Comparator Module.
Note 1: The position of this bit is device dependent.
2: These bits can also be named GPIE and GPIF.
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20.13 Design Tips

Question 1: My program appears to lock up.
Answer 1:

You may be getting stuck in an infinite loop with the comparator interrupt service routine if you
did not follow the proper sequence to clear the CMIF flag bit. First you must read the CMCON
register, and then you can clear the CMIF flag bit.
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20.15 Revision History
Revision A

This is the initial released revision of the Comparator module description.
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211

Introduction

The analog-to-digital (A/D) converter module has up to eight analog inputs.

The A/D allows conversion of an analog input signal to a corresponding 8-bit digital number. The
output of the sample and hold is the input into the converter, which generates the result via suc-
cessive approximation. The analog reference voltage is software selectable to either the device’s
positive supply voltage (VDD) or the voltage level on the VREF pin. The A/D converter has a
unique feature of being able to operate while the device is in SLEEP mode.

The A/D module has three registers. These registers are:

» A/D Result Register (ADRES)
» A/D Control Register0 (ADCONO)
» A/D Control Register1 (ADCONT1)

The ADCONO register, shown in Figure 21-1, controls the operation of the A/D module. The
ADCONIA register, shown in Figure 21-2, configures the functions of the port pins. The 1/O pins
can be configured as analog inputs (one I/O can also be a voltage reference) or as digital I/O.

The block diagram of the A/D module is shown in Figure 21-1.

Figure 21-1: 8-bit A/D Block Diagram

8-bit A/D
Converter

Note: On some devices this is a separate pin called AVDD. This allows the A/D VDD to be connected to a precise voltage source.

CHS2:CHSO
: 111 -
' o : AN7
: 110 .
. —O ANG
X 101
' 0 . AN5
: 100 : NG
VAIN '
(Input voltage) : \O—,_._@ ANS3/VREF
. —oO \o—-— AN2
! 001 .
i S W
1 X 000 .
voo @ L, . —@ ANO
T foooor T
VREF ' 010 or
IO/ ' 100
(Reference X o
voltage) ... .. oolor
” [ 011 or
101

PCFG2:PCFGO
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Register 21-2: ADCON1 Register

U-0 U-0 U-0 U-0 UO  RWO RW-0 RMW-0
| — | — 1 — 1 — 1 — | PcFG2 |PCFGI | PCFGO |
bit 7 bit 0

bit 7:3  Unimplemented: Read as '0'
bit2:0 PCFG2:PCFGO: A/D Port Configuration Control bits

PCFG2:PCFGO | AN7 | AN6 | AN5 | AN4 AN3 AN2 | AN1 | ANO
000 A A A A A A A A
001 A A A A VREF A A A
010 D D D A A A A A
011 D D A A VREF A A A
100 D D D D A D A A
101 D D D D VREF D A A
11x D D D D D D D D
A = Analog input D = Digital /0

Note: When ANS is selected as VREF, the A/D reference is the voltage on the AN3
pin. When ANB3 is selected as an analog input (A), then the voltage reference
for the A/D is the device VDD.

Legend
R = Readable bit W = Writable bit
U = Unimplemented bit, read as ‘0’ - n = Value at POR reset

Note 1: On any device reset, the Port pins multiplexed with analog functions (ANx) are
forced to be an analog input.
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21.4 A/D Acquisition Requirements

For the A/D converter to meet its specified accuracy, the charge holding capacitor (CHOLD) must
be allowed to fully charge to the input channel voltage level. The analog input model is shown in
Figure 21-3. The source impedance (RsS) and the internal sampling switch (RSS) impedance
directly affect the time required to charge the capacitor CHOLD. The sampling switch (RSS) imped-
ance varies over the device voltage (VDD) (Figure 21-3). The maximum recommended imped-
ance for analog sources is 10 kQ. After the analog input channel is selected (changed) the
acquisition must be done before the conversion can be started.

To calculate the minimum acquisition time, Equation 21-1 may be used. This equation assumes
that 1/2 LSb error is used (512 steps for the A/D). The 1/2 LSb error is the maximum error allowed
for the A/D to meet its specified resolution.

Equation 21-1:  Acquisition Time

TACQ

Amplifier Settling Time +
Holding Capacitor Charging Time +
Temperature Coefficient

= TAMP + TC + TCOFF

Equation 21-2: A/D Minimum Charging Time

VHOLD = (VREF - (VREF/512)) ¢ (1 - e("T¢/CHOLD(RIC + Rss + Rs)))
or
Te = (512 pF)(1 kQ + Rss + Rs) In(1/511)

Example 21-1 shows the calculation of the minimum required acquisition time TAcQ. This calcu-
lation is based on the following system assumptions.

Rs = 10 kQ

Conversion Error < 1/2 LSb

VDD = 5V — Rss =7 kQ (see graph in Figure 21-3)
Temperature = 50°C (system max.)

VHOLD = 0V@time=0

Example 21-1:  Calculating the Minimum Required Acquisition Time

TACQ = TAMP + TC + TCOFF
TACQ = 5 us + Te + [(Temp - 25°C)(0.05 ps/°C)]
Tc = -CHOLD (RIC + RSS + RS) In(1/512)

-51.2 pF (1 kQ + 7 kQ + 10 kQ) In(0.0020)
-51.2 pF (18 k) In(0.0020)

-0.921 s (-6.2146)

5.724 us

TACQ = 5 us +5.724 ps + [(50°C - 25°C)(0.05 ps/°C)]
10.724 ps + 1.25 pus
11.974 us
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215 Selecting the A/D Conversion Clock

The A/D conversion time per bit is defined as TAD. The A/D conversion requires 9.5 TAD per 8-bit
conversion. The source of the A/D conversion clock is software selected. The four possible
options for TAD are:

« 2TOsC

» 8Tosc

- 32T0sC

+ Internal RC oscillator
For correct A/D conversions, the A/D conversion clock (TAD) must be selected to ensure a mini-

mum TAD time of 1.6 us for all devices, as shown in parameter 130 of the devices electrical spec-
ifications.

Table 21-1 and Table 21-2 show the resultant TAD times derived from the device operating fre-
quencies and the A/D clock source selected.

Table 21-1: TAD vs. Device Operating Frequencies (for Standard, C, Devices)

AD Clock Source (TAD) Device Frequency
Operation ADCS1:ADCS0 20 MHz 5 MHz 1.25 MHz 333.33 kHz
2Tosc 00 100 ns(@ 400 ns®@ 1.6 us 6 us
8Tosc 01 400 ns(@ 1.6 us 6.4 us 24 us®
32Tosc 10 1.6 us 6.4 s 25.6 ust®) 96 us'®
RC 11 2 -6 st 2 -6 us(t4 2-6us(t4 2-6pusM

Legend: Shaded cells are outside of recommended range.
Note 1: The RC source has a typical TAD time of 4 ps.

2:

These values violate the minimum required TAD time.

3: For faster conversion times, the selection of another clock source is recommended.
4: For device frequencies above 1 MHz, the device must be in SLEEP for the entire conversion, or the A/D
accuracy may be out of specification.

Table 21-2: TAD vs. Device Operating Frequencies (for Extended, LC, Devices)

AD Clock Source (TAD) Device Frequency
Operation ADCS1:ADCS0 4 MHz 2 MHz 1.25 MHz 333.33 kHz
2Tosc 00 500 ns(® 1.0 us@ 1.6 us@ 6 us
8TosC 01 2.0 us? 4.0 us 6.4 us 24 ust®
32Tosc 10 8.0 us 16.0 us 25.6 us® 96 ps®
RC 11 3-9ps14) 3-9 us(t¥ 3-9us(t4 3-9 s

Legend: Shaded cells are outside of recommended range.
Note 1: The RC source has a typical TAD time of 6 ps.
2: These values violate the minimum required TAD time.
3: For faster conversion times, the selection of another clock source is recommended.
4: For device frequencies above 1 MHz, the device must be in SLEEP for the entire conversion, or the A/D
accuracy may be out of specification.
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21.7 A/D Conversions

Example 21

-2 show how to perform an A/D conversion. The I/O pins are configured as analog

inputs. The analog reference (VREF) is the device VDD. The A/D interrupt is enabled, and the A/D
conversion clock is FRC. The conversion is performed on the ANO channel.

Note:

The GO/DONE bit should NOT be set in the same instruction that turns on the A/D,
due to the required acquition time requirement.

Clearing the GO/DONE bit during a conversion will abort the current conversion. The ADRES

register will

NOT be updated with the partially completed A/D conversion sample. That is, the

ADRES register will continue to contain the value of the last completed conversion (or the last
value written to the ADRES register). After the A/D conversion is aborted, a 2TAD wait is required
before the next acquisition is started. After this 2TAD wait, an acquisition is automatically started
on the selected channel.

Example 21-2: Doing an A/D Conversion

BSF
CLRF
BSF
BCF
MOVLW
MOVWEF
BCF
BSF
BSFE

Ensure

BSF

channel has elapsed. Then the conversion may be started.

STATUS, RPO ; Select Bankl

ADCON1 ; Configure A/D inputs

PIEL, ADIE ; Enable A/D interrupts

STATUS, RPO ; Select BankO

0xC1 ; RC Clock, A/D is on, Channel 0 is selected
ADCONO

;
PIRI, ADIF ; Clear A/D interrupt flag bit
INTCON, PEIE ; Enable peripheral interrupts
INTCON, GIE ; Enable all interrupts

that the required sampling time for the selected input

ADCONO, GO ; Start A/D Conversion
; The ADIF bit will be set and the GO/DONE
; bit is cleared upon completion of the
; A/D Conversion.

Figure 21-4: A/D Conversion TAD Cycles

_TAD1 TAD2  TAD3  TAD4  TAD5  TAD6 TAD7  TAD8  TAD9 TAD10 TAD11

Holding capacitor is disconnected Next Q4: ADRES is loaded
from analog input GO bit is cleared
ADIF bit is set
Set GO bit

Tw b6 b5 b4 b3 b2 bl b0  bO

Holding capacitor is connected to analog input
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21.71

21.8

Faster Conversion - Lower Resolution Trade-off

Not all applications require a result with 8-bits of resolution, but may instead require a faster con-
version time. The A/D module allows users to make the trade-off of conversion speed to resolu-
tion. Regardless of the resolution required, the acquisition time is the same. To speed up the
conversion, the clock source of the A/D module may be switched so that the TAD time violates
the minimum specified time (see the applicable electrical specification). Once the TAD time vio-
lates the minimum specified time, all the following A/D result bits are not valid (see A/D Conver-
sion Timing in the Electrical Specifications section). The clock sources may only be switched
between the three oscillator versions (cannot be switched from/to RC). The equation to deter-
mine the time before the oscillator can be switched is as follows:

Conversion time TAD + N« TAD + (10 - N)(2Tosc)
Where: N = number of bits of resolution required.

Since the TAD is based from the device oscillator, the user must use some method (a timer, soft-
ware loop, etc.) to determine when the A/D oscillator may be changed. Example 21-3 shows a
comparison of time required for a conversion with 4-bits of resolution, versus the 8-bit resolution
conversion. The example is for devices operating at 20 MHz (The A/D clock is programmed for
32Tosc), and assumes that immediately after 5TAD, the A/D clock is programmed for 2TOSC.

The 2Tosc violates the minimum TAD time since the last 4-bits will not be converted to correct
values.

Example 21-3:  4-bit vs. 8-bit Conversion Times

Freq. Resolution
(MHz)!") 4-bit 8-bit
TAD 20 1.6 us 1.6 us
Tosc 20 50 ns 50 ns
TAD + N « TAD + (10 - N)(2T0OSC) 20 8.6 us 17.6 us

Note 1: A minimum TAD time of 1.6 us is required.
2: If the full 8-bit conversion is required, the A/D clock source should not be changed.

A/D Operation During Sleep

The A/D module can operate during SLEEP mode. This requires that the A/D clock source be set
to RC (ADCS1:ADCSO0 = 11). When the RC clock source is selected, the A/D module waits one
instruction cycle before starting the conversion. This allows the SLEEP instruction to be executed,
which eliminates all internal digital switching noise from the conversion. When the conversion is
completed the GO/DONE bit will be cleared, and the result loaded into the ADRES register. If the
A/D interrupt is enabled, the device will wake-up from SLEEP. If the A/D interrupt is not enabled,
the A/D module will then be turned off (to conserve power), although the ADON bit will remain
set.

When the A/D clock source is another clock option (not RC), a SLEEP instruction will cause the
present conversion to be aborted and the A/D module to be turned off, though the ADON bit will
remain set.

Turning off the A/D places the A/D module in its lowest current consumption state.

Note: For the A/D module to operate in SLEEP, the A/D clock source must be set to RC
(ADCS1:ADCSO0 = 11). To perform an A/D conversion in SLEEP, the GO/DONE bit
must be set, followed by the SLEEP instruction.
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21.11 Use of the CCP Trigger

An A/D conversion may be started by the “special event trigger” of a CCP module. This requires
that the CCPxM3:CCPxMO0 bits (CCPxCON<3:0>) be programmed as 1011 and that the A/D
module is enabled (ADON bit is set). When the trigger occurs, the GO/DONE bit will be set, start-
ing the A/D conversion, and the Timer1 counter will be reset to zero. Timer1 is reset to automat-
ically repeat the A/D acquisition period with minimal software overhead (moving the ADRES to
the desired location). The appropriate analog input channel must be selected and the minimum
acquisition done before the “special event trigger” sets the GO/DONE bit (starts a conversion).

If the A/D module is not enabled (ADON is cleared), then the “special event trigger” will be
ignored by the A/D module, but will still reset the Timer1 counter.

21.12 Connection Considerations

If the input voltage exceeds the rail values (Vss or VDD) by greater than 0.3V, then the accuracy
of the conversion is out of specification.

An external RC filter can sometimes be added for anti-aliasing of the input signal. The R compo-
nent should be selected to ensure that the total source impedance is kept under the 10 kQ rec-
ommended specification. Any external components connected (via hi-impedance) to an analog
input pin (capacitor, zener diode, etc.) should have very little leakage current at the pin.

21.13 Transfer Function

The ideal transfer function of the A/D converter is as follows: the first transition occurs when the
analog input voltage (VAIN) is 1 LSb (or Analog VREF / 256) (Figure 21-6).

Figure 21-6: A/D Transfer Function

o
==

Digital code output

04h
03h
02h
01h
00h

255 LSb
256 LSb
(full scale)

Em——
Analog input voltage
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21.15 Design Tips

Question 1:  /am using one of your PIC16C7X devices, and I find that the Analog to Dig-
ital Converter result is not always accurate. What can I do to improve accu-
racy?

Answer 1:

1. Make sure you are meeting all of the timing specifications. If you are turning the A/D mod-
ule off and on, there is a minimum delay you must wait before taking a sample, if you are
changing input channels, there is a minimum delay you must wait for this as well, and
finally there is Tad, which is the time selected for each bit conversion. This is selected in
ADCONO and should be between 2 and 6us. If TAD is too short, the result may not be fully
converted before the conversion is terminated, and if TAD is made too long the voltage on
the sampling capacitor can droop before the conversion is complete. These timing speci-
fications are provided in the data book in a table or by way of a formula, and should be
looked up for your specific part and circumstances.

2. Often the source impedance of the analog signal is high (greater than 1k ohms) so the
current drawn from the source to charge the sample capacitor can affect accuracy. If the
input signal does not change too quickly, try putting a 0.1 uF capacitor on the analog input.
This capacitor will charge to the analog voltage being sampled, and supply the instanta-
neous current needed to charge the 51.2 pf internal holding capacitor.

3. Finally, straight from the data book: “In systems where the device frequency is low, use of
the A/D clock derived from the device oscillator is preferred...this reduces, to a large
extent, the effects of digital switching noise.” and “In systems where the device will enter
SLEEP mode after start of A/D conversion, the RC clock source selection is required. This
method gives the highest accuracy.”

Question 2:  After starting an A/D conversion may | change the input channel (for my
next conversion)?

Answer 2:

After the holding capacitor is disconnected from the input channel, one TAD after the GO bit is
set, the input channel may be changed.

Question 3: Do you know of a good reference on A/D’s?
Answer 3:

A very good reference for understanding A/D conversions is the “Analog-Digital Conversion
Handbook” third edition, published by Prentice Hall (ISBN 0-13-03-2848-0).

DS31021A-page 21-16 © 1997 Microchip Technology Inc.



