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53.1 INTRODUCTION

The Charge Time Measurement Unit (CTMU) is a flexible analog module that has a configurable
current source with a digital circuit built around it. The CTMU can be used for differential time
measurement between pulse sources and can be used for generating an asynchronous pulse.
By working with other on-chip analog modules, the CTMU can be used for high resolution time
measurement, measure capacitance, resistance, inductance, temperature, used for humidity
sensing, measure relative changes in capacitance or generate output pulses with a specific time
delay. The CTMU is ideal for interfacing with capacitive-based sensors.

The module includes the following key features:

» On-chip precision current source

» Sixteen-edge input trigger sources

» Selection of edge or level-sensitive inputs

« Polarity control for each edge source

» Control of edge sequence

» Control of response to edges

» High precision time measurement

« Time delay of external or internal signal asynchronous to system clock

* Integrated temperature sensing diode

» Control of current source during auto-sampling

« Four current source ranges

» Time measurement resolution of one nanosecond or less

* CTMU operation in Sleep mode

The CTMU works in conjunction with the A/D Converter for time or charge measurement,
depending on the specific device and the number of A/D channels available. When configured
for time delay, the CTMU is connected to one of the analog comparators. The input edge sources

can be selected from sixteen sources for each edge. For device-specific information on available
input sources, refer to the appropriate PIC24F data sheet.

A block diagram of the CTMU is shown in Figure 53-1.

Figure 53-1:  CTMU Block Diagram
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Note 1: Refer to the particular device data sheet for specific edge source types and assignments.
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Section 53. CTMU with Threshold Detect

53.2

Register 53-1:

REGISTERS

Depending on the device variant, there are up to three control registers available for the CTMU:
CMTUCON1, CTMUCON2 and CTMUICON.

The CTMUCON1 and CTMUCONZ2 registers (Register 53-1 and Register 53-2) contain control
bits for configuring the CTMU module edge source selection, edge source polarity selection,
edge sequencing, A/D trigger, analog circuit capacitor discharge and enables. The CTMUICON
register (Register 53-3) has bits for selecting the current source range and current source trim.

CTMUCONL1: CTMU Control Register 1

R/W-0 uU-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
CTMUEN — CTMUSIDL TGEN EDGEN EDGSEQEN | IDISSEN CTTRIG
bit 15 bit 8
uU-0 U-0 U-0 uU-0 uU-0 uU-0 uU-0 uU-0
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 15 CTMUEN: CTMU Enable bit
1 = Module is enabled
0 = Module is disabled
bit 14 Unimplemented: Read as ‘0’
bit 13 CTMUSIDL: Stop in Idle Mode bit
1 = Discontinue module operation when device enters Idle mode
0 = Continue module operation in Idle mode
bit 12 TGEN: Time Generation Enable bit
1 = Enables edge delay generation
0 = Disables edge delay generation
bit 11 EDGEN: Edge Enable bit
1 = Edges are not blocked
0 = Edges are blocked
bit 10 EDGSEQEN: Edge Sequence Enable bit
1 = Edge 1 event must occur before Edge 2 event can occur
0 = No edge sequence is needed
bit 9 IDISSEN: Analog Current Source Control bit
1 = Analog current source output is grounded
0 = Analog current source output is not grounded
bit 8 CTTRIG: Trigger Control bit
1 = Trigger output is enabled
0 = Trigger output is disabled
bit 7-0 Unimplemented: Read as ‘0’

© 2011 Microchip Technology Inc.
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Register 53-22 CTMUCON2: CTMU Control Register 2

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
EDG1MOD | EDG1POL |EDG1SEL3® | EDG1SEL2W | EDG1SEL1Y | EDG1SELO® | EDG2STAT | EDG1STAT
bit 15 bit 8
R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 U-0 U-0
EDG2MOD | EDG2POL |EDG2SEL3® | EDG2SEL2W | EDG2SEL1® | EDG2SELOW — —
bit 7 bit 0
Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1" = Bit is set ‘0’ = Bit is cleared x = Bit is unknown

bit 15

bit 14

bit 13-10

bit 9

bit 8

bit 7

bit 6

EDG1MOD: Input mode selection bit
1 = Input is edge-sensitive
0 = Input is level-sensitive
EDG1POL: Edge 1 Polarity Select bit

1 = Edge 1 is programmed for a positive level response
0 = Edge 1 is programmed for a negative level response

EDG1SEL<3:0>: Edge 1 Source Select bits®)

1111 = Edge 1 Source 15 selected
1110 = Edge 1 Source 14 selected
1101 = Edge 1 Source 13 selected
1100 = Edge 1 Source 12 selected
1011 = Edge 1 Source 11 selected
1010 = Edge 1 Source 10 selected
1001 = Edge 1 Source 9 selected
1000 = Edge 1 Source 8 selected
0111 = Edge 1 Source 7 selected
0110 = Edge 1 Source 6 selected
0101 = Edge 1 Source 5 selected
0100 = Edge 1 Source 4 selected
0011 = Edge 1 Source 3 selected
0010 = Edge 1 Source 2 selected
0001 = Edge 1 Source 1 selected
0000 = Edge 1 Source 0 selected

EDG2STAT: Edge 2 Status bit

1 = Edge 2 event has occurred

0 = Edge 2 event has not occurred
EDG1STAT: Edge 1 Status bit

1 = Edge 1 event has occurred

0 = Edge 1 event has not occurred
EDG2MOD: Input Mode Selection bit
1 = Input is edge-sensitive

0 = Input is level-sensitive
EDG2POL: Edge 2 Polarity Select bit

1 = Edge 2 programmed for a positive level response
0 = Edge 2 programmed for a negative level response

Note 1: Refer to the particular device data sheet for specific edge source types and assignments.
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Section 53. CTMU with Threshold Detect

Register 53-2: CTMUCON2: CTMU Control Register 2 (Continued)

bit 5-2 EDG2SEL<3:0>: Edge 2 Source Select bits™®)

1111 = Edge 2 Source 15 selected
1110 = Edge 2 Source 14 selected
1101 = Edge 2 Source 13 selected
1100 = Edge 2 Source 12 selected
1011 = Edge 2 Source 11 selected
1010 = Edge 2 Source 10 selected
1001 = Edge 2 Source 9 selected
1000 = Edge 2 Source 8 selected
0111 = Edge 2 Source 7 selected
0110 = Edge 2 Source 6 selected
0101 = Edge 2 Source 5 selected
0100 = Edge 2 Source 4 selected
0011 = Edge 2 Source 3 selected
0010 = Edge 2 Source 2 selected
0001 = Edge 2 Source 1 selected
0000 = Edge 2 Source 0 selected

bit 1-0 Unimplemented: Read as ‘0’

Note 1: Refer to the particular device data sheet for specific edge source types and assignments.
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Register 53-3:  CTMUICON: CTMU Current Control Register

R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0
ITRIM5 ITRIM4 ITRIM3 ITRIM2 ITRIM1 ITRIMO IRNG1 IRNGO
bit 15 bit 8
uU-0 U-0 U-0 U-0 uU-0 uU-0 uU-0 uU-0
bit 7 bit 0

Legend:
R = Readable bit W = Writable bit U = Unimplemented bit, read as ‘0’
-n = Value at POR ‘1’ = Bit is set ‘0’ = Bit is cleared x = Bit is unknown
bit 15-10 ITRIM<5:0>: Current Source Trim bits
011111 = Maximum positive change from nominal current
011110

000001 = Minimum positive change from nominal current
000000 = Nominal current output specified by IRNG<1:0>
111111 = Minimum negative change from nominal current

100010
100001 = Maximum negative change from nominal current
bit 9-8 IRNG<1:0>: Current Source Range Select bits

11 =100 x base current

10 = 10 x base current

01 = Base current level (0.55 pA nominal)
00 = 1000 x base current

bit 7-0 Unimplemented: Read as ‘0’
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Section 53. CTMU with Threshold Detect

53.3 CTMU OPERATION

The CTMU works by using a fixed current source to charge a circuit. The type of circuit depends
on the type of measurement being made. In the case of charge measurement, the current is fixed
and the amount of time the current is applied to the circuit is fixed. The amount of voltage read
by the A/D is then a measurement of the capacitance of the circuit. In the case of time
measurement, the current, as well as the capacitance of the circuit, is fixed. In this case, the
voltage read by the A/D is then representative of the amount of time elapsed from the time the
current source starts and stops charging the circuit.

If the CTMU is being used as a time delay, both capacitance and current source are fixed, as well
as the voltage supplied to the comparator circuit. The delay of a signal is determined by the
amount of time it takes the voltage to charge to the comparator threshold voltage.

53.3.1 Theory of Operation
The operation of the CTMU is based on the equation for charge, as shown in Equation 1.

Equation 53-1:

dv

I=C~d—_|_

More simply, the amount of charge measured in coulombs in a circuit is defined as current in
amperes (1) multiplied by the amount of time in seconds that the current flows (t). Charge is also
defined as the capacitance in farads (C) multiplied by the voltage of the circuit (V), as shown in
Equation 53-2.

Equation 53-2:

The CTMU module provides a constant, known current source. The A/D Converter is used to
measure (V) in the equation, leaving two unknowns: capacitance (C) and time (t). Equation 53-2
can be used to calculate capacitance or time, by either the relationship shown in Equation 53-3
and using the known fixed capacitance of the circuit, or by Equation 53-4 using a fixed time that
the current source is applied to the circuit.
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Equation 53-3:
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Equation 53-4:
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53.3.2 Current Source

At the heart of the CTMU is a precision current source, designed to provide a constant reference
for measurements. The level of current is user-selectable across four ranges, or a total of three
orders of magnitude, with the ability to trim the output in £2% increments (nominal). The current
range is selected by the IRNG1:0> bits (CTMUICON<9:8>) with a value of ‘01’ representing the
lowest range.

Current trim is provided by the ITRIM<5:0> bits (CTMUICON<15:10>). These six bits allow trim-
ming of the current source in steps of approximately 2% per step. Note that half of the range
adjusts the current source positively and the other half reduces the current source. A value of
‘000000’ is the neutral position (no change). A value of ‘100000’ is the maximum negative
adjustment (approximately -62%) and ‘011111’ is the maximum positive adjustment
(approximately +62%).

53.3.3 Edge/Level Selection and Control

CTMU measurements are controlled by the edge or level events occurring on the module’s two
input channels. Each channel, referred to as Edge 1 and Edge 2, can be configured to receive
input pulses from one of the sixteen edge input pins. The inputs are selected using the EDG1SEL
and EDG2SEL bit pairs (CTMUCON2<5:2> and <13:10>). Further, the mode of the input sources
to the Edge 1 and Edge 2 can either be level-sensitive or edge-sensitive, which is selected using
the EDG1MOD bit (CTMUCON2<15>).

In addition to source, each channel can be configured for event polarity using the EDGE1POL
and EDGE2POL bits (CTMUCON2<14> and CTMUCON2<6>). The input channels can also be
filtered for an edge event sequence (Edge 1 occurring before Edge 2) by setting the EDGSEQEN
bit (CTMUCON1<10>).

53.3.4 Edge Status

The CTMUCON2 register also contains two status bits: EDG1STAT and EDG2STAT
(CTMUCON2<9:8>). Their primary function is to show if an edge response has occurred on the
corresponding channel. The CTMU automatically sets a particular bit when an edge response is
detected on its channel. The level-sensitive, or edge-sensitive, nature of the input channels also
means that the status bits become set immediately if the channel’s configuration is changed and
is the same as the channel’s current state.

The module uses the edge status bits to control the current source output to external analog
modules (such as the A/D Converter). Current is only supplied to external modules when
EDG1STAT is not equal to EDG2STAT, and shuts current off when EDG1STAT is equal to
EDG2STAT. This allows the CTMU to measure current only during the interval between edges.
After both status bits are set, it is necessary to clear them before another measurement is taken.
Both bits should be cleared simultaneously, if possible, to avoid re-enabling the CTMU current
source.

In addition to being set by the CTMU hardware, the edge status bits can also be set by software.
This allows the user’s application to manually enable or disable the current source. Setting either
one (but not both) of the bits enables the current source. Setting or clearing both bits at once
disables the source.

53.3.5 Interrupts

The CTMU sets its interrupt flag (IFS4<13>) whenever the current source is enabled, then dis-
abled. An interrupt is generated only if the corresponding interrupt enable bit (IEC4<13>) is also
set. If edge sequencing is not enabled (i.e., Edge 1 must occur before Edge 2), it is necessary to
monitor the edge status bits and determine which edge occurred last and caused the interrupt.

DS39743A-page 53-8 © 2011 Microchip Technology Inc.
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53.4 CTMU MODULE INITIALIZATION

The following sequence is a general guideline used to initialize the CTMU module:

1. Select the current source range using the IRNG bits (CTMUICON<9:8>).

2. Adjust the current source trim using the ITRIM bits (CTMUICON<15:10>).

3. Configure the edge input sources for Edge 1 and Edge 2 by setting the EDG1SEL and
EDG2SEL bits (CTMUCON2<13:10> and CTMUCON2<5:2>).

4. Configure the input polarities for the edge inputs using the EDG1POL and EDG2POL bits
(CTMUCON2<14:6>). The default configuration is for negative edge polarity (high-to-low
transitions).

5. Configure the Input mode for the Edge 1 and Edge 2 to select the level or edge using the
EDG1MOD bit (CTMUCON2<15>).

6. Enable edge sequencing using the EDGSEQEN bit (CTMUCON1<10>). By default, edge
sequencing is disabled.

7. Select the operating mode (Measurement or Time Delay) with the TGEN bit
(CTMUCON1<12>). By default, the Time Delay mode is disabled.

8. Configure the module to automatically trigger an A/D conversion when the second edge
event has occurred using the CTTRIG bit (CTMUCON1<8>). The conversion trigger is
disabled by default.

9. Discharge the connected circuit by setting the IDISSEN bit (CTMUCON1<9>). After
waiting a sufficient time for the circuit to discharge, clear IDISSEN.

10. Disable the module by clearing the CTMUEN bit (CTMUCON1<15>).

11. Clear the Edge Status bits, EDG2STAT and EDG1STAT (CTMUCON2<9:8>).

12. Enable both edge inputs by setting the EDGEN bit (CTMUCON<11> or
CTMUCON1<11>).

13. Enable the module by setting the CTMUEN bit (CTMUCON1<15>).

Depending on the type of measurement, or pulse generation being performed, one or more

additional modules may also need to be initialized and configured with the CTMU module:

» Edge Source Generation: In addition to the external edge input pins, both Timer1 and the

Output Compare/PWM1 module can be used as edge sources for the CTMU.

» Capacitance or Time Measurement: The CTMU module uses the A/D Converter to measure

the voltage across a capacitor that is connected to one of the analog input channels.

» Pulse Generation: When generating system clock independent output pulses, the CTMU
module uses Comparator 2 and the associated comparator voltage reference.
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For specific information on initializing these modules, refer to the applicable “PIC24F Family
Reference Manual” section for the appropriate module.

53.5 CALIBRATING THE CTMU MODULE

The CTMU requires calibration for precise measurements of capacitance and time, as well as for
accurate time delay. If the application only requires measurement of a relative change in capac-
itance or time, calibration is usually not necessary. An example of this type of application would
include a capacitive touch switch, in which the touch circuit has a baseline capacitance and the
added capacitance of the human body changes the overall capacitance of a circuit.

If actual capacitance or time measurement is required, two hardware calibrations must take
place: the current source needs calibration to set it to a precise current, and the circuit being
measured needs calibration to measure and/or nullify all other capacitance other than that to be
measured.

© 2011 Microchip Technology Inc. DS39743A-page 53-9
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53.5.1

The current source on board the CTMU module has a range of +62% nominal for each of four
current ranges. Therefore, for precise measurements, it is possible to measure and adjust this
current source by placing a high precision resistor, RCAL, onto the C2INB pin of the comparator.
The Time Generation mode bit, TGEN bit (CTMUCON1<12>), should be enabled and then the
voltage across the RCAL is measured through the ADC. An example circuit is shown in
Figure 53-2. The current source measurement is performed using the following steps:

Initialize the A/D Converter.

Initialize Comparator 2.

Initialize the comparator voltage reference.

Initialize the CTMU by configuring the module for Pulse Generation (TGEN = 1) mode.
Enable the current source by setting the EDG1STAT bit (CTMUCON2<0>.

Wait for the fixed delay.

Disable the current source by clearing the EDG2STAT bit (CTMUCON2<0>).

Perform A/D conversion.

Calculate the current source current using | = V/RCAL, where RCAL is a high precision
resistance and V is measured by performing an A/D conversion.

Current Source Calibration

—_

© ® N Ok ODN

The CTMU current source may be trimmed with the trim bits in CTMUICON using an iterative pro-
cess to get an exact desired current. Alternatively, the nominal value without adjustment may be
used. It may be stored by the software for use in all subsequent capacitive or time measurements.

Figure 53-2 shows the external connections for current source calibration, as well as the relationship
of the different analog modules required.

To calculate the value for RcAL, the nominal current must be chosen and then the resistance can
be calculated. For example, if the A/D Converter reference voltage is 3.3V, use 70% of full scale,
or 2.31V as the desired approximate voltage to be read by the A/D Converter. If the range of the
CTMU current source is selected to be 0.55 pA, the resistor value needed is calculated as
RcaL =2.31V/0.55 pA, for a value of 4.2 MQ. Similarly, if the current source is chosen to be
5.5 pA, RcAL would be 420,0000, 42,0009 if the current source is set to 55 pA and 4.2 kQ if the
current source is set to 550 pA.

Figure 53-2:  CTMU Current Source Calibration Circuit
PIC24F Device
[ _cTMU
| EDG1 |
| |
! @ EDG2!
" [ Current Source A
“Comparator | |
czmm? |
|
r I
RcaL I _6VT?E_F_ |
I |
Note 1: Please refer to the specific device data sheet for information related to the comparator
input used in this mode.
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A value of 70% of full-scale voltage is chosen to make sure that the A/D Converter is in a range
that is well above the noise floor. Keep in mind that if an exact current is chosen that is to incor-
porate the trimming bits from CTMUICON, the resistor value of RCAL may need to be adjusted
accordingly. RCAL may also be adjusted to allow for available resistor values. RCAL should be of
the highest precision available, keeping in mind the amount of precision needed for the circuit
that the CTMU will be used to measure. A recommended minimum would be 0.1% tolerance.

The following examples show one typical method for performing a CTMU current calibration.
Example 53-1 shows how to initialize the A/D Converter and the CTMU; this routine is typical for
applications using both modules. Example 53-2 shows one method for the actual calibration
routine. Note that this method manually triggers the A/D Converter; this is done to demonstrate
the entire stepwise process. It is also possible to automatically trigger the conversion by setting
the CTTRIG bit (CTMUCON<8> or CTMUCON1<8>).

Example 53-1:  Setup for CTMU Calibration Routines
#i ncl ude “p24Fxxxx. h”

/**************************************************************************/
/ Set up CT'\AJ *************************************************************/

IR SRR R AR EEEE R EEEE R EEEE R R EEEEEE R R Ry

voi d setup(void)
{ // CTMUCONL and CTMUCON2 - CTMJ Control register
CTMUCON1 = 0x0000; /I make sure CTMJ is disabl ed
/1 CTMJ continues to run when enul ator is stopped, CTMJ conti nues
/1 to run in idle node, Tinme Generation node di sabl ed, Edges are
/1 bl ocked. No edge sequence order, Anal og current source not
/1 grounded, trigger output disabled, Edge2 polarity = positive |level,

/1 Edge2 source = source 0, Edgel polarity = positive |evel, —

/| Edgel source = source 0, Set Edge status bits to zero E

CTMUCON2 = 0xC0CQD; @ g

CTMUJI CON = 0x0100; /1 0.55uA, Nominal - No Adjustnent > =z
/**************************************************************************/ 9 C
/ Set up AD Converter *****************************************************/ Q_
/**************************************************************************/ U g

TRI SB = 0x0001; /'l Set channel 2 as an input @ =

ANSELBbi ts. ANSELBO = 1; // Make AN2 as anal og g

ADICHS = 0x002; /1 Sel ect the anal og channel (2) —

ADLICSSL = 0x0000; /1 Skip the anal og channels for input scan

AD1CSSH = 0x0000; /1

AD1CON1 = 0x8000; /1 Turn On A/D Converter, continue in |dle node,

/1 Unsigned fractional fornat, dear SAW bit to
/] start conversion, Sanple when SAMP bit is set,
/1 sanpling on hold

AD1CON2 = 0x0000; /'l VR+ = AVDD, V- = AVSS, Don't scan,

/'l interrupts at end of conversion for each sanple
ADLCON3 = 0x0000; /1 A D uses systemclock, conversion clock = 1xTcy
ADLCON5 = 0x0000; /'l Aut o- Scan di sabl ed

© 2011 Microchip Technology Inc. DS39743A-page 53-11



PIC24F Family Reference Manual

Example 53-2: Current Calibration Routine

#i ncl ude “p24Fxxxx. h”

#defi ne COUNT 500 /1 @ 8MHz
#defi ne DELAY  for (i=0;i <COUNT; i ++)
#defi ne RCAL . 027 /IR val ue
/'l scal ed
//1/100th
#defi ne ADSCALE 1023 //for uns
#def i ne ADREF 3.3 //vdd con
int main(void)
{
int i;
int j =0;
unsi gned int Vread = 0;
doubl e VTot = 0;

fl oat Vavg=0, Vcal =0, CTMJI Src 0;

setup();
CTMUCON1bi ts. CTMUJEN = 1;

for(j=0;j<10;]j ++)

{
AD1CONlbi ts. SAMP = 1;
CTMUCON1bi t s. | DI SSEN
DELAY;
CTMUCONLbi t s. | DI SSEN

CTMUCON2bi t s. EDGLSTAT

DELAY;

CTMUCON2bi t s. EDGLSTAT
| FSObits. AD1I F = 0;
AD1CONlbi ts. SAMP = 0;
whi | e(!'| FSObi ts. AD1I F) ;
ADLCON1bi ts. DONE = O;
Vread = ADC1BUFO;

| FSObits. AD1I F = 0;
VTot += Vread,

Vavg
Vcal
CTMJI Src = Vcal / RCAL;

(float)(VTot/10.000);

125uS.

is 4200000 (4.2M

so that result is in

of UuA

i gned conversion 10 sig bits
nected to A/D Vr+

//index for |oop

//float values stored for calcs

//assume CTMJ and A/ D have been setup correctly
//see Exanple 11-1 for CTMJ & A/ D setup

// Enabl e the CTMJ

// Manual sanpling start
//drain charge on the circuit
//wait 125us

//end drain of circuit

//Begin charging the circuit
//using CTMJ current source
//wait for 125 us

//Stop charging circuit

// make sure A/D Int not set
//and begin A/ D conv.
//Wait for A/D convert conplete
/1 Get the value fromthe A/D
//Clear A/D Interrupt Flag
//Add the reading to the total

/I Average of 10 readings

(1 oat) (Vavg/ ADSCALE* ADREF) ;

/I CTMJ Src is in 1/100ths of uA

DS39743A-page 53-12

© 2011 Microchip Technology Inc.



Section 53. CTMU with Threshold Detect

53.5.2 Capacitance Calibration

There is a small amount of capacitance from the internal A/D Converter sample capacitor as well
as stray capacitance from the circuit board traces and pads that affect the precision of capaci-
tance measurements. A measurement of the stray capacitance can be taken by making sure the
desired capacitance to be measured has been removed. The measurement is then performed
using the following steps:

Initialize the A/D Converter and the CTMU.

Set EDG1STAT.

Wait for a fixed delay of time, t.

Clear EDG1STAT.

Perform an A/D conversion.

Calculate the stray and A/D sample capacitances using Equation 53-5.

o ok wh =

Equation 53-5:

-t

|-t
Corrser = Cstray * Cap = v

Where | is known from the current source measurement step, tis a fixed delay and V is measured
by performing an A/D conversion.

This measured value is then stored and used for calculations of time measurement or subtracted
for capacitance measurement. For calibration, it is expected that the capacitance of CsTrAY + CAD
is approximately known. Please refer to the respective device data sheet for the value of CAD.

An iterative process may need to be used to adjust the time, t, that the circuit is charged to obtain
a reasonable voltage reading from the A/D Converter. The value of t may be determined by

_|

-

-
setting CoFF<ET to a theoretical value, then solving for t. For example, if CSTrRAY is theoretically o O
calculated to be 11 pF, and V is expected to be 70% of VDD or 2.31V, t would be equal to g 2
Equation 53-6 or 63 ps. o C

o
Equation 53-6: o i
231V -

. (9%

+
(4 pF+11pF) e 55T A e

A typical routine for CTMU capacitance calibration is shown in Example 53-3.
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Example 53-3: Capacitance Calibration Routine

{

#i ncl ude “p24Fxxxx. h”

#define COUNT 25 /1 @8MHz | NTFRC = 62.5 us.
#defi ne ETI ME COUNT*2.5 /[/time in uS
#defi ne DELAY for (i=0;i <COUNT; i ++)

#define ADSCALE 1023 //for unsigned conversion 10 sig bits
#defi ne ADREF 3.3 //Vvdd connected to A/D Vr+
#def i ne RCAL . 027 /IR value is 4200000 (4.2M

int main(void)

//scaled so that result is in
/11/100th of uA

int i;

int j =0; /1index for |oop
unsigned int Vread = 0;

float CTMJl Src, CTMJCap, Vavg, VTot, Vcal;

//assume CTMJ and A/ D have been setup correctly
//see Exanple 11-1 for CTMJ & A/ D setup
setup();
CTMUCONLbi ts. CTMUEN = 1;//Enable the CTMJ

for(j=0;j<10;]j ++)

ADLCONlbi ts. SAMP = 1; [/ Manual sanpling start

CTMUCONLbi ts. | DI SSEN= 1; //drain any charge on the circuit

DELAY; //wait 62.5 us

CTMUCONLbi ts. | DI SSEN = 0; /lend drain of circuit

CTMUCON2bi t s. EDGLSTAT = 1; /1 Begin charging the circuit
//using the CTMJ current source

DELAY; //wait for 62.5 us for circuit
//to charge

CTMUCON2bi t s. EDGLSTAT = 0; //Stop charging circuit and begin

/1 Al D conversion
AD1CONlbi ts. SAMP = O;
whi | e(! | FSObi ts. ADLI F) ; //Wait for A/D conversion to conplete

Vread = ADC1BUFO; /1 CGet the value fromthe A/ D converter
| FSObi ts. AD1I F = O; /1 Cl ear ADllF
VTot += Vread; /1 Add the reading to the total

}

Vavg = (VTot/10); /'l Average of 10 readings

Vcal = (Vavg/ ADSCALE* ADREF) ;

CTMUJI Src = Vcal / RCAL; //CTMJI Src is in 1/100ths of uA

CTMJCap = (CTMJI Src*ETI ME/ Vcal )/ 100;
/I CTMJ Src is in 1/100t hs of uA,
//calculated in Exanple 1-2

//time is in us

/1 CTMJCap is in pF
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53.6 MEASURING CAPACITANCE WITH THE CTMU

There are two separate methods of measuring capacitance with the CTMU. The first is the
absolute method, in which the actual capacitance value is desired. The second is the relative
method, in which the actual capacitance is not needed, rather an indication of a change in
capacitance is required.

53.6.1 Absolute Capacitance Measurement

For absolute capacitance measurements, both the current and capacitance calibration steps

found in Section 53.5 “Calibrating the CTMU Module” should be followed. Capacitance

measurements are then performed using the following steps:

Initialize the A/D Converter.

Initialize the CTMU.

Set EDG1STAT.

Wait for a fixed delay, T.

Clear EDG1STAT.

Perform an A/D conversion.

Calculate the total capacitance, CtotaL = (I * T)/V, where | is known from the current

source measurement step (Section 53.5.1 “Current Source Calibration”), T is a fixed

delay and V is measured by performing an A/D conversion

8. Subtract the stray and A/D capacitance (CofrrseT from Section 53.5.2 “Capacitance
Calibration”) from CTOTAL to determine the measured capacitance.

N ok~

53.6.2 Relative Charge Measurement

An application may not require precise capacitance measurements. For example, when detect-
ing a valid press of a capacitance-based switch, detecting a relative change of capacitance is of
interest. In this type of application, when the switch is open (or not touched), the total capacitance
is the capacitance of the combination of the board traces, the A/D Converter, etc. A larger voltage
will be measured by the A/D Converter. When the switch is closed (or is touched), the total
capacitance is larger due to the addition of the capacitance of the human body to the above listed
capacitances and a smaller voltage will be measured by the A/D Converter.
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Detecting capacitance changes is easily accomplished with the CTMU using these steps:
1. Initialize the A/D Converter and the CTMU.

2. Set EDG1STAT.

3.  Wait for a fixed delay.
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Clear EDG1STAT.

Perform an A/D conversion.
The voltage measured by performing the A/D conversion is an indication of the relative
capacitance. Note that in this case, no calibration of the current source or circuit capacitance

measurement is needed. A sample software routine for a capacitive touch switch is shown in
Example 53-4.
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Example 53-4

. Routine for Capacitive Touch Switch

#i ncl ude “p24Fxxxx. h”

#def i ne
#def i ne
#def i ne
#def i ne

#def i ne

#def i ne
#def i ne

int main(void)

{

unsi gned int Vread, /I storage for reading

unsigned int switchState;

int i;
//assume CTMJ and A/ D have been setup correctly
//see Exanple 11-1 for CTMJ & A/ D setup

setup();

CTMUCONLbi ts. CTMJEN = 1; //Enable the CTMJ

ADLCON1bi ts. SAMP = 1; [/ Manual sanpling start

CTMUCONLlbits. | DISSEN = 1; //drain charge on the circuit

DELAY; [/ wait 125us

CTMUCONLbits. I DISSEN = 0; //end drain of circuit

CTMUCON2bi t s. EDGLSTAT = 1; //Begin charging the circuit
/lusing CTMJ current source

DELAY; //wait for 125us

CTMUCON2bi t s. EDGLSTAT = 0; // Stop charging circuit

| FSObi ts. AD1I F = O; /I make sure A/D Int not set

AD1CON1bi ts. SAMP = O; //and begin A/ D conv.

whi | e(!'I FSObi ts. AD1I F); /Wit for A/ D convert conplete

AD1CON1bi ts. DONE = O;

Vread = ADC1BUFO; /1 CGet the value fromthe A/D

if(Vread < OPENSW - TRI P)

{

swi tchState = PRESSED;

}

else if(Vread > OPENSW - TRIP + HYST)

{

swi tchState = UNPRESSED;
}
}

COUNT 500 /] @8MHz = 125uS.
DELAY  for (i=0;i <COUNT; i ++)
OPENSW 1000 /] Unpressed switch val ue

TRI P 300 /1Difference between pressed
//and unpressed sw tch
HYST 65 // ambunt to change
//from pressed to unpressed
PRESSED 1
UNPRESSEDO
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53.6.3 Relative Charge Measurement with the Auto-Threshold
Scanning Method

The Auto-Threshold Scanning method is a significant extension of the Auto-Threshold Scan
feature offered in the 10-bit A/D modules. In addition to being able to repeatedly sample a
predefined sequence of analog channels, Threshold Detect allows the user to define match
conditions based on the conversion results and generate an interrupt based on these conditions.

The procedure for calculating the relative charge with the Auto-Threshold Scanning method is
similar to the legacy Auto-Scanning method, except that the threshold levels can be set for the
converted values in the A/D result buffer. The Auto-Threshold Scan allows the user to define the
match conditions, based on the conversion values, and generate its own interrupt based on these
conditions. The operation of the Auto-Threshold Scan is controlled by the AD1CONS5 register.
The CSCNA bit (AD1CON2<10>), along with the ASENA bit (AD1CON5<15>), controls the
overall operation of Auto-Threshold Scan by enabling the bit.

The comparison thresholds for Auto-Threshold Scan are set by writing the desired values to an
appropriate location in the A/D result buffer. The location of the threshold values is determined
by the comparison type which can be selected by the CM<1:0> (AD1CON5<1:0>) bits. The
AD1CTMENHI/L registers select the channel(s) to be used by the CTMU during conversions. The
Auto-Threshold Scan can also be implemented when the device is placed in Sleep mode. The
LPENA bit (AD1CON5<14>) allows the Auto-Threshold Scan to function with low-power
features.

Detecting capacitance changes is easily accomplished with the CTMU using these steps:

1. Initialize the A/D Converter (including Auto-Threshold Scanning bits) and the CTMU.

2. Set EDG1STAT.
3. Wait for a fixed delay.

4. Clear EDG1STAT.

5. Perform an A/D conversion.

Note:  Refer to the 12-Bit A/D Converter with Auto-Compare FRM for further details.
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Example 53-5:

Setup for Auto-Threshold Sampling

#i ncl ude “p24Fxxxx. h”

/**************************************************************************/

| Set
/**************************************************************************/
voi d setup(void)

{ //CTMJUCON - CTMJ Control

up CTMJ *************************************************************/

register

/1 CTMJ continues to run when enulator is stopped, CTMJ continues

/1 to run in idle node, Time Generation node disabl ed, Edges are

/'l bl ocked. No edge sequence order, Anal og current source not

/1 grounded, trigger output disabled, Edge2 polarity = positive |evel,

/1 Edge2 source = source 0, Edgel polarity = positive |evel,

/1 Edgel source = source 0, Set Edge status bits to zero

CTMUCON1 = 0x0000; //meke sure CTMJ is disabled , CTRIG is enabl ed
CTMUCON2 = 0xC0CO; /] EDGL Polarity -- positive, ED& Polarity -- positive;
CTMUJI CON = 0x0000; /1 0.55uA, Nominal - No Adjustnmnent
/**************************************************************************/
/| Set up AD converter for Auto Threshol d
*****************************************************/

/**************************************************************************/

TRI SB = 0x0001; /1 Set channel 2 as an input
ANSBbi t s. ANSBO = 1; /1 Make AN2 as anal og
ADICHS = 0x002; /1 Sel ect the anal og channel (2)

ADICSSL = 0x0004; /1 Sel ect AN2 for the input scan

AD1CHI TL = 0x0000;

ADICON1 = 0x0440; /1 ADis off, 12 bit ADC SSRC = 4(CTMJ trigger is selected)
AD1CON2 = 0x0800; /1 BUFREGN =1

AD1ICON5 = 0x8204; /1 A D uses systemcl ock, conversion clock = 1xTcy
ADLICSSL = 0x0002; /1 Scan AN2

ADLICON2bits.CSCNA = 1; //CSNA = 1 (Scan input channels)

AD1CTMUENL = 0x0002; /1 An2 is selected for channel conversion

ADLCON1bi t s. ASAM = 1; /1 AD Auto sanple bit is enabled

ADC1BUFO = 0x04D0;

ADLCON1bi ts. ADCN = 1;

}

/1 AD Threshol d val ue

//Turn on the ADC
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Example 53-6: Routine for Capacitive Touch Switch with Auto-Threshold Scan
#i ncl ude “p24Fxxxx. h”

#def i ne COUNT 500 /1 @8MHz = 125uS.

#defi ne DELAY for(i=0;i <COUNT;i ++)

#defi ne OPENSW 1000 /1 Unpressed switch val ue

#define TRI P 300 /1Difference between pressed
/1 and unpressed sw tch

#define HYST 65 /amount to change

//from pressed to unpressed
#defi ne PRESSED 1
#def i ne UNPRESSEDO
int main(void)

{

unsi gned int Vread; /Il storage for reading

unsigned int switchState;

int i;
//assume CTMJ and A/ D have been setup correctly
//see Exanple 11-1 for CTMJ & A/ D setup

setup();

CTMJCONLbits. CTMJEN = 1; //Enable the CTMJ

ADLCON1bi ts. SAMP = 1; [/ Manual sanpling start

CTMUCONLbi ts. IDISSEN = 1; //drain charge on the circuit

DELAY; //wait 125us

CTMJUCONLbi t s. | DI SSEN

0; //end drain of circuit
CTMUCON2bi t s. EDGLSTAT = 1;

//Begin charging the circuit
/lusing CTMJ current source
DELAY; //wait for 125us

CTMUCONZbi t s. EDGLSTAT = 0; //Stop charging circuit
| FSObi ts. AD1I F = 0; /1 make sure A/D Int not set 5'
ADLCON1bi ts. SAMP = O; /1 and begin A/ D conv. =
i  (ADLCHI TLbi t 5. CHH2) @ 9{
{ >
whil e(!l1 FSObits. ADLIF); //Wait for A/ D convert conplete C_’g
ADLCONLbi t s. DONE = 0; o <
Vread = ADC1BUFO; /1 Get the value fromthe A/D O =
} C =
el se @
{ S
/1
}

if(Vread < OPENSW - TRIP)

{
swi tchState = PRESSED;

}
else if(Vread > OPENSW- TRIP + HYST)
{

}
}

swi tchState = UNPRESSED;

53.7 MEASURING TIME WITH THE CTMU MODULE

Time can be precisely measured after the ratio (C/lI) is measured from the current and
capacitance calibration step by following these steps:

1. Initialize the A/D Converter and the CTMU.
Set EDG1STAT.

Set EDG2STAT.

Perform an A/D conversion.

Calculate the time between edges as T = (C/l) * V, where | is calculated in the current
calibration step (Section 53.5.1 “Current Source Calibration”), C is calculated in the
capacitance calibration step (Section 53.5.2 “Capacitance Calibration”) and V is

ISl
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53.8 CREAT

Figure 53-3:

measured by performing the A/D conversion.

It is assumed that the time measured is small enough that the capacitance, CoFrF<ET, provides a
valid voltage to the A/D Converter. For the smallest time measurement, always set the A/D
Channel Select register (AD1CHS) to an unused A/D channel; the corresponding pin that is not
connected to any circuit board trace. This minimizes added stray capacitance, keeping the total
circuit capacitance close to that of the A/D Converter itself (4-5 pF). To measure longer time inter-
vals, an external capacitor may be connected to an A/D channel and this channel is selected
when making a time measurement.

ING A DELAY WITH THE CTMU MODULE

A unique feature on board the CTMU module is its ability to generate system clock independent
output pulses based on an external capacitor value. This is accomplished using the internal
comparator voltage reference module, Comparator 2 input pin and an external capacitor. The
pulse is output onto the CTPLS pin. To enable this mode, set the TGEN bit.

An example circuit is shown in Figure 53-3. CPuLSE is chosen by the user to determine the output
pulse width on CTPLS. The pulse width is calculated by T=(CruLsE/l)*V, where | is known from
the current source measurement step (Section 53.5.1 “Current Source Calibration”) and Vis
the internal reference voltage (CVREF).

An example use of this feature is for interfacing with variable capacitive-based sensors, such as
a humidity sensor. As the humidity varies, the pulse-width output on CTPLS will vary. The CTPLS
output pin can be connected to an input capture pin and the varying pulse width is measured to
determine the humidity in the application.

Follow these steps to use this feature:

1. Initialize Comparator 2.

Initialize the comparator voltage reference.

Initialize the CTMU and enable time delay generation by setting the TGEN bit.
Set EDG1STAT.

When CpuULsE charges to the value of the voltage reference trip point, an output pulse is
generated on CTPLS.

Sl S

Typical Connections and Internal Configuration for Pulse Delay Generation

)

Note 1: Please refer to the specific device data sheet for information related to the comparator input used in this mode.

PIC24F Device

CTED1 [X}—— —] cTPLS S

Current Source

Comparator
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53.9 MEASURING ON-CHIP TEMPERATURE WITH THE CTMU

The CTMU module can be used to measure the internal temperature of the device through an
internal diode that is available for such purposes. When EDGE 1 is not equal to EDGE 2 and
TGEN = 0, the current is steered into the temperature sensing diode. The voltage across the
diode is available as an input to the ADC module through AN16D), which is selected using the
ADCHSO.

Figure 53-4 shows how this module can be used for temperature measurement. As the temper-
ature rises, the voltage across the diode will drop by about 300 mV over a 150°C range. Selecting
a higher current drive strength will raise the voltage value by a few 100 mV.

53.9.1 BASIC PRINCIPLE

We can show that the forward voltage (Vf) of a P-N junction, such as a diode, is an extension of
the equation for the junction’s thermal voltage:

Vi = (KT/q) In (1-If/ls)

where k is the Boltzmann constant (1.38 x 10-23 J K-1), T is the absolute junction temperature
in kelvin, g is the electron charge (1.6 x 10-19 C), If is the forward current applied to the diode
and Is is the diode’s characteristic saturation current.

Since k and q are physical constants, and Is is a constant for the device, this only leaves T and
If as independent variables. If If is held constant, it follows from the equation that Vf will vary as
a function of T. As the natural log term of the equation will always be negative, the temperature
will be negatively proportional to Vf.

In other words, as temperature increases, Vf decreases.

Figure 53-4. CTMU Temperature Measurement Circuit —
>
=
PIC24F Device 8 Q
L~ o T T CTMU, gz
Current Source = C
| | o
| | s
| | U prly
T N J % =
Diod A/D
lode l Trigger Q

r——==-=—- - - — — a
|

A/D Converter

with the temperature sensing diode.

Note 1. Refer to the specific device data sheet for the actual channel number associated I
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53.10 OPERATION DURING SLEEP/IDLE MODES

53.10.1 Sleep Mode and Deep Sleep Modes with the CTMUREQ Bit
Disabled

When the device enters any Sleep mode, the CTMU module current source is always disabled.
If the CTMU is performing an operation that depends on the current source when Sleep mode is
invoked, the operation may not terminate correctly. Capacitance and time measurements may
return erroneous values.

53.10.2 Sleep Mode and Deep Sleep Modes with the CTMUREQ Bit
Enabled

When the device enters Sleep mode, the CTMU module current source can be enabled by set-
ting the CTMUREQ bit (ADCCON5<13>). The CTMU can be triggered from the ADC, which can
perform the conversion in Sleep mode when the A/D clock source is set to the internal A/D RC
oscillator (ADRC = 1). This will allow the CPU to remain in the inactive state for a longer period
of time, and at the same time, it can perform the conversion of the selected CTMU channel.

When the A/D interrupt (AD1IE) is enabled, the device will wake up from Sleep as soon as the
A/D interrupt occurs. This will help to reduce the power consumed by the CPU, which is the
prerequisite for many low-power applications.

53.10.3 Idle Mode

The behavior of the CTMU in Idle mode is determined by the CTMUSIDL bit (CTMUCON<13>
or CTMUCON1<13>). If CTMUSIDL is cleared, the module will continue to operate in Idle mode.
If CTMUSIDL is set, the module’s current source is disabled when the device enters Idle mode.
If the module is performing an operation when Idle mode is invoked, in this case, the results will
be similar to those with Sleep mode.

53.11 EFFECTS OF A RESET ON CTMU

Upon Reset, all registers of the CTMU are cleared. This leaves the CTMU module disabled, its
current source is turned off and all configuration options return to their default settings. The
module needs to be re-initialized following any Reset.

If the CTMU is in the process of taking a measurement at the time of Reset, the measurement will
be lost. A partial charge may exist on the circuit that was being measured and should be properly
discharged before the CTMU makes subsequent attempts to make a measurement. The circuit is
discharged by setting, and then clearing, the IDISSEN bit (CTMUCON<9> or CTMUCON1<9>)
while the A/D Converter is connected to the appropriate channel.

53.12 LOW-POWER APPLICATIONS

The CTMU module, along with the ADC with Auto-Threshold Detection technique, can be used
for implementing low-power based applications. The low-power functionality can be achieved by
alternatively shifting between the Normal mode and the Sleep mode, which is based on the need
of the application. The CTMU module will be active in Sleep mode by enabling the CTMUREQ
bit (ADCCON5<13>). This logic will significantly reduce the power consumed by the system,
which is the common requirement in many of the applications.

DS39743A-page 53-22

© 2011 Microchip Technology Inc.



-ou| ABojouyoa ] diyoouolN L 1L0Z @

€2-¢6 9bed-yey/6€Sa

53.13 REGISTER MAPS
A summary of the registers associated with the PIC24F CTMU is provided in Table 53-1.

Table 53-1: CTMU Register Map

File Name Bit 15 Bit 14 Bit 13 Bit 12 Bit 11 Bit 10 Bit 9 Bit 8 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 R:S'éts
CTMUCON1 | CTMUEN — CTMUSIDL| TGEN EDGEN |EDGSEQEN| IDISSEN | CTTRIG — — — — — — — — 0000
CTMUCON2 |EDG1MOD |EDG1POL | EDG1SEL3 | EDG1SEL2 | EDG1SEL1 | EDG1SELO | EDG2STAT | EDG1STAT | EDG2MOD | EDG2POL | EDG2SEL3 |EDG2SEL2|EDG2SEL1|EDG2SELO — — 0000
CTMUICON ITRIM5 | ITRIM4 | [TRIM3 ITRIM2 ITRIM1 ITRIMO IRNG1 IRNGO — — — — — — — — 0000
Legend: — = unimplemented, read as ‘0’. Reset values are shown in hexadecimal.
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53.14

Table 53-2:

ELECTRICAL SPECIFICATIONS

CTMU Current Source Specifications

DC CHARACTERISTICS

Standard Operating Conditions: 2.0V to 3.6V (unless otherwise stated)

Operating temperature

-40°C < TA < +85°C for Industrial

Pilrc?m Sym Characteristic Min Typ(l) Max Units Conditions

lout1 |CTMU Current Source, — 550 — nA CTMUICON<9:8> =01
Base Range

lout2 |CTMU Current Source, — 55 — pA  [CTMUICON<9:8> =10
10x Range

lout3 |CTMU Current Source, — 55 — pA  [CTMUICON<9:8> =11
100x Range

lout4 |CTMU Current Source, — 550 — pA  [CTMUICON<9:8> =00
1000x Range

Note 1:

Nominal value at the center point of the current trim range (CTMUICON<15:10> = 000000).
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53.15 RELATED APPLICATION NOTES

This section lists application notes that are related to this section of the manual. These
application notes may not be written specifically for the PIC24F device family, but the concepts
are pertinent and could be used with modification and possible limitations. The current
application notes related to the CTMU module are:

Title Application Note #

No related application notes at this time.

Note: Please visit the Microchip web site (www.microchip.com) for additional application
notes and code examples for the PIC24F family of devices.
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53.16 REVISION HISTORY
Revision A (March 2011)

This is the initial released revision of this document.
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