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1 Introduction

PCAPO4 is a capacitance-to-digital converter (CDC) based on discharge time measurements. It has an
integrated digital signal processor (DSP) for on-chip data post-processing.

This application note describes how to set the timing and how to evaluate the duration of a complete
measurement, including the data readout. In principle, the behavior is the same for PCAP0O2 and
quite similar for the PCAPO1.

In the following we use timer triggered conversion mode for all our discussions (C_TRIG_SEL = 2 /
CONV_TIME > 0). Figure 1 shows the basic flow diagram of the whole sequence.

SIF read 1 1
INTN J | -
CDC conversion 1 ] RDC x DSP ) CDC conversion 2 X RDC 1 DSP ) CDC conv. 3

POR Conversion timer_‘___/‘\ Conversion timer /

[

Figure 1: Conversion Mode
2 Preparation

2.1 Measuring Equipment

We use our PCAP04-DEV-KIT together with our evaluation software. The signals are captured by
means of an oscilloscope. Note that any probe connected disturbs the CDC/RDC measurement with
additional offset. But it is needed to see the real signals.

Based on the particular configuration, the probe is connected to corresponding input pin for ...

e (CDC measurement, CDC port, PCx (x = 0..5)
o RDC measurement, RDC port, PTOREF, PT1
o Interrupt, PG4, PG5

e Communication interface (SPI / 12C)

It is recommended to look at the output PCAUX to see the complete CDC sequence in one graph. This
pin needs to be enabled before in the GUI: Expert Tab -> CDC Tab:

e RDCHG_INT_EN (Enable internal discharge resistors by default)
e RDCHG_EXT_PERM (Activate auxiliary Port PCAUX permanently for permanently discharge)

For a complete view of the RDC sequence use pin PTOUT.

PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production 3
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2.2 Important Parameters

The main parameters for the timing of the CDC measurement are set in the cycle control:

Cycle Control
Precharge Time Fullcharge Time Discharge Time
0 5|5 |« 3FF 20u 5 |g x0 20u 5 |g x0
A = ] = = -
C_FAKE
Vdd - s -

,-"'f--_ ° =
/"" C_AVRG

., (Sample Size)
1 Cycle S .
e d S i 32 =
s g
oV I —
Tirme
Cycle Clock Select
50,0kHz | Low Power v Conversiaon Duration | 6,40ms

Figure 2: CDC Tab (Cycle Control)

For the RDC measurement similar settings are available:

Cycle Control
Precharge Time R_AVRG
20us 1 ~ ||
Fullcharge Time R_FAKE
20us 2 ~ |l
Discharge Time Conversion Duration

20us ~ | R_CY 80,0us

Figure 3: RDC Tab (Cycle Control)

The minimum value for the CDC cycle times depends on the base clock, which can be selected
between the LF (10 to 200 kHz) and HF clock (2 MHz):

LF Clock HF Clack
OX_RUN
OLF_CTUME OLF_FTUME
= = Off ~ |
S50kHz |~ [q 7 =
[ ]ox_pis [ lox_sTop

[(Jox_autosTor_DIS [ Jox_Div4

Figure 4: MISC Tab (LF Clock / HF Clock)

4 PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production
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Settings for the DSP are made here:

DsP

O5P_SPEED

Slow w |||7

DSP_START_EN

:

NITDIHL NI

NI 9IdL 202

NEI_EJIE.I. a4

NI DIHL HIWIL

Figure 5: DSP/GPIO Tab (DSP)

DSP_FF_IN DSP_MOFLO_EN
9000 O
e —— p—
EERS =z

DSP_STARTOMPIM

9000

044
T44
[EE|
£44

The PCAUX pin is enabled and configured under the expert tab.

Setup  CDC Frontend CcDC RDC

General COC  TDC  Linearize

[ ]aux_PD_DIS

[ ]aux_cInT
[]c_DC_BALANCE
[]cY_PRE_LONG
[]cY_PRE_MR1_SHORT

ROCHG_OPEM
2 |2

Figure 6: Expert Tab - CDC Tab

PDM/PWM  DSP/GPIO  Misc Expert

[ JRDCHG_EXT_EN
ROCHG_INT_EN
ROCHG_EXT_PERM
[]RDCHG_PERM_EN

GAIN_CORR
x40
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3 Evaluation of the Timing

3.1 Brief Summary

3.1.1 Capacitive-to-Digital Converter (CDC)

e Cycle Timing
The basic period (tqee) that defines the cycle time can be derived from the low frequency

oscillator or the high frequency oscillator. The pre-charge, full-charge and discharge times of
a single cycle are defined in multiples of tcycte.

Precharge Full-charge 3 :
A timeg time % Discharge time A Full-charge time Discharge time
Vdd < > : i o | = vdd <@ > | Wi
2 s
TDC TDC
measure Vth measure Vi
ov { — time — ov | — time —
[ 1 Cycle =4 < 1 Cycle -
Time> Time’
Figure 7: Single Cycle Timing Figure 8: Single Cycle, Fast Charge
e Sequence
The length of a sequence depends on the kind and number of sensors and the selected
compensation methods.
1 Sequence 1 Sequence
Capacitor Capacitor
Port Port
Resistor Resistor
3 S
Time > Time -
Figure 9: Sequence Grounded Figure 10: Sequence Floating

e Conversion
The duration of a full conversion has a lower limit given by the number of fake measurements,

the number of samples for averaging and eventually an inter-sequence delay. The Start of
the next conversion depends on the selection of the measurement trigger.

PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production
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Cycle Precharge | Full charge | Discharge |
sequence | Pco | pc1 [rpcowper| pc2 | Pea | . [ Portecint |
Conversion Fake 1 I Fake 2 | Sample 1 | Sample 2 | Sample 3 | Sample 4 | | N=Average

Figure 11: CDC Conversion

3.1.2 Resistance-to-Digital Converter (RDC)

e Cycle & Conversion
In PCap04 the resistance measurement is running in three phases, like in capacitance
measurement: Pre-charge - Full-charge - Discharge. The timing is based on the internal low-
frequency oscillator (OLF). The duration of full and discharge phases can be 1 or 2 periods of
this reference. The conversion starts with 2 or 8 fake measurements to improve the stability
of data. For each single conversion the averaging can be selected with sample size 1, 4, 8 or

16.
A 1 Conversion (R_AVRG = 1)
- o>
Ve
Fake 1 Fake 2 PT2REF PT1
Discharge
!
t=e.g. 400 ps - —
Tref Tn

ov —

Time

1 Cycle
Figure 12: RDC Conversion (R_AVRG=1, reference and sensor, 2 fake measurements)

3.1.3 DSP

A 32-bit digital signal processor (DSP) in Harvard architecture was integrated to the PCap04. It is
responsible for taking the information from the CDC and RDC measuring units, for processing the
data and making them available to the user interface. Both, the CDC/RDC raw data as well as the
data processed by the DSP are stored in the RAM.

The DSP is internally clocked at approximately 60 MHz and the needed post processing time depends
on the used firmware (STANDARD-, LINARIZE- or customized firmware).

In order to reduce the post-processing time to a minimum, the RAW values only can be written to
the read registers. This firmware is called MW2RES-firmware.

PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production 7
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3.2 Choice the Reference

In these examples, STANDARD FW and default ‘Standard’ configuration is used. In case of using other
capacitors, the configuration has to be adjusted. It is recommended to use reference capacity =
sensor capacity.

3.3 Setup the Timing

For the demonstration of different discharge sighals, an example with sensor = 10 pF and reference
= 100 pF is used in this section. The sample size (‘C_AVRG’) is reduces to ‘3’, internal ‘Stray
Compensation’ and Conversion Mode (CDC->RDC->DSP->INT, see Figure 1) are used.

Note: It might be necessary to increase the ‘Discharge time’ to get rid of the possible error messages
due to the probes. After removing the probes, adjust the discharge time once again.

Cycle Control
Precharge Time Fullcharge Time Discharge Time
0 5| % 3FF 20u 5 g 0 40u 35 x1
A = Bl = =
Vdd - C_FAKE
_—J 1'"" .
T hY 0 E
e \ C_AVRG
., [Sample Size)
// 1 Cycle ™ -
- R 3 B
- "'\-\.._\_\___\-
oV —" e
Time
Cycle Clock Select
50,0kHz | Low Power w Conversion Duration | 540us

Figure 13: Used Cycle Control

Figure 14 shows a measurement based on that setting. The red cursors show a conversion time of
540 ps as configured. This timing is affected by the variation of the LF clock and can be tuned by
means of parameter ‘OLF_FTUNE’.

For grounded sensors, the sequence starts always with PCO (reference) and then PC1 (sensor).
Normally, internal compensation is activated. CDC sequence in detail (see Figure 9: Sequence
Grounded) and due to the sample size (C_AVRG = 3), there are 3 sequences (C0O, C1, Cint).

8 PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production
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Time
Fosition: | 600 us
Base: M0usfdv v

=
« <

L3 Options

¢ Add channe|

“«

Channel 1(1)
Offset: -2V
Renge:  [s00mvjdv v

Channel 2 (22)
Offset: ov

Range:  [s00myjdv v

o, == _ [ _ T, Smpe Puse Protocol, <= b 4
Name Pin T 4096 samples at 2MHz | ©

- SPIMOSI 5 (i e i | [l G [ I 5
Select DO 0 ]
s [TEOT TG N Gt T TG M Rl
most ]

- SPIMISO JrocfhooJhoo hoo [ [roofhoo [hoo Thoo Jhoo oo Thoo Jroo [ Jroop—————
MISO |
NN DIo 4 |

X1: -1.2865 us X2A1: 540 us
X|~l0.ams 0.2ms 1 0.2ms 0.4ms [aa1l+] osms 0&ms 1ms L2ms 14ms 16ms

Figure 14: Measured CDC Sequence

LF Clock

OLF_CTUNE OLF_FTUNE
50kHz |~ |1 3 =

Figure 15: Used LF Clock

Time
Position: |00 us
Base 200 us/div__

=
4 <

%3 Options
= Add Channel
Channel 1(1%)

4

4.72mv

< |

oOffset:  [2v
ange:
Channel 2 (22 %
0.4ms
. = _ [l_T. sme Puse Protocol, = =
Name Pin T 4096 samples at 2 MHz | ©
- SPIMOSI hrfnver [ Jber [oee] Jher b [T [ Joee [ [oee] Joee[ [oee [ [oee Joee
Select DIO 0 1
I
- SPIMISO fhodhoo | Thoo Troo[ fhooThoo™ T T T Jhoo T oo Jroof Jroo ] [roo Jnoc
.
INTN DIO 4 1
X1: L2866 us X241: 540 us
X|vi0.4ms 0.2ms 1|+ 0.2ms 0.4ms 21 fv] 06ms 08ms 1ms 1.2ms 14ms 16ms

Figure 16: Adjusted CDC Sequence

PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production 9



Sci§Sense® CONTENTS PAGE <§

—

4 Summary / Result

CDC > RDC @ Communication (e.g. SPI) >

Time
Position:
Base:

S
N << &

3 Options

< Add Channel

Channel 1(1%)
freets

Il =«

ange: [0 mujd
Channel 2 (2£)

offset: [0V

2
9
g
< <]

. T~ Simpie tocol, = K

Name Pn T 4096 somples at 2MHz |
- SPIMOSI {[IT [oeeqber [ Toerforr [ Jbee] Joee[ [oer ] Jore T [ [ [nerloee | Joer[ner |

Select DIO 0

MOsL
- SPIMISO {[ T ThooJroo T Jroohoo T Jroo[ Jroof Troo [ Jhoo T T T JhooJteo [ Jnoofroo [ f——
MISO | |

INTN DIO 4 |
X3: 790.85Us
X1:0s X241: 540 us X483: 70us | x5: 505.08 s X6A5: 800 us

x/~lo.2ms 1 0.2ms 0.4ms a1+ 0sms 3 [~lfan3] 5 [7] ims 12ms Léms 16ms 65 |+ Lams

Figure 17: Complete Sequence (CDC->RDC->DSP->INT)

In this example the approximate timings are as follows:

e 540 ps (CDC)

e 230 ps (RDC, triggered by CDC)

e 70 us (DSP, triggered by RDC)

¢ 1 ms (communication, e.g. SPI, triggered by DSP, which set the interrupt to low)

4.1 How to Increase the Update Rate

For a higher update rate it is necessary to reduce the CDC conversion duration, to switch off the RDC
conversion and to optimize the communication frequency.

4.1.1 Communication Protocol

Optimization of communication protocol to a minimum can be done by increasing SPI frequency to
the maximum specified frequency. For this maximum frequency a SPI bus termination is needed and
recommended. In case of ignoring and not reading the status register to intercept possible readout
error, the external microcontroller should perform a kind of plausibility check.

To read one result with SPI (20 MHz) it takes about 2.4 ps to send opcode (1 byte), address (1 byte)
and to read Result (4 bytes).

6 Byt 8 i 50 =2
* * =24
yte " ns us

In this formula, the interbyte gap is ignored. Depending on the microcontroller, this timing can vary.

10 PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production
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4.1.2 Conversion Duration
4.1.2.1.1 CDC Conversion

Now, following settings are used:

e Sensor =1 pF

e Reference = internal (C_REF_INT =1, C_REF_SEL = 0)

e Stray Compensation = ‘None’ (C_COMP_xxx = 0)

e Discharge Resistance Port 0..3 = “10k’ (RDCHG_INT_SELO = 3) For lower resistance, PCAUX can
be used. But in this application note, PCAUX is used by scope.

e HF Clock

Setup CDCFrontend ¢DC RDC PDM/PWM DSP/GPIO  Misc Expert

Capacitance to Digital Conversion Frontend

Capacitance Measurement Scheme Cap. Port Select Stray Compensation

-

Grounded | Single ~ [l O 88e None w |l

12345

i~ -
I.—J

Port Error

Discharge Resistance Port 0.3 Discharge Resistance Port 4.5  Charge Resistance

10k ~ |3 90k ~ |1 10k « o
C Reference Select Internal Cap.
internal w 0 + pF

Figure 18: CDC Frontend Tab (reduced configuration)

PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production 11
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Cycle Control
Precharge Time Fullcharge Time Discharge Time
0 (5|5 | 3FF 500n F=|g | *x0 150 &g x2
A = =g =1 e
C_FAKE
Vdd s L
e o -
// C_AVRG
., [Sample Size)
1 Cycle 5
- Cy \\m =5 E =
v e
GIIUII 1 = h_
Time
Cycle Clock Select
2,00MHz | High Speed v Conwersion Duration | 12,0us

Figure 19: Cycle Control (reduced timing)

HF Clock
0¥_RUM
Permanent w1
[ ]ox_pis [ lox_sTop

Flox_autosTor_DIs [ Jox_Divé

Figure 20: HF Clock (running permanent)

4.1.2.1.2 RDC Conversion

The CDC timer is based on the OLF. Therefore, the RDC conversion time can be reduced by changing
LF Clock (OLF_TUNE, OLF_FTUNE). But for highest speed it should be switched OFF.

12
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Conversion Control

Temp. Trigeer Select R_TRIG_PREDIV

-

off ~ | lo 1 =

Figure 21: RDC - Conversion Control (trigger select = OFF)

DsP

DSP_SPEED
Slow ol 13

DSP_START_EN

:

NI D141 a2
N3 DIHL2aY
M3 SIHL LN

NI DL HINIL

Figure 22: DSP (triggered by CDC)

4.1.2.1.3 DSP Execution Time

DSP_FF_IN

0000

Ol
THI
NI
ENI

DEP_STARTONFIN

0000

044
144
[EE|
£44

DSP_MOFLO_EN

0on3
[AVE|

J

(o]

Sci

(1

The configuration of DSP speed differs by ~15% from slowest to fastest speed.

Some DSP (approximate) timings:

e 50 ps, STANDARD FW (RDC = OFF, DSP_SPEED = ‘fastest’)
e 120 ps, LINEARIZE FW (needs RDC = ON, DSP_SPEED = fastest)
e 2 ps, MW2RES FW (RDC = OFF, DSP_SPEED = ‘fastest’)

Sense:

PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production
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4.2 Final Summary

Conversion Control
Cap. Trigger Select ext. Trigger-Pin

Timer Triggered w|l[a DSP 1IN - Conversion Time | 1,40ms

Conversion Time

Measuring Rate | 714Hz
35 =

Figure 23: Conversion Control (for this example: Conversion Time using PICOPROG)

W
Welcome & Help @ scope 13 =
Export  #XY #XYZ3D +Zoom FFT Specrogram Spectrogram3D Histogram Persistence Data Measurements Logging Audo XCursors Y Cursors Notes | Digital | Measurements
B single @ston Mode: () Repeated v Auto ~ | Source:  Channel 1 ~ Condtion: _f Rising v Level: 250 my v 4
¢: | Y | Digital Measurements 8 x| =
add =_ : Show, [\Eit &, MTme &
Name Value 0s
INTN Frequency 1.0218kHz 500 usfdy
INTN Frequency 1.0218kHz 3
s options -
¢ Add Channel -
Channel 1(12) &
Range:  [S00my/dv |
Channel 2 (22) &
Range:  [s00mujdv |
x|~
P, - . T Smple Puse Protocol. &= K
Name Pin T Name: SPIMOSI[Clock] Position: -0.001453s Value: 0 &
- SPIMOSI ={ Ioedted Thehedber] [ F=—— Thedied [redhed [refoeA——— [ned Jhedned e [oednFg———] [ [oerloFdbed [oedbed = [ [nedher]
Select oo |
I I I I I
- SPIMISO B hoofhod o hocfhoo] hodhodTredhodredhor hod_Jhodrodhod Jrodhor hoo Jrodhod—Jrodhac hocfhoo)
1 1 1 1
INTN DIO 4
X|v25ms 2ms -L5ms -tms 0.5ms e 0.5ms 1ms 1.5m: 2m 2.5m
Manual Trigger | [MyDiscovery2 S:i 9| | Status: OK .,

Figure 24: Scope (measuring sample rate)

The deviation of the configured ‘Measuring Rate’ = 714 Hz (Figure 23) from the measured
measurement rate = 1 kHz (Figure 24) is due to the HF Clock and specified variation of PCap04 itself.

14 PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production



<§ CONTENTS PAGE Sci§$ense@

—

W WaveForms (default_SP|_PCAPO)

- o X
Works Settings  Window  Help
Welcome [+ Help @ scope 13 = =HE
Fle Control Vien Window
Export  #XY #XYZ3D +Zoom FFT Spechogram Spectogram3D Histogram Persistence Date  Measuremen s Logging Audio X Cursors Y Cursors Notes | Digital  Measurements
Bl singe @ st Mode: | () Repeated - | |Aute ~ | Source: Channel 1 | condtion: | _f Risng - | Level ]
m
Y A me )
posiion:  [e0us |
4
&5 options -
¢ Add Channel -
Channel 1(12) )
Range:  [S00my/dv |
Channel 2 (22) )
Range:  [so0my/d |
g, = . T Smple Puse Protocol. &= K
Name Pin T 4096 samples at 20 MHz | e
- SPIMOSI [ 1
Select DIO 0
MOSI oi0 2
- SPIMISO e 70
MISO DIo 3} ]
INTN DIO 4 ]
X|v 40us Wus A Mus 40us s0us 80us 100us 120us 140 us 160 us
Manual Trigger | | MyDiscovery2 SN: 7| | stams: ok

Figure 25: Scope, in details

The following example (again, with additional capacitive offset by probes) shows the case of using
an external microcontroller with 20 MHz SPI Frequency and reading only one result. Further details
are:

e 14 yus, CDC Conversion (C_AVRG = 3, ...)
e 51 pus, DSP Execution Time (STANDARD FW, ...)
e 3 s, 20 MHz SPI Communication (reading one result, only)

Measurement rates < 15 kHz are possible without any great effort.

With further effort, such as:

e Using external discharge resistor to reduce the cycle time.
¢ Reducing average rate with considering the noise.
e Reducing DSP execution time.

It is possible to bring down the conversion time to 20 ps (< 50 kHz).

PCapOx Evaluation of the Timing SC-001559-AN-1 / 2021-12-01 / Production 15
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5 Copyrights & Disclaimer

Copyright Sciosense B.V. High Tech Campus 10, 5656 AE Eindhoven, The Netherlands. Trademarks
Registered. All rights reserved. The material herein may not be reproduced, adapted, merged,
translated, stored, or used without the prior written consent of the copyright owner.

Devices sold by Sciosense B.V. are covered by the warranty and patent indemnification provisions
appearing in its General Terms of Trade. Sciosense B.V. makes no warranty, express, statutory,
implied, or by description regarding the information set forth herein. Sciosense B.V. reserves the
right to change specifications and prices at any time and without notice. Therefore, prior to designing
this product into a system, it is necessary to check with Sciosense B.V. for current information. This
product is intended for use in commercial applications. Applications requiring extended temperature
range, unusual environmental requirements, or high reliability applications, such as military, medical
life-support or life-sustaining equipment are specifically not recommended without additional
processing by Sciosense B.V. for each application. This product is provided by Sciosense B.V. “AS IS”
and any express or implied warranties, including, but not limited to the implied warranties of
merchantability and fitness for a particular purpose are disclaimed.

Sciosense B.V. shall not be liable to recipient or any third party for any damages, including but not
limited to personal injury, property damage, loss of profits, loss of use, interruption of business or
indirect, special, incidental or consequential damages, of any kind, in connection with or arising out
of the furnishing, performance or use of the technical data herein. No obligation or liability to
recipient or any third party shall arise or flow out of Sciosense B.V. rendering of technical or other
services.

6 Revision information

Table 1: Revision history

N S N

2021-12-01 First edition

Note(s) and/or Footnote(s):

1. Page and figure numbers for the previous version may differ from page and figure numbers in
the current revision.
2. Correction of typographical errors is not explicitly mentioned.
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