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Introduction
The aim of this document is to clarify the usage of the ADC 10-bit SAR peripheral timing 
parameters in order to help the user to find the best configuration to optimize the conversion 
time and the quality/precision of the sampled signal considering its input impedance.

This document describes an application able to acquire sinusoidal signals of up to 500 kHz 
using two DMA channels triggered by PIT and EOC signal.

The quality of the signal is estimated using an offline computation of the FFT of the sampled 
values.

www.st.com

http://www.st.com


Contents AN4173

2/22 Doc ID 023727 Rev 3

Contents

1 Considerations on the input impedance of the signal source  . . . . . . . 5

2 ADC 10-bit timing configuration parameters  . . . . . . . . . . . . . . . . . . . . . 8

2.1 Conversion timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 SPC56xBxx and SPC56xCxx family ADC 10-bit timing properties  . . . . . . 9

2.3 Latency of the ADC conversion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3 Application code structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.1 Peripherals used  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.2 Code implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.3 Performance comparisons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.4 How to choose the right parameters  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.4.1 Degradation of the signal acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.5 Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

Appendix A Reference documents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

A.1 Reference documents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Revision history  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21



AN4173 List of tables

Doc ID 023727 Rev 3 3/22

List of tables

Table 1. ADC sampling and conversion timing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Table 2. ADC sampling and conversion timing obtained by test code . . . . . . . . . . . . . . . . . . . . . . . 13
Table 3. Revision history  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21



List of figures AN4173

4/22 Doc ID 023727 Rev 3

List of figures

Figure 1. Input equivalent circuit  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Figure 2. Transient behavior during sampling phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Figure 3. Conversion timings (configuration for sampling rate @ 20 MHz) . . . . . . . . . . . . . . . . . . . . 11
Figure 4. STM configuration function extracted code  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Figure 5. ADC init function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Figure 6. ADC start conversion function  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 7. Fast Fourier Transform of the acquired sinusoidal signal at 10 kHz. . . . . . . . . . . . . . . . . . 16
Figure 8. Reconstructed signal at 10 Khz with sampling frequency 20Khz . . . . . . . . . . . . . . . . . . . . 17
Figure 9. Reconstructed signal at 10 Khz with sampling frequency 100Khz . . . . . . . . . . . . . . . . . . . 18



AN4173 Considerations on the input impedance of the signal source

Doc ID 023727 Rev 3 5/22

1 Considerations on the input impedance of the signal 
source

The impedance relative to the signal source can limit the ADC’s sample rate. Furthermore a 
current limiter resistance and an RC filter are often necessary to minimize the current 
request and to attenuate the noise present on the input pin. This external network can 
generate accuracy problems for the ADC converter and for this reason it is important to 
invest time in reaching the right adaptation.

The capacitance CS associated with the internal ADC circuitry, combined with the resistance 
to the input signal source RS creates a low-pass filter. This RC time constant can increase 
the time needed to stabilize the incoming signal before the ADC can sample it, and if the 
input signal has a high frequency, which means that it changes quickly over time, this low-
pass filter can distort the ADC’s acquisition.

Figure 1. Input equivalent circuit

Moreover, considering a sinusoidal signal as input, if the source has a low impedance, the 
RC time constant will not be relevant and the voltage on the capacitance will quickly match 
the input voltage.

Furthermore, all the other internal ADC components, such as the pin capacitance CPx, the 
sampling, and the channel selection switch impedance, can limit the maximum frequency 
applicable to the ADC input.

The internal resistance of the source must allow the capacitance to reach its final value 
before the end of sample time.
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If this does not happen, that is, if the source resistance is mis-matched to the sample time, a 
voltage loss will occur at the sample and hold stage. This voltage loss causes an accuracy 
loss when increasing or decreasing the input voltage from 0 to VrefH.

The error is calculated by the formula:

Equation 1

where: tS = sample time in μs, R = RSOURCE + RL in Ω, C = CS in μF.

For example:

Since the error is proportional to the difference between VIN and VrefH, the effect produces a 
non-linearity in the conversion of large-amplitude signals. In practice, if tS > 7RC, the 
maximum error is reduced to less than half LSB (< 0.05%).

Figure 2. Transient behavior during sampling phase

A possible workaround in order to avoid the distortion is compensate the high source 
resistance adjusts the ADC’s sample rate. A slower sample rate can provide more time for 
the ADC acquisition to overcome the distortion.

To minimize the error induced by voltage partitioning betweeen the equivalent resistance 
REQ, (sampled voltage on CS + CP2) and the sum of RS and RF, the external circuit must be 
designed to satisfy the following relation:

Equation 2

where REQ = 1/(fC × (CS+CP2)) and fC is the conversion rate.

Consider:

MaxerrorLSB 1024= e

TS
RC
---------– 

 

×
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RS RF+

REQ
--------------------- 
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Equation 3

where tS = sample time,

and 

Equation 4

where RL shall be sized also according to the current limitation constraints in combination 
with RS and RF. See Data Sheet for further details.

TS CS» RSW RAD+( )×

TS 8.5 RL× Cs Cp1 Cp2+ +( )×>
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2 ADC 10-bit timing configuration parameters

In order to control the conversion time of the ADC_0 10-bit SAR peripheral, there are three 
registers CTR0, CTR1, and CTR2.

The CTR0 register is associated with internal precision channels (from 0 to 15).

The CTR1 register is associated with internal standard channels (from 32 to 63).

The CTR2 register is associated with external multiplexed channels (from 64 to 95).

The three parameters involved in the evaluation of the conversion time are:

● CTR.INPSAMP: used to configure the duration of the analog input signal sampling 
operation. It represents the number of the clock cycles that this operation will last. 
Minimum value is 3. If it is less, it is automatically set to 3 inside the ADC.

– Range of values: [3:255]

● CTR.INPLATCH: used to configure the duration of the latching phase during the 1-bit 
evaluation of the SAR algorithm. 0 means half a clock cycle and 1 means one clock 
cycle. The 1 condition is possible only if INPCMP is bigger than one. Otherwise it is 
automatically set to 0 inside the ADC. Parameter sets the portion of TBITEVAL used to 
latch the comparator result. If 0, this time is equal to half the period of ADC clk. If 1, it is 
equal to 1 TCK.

– Range of values: [0:1]

● CTR.INPCMP: used to configure the duration of the evaluation of each bit of the SAR 
algorithm. It represents the number of clock cycles that this operation will last. Minimum 
value is 1. If it is less, it is automatically set to 1 inside the ADC.

– Range of values: [1:3]

ADC Clk: ADC peripheral input clock frequency from 6 to 32 MHz, depending on the 
parameters and constraints.

2.1 Conversion timing
When a conversion is started, the ADC connects the internal sampling capacitor to the 
respective analog input pin, allowing the capacitance to charge up to the input voltage 
value. The time to load the capacitor is referred to as sampling time. After completion of the 
sampling phase, the evaluation phase starts and all the bits corresponding to the resolution 
of the ADC are estimated to provide the conversion result.

The conversion times are programmed via the bit fields of the CTR. Bit fields INPLATCH, 
INPCMP and INPSAMPLE are used to define the total conversion duration (tCONV) and in 
particular the partition between sampling phase duration (tSAMPLE) and total evaluation 
phase duration (tEVAL).

The sampling phase duration of ADC is given by:

Equation 5

where INPSAMPLE ≥ 3 and ndelay = 0.5 if INPSAMPLE < 6, otherwise ndelay = 1

Tsample INPSAMPLE ndelay–( )= T× CK
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The total evaluation phase duration is given by:

Equation 6

where INPCMP ≥ 1 and INPLATCH < INPCMP

The total conversion duration of ADC is given by:

Equation 7

where TCK depends on the peripheral set 3 clock divider. 

ADC Clock Frequency:

In SPC560Cxx, SPC560Dxx and SPC560Bxx devices (256 KB, 512 KB and 1.5 MB) there 
is a bit in the ADC MCR register that allows to select if the ADC clock frequency is half or 
equal to the Peripheral Set Clock frequency. The bitfield is the ADCLKSEL.

In SPC564Bxx e SPC56ECxx devices the ADC clock frequency is always set as half of the 
Peripheral Set Clock.

2.2 SPC56xBxx and SPC56xCxx family ADC 10-bit timing 
properties
The integration of the ADC 10-bit module in the SPC56xBxx and SPC56xCxx products 
leads to some further constraints to guarantee the performance indicated in the 
datasheet/electrical characteristics. In particular sampling time and conversion times must 
respect minimum values, which are:

● sampling time must be equal or greater than 500 ns.

● the ADC clock range is between 6 MHz to 32 MHz.

● evaluation time must be equal or greater than 500 ns.

● the minimum conversion time reachable is 1.05 us.

Table 1 gives the ADC sampling and conversion timing, at 5V / 3.3 V, for the ADC, using the 
suggested parameters:

          

Teval 10 Tbiteval× 10 INPCMP TCK×( )×= =

Tconv Tsample Teval ndelay TCK×( )+ +( )=

Table 1. ADC sampling and conversion timing

Clock

(MHz)

TCK 

(µs)
INPSAMP IMPCMP INPLATCH ndelay

tSAMPLE

(µs)

tEVAL

(µs)

tCONV

(µs)

tCONV/

TCK

tSAMPLE/

TCK

6 0.167 4 1 0 0.5 0.583 1.667 2.333 14 3.500

7 0.143 4 1 0 0.5 0.500 1.429 2.000 14 3.500

8 0.125 5 1 0 0.5 0.563 1.250 1.875 15 4.500
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where
– INPSAMPLE ≥ 3
– ndelay = 0.5, if INPSAMPLE ≤ 6, otherwise ndelay = 1
– tSAMPLE = (INPSAMP-ndelay)*TCK ≥ 500 ns

2.3 Latency of the ADC conversion.
The Figure 3 shows the timing diagram in order to measure the time needed to complete 
successfully an ADC conversion from the begin to the end of conversion, considering every 
Tck needed for the sampling time (Tsample), for the evaluation time (Teval equal to 10 times 
of Tck for 10 bits) and the delay of 0.5 or 1 Tck.

9 0.111 5 1 0 0.5 0.500 1.111 1.666 15 4.500

16 0.063 9 1 0 1 0.500 0.625 1.188 19 8.000

20 0.050 11 1 0 1 0.500 0.500 1.05 21 10.000

32 0.031 17 2 1 1 0.500 0.625 1.156 37 16.000

Table 1. ADC sampling and conversion timing (continued)

Clock

(MHz)

TCK 

(µs)
INPSAMP IMPCMP INPLATCH ndelay

tSAMPLE

(µs)

tEVAL

(µs)

tCONV

(µs)

tCONV/

TCK

tSAMPLE/

TCK
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Figure 3. Conversion timings (configuration for sampling rate at 20 MHz)

As described in the previous paragraph, the Tconv is the sum of the Tsample and Teval plus 
0.5 or 1 Tck.

On the last AD_ck cycle of evaluation phase the signal AD_last_eval_cyc has a pulse of 
‘1’.After the 10th bit evaluation is ended up, a pulse of ‘1’ on AD_end_of_conversion signal 
is generated from rising edge to rising edge of AD_ck to provide external logic the 
acknowledgement the conversion has completed and the AD_output bus contains the 
converted value.
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3 Application code structure

This section gives an overview about the application code implemented to test the best 
configuration, in terms of conversion time and conversion precision, for the input signal 
used.

3.1 Peripherals used
● Device: SPC564xB/C.

● System clock: 120 MHz by PLL initialization.

● ADC frequency: 20 MHz.

● PIT configuration: a trigger is arisen every 10 µs. This means a sample time of 
100 kHz.

● DMA and DMAMUX configuration: two channels used. 

● STM configuration: to allow calculation of the tCONV of the ADC on the device.

● Sinusoidal signal at 10 kHz with an amplitude of 4.6 V and offset of 2.3 V.

3.2 Code implementation
The application configures the device to:

● Disable the Software Watchdog

● Configure modes and activate all clocks for all peripherals

● Enable the Cache

● Enable all exceptions and the ADC_EOC, PIT and STM interrupts

● Set the GPIO in order to turn on some LEDs

● Configure the STM peripheral to calculate the ADC tCONV performances.

● Configure the PLL to work at 120 MHz.

● Configure the ADC sample parameters setting, the sampling duration, the comparison 
duration and the latching phase time. The ADC is set to One Shot Mode with DMA 
feature enabled.

● Configure the PIT to create a periodic interrupt every 10 µs for a sampling time of 
100 kHz.

● Initialize the DMA and DMAMUX :

– Channel0: to move the ADC sampled values from the ADC ch0 to a buffer of 1024 
elements, triggered by the EOC from DMAMUX channel 29

– Channel1: to start the ADC acquisition from the ADC ch0, triggered by the PIT 
with DMAMUX channel 60 (always enabled).

3.3 Performance comparisons
A brief performance comparison has been made using a constant value in order to measure 
the conversion time of the ADC 10-bit on board.
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Table 2. ADC sampling and conversion timing obtained by test code

The discrepancy between the values on the RM and those from the experimental results is 
due to an effective phase shift of half AD_ck between peripheral clock and AD_ck. We must 
add 1.5 AD_ck clock cycles to the calculated tCONV. This phase shift comes from the internal 
divider implemented within ADCDig. Of this 1.5 cycles, 1 is for storing the data and 0.5 due 
to phase shift.

In order to measure the time needed for the ADC conversion the system timer module 
(STM) was used. The STM clock frequency is set equal to the system clock frequency.

Figure 4. STM configuration function extracted code

The system clock is set equal to the PLL frequency by the PLL init function. This function 
permits to configure the PLL in order to switch from 40MHz of XOSC up to 120MHz.

Clock

(MHz)

TCK 

(µs)
INPSAMP IMPCMP INPLATCH ndelay

tCONV

(µs)

6 0.167 4 1 0 0.5 2.53

7 0.143 4 1 0 0.5 2.10

8 0.125 5 1 0 0.5 2.03

9 0.111 5 1 0 0.5 1.81

16 0.063 9 1 0 1 1.18

20 0.050 11 1 0 1 1.175

32 0.031 17 2 1 1 1.156
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The ADC initialization function allows to set different timing parameters for different tests.

Figure 5. ADC init function
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The following ADC start conversion function starts the ADC acquisition and allows to 
measure the time elapsed from the begin of the conversion command till the end of 
conversion (EOC) bitfield of the ADC ISR register.

Figure 6. ADC start conversion function

3.4 How to choose the right parameters
The example presented in this application note shows a typical sinusoidal signal with a 
frequency of 10 kHz and amplitude of 4.6 V and offset of 2.3 V.

Consider the following data from the SPC564B/C Data Sheet:

ADC Input sampling capacitances: CS = 3 pF

CP1 = 3 pF

CP2 = 1 pF

Internal resistance of analog source:

RSW1 = 3 kΩ 

RSW2 = 2 kΩ

RAD = 2 kΩ

ADC voltage Vdd = 5 V

Following the equations 3 and 4 of the previous paragraph:

tS > 8.5 x RL x (CS+CP2+CP1) = 0.500 μs

tS >> CS x (RAD + RSW1) = 0.012 μs

In order to calculate the resistance for current limitation the target is minimize the Tconv:
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RL = 0.500μs / (8.5 x (CS+CP2+CP1)) = 8.4 KΩ 

Note: Considering the available resistance it has been chosen 8.2 KΩ with a 10% of tollerance.

Suggested parameters for the ADC acquisition as follows:

● ADC frequency = 20 MHz

● TCK = 0.05 µs

● INPSAMP = 11

● INPCMP = 1

● INPLATCH = 0

● ndelay = 1

This theoretically implies:

● tSAMPLE = (INPSAMP - ndelay) x TCK = 0.5 µs

● tEVAL = 10 x (INPCMP x TCK) = 0.5 µs

● tCONV = tSAMPLE + tEVAL + (ndelay x TCK) = 1.05 µs

Choosing as sampling rate for ADC acquisition, a value 10 times greater than the signal 
frequency:

Sampling time = 1/(10 x 10 kHz) = 1/100kHz = 10 µs

Figure 7 shows the FFT for the sinusoidal signal acquired by the ADC:

Figure 7. Fast Fourier Transform of the acquired sinusoidal signal at 10 kHz

GAPGRI00269
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3.4.1 Degradation of the signal acquisition

When the sampling frequency is choosen only 2 times higher than the frequency of the input 
signal, as Nyquist-Shannon’s sampling theorem suggests, the process of reconstruction of 
the acquired signal is guaranteed but not perfectly.

Indeed the sampling theorem provides only a sufficient condition but not a necessary one 
for a perfect reconstruction.

The condition is that the signal obtained from this reconstruction process cannot have any 
frequencies higher than one-half the sampling frequency. According to the theorem, the 
reconstructed signal will match the original one provided if the original signal contains no 
frequencies at or above this limit. This condition is called the Nyquist criterion.

if the condition is not satisfied, the resulting reconstructed signal may have a component at 
the frequency, but the amplitude and phase of the component generally will not match the 
original one.

The Figure 8 shows the acquired sinusoidal signal using a sampling frequency only 2 times 
higher than the frequency of the input signal:

Figure 8. Reconstructed signal at 10 Khz with sampling frequency 20Khz

In this case the reconstructed signal in red cannot be considered a perfect copy of the 
original input signal in green.

The Figure 9 shows a correct acquisition using a sampling frequency 10 times higher than 
the input signal.
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Figure 9. Reconstructed signal at 10 Khz with sampling frequency 100Khz

The original input signal in green and the reconstructed signal in red can be considered 
equal with the same frequency and amplitude.

This implies that if theoretically it’s possible to acquire input sinusoidal signal with a 
frequency up to 500KHz using a maximum sampling rate of 1MHz (1µs) , in order to 
reconstruct the original signal, only two samples per period will not provide the necessary 
amount of information to obtain a perfect matching.

Using the ADC with DMA feature to avoid a big amount of CPU workload and a period 
interrupt timer (PIT) to set a sampling rate, as suggested in this application note, it’s 
possible to acquire sinusoidal signal with a good resolution of 5-10 samples for period only 
considering that the minimum time needed for a conversion is around 5-10 µs, then signals 
with a max frequency from 100KHz - 200 KHz.
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3.5 Conclusions
There are four possible ways to optimise input signal acquisition:

1. Minimise the total source impedance. This means choosing sensors with low output 
impedance (not always easy for some types of sensor) and minimising the serial 
resistance of any protection devices between the analog source and the input pin 
(while still providing a voltage protection level compatible with the circuit specification).

2. Match the sample time to the analog source impedance. Using the formulas that relate 
the sample time to the source internal resistance to match the source resistance to one 
of the available sample times.

3. Match the sample time to the analog filter cut-off frequency, to remove high 
frequencies: the microcontroller sampling time (ADC silicon configuration) must be 5 to 
10 times shorter than the period of the cut-off frequency of the low-pass filter on ADC 
input signal.

4. Reduce noise at the input pin. Add an external RC filter (with attention to the source 
internal resistance).
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Appendix A Reference documents

A.1 Reference documents
SPC564Bxx, SPC56ECxx 32-bit MCU family built on the embedded Power Architecture® 
(Reference manual, RM0070, Doc ID 18196)

32-bit MCU family built on the Power Architecture® for automotivebody electronics 
applications (SPC564Bxx, SPC56ECxx Data Sheet, Doc ID 17478)
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Table 3. Revision history

Date Revision Changes

27-Sep-2012 1 Initial release.

19-Oct-2012 2
Added RPNs SPC56xBxx, SPC56xCxx 
SPC56xDxx.

13-Sep-2013 3 Updated disclaimer.
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