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1   Introduction

This document introduces the MCX A3xx Analog-to-Digital Converter (ADC) IP features and provides the ADC
performance parameter test methods, such as:

• Static performance parameter DNL/INL
• Dynamic performance parameters SNR, SINAD, THD, and ENOB

The document also provides a tool for calculating the MCX A3xx ADC limitation parameters, such as conversion
rate and ADC input impedance value.

The Arm Cortex-M33 based NXP MCX A3xx general purpose MCUs operate at up to 180 MHz with high
levels of integration and analog functionality. They offer a wide range of low-power and intelligent peripherals,
including four 12/16-bit ADCs with 4 MS/s sampling rate and hardware averaging features.

2   Analog-to-Digital (ADC) fundamentals

Successive Approximation Register (SAR) ADC is an analog-to-digital peripheral, which can achieve high-
speed analog signal sample. Usually, it contains sample and hold (S/H) circuit, capacitive DAC, comparator, and
SAR logic units. Figure 1 shows the block diagram of an N-bit differential SAR ADC.

+

-

Comparator

Vcm
Vref

Vcm
Vref

CC2C4C8C2(N-2)C

CC2C4C8C2(N-2)C

Sp0 – SpN

Sn0 – SnN

….....

…......

Vip

Vin

Bootstrapped

Switch

N-bit SAR
logic

Figure 1. N-bit differential SAR ADC diagram

In an MCX A series MCU, the ADC is a single-ended ADC. Figure 2 shows the block diagram of a single-ended
N-bit SAR ADC.
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Figure 2. N-bit single-ended SAR ADC diagram

MCX A3xx integrates four 12/16-bit single-ended SAR ADCs with sample rate up to 4 megasamples per second
(MS/s) in 12-bit mode. Figure 3 shows the block diagram of MCX A series ADC.
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Figure 3. MCX A series SAR ADC diagram

3   Single-ended SAR ADC workflow

Figure 4 shows a 3-bit single-ended SAR ADC sample and hold state. When the bootstrapped switch and Sg
are closed, and S0 – S3 are connected to Vin; the capacitors connected to S0 – S3 are charged. The quantity of
electric charge is:

(1)
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Figure 4. Single-ended SAR ADC sample state

Figure 5 shows the 3-bit SAR ADC 1/8 Vref compare state. When the bootstrapped switch and Sg are open,
and S1 is connected to Vref; the quantity of electric charge is:
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(2)

Using the principle of conservation of energy:

(3)

It implies:

(4)
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Figure 5. Single-ended SAR ADC 1/8 Vref compare state

Figure 6 shows the 3-bit SAR ADC 1/4 Vref compare state. When the bootstrapped switch and Sg are open,
and S2 is connected to Vref; the quantity of electric charge is:

(5)

Using the principle of conservation of energy:

(6)

It implies:

(7)
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Figure 6. Single-ended SAR ADC 1/4 Vref compare state

Figure 7 shows the 3-bit SAR ADC 3/8 Vref compare state. When the bootstrapped switch and Sg are open,
and S1 and S2 are connected to Vref; the quantity of electric charge is:

(8)
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Using the principle of conservation of energy:

(9)

It implies:

(10)
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Figure 7. Single-ended SAR ADC 3/8 Vref compare state

Figure 8 shows the 3-bit SAR ADC 1/2 Vref compare state. When the bootstrapped switch and Sg are open,
and S3 is connected to Vref; the quantity of electric charge is:

(11)

Using the principle of conservation of energy:

(12)

It implies:

(13)
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Figure 8. Single-ended SAR ADC 1/2 Vref compare state

Figure 9 shows the 3-bit SAR ADC 5/8 Vref compare state. When the bootstrapped switch and Sg are open,
and S1 and S3 are connected to Vref; the quantity of electric charge is:

(14)
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Using the principle of conservation of energy:

(15)

It implies:

(16)
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Figure 9. Single-ended SAR ADC 5/8 Vref compare state

Figure 10 shows the 3-bit SAR ADC 6/8 Vref compare state. When the bootstrapped switch and Sg are open,
and S2 and S3 are connected to Vref; the quantity of electric charge is:

(17)

Using the principle of conservation of energy:

(18)

It implies:

(19)
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Figure 10. Single-ended SAR ADC 6/8 Vref compare state

Figure 11 shows the 3-bit SAR ADC 7/8 Vref compare state. When the bootstrapped switch and Sg are open,
and S1, S2, and S3 are connected to Vref; the quantity of electric charge is:

(20)

Using the principle of conservation of energy:

(21)
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It implies:

(22)
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Figure 11. Single-ended SAR ADC 7/8 Vref compare state

4   Differential SAR ADC workflow

Figure 12 shows the sample state of a typical 3-bit differential SAR ADC having a Vcm-based capacitive DAC.
When the bootstrapped switch is closed, Sp0 – Sp3 and Sn0 – Sn3 connect to Vcm. The quantity of electric
charge is:

(23)

(24)
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Figure 12. Full differential SAR ADC sample state

Figure 13 shows the full differential SAR ADC 1/8 Vref compare state. When the bootstrapped switch is open
and Sp1 is connected to Vref, Sn1 connects to GND. The quantity of electric charge is:

(25)

(26)

Using the principle of conservation of energy:
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(27)

(28)

It implies:

(29)

(30)

The differential value is:

(31)
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Figure 13. Full differential SAR ADC 1/8 Vref compare state

Figure 14 shows the full differential SAR ADC 1/4 Vref compare state. When the bootstrapped switch is open
and Sp2 is connected to Vref, Sn2 connects to GND. The quantity of electric charge is:

(32)

(33)

Using the principle of conservation of energy:

(34)

(35)

It implies:

(36)

(37)

The differential value is:

(38)
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Figure 14. Full differential SAR ADC 1/4 Vref compare state

Figure 15 shows the full differential SAR ADC 3/8 Vref compare state. When the bootstrapped switch is open,
and Sp1 and Sp2 are connected to Vref; Sn1 and Sn2 connect to GND. The quantity of electric charge is:

(39)

(40)

Using the principle of conservation of energy:

(41)

(42)

It implies:

(43)

(44)

The differential value is:

(45)
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Figure 15. Full differential SAR ADC 3/8 Vref compare state

Figure 16 shows the full differential SAR ADC 1/2 Vref compare state. When the bootstrapped switch is open
and Sp3 is connected to Vref, Sn3 connects to GND. The quantity of electric charge is:

(46)

(47)

Using the principle of conservation of energy:

(48)

(49)

It implies:

(50)

(51)

The differential value is:

(52)
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Figure 16. Full differential SAR ADC 1/2 Vref compare state

Figure 17 shows the full differential SAR ADC 5/8 Vref compare state. When the bootstrapped switch is open,
and Sp1 and Sp3 are connected to Vref; Sn1 and Sn3 connect to GND. The quantity of electric charge is:

(53)

(54)

Using the principle of conservation of energy:

(55)

(56)

It implies:

(57)

(58)

The differential value is:

(59)
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Figure 17. Full differential SAR ADC 5/8 Vref compare state

Figure 18 shows the full differential SAR ADC 6/8 Vref compare state. When the bootstrapped switch is open,
and Sp2 and Sp3 are connected to Vref; Sn2 and Sn3 connect to GND. The quantity of electric charge is:

(60)

(61)

Using the principle of conservation of energy:

(62)

(63)

It implies:

(64)

(65)

The differential value is:

(66)
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Figure 18. Full differential SAR ADC 6/8 Vref compare state

Figure 19 shows the full differential SAR ADC 7/8 Vref compare state. When the bootstrapped switch is open;
and Sp1, Sp2, and Sp3 are connected to Vref; Sn1, Sn2, and Sn3 connect to GND. The quantity of electric
charge is:

(67)

(68)

Using the principle of conservation of energy:

(69)

(70)

It implies:

(71)

(72)

The differential value is:

(73)
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Figure 19. Full differential SAR ADC 7/8 Vref compare state

5   ADC static performance

When evaluating the ADC static performance, the following parameters must be evaluated:

• ADC sample precision
• ADC sample stability

Figure 20 shows the ADC quantizer input-output characteristics. In part (a) of Figure 20, differential nonlinearity
(DNL) and integral nonlinearity (INL) are marked. The black line is the ideal code line and the red line is the
actual code line.

DNL is the difference between a specified code bin width and the ideal code bin width. Its unit is LSB and
normally the ADC specification gives the maximum value of this parameter. DNL is calculated as follows:

(74)

Where:

• W[k] = 

• Q: Ideal code bin width 

INL is the maximum deviation between ideal code line and actual code line. Its unit is LSB or percent of the full-
scale range. INL can be calculated using Equation (75). This method is described in IEEE Std 1241–2000.

(75)

Where:

• : Integral nonlinearity at output code k

• : Difference between  and ideal value of  computed from G and Vos
• Q: Ideal code bin width, expressed in input units
• : Full-scale range of the ADC in input units
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Figure 20. ADC quantizer input-output characteristics

6   ADC dynamic performance

When evaluating the dynamic performance of ADC, several parameters are used, for example:

• Signal-to-noise ratio (SNR)
• Signal-to-noise-and-distortion ratio (SINAD)
• Effective number of bits (ENOB)
• Total harmonic distortion (THD)
• Total harmonic distortion plus noise (THD+N)

To test ADC dynamic performance, usually a full-scale signal is used as the ADC input. The spectrum
information is obtained using the discrete FFT (DFT) algorithm.

The value of the signal-to-noise ratio (SNR) parameter can be calculated as follows:

(76)

Where:

• : Root mean square (RMS) of input signal
• : RMS of noise

If the input signal is defined as a full-scale sine wave:
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(77)

The  can be defined as:

(78)

As shown in part (b) of Figure 20, for an ideal ADC, the noise only have quantization noise, which is in the

range from  to . Therefore,  can be defined as:

(79)

Using Equation (76), Equation (78), and Equation (79), the SNR can be defined as:

(80)

Simplifying Equation (80) gives Equation (81) and Equation (82):

(81)

(82)

As shown in Figure 21, the SNR is full-scale input range minus noise floor. Therefore,  can be
calculated as:

(83)

Where the  is defined as the ADC full-scale RMS value.

When the bandwidth of the input signal is smaller than the Nyquist bandwidth and the ADC output data is
processed by a DFT algorithm, the FFT noise floor can be calculated using Equation (84). This method is
described in IEEE Std 1241–2000.

(84)

Where  is equal to the noise bandwidth of the window function, as defined below:

(85)

Where:

• M: ADC sample points
• k: Window coefficient index
• w[k]: Window coefficient
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Figure 21 also mentions one more parameter, noise spectrum density. Some manufacturers provide this
parameter as a reference for ADC performance evaluation. Its unit should be DbFS/Hz. Noise spectrum density
is defined as:

(86)

Where Fs is the sample frequency.
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Figure 21. ADC DFT spectrum

The equations mentioned earlier in this section talk about SNR. These equations are based on an ideal ADC,
which has only quantization noise. However, in reality, apart from quantization noise, an ADC also generates
distortion during ADC conversions. Therefore, when evaluating ADC performance, use the signal-to-noise-and-
distortion ratio (SINAD) parameter, which includes distortion.

SINAD is defined as follows:

(87)

The total harmonic distortion (THD) is defined as:

(88)

The total harmonic distortion (THD) can also be calculated using Equation (89). This method is described in
IEEE Std 1241–2000.

(89)

Where

• : Averaged magnitude of the component at the hth harmonic of the DFT of the ADC output data
record

• M: Number of samples in the data record
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Another important parameter used for evaluating the ADC dynamic performance is the effective number of bits
(ENOB). This parameter is related to the SINAD and SNR parameters, which contain noise information. IEEE
Std 1241–2000 defines the ENOB as:

(90)

And the relationship between SINAD and ENOB as:

(91)

(92)

(93)

(94)

In Equation (94):

• A is the amplitude of the sine wave fitted to the output
• V is the full-scale range of the ADC under test

When the input signal is full scale, SINAD can be calculated as:

(95)

Equation (82) and Equation (95) imply that SINAD is the same as SNR. It is so because the SINAD and ENOB
equations are based on an ideal ADC system, which has only quantization noise. However, in reality, ADC also
has distortion. Therefore, to get the ENOB value, first calculate the SINAD value using Equation (87) and then
calculate ENOB.

7   MCX A3xx ADC features

An MCX A3xx part contains four single-ended ADC modules. An ADC module has the following features:

• Supports linear successive approximation algorithm
• Supports single-ended operation with 16-bit or 12-bit resolution
• Supports four hardware trigger sources with priority level configuration and eight entry conversion result

FIFOs with configurable watermark and overflow detection
• Seven command buffers allow independent option selection and channel sequence scanning
• Supports automatic compare with "store on true" and "repeat until true" options
• Supports configurable analog input sample time
• Supports configurable speed options to accommodate operation in SoC low-power modes
• Supports interrupt, Direct Memory Access (DMA), or polled operation
• Supports linearity and gain adjustment calibration logic

MCX A3xx supports several low-power modes. Table 1 shows the state of an ADC module in different power
modes.
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Power modeModule

Sleep Deep sleep Power down Deep power down

16-bit HS ADC0/1/2/3 Digital On Static/LP Static Off

16-bit HS ADC0/1/2/3 Analog On/Off On/Off Static Off

Table 1. ADC state in different power modes

8   MCX A3xx ADC operation

This section provides information about the ADC clock source, reference voltage source, trigger, CMD
configuration, compare function, and calibration.

8.1  ADC clock sources
The maximum ADC frequency is:

• 24 MHz in the Mid Drive (MD) mode, where VDD_CORE is 1.0 V
• 64 MHz in Over Drive (OD) mode, where VDD_CORE is 1.2 V

The ADC has four clock sources and one 4-bit clock divider, as shown in Figure 22.
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Figure 22. ADC clock sources and divider

In Figure 22:

• fro_lf_div: 12 MHz clock output from fro_lf_div
• fro_hf: Clock output from FRO180M (the frequency is controlled by SCG_FIRCCFG[FREQ_SEL])
• clk_in: Input clock from an external oscillator
• clk_1m: 1 MHz clock output from FRO12M
• pll1_clk_div: Clock from pll1_div output

8.2  ADC voltage reference options
The ADC voltage references can be selected by CFG[REFSEL] as follows:

• CFG[REFSEL] = 00: VREFH reference pin
• CFG[REFSEL] = 01: VREFI
• CFG[REFSEL] = 10: VDDA_ANA supply pin

CAUTION:  The VREFI function is multiplexed on the P2_7 I/O pin of the MCU. To avoid any impact on the
ADC dynamic performance from the pins located near the P2_7 pin on the chip package, the toggle speed of
such pins should be less than 1 kHz.
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8.3  ADC trigger inputs
For each ADC module, four hardware trigger sources are available. The trigger source can be selected in the
INPUTMUX. The INPUTMUX provides signal routing options for internal peripherals. Some peripheral inputs
are multiplexed to multiple input sources. The sources can be external pins, interrupts, output signals of other
peripherals, or other internal signals. For a detailed list of trigger sources and corresponding mux sort numbers,
see the descriptions of the "ADC Trigger input connections (ADCx_TRIG0–ADCx_TRIG3)" registers in the
"Input Multiplexing (INPUTMUX)" chapter of MCX A34x Reference Manual.

The execution of the ADC commands CMD1–CMD7 is initiated from the triggers. Each trigger can be generated
from the software by setting the corresponding SWTRIG[SWTn] bit field. Alternatively, hardware triggers can
be generated from asynchronous input sources at the periphery of the module. For example, to trigger a
conversion periodically, use a Pulse Width Modulation (PWM) signal. When a hardware trigger input is enabled,
hardware trigger events are detected on the rising-edge of the associated hardware trigger source. Each trigger
source is assigned a priority via the associated priority control field (TCTRLa[TPRI]). Each of the trigger sources
is associated with a command buffer via the associated command select field (TCTRLa[TCMD]).

8.4  ADC CMD
The ADC performs conversion according to a CMD configuration, and loads the next CMD or recover to
the IDLE state. A CMD can be triggered by a hardware trigger from INPUTMUX or a software trigger. The
conversion results are stored in result FIFO along with the corresponding CMD configuration.

The detailed ADC conversion behavior can be configured in the CMD register:

• CMDLx[MODE]: Selects the resolution of the conversion.
• CMDLx[ADCH]: Selects the input channel.
• CMDHx[NEXT]: Selects the next CMD to be executed. If this area is 0, the ADC returns to the IDLE state, and

waits for the next trigger event.
• CMDHx[LOOP]: Selects how many times this command is executed repeatedly. The command executes

LOOP+1 times, and a result is stored in the FIFO every time.
• CMDHx[AVGS]: Selects how many ADC conversions are averaged to create a result. The conversion

executes two hardware average times, but only one average result is stored in the FIFO.
• CMDHx[STS]: Selects the sample time. The minimum sample time is 3.5 ADCK cycles if STS = 0. Total

sample time is 3.5 + 2*sample time of ADCK cycles. STS has a non-zero value.
• CMDHx[LWI]: If this bit is set, the input channel must be increased when the command is executed in the next

loop.
• CMDHx[WAIT_TRIG]: If this bit is set, the next command pointed by the current command cannot be

executed until the active trigger is asserted again.
• CMDHx[CMPEN]: Configures the compare function:

– When CMPEN = 10b, the compare function is enabled and the ADC results are stored in the FIFO. Then,
the compare result is true. The loop count is increased after command execution regardless of the compare
result.

– When CMPEN = 11b, the command is executed repeatedly until the compare result is true.

8.5  Compare function
For each command, seven compare value (CV) registers CV1–CV7 are available. Every two CV registers can
be separated with two 16-bit areas:

• Compare Value Low (CVL)
• Compare Value High (CVH)

The compare result is true if the conversion result is greater than the CVH or less than the CVL.
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8.6  ADC calibration
The ADC module has offset calibration and ADC calibration functions that must be executed in ADC
initialization to achieve more accuracy. Calibration must be run after any reset and before a conversion is
executed. Averaging multiple conversions can achieve improved accuracy during calibration routines. You are
recommended to set CTRL[CAL_AVGS] for a minimum of 256 averaging during calibration steps.

The Offset Trim (OFSTRIM) register is used to trim the ADC comparator offset voltage. The ADC supports
an offset calibration function, which updates the OFSTRIM register automatically. Initiate offset calibration
by setting CTRL[CALOFS]. Poll the STAT[CAL_RDY] flag. When STAT[CAL_RDY] is asserted, the offset
calibration function is executed and the OFSTRIM register is updated.

The ADC includes a hardware calibration logic, which performs the calibration of the converter for gain error and
linearity error correction of the raw conversion result. The ADC supports a calibration function, which updates
the CAL_GAR registers automatically. The calibration function also updates GCC0[GAIN_CAL]. A software
calculation is required to derive GCR0[GCALR] from GCC0[GAIN_CAL].

Perform these steps to prepare the calibration setup:

1. Execute offset calibration steps. The OFSTRIM register is used during calibration to trim the comparator
offset voltage.

2. Initiate the calibration routine by writing 1 to CTRL[CAL_REQ]:
a. CTRL[CAL_REQ] remains 1 until the ADC accepts the CAL routine.
b. After ADC acceptance, CTRL[CAL_REQ] becomes 0 automatically.

3. Poll the GCR0[RDY] flag. When it is asserted, the hardware-controlled calibration operation is performed,
and CAL_GAR and GCC0[GAIN_CAL] registers are updated. The updated value in GCC0[GAIN_CAL] is
needed for further software processing described in the following steps.

4. Read GCC0[GAIN_CAL], which is a 16-bit signed value. It is used for calculating the gain adjustment.
5. Calculate the gain adjustment as follows:

Gain adjustment = (131072)/(131072-GCC0[GAIN_CAL])
The result is a floating-point value between 0 and 2.

6. Convert the floating-point value into its integer component (0 or 1) and its fractional component rounded off
to 16 bits.

7. Store the integer and fractional components in the GCALR bits (16–0) of the Gain Calculation Result
(GCR0) register:
a. Store the integer value in GCR0[GCALR[16]].
b. Store the fractional component in GCR0[GCALR[15:0]].

8. After storing the result from the gain adjustment calculation in GCR0[GCALR], set the GCR0[RDY] flag to
indicate that it is valid.

After completing the above steps, the calibration sequence is completed and the STAT[CAL_RDY] flag is set.
The STAT[CAL_RDY] flag remains set until the user resets the system or requests a new calibration sequence.

When STAT[CAL_RDY] is set, the ADC is configured to run in calibrated mode. Each conversion uses a
combination of linearity and gain calibration results to correct Successive Approximation Register (SAR) data.
Calibration conversion latency is required to process each sample. However, due to the pipelined nature of the
data and control sequences, a conversion can happen without experiencing this calibration delay.

9   MCX A3xx ADC calculation tool

The purpose of the ADC calculation tool is to define the maximum sampling rates achieved, depending on the
input signal impedance characteristics. To sample the input voltage accurately, the source resistance and ADC
sample time must be chosen appropriately. The ADC simplified circuit is shown in Figure 23.
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Note:  To calculate the sampling time or the source impedance, use the MCX A3xx ADC calculation tool
available at ADC_Specs_Calculator_MCXA.xlsx.
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due to input
protection
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engine
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CADIN
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Figure 23. Simplified ADC circuit diagram

Equation (96) provides the required sample time for a fixed analog source resistance (RAS):

(96)

Where:

• : The desired accuracy in bits
• : Input impedance value
• : Source capacitance
• : Parasitic capacitance of pad/package
• : Input capacitance
• : Input resistance

The actual sample time is determined by the ADC input clock frequency (FADCK) and Sample Time Select (STS)
bits in the ADC command register, which selects the number of sample cycles:

(97)

Where:

• CYCSMP is programmable from 3.5 to 131.5 cycles.
• TSMP must be configured as greater than or equal to TSMP_REQ.

If you set TSMP > TSMP_REQ and calculate RAS, you can find the maximum source resistance required to sample
at the desired accuracy:

(98)

Equation (98) assumes that the input voltage can change up to full-scale (Vrefh-Vrefl) between subsequent
conversions. If the maximum input voltage change between subsequent conversions is known and less than
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Vrefh-Vrefl, the value of B can be adjusted. For example, if the maximum input voltage change is known ((Vrefh-
Vrefl)/4), then to get 1/2 LSB sample accuracy in 12-bit mode, set B = 11, instead of setting B = 13.

The MCX A3xx ADC calculation tool has two sections. The first section shown in Figure 24 specifies the
required sample time for a fixed RAS. The user can input the source resistance RAS, source capacitance CAS
(both are external components), the resolution B, and the value of the acceptable sampling error accuracy
modifier of the ADC.

Figure 24. ADC sample time calculator

The second section of the tool shown in Figure 25 provides the maximum source resistance based on the
sample time and the ADC frequency used. In the first section, the user can change the yellow highlighted cells
according to the parameters being used. Ensure that the CYCSMP_USED is greater than CYCSMP_MIN. Then,
the maximum source resistance and conversion rate can be generated. The user can use the data to design a
sample circuit and initialize the ADC with appropriate parameters.
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Figure 25. ADC sample frequency and RAS calculator

The following are some additional parameters used in the ADC calculation tool:

• FADCK: ADC input clock frequency
• CYCSMP_MIN: Minimum sample cycles required for TSMP > TSMP_REQ
• CYCSMP_USER: Sample cycles set by the user using CMDHn[STS]
• TSMP: Sample time set by the user

10   Acronyms

Table 2 lists the acronyms used in this document.

Acronym Description

ADC Analog-to-Digital Converter

CV Compare value

CVH Compare Value High

CVL Compare Value Low

DAC Digital-to-Analog Converter

DFT Discrete FFT

DMA Direct Memory Access

DNL Differential nonlinearity

ENOB Effective number of bits

Table 2. Acronyms
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Acronym Description

FFT Fast Fourier Transform

FIFO First in, first out

INL Integral nonlinearity

IP Intellectual property

MD Mid Drive

MS/s Megasamples per second

OD Over Drive

PWM Pulse Width Modulation

RMS Root mean square

SAR Successive Approximation Register

S/H Sample and hold

SINAD Signal-to-noise-and-distortion ratio

SNR Signal-to-noise ratio

STS Sample Time Select

THD Total harmonic distortion

THD+N Total harmonic distortion plus noise

Table 2. Acronyms...continued

11   Revision history

Table 3 summarizes the revisions to this document.

Document ID Release date Description

AN14679 v.1.0 15 July 2025 Initial public release

Table 3. Revision history
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