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Learning Resources

The upcoming slides are adapted from “Embedded Systems 
with ARM Cortex-M Microcontrollers in Assembly Language 
and C (Fourth Edition)” – Yifeng Zhu

• Analog input and output - chapter 18
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Analog-to-Digital Converter (ADC)

x(t)Analog signal x(n)Digital values
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• Resolution
• Quantization error
• Sampling rate

continuous time
continuous amplitude

discrete time
discrete amplitude 

ADC

clock

VREF



ADC: Resolution
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• Resolution:  number of binary bits in ADC output.

𝐴𝐷𝐶 𝑂𝑢𝑡𝑝𝑢𝑡 =  𝑟𝑜𝑢𝑛𝑑 (2𝑁−1) ×
𝑉𝑖𝑛𝑝𝑢𝑡

𝑉𝑅𝐸𝐹
ADC

clock

VREF

Vinput

• N: resolution
• VREF: the maximum input voltage that 

can be converted by the ADC

Example:  for 10-bit ADC,  Vinput = 1V,  VREF = 5V

𝐴𝐷𝐶 𝑂𝑢𝑡𝑝𝑢𝑡 =  𝑟𝑜𝑢𝑛𝑑 1023 ×
1
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= 𝑟𝑜𝑢𝑛𝑑 204.6 = 205 = 0𝑥𝐶𝐷



ADC: Quantization Error
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• Resolution N:  number of binary bits in ADC output.
𝐴𝐷𝐶 𝑂𝑢𝑡𝑝𝑢𝑡 =  𝑟𝑜𝑢𝑛𝑑 (2𝑁−1) ×

𝑉𝑖𝑛𝑝𝑢𝑡

𝑉𝑅𝐸𝐹

½ LSB

Least significant bit (LSB) voltage

𝐿𝑆𝐵 =
𝑉𝑅𝐸𝐹

2𝑁 − 1

Example: 3-bit ADC and input range [0, 5V]

𝑀𝑎𝑥 𝑄𝑢𝑎𝑛𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐸𝑟𝑟𝑜𝑟 = ±
1

2
𝐿𝑆𝐵 

 = ±
5𝑉

2 × (23−1)

                                 = ±0.357 𝑉

Example:  Resolution = 3 bits

Max quantization error = ±½ LSB

1 LSB



What sampling rate do we need?
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http://195.134.76.37/applets/AppletNyquist/Appl_Nyquist2.html

𝒇𝒔𝒂𝒎𝒑𝒍𝒊𝒏𝒈 ≥ 𝟐 ∙ 𝒇𝒔𝒊𝒈𝒏𝒂𝒍 

Nyquist–Shannon Sampling Theorem



ADC Architecture

7https://www.analog.com/en/analog-dialogue/articles/the-right-adc-architecture.html 

Popular ADC Architectures: 
• Sigma-delta (Σ-Δ), 

• Successive-approximation (SAR)

• Pipeline



Successive-approximation (SAR)
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Determining Minimum Sampling Time

• Sampling time is software programmable

• Sampling time must large enough to settle within ½ LSB

½ LSB

sampling time



Successive-approximation (SAR) ADC
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• Binary search algorithm to gradually 
approaches the input voltage

• Settle into ±½ LSB bound within the 
time allowed

N cycles for N-bit ADC



ADC Conversion Time
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Suppose ADC clock = 16 MHz, and Sampling time = 4 cycles

𝑇𝐴𝐷𝐶 = 𝑇𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 + 𝑇𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

For 12-bit ADC

𝑇𝐴𝐷𝐶 = 4 + 12 = 16 𝑐𝑦𝑐𝑙𝑒𝑠 = 1 𝜇𝑠

For 6-bit ADC

𝑇𝐴𝐷𝐶 = 4 + 6 = 10 𝑐𝑦𝑐𝑙𝑒𝑠 = 0.625 𝜇𝑠



Data Alignment
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ADC with Polling (Busy Waiting)
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Main program
(ADC in single conversion mode)

ADC

Software starts one ADC 
conversion on a single 
channel.

HAL_ADC_PollForConversion
Wait until EOC_MST is set in  ADC 

common status register (CSR)

HAL_ADC_GetValue
Result = ADC2->DR;

Repeat if more 
conversions are needed

HAL_ADC_Start

Hardware sets 
EOC_MST if done.



ADC with Interrupts
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Main program

Configure and Starts 
ADC

void 
HAL_ADC_ConvCpltCallback(ADC_HandleTypeDef 
*hadc){
    if(hadc==(&hadc2)){
        adc_val = HAL_ADC_GetValue(hadc);
    }
}

An ADC interrupt 
request arrives.



ADC Triggered by a Timer

15

ADC clock

VREF

Vinput Digital Output

TRGO

trigger

Timer clock

ADC

clock

clock

Channel #1

OC1REF

Timer



ADC Conversion Modes

16

Single Channel Mode Scan Mode



ADC: Regular vs injected
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