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Abstract - The inherent non-linearity of built-in Analog-to-Digital 

Converters (ADCs) in low-cost microcontrollers like the ESP32 

significantly impacts measurement accuracy, often exceeding 10% 

error in critical ranges. This research aims to enhance ESP32 ADC 

precision without expensive external hardware through a novel 

software-based correction method. The proposed approach 

combines a density-optimized Lookup Table (LUT) with piecewise 

linear interpolation. Unlike conventional uniform distribution, 

this technique strategically concentrates 65% of calibration points 

in the critical mid-voltage region (0.5–2.5 V) where non-linearity 

is most pronounced. Experimental validation was conducted using 

precise input voltages from 0 V to 3.2 V across multiple ESP32 

units. Results demonstrate remarkable improvements: the 

average absolute error was reduced from 0.112 V (3.42% of full 

scale) to 0.008 V (0.24% of full scale), with Root Mean Square 

Error (RMSE) decreasing by over 92.5%. The method achieves a 

sub-1% maximum error while maintaining minimal resource 

consumption, requiring only 264 bytes of memory and 2.3 ms 

processing time per measurement. These findings confirm that 

high-accuracy measurements are achievable using commodity 

hardware, challenging the notion that precision requires expensive 

external ADCs. This work offers significant implications for cost-

sensitive IoT, environmental monitoring, and healthcare 

applications requiring reliable data acquisition without increased 

hardware complexity. 

Keywords — ADC correction, Embedded systems, ESP32, Lookup 

Table, Non-linearity compensation, Piecewise linear interpolation. 

 

I. Introduction  

The rapid development of embedded system technology has 

significantly driven the utilization of microcontrollers for data 

acquisition as the backbone of various modern instrumentation 

systems, ranging from industrial automation to Internet of 

Things (IoT) applications such as [1], [2], [3], [4]. Within that 

architecture, the key component that bridges the continuous 

physical world with the digital processing unit is the Analog-

to-Digital Converter (ADC). The performance of the internal 

ADC directly determines the reliability of measurement results, 

because any inaccuracy at the conversion stage will impact the 

entire data processing chain and decision making. 

Although its role is very fundamental, the accuracy of ADCs 

integrated into microcontrollers sometimes remains a persistent 

ongoing issue that has not been fully resolved. This condition is 

clearly evident in popular microcontrollers such as the ESP32, 

which is widely utilized due to WiFi/Bluetooth integration, 

programming flexibility, as well as low cost. On the other hand, 

several studies have documented that the 12-bit SAR ADC on 

the ESP32 exhibits significant non-linear characteristics, 

thereby reducing the level of reading accuracy, especially in 

certain voltage ranges [5], [6], [7], [8], [9]. In other words, there 

is an inherent trade-off between cost and accuracy that needs to 

be addressed systematically. 

Various approaches have been developed to correct this ADC 

inaccuracy problem and can be broadly classified into 

hardware-based and software-based solutions. Hardware 

methods generally involve the addition of precision voltage 

references from external sources, operational amplifiers, or the 

use of dedicated high-precision ADC chips. This approach 

indeed has the potential to improve accuracy, but impacts 

increased circuit complexity, component costs, as well as power 

consumption, which contradicts the goal of designing 

embedded systems that are compact and resource-efficient [10]. 

Conversely, software approaches focus on mathematical 

correction techniques, such as polynomial regression, spline 

interpolation, or neural network-based calibration. Polynomial 

and orthogonal series methods have proven capable of 

improving linearity, but often leave errors at critical points and 

potentially add computational burden or cause overfitting [11], 

[12], [13]. Meanwhile, neural network-based approaches show 

promising capabilities in reducing non-linearity and improving 

effective resolution, but still face issues of compromise between 

accuracy, computational complexity, and hardware resource 

consumption [14], [15], [16], [17], [18], [19]. 

Among these various options, the Lookup Table (LUT) method 

emerges as an attractive alternative for ADC calibration. In this 

approach, correction values are determined empirically and 

stored in a table, thus allowing direct mapping from raw ADC 

readings to expected ideal values [6], [20], [21] The main 

advantage of LUT lies in its ability to represent complex non-

linear relationships without requiring explicit mathematical 

assumptions regarding error distribution [6], [20]. However, 

existing LUT implementations in the literature still leave 

several important limitations. First, many studies use a 

relatively sparse number of calibration points spread evenly, so 

interpolation between table points becomes coarse and 

generates significant residual error [21], [22]Second, 

optimization of calibration point density is rarely based on the 

actual error profile along the ADC operating range, resulting in 

less efficient memory space utilization [20], [21]. Third, 

specifically for the ESP32 microcontroller, comprehensive and 

re-tested methodology is still minimal; several publications 

even do not explain implementation details completely or use 

inconsistent reference voltage values [6]. 
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This problem becomes increasingly crucial given the 

continuing increase in ESP32 usage in both academic and 

industrial applications. Unlike high-end microcontrollers 

generally equipped with factory-calibrated ADCs, the ESP32 

internal ADC displays unique non-linear characteristics for 

each unit and is sensitive to operating conditions, such as 

temperature or supply voltage variations [5], [6], [8] 

Consequently, generic calibration approaches that apply 

uniformly to all units tend to be inadequate. A more systematic, 

adaptive, and customizable correction methodology is required 

according to the characteristics of each device. 

Based on the literature review, there is a clear research gap, 

namely that existing correction methods have not been able to 

balance high accuracy and resource efficiency simultaneously 

on the ESP32 microcontroller. Previous research has not fully 

resolved the problem of ADC characteristic variation between 

units (unit-to-unit variation) as well as calibration point density 

optimization which is still uniform, thus inefficient in high non-

linearity regions. The unique position of the method proposed 

in this study is the application of a density-optimized LUT 

strategy combined with piecewise interpolation, which is 

specifically designed to concentrate calibration points on 

critical error profiles and validated on multiple device units to 

guarantee reproducibility, different from conventional 

approaches which are generally only valid on one sample unit. 

To address these needs, this study proposes an ADC correction 

framework specifically designed for the ESP32 microcontroller 

by combining an optimized Lookup Table and piecewise linear 

interpolation. The proposed approach presents several 

innovative elements that make it different from previous 

methods. First, a systematic calibration procedure is developed 

to determine the strategic placement of calibration points in 

regions with the highest non-linearity, identified through 

comprehensive error profile analysis. This density-optimized 

calibration strategy is designed to maximize correction 

accuracy by utilizing minimal memory, which is very important 

for embedded systems with limited resources. Second, the 

implementation of an efficient piecewise linear interpolation 

algorithm ensures a continuous and monotonic correction 

function throughout the entire input range, while maintaining 

computational efficiency to remain viable for real-time 

applications. Third, unlike some prior works that only report 

theoretical improvements, this study presents rigorous 

quantitative validation of the proposed method's performance 

over the full operating range, showing an error reduction from 

over 10% to below 1% in practical scenarios. 

Specifically, this research has several objectives, namely: 

1. To develop an ADC correction method based on Lookup 

Table (LUT) with an optimized calibration point placement 

strategy (density-optimized) on the ESP32 microcontroller. 

2. To implement an efficient piecewise linear interpolation 

algorithm to produce a continuous correction function 

across the entire operating range. 

3. To evaluate the performance of the proposed method based 

on accuracy metrics (absolute error, RMSE, INL), memory 

efficiency, and processing time compared to existing 

methods. 

4. To analyze the reproducibility of the method on multiple 

ESP32 units from different production batches to ensure 

inter-device performance consistency. 

The contribution of this research is not only limited to the 

development of new concepts in the academic realm, but also 

has direct implications for engineering practices in the field. 

Significant improvement in the internal ADC accuracy of low-

cost microcontrollers significantly opens up opportunities for 

utilizing cheap microcontrollers like the ESP32 for applications 

requiring high precision, which generally rely on more 

expensive external ADCs. This implication is very relevant for 

fields such as environmental monitoring, where large sensor 

networks require a combination of affordability and data 

reliability [23], [24], as well as health technology, which relies 

heavily on the accuracy of physiological measurements to 

maintain diagnostic reliability [25], [26]. The proposed 

approach does not require adding new hardware so it can be 

easily implemented by ESP32 users, by updating software 

according to the calibration procedures outlined. 

Specifically, the main contributions of this study compared to 

previous studies are: 

1. Density-Optimized Calibration Strategy: Development of 

a non-uniform calibration point placement method, where 

65% of points are focused on the mid-range (0.5–2.5 V) 

which has the highest non-linearity, different from the 

uniform distribution approach in conventional studies 

[20][6], [20]. 

2. Memory and Computational Efficiency: Implementation of 

a Lookup Table (LUT) and piecewise interpolation 

combination that only requires 264 bytes of memory and 

2.3 ms processing time, offering an optimal balance 

between accuracy and resource load. 

3. Reproducibility Validation: Verification of the method on 

10 ESP32 units from different production batches to ensure 

inter-device performance consistency, overcoming the 

limitations of previous studies which were only valid on 

one unit. 

4. Comprehensive Comparative Analysis: Performance 

evaluation against other methods (polynomial regression, 

neural network, spline) based on accuracy, memory, and 

execution time metrics. 

II. Research Method 

A. Methodological Framework 

The inaccuracy of Analog-to-Digital Converter (ADC) readings 

in low-cost microcontrollers such as the ESP32 remains a 

significant challenge in precise data acquisition systems. One 

of the primary causes is the inherent non-linearity of the internal 

converter, which results in systematic deviations between the 

obtained digital values and the actual analog input values. To 

overcome this limitation, this research proposes a correction 

method based on a Lookup Table (LUT) combined with 

piecewise linear interpolation. This methodology is designed to 
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effectively map actual ADC readings to their ideal values 

through a systematic empirical calibration process, without 

relying on global mathematical models that often fail to capture 

complex local behaviors. 

The methodological framework is built upon three main stages, 

namely:  

1. Conducting experimental calibration to obtain data pairs 

between known input voltages and actual ADC readings; 

2. Forming a Lookup Table (LUT) that represents the 

correction function in the form of a discrete mapping 

between actual ADC values and the ideal values they 

should possess; and  

3. Implementing a piecewise linear interpolation algorithm to 

estimate ideal values at points lying between calibration 

points. This three-step structure was chosen because it is 

capable of representing non-linear relationships accurately 

and flexibly, yet remains computationally lightweight 

when implemented on devices with resource constraints 

such as microcontrollers. 

 

 

Figure 1. Stages of the ADC calibration process 

B. Calibration Procedure  

 The calibration procedure was conducted using a precision DC 

voltage source connected directly to the ESP32 analog pin 

(GPIO34). The input voltage was varied from 0 V to 3.277 V in 

33 discrete steps, with each voltage level maintained for 5 

seconds to allow electrical and thermal conditions to reach a 

stable state before data acquisition. For each input voltage, ten 

ADC reading samples were taken, then the average value was 

calculated to obtain the actual ADC value (𝐴𝐷𝐶𝑎𝑐𝑡𝑢𝑎𝑙) according 

to Eq. (1), where the value 𝑁 = 10 is the number of samples and 
𝐴𝐷𝐶𝑟𝑎𝑤

 is the raw ADC reading value. This averaging technique 

is intended to reduce random noise and short-term fluctuations 

that can decrease the accuracy of the calibration process [26]. 

 

𝐴𝐷𝐶𝑎𝑐𝑡𝑢𝑎𝑙 =
1

𝑁
∑ 𝐴𝐷𝐶𝑟𝑎𝑤
𝑁
𝑖=1

     (1) 

 

The ideal ADC value (𝐴𝐷𝐶𝑖𝑑𝑒𝑎𝑙) was then calculated based on the 

theoretical characteristics of the 12-bit converter according to 

Eq. (2), using the actual reference voltage value (𝑉𝑟𝑒𝑓) of 3.277 

V. This value was measured directly on the ESP32 3V3 pin 

using a high-precision multimeter (Sanwa PC710) with best 

accuracy ±(0.06%+2) and 0.01 mV resolution. Reference 

voltage stability observations were conducted during the 

calibration period (±3 hours) and showed a maximum deviation 

of less than 1 mV, thus considered stable for the purposes of 

this experiment. All testing was conducted under controlled 

room temperature conditions (25°C ± 2°C) to minimize thermal 

drift. 

𝐴𝐷𝐶𝑖𝑑𝑒𝑎𝑙 = ( 𝑉𝑖𝑛

𝑉𝑟𝑒𝑓
) × 4095

                                              (2) 

The use of this actual 𝑉𝑟𝑒𝑓 is very important, because the internal 

ESP32 reference voltage is known to vary between units and 

throughout the operating range. The difference between the 

actual and ideal ADC values at each calibration point becomes 

a representation of the non-linear error that will be compensated 

by the LUT. To ensure reproducibility, this calibration 

procedure was validated on 10 different ESP32 units from 

various production batches. The data presented in this research 

represents an average characteristic of these ten units. The 

transfer characteristics between input voltage, ideal ADC value, 

and ESP32 actual ADC can be seen in Figure 2. 

 

 

Figure 2. Transfer Characteristics of the ESP32 ADC: Ideal vs. Actual 

C. Lookup Table (LUT) Construction 

The selection of calibration point density was not performed 

uniformly, but was based on error profile analysis. Based on 

initial observations, ESP32 non-linearity is most significant in 

the mid-voltage range. Therefore, point density was 

intentionally increased in this critical region. From a total of 33 

calibration points, the point distribution was divided as follows: 

1. Range 0.0 – 0.5 V: 5 points (15%) to address offset and 

dead-zone. 

2. Range 0.5 – 2.5 V: 21 points (65%) to handle the highest 

non-linearity in the common operating region. 

3. Range 2.5 – 3.277 V: 7 points (21%) to address premature 

saturation near full scale. 

This strategy ensures that 65% of calibration points are 

concentrated in the critical region (0.5 – 2.5 V), so that sharp 

changes in the ADC response curve are well recorded and 

overall correction accuracy increases without overloading 

memory excessively. From the calibration results, a discrete 

mapping function was formed connecting the actual ADC value 

with the ideal ADC value according to Eq. (3): 

 

𝑓: 𝐴𝐷𝐶𝑎𝑐𝑡𝑢𝑎𝑙 → 𝐴𝐷𝐶𝑖𝑑𝑒𝑎𝑙                                              (3) 
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This function was realized as a Lookup Table (LUT) in the form 

of a static two-dimensional array stored in program memory 

(Flash) to save RAM. The LUT structure was designed as an 

array of point structures containing two integer elements, 

namely 𝐴𝐷𝐶𝑎𝑐𝑡𝑢𝑎𝑙  and 𝐴𝐷𝐶𝑖𝑑𝑒𝑎𝑙 , with size determined by the 

number of calibration points (33 points). Total memory 

required in LUT creation can be calculated as follows: 

 
𝑀𝑒𝑚𝑜𝑟𝑦 𝑆𝑖𝑧𝑒 = 33 𝑝𝑜𝑖𝑛𝑡𝑠× 2 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠/𝑝𝑜𝑖𝑛𝑡 × 4 𝑏𝑦𝑡𝑒𝑠/𝑖𝑛𝑡𝑒𝑔𝑒𝑟 = 264 𝑏𝑦𝑡𝑒𝑠 

 

Memory requirement calculations show that the LUT only 

requires 264 bytes, making it very suitable for embedded 

system platforms with limited memory capacity. 

D. Piecewise Linear Interpolation Algorithm  

Although the LUT provides exact correction values at 

calibration points, in reality, ADC readings in operation almost 

always have values that lie between these points. For this 

purpose, a piecewise linear interpolation algorithm is used, with 

the assumption that the relationship between the actual value 

and the ideal value is linear between two consecutive 

calibration points. Given a raw ADC value 𝐴𝐷𝐶𝑟𝑎𝑤 = 𝑥 , the 

algorithm first performs a linear search through the lookup table 

(LUT) to find the index 𝑖 such that: 

 

𝑥𝑖 ≤ 𝑥 ≤ xi+1 

 

where 𝑥𝑖 and 𝑥𝑖+1 are the values of the 𝑖-th and (𝑖+1)-th points in 

the LUT. After the interval is found, the corrected value 

(𝐴𝐷𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) is calculated using Eq. (4). 

 

𝑦 = 𝑦𝑖 +
𝑥 − 𝑥𝑖

𝑥𝑖+1 − 𝑥𝑖
× (𝑦𝑖+1−yi)

 
(4) 

 

where 𝑦𝑖and yi+1  are the corresponding values. This equation 

represents a straight line connecting two points (𝑥𝑖
, yi)  and 

(𝑥𝑖+1
, yi+1) on the correction plane as  (𝐴𝐷𝐶𝑎𝑐𝑡𝑢𝑎𝑙

, 𝐴𝐷𝐶𝑖𝑑𝑒𝑎𝑙). This 

algorithm is implemented in a function, which also handles 

boundary cases: 

1. If 𝑥 ≤ 𝑥0, the output is 𝑦0 (lower bound extrapolation). 

2. If 𝑥 ≥ 𝑎𝑛, the output is 𝑦𝑛 (upper bound extrapolation). 

3. If 𝑥𝑖+1 = 𝑥𝑖 (duplicate case), division by zero is prevented 

by directly returning 𝑦𝑖. 

Linear search was chosen over binary search because the 

number of points 𝑛 = 33 is relatively small. Time complexity is 

not an issue, and the implementation is simpler and 

deterministic, which is important for real-time applications. 

E. System Implementation  

This system was implemented on an ESP32 microcontroller 

utilizing the Arduino IDE framework. All correction logic was 

designed to run synchronously with the sensor reading cycle. 

The total processing time of 2.3 ms reported in this research 

includes the time for taking 10 ADC samples (averaging), LUT 

search, and interpolation process. This time was measured 

using the GPIO toggling method and logic analyzer. From a 

hardware perspective, the analog circuit was designed 

following basic electromagnetic compatibility principles. A 

100 nF ceramic bypass capacitor was installed as close as 

possible between the GND line and analog pin to dampen high-

frequency noise that could potentially interfere with the data 

acquisition process. The placement of this passive component 

is very crucial because noise on the analog line can cause 

unwanted ADC value fluctuations, especially in environments 

with high electromagnetic interference. 

On the software side, various optimizations were performed to 

minimize CPU load. Arithmetic operations in the interpolation 

function were performed using fixed-point integer number 

format, not floating-point format, thereby reducing the 

computation cycles required. The final conversion from 

corrected ADC value to analog voltage is performed using Eq. 

(5), which is only evaluated if the voltage value is truly needed. 

 

𝑉𝑜𝑢𝑡 = (
𝐴𝐷𝐶𝑐𝑜𝑟𝑒𝑐𝑡𝑒𝑑

4095
) × 𝑉𝑟𝑒𝑓

 
(5) 

 

All global variables and LUT structures were declared with 

constants and PROGMEM, which are implicitly managed by 

the compiler, thus ensuring that such data is stored in flash 

memory and does not burden the limited dynamic RAM. This 

memory allocation strategy is very important for embedded 

systems that have limited resources, because it allows the use 

of large-sized LUTs without compromising runtime 

performance. 

III. Results and Discussion 

A. ADC Correction Performance Evaluation 

Experimental validation of the proposed piecewise linear 

interpolation Lookup Table (LUT) method was conducted 

using empirical data from the built-in ADC of the ESP32 

microcontroller. The calibration process was performed by 

applying known input voltages ranging from 0 V to 3.2 V in 

discrete steps. The reference voltage ( 𝑉𝑟𝑒𝑓 ) was measured 

precisely at 3.277 V, which served as the basis for ADC value 

calculations. 

Figure 3 illustrates the performance comparison of the ESP32 

ADC before and after correction. The actual ADC readings 

show significant non-linearity with a curved pattern, 

particularly in the mid-range between 0.5 V to 2.5 V, where 

errors reach their maximum values, while errors at input 

voltages approaching 0 V and 3.2 V are relatively smaller. For 

example, at an input voltage of 1.5 V, the actual ADC reading 

was recorded at 1690, while the ideal value should be 2245 

based on the measured reference voltage. This difference results 

in a voltage conversion of 1.353 V, not 1.5 V as expected, 

representing an error of 0.147 V or approximately 9.8% of the 

input value. Meanwhile, at an input voltage of 2.0 V, the actual 

ADC reading was recorded at 2305 counts (1.845 V), resulting 

in an error of 0.155 V or 7.75%. These systematic deviations 

indicate inherent non-ideal behavior in the ESP32 ADC, which 
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cannot be addressed solely through simple offset and gain 

calibration. 

 

 

Figure 3. Performance comparison of ESP32 ADC before and after 

correction (LUT and piecewise linear interpolation) 

The effectiveness of the proposed LUT-based correction 

method was evaluated quantitatively through comprehensive 

error analysis. Table 1 presents a representative subset of 

experimental data, highlighting the comparison between raw 

ADC measurements and their corrected values across the entire 

input voltage range, meanwhile Figure 4 presents the error 

distribution across the entire input voltage range, comparing the 

performance of the actual ADC and the corrected results. 

 
Table 1. Comparative analysis of ADC Correction Methods 

Input 

Voltage 

(V) 

ADC 

Actual 

Conversion 

Voltage 

(V) 

Error 

Before 

Correction 

(V) 

ADC 

Correction 

Corrected 

Voltage 

(V) 

Error 

After 

Correction 

(V) 

0.5 445 0.357 0.143 621 0.5 0 

1 1059 0.848 0.152 1250 1 0 

1.5 1690 1.353 0.147 1865 1.49 0.01 

2 2305 1.845 0.155 2504 2 0 

2.5 2932 2.347 0.153 3118 2.5 0 

3 3816 3.054 0.054 3744 3 0 

 

 

Figure 4. Error Distribution of ESP32 ADC Reading Before and After 

Correction using LUT And Piecewise Linear Interpolation. 

Statistical analysis of the entire dataset reveals a very 

significant improvement in measurement accuracy. The 

average absolute error before correction was recorded at 0.112 

V (3.42% of full scale), with a standard deviation of 0.045 V. 

The maximum error reached 0.155 V (4.73% of full scale) at an 

input voltage of 2.0 V. After applying LUT-based correction 

with piecewise linear interpolation, the average absolute error 

decreased drastically to 0.008 V (0.24% of full scale), with a 

standard deviation of only 0.005 V. Importantly, the maximum 

error was successfully reduced to 0.028 V (0.85% of full scale) 

at an input voltage of 3.1 V. 

The Root Mean Square Error method provides an additional 

valuable metric for assessing correction effectiveness. Before 

correction, the Root Mean Square Error value was calculated at 

0.121 V, while after correction, this value dropped to 0.009 V, 

representing a reduction of more than 92.5%. This significant 

improvement demonstrates the superiority of the proposed 

method in mitigating the inherent non-linearity of the ESP32 

ADC. 

To formally assess the linearity characteristics of the ADC, 

voltage error was converted to Least Significant Bit (LSB) 

units. With 3.277 V and 12-bit resolution, 1 LSB is equivalent 

to 0.8 mV. Before correction, the maximum error of 0.155 V 

was equivalent to 193 LSB, indicating significant Integral Non-

Linearity (INL). After correction, the maximum error decreased 

to 0.028 V (35 LSB). This reduction indicates significant 

improvement in the linearity profile of the ADC transfer 

function, where deviation from the ideal straight line was 

successfully suppressed to below 1% of full scale. 

Piecewise linear interpolation effectively eliminates systematic 

non-linearity, resulting in a nearly ideal linear response. At the 

calibration points themselves, errors are nearly zero, indicating 

conformity with ideal values, while at points between 

calibration points, errors remain minimal thanks to strategic 

placement of calibration points in regions with highest non-

linearity. 

This significant error reduction is attributed to the capability of 

piecewise linear interpolation in performing local 

approximation of the ADC non-linear curve. Unlike global 

regression that uses only one mathematical function for the 

entire range, this method divides the characteristic curve into 

small segments between calibration points. Since calibration 

point density is optimized in high non-linearity regions (0.5–2.5 

V), the linearity assumption within each small segment 

becomes more valid. This minimizes residual error between 

calibration points, allowing the correction function to follow the 

actual ADC characteristic curve more precisely without 

requiring complex mathematical models. 

Overall, these experimental results confirm that the LUT-based 

correction approach with piecewise linear interpolation is 

capable of substantially improving measurement accuracy 

while maintaining computational efficiency suitable for real-

time embedded system applications. This method offers a 

practical solution to overcome hardware limitations without 



  

 

 

Zetroem Vol 08. No 01 2026 61 
This is an open access article under the CC BY-SA license 

 

requiring complex analog circuit modifications or addition of 

expensive external components. 

Although this research shows significant results in correcting 

ESP32 ADC readings, it should be noted that the ESP32 is 

sensitive to temperature variations [5], [8]. This research 

focuses on correction optimization under standard operating 

conditions. Characterization of temperature impact on 

calibration drift becomes a recommendation for further 

development. 

B. Comparative Analysis and Computational Efficiency 

A key innovation of the method proposed in this research is the 

computational efficiency that makes it highly suitable for real-

time applications with strict time constraints. Unlike 

polynomial regression methods [11], [12] or neural network-

based corrections [14], [15], [16], [17], [18], [19] that require 

floating-point operations and complex mathematical 

computations, the approach proposed in this research operates 

entirely using fixed-point integer arithmetic. 

Computational complexity analysis reveals that this method 

requires only 126 clock cycles per interpolation on the ESP32 

Xtensa LX6 processor, compared to 487 cycles for cubical 

spline implementation and 325 cycles for fourth-order 

polynomial regression. This represents a processing time 

reduction of 74% and 61%, respectively. Linear search through 

the lookup table (LUT) (O(n) complexity) proved more 

efficient than binary search (O(log n)) for our specific case with 

n = 33 points, because the additional overhead of the binary 

search algorithm exceeds its theoretical complexity advantage 

for small n [26]. 

Table 2 presents a comparative analysis of computational 

performance across various correction methods. Processing 

time and memory data for the proposed method were obtained 

from direct measurements using a logic analyzer and memory 

usage reports on the serial monitor. Meanwhile, processing time 

and memory data for comparison methods (Polynomial, Neural 

Network, etc.) were cited from relevant literature studies using 

similar hardware platforms to ensure relevant comparison. 

 
Table 2. Comparative Analysis of ADC Correction Methods 

Method 
Memory 

Usage 

Processing 

Time (ms) 

Maximum 

Error (%) 

Implementation 

Complexity 

Proposed Method 

(LUT + Piecewise 

Linear Interpolation) 

 

 

264 bytes 2.3 0.85 Low 

Polynomial 

Regression (Order 4) 

[11], [12] 

 

 

32 bytes 5.2 3.2 Medium 

Neural Network 

Based [14], [15], 

[16], [17], [18], [19] 

 

 

1.8 KB 18.7 1.2 High 

Sparse LUT [21], 

[22] 

 

128 bytes 1.8 4.1 Low 

Cubic Spline 

Interpolation [13] 

256 bytes 9.1 2.3 Medium 

Method 
Memory 

Usage 

Processing 

Time (ms) 

Maximum 

Error (%) 

Implementation 

Complexity 

 

 

Hardware 

Calibration [10] 

 

N/A N/A 0.5 Very High 

No Correction N/A 0.5 10.2 - 

 

The proposed method achieves an optimal balance between 

accuracy and resource load. Processing time of 2.3 ms is 55% 

faster than polynomial regression (5.2 ms) and 87% faster than 

Neural Network (18.7 ms). This efficiency is achieved through 

elimination of computationally expensive floating-point 

operations. Although Sparse LUT [21] is faster (1.8 ms), its 

accuracy is significantly inferior (4.1% error) due to lack of 

calibration points in critical regions. The memory efficiency 

claim (264 bytes) also outperforms Neural Network-based 

methods requiring up to 1.8 KB for network weights [14]. 

This computational efficiency is critical for IoT applications 

where power consumption correlates directly with processing 

time. In battery-operated sensor networks, our method reduces 

active processing time by approximately 75% compared to 

neural network approaches, potentially extending battery life by 

a similar margin [23], [24]. 

C. Method Limitations 

Although demonstrating significant performance 

improvements, this method has several limitations that need to 

be considered in practical implementation, including: 

1. Temperature Sensitivity: Calibration was performed at 

room temperature (25°C ± 2°C). Since ESP32 ADC 

characteristics are sensitive to temperature [5], [8], 

thermal drift can alter the non-linearity profile. This 

method requires recalibration if the device operates in 

extreme environments (>60°C or <0°C). 

2. High-Frequency Dynamic Signals: The interpolation 

algorithm and LUT search require 2.3 ms per sample. For 

input signals that change very rapidly (frequency > 100 

Hz), this latency can cause response delay (phase lag), 

making this method more optimal for quasi-static 

monitoring applications. 

3. Reference Voltage Dependency: Method accuracy 

depends on the stability of the internal reference voltage. 

If it fluctuates undetected, the LUT map becomes invalid. 

Advanced implementation is recommended to use stable 

external references for critical applications. 

D. Practical Implementation and Reproducibility 

One of the most significant contributions of this research is the 

provision of a complete and reproducible methodology that can 

be easily implemented by practitioners. Unlike many previous 

publications that do not document important implementation 

details [6], this research presents a step-by-step calibration 

procedure that has been rigorously validated on multiple ESP32 

units. 

Practical implementation of the method in this research does not 

require additional hardware components, making it accessible 
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to developers working with limited budgets. The entire 

correction process, including averaging, LUT search, and 

interpolation, requires only 2.3 ms per measurement cycle, 

which is negligible for most sensor applications. This practical 

efficiency, combined with significant accuracy improvement, 

makes this approach highly valuable for real-world 

implementation. 

This calibration procedure is designed to be systematic and 

customizable. The procedure begins with measuring the actual 

reference voltage (𝑉𝑟𝑒𝑓) using a precision multimeter, since the 

internal ESP32 reference voltage can vary significantly 

between units [5], [8]. Calibration points are then placed 

strategically based on error profile analysis, with higher density 

in regions with maximum non-linearity. This approach ensures 

optimal correction accuracy while minimizing the number of 

calibration points required. To validate the reproducibility of 

this method, this research conducted calibration and testing on 

ten different ESP32 units from various production batches. 

Results showed consistent performance across all units, with an 

average maximum error of 0.031 V (0.95% of full scale) after 

correction. This consistency indicates that the method 

effectively compensates for inter-unit variations in ADC 

performance, which is a critical requirement for massively 

deployed IoT systems. 

E. Broader Implications for Embedded System 

Development 

The findings of this research are not only relevant for ADCs on 

ESP32, but also offer a framework that can be applied to 

characterize and correct non-linearity in built-in ADCs of other 

low-cost microcontrollers. This is particularly important amid 

the rapid growth of the IoT market, where budget constraints 

often force developers to use integrated ADCs despite their 

limitations. 

This research demonstrates that sub-1% accuracy can be 

achieved without burdening computational performance. This 

finding challenges the common assumption that high-precision 

measurements always require expensive external ADCs. This 

paradigm shift opens new opportunities for ESP32 utilization in 

applications such as environmental monitoring and medical 

diagnostics [22], where the balance between cost and accuracy 

is critically important. 

In environmental monitoring, for example, this method enables 

deployment of larger sensor networks with better data quality 

without increasing hardware costs. Large-scale environmental 

studies that were previously too expensive are now more 

affordable [24], [25]. 

In the healthcare field, this approach enables development of 

affordable medical monitoring devices that are sufficiently 

accurate for initial screening. Although not replacing clinical 

instruments, such devices can assist early detection in resource-

limited regions [25]. 

The impact of this research is also felt in the education sector. 

A clear and well-documented ADC correction methodology 

facilitates students and novice researchers to engage in 

precision measurement system development, thereby 

encouraging cross-disciplinary innovation. 

 

IV. Conclusions 

This research study presents a significant breakthrough in 

significantly enhancing the overall performance of analog data 

acquisition on the ESP32 microcontroller platform. Through an 

efficient and accurate approach, the following are four primary 

conclusions drawn from the development of this ADC 

correction method: 

1. Significant Accuracy Improvement: The implementation 

of the combined Lookup Table (LUT) and piecewise 

linear interpolation method successfully reduced the 

average absolute error from 3.42% to 0.24%, while 

decreasing the Root Mean Square Error (RMSE) by over 

92.5% compared to the standard configuration. 

2. High Computational Efficiency: This method is extremely 

lightweight, requiring only 264 bytes of memory and a 

processing time of 2.3 ms per measurement, making it 

74% faster compared to cubic spline implementations. 

3. Usage Consistency: The calibration strategy, which 

concentrates 65% of points within the critical voltage 

range, guarantees high inter-unit reproducibility, thereby 

supporting quality consistency in the mass production of 

IoT devices. 

4. Economic Impact on Applications: This solution 

demonstrates that high accuracy can be achieved without 

expensive external ADCs, opening opportunities for cost-

sensitive applications in healthcare, environmental 

monitoring, and industrial sectors with limited resources. 

Although demonstrating superior performance in experimental 

validation, this study possesses several inherent limitations that 

must be acknowledged, including: 

1. Calibration was conducted under controlled room 

temperature conditions (25°C ± 2°C); consequently, the 

impact of thermal drift on ADC characteristics has not 

been fully quantified. 

2. The processing latency of 2.3 ms limits applications 

involving dynamic signals with high frequencies. 

3. The accuracy of the method depends on the stability of the 

internal reference voltage, which can vary between units 

and throughout the operational lifetime. 

Based on the existing limitations identified, several 

recommended avenues for future research are proposed as 

follows: 

1. Thermal Characterization to develop a temperature 

compensation model capable of correcting calibration 

drift under extreme operating conditions; 

2. Real-Time Optimization to reduce algorithm latency, 

thereby accommodating signals with higher frequencies; 

3. External Reference Implementation for critical 

applications requiring higher reference voltage stability; 

VIII. The findings of this research are not 

only relevant for ADCs on ESP32, but also 

offer a framework that can be applied to 

characterize and correct non-linearity in built-in 

ADCs of other low-cost microcontrollers. This 

is particularly important amid the rapid growth 

of the IoT market, where budget constraints 

often force developers to use integrated ADCs 

despite their limitations. 

IX. This research demonstrates that sub-

1% accuracy can be achieved without 

burdening computational performance. This 

finding challenges the common assumption 

that high-precision measurements always 

require expensive external ADCs. This 

paradigm shift opens new opportunities for 

ESP32 utilization in applications such as 

environmental monitoring and medical 

diagnostics [22], where the balance between 

cost and accuracy is critically important. 

X. In environmental monitoring, for 

example, this method enables deployment of 

larger sensor networks with better data quality 

without increasing hardware costs. Large-scale 

environmental studies that were previously too 

expensive are now more affordable [24], [25]. 

XI. In the healthcare field, this approach 

enables development of affordable medical 

monitoring devices that are sufficiently 

accurate for initial screening. Although not 

replacing clinical instruments, such devices 

can assist early detection in resource-limited 

regions [25]. 

XII. The impact of this research is also felt in 

the education sector. A clear and well-

documented ADC correction methodology 

facilitates students and novice researchers to 

engage in precision measurement system 

development, thereby encouraging cross-

disciplinary innovation. 
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4. Method Generalization by testing the same approach on 

other low-cost microcontroller platforms (such as STM32, 

Arduino AVR) to validate the universality of this method. 
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