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Understanding the relationship between analog input voltages and digital outputs in Analog-to-Digital
Converters (ADCs) is fundamental in electronics and instrumentation. Specifically, when working with a 10-bit
ADC with a defined input voltage range, it’s important to determine what input voltage corresponds to a given
digital output code. This knowledge enables engineers and technicians to accurately interpret sensor data,
design measurement systems, and troubleshoot electronic circuits. In this article, we will explore how to
determine the voltage range associated with a specific digital output, focusing on the scenario where the
digital output of a 10-bit ADC with an input range of +5V is +1.5V.

Understanding the Basics of ADCs

Before diving into calculations, let’s review some fundamental concepts related to ADCs.

What is an ADC?
An Analog-to-Digital Converter (ADC) is a device that converts an analog voltage signal into a
corresponding digital number. This digital number can then be processed by digital systems such as
microcontrollers, computers, or digital signal processors.

Key Parameters of ADCs
Some important specifications of an ADC include:

Resolution: The number of discrete levels the ADC can produce. For a 10-bit ADC, resolution = 2^10 =
1024 levels.

Input Voltage Range: The voltage span over which the ADC measures input signals, typically specified as
minimum and maximum voltages, e.g., 0V to +5V.

Quantization: The process of mapping a continuous voltage to a discrete digital value, which
introduces quantization error.

Resolution and Digital Codes

The resolution of a 10-bit ADC means it can generate 1024 discrete digital codes, numbered from 0 to 1023.
Each code corresponds to a specific voltage within the input range.



Calculating the Voltage per Step
The voltage corresponding to each digital code is given by:

\[
V_{step} = \frac{V_{ref_{max}} - V_{ref_{min}}}{2^{n} - 1}
\]

Where:
- \( V_{ref_{max}} \) = maximum input voltage (here, +5V)
- \( V_{ref_{min}} \) = minimum input voltage (here, 0V unless specified otherwise)
- \( n \) = number of bits (here, 10)

Using the given values:
\[
V_{step} = \frac{5V - 0V}{1023} \approx 0.00489V
\]

This means each increment in the digital code represents approximately 4.89 millivolts.

Relating Digital Output to Input Voltage

The digital code (D) output by the ADC correlates to the input voltage (V_in) via:

\[
V_{in} = D \times V_{step} + V_{ref_{min}}
\]

Given that the reference voltage is +5V and assuming the ADC's minimum input is 0V, the input voltage range is
from 0V to 5V.

Determining the Input Voltage for a Given Digital Output
Suppose the ADC's digital output is +1.5V. Since digital outputs are typically presented as integer codes, this
indicates the digital code corresponding to an analog voltage that maps to a certain voltage within the
ADC's resolution.

Important Clarification:

- If +1.5V is the digital output code, it is likely a typo or a misunderstanding, as digital outputs are usually
integer codes from 0 to 1023, not voltages.
- Alternatively, if +1.5V refers to the analog input voltage that produces a certain digital code, then the
question becomes: what digital code corresponds to an input voltage of +1.5V?

Assuming the latter, we need to determine:
- The digital code (D) corresponding to 1.5V
- The voltage range associated with that code

Calculating the Digital Code for 1.5V Input:

\[
D = \frac{V_{in} - V_{ref_{min}}}{V_{step}} = \frac{1.5V - 0V}{0.00489V} \approx 306.7
\]

Since digital codes are integers, D ≈ 307.



Corresponding Input Voltage for Code 307:

\[
V_{in} = D \times V_{step} = 307 \times 0.00489V \approx 1.5V
\]

This confirms that a digital code of 307 corresponds to an input voltage of approximately 1.5V.

---

Determining the Voltage Range Corresponding to a Given Digital Code

Step-by-Step Process:

1. Identify the digital code: For example, 307.
2. Calculate the lower and upper voltage bounds:
- The lower bound for code D is:

\[
V_{lower} = D \times V_{step}
\]
- The upper bound for code D is:

\[
V_{upper} = (D + 1) \times V_{step}
\]

3. Apply the calculations:

- For D = 307:
\[
V_{lower} = 307 \times 0.00489V \approx 1.5V
\]
\[
V_{upper} = 308 \times 0.00489V \approx 1.505V
\]

This indicates that the digital code 307 corresponds to an input voltage range of approximately 1.5V to
1.505V.

---

Practical Interpretation and Applications

Typical Use Cases
Understanding the voltage range associated with a specific digital code is essential in various applications:

- Sensor Data Acquisition: Precise interpretation of sensor outputs, such as temperature or pressure sensors,
relies on knowing the voltage-to-code mapping.
- Signal Processing: Filtering and analyzing signals require accurate conversion from digital codes back to
voltage ranges.
- Embedded System Calibration: Ensuring that the system correctly interprets sensor voltages involves
calibrating digital codes to known voltage levels.

Common Scenarios
- When an engineer observes a digital code, they can convert it to an actual voltage range using the above
method.
- During system calibration, the designer can verify that known input voltages produce expected digital
outputs.



- Troubleshooting involves checking if the digital output code aligns with expected voltage ranges based on
the ADC resolution.

---

Additional Considerations

Non-Standard Input Ranges
While the example assumes a 0V to +5V input range, some ADCs may have different reference voltages or
differential inputs. Adjust calculations accordingly:

\[
V_{in} = V_{ref_{min}} + D \times V_{step}
\]

where \( V_{ref_{min}} \) and \( V_{ref_{max}} \) are specified for the particular ADC configuration.

Handling Non-Linearities and Errors
Real-world ADCs may exhibit:

- Integral Non-Linearity (INL): Deviations from ideal linearity.
- Differential Non-Linearity (DNL): Variations in step size.
- Offset Errors: Systematic shifts in the output codes.

Calibration procedures can mitigate these issues, ensuring accurate voltage-to-code mapping.

---

Summary

To conclude, when dealing with a 10-bit ADC with a +5V input range:

- Each digital code corresponds to a voltage interval of approximately 4.89mV.
- A digital code of 307 (roughly matching an input voltage of 1.5V) covers an input voltage range from
about 1.5V to 1.505V.
- Understanding this relationship allows precise interpretation of ADC outputs and accurate measurement
conversions.

By mastering these concepts, professionals can effectively utilize ADCs in various electronic measurement and
control systems, ensuring accurate data acquisition and system reliability.

---
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Frequently Asked Questions

What is the voltage resolution per step for a 10-bit ADC with a +5V input
range?

The voltage resolution per step is 5V divided by 2^10 (1024), which equals approximately 4.88mV.



Given an input voltage of +1.5V, what is the corresponding digital output
code for the ADC?

The digital code is approximately (1.5V / 5V) × 1023 ≈ 307.

What is the minimum input voltage the ADC can read, and what digital code
does it correspond to?

The minimum input voltage is 0V, corresponding to a digital code of 0.

What is the maximum input voltage the ADC can read, and what digital code
does it correspond to?

The maximum input voltage is +5V, corresponding to a digital code of 1023.

What is the voltage range that corresponds to the digital output code of
307 in this ADC?

The voltage range is approximately from 1.5V to just below 1.51V, since each step is about 4.88mV, with
code 307 representing about 1.5V.

If the ADC reads +1.5V input, what is the approximate digital output value
in binary?

The approximate digital output value is 307 in decimal, which is 100110011 in binary.

Additional Resources
ADC Voltage Range Analysis

In the world of digital signal processing and data acquisition, Analog-to-Digital Converters (ADCs) serve as
the vital bridge translating continuous analog signals into discrete digital values. Understanding the
relationship between the ADC’s digital output and its corresponding analog input range is crucial for engineers,
designers, and hobbyists alike. Today, we delve into a specific scenario: analyzing the voltage corresponding to
a digital output of +1.5V from a 10-bit ADC with an input voltage range of +5V. This exploration not only
clarifies how the ADC's resolution translates into actual voltages but also provides insights into the
implications for system design and measurement accuracy.

---

Understanding the Basics of ADCs

Before tackling the specific problem, it's essential to grasp the foundational concepts surrounding ADCs,
especially the 10-bit variant.

What is a 10-bit ADC?
A 10-bit ADC converts an analog voltage into a digital number with 1024 discrete levels (2^10 = 1024).
This quantization determines the resolution, i.e., the smallest change in voltage that can be distinguished by the
ADC.



Input Voltage Range
The ADC in question has an input range of +0V to +5V. This means:
- The minimum measurable voltage: 0V
- The maximum measurable voltage: 5V

Any input voltage outside this range is either clipped or unmeasurable, depending on the ADC's design.

Digital Output Representation
The ADC outputs a digital value typically represented in binary or decimal. For a 10-bit ADC:
- The digital code spans from 0 to 1023.
- 0 corresponds to 0V.
- 1023 corresponds to 5V.

---

Resolution and Quantization: Linking Digital Output to Voltage

The core of understanding the voltage corresponding to a digital output involves calculating the ADC's
resolution and how the digital code maps onto the input voltage.

Calculating the Resolution
The resolution (VLSB) is the voltage increment represented by a single least significant bit (LSB). It is
calculated as:

\[
V_{LSB} = \frac{V_{ref_{max}} - V_{ref_{min}}}{2^{n} - 1}
\]

Where:
- \( V_{ref_{max}} \) = 5V
- \( V_{ref_{min}} \) = 0V
- \( n \) = 10 (number of bits)

Plugging in the values:

\[
V_{LSB} = \frac{5V - 0V}{1023} \approx \frac{5V}{1023} \approx 0.00489V
\]

This means each increment in the digital code corresponds to approximately 4.89 millivolts.

Mapping Digital Codes to Input Voltages
The general relationship between the digital code and input voltage is:

\[
V_{in} = \text{Digital code} \times V_{LSB}
\]

Conversely, given an analog voltage, the corresponding digital code can be found by:



\[
\text{Digital code} = \left\lfloor \frac{V_{in}}{V_{LSB}} \right\rfloor
\]

---

Deciphering the Digital Output of +1.5V

The scenario specifies that the ADC's digital output corresponds to a voltage of +1.5V. To clarify, this
means that the ADC's digital value, when converted back to voltage, yields +1.5V.

Calculating the Digital Code for +1.5V
Using the earlier equation:

\[
\text{Digital code} = \left\lfloor \frac{V_{in}}{V_{LSB}} \right\rfloor
\]

Substituting Vin = 1.5V and VLSB ≈ 0.00489V:

\[
\text{Digital code} = \left\lfloor \frac{1.5V}{0.00489V} \right\rfloor \approx \left\lfloor 306.5
\right\rfloor = 306
\]

Thus, the digital output code corresponding to an input voltage of approximately 1.5V is 306.

---

Understanding the Voltage Range of the Digital Code 306

Given that the digital code is 306, what is the actual voltage range that this code represents?

Voltage Range for a Given Digital Code
Each digital code corresponds to a voltage range, from the lower threshold to the upper threshold, determined
by:

\[
V_{lower} = \text{Digital code} \times V_{LSB}
\]
\[
V_{upper} = (\text{Digital code} + 1) \times V_{LSB}
\]

Applying these formulas:

\[
V_{lower} = 306 \times 0.00489V \approx 1.497V
\]
\[



V_{upper} = 307 \times 0.00489V \approx 1.502V
\]

Therefore, the digital code 306 corresponds to an input voltage range approximately from 1.497V to
1.502V.

---

Implications for System Design and Measurement

Understanding the voltage range associated with a digital code is vital for applications requiring precise
measurements, control, or signal processing.

Measurement Accuracy
The quantization step size (~4.89mV) means:
- Small variations in the analog input within the voltage range (1.497V to 1.502V) will still be represented
by the same digital code.
- To improve measurement resolution, one could:
- Use an ADC with more bits (higher resolution).
- Implement oversampling and averaging techniques.
- Use a reference voltage that optimizes the resolution within the expected signal range.

Design Considerations
- When designing sensors or data acquisition systems, knowing this conversion helps in:
- Calibrating sensors accurately.
- Implementing digital filtering.
- Setting thresholds for triggers or alarms.

---

Conclusion: Summarizing the Voltage Range for the Given Digital
Output

In essence, a digital output code of 306 from a 10-bit ADC with a 0-5V input range corresponds to an input
voltage between approximately 1.497V and 1.502V. This narrow voltage window underscores the importance
of understanding ADC resolution and quantization when interpreting digital signals.

Key Takeaways:
- The resolution of a 10-bit, 0-5V ADC is roughly 4.89mV per step.
- The digital code 306 precisely maps to an input voltage around 1.5V, with a small tolerance dictated by
the quantization interval.
- Accurate interpretation of ADC outputs requires awareness of the inherent quantization and resolution
limitations, which are crucial for high-precision measurements and system reliability.

By thoroughly understanding these relationships, engineers can optimize their measurement systems, ensuring
accurate data acquisition and effective signal processing in a variety of applications—from industrial
automation to scientific research.
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