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A common requirement for microcontroller applications is the need to sense the real world in one way or another.
This requires bridging the gap between the digital dimension of a microcontroller and the analog realm of the real
world. In most cases, this is accomplished by using a sensor that translates the magnitude of a physical phenomenon
to an analog voltage which is routed to a pin on the microcontroller. Lastly, a dedicated part of the microcontroller
called an analog-to-digital converter, also referred to as an ADC or A/D converter, transforms the analog voltage to a
digital value to be further processed by the microcontroller.

Most analog sensors either output their measured value as a single analog voltage signal or as a difference between
two analog voltage signals. The two concepts are referred to as single-ended signaling and differential signaling,
respectively.

This white paper provides a high-level introduction to A/D conversion of single-ended and differential analog signals
by presenting the main advantages and drawbacks for the two approaches, as well as a selection of common
applications and useful considerations.
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1. Single-Ended Operation

1.1 General Concept
The simplest and most widely used analog sensors provide single-ended signals. These are designed to be
connected to the same ground level as the microcontroller and to provide their measurement result as an analog
voltage signal on a single wire referenced to this common ground. All basic ADCs support single-ended operation.

An ADC can be designed to operate in different ways, and the amount of time required to perform an analog-to-digital
conversion will vary between ADCs. Regardless, the result is a digital representation of the analog input value. The
digital value will typically be an integer between 0 and 2n-1, where n is the resolution of the ADC in bits. An integer
value of 0 means that the analog voltage level is the same as ground, while the maximum value (2n-1) corresponds
to the level of what is referred to as the ADC voltage reference (Vref). The voltage reference defines the conversion
range of the ADC, which for single-ended operation means that an analog input above this level still produces the
maximum digital value, while an input below ground level gives a digital value of 0. In most cases, the ADC voltage
reference can be selected among different levels between ground and the microcontroller supply voltage in order to
utilize as much of the ADC resolution as possible for inputs in a given voltage range.

A 12-bit single-ended ADC will most likely have an output range of [0,4095]. If the selected Vref is 2.0V, and the
analog input signal is 0.5V, the corresponding digital value can be calculated as follows:
Equation 1-1. Example - 12-bit Single-Ended ConversionADC Output = Input���� ⋅ Total ADC Counts
= 0.5V2.0V ⋅ 4096= 1024

1.2 Advantages and Drawbacks
Whether single-ended operation is the best choice in a given setting depends on the specific application. Below are
some of the main advantages and drawbacks associated with this approach.

Main advantages:
• Both sensors and microcontrollers are available at very low cost
• Occupies only one analog microcontroller input per sensor
• In most cases conceptually simple and easy to use
• Large selection of available sensors and microcontrollers

Main drawbacks:
• Sensitive to noise along the analog signal path
• Sensitive to common-mode noise on the ground and reference voltage levels of the microcontroller
• The signal path between the sensor and the microcontroller should be as short as possible to minimize noise

and ground-level differences
• Conditioning circuitry that adds cost and unwanted dynamic effects might be needed

1.3 Typical Applications
There are numerous types of single-ended analog sensors available. Some of the most common use-cases in
microcontroller applications are:

• Potentiometers for measuring angle or position
• Light intensity measurement
• Infrared and ultrasonic range measurement
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• Gas and air quality measurement
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2. Differential Operation

2.1 General Concept
A differential ADC measures the voltage difference between two inputs. This can be essential in certain applications
as some measurement concepts require two output signals instead of one to quantify the physical property of
interest. Sensors that implement such concepts typically provide their output value as the voltage difference between
two signals, also known as a differential signal. Other sensors might provide a differential output for added
robustness even though the measurement itself generates a single-ended signal.

A basic single-ended ADC can be used to measure a differential signal by connecting each of the two inputs to a
single-ended ADC channel, sampling them sequentially, and comparing the results in software. Other so-called
pseudo-differential approaches also exist, but all have little effect on dynamic common-mode noise since the two
inputs are sampled at different times. An ADC that supports differential operation would be the preferred option when
using such sensors since the ADC will then be capable of directly converting the difference between the two varying
voltage levels to a digital value.

When connecting a differential analog sensor to a microcontroller one of the signals in the differential pair is defined
as the positive input while the other is defined as the negative input. By definition, the value of the differential signal is
the voltage of the positive input referenced to the negative input. The positive and negative designation of each signal
determines the polarity of the differential signal, defining it as positive when the positive input is larger than the
negative input and negative if the negative input is larger than the positive input.

Note:  A negative differential signal does not imply a negative voltage on any of the two corresponding inputs, as this
would be outside the specifications of most microcontrollers. It only means that the negative input is larger than the
positive input.

The voltages of each signal in a differential pair are in most cases referenced to the same ground level as the
microcontroller, but in some applications, the ground level of the sensor could be isolated from that of the
microcontroller.

Like single-ended operation, the ADC voltage reference (Vref) is often configurable and determines the range of
input voltages that will be converted. But for differential operation, the input range is extended in the negative
direction such that differential voltages of -Vref and Vref gives the minimum and maximum input values, respectively.

The corresponding digital values for the valid analog input range [-Vref,Vref] can be represented in different ways
depending on the ADC. A common output is signed integers in the range [-2n-1,2n-1-1], where n is the resolution
of the ADC in bits. The specific integer format can also vary, but 2’s complement is widely used.

A 12-bit differential ADC with signed output will commonly give digital values in the range [-2048,2047]. If Vref is
2.0V and the analog differential signal is -0.5V, the corresponding digital value can be calculated as shown below.
Notice how the total number of ADC counts is divided by 2 as the 4096 available ADC counts are distributed on each
side of zero.
Equation 2-1. Example - 12-bit Differential Conversion with Signed OutputADC Output = Differential Input���� ⋅ Total ADC Counts2= −0.5V2.0V ⋅ 40962= − 512
Another commonly used output format is direct binary mapping using unsigned integers in the range [0,2n-1],
where n is the ADC resolution in bits.

The unsigned output range of a typical differential 12-bit ADC will be [0,4095]. If Vref is 2.0V and the analog
differential signal is -0.5V, the corresponding digital value can be calculated as shown below. Notice how an offset of
2048 is added to make an input of 0.0V correspond to the center of the output range, and how the total number of
ADC counts is divided by 2 as the 4096 available ADC counts are distributed on each side of zero before adding the
offset.
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Equation 2-2. Example - 12-bit Differential Conversion with Unsigned OutputADC Output = Differential Output���� ⋅ Total ADC Counts2 + ADC Counts at Zero
= −0.5V2.0V ⋅ 40962 + 2048= − 512 + 2048= 1536

2.2 Advantages and Drawbacks
Differential analog-to-digital conversion is often selected for demanding environments that require higher
performance and robustness compared to the more common single-ended approach. Below are some of the main
advantages and drawbacks that could help decide whether differential operation is required for a specific application.

Main advantages:
• Rejects noise along the signal path if the positive and negative inputs are twisted or routed together since any

noise then affects both signals equally
• Rejects common-mode noise on the microcontroller ground and reference voltage levels since equal noise on

these do not affect the differential signal
• Double dynamic range compared to single-ended operation since the allowed input range is symmetric around

0V instead of being limited to positive values only
• Provides good performance even for small voltage signals due to strong noise rejection
• Can be used to measure single-ended signals by connecting the sensor ground level to the negative input of the

differential pair
• Compared to using operational amplifiers to transform a differential signal for single-ended conversion, a

differential ADC offers end-to-end differential signaling through an integrated and more robust solution
• If a sensor provides a small single-ended signal with a large DC-offset, a differential ADC could utilize more of

the available resolution by connecting a corresponding DC-voltage to one of the differential inputs and setting
the voltage reference to match the signal, while a single-ended ADC would need to use a voltage reference
large enough to include both the DC-offset and the actual signal

Main drawbacks:
• Sensors and microcontrollers are commonly not available in the lowest price ranges
• Requires two microcontroller input pins per sensor compared to one for single-ended operation
• Somewhat more complex to connect and use
• Compared to single-ended sensors, fewer sensors provide a native differential output

2.3 Typical Applications
Below are some specific microcontroller applications where differential signaling and conversion are commonly used:

• Thermocouple-based temperature measurement
• Strain gauge-based force sensing
• Resistor bridge-based pressure sensing
• Applications in environments with electromagnetic and radio frequency noise
• Applications that require long signal paths between sensors and microcontroller
• Current measurements
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3. Considerations
There will always be some level of noise on the analog signal for any kind of A/D conversion. Consider the possible
noise magnitude when evaluating the maximum dynamic range of the input signal. The output will saturate, and
information will be lost if the input, including noise, exceeds the ADC voltage reference. It might be harmful to the
microcontroller if it exceeds the allowed pin voltage range.

To improve resolution utilization when using an ADC with a configurable voltage reference, evaluate the maximum
dynamic range of the input signal including noise and select a reference level that encompasses it as tightly as
possible without limiting it.

For both single-ended and differential conversion, the magnitude of the final result is the ratio between input
magnitude and reference voltage level. Consequently, not only noise on the signal itself but also noise on the
microcontroller ground level and ADC voltage reference will affect the converted value.

A shorter analog signal path will most likely pick up less noise. This is especially important for single-ended signals.

A microcontroller with a differential ADC does not necessarily allow a total input range of -Vcc to Vcc. Make sure
the selected voltage reference is within the allowed pin voltage range. If the ADC supports both single-ended and
differential operation, a voltage reference close to Vcc could be inside the allowed range in single-ended mode, but
outside specifications in differential mode.

If a differential sensor and the microcontroller are electrically isolated, the signal could be allowed to have a DC
voltage outside the rated range for the microcontroller.
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The Microchip Website
Microchip provides online support via our website at http://www.microchip.com/. This website is used to make files
and information easily available to customers. Some of the content available includes:

• Product Support – Data sheets and errata, application notes and sample programs, design resources, user’s
guides and hardware support documents, latest software releases and archived software

• General Technical Support – Frequently Asked Questions (FAQs), technical support requests, online
discussion groups, Microchip design partner program member listing

• Business of Microchip – Product selector and ordering guides, latest Microchip press releases, listing of
seminars and events, listings of Microchip sales offices, distributors and factory representatives

Product Change Notification Service
Microchip’s product change notification service helps keep customers current on Microchip products. Subscribers will
receive email notification whenever there are changes, updates, revisions or errata related to a specified product
family or development tool of interest.

To register, go to http://www.microchip.com/pcn and follow the registration instructions.

Customer Support
Users of Microchip products can receive assistance through several channels:

• Distributor or Representative
• Local Sales Office
• Embedded Solutions Engineer (ESE)
• Technical Support

Customers should contact their distributor, representative or ESE for support. Local sales offices are also available to
help customers. A listing of sales offices and locations is included in this document.

Technical support is available through the website at: http://www.microchip.com/support
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Product Identification System
To order or obtain information, e.g., on pricing or delivery, refer to the factory or the listed sales office.

Microchip Devices Code Protection Feature
Note the following details of the code protection feature on Microchip devices:

• Microchip products meet the specification contained in their particular Microchip Data Sheet.
• Microchip believes that its family of products is one of the most secure families of its kind on the market today,

when used in the intended manner and under normal conditions.
• There are dishonest and possibly illegal methods used to breach the code protection feature. All of these

methods, to our knowledge, require using the Microchip products in a manner outside the operating
specifications contained in Microchip’s Data Sheets. Most likely, the person doing so is engaged in theft of
intellectual property.

• Microchip is willing to work with the customer who is concerned about the integrity of their code.
• Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their code. Code

protection does not mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the code protection
features of our products. Attempts to break Microchip’s code protection feature may be a violation of the Digital
Millennium Copyright Act. If such acts allow unauthorized access to your software or other copyrighted work, you
may have a right to sue for relief under that Act.

Legal Notice
Information contained in this publication regarding device applications and the like is provided only for your
convenience and may be superseded by updates. It is your responsibility to ensure that your application meets with
your specifications. MICROCHIP MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND WHETHER
EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY OR OTHERWISE, RELATED TO THE INFORMATION,
INCLUDING BUT NOT LIMITED TO ITS CONDITION, QUALITY, PERFORMANCE, MERCHANTABILITY OR
FITNESS FOR PURPOSE. Microchip disclaims all liability arising from this information and its use. Use of Microchip
devices in life support and/or safety applications is entirely at the buyer’s risk, and the buyer agrees to defend,
indemnify and hold harmless Microchip from any and all damages, claims, suits, or expenses resulting from such
use. No licenses are conveyed, implicitly or otherwise, under any Microchip intellectual property rights unless
otherwise stated.

Trademarks
The Microchip name and logo, the Microchip logo, Adaptec, AnyRate, AVR, AVR logo, AVR Freaks, BesTime,
BitCloud, chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, HELDO, IGLOO, JukeBlox,
KeeLoq, Kleer, LANCheck, LinkMD, maXStylus, maXTouch, MediaLB, megaAVR, Microsemi, Microsemi logo, MOST,
MOST logo, MPLAB, OptoLyzer, PackeTime, PIC, picoPower, PICSTART, PIC32 logo, PolarFire, Prochip Designer,
QTouch, SAM-BA, SenGenuity, SpyNIC, SST, SST Logo, SuperFlash, Symmetricom, SyncServer, Tachyon,
TempTrackr, TimeSource, tinyAVR, UNI/O, Vectron, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

APT, ClockWorks, The Embedded Control Solutions Company, EtherSynch, FlashTec, Hyper Speed Control,
HyperLight Load, IntelliMOS, Libero, motorBench, mTouch, Powermite 3, Precision Edge, ProASIC, ProASIC Plus,
ProASIC Plus logo, Quiet-Wire, SmartFusion, SyncWorld, Temux, TimeCesium, TimeHub, TimePictra, TimeProvider,
Vite, WinPath, and ZL are registered trademarks of Microchip Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, AnyIn, AnyOut, BlueSky, BodyCom,
CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController, dsPICDEM,
dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, EtherGREEN, In-Circuit Serial Programming, ICSP,
INICnet, Inter-Chip Connectivity, JitterBlocker, KleerNet, KleerNet logo, memBrain, Mindi, MiWi, MPASM, MPF,
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MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach, Omniscient Code Generation, PICDEM,
PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE, Ripple Blocker, SAM-ICE, Serial Quad
I/O, SMART-I.S., SQI, SuperSwitcher, SuperSwitcher II, Total Endurance, TSHARC, USBCheck, VariSense,
ViewSpan, WiperLock, Wireless DNA, and ZENA are trademarks of Microchip Technology Incorporated in the U.S.A.
and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.

The Adaptec logo, Frequency on Demand, Silicon Storage Technology, and Symmcom are registered trademarks of
Microchip Technology Inc. in other countries.

GestIC is a registered trademark of Microchip Technology Germany II GmbH & Co. KG, a subsidiary of Microchip
Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
© 2019, Microchip Technology Incorporated, Printed in the U.S.A., All Rights Reserved.

ISBN: 978-1-5224-4887-7

AMBA, Arm, Arm7, Arm7TDMI, Arm9, Arm11, Artisan, big.LITTLE, Cordio, CoreLink, CoreSight, Cortex, DesignStart,
DynamIQ, Jazelle, Keil, Mali, Mbed, Mbed Enabled, NEON, POP, RealView, SecurCore, Socrates, Thumb,
TrustZone, ULINK, ULINK2, ULINK-ME, ULINK-PLUS, ULINKpro, µVision, Versatile are trademarks or registered
trademarks of Arm Limited (or its subsidiaries) in the US and/or elsewhere.

Quality Management System
For information regarding Microchip’s Quality Management Systems, please visit http://www.microchip.com/quality.
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