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Dealing with nonlinearity in LVDT  
position sensors

Introduction
Sense elements convert a physical quantity of interest into 
electrical signals. One common characteristic of the output 
of a sense-element is nonlinearity – the output of the a 
sense element does not vary linearly with the physical 
quantity of interest. This nonlinearity leads to inaccura-
cies, or errors, in measurements. 

This article describes methods to correct the nonlinear-
ity in the output of linear variable differential transformer 
(LVDT) position sensors that are used in many applications, 
including automotive hydraulic-valve position sensing. This 
discussion also applies to other types of automotive sensor 
applications such as ultrasonic park-assist.

Sensors with high-frequency outputs
The electrical signal produced by many sense elements is 
a relatively high-frequency signal. This is either because 
the stimulus to the sense element is a high-frequency sig-
nal, or the physical quantity being measured is high fre-
quency in nature. For example, position measurement of 
automotive hydraulic valves using LVDT position sensors. 
This sensor is high frequency because the LVDT primary 
coil is excited using a high-frequency signal – say, 5 kHz. 
Similarly, the output of piezoelectric transducers used in 
ultrasonic park-assist applications is high frequency 
because the transducers measure the intensity of 
ultrasonic waves, whose signal frequency is greater 
than 20 kHz.

In such high-frequency-sensor signal outputs, the 
signal information is most often embedded in the 
amplitude of the signal. Figure 1 shows a time-plot 
of a sensor signal which is high frequency, and the 
amplitude represents the variation of the physical 
quantity that the sensor is measuring. The mathe-
matical representation of such a signal is:

y t A t A sin t A sin tC C S S C C( ) = ( ) + ( )sin ( ),ω ω ω
	

(1)

where AC is the amplitude of the sensor excitation, 
wC is the sensor-excitation frequency in rads/s, AS 
is the amplitude of the physical quantity of interest, 
and wS is the frequency of the physical quantity of 
interest in rads/s.

It is assumed that the amplitude of the signal of 
interest is less than the amplitude of the high-
frequency carrier signal so that y(t) is an undis-
torted amplitude-modulated signal.
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Figure 1. High-frequency sensor output with  
signal information in the amplitude
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Note that in some cases, the signal information could be 
embedded in the signal’s frequency. For example, if an 
ultrasonic transducer in the bumper or wing mirror of a 
moving automobile is used to measure distance to another 
moving vehicle, then the frequency of the signal will have 
information about the relative speeds of the vehicle based 
on the Doppler effect.

In this article, the focus is on extracting the amplitude 
information from the output of the high-frequency sensor. 
The technique of extracting amplitude information is 
called amplitude demodulation.

Amplitude-demodulation techniques have been in exis-
tence ever since AM radio transmissions began in the early 
1900s. Many solutions have been implemented in both the 
analog and digital domain to extract the amplitude infor-
mation from a signal. Further, the demodulation processes 
could extract just the amplitude of the signal, or could 
also extract the phase of the sensor output signal relative 
to the sensor stimulus. The former demodulation tech-
nique is called asynchronous demodulation while the latter 
technique is called synchronous demodulation.

Based on the above definitions, the focus of this article 
is limited to one specific family of amplitude-extraction 
techniques – digital asynchronous amplitude demodulation. 
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Why is this narrow family of techniques important? With 
the advent of advanced manufacturing techniques for 
mixed-signal integrated circuits (ICs), such as the LBC8LV 
process at Texas Instruments, mixed-signal signal condi-
tioners are available to support a variety of sensors. With 
such sensors, signal conditioning occurs partly in the ana-
log domain and partly in the digital domain. Even though 
signal-conditioning architectures have quantization 
aspects, such devices offer flexibility and, if designed 
right, offer sufficient accuracy for most sensor applica-
tions. Application engineers can easily customize signal 
conditioners for their specific application scenario and 
speed up their product-development cycles.

The PGA450-Q1 from Texas Instruments is an example 
of a mixed-signal signal conditioner for automotive sensors 
used in ultrasonic park-assist applications. This signal con-
ditioner specifically amplifies the electrical signal using an 
amplifier and extracts the amplitude of the signal using 
the digital asynchronous, amplitude-demodulation 
technique. 

Digital asynchronous, amplitude-demodulation 
techniques
Two methods of the digital asynchronous, amplitude-
demodulation technique are investigated: peak and 
average.

Peak Method 
In this method of asynchronous demodulation, the peak 
value of the sensor output signal in every frequency cycle 

is extracted. That is, this process discretizes the signal in 
time at a frequency of the underlying carrier signal.

If the frequency of the underlying signal is known 
(which is usually the case), and if the signal is sinusoidal 
(which is a typical high-frequency excitation signal), then 
the extracted peak value is the amplitude of the sine wave 
in each cycle. That is, the peak value in the nth carrier-
frequency cycle can be mathematically expressed:

y t nT A A sin n TP c C S S C=( ) = + −













ω 3

4
,	 (2)

where TC = 2p/wC. 
The PGA450-Q1 implements the peak method of 

demodulation.

Average Method 
In this method of asynchronous demodulation, the sensor 
signal is first rectified. The rectified output is then filtered 
using a low-pass filter. Mathematically, the full-wave recti-
fied output of the signal described in Equation 1 is:
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where u(t) is a square wave with amplitude equal to 1 and 
frequency equal to wC. 

Using Fourier series, the square wave can be written as:
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Therefore, the rectified output can be written as:
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(5c)
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Filtering the rectified output using a low-pass filter with 
a gain of 0 dB and the cutoff frequency is wC, the filtered 
output can be expressed:

y t LPF y t
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Equation 6 shows that the signal can be extracted using 
this method.

Effect of nonlinearity
In a linear system, the output of the system is proportional 
to its input; in other words, the output is:
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where x is the input to the system, y is the output of the 
system, and ai is the coefficient. For simplicity of analysis, 
the offset term (the term that is independent of the input 
signal) has been neglected.

In a nonlinear system, the output of the system has 
higher-order input terms; or the output is:

	
y a x

i
i

i= ∑
=

∞

1
.
	

(8)

In the context of LVDT signal conditioning, the amplitude 
modulated signal given in Equation 1 could be affected by 
nonlinearity. The possible causes of nonlinearity are:

1.	Distorted drive signal, or the carrier has higher-order 
harmonics. The carrier could have high-order har-
monics because the carrier signal itself is the output 
of a nonlinear system: 
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2.	The nonlinear signal chain, or the signal output, is 
nonlinear with regards to its input:
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3.	Nonlinear transducer, or the transducer output, is 
nonlinear with regards to the physical quantity it is 
measuring:
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Note that the first two sources of the nonlinearities are 
a result of a non-ideal signal generator/conditioner, while 
the third source of nonlinearity is from the transducer. 

Also, all nonlinearities can be present in the system at 
the same time, making the output of the signal chain a 
complex mathematical expression.

Dealing with nonlinearity
The two sources of nonlinearity that are a result of non-
ideal signal generator and conditioner will now be 
addressed. Also, a second-order nonlinear system, which 
is one of the common forms of nonlinear systems, will be 
analyzed. This analysis can be extended to higher-order 
nonlinearities as well as a nonlinear transducer output.

Distorted drive signal 
In the presence of a distorted drive signal (or carrier sig-
nal), the amplitude-modulated carrier signal given in 
Equation 1 can be written as Equation 9 by setting a1 = 1 
and a2 = b after trigonometric manipulations.

y t A t A sin t A sin t

b A t bA

C C S S C C

C C S

( ) = ( ) + ( ) ( )
+ ( )  +

sin

sin

ω ω ω

ω
2

ssin sinω ωS C Ct A t( ) ( ) 
2

	

(9a)

y t A t A sin t A sin t

bA t

C C S S C C

C C

( ) = ( ) + ( ) ( )
+ − ( )  +

sin ω ω ω

ω2 1 2sin bbA A t tS C S C
2 1 2sin ( )ω ω( ) − sin

	

(9b)

Equation 9 shows that the output of the transducer has 
frequency components at 0 rad/s and at around 2wC, in 
addition to a signal around wC 

One clear way to minimize the frequency components at 
0 rad/s and at around 2wC is to use a bandpass filter with 
the center frequency set at wC and with sufficient band-
width. The bandwidth specifically should be such that 
there is no significant attenuation at wC ± wS. With such a 
bandpass filter, the output of the bandpass filter is:
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This bandpass filter output can then be demodulated 
either by using the peak or average method to extract the 
transducer signal.

Nonlinear signal chain
The presence of second-order signal-chain nonlinearity 
causes the amplitude modulated signal to be modified to be:
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Setting a1 = 1 and a2 = b, and following trigonometric manipulation, Equation 11 can be written:
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Equation 12, once again, shows that the output of the 
transducer has frequency components at 0 rad/s and at 
around 2wC and higher frequencies, in addition to the 
signal around wC 

Again, using a bandpass filter with the center frequency 
set at wC, and with sufficient bandwidth, the nonlinearity-
induced frequency components can be reduced. With such 
a bandpass filter, the output of the bandpass filter is:
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This bandpass filter output then can be demodulated 
either using the peak or average method to extract the 
transducer signal.

Conclusion
The output of a LVDT position sensor could be nonlinear. 
This article described how the use of a bandpass filter in 
the signal chain can be an effective way to deal with signal 
nonlinearities.

Figure 2: LVDT signal conditioner with bandpass filter
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Figure 2 shows a simplified block diagram of the LVDT 
signal conditioner described in this article. Specifically, the 
block diagram shows the use of the bandpass filter in the 
signal chain.

Note that the PGA450-Q1 signal conditioner from Texas 
Instruments is designed for automotive ultrasonic park-
assist sensors and already implements a bandpass filter.

References
1.	Alan Oppenheim and Ronald Shafer, “Digital Signal 

Processing,” Prentice Hall, 1975

Related Web sites
www.ti.com/3q14-PGA450Q1

www.ti.com/3q14-automotive

Subscribe to the AAJ:
www.ti.com/subscribe-aaj

http://www.ti.com/aaj
http://www.ti.com/3q14-PGA450Q1
http://www.ti.com/subscribe-aaj
http://www.ti.com/3q14-automotive


Analog Applications Journal

E2E and OMAP are trademarks and DLP is a registered trademark of Texas 
Instruments. All other trademarks are the property of their respective owners.

TI Worldwide Technical Support

Internet
TI Semiconductor Product Information Center 
Home Page
support.ti.com

TI E2E™ Community Home Page
e2e.ti.com

Product Information Centers
Americas	 Phone	 +1(512) 434-1560

Brazil	 Phone	 0800-891-2616

Mexico	 Phone	 0800-670-7544

	 Fax	 +1(972) 927-6377
	 Internet/Email	 support.ti.com/sc/pic/americas.htm

Europe, Middle East, and Africa
Phone
	 European Free Call	 00800-ASK-TEXAS 
		  (00800 275 83927)
	 International	 +49 (0) 8161 80 2121
	 Russian Support	 +7 (4) 95 98 10 701

	� Note: The European Free Call (Toll Free) number is not active in 
all countries. If you have technical difficulty calling the free call 
number, please use the international number above.

Fax	 +(49) (0) 8161 80 2045
Internet	 www.ti.com/asktexas
Direct Email	 asktexas@ti.com

Japan
Fax	 International	 +81-3-3344-5317
	 Domestic	 0120-81-0036

Internet/Email	 International	 support.ti.com/sc/pic/japan.htm
	 Domestic	 www.tij.co.jp/pic

Asia
Phone	 Toll-Free Number
		�  Note: Toll-free numbers may not support 

mobile and IP phones.
		  Australia	 1-800-999-084
		  China	 800-820-8682
		  Hong Kong	 800-96-5941
		  India	 000-800-100-8888
		  Indonesia	 001-803-8861-1006
		  Korea	 080-551-2804
		  Malaysia	 1-800-80-3973
		  New Zealand	 0800-446-934
		  Philippines	 1-800-765-7404
		  Singapore	 800-886-1028
		  Taiwan	 0800-006800
		  Thailand	 001-800-886-0010
International	 +86-21-23073444
Fax	 +86-21-23073686
Email	� tiasia@ti.com or ti-china@ti.com
Internet	 support.ti.com/sc/pic/asia.htm

A021014

Important Notice: The products and services of Texas Instruments 
Incorporated and its subsidiaries described herein are sold subject to TI’s 
standard terms and conditions of sale. Customers are advised to obtain the 
most current and complete information about TI products and services 
before placing orders. TI assumes no liability for applications assistance, 
customer’s applications or product designs, software performance, or 
infringement of patents. The publication of information regarding any other 
company’s products or services does not constitute TI’s approval, warranty 
or endorsement thereof.

© 2014 Texas Instruments Incorporated. All rights reserved.

SLYT582

http://support.ti.com
http://e2e.ti.com
http://support.ti.com/sc/pic/americas.htm
http://www.ti.com/asktexas
http://support.ti.com/sc/pic/japan.htm
http://www.tij.co.jp/pic
http://support.ti.com/sc/pic/asia.htm


IMPORTANT NOTICE
Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESD48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI’s terms and conditions of sale
supplied at the time of order acknowledgment.
TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI’s terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent TI deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.
TI assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.
TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.
Reproduction of significant portions of TI information in TI data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.
Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
TI is not responsible or liable for any such statements.
Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify TI and its representatives against any damages arising out of the use
of any TI components in safety-critical applications.
In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI’s goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.
No TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.
Only those TI components which TI has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.
TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, TI will not be responsible for any failure to meet ISO/TS16949.
Products Applications
Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom www.ti.com/communications
Data Converters dataconverter.ti.com Computers and Peripherals www.ti.com/computers
DLP® Products www.dlp.com Consumer Electronics www.ti.com/consumer-apps
DSP dsp.ti.com Energy and Lighting www.ti.com/energy
Clocks and Timers www.ti.com/clocks Industrial www.ti.com/industrial
Interface interface.ti.com Medical www.ti.com/medical
Logic logic.ti.com Security www.ti.com/security
Power Mgmt power.ti.com Space, Avionics and Defense www.ti.com/space-avionics-defense
Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video
RFID www.ti-rfid.com
OMAP Applications Processors www.ti.com/omap TI E2E Community e2e.ti.com
Wireless Connectivity www.ti.com/wirelessconnectivity

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2014, Texas Instruments Incorporated

http://www.ti.com/audio
http://www.ti.com/automotive
http://amplifier.ti.com
http://www.ti.com/communications
http://dataconverter.ti.com
http://www.ti.com/computers
http://www.dlp.com
http://www.ti.com/consumer-apps
http://dsp.ti.com
http://www.ti.com/energy
http://www.ti.com/clocks
http://www.ti.com/industrial
http://interface.ti.com
http://www.ti.com/medical
http://logic.ti.com
http://www.ti.com/security
http://power.ti.com
http://www.ti.com/space-avionics-defense
http://microcontroller.ti.com
http://www.ti.com/video
http://www.ti-rfid.com
http://www.ti.com/omap
http://e2e.ti.com
http://www.ti.com/wirelessconnectivity

