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Almost all sensors either 

have electrical output or the 

output signal is converted 

into current of voltage



Content

• Voltage measurements

• Analog-to-digital conversion, voltage references

• Current measurements

• Current-to-voltage conversion, current sense transformers

• Resistance measurement

• Basic measurements, bridge circuits, linearization

• Capacitance and inductance measurement

• Rise-time, attenuation based, bridge circuit, resonance, oscillation frequency

Handbook of Modern Sensors: chapter 5

Sensor Technology Handbook: chapter 4



Voltage 
measurements



Analog-to-digital conversion

• Converting a signal from analog (continuous) to digital 

(discrete) form

• Link between the analog world of transducers and the digital 

world of signal processing and data handling
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Main steps
1. Signal conditioning: amplification, filtering

2. Sampling and holding

3. Quantization and Encoding
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Analog-to-Digital Converter



Sampling frequency 

• Nyquist sampling theorem

• Sampling frequency must be twice the maximum frequency  
component of the function being sampled

• Otherwise harmful folding occurs

• Anti-aliasing filter must be used before the converter
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Aliasing and folding

• For sampling frequency fs, all sinusoidals with the form 

produce and identical set of samples

• N = 0, ±1, ±2, ±3…

• A sinusoidal signal having the frequency f has an infinite set 

of alias signals with freqencies |            |

• Folding of signal around

0.5*fs, 1.5*fs, 2.5*fs…

• Signal must be limited to 

frequency range below fs/2

• In practice: components
above fs/2 must be small
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Fourier transform of audio signal sampled at 44.1 kHz 
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Quantization error
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• Limited number

of bits is seen as

uniformly

distributed error

• Effectively white noise

• Sinusoidal wave that

utilized the whole

dynamic range has

SNR = 20log(2N)+ 1.76 (dB) = 6.02N + 1.76 (dB)

• Additional (analog) noise sources limit the practical SNR

• Effective number of bits (noise free resolution) is smaller 



Resolution and dynamic range
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• For N bits, the dynamic range is given as                           

20*log 2N dB ≈ 6.02*N dB

Example
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Different types of analog-
to-digital converter



Dual Slope Converter
• High resolution, linear, accurate, limited bandwidth (DC signals)

• Input signal is integrated for fixed time tu

• Discharge with known opposite polarity Vref, discharge time
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Flash Converter

• Fastest available converter

• All bits are converted in parallel

• Encoding based on highest

comparator acticating

• 2N – 1 comparators

• Expensive

• Limited number of bits





Pipeline Converter
• First stage resolves first N bits

• Residual is calculated, multiplied and passed to next stage

• Pipeline: when a stage finishes processing a sample, it can 

then start processing the next sample 



Successive approximation register (SAR)

• Iterative method to convert signal bit by bit, starting from most

significant bit (MSB) 

• Non-linearity issues, sensitive to electrical interference
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Delta-Sigma Converter
• Modulator outputs a 

stream of ones and 

zeros

• The density of "ones" 

at the modulator output 

is proportional to the 

input signal

• Highly oversampled

• ADC with highest 

resolution 





Comparison of ADCs

• Matter of optimization: Resolution, sampling rate, noise, price, etc…

Type
Speed 

(relative)

Cost

(relative)

Resolution

(bits)

Dual Slope (Very) slow Low – Med 12-18

Flash Very Fast High 3-12

Pipeline Fast Med 8-16

Successive 

Approx
Medium – Fast (Very) Low 8-16

Sigma – Delta Slow – Fast Low 12-32



Voltage references



Voltage references

• Important part of ADC, ultimately limiting the accuracy

• Typically temperature compensated zener reference

• Can be external or internal

• Important parameters

• Initial accuracy

• Temperature stability

• Drift rate

• Noise

• Supply (and load) regulation



Examples of voltage references
Typical perform values are given

IC
Initial 

accuracy

Temperature

dependence
Long term stability Price

TL431 0.5% 4 ppm/°C ? 0.1 €

ADR380 0.2% 3 ppm/°C 70 ppm / 1000 h 1.5 €

REF3240 0.01% 4 ppm/°C 55 ppm / 1000 h 5 €

LM399 2 % 0.5ppm/°C 8 ppm / 1000 h 10 €

LTZ1000 ~2 % 0.05 ppm/°C 0.03 ppm / 1000 h 50 €



Current 
measurements



Shunt resistor

• Simplest approach: resistor is used to 

convert current to voltage → U = R·I

• Disadvantages

• The voltage seen by the source changes as 
a function of current → nonlinearities

• Small currents: sensitive to load of the
external circuitry

• High currents: without amplification, 
power losses become significant

(U = R·I2) or the output voltage is low

• → Actice circuits



Current sense amplifier
• High-side measurement

• Current is monitored directly from the source

• High immunity to ground disturbance

• Easy to detect load short to ground

• High supply voltage can be problematic

• Low-side measurement

• Common mode voltage ~0

• Easier in terms of component selection

• Load short to ground is undetected

• Possible issues with ground loops

• Can be noisy if multiple loads are driven from
common supply



Transimpedance amplifier (TIA)

• Active current-to-voltage converter

• Typically implemented using an operational amplifier

• May contain additional amplification stages

• Practical range from sub-femtoamperes to few milliamperes

𝑽𝒐𝒖𝒕 = −𝑹𝒇𝑰𝒊𝒏 𝒇𝒄𝒖𝒕𝒐𝒇𝒇 =
𝟏

𝟐𝝅𝑹𝒇𝑪𝒇
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Current transformer

• A transformer optimized for current sensing 

• Typically frequency range 50 Hz to 1 Mhz, RF models up to GHz

• Typically in high current applications (1A to 1 kA)

• Output measured for example with TIA



Modifying the transformer ratio

1:300 1:150 1:100



Hall effect current sensor
• Utilizes the Hall effect to convert current to voltage

• Perpendicular current and magnetic field induce potential difference

• Suitable from DC to >100 kHz

• Suffers from signicant drift → compensation needed



Magnetoresistive current sensor

• Magnetoresistance: the change of electrical resistance under 

externally-applied magnetic field

• Somewhat similar usage as with Hall effect sensor

• Improved accuracy over Hall sensors

• Limited linear range, compensation field                                     

needed for                                                                              

linear region                                                                     

operation 



Resistance 
measurements



Typical resistance measurement

• Typically

resistance is 

measured with 

current generator 

and voltage 

source



2-wire measurement



4-wire measurement

• Eliminates the effect of wire resistances



3-wire measurement

• Assumes identical resistance in all wires

• Industry standard in many applications



Wheatstone bridge

• For detecting small changes of 
resistance (PT temperature sensor, 
strain gauge etc.)

• Change in resistance causes 
imbalance in the circuit → Voltage 
over the bridge

• Minimum of one sensor → linear up 
to 5% change in resistance

• Adding sensors will improve linearity 
and sensitivity

R1

R3

V0- V0+



Wheatstone bridge equations
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Voltage divider rule gives:
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Linearization
• Many sensors have exponentially changing resistance 

• NTC temperature sensors, photoresistors, resistive humidity
sensors etc.)

• Simple resistive divider based circuits are often used to 

linearized these sensors



Capacitance and 
inductance 
measurements



Measure attenuation / phase shift



Measurement of time constant



Measurement of time constant



Oscillator based

• Countless oscillator 

circuits exist where         

f ∝ 1/C, f ∝ R or f ∝ L

• Practical approach in 

many sensor 

applications



Resonance

Sweeping frequency Output amplitude
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AC bridge circuits

• Based on the Whetsone

bridge

• Complex impedances 

and AC source

• Balanced bridge:



C and L bridge measurements

inductance capacitance



Wien bridge
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• Bridge design that takes into account the series resistance of 

the measured capacitance
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Maxwell bridge
• Bridge design that takes into account the series resistance of 

the measured inductance 
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Next week

• Frequency measurements

• Noise issues

• Noise sources

• Noise reduction techniques

• Measuring low signal levels

• Special amplifiers

• Switched integrators

• Lock-in amplification

• Statistical approaches

• Case examples


