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• Offset voltage
• Bias current (kan gi stor spenning 

over utgangsimpedansen til en sensor)
• Noise
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Driven shield f.eks. pga.
høyohmig inngang

LP: fc = 1,6 MHz



Operasjonsforsterker ‐ OPAMP
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Flere forsterkere
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Lys‐til‐spenningsomformer
Fotosensor + transimpedansforsterker

• Fotosensor
• Fotodiode
• Fototransistor
• Fotoresistor

• Albert Einstein – fotoelektrisk effekt – Nobelpris 1921
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Konstant‐
strømkilder
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Howland current pump
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Kvadratur‐
oscillator
• Hvert steg fasedreier 90 grader
• Gir positiv feedback
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Digital til analog 
omformer

• Wide range of R’s
• High values of R’s
• Temperature drift
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Analog to digital converter
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Flash ADC

• Similar to succ. approx.
• All tests simultaneously
• n‐bit  2n‐1 comparators
• Fast but much hardware
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Synchronous rectifier, square wave
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Digital syncronous rectifier (lock‐in amplifier)

If the reference signal is:  v tr r sin   
 

and the input signal is:  v v ti i  1 sin    
 

the output signal will be:  
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A low pass filter will follow this multiplier module, and the right hand cosine expression may 
therefore be ignored. In fact the only dc signal that will appear at the low pass filter output, 
will be the one corresponding to i = r , which gives: 
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Total suppression of noise in this system is of course only possible if the integration time is 
infinite, i.e. the multiplication is carried out over an infinite number of signal cycles. Gabrielli 
(1984) shows that the suppression of random (white) noise is given by an equivalent filter function 
with a bandwidth f given by 

 

    N
f

f r
 

 
where fr is the analysed frequency and N the number of cycles. Hence, in a 10 Hz measurement, 
the bandwidth is 0.1 Hz when integrating over 100 cycles, but only 2 Hz when integrating over 
only five cycles of the signal. The corresponding transfer function is given by 
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where /0 is the normalised angular frequency.  
The transfer function is also shown  in the figure  
as a function of number of integration cycles. 
 

Digital syncronous rectifier (lock‐in amplifier)
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Relative målinger
• Måler i forhold til en referanse som påvirkes på samme måte av støy, aldring, 

temperatur, ustabil spenningsforsyning, etc.
• Det gjøres en divisjon mellom de to signalene
• Egner seg derfor kun for multiplikative feil
• For additive feil egner differensialmålinger best
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Wheatstone bridge
• Hvis Z1 er sensor, kan det vises at:

𝑑𝑉௢௨௧
𝑉௥௘௙

ൌ
𝑑𝑍ଵ
4𝑍ଵ

• Balanced bridge
• Disbalanced bridge
• Autobalancing bridge
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Strømsløyfe
• Slipper spenningsfall ved lange overføringer (f.eks. skip)
• Resistiv sensor med lange tilkoblinger: firepunktsmåling
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Intern (endogen) støy

• LSB i en digital representasjon
• Input offset spenning og bias‐strøm
• Johnson noise (white noise)

– Skyldes termiske bevegelser av elektronene
– Støyspenningens mean‐square‐value:

• Shot noise (white noise)
– Pga. DC strøm i halvledere
– Verre dess mer bias‐strøm (bedre i FET og CMOS)

• 1/f (flikker) noise (pink noise)
– < 100 Hz
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Frekvensområdet som 
målingene gjøres i



Ekstern (eksogen) støy

• Transienter i lysnettet, 50 Hz, 
radiosendere, elektromagneter

• Additiv støy: Differensialmålinger

19

CMRR viser hvor mange ganger sterkere inngangssignalet 
vil være representert på utgangen enn et common mode 
støysignal med samme amplitude

CMRR
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Skjerming
• Skjermet kabel «jordes» på signalsida
• Oppdelte skjermer seriekobles
• Skjermen må bare jordes ett sted
• Hvis sensoren er innkapslet så jordes skjermet kabel til boksen
• Skjermen må alltid ligge på 0 volt (unntatt ved driven shield)
• Bruk korte ledninger til jord for å minimere induktans

• Vanskeligere å skjerme for magnetfelt, spesielt LF felt
• Må bruke metall med høy permeabilitet (mymetall)

Reduser lengden på ledningene, avstanden eller bruk twisted pair  mindre fluks 21



Jordplan
• Hovedsakelig for å 

redusere induktans 
(ved å redusere 
magnetfeltet)

• Gir en returvei for 
strømmen rett under
lederen (ved riktig design 
av jordplanet)

• Gir lavere resistans pga
mindre skin‐effekt

• Kobler strøkapasitanser til jord

• Spesielt viktig under digitale eller HF signaler

• Bruk separat analog og digital jord som kun forbindes ett sted (ved tilkobling til 
strømforsyning)
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Jordsløyfer

Never use same conductor
for a reference signal and 
power supply
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Direct current ‐ DC

• From direct current (DC) theory we know that resistors in series: 

• If resistors are in parallel:

• The inverse value of resistance is then called conductance, which gives: 

• Equations often become simpler using conductance for circuits which predominantly are 
in parallel and resistance for series‐circuits. But only a practical matter !

nRRRR  21

nRRRR
1111
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 

nGGGG  21



Alternating current ‐ AC

• R = 1/G  Z = 1/Y
• Immittance is common for impedance or admittance
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Example using three components
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Material properties
Simple parallel plate:
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In tissue
• Electrode = transfer between
ionic and electronic current

• Susceptance – polarization due 
to:

– Ions moving along cell surface (low
frequency)

– Membrane as dielectric (higher
frequencies)

– Water dipole orientation (GHz)

Conductance: Na+, K+, Ca++, Cl—

Susceptance: 𝐵 ൌ 𝜔𝐶 ൌ 2𝜋𝑓𝜀଴𝜀௥
𝐴
𝑑

A few
nanometers

ൎ 1𝜇𝐹/𝑐𝑚ଶ



Dispersions

Counter-ions

Charging of 
cell membranes

Relaxation of
water molecules

E.g. makromolecules
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Important to speak the same language …



Multi‐sine, chirp, etc.



The raw data
• Measured with Solartron 1260 + 

1294
• Four electrodes on lower leg
• Exported as text file



Bode plot of impedance
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Bode plot of admittance
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Bode plot of |Z| and 
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Bode plot of |Y| and 
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Wessel, Nyquist, Argand, Cole, …
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Fish and meat

• Measured on haddock muscle with surface electrodes
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Two‐electrode system
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Four‐electrode system



Transfer impedance

i v i v

• Input: i ,   output: v ,   transfer function: 

• This is transfer impedance, 
not impedance

• Cannot use for calculation 
of ,  or 

• Except for homogenous, 
uniform material

A B

Z
i
v




Four electrodes – be aware:

• Measures transfer impedance

• Current shunt paths through the pick‐up 
electrodes ( over‐estimation of Z)

• Multiple current paths (often  false 
positive phase angle)

• Common mode problems

• What happens if the frequency dependence is 
not the same?



Sensitivity field calculations

• Simple and very powerful 
tool, but not used very 
much

• Example: Direct current 
resistance measurement 
with a four‐electrode 
system on a 
homogeneous medium



Sensitivity field calculations #1

Imagine that you inject 
a current I between the 
two current electrodes, 
and compute the 
current density J1 in 
each small volume 
element in the material 
as a result of this 
current



Sensitivity field calculations #2

Imagine that you 
instead inject the 
same current between 
the voltage pick-up 
electrodes, and again 
compute the resulting 
current density J2 in 
each small volume 
element.



Sensitivity field calculations #3

• The sensitivity S and total measured resistance R are then (reciprocal system): 

• Positive S: Increased resistivity in this area  higher total measured resistance
• Negative S: Increased resistivity in this area  lower total measured resistance
• High absolute value of S: Very sensitive to changes in resistivity
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Four‐electrode system



Closer look …

If you multiply the sensitivity with the resistivity 
in each small volume element, you get “a” resistance, 

but is it:
‐ the “resistance” of that volume element, or …
‐ the volume element’s contribution to the measured resistance ?



Adding a low‐conducting slice

A slice with only 20% of the 
conductivity of the surrounding 
medium is added



Volume impedance density

The plot now shows the sensitivity divided by the conductivity 
(same as multiplying with the resistivity, since this is DC).



Electrodes further apart



Larger electrodes



Closer look …



Two electrodes on the sides



Closer look …



Increased electrode separation



Closer look …



Two‐electrode system



Closer look …



Simple four‐electrode FEM model
Comsol Multiphysics  ‐ 2D, DC conductive media

Voltage sensing
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Sensitivity field – no object

• Sensitivity is the dot product of the current density 
vector lead fields from the two pair of electrodes 

• Can be positive and negative
• Shows that the system is reciprocal



Sensitivity field – metal object

Measured resistance is increased by 7.3 %



Sensitivity field – insulating object

Measured resistance is reduced by 7.0 %



Two popular skin surface ECG electrode designs

EEA(cm2)

EA(cm2)

gel:

metal:insulator:

Fig. 8.10

Wet gel or solid gel (hydrogel)?



Monopolar skin 
impedance spectrum as a 
function of gel 
penetration.

No significant influence 
from electrode 
polarization impedance.
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