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Noise in electronic and electromechanical systems is usually analyzed 

in the context of its frequency spectrum and of all sensor parameters. The so 
called “kTC” noise, i.e., the fluctuation of the charge stored on a capacitance 
C, sometimes referred to as “reset noise”, and/or, “reset transistor noise”,  
refers to the total fluctuation as governed by the equipartition principle.  In 
some cases, it represents a limit to the measurement accuracy. In some other 
cases, with most radiation detectors and CCDs, it only represents the worst 
case, and a much better noise performance can be achieved. While the total 
charge fluctuation on a capacitance is determined as kTC by the equipartition 
principle, the noise affecting the measurement can be reduced to a very 
small fraction of this value, by minimizing the dissipative real part of the 
node impedance, and by restricting the bandwidth to the region of the 
frequency spectrum where the noise from the dissipative part is negligible. 
The total fluctuation limit is most difficult to avoid in the simplest detector 
readout schemes, such as with pixel matrix imagers.  The relation between 
the equipartition principle and the dissipation-fluctuation theorem on the one 
side, and the detailed properties of the noise and circuit functions on the 
other, is explored.  The equivalence between the electronic circuits and 
electromechanical systems will be discussed. In particular, the following 
questions will be addressed: 

 
• Spectrum and autocorrelation function of the kTC noise; 
• Transient behavior of kTC noise in switched and sampled circuits; 
• If  kTC  on 1pF is 400 rms e, how can one achieve <10 rms e? 
• The noise in pixel matrix imagers:  When can the kTC noise be 

reduced? 
• Active reset in pixel matrix imagers and the role of feedback; 
• kTC  noise limits in single-electron electronics; 
• Equipartition, and the noise in mechanical sensor systems (e.g., 

MEMS cantilevers, vibration insulators in gravity wave detectors). 
• Noise in resonant (electromechanical) systems and the role of the 

quality factor Q. 
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 Tools: •  statistical mechanics Circuit & Signal Analysis: 
  •  circuit analysis   
  •  probability & statistical Campbell, 
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Resonant Systems
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  Noise Spectral Density and Equipartition Theorem
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Concluding Remarks: 
 
1. Fluctuation-dissipation theorem with Nyquist’s expression for thermal noise is essential for 

calculation of noise spectra and for detailed information on noise sources. 
 
2. Equipartition theorem provides no detailed information, but provides a check on the integrals 

of noise spectra (the total fluctuation). 
 
3. Transient behavior of noise in switched capacitor circuits and matrix readout pixel arrays is 

best understood by means of Campbell’s theorem, which provides noise variance vs time. 
 
4. A complete charge reset and charge transfer by a switch result in TCkBq =σ2 , independently 

of the switch ON resistance.  This noise can be subtracted only if the first sample in the CDS is 
before the signal. 

 
5. Transfer (i.e., direct transport) of charge without switching (as in a CCD) does not result in 

TCkB  noise.  Reset of the sense amplifier does. 
 
6. In resonant sensors and vibration isolators, noise well below the resonant frequency is very 

important.  It is inversely proportional to the quality factor Q. 
 
7. Impulse excitation of resonant systems smaller than TkB  can be detected by “single cycle 

signal processing”. 
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Shot Noise, "Pileup"

Campbell:
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     Noise Calculation: Time Domain
 and Frequency Domain

For time invariant systems impulse response h(t) and weighting
function w(t) are interchangeable for noise calculations.

From Parseval’s theorem, noise variance can be expressed as:
               _                     _

2  = n q2  h2(t)d t  =  2 n q2 H( ) 2 d f
                      -              o
 Campbell’s theorem

             Also: 2 = W o H( ) 2 df
                       o

                   _
Thus noise spectral density: W o = 2 n q2 = 2qeIo for shot noise

          (similarly W o = 4kT/R  for thermal noise)
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