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1. What is a detector “signal”?

2. Charge transport in gases and solids

3. Induced signals on electrodes
• Schottky-Ramo Theorem
• Current, charge or voltage?
• Applying Ramo to detectors
• Structured electrodes
• (calculation of EW by “conformal mapping”)

4. Signal fluctuations and (electronic) noise 
• Why bother?
• Signal fluctuations (Fano noise)
• Electronic noise

Outline overview

5. Readout of signals
• Amplification
• (Excursion: Laplace transform)
• Filtering
• Discrimination
• Digitisation
• (Example: a readout chip)

6. Signal transmission off detector

7. (Deadtime)

8. Noise of a readout system
• Explicit calculation of noise

• ATLAS pixel detector
• ATLAS strip detector
• ATLAS Liq. Argon calorimeter



Generic R/O scheme = guide line of what follows
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back end
electronics 

front end electronics 



Signal fluctuations
and (electronic) noise



Intro – why bother about noise?
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NaI (Tl)

Ge detector

Ag spectra

Why bother about noise?
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Low noise improves the resolution and the
ability to distinguish (signal) structures.

Low noise improves the signal to back-
ground ratio (signal counts are in fewer bins  and thus
compete with fewer background counts).

good

medium

bad
resolution
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Nomenclature, a typical detector pulse
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Signal fluctuations and electronic noise 
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Signal and Noise Fluctuations

𝜎S ≫ 𝜎B

𝜎S ≪ 𝜎B



EXAMPLE I: Positron Emission Tomography (PET)
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e.g. 22Na
with PMT 
readout

annihilation photons
have 511 keV

What is the dominant noise origin
that must be fought when trying to
improve the energy resolution?

What is Position Emission Tomography (PET)?
• Patient injected with drug having ß+ emitting isotope (e.g. 22Na)
• Drug localises in patient.
• Isotope decays, emitting e+

• e+ annihilates with e− from nearby tissue
forming bach-to-back photon pair with E𝛾 = 511 keV each.

• 511 keV photons are detected via time coincidence
• Position of emission lies on line defined by detector pair

Result: a planar image of a “slice” through the patient
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Example (PET) cont’d

Where is the dominant noise source?
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Example cont’d
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Example II

F = fano factor

Relative to signal 
�e/h

Ne/h
= 0.2%

<latexit sha1_base64="HIt5SsnFk45fJuEYhCa8mi9NmHs=">AAACDXicbZDLSsNAFIYnXmu9RV26GawFVzEpFd0IRTeupIK9QBPCZDpph84kYWYilJAXcOOruHGhiFv37nwbp20W2vrDwMd/zuHM+YOEUals+9tYWl5ZXVsvbZQ3t7Z3ds29/baMU4FJC8csFt0AScJoRFqKKka6iSCIB4x0gtH1pN55IELSOLpX44R4HA0iGlKMlLZ889gNBcKZK+mAIz8jp8M8z24LgJfQtmpu1TcrtmVPBRfBKaACCjV988vtxzjlJFKYISl7jp0oL0NCUcxIXnZTSRKER2hAehojxIn0suk1Oaxqpw/DWOgXKTh1f09kiEs55oHu5EgN5XxtYv5X66UqvPAyGiWpIhGeLQpTBlUMJ9HAPhUEKzbWgLCg+q8QD5GOR+kAyzoEZ/7kRWjXLKdund3VK42rIo4SOARH4AQ44Bw0wA1oghbA4BE8g1fwZjwZL8a78TFrXTKKmQPwR8bnDyusmvI=</latexit>

compare to 2% for NaI(Tl)

Noise in Si detectors (∝ CD) is of order 100 e- (pixels) or 1000 e- (strips)
i.e. larger than the signal fluctuation.
They thus determine the resolution of the system.  



Signal fluctuations and Fano Factor
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Fano Factor I

simplified
approach

only two
energy loss
mechanisms

1) e/h ionisation
2) phonon exc.

assume also
Gaussian 
statistics
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Fano Factor II

Note: E0 is fixed

Result:
Energy resolution
𝜎e/h is in fact 
smaller than 
√Ne/h , since F 
often (e.g. in Si) < 1 
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Electronic noise
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Noise
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shot noise

parallel noise

white noise

flicker noise
Nyquist Noise

Johnson Noise

Funkel Rauschen

RTS noise

kt/C noise

series noise

popcorn noise

switching noise

1/f noise

Thermal noise

Widerstandsrauschen

Stromrauschen

Schrotrauschen



noise current origins
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a signal current

can fluctuate in number and in velocity 
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Summary: noise physical origins

• ⟨i2⟩ = 2q ⟨i⟩ df shot noise

• ⟨i2⟩ = 4kT / R df thermal noise

• ⟨i2⟩ = const. 1/fa df 1/f  noise

plus perhaps … popcorn noise, RTS – noise … all 1/f⍺ …

number fluctuation

velocity fluctuation

number fluctuation



Measuring Noise 
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unit of “voltage noise power density“ = [
p
v2/df ] = V/

p
Hz
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unit of “current noise power density” = [
p

i2/df ] = A/

p
Hz
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spectral noise power density



Notice …
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thermal noise
shot noise 
= white noise

filtering, i.e. limiting the BW by high- (CR) and low-pass (RC) filters
• reduces the noise
• but:makes the response more slow



thermal noise I
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derivation from first principles
1. thermal velocity distribution of carriers

=> time (or frequency) dependence of induced current à a difficult derivation
2. application of Planck’s law for black body radiation (“hides” a bit the physics behind

a general result of statistical mechanics)
=> gives the spectral density of the radiated power 

i.e. the power that can be extracted in thermal equilibrium 

i.e. at sufficiently low frequencies (< THz) 
is P independent of 𝜈 and is always the same amount in a bandwidth interval ∆𝜈

P = kT ∆𝜈 à kT ∆f (*)



thermal noise II
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consider now an open resistor R1 which generates
a (quadratic) noise voltage <v12> 

The noise voltage ⟨v12⟩ over R1 yields a noise power 
in R2 when both resistors are short-circuited, where
v is the voltage over R2 caused by ⟨v12⟩.

In thermal equilibrium R2 transfers the same noise power to R1

for every frequency portion of the noise fluctuation. The power spectrum hence
is a function of f, of R, and of the temperature T.



thermal noise III
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with (*) P = kT df …. we get 

and 

Note: Thermal noise is always there (if T>0). It does not need power.

Ohm’s law
usually relates
⟨i2⟩ and ⟨v2⟩



thermal noise IV
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d
⌦
v2n

↵
= 4kT

1
2
3gm

df
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gm = dID/dVGS’
transconductance

d
⌦
i2n
↵
= 4kT

3

2
gmdf

<latexit sha1_base64="s/q6WZ1VTwEuulQiBqkUe6q9V3k="></latexit>

d
⌦
i2n
↵
=

4kT

R
df
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adjustment
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shot noise (somewhat simplified derivation, full … see Kolanoski, Wermes, Oxford U. Press 2020 )

origin: excess electron injection into a device (over a barrier, i.e. NOT in a resistor) 

e.g.
in a semiconductor: e/h in depletion zone
induce current pulse until recombination

• for N electrons of total average current I = Ne/t = Ne ∆f we get

=> 

• the current pulses can be regarded as 𝛿 - functions,  
i.e. all frequencies contribute => white noise 

è die/df = e · 2 (convention: 0 < f < ∞  à - ∞ < f < ∞ )

• for infinitely narrow df the spectral component contributing is one sine wave
with mean = 0 and rms = 1/√2

Z 1

�1
ie(t)dt = e
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die,k
df

=
2ep
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p
2e
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⌦
i2
↵
=

NX

k=1

✓
di,k
df

◆2

(df)2 = 2Ne2(df)2 = 2e (Nedf)| {z }
hii

df = 2ehiidf
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1/f noise - I
physics origin:
• superposition of relaxation processes with different time constants
• appears in many systems (ocean current velocity, music, broad casting, earthquake frequency 

spectra) 
• many papers in literature (all you ever wanted to know) http://www.nslij-genetics.org/wli/1fnoise/

east-west component of ocean current velocity

1/f

loudness fluctuations spectra of radio 
broadcasting

Scott Joplin

classical

rock

news

http://www.nslij-genetics.org/wli/1fnoise/
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1/f noise - II

superposition of 1/f2 spectra with 3 time constants
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1/f noise - III
Assume a trapping site with relaxation time constant 𝜏 which releases 
electrons according to

Fourier transforming this into the frequency domain yields

For a whole sequence of such relaxation processes occurring at different times tk

but still with the same trapping time constants 𝜏, one gets
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1/f noise - IV
The power spectrum then is

where n is the average rate of trapping/relaxation processes

If we in addition assume that the relaxation time constants are different 
i.e. 𝜏à 𝜏i and we integrate/sum over uniformly distributed 𝜏1 < 𝜏i < 𝜏2 , we find 

≈ 

const

1/f

1/f2
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1/f noise - V

0.1                  1                   10                 100               1000             10000

10

1

0.1

0.01

0.001

0.0001

1/f

1/f2

frequency

spectral density

superposition
of 10000 relaxation processes
with uniformly distributed
and equally spaced time constants



1/f noise in a MOSFET
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origin
- trapping and release of channel charges 

in gate oxide
- depends on gate area A = W × L 

empirical parametrisation (e.g. PSPICE)

Kf
NMOS ≈ 30 × 10-25 J, Kf

PMOS ≈ 0.05-0.1 × Kf
NMOS



• ⟨i2⟩ = 2q ⟨i⟩ df shot noise
(where currents due to barrier 
crossings appear, e.g. in diodes, 
NOT in resistors)

fluctuations in hopping over 
a barrier (shot)
number fluctuation
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Fazit: Only three physical noise origins to consider …

• ⟨i2⟩ = 4kT / R df thermal noise
thermal fluctuations (Brownian motion)
velocity fluctuation

(in resistors, transistor channels)

• ⟨i2⟩ = const. 1/f⍺ df 1/f  noise
(whenever trapping occurs, 
e.g. in (MOS) transistor channels) 

trap/release fluctuations of carriers
number fluctuation



When to care about noise … 
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q always …
q but particularly, when situation is like this

q even if you are not interested in an energy measurement, remember … thresholds



Noisy circuit elements
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or



Generic R/O scheme: the dominant noise components

Signal Processing, UFreiburg, 3/2020, N. Wermes 39

filter (band pass)

⟨vsh
2⟩ ? 

back end
electronics 

front end electronics 



Readout of signals
- a typical readout chain



The amplifier
(often more specific: 
“first amplifier” or “preamplifier”)



OpAmps
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Operational amplifiers (OpAmps) = amplifiers with high internal gain a0 whose behaviour is determined 
to first order by external circuit elements, in particular by impedances fed back to the input. For this 
reason the amplifier itself can be treated as a generic circuit element represented by a triangle. In the 
ideal case the (internal) ‘open loop gain’ a0 of the OpAmp is ∞. In praxis, a0 is smaller than ∞
(typically ~105) and frequency dependent.

(1) The output attempts to do whatever is necessary 
to make the voltage difference of the inputs vanish

(2) The inputs draw (almost) no current. 

If one input is grounded the other is said to be on virtual ground 
due to golden rule 1 .

OpAmp Golden Rules



Inside OpAmps
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typically
differential



amplifiers can be
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typical for detector readout
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current or voltage amplifier charge (sensitive) amplifier (CSA)
(= current integrator)

if RSCD ≫ ∆tsignal (=> “detector integrates signal on CD”)
Þ have voltage VD at amplifier input: vin(t) = VD exp(-t/RSCD)

Þ

detector ≙ “capacitance to be discharged”

voltage amplifier
used when voltage input 
signals are sufficiently
large and fast rise times 
are aimed for

if rout = large ≙ (current source) => V ➝ I transconductance. ampl.  



typical for detector readout
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current or voltage amplifier charge (sensitive) amplifier (CSA)
(= current integrator)

if RSCD ≪ ∆tsignal (=> “detector delivers signal 
immediately to the amplifier”)

Þ

detector ≙ “capacitance to be discharged”

current amplifier
used when voltage input 
signals are sufficiently
large and fast rise times 
are aimed for

if rout = small ≙ (voltage source) => I ➝ V transimpedance ampl.  



CSA
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charge (sensitive) amplifier (CSA)
(= current integrator)

The signal current is integrated on Cf

over Cf we have 

Golden Rule 2 => 

=>
dynamic input capacitance
(should be very large, else CD incompletely 
discharged => unwanted x-talk possible)

for a0 large => Cin≫ CD gain


