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Outline overview

L4
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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 E,, by “conformal mapping”)

4. Signal fluctuations and (electronic) noise

Why bother?
Signal fluctuations (Fano noise)
Electronic noise
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5. Readout of signals
mp -  Amplification
. (Excursion: Laplace transform)
. Filtering
. Discrimination
. Digitisation
. (Example: a readout chip)
6. Signal transmission off detector

7. Noise of a readout system
«  Explicit calculation of noise
*  ATLAS pixel detector
*  ATLAS strip detector
* ATLAS Liqg. Argon calorimeter



Our typical system
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photon detector
NN NN
>
particle

discriminator
LT NI

filter (band pass)
pulse shaper

preamplifier

Kolanoski, Wermes 2015
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Vief ADC p~ back end
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‘analog pipeline’

trigger



Remember: Charge Sensitive Amplifier (CSA) b

Icf charge (sensitive) amplifier (CSA)
i % (= current integrator)
C © ; i
D—IEO _fl— L % _1) y The signal current is integrated on C;
. - [t Qs(t)
(b) Capacitive feedback. Yout (t) — 90 Yin (t) - _C_f /0 ts di’ = — C f
Cin — Cf (CLO —+ 1) AQ _ Vout i
dynamic input capacitance Qs f
(should be very large, else Cp incompletely gain

discharged => unwanted x-talk possible)

Signal Processing, UFreiburg, 3/2020, N. Wermes 4



Frequency behaviour
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equivalent circuit

a(w)

O

L.

DR S | o
—_— gm — iout/vin
ag = —
| a(w) (a)
08 ao A ~real ideal
// real l
Bode Plot 1 -
la(we)| = —5 a0 (-3dB)
bandwidth >
w logw
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out
a.Vv, r |C
— 0 —0

C

frequency domain

| Vout . zout (7_ ”C )
— — 0 0
in in
— g To o ap
/ We
transfer function 1
, ¥~ 70Co
v 1
out (w N 0) _ out o = —GmTo
Vin mn
(b)
ideal real
V(t) t/T
time domain



Gain x Bandwidth product v
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1 gm
7‘000 - CO

=~ CONST ! (for a single stage, single pole amplifier)

in V[t —120 o°“‘ GBP = |a’(w) X wl ~ gmTo -

A Open Loop Gain

agp = 20logyg |a,| 1M "
100K
2) gain increase => smaller BW => slower response
10K
-U\ -20dB/decade
=
‘m___1K
O . Gain Bandwidth Product
100 < 100 x 100K = 10M
10 1M =
Unity Gain Bandwidth = 10M
1 —>

1 10 100 1K 10K 100K 1M 10M

Frequency, Hz
source: https://electrosome.com/opamp/
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Reducing the gain => increasing the BW L
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v
W >, e.g. by (inverted) feedback

20 log A,
_— (dB)

open loop

-20 dB/dec

20 log G,
" "

closed loop

0dB : :
o 0, o, \ log scale
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CSA input impedance and “timing”
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remember dyn. C;, 1 1 1
—> Zin(f) = - = : ~ -
C. — Q_S Oy (a0 + 1) iwC; (a(w) +1)-iwCy  da(w)wCy
at low frequencies 1
. a(w) S a0 == Zip(w) > —  Dehavesas
0 1a0W a capacitor
a(w) p— 0 0 f P
14+1— .
We LW
a(w) = —iaor == Zin(w) = 7S~
. . —za,o—C) ~iwC'y
at high frequencies ( w
_ 1 _ 1 _ Co 1 _n
- anCC’f B GBP-Cf B Cf dm o
C, = cap. of amplifier
behaves as a resistor, since g, 2 1/R
Cp 1 Co det. capacitance
=> “timing” TCSA = CD R’Ln — :
Cf aogWe Cf( 9m ) power
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CSA: discharging C;
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ideal situation w/o reset
Cs
1l
1

iin O i bQ O Vout
(a) Circuit diagram.
discharging
options

Signal Processing, UFreiburg, 3/2020, N. W

charge appears

Vout Q1l Qzl
A IQZ/ Cs T 9 .
[Mac, => “pile-up” => saturation
"t
(b) Output voltage.
Cf“ Vo[ [ L__ switching pulse
t 7 ” .
i_ | )= reset” switch
cm Dc o Vout \ /_/_[QTCﬁionst.
t
(a) Switch reset: circuit. (b) Switch reset: output voltage.
Ry
Cf I Vout v
] e Ut .
_ e resistor R¢
lin > Vout
O O
t
(c) Reset via resistor: circuit. (d) Reset via resistor: output voltage.
QD
c out
O tant s!
! ﬁ oo a current source
i Voo - - e
Cm Dc ovout " ﬁ\

(e) Reset via current source: circuit diagram.

11

(f) Reset via current source: output voltage.
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Short excursion:
Laplace Transform




Laplace transform L
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« Convenient method to switch from time to frequency domain and back.
« Very similar to Fourier transform (Laplace encompasses Fourier)

F(s) = LIf(t) / F(t)estdt

. o = a constant generating convergence for
S| = 0O w time-wise constraint functions
| poics f(t) for t>0
E_I[F(S)] = 2—/ F(S)GStdS —
T Jo—ico 0 for t<0

Signal Processing, UFreiburg, 3/2020, N. Wermes 14



Laplace transform L
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Operation Time domain Frequency domain
or function f(t)=LF(s)] F(s) = L[f(t)]
linearity a1 f1(t) + azf2(t) a1Fi(s) + axFs(s)
convolution I fe—t)g(t)dt F(s)G(s)

nth derivative gt—r; (t) s"F(s)

time integration fg f(t)dt 1F(s)
scaling of ¢ f(at) LF(2)

time shift f(t—to) e S F(s) [>
damping e %ot f(t) F(s+ so)
multiplication t" f(t) (—1)" L F(s)

0 function o(t) 1
derivative of the ¢ function i—:é (1) s™

step function o(t) 2

falling exponential e~ H%a

rising exponential 1—e s(s;:-a)
power function t" s,ﬂl

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Laplace Transform: example CR-RC filter (shaper)
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C R
< J= <o v transfer function: =
R _— C _ vout(s)
H(s) = vin (5)
voltage divider —
. 1
Vout (t) i(t)R Hy(s) =
vin(t) & [i(t)dt +i(t)R L eRe
iyl => |CR-RC: H(s) = Hy(s) x Ha(s)
UOUt(S)_ i(S)R v1(8) = Hy(8)v(s) = shC v(s) = o7 v(s
vin(s)  Hi(s) +i(s)R =T 1 Re M T T )
iyl va(s) = Ha(s)vi(s) = 7 —p=v1(s) = i +ST)2U(S)

step function input

sEC W(t) = VoO (1) Vor

H =
= e 0 o= 5 o= e

= ’U(S) = VOE

Signal Processing, UFreiburg, 3/2020, N. Wermes 16




Pulse shaping
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necessary (i) to avoid pile-up of signals
(i) to reduce the bandwidth => reduce noise (see later)

n‘

in time domain

— _t
|:> v/\ ven(t A e
Al2.71

peaklng at T with v(r) =

in frequency domain 1/3 |:> H(s)=A4 (1+ 37')2
buffer usually realised as t _t
C R — CR-RC shaper A(t) = —c 7
I x1 —0
R L or as
high pass low pass 1 t M -
gnp pass. | (CR)N — (RC)M shaper A(t) = g\ = e T

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

for N =1 17



Pulse shaping
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1.0 |
o | unipolar shaping !
(g} -
T o8
o L
S~
% 06 | M=1
S i
)
%—04 B M=2
E | M=
T 02
M=8
0.0 | | | |
0 1 2 3 5
t/tpeak

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

Fig. 17.12 Step response output of
CR~(RC)M shaper stages of different order
M. Amplitudes and times are normalised to
their respective peak amplitude.

With increasing M

=> shape more Gaussian and, if one chooses a shorter
peaking time, also narrower in absolute terms.

=> better double-pulse resolution

However, the electronic effort is substantially larger than
for CR—RC shapers.

18



Bipolar shaping v
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By adding a further high-pass filter to any unipolar shaper a bipolar pulse shape is
obtained with equal area in both wings. This can be done by adding a CR high-
pass filter after M low-pass filters.

1.0

CR-RC CR .
unipolar

J/ C R C » / bipolar
\' 0.

. o—| X1 [

n X1 I I © Vout 00 \_///_—'
R — C R 05 ' - : -
2 4 6 8
-1 Kolanoski, Wermes 2015 t/T
advantages less good
» digests high count rates « somewhat more power consumption
» is simple and robust against baseline fluct. « somewhat worse S/N
» is good for time-critical applications * needs larger chip area

(use zero-crossing time as observable)

Signal Processing, UFreiburg, 3/2020, N. Wermes 20



Unipolar and bipolar filtering
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4

Unipolar
CR—-RC

QAUSSIAN

AN

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

éipolar

Positive
lobe /
egative lobe

SR ve

zero crossing times

21



The amplifier system = preamp + shaper (= filter) v
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| Vv \
ideal
integrator M ideal
input signals t >
Ry t t
=¢6fetns. N eemes R
Rz
IR R s
I i ! buffer
C
pole-zero ™S~ Lo b R .
cancellation ' —
L A
= = C
detector preamplifier CR-RC shaper
VA
ol ' VAN real
- >
integrator LT”F

Signal Processing, UFreiburg, 3/2020lahbski\Wemmess2015 22



Undershoot and pole-zero cancellation s
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Without further corrections unipolar shaping also features unwanted undershoots in
realistic applications. Origin is the (slow) discharge of the feedback capacitor C; .

L ——— .
Re pole on real axis for s=+1/t;
-t S (resp. for Bode plot and . H
yoo bemmeee ! osition of w
: Cf : R P C) R

v §) = ——— S
1 out( ) 1 4 STf mn
‘ ; v works fine for a input (1/s), but not for a ,\ ..................... pulse, because the CR of the

shaper no longer cancels the 1/s in the step function pulse, which leads to the undershoot

N

_ _ Ry 1 + 57y, original
but with H(s) = Hesa(s) - Hps(s) = 17 e P H(s) restored
sz Ry Ry

Tpz=Tf 1 + % + STf sz<<R ]. + STf

Signal Processing, UFreiburg, 3/2020, 23



Some more things ... s
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“ballistic deficit” or “shaping loss”

1 . » If pulse evolution at the shaper input takes much
(@) preamplifer longer than the sha
output g per Tcr
P * caused e.g.

- by a large charge collection time

|
|
|
2 ——— fast (ideal)
[
|
|
|
|

S T slow - by a large input capacitance
’ e - by an intrinsically slow preamplifier.
(b) => The v, (shaper) is trimmed by the slow rise of the
shaper output preamplifier output pulse.

The falling edge of the shaper output already sets in
before the preamplifier output has reached
its maximum value.

~+ Y

skip S&H?

>]

Signal Processing, UFreiburg, 3/2020, N. Wermes 24



The “sample and hold” technique v

* If signal shape and arrival time are known
* =>sample vy, at a fixed time, hold them for At, A l —

input 2

ADC

stored voltages serially onto the ADC
* By fast sampling the pulse in successive time

intervals and storing the voltages in a

series of sample-hold cells, called analog } \ | l [—
memory, one can memorise the whole pulse 57—~ S J_ '
shape (wave form sampling). o CnI

and process later | | e {y o/A J_ x1 1
e Sample pulse (derived from trigger and ' C, B
delayed coincident with the peak) opens the I select
switches S, for sampling on the C.. l l
* readout the switches Sg are successively I~ I . T
closed, hence sequentially transferring the | SAZ C J_ SBz
T >

Kolanoski, Wermes 2015

Signal Processing, UFreiburg, 3/2020, N. Wermes 26



L LAB

UNIVE RS'TAT Silizium Labor Bonn

The discriminator




Discrimination and “time walk” 4
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preamplifier shaper N discriminator

I ° Vo

= voltage comparator
needed to filter out o I\
L

noise hits

Vi, o

(a) Readout system with amplifier, shaper, and discriminator.

standard = leading edge discrimination

4 threshold value
time & -
= L
walk i5 R
3& o
4 _ :
- © o
T3 2
" £
. o 4 time walk ot §
typical: best timing sl . E 5
performance if <sE[ 7 ; 2
threshold at ~10-20% 32 . ty
Of peak Value . {1 {2 t= thre.shold Signal heTght
(depending on noise)
(b) Time walk. (c) Dependence of time walk on the signal pulse

height (schematic).
Signal Processing, UFreiburg, 3/2020, N. Wermes 28



Constant fraction discriminator 4
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Kolanoski, Wermes 2015

3>
>

—
QU
~
—
(®))
~

constant fraction

o Ise 1
when stable timing P

: . s/ X | ouse2 e
IS an ISsue N YA N S S .
o c pulse 1
5 5 |
&
« goal: discriminate at the - pulse2
same fraction, constant > A
in time. t

3>
>

* Aninverted and
attenuated pulse is
superimposed on the
delayed pulse.

* Note time-stable zero-
crossing point.

output
(discriminator)

Signal Processing, UFreiburg, 3/2020, N. Wermes 29
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(Elements of ...)
Digitisation




Analog - to — Digital conversion (ADC) |
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o= ] 7,4 1 LSB -~ Vma:r _ Vmin
31:1 E o2n 1
2110 |
101 |- : : . . LSB
100 ; i quantization error 6= v
011 _»Eﬂuo !
001 SNR = full input range / §
000 : >
° Vimax Vi = 201og,o (2" V12) ~ (6.02n + 10.8)dB
What matters? (n = no. of bits)

* Resolution: precision of the code;

* INL (integral non-linearity): proportionality of output to input;

« DNL (differential non-linearity): homogeneity of digitisation steps;

» Conversion speed

« Rate capability: how fast successive signals can still can be correctly digitised

« Stability: sensitivity of conversion quality with wrt. to time, temperature, other params

Signal Processing, UFreiburg, 3/2020, N. Wermes 31



ADC errors va
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A
quantizationerror i | 7;4 gt
- I v o "
zero-point error vl | O 111
slope error 2110 | < 110
linearity errors 01 | 101
100 : . 100
011 'INL=0 : 011
010 el ! 010
001 | 001
000 ' > 000 >
0 Vmax  Vin Vin
(a) Perfectly linear ADC. (b) Integral non-linearity.

INL describes the total deviation from the expected linear behaviour.

INL = maximum deviation of the measured midpoints from ideal line
given as fraction of Vo« oOr (usually) in units of the voltage step which
corresponds to the lowest-valued bit (LSB units).

Signal Processing, UFreiburg, 3/2020, N. Wermes 32



ADC errors ... Differential Non-Linearity
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L4

DNL = measure of the homogeneity of subsequent digitisations

The midpoints of the voltages of subsequent codes should ideally be separated by exactly 1

LSB. The DNL describes local relative deviations of ADC codings from the (ideal) step width

(1 LSB): — —
1, — Vi _ ' ‘
DNL; = “‘LgB 1 for i=0,1,2,...,2" —2
specified as a fraction or a multiple of +1 LSB.
A (c) A (d)
804 |-
L 804 |- 3
g 803 |- § 803 1
v 802 v 802 |-
< s01 | S 801 f------
800 p=- - - - - 800 f=
7FF | | . DNL error 7FF ==~~~ DNL error
7FE |- ! =+1L5B 7FE |- : =-1LSB
0 — - 0 : e
0 Vin 0 Vin

Signal Proc ~ Kolanoski, Wermes 2015

DNL errors larger than -1
LSB are required to
guarantee no ‘missing
codes’.

33



DNL L
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A ()

101 —
1
: 1
% 100 L ideal case | _!
8 | DNL error |
8 _rea case —> < =1 0.5LSB zZ
= 011 \\9‘ : Q
DNL |
010 = lerror =-0.251SB
001 - - 54— ideal . 1 1 1 1 1 1 1
) 3 step width =1 LSB> 64 128 192 256
— ~— real . Vin ADC code
step widt
V0+... 0.5137 1.(;74 1.é11 2.;48 2..685 - measurement: SWeep Vin Imearly
Vin(mV) and plot DNL; as a function of the
L L L L L >

1 2 3 4 5 V; (LSB) code.

. oN _o 1/2
for overall DNL either  DNL := max(|DNL;|) or DNLypns = | 57— Y (DNL;)*

1=0

Signal Processing, UFreiburg, 3/2020, N. Wermes 34



ADC concepts »a
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SAR = Successive Approximation Register
Flash ADC

Wilkinson (— Dual Slope) ADC

Pipeline ADC

... MMore

Signal Processing, UFreiburg, 3/2020, N. Wermes 35



FLASH ADC
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Vin Rﬁ comparators

(o,

Vief (8V)

(0)

(5.5V)

I

here
3-bit

(7v)

R]

(6V)

R[]

+ + +
- (=)
el

(1)

—
—
~—

—_—
—
~

7

©

S
priority encoder
o

)
=)

(1

(0) binary

number

(5)
(M

2

T EN
b
JL

(a) Flash ADC block diagram.

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

Vip (mV) 4

+ fast
- high power cons.
large chip area needed

input pulse

7‘ ™ digital

output

—> «— t
10 ns

(b) Digitisation of a pulse.
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Dual Slope (Wilkinson) ADC v
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C
Vi H VO A

R comparator CLK 1 ] >
- nnn S - 7
Vo N Seell "' , 4 t
7 . > counter SN T K p
“Vref clear M ,’
= — max . e
integrator N ,
N ’
A N\ . .
register ~}”  + high resolution

control > enable + medium circuit effort
prrrrrrt + chip area ~independent of resolution
0 7 . . . . .
+ independent of fabrication variations
+ good noise immunity
— comparison to other ADCs

I—‘

* Feedback capacitor is linearly charged and discharged, controlled by a counter.

« Charging for a time t,, usually until the counter reaches its maximum value determined by V,, .

« Then the counter is reset and the input is switched to -V, (discharging starts).

« Slope (and time) of discharge depends on -V,

» Slope (and time) of charge depends on V,, .

« Discharging proceeds with constant slope (set by -V,) but with variable duration t, until V, reaches zero.
« The duration (t,) depends on the height of V, reached after the end of the charging process.

« =>The counter value at t, encodes V,, and is transferred into the register.

Signal Processing, UFreiburg, 3/2020, N. Wermes 37



ADCs

4
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ADC type Rel. speed Resolution Chip Power

' (samples per s) (bits) area consumption
SAR slow-medium (< 2 Ms/s) 8-16 small low
Dual-slope slow (< 100ks/s) 12-20 medium low
Flash very fast (< 5Gs/s) 4-12 large high
Pipeline fast (< 500 Ms/s) 8-16 medium medium

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

skip DAC, TDC

>
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DAC, TDC, etc. - va

DACs are characterised similarly to ADCs
by resolution, linearity, and conversion
speed. Integral (INL) and differential (DNL)
nonlinearity are also defined as for ADCs

DAC TDC
binary
input R enable binary
(MSB) DNc - [ 1— code
: R R 1 dock S
D2 o———"H counter
5 R R R > Vout
o— H H 1 + =
1 analog
R R R R Jz-_ output —I—I- —S Q
(LSB) Do of H 1 [H 1+ ; 1

(a) Resistive ladder. J_II— : —R

Signal Processing, UFreiburg, 3/2020, N. Wermes 38
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AN EXAMPLE FOR WHAT WE
DISCUSSED SO FAR

(ATLAS) PIXEL READOUT CHIP




Pixel Frontend Chip
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4

e ATLAS FE chips (FE-I13 and FE-14)

250 nm (IBL 130 nm) CMOS technology
pixel cell size: 50 x 400 pm?
18 columns x 160 rows = 2880 cells
parallel processing in all cells

e - amplification

e -zero suppression

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

~700 transistors per pixel cell
~ 3.5 M transistors total

41



Pixel cell: amplifier + quasi shaper + discriminator

, ToT
e, —
tr tf
Bump bond
contact
_/ ing
\_/_\ —\\ . 1 2
_r adind| . .
ge Prlor.lty
ichat: RAM || logic
Calibration
charge I;ddress
injection ROM
A (6+1)-bit
T T llocal threshold]
Strobe Selec DAC Global time stamp
Calibrationt (40 MHz gray
voltage Global counter)
threshold ~N"

L. Blanquart et al., NIM-A565:178-187, 2006

Bus to column
controller




Pixel Frontend Chip "
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e ATLAS FE-I3
— 250 nm CMOS technology
— pixel cell size: 50 x 400 pm?
— 18 columns x 160 rows = 2880 cells

~700 transistors per pixel cell
~ 3.5 M transistors total

— parallel processing in all cells o1 38 0 ,

e - amplification

e -zero suppression

RN



Requirements on the electronics performance

UNIVERSITAT
e small noise hit rate - low noise and small threshold dispersion
® | Onoise @ Othreshold | < 500 e- @ a threshold of 2500 e
e time stamping < 20 ns after BX for all signal heights
Othr
with tuning bt Vou , f(a) /é‘\‘ signal ] l
— - i L I' ~ 5
50
tuning 4 baseline / pedestal J
E : Kolanoski, Wermes 2015 t

0
0 1000 2000 3000 4000 5000 6000
Threshold / e-

Distribution of pixel cell thresholds

Signal Processing, UFreiburg, 3/2020, N. Wermes 44



Pixel Frontend Chip
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4

e ATLAS FE-Chip
— 250 nm CMOS technology
— pixel cell size: 50 x 400 pm?
— 18 columns x 160 rows = 2880 cells
— parallel processing in all cells
e amplification

e zero suppression

e end of column logic

e storage of hit information during
trigger latency (2.5 us)

e hit selection upon L1 trigger

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

45



4

. “ )
A readout architecture (“column drain”)
UNIVERSITAT
Synchronous readout => time stamping in matrix z !3C ID (40 MHz) distributed
in the column
/\ | | Addr Pixel Logic Addr - Hit timing stamped in pixel
7 - LE: leading edge
@} b .I:[ LE LE - TE: trailing edge
TE (=] vl c|o|o TE | I =>Time of arrival: LE
o| |a| £|3l% => Ana. info. from ToT
0 0| |l olx¢l®
E\Q "“\ \ - Hits read out sequentially,
+ x — following a token passing
4 D scheme on a shared
[~
\\ column bus
A\ 4
Column Controller 6. Hit data is stored in the trigger
{} memory if one exists or else is
5 / continuously transmitted after
> arbitration over different columns
5 skip upgrades
EoC buffers D

Hits are removed if no trigger conicidence occurs. skip transmission lines

» Hit information agreeing with L1 trigger time are
read out. D




Pixel R/O-Chip for HL-LHC rates (and radiation)
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4

Effort and costs so large that joint approach (cross experiments) is needed -> RD53 (20 Institutes)

Higher hit rate (not smaller pixel size) requires higher logic density -> 65nm TSMC

250 nm technology
pixel size 400 X 50 um?

3.5 M transistors

)

pixel size 250 X 50 um?

70 M transistors

_N! il
il

130 nm technology

N hit rate 2-3 GHz/cm?2
<1 MHz trigger @12ps
3.5 mW/mm?2
rad hard:  2x10!6/cm?

2 (P TTTIONY
65 nm technology
pixel size 50 X 50 pm?
~ 1000 M transistors

TN

47



Pixel R/O philosophy changes -> better architectures 4

UNIVERSITAT
::_ 2nd generation — un
15t generation —> » 4-pij : o [ t+o
—] -pixel region
= column drain hits —a T logic
— . .
R = efficient for
U = =
= FE-I3 like — clusters oH 1k l Ko
5 - R| [trig. —
T - FE-I4 Ilke éRead and Memory Management HN
[E—————=1 Latency counter & Trigger Management
l IHit rocessin
TRIG —» w _OUT C—— ToTpCounler gnd ToT Memory Management
Single analog Example.of
Front End square pixel
3rd generation el
= region architectures o
) . Digital “sea Bump bond
with grouped |Og|C location
-> regional hit draining
= surrounded by synthesized Analog
logic (“digital sea”) Island
= RD53 like

“analog islands in digital sea”
Signal Processing, UFreiburg, 3/2020, N. Wermes 48
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Signal transmission
off the detector
(transmission lines)




Coaxial cable and microstrip lines v
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insulation }2b dielectric 23 1(x) I(x+dx)
| A bdx R
1outer inner conductor
(a) Coaxial cable transmission line. .
) ) equivalent
L TEEQ . .
L'~ —1In— C' =~
ox 03 In(b/a) circuit
dielectric
conductor 1 # N
Ty .
/ / telegraph (wave) equations
conductor 2 o*V ’ ,62V ! ot s~ OV !~
(b) Microstrip line. Or2 —-LC ot2 - (L G'+RC )W +RGV
82‘[ / 182‘[ Yall yall a‘[ yal
solutions = forw. & backw. running waves
_ . otwt —yz _ i(wt F fz) Fax e+ 1 1% L
V(.’B,t)—Voe —Voe e¢ ph \/W \/m Z0:7: a
| propagation velocity wave impedance
damping of transmission line
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Avoid reflections at unterminated ends ...

4
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oscilloscope . 2t -
2v4 o
pulse generator S - g)x | | R, =00
trig -1V
out i
@I ocl;t chy T trg W—l |—| |—R =0
-1V N
1V
——4 ) = R, =2,
L RG58 /U vl - -
Ra 0123456 t(ns
Termination schemes
Z0
0 — standard
IA
ol ] il R=2, (receiving-end termination)
° | (additional) sending-end
-y, x=0 termination
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note: =[>= have Z,, = high, Z,,; = low

however: 50% reduction of
signal from left.

51



Cable damping and eye diagram

4
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Vi, t) = Vo Wt =T _ g i(wt F Bz)

e

Fax

v/v

04 F

0.2

— e - - - -

0.0
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_ 1
—> v(t) = vg erfe (2—>

T = cable-characteristic, frequency-
dependent rise time function

T=1t—d/cpn
pulse length At
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Cable damping and eye diagram va
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pulse generator oscilloscope
out bit stream|
o (O]
ch. 1 trig
o o
JULIL
—,—
—/ :

(a) Measurement set-up.

T it 2l
bit —
—_— — %
0010011101:0100011011 2
7}
=
o
. H c
bit stream bit stream 5
|
—
= +—
Koy . <
9 amplitude .g ‘
@ » > diagram < amplitude
3 width =1Tpit 8 diagram
=
& o
time I
(b) Ideal transmission. (c) Real transmission.
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Pre-emphasis v
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signal spectrum

at the beginning signal spectrum transfer function spectrum at the
of the cable after ‘pre-emphasis’ of the cable end of the cable
1 1 i 1 ,/~ "\ pre-emph.
’ \
\ \ cable
f(Hz) f(Hz) f (Hz) f (Hz)

(a) Damping correction by means of pre-emphasis-filter (double logarithmic represesntation).

without damping correction with damping correction

amplitude
amplitude

(b) Eye diagram without (left) and with (right) correction.
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Noise
of a readout system




Generic R/O scheme: the dominant noise components b

(Vshz) ?
detector .
SIS filter (band pass)
-
particle pulse shaper
: discrifminator
¢, /\ o
A [\ I\ 7/ hit
I/ l/ > signal
prée ifier A J>_ | apc b back end
N Vref electronics
N I N N I N N I |
analogue pipeline 1
Kolanoski, Wermes 2015 trigger

the dominant noise of a system is hidden in these parts

Signal Processing, UFreiburg, 3/2020, N. Wermes 57



Most critical wrt noise: the (pre)amplifier
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metall
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~

or or.... I, | s
F_ Veasc 8V = AV A Vge = AV
in —I out 4 - | ;——f"*“
//J,/ ,_4}',’
¢ ¢ Vas Vos
W/L %\'o[S W/l kletw
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Layout: nMOS and pMOS

s ¢ p

MOS transistor
i -

—,_l— su bstrate
li Yirtuoso® Layout Editing: layout inverter layout --

X:-0.15 Y: -2.40 (F) Select: 0 dX: 0.90 dy: 0.45

Tools Design Window Create Edit Verify Connectivity Options Route NCSU Help

&
” i
-_
L3
i

a3 7 A —
F Imouse L: showClickInfo() M: mous ePopUp () R: geSave()

Drain
Source Gate (area =W x L)

p substrate

X 102 Y:-0.66 (F) Select: 1

AE I W= = = FF A I

EHEEE

nouse L: Enter Point
Point at the first point of the path:

Virtuoso® Layout Editing: tutorial inv layout
DRD: OFF @x: 2,40 av: 0.06 Dist: 2.401

ools Design Window Create Edit Venfy Connectivity Options Routing NCSU

nnnnnnnnnnnnn

Cmd: Path 9
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Noise in a MOSFET |
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d(i*)therm | 4kT AT 3
= df — = 4kT —gm
df R 5 /?}gm 2

J shot thermal  1/f
s / /
G

\ d(i®) = Ko - — df

fa

ideal FET with

real FET .
noise sources

if shot noise input exists
(e.g. from leakage current of a Si detector)
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4

Noise in a MOSFET (current or voltage?)

“parallel current noise can be described by serial voltage noise”

.2 .2
N />1/f </I>therm
! Wi

2 o—0H

—]

(i) = {(gmvin)®) gm = 0Ip/0Vas o \/Ip < VW/L

(in saturation)
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Noise in an ionisation (typical here semiconductor) detector
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L4

three physical noise sources:

number fluctuations of quanta
velocity fluctuations of quanta

1. shot noise and 2. 1/f noise
3. thermal noise

where do they appear in a typical pixel detector readout chain ?

pixel sensor

. |

d<i2>shot

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

df

— out

— 2q <ileak>

white spectrum in frequency f
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Noise in a typical semiconductor detector v

three physical noise sources:

number fluctuations of quanta > 1. shot noise and 2. 1/f noise
velocity fluctuations of quanta > 3. thermal noise

where do they appear in a typical pixel detector readout chain ?

"‘l transistor 1/f noise
in J\, P 1

d(z’2> =K, - - df
pixel sensor f
| \
l ==C @ thermal transistor channel (white) noise
’ d<i2>therm 3
= 4kT =g
L4 df 27
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Noise in a typical semiconductor detector - Il v

UNIVERSITAT

three physical noise sources:

number fluctuations of quanta - 1. shot noise and 2. 1/f noise
velocity fluctuations of quanta - 3. thermal noise

where do they appear in a typical pixel detector readout chain ?

preamp
<y, 2> transistor 1/f noise

pixel sensor

i
A

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

T

D

aF o wL f

@ thermal transistor channel noise

d<vt2herm> . 2 1
L~ ™3,
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CR — RC shaper (N=M=1)

4
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Kolanoski, Wermes 2015

the situation

iz 3o

therm

Qin

G

discussed so far ...
o A @%

shot

::C

—

A

o

P - —[>—|:I——O

detector

preamplifier

filter (shaper)

It is useful to treat the serial voltage noise sources (1/f and thermal noise) as equivalent parallel current noise via the

capacitance Cp at the input of the preamplifier. This is possible via the relationship

(in)

~ (v

detector

2
in

) (@

Cp

2

(with w = 27 f)

filter (shaper)
preamplifier

D ey S

equivalent circuit

o @i

sh

Kolanoski, Wermes 2015
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L 2

:CD Qi Do |
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We then get . UNIVERSITAT"
d(i2,) 1 Ky 1 AKT 2
in — %0 — - C 2 “ C 2
o log: + cwppWén) + - —5wCb)
‘shot’ ‘ 17f ’ ‘the;rmal’

This noise current, flowing through the feedback capacitance C;, generates a noise
voltage behind the preamplifier:

d <v2

pa

(o) = (&) (

dw

o
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Sy
LUCf

1 |c3

B

22
TwtC
f

0
= E cxwk

k=—-2

2
VI C?

1 4 kT|C?
L 2 D

e
c_o=—Ip—5,

T C

1 1 C3 4 1 C3
C_l = Kfi— ) — k - =5
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... what about thermal noise in R-feedback ?

4
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i) perm AT . —w\ [D 8

df =Y

=> choose R; large enough!

Kolanoski, Wermes 2015

Is/was argued to be small ...

<i2>::erm
ciz3h q R
‘therm O f )2> <V2>
\—C—— pa sh
a —||—f/—||——l>—|:|——o
in ~ I:
_ 1 [ =
A ? —=c, W
iy
shot
detec.tor preamplifier filter (shaper)

it acts on the preamplifier input in a very similar way as the leakage current shot noise contribution, i.e.

d<fl)}2)a - 6[0

do WwQC%
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2
— d(pa)p, 2%T 1
RN 73 dw - Ry WwQCJ%

Its magnitude is usu

ally small in comparison to the

other contributions, in particular to the leakage-
current-induced shot noise.
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Noise in a preamp + shaper system b

nNow (Vg,2) ?

photon detector |
NN filter (band pass)
>
particle pulse shaper
Iscriminator
A =q, [ _|_
D - ¢
preamplifier CL_
Vief ADC p-
CIT T T T T 1T, T T 11
‘analog pipeline’ A
Kolanoski, Wermes 2015 trigger

so far: (Vpa?)
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Shaper function "
10+
CR-RC CR »
8 08
‘ C R | ﬁ 306 i
| @ o =
v|no_| x1 L1 | X1 || O VOUt 'g i M=1
—C R %_0,4 - V=2
" T S |
e Kolan M=
0'00 I 1I I 2I 3 111 5
t/tpeak
1 M
nF;(f) f(l.]\[)( ) . E e_t/"'
M\ 1
1/f - noise .
consequences for noise
ot and shot noise T~ BW limitation => lower noise
: 0 = on the expense of speed
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Shaper o

— _t
in the time domain |:> f\ vsh(t) = A e T

peaks at T with height A/2.71

in the frequency domain 1/8 H(w)|* = A (%) (with s — iw)

for noise p'1
need square (vh) = / |H(w)|? dw
0 o @]
()= 3 [ awtlHE@)P
k=—2"0
0
1 k+1 k+1
a2t —k—1 _
—AQchT I‘(l—l— 5 )F(l 5 >

k=—2

1
I'z+1) =x'(x), I'(z) = /m, ') =1
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Shaper v

— t _t
in the time domain |:> f\ ’Ush(t)zA;e T

peaks at t with height A/2.71

2
in the frequency domain 1/8 |H (w)]” = A2 (%) (with s — iw)

2 2
_° ! — ! CD’ CO:ikTiC_l;
! WL C'f 3T gm Cf
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Equivalent Noise Charge (ENC) b

ENC — noise output voltage (V)

output voltage of a signal of 1e™ (V/e™)

ENC2 — (vh)
sig
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Equivalent noise charge
for 1e at the i t t v 4 e
orilea e Input we ge sig — & =1 -~
putwe 9 &7 271 C
v2 peak of shaper pulse
|:> ENC2 (U;'h>
sig
2, 2. (2.71)2 L 4kT %)
ENC(e™") = 102 <E’IOT+2CDKfC, WL i
2 2 Ch
ENC” = Qshot T + al/f CD + Gtherm T
5 /N
ENC Io )T 1 C2 1 QJ 100 fF)>
s = 11°=A + 740 <D> + 4000 R
e nA ns WL/(um?) (100 fF)?2 Gm /MS T}ns
~ 75
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Optimal filter time

4
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2
2 2 C’D
ENC* = Ashot T + al/f CD + Qtherm
1/2 1/2
(therm 2 4kT 2
Topt = | ——— CD = —3 T C D
(ghot €L09dm
U Kolanoski, Wermes 2015 Kolanoski, Wermes 2015
pd YL
i
3 \eakage SNV
i Y\\ - \‘\ té
AN 1 ~8
. \\\ / \\\/:?\)\6/
/ T thermal
N T T
optimal filter time T optimal filter time
(a) Linear representation. (b) Double logarithmic representation.
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Examples

UNIVERSITAT

4

Pixel detector| As an example featuring small electrodes and correspondingly small
input capacitances we choose a silicon pixel detector (section 8.7) with parameters
Cp =200fF, Ip = 1nA, 7 = 50ns, W = 20 um, L = 0.5 um, g,,, = 0.5mS, where we
assumed a typical leakage current before the detector received substantial radiation
damage. With (17.110) an equivalent noise charge of

ENC? ~ (24e7)%(shot) + (17e7)?(1/f) + (25 e~ )?(therm) ~|(40 e~ )?

Strip detector| For a typical silicon microstrip detector (see section 8.6.2) after radi-
ation damage one obtains with Cp = 20pF, Ip = 1 pA, 7 = 50ns, W = 2000 um, L
= 0.4 um, g,, = 5mS:

ENC? = (750 e~ )?(shot) + (200 e~)2(1/f) + (800 e~)?(therm) = (1100 e~)?|

Liquid argon calorimeter.| As an example of a detector with a large electrode ca-
pacitance we take a liquid argon calorimeter cell with typical values as given by the
ATLAS electromagnetic calorimeter (see section 15.5.3.2 on page 597) in the central
region. With the parameters Cp = 1.5nF, Iy = <2pA, 7 = 50ns, W = 3000 pm,
L = 0.25 um, g, = 100mS, i.e. assuming only a small (negligible) parallel shot noise
(leakage current), one obtains:

ENC? & (1000 e~)2(shot) + (15000 e~ )%(1/f) + (13500 e~ )?(therm) ~|(20200 e~ )?|.
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Noise in a pixel/strip/liq.Ar detector (ionisation detector)

.. with CSA preamplifier & shaper

feedback
—C O M
aM)y L [t —t/r
C =gz e
' lI ‘ 4 .
v
! D’ el o~ NN v
. L ®, ®, ®, ®,
|Ieak$ Cdet
L I ideal amplifier N high pass stages M low pass stages

comparing pixels DD 50 x 250 ym2 or 100 x 150 pm?

and strips .

50 um x 50 000 um

ENC
m therm,

pixel 200 fF. 1 nA 50 ns 20 uym 0.5 um 0.5mS | 25 e

L ENC 1/ ENC tot

17 e

strip 20 pF 1 A 50 ns | 2000 um 0.4 um 5mS 800 e- 200 e 1100 e-

liq.Ar \1.5nF / \2pA / 50ns | 3000pm 0.25puym 100mS [1000e- 15000e- 13500e- 20200 e-
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