ANALOG SIGNAL
PROCESSING

e Introduction

o 1- Electronic Signal Processing
o 2- Preamplifier & Shaper

* 3- Noise In electronic systems

e 4- General Formulation of Noise
 5- Equivalent Noise Charge

e 6- ENC : Time Analysis

e Conclusion

January 17th , 2002
F. ANGHINOLFI
CERN

Francis.Anghinolfi @cern.ch



CREDITS:

Dr. Helmut SPIELER, LBL Laboratory

Dr. Veljko RADEKA, BNL Laboratory

Dr. Willy SANSEN, KU Leuven

Pierre JARRON, CERN

REFERENCES

L ow-Noise Wide-Band Amplifiersin Bipolar and
CMOS Technologies, Z.H. Chang, W. Sansen,
Kluwer Academics Publishers

L ow-Noise Techniquesin Detectors, V. Radeka,
Annual Review of Nuclear Particle Science 1988
28: 217-277



| ntroduction




| ntroduction

We will look at both frequency and time
domain representations

Why?
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| ntroduction

Typical “front-end” elements

Board, wires, ...
@t E]
Z
O ,
. 7 J S Z J
Particle Detector Amplifier

Final objectives :
amplitude measurement

time measurement




| ntroduction

Typical “front-end” elements

®* E]Z -
O] | L
\\ 7 7 v Z Z
Particle Detector Amplifier

Which problems to solve ?

Going from : To:




1-Electronic Signal Processing

Timedoman:

X (t)

Y (t)

Electronic signals, like voltage, current or charge can
be described in the time domain.

H in the above figure represents an object which
modifies the (time) properties of the incoming signal
X(t), so that we obtain another signal Y (t). H can be
filter, transmission line, amplifier, resonator €tc ...

As soon as the modifying object has linear properties

the object H can be attached to alinear function of
time H(t), such that the knowledge of X(t) and H(t)
IS enough to determine Y (t)



1-Electronic Signal Processing

In the Time domain, the relationship between X(t),
H(t) and Y (t) is expressed by the following
formula:

Y (t) = H{O)* X (1)

where
H(t)* X(t) = }H(u)X(t- u)du

Thisisthe convolution function, that we can

use to completely describe Y (t) from the
knowledge of both X(t) and H(t)

This formula becomes easily very
complicated ...



1-Electronic Signal Processing

What is H(t) ?

(t)
x— H(t)

5(t)
3(t) ]

(Dirac function)

H(t) = H({®)* o (1)

If we inject a “Dirac” function to a linear system,
the output signal is the characteristic function

H(t)

H(t) is the transfer function in the time domain of
the linear system H.

10



1-Electronic Signal Processing

Frequency domain :

The electronic signal X(t) can be represented in

the frequency domain by the following
transformation

x(f) = [X(t).exp(- j27rt) .dt
(Fourier Transform)

Thisis*not* an easy transform, unless we
assume that X (t) can be described as a sum of
“exponential” functions, of the form :

X(®) =3 c.om( j27,1)

The conditions of validity of the above
equation are precisely defined. We assume
here that it applies for any signal (either
periodic or not) that we will consider later on.

11



1-Electronic Signal Processing

Example:

X(t) = exp( —at) For(t>0) -

ﬂx(f) = ];'exp (-at) .exp (-2 rmft).dt
U .
X(f) = J' exp(-(a + j2 b)) .dt
. | 1
X = a+ |27

The “frequency” domain representation Xx(f) is
using complex numbers.

.8
0.6
0.4
0.2
-6

x(f) | Arg(x(f) 1




1-Electronic Signal Processing

Some usua Fourier Transforms :

—o(t) > 1
— () > Ujw
—ed-->1/(a+ jw)
— th-le-at __> 1/(a_|_ joo)n
—o(t)-a.e @ --> jw /(a+ jw)
The Fourier Transform applies equally well to the

signal representation X (t) <=x(f) and to any
linear system transfer function H(t) <= h(f)

13



1-Electronic Signal Processing

With the frequency domain representation
(signals and system transfer function mapped into
frequency domain by the Fourier transform), the
rel ationship between input, system transfer
function and output becomes ssimple:

y(f) = h(1).x(I)

Example : cascaded systems

y(F) = h1(f). h2(f). h3(f). x(f)

14



1-Electronic Signal Processing

1 } 1
j2 rf yh = 2 (1 + j2 rif)

X(f) = ——
1
h(f) =
\ 1+ j27f
1
X(f)=——
(t) 2 | &= X@®)=vt) 1 t
1 : .
h(f) = Correspond to ssmple RC lowpass filter
(f) 1+ j2if =P P P

y(f) =

1

271 + j271f)

— Y(t)=1-exp( -t)

15



1-Electronic Signal Processing

X(f)

(f)

S0, away to proceed for doing time analysis when using
frequency domain formulationsis:

X(t) ----> x(f) (Fourier transform)
H(t) ----> h(f) (Fourier transform)

h(f) can aso be directly formulated from circuit analysis
Apply y(f) = h(f).x(f)

then

y(f) ----> Y (1) (inverse Fourier Transform)

Fourier Transform | nverse Fourier Transform

h(f) = _}H(t).e e gl Het = _}h(f).e ri

16



1-Electronic Signal Processing

X(f)

(f)

« THERE IS AN EQUIVALENCE BETWEEN
TIME AND FREQUENCY REPRESENTATIONS
OF SIGNAL or SYSTEM TRANSFER FUNCTION

 THIS EQUIVALENCE APPLIES ONLY TO A
PARTICULAR CLASS OF SIGNALS or
FUNCTIONS

e IN PARTICLE PHYSICS, FUNCTIONS
OUTSIDE OF THIS CLASS CAN BE USED : IN
SUCH A CASE ONLY THE TIME DOMAIN IS
APPLICABLE

17



1-Electronic Signal Processing

y(f) = h(t).x(I)

o(f) (f)
5(f) ¥ »— h(f)

)
L f

Dirac function frequency representation

In the frequency domain, a system (h) is afrequency
domain “shaping” element. In case of h being a filter,
It selects a particular frequency domain range. The
Input signal is rejected (if it is out of filter band) or
amplified (if in band) or “shaped” if signal frequency
components are altered.




1-Electronic Signal Processing

y(f) = h(t).x(I)

no(f)
‘e

A
A

Noise bandwidth limited by h(f)

The “noise” is also filtered by the system h

Noise components (as we will see later on) are often
“white noise”, i.e. : constant distribution over all
frequencies (as shown above)

So a filter h(f) can be chosen so that :

It filters out most of the noise components outside of the
output signal frequency band

19



1-Electronic Signal Processing

X(f) ()
O v

i [ ‘% ‘
Noise floor J f

fO

| mproved
f Signal/Noise Ratio

fo

Example of signal filtering : the above figure
shows a « typical » case, where the noise isfiltered
out.

In particle physics, the input signal, from the
detector, is more like arandom pulse. Therefore,
Its spectral representation is over alarge frequency
range.

Thefilter (shaper) provides alimitation in
bandwidth, and the output signal shape is different
from the input signal shape.

20



1-Electronic Signal Processing
(f)

O o
(M) 0\

SSSSS ——
Noise floor /

L 10 f

| | mproved

o0 T Signal/Noise Ratio

The output signal shape is determined, for each
application, by the following parameters.

* Input signal shape (characteristic of detector)
« Filter (amplifier-shaper) characteristic

The output signal shape, different form the input
detector signal, is chosen for the application
requirements:

e Time measurement
« Amplitude measurement
* Pile-up reduction

» Optimized Signal-to-noise ratio 1



1-Electronic Signal Processing

Newtest BUnoize schematic @ dan 16 12:21:43 288

Transient Response Ul

11 v /het2
I‘

7@0m

36@m

— 1oam SRR ‘ e

11g -7 /out

T@0m L

S@80m L

—18@m 1 | |
.20 40.dn 80.0n 128n

time

/ Filter cuts noise. Signal BW
IS preserved
f0 f

Newtest RCnolse schematic @ dan 16 1213:38 2882

1 I
16@n 20dn

Transient Response

11 0t /net?

7EAmL

3@AmL

RF AVAVAVAVAVIRAVAVAVAVAVAVAVAVAVAVAVAVAVAY

5@pm =7 /out

3@Bm L

188m MN__\‘_
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| Filter cutsinside ssgnal BW .
o f modified shape
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1-Electronic Signal Processing

SOME EXAMPLES OF SIGNAL SHAPERS. ...

23



1-Electronic Signal Processing

R
—t
—— | Vout
Vin T ¢ I
L ow-pass (RC) filter
Vout = Xc Vin Xc=- 1 :_1
Xc+R j2NnfC  jaC
Vout = —Vin
1+ RCjw
Example RC=0.5
S
Integrator time function Integrator s-transfer function
1 _
,HO=—~e e h(s) = 1/(1+RCs)

15}

(o)

0.5

0.5 ¢

0.2

1 2 3 4 5
0.1

Step function response -

0.01 0.05 0.1

0.5 1 5 10

Log-Log scale
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1-Electronic Signal Processing

C

]

T

High-pass (CR) filter

Vout = Vin =— L :_1
Xc+R j2NfC  jaC
Vout = RCJC_L Vin
1+ RCjw
Example RC=0.5

S|

Differentiator time function
1 _
H(t) =d(t) —-—e 'R
(t) =o(t) RC

0.5

-0.5

-1.5

Step function response

0.8

0.6

0.4

0.2

Differentiator s-transfer function

h(s) = RCS/(1+RCs)
()

0.5

0.2
0.1

0.05

0.01 0.05 0.1 0.5 1 5 10

Log-Log scale
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1-Electroni

R
—:I——{l

c Signal Processing

C

wl oL T

Combining one low-pass (RC) and one high-pass (CR) filter :

Example RC=0.5

CR-RC time functi

S|

on CR-RC s-transfer function

H(t)=(@1-t/RC)e™" h(s) = RCY(1+RCs)?

0.8
In(s)]
0.4
0.2
0.2 0.15
N1 __—2 3 4 5 0.1
0.2 0.07
Step functi
ep functionresponse |
0.175 0.02
1o 0.015 L . o 0
125 0.01 0.05 0.1 0.5 1 5 10
0.1

0.075
0.05
0. 025

Log-Log scale f
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1-Electronic Signal Processing

R
—:I——{l

w] oL

N\

C

_

N
N times

“ e

Combining n low-pass (RC) and one high-pass (CR) filter :

RCja

Vout =

= : Vin
(1+ RCjw)"

Example RC=0.5, n=5

SW

CR-RC# time function
H(t)=(4-t/RC)t’¢""

0.01
0.0075
0.005
0. 0025

-0.0025

-0.005

Step function response

0.01
0. 008
0. 006
0. 004

0. 002

CR-RC*? s-transfer function

h(s) = RCS/(1+RCs)

Ih(s)l

0.02
0.01
0. 005

0. 002
0.001
0. 0005

0. 0002
0. 0001

0.001 0.00%0. 01 0.050.1 0.5 1

Log-Log scale
27



1-Electronic Signal Processing

Noise frequency spectrum

Noise Filter
+20db/dec .~
; -80db/dec

h(s) = RCS/(1+RCs)®

The shaper limits the noise bandwidth. The choice
of the shaper function defines the noise power
visible at the output.

Thus, it defines the signal-to-noise ratio

28



2-Preamplifier & Shaper
Preamplifier Shaper
I @
.

5(t) v(t)

What are the functions of the preamplifier and
the shaper (in an ideal world) ?

* Preamplifier : an ideal integrator : it detects an

input charge burst Q O(t). The output is a

voltage step Q/Cf.v(t). It has a large signal gain
such that the noise of the subsequent stage
(shaper) is negligible.

 Shaper : a filter with : characteristics fixed to
give a predefined output signal shape, and
rejection of (input) noise components outside of
the useful output signal band.

29



2-Preamplifier & Shaper

Preamplifier Shaper

|deal Integrator CR_RC shaper

T.F. _ 2
fom 1100 = s X RCs/(1+RCs)
017 Output signal of preamplifier +
0B shaper with “ideal” charge at
0.125 the input
01
0. 075
0.05
0. 025 t

2 4 6 8 10 12 14

1 -t/ RC
o(s) = RC/(1+RCs)?2 O(t) :tﬁe /



2-Preamplifier & Shaper

Preamplifier Shaper

|deal Integrator CR_RC shaper

T.F. _ 1/S + 5
C = x  RCs/(1+RCs)

0.1 ] o
Output signal of preamplifier +

0.08 | shaper with “ideal” charge at
the input

0.06

0.04 ¢

0.02 +

5 10 15 20 25 30 35

o(s) = RC/(1+RCs)*> O(t) =t* Rl e a

4




Nommalized 5-G pulse

2-Preamplifier & Shaper

Basic scheme of a Preamplifier-Shaper structure

11

1.0
0.9

0.8

0.7

0.6

0.5

0.4
03}~
0.2

0.1

0.0

Cf
I
_ N Integrators
! Diff _ iy -
‘ I Vout
f 1L " ﬂ IR RN
Cd To To To
Semi-Gaussian Shaper
Vout(s) = Q/sCf . [STo/1+ STo].[A/1+ STq]"
By inverse Laplace transform
Vout(t) = [QA" n" /Cf n!].[t/Tg]".e™T®
Peakingtime Ts=nTo
The Output voltage at the peak is given by :
Voutp = QA" n" /Cf nl€e"
7\ -l
/AN =2 06
{4 WX X 3]
1l AN g 0.4/
17 N AN T e
I AN\ y £ 0.2}
171 D N S
00 05 1.0 1.5 2.0%2:,5F 30 35 4.0ps 2 3 4 5 6 7
Time {ps]
\Vout shape vs. n order, Vout peak vs. n
normalized to 1 32



2-Preamplifier & Shaper

Preamplifier Shaper
i N B
0 2(t) L

Non-ldeal Integrator CR_RC shaper

TR 1(1+T1s) x  RCs/(1+RCs)?

fromlto O

- T1= 10RC

oo o) - eVRCIRC - RC e¥/10RC 4 g1

oot 81(RC)*
W

0(s) = RCY(1+10RCs)(1+RCs)? .



2-Preamplifier & Shaper

Preamplifier Shaper
B N N
5(t) Z(t) [

Non-ldeal Integrator CR-RC Shaper
with pz Cancellation

TP 1/(1+T1s) x  (1+T1s) /(1+RCs)?

fromltoO

Pole-Zero Cancdllation

0.175
0.15
0.125
0.1
0.075
0.05
0. 025

2 4 6 8 10 12 14

1
O(S) = RC/(1+RCS)2 O(t) :tﬁe RC



2-Preamplifier & Shaper

Basic scheme of a Preamplifier-Shaper structure
with pole-zero cancellation

Rf

1

TC“ Diff

N Integrators

'z N

| Vout
qf__ L 'Q’ RN EERN

Cd T To To
Semi-Gaussian Shaper

Vout(s) = Q/(1+sTf)Cf . [(1+STw/1+ STo].[A/1+ ST]"

By adjusting Tp such that Tp = Tf, we obtain the same
shape as with a perfect integrator at the input

Vout(t) = [QA" n" /Cf n!].[t/Tg]".e™ T
Ts=nTo

Voutp = QA" n" /Cf nl€"

1.0 B SN - S S S —

0.8

0.6 \ 1 ;

s
//
e

Normalized S-G pulse

...............

0.2

o1 2 3 4 5 6 7 & 9 10 1t 12 13 14 15 35

Time [us]




3-NOISE in Electronic System

Signal frequency spectrum

/ Filter

+20db/dec :

> ot NoiseFl or



3-NOISE in Electronic System

Amplifier

AREN

Electronic
NOI Se sources

FOR ANY CURRENT, i.ee. N CARRIERSMOVING IN A

MATERIAL WITH A VELOCITY V,
THERE ARE FLUCTUATIONS:

(di)’ = @%ME + ?<dn>

Termin <dv>? (velocity fluctuation) = thermal noise

Termin <dn>? (number fluctuation) = shot noise
or 1/f noise

Thermal noise and shot noise are « white »,
I.e the noise power spectrum is constant

P

37



3-NOISE in Electronic System

Thermal Noise

R P

D7

<v2> = 4KTRAf o <i2> = 4KTR.Af

K = Boltzmann constant (1.381 102 VC/K)

T = Temperature

@ ambient temperature (300K): 4kT =1.66 10X VC

Shot Noise

EZ |

Present where carrier _
transportation occurs across _%
two medialike adiode

i2 = 201Af

g is the charge of one electron (1.602 10-1° C)

38



3-NOISE in Electronic System

Some examples :

Thermal noisein resistor

<v2> = 4KTRAf
For R=100 Ohm

(v?)=1.28nV /\/Hz
For 10K Hz-100MHz bandwidth : <v2> =12.88N.
Rem : 0-100MHz bandwidth gives : <v2> =12.80V

For R=1 MOhm

For 10K Hz-100MHz bandwidith ; <v2> =1.28mV, _

Q/C= 400pV
39



3-NOISE in Electronic System

Some examples :

Thermal noisein diode
12 =201 Af
shot q

“I” can be the leakage current of a reverse biased diode.

with | =1, =1uA
2 =56.6pA/+Hz

For 10KHz-100MHz bandwidth :
(i%) =5.65nA,

i2 = 20IAf
(iZ) - AKT o
R
4kT/Req =201,
e =10A R, =51.8Kohms

40



3-NOISE In Electronic System

)
Thermal Noisein aMOS Transistor S
Transconductance
lds Al
4El gm = o
vgs| AV,
| = gmy

(Va)=4KkT % gm™Af o (if)=4KT % gmAf

P
Noisein aBIPOLAR Transistor I

In a bipolar transistor, minority carriers crossing the B-E
barrier form the collector current Ic :

. 2 _
i, = 20| CAf Kl e
VbeT
The transconductance in bipolar transistor is:
gm=qlc/KT

<ic20| > = 2KTgmAf thus <v§> = 2KTgm -.Af

41



3-NOISE in Electronic System

1/f Noise

General formulation
(Vi) =

1/f noiseis present in all conduction phenomena.
Physical origins are multiple. It isvery weak in
resistors. It is very strong for MOS transistors.

42



4-Genera Formulation of Noise
with Amplifier

Rs

2

V
%no

43



4-Genera Formulation of Noise
for Charge Amplifier

Equivaent Circuit for Noise Analysis

2
Rs AkTRS na

2glshot
Cd_—L_ |
4KTRp

G(f)

 All noise contributions are calculated in terms of noise
voltage appearing at the input of the amplifier

» Noise sources are from detector elements and from the
amplifier.

4 noise sources are considered here:

1. Ishot current in diode (base current of bipolar input

device, leakage current in Si Detector element )

Rp noise, (any) resistance in parallel to the input

Rs noise, (any) resistance in series with the input

4. V2 equivalent input noise of input transconductance
amplifier

e



4-11eak Nolse Source Formulation

A
2qIsho

2
A \ shot

Under the assumption that Rp is much higher than the equivalent
Impedance of the detector capacitance in the frequency range of
interest :

| 1
Ve =2, i
T (jwCd)?

vi = 2ql ., - - Af

T (jwCd )?

45



4-Rp Noise Source Formulation

4KTRp is avoltage source loaded by the network made of the
capacitance Cp and resistance Rp

1
v: = 4KTRp . A\j
e P (1+ jwRpCd )?

2
V np IS the contribution of the noise of the parallel

resistance to the noise at the input node of the
amplifier

Vi = 4KT = L Af

(jwCd)? Rp  w




4-Comment on kT/C Noise

Cd 4KTRp

Consider the full noise power of the above system
(integrate the noise spectral density over all frequencies)

1
. _ dw
(1+ jwRpCd )*

V2 = }4kTRp
0

KT

Cd

Often referred as the “kT/C” noise, it is the expression of the total
noise power across a resistor when shunt by a capacitor. The total
noise is independent of Rp. At constant Cd, increasing Rp means
an increase of the voltage noise density, but a diminution of

the system (RC) bandwidth.

With a shaper, the noise power is further limited by the shaper
noise bandwidth, and total noise is below the kT/C value.

a7



4-Rs Noilse Source Formulation

4kTRsisdirectly seen as a voltage noise source at the input
node of amplifier (assuming Rsis small compared to Rp, or
to the impedance of the detector capacitance)

v2 = 4KTRs Af

2
VvV ns IS the contribution of the noise of the series

resistance to the noise at the input node of the
amplifier

48



4-V2_. Noise Source Formulation

2
|

MOS transistor.

d Isthecurrent noisein the channel of the input

Al oo

With gm=——-
"IN AV

o | =gmyv

For aMOS transistor

gm= ZJk——I

V2 = 4KT % gm ™ Af

2

Vv na isthe contribution of the noise of the input
transistor to the noise at the input node of the

amplifier

49



5-Equivalent Noise Charge

Noise at Detector Input :

2 _ 2 2 2 2
Vni _ Vsh T Vnp T Vns T Vna

2

| shot Parallel Series
Resistance Resistance

| nput
Transconductance

Noise voltage at output of Preamplifier and Shaper :
2 _ 2 2 2 2 2 2
Vno _I(Vsh T Vnp T Vns T Vna)'P (S) G (S)dS
0

P(s) isthe preamplifier voltage gain
Cf

| ‘ > | Vpre:Vi.%E
¢
— 50




5-Equivalent Noise Charge

Noise voltage at output of shaper :

V2 = J’(Vj1 +Vo +V7 +Vfa).%£—?§.62(s)ds
L]
0

For a CR-RC shaper :

G(s) =—= s=je 1=RC

(1+13)°

and :

* g 4KT 2
Y Vi + (4kTRS+Vni%
|Erc: "R uwiC f
2
[ ]
o
P+ ar’)




5-Equivalent Noise Charge

® 8C?2HR

"

V. 1 — kT_l_ZCI'shotE

+ E%: é (akTRs +vn§)%

Thisisthe expression of the noise at the OUTPUT of the
preamplifer-shaper CR-RC

Expression of the signal « peak » amplitude at the output :

At the output of Charge preamplifier:

vs =vi 3

f

52



5-Equivalent Noise Charge

For the simple case with T1=T2=T
(CR and RC time constants are equal) :

V_ =V, = 1
€
VSO:QE
C: e

Theratio of Noise Power versus Signal Power at the
output is given by :

V 2
Vng

(Expression for noise power at the output of the shaper) :

. 1 Fak &é
V"°_8c:f2ERp +2q|§10t% o (akTRs +V2

)

53



5-Equivalent Noise Charge

For the simple case with T1=T2=t
(CR and RC time constants are equal) :

]

2 2 4kT+2q|Sh0t% D
Vo _ 1l e R, []
Vv: Q28U o U
* 7 O (akTRs+v2 )
i ( ”a) 7 £

If the input signal is 1 electron (Qs=q), then this
ratio expresses the noise power at the output in
terms of « number of equivalent electrons at the
input». Thisisthe

EQUIVALENT NOISE CHARGE (ENC)

KT
e2 R + 2q| shot %
ENC? = — P

8q* U 2
+ (akTRs +v2 )&d
[

Expression in (electronsr.m.s.)?

T I ]

54



5-Equivalent Noise Charge

EQUIVALENT NOISE CHARGE
(ENC)

AKT
& TR + 20 4
2
ENC- =—— 5 P
3
£

8q 2 CdZ
T

JRI .

(akTRs +v2)

Rp : Resistance in parallel at the input

Rs : Resistance in series with input

Ishot : Shot noise current (bipolar base current)
Vna?: Noise voltage of input transistor

T . Shaping time constant

Cd : Capacitance at the input

55



5-Equivalent Noise Charge

EQUIVALENT NOISE CHARGE (ENC)

A very simple case, with an input MOS transistor
of transconductance gm, no leakage current,

No resistance in series:

2
ENC* = Fp. 42kT r +Fs 4k;|' ggm‘lﬁ
q°R, g 3 T

Fp and Fs are factors which depend on the choice of the
shaper. For the ssmple RC-CR with equal time constants,
Fp=Fs, and are close to 1 (e%/8).

The Parallel Noise (in electronsr.m.s.) is proportional to
the square root of time constant

The Series Noise (in electronsr.m.s.) isinversely proportional
to the sguare root of time constant, and proportional to the
Input capacitance.

56



5-Noise Figures

The Fp and Fs factors depend on the CR-RC shaper order n

n 1 2 3 4 5 6 V4

Fs 092 1084 |09 1099 (111 (116 |(1.27

n 1 2 3 4 5 6 V4

Fp 092 1063 |051 |045 (040 (036 [0.34
v CRRC - CR-RC2

" > CR-RC6

01

0.05

0.075

0.05

0.025

S7



5-ENC : Generalisation

Noise voltage at output of shaper :

V2 :I(V; +V2 +Vz +Vfa).%£—?g.62(s)ds
]
0

For a shaper with CR-RCn form :

G(s):D st O A" O
Fl+sT E[E(H st)’ .

The signal amplitude at the shaper output is determined for
one el ectron charge at the input as :

;= gA".n"
C..ne

Vou

58



5-ENC : Generalisation

Series Noise

Series Noise (Channel Thermal noise) :

The voltage noise at the output of the preamplifier-shaper
IS given by combination of :

The channel noise expression

Vna? = 4kT % (gm)™

and the expressi on

L=V %g G (9ds

Integration gives :

=2 kT (gm)™ E& E AZ"nAI:%ﬂTS n

with 7 =N7

S
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5-ENC : Generalisation

Series Noise

The Equivalent ENCsis given by the ratio of voltage noise output
to the signal amplitude for one electron charge at the input

5 §k_T 121 nB(2 n——)thlz A
ENC? ==~ (gm)"C, Sy E

[ 4T

Fs 092 1084 |09 |099 |111 |1.16 |1.27

The « Series Noise » (either resistance in series
at the input, or transconductance of the input
device) is proportional to the input capacitance
(detector capacitance).

It isinversely proportional to the square root of
the shaper time constant.
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5-Exemple of Series Noise
Contribution

arr

N J
hd
Fs

Numerical values for modern « typical » conditions:

2 _ 8kT 4.1 nB(2 n__)ljhlz 2n
ENC? ( m)C, S E

S

gm =103 Siemens
t =25ns

Fs=0.84 (n=2)
Cd= 20pF

The noise contribution of the input
transconductance device (with the above
conditions) is calculated as :
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5-ENC : Generalisation

Parallel Noise

Parallel Noise (Shot noise or Parallel resistance) :

The voltage noise at the output of the preamplifier-shaper
IS given by the combination of :

The parallel resistance noise expression

v = 4KT — 1 . 1
(JjwCd ) Rp
and the expressi on
Cd O
—J'(Vnp) %:T‘D G*(s)ds
Integration gives :

2n 1 1
V2 = 4KT ‘Eig.rS.A B_’“?)
¥ e, 0 am

with I.=NT
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5-ENC : Generalisation

Parallel Noise

The equivalent ENC is given by the ratio of voltage noise output
to the signal amplitude for one electron charge at the input

41 Hn

ENC2 _ 4 (Rp)_l (2 n+— l:pl g2 E
/

N

I:IO
n |1 |2 |3 |4 |5 |6 |7

Fp 092 |063 |051 |045 |040 |0.36 |0.34

The « Parallel Noise » (either resistancein
paralld at the input, or shot noise current) is
only dependent on the shaper 1 characteristic.

It is proportional to the square root of the shaper
time constant.
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5-Exemple of Parallel Noise
Contribution

ENC2_4 (Rp)‘l B(;,m;)l:h!em%

41 H n="

N Y,
N
Fp

Numerical values for modern « typical » conditions :

Rp = 100Kohms
t =25ns
Fp=0.63 (n=2)

The noise contribution due to the resistance in
parald to the input (with above conditions) is
calculated as :
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5-1/f Noise Contribution

The 1/f noise contribution at the output of shaper is:

cd [f

I V? %:—D G*(s)ds
A
<v$> T Af
, A2n
Vio 5 Eb E 2n

And, by ratioing with the output signal for one electron charge :

With a=1;

, 1 n“e™

2 Kf
ENC; = 55— C,".——
q°C WL 2n n
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5-Exemple of Contribution of 1/f

Noise
K |2 2n
ENC2=— ¢ e
q°C WL 2n n
\ \v J
I:1/f

Numerical values for modern CMOS technologies :

Kf =5.1027 C3/m?
Cox = 3fF/um?
WL = 2000 um?
Cd= 20pF

The 1/f noise contribution is calculated as ;

The 1/f noise contribution is independent of the shaping
time constant. The F; factor is close to 3.5 and depends
weakly on n, the order of CR-RCn shaper.

The 1/f noise contribution is therefore only dependent on
the input transistor charcateristics (Kf, a, Cox, WL), and
the input capacitance. However, the contribution is small

for modern technologies. 66



5-ENC Noise Optimisation

From the preceding formulation we have found :

 Parallel noise (contribution of parallel resistances, shot
noise current with equivalence 2qgl vs. 4kT(Rp)1)

ENC2Form : 4kT .Fp.(Rp) 1t

*Seriesnoise (contribution of series resistances, input
transconductance device as 2/3gm-1 equivalent Rs)

ENC2 Form : 4kT .Fs.(Rs)-1/ 1. Cd?

*1/f noise (contribution of 1/f noise from input transistor)

ENC? Form : Kf/(Cox?WL).F ,.Cd?

The total noise;

ENC, =,/ENCZ + ENC? + ENCZ,

For given technological parameters it is dependent
on T, n, Cd and gm of the input transistor.
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ENCimin & ENCrmin |Electrons]

5-ENC Noise Optimisation

ENCs [Electrons]

EXNCs [Electrons]

T T T T T
K;=5107" C3jem? e : '

500

450
400

350

300
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200

150

100

Peaking time T, {us] (n=4)

ENC versus Cd

ENC versusn

ENC versust
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5-ENC Noise Optimisation

We conclude here our discussion on the ENC
calculation, using the frequency domain representation.

What we have done:

 Analyse different sources of noise at the input node
of a charge amplifier

 Formulate the transfer function for a very simple
front-end circuit (charge amplifier + shaper)

« Evaluate Signal and Noise power at the front-end
output

 Obtain a “generic” ENC formulation of the form :

AKT aT _(C?
ENC* = Fp.——~7)+ Fs——-R
qQ°R, Qg @
\ y y \ y
Parallel noise Serie\{noise
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