Sensors, Signals and Noise

COURSE OUTLINE

e Introduction
 Signals and Noise
* Filtering: OPF2 Optimum Filtering 2

e Sensors and associated electronics
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Optimum Filtering for High-Impedance Sensors

High impedance sensors and low-noise preamplifiers

Noise whitening filter

Matched filter

Optimum filtering for measuring the charge of pulse signals

Optimum Filtering with Finite Readout Time
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Practical approximations of the optimum filtering

and for those who want to gain a better insight

» Appendix 1 : Noise whitening filter in case of finite resistance
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High Impedance Sensors
and Low-Noise Preamplifiers
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High-Impedance Sensors

* Let us consider sensors that are seen by the circuits connected to their terminals
as generators of current signals with high internal impedance (typically a small
capacitance C; with a high resistance R in parallel)

e Typical examples are: p-i-n junction photodiodes and other photodetectors
(CCDs, vacuum tube photodiodes, etc.); Detectors of lonizing Radiation
(semiconductor devices and gas-filled chambers); piezoelectric Force Sensors in
qguartz or other piezoelectric ceramic materials

* They have internal noise sources (e.g. shot current noise of a junction reverse
current) modeled by a current noise generator in parallel to the signal generator

: . Sensor Equivalent Circuit
Sensor Equivalent Circuit ‘ o , )
approximation with very high R

Sensor
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High-Impedance Sensors and Low-Noise Preamplifiers

Ria Cin ——

Preamplifier equivalent circuit ‘ Approximation with very high R,

* R, =true physical resistance between the input terminals
(NOT the dynamic input resistance modified by the feedback in the amplifier; e.g.
not the low dynamic resistance of the virtual ground of an operational amplifier)

* Besides shot noise of bias currents, the S,, includes Johnson resistor noise of R,,
4kT

R;

Sir =
e The current noise directly faces the sensor current signal /

if R,, is small the S;; is overwhelming (e.g. withR,, =50 Qitis /S;g = 18p A/VHz)

and other components of /S;4 are much lower (about 1pA/vVHz or lower)

e Conclusion: for low-noise operation of high-impedance sensors,
P it is mandatory to employ a preamplifier with high input resistance R,,
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High-Impedance Sensors and Low-Noise Preamplifiers

Equivalent circuit of high-impedance Sensor and Preamplifier
(approximation valid for very high sensor resistance Rg — 00

SV
-0+ Q y(t)= 2 1(t)
Is=Q6(t) é —1_C, é ] R, —> o0 C. C,
/ —1— I . Voltage pulse
Current pulse
Q to be measured .
e C=C+C, total capacitance load
e S, =S, voltage noise generator (wideband white spectrum)
* S =S5,+S, current noise generator (wideband white spectrum)

At the preamplifier output:

* The voltage noise spectrum S, has two components, it is NOT white
S

22
@ C/

S,(@)=S, +

» The voltage signal is a step with amplitude Q /C,
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Noise Spectrum at Preamplifier Output

M log S
Crossing of the component defines \ a

w,.Noise-Corner angular frequency

] 5,

S = i
" Cle? = o C.+/S,

nc

T..=1/w, Noise-Corner time constant

15,
Tnc - = CL
O S
T..and w,.are fundamental parameters of the optimum filter: we will see that
T . rules the duration of the filter weighting and w, the filter bandlimit

N

log w

We define the Noise Corner resistance (R = \/ST/\/SiI sothat |T,.=RC,

o with /S, afew nV/vHz and \/?l ranging from a few 0,1 to 0,01 pA/vVHz
R,  ranges from tens to hundreds of kOhms

e with C, from 0,1 pF to a few pF
T, . ranges from a few nanoseconds to some hundreds of nanoseconds

e

N T,
o
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Noise whitening filter

e

"
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Noise-Whitening Filter

The noise spectrum has Mog S,
* apoleatw,=0 \
e azeroatw,=w, = 1/T,
S, 1 1+ o’T:
Sn (C()) = SV [1+W\/ij = SV (1+a)2—_|_nzcj = SV a)z—_l_ni

The noise whitening filter H,, must

e cancel the pole withazeroatw =0

» cancel the zero with a pole at w = w,. = 1/T,, \ i log @

&
o () =3, 557

It is a simple high-pass filter

joR,C Cu
Hu(0) =125 e [
1+ joR,C, I
o RW
with R ,C =T, 1
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Action of the Noise-Whitening Filter

w SR C
P he -

Simple high-pass CR filter

2 wrw ' RC =T
_%R w(9) Y with |[R,C, =T,

Noise S, (a))"Hnw(a))‘z =3,
' Whitening Filter
Hi % (1)

it makes white the noise at its output

and changes the signal into a short exponential pulse with time-constant T,

NW Filter
Ve (t):CQ.m) — | I N (t):Cg.l(t)-eXp(—TLj
L - H— STnc _L_ L nc
1+sT,,
1 Q 1
Ys(s)zcg-g e — Zs(5)=c T et
) Cancels pole at s=0 L nc
P and replaces it by poleats =- 1/T_

"
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Signal at the output of the Noise-Whitening Filter

ST
e H =—™m_ Z. (t
Sv : Js (t) " 1+STnc _&_
IS_L - B NW Filt
1 ilter
T8 o™
Input Preamp Output NW Filter Output
(current) (voltage) (voltage)
O — pulse Step pulse Exponential pulse
Q QTN
C. _ Co |
_Q _Q t
Q1 QT 1
— Yo(S)=— — Z.(s)=—"2=X
.(s)=Q s (5) C, s s (5) C, 1+sT,

The matched filter has to be tailored to the signal at the whitening filter output,
i.e. it must have weighting function exponential with time constant T,
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Matched Filter
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The Matched Filter completes the Optimum Filtering

' OPTIMUM FILTER

Noise _K_ Matched
Whitening Filter Filter
HnW SV Wm

The case with finite load resistance R, is treated in Appendix 1, showing that the
whitening filter is different but the output signal produced is the same as with R, > oo

2, (t)=Cg-1(t)-exp(—TLJ

L nc

Therefore, the matched filter is the same in the two cases

W, zl(t).Tiexp[_TL]

nc nc

and gives the same result

) (sz UZZS(Z)Wm(OC)dOC} =Q§T”ijwwé(a)da—Q—21Ti
opt SV-I_eri(a)da CLS,

B "C22s,
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Optimum Filtering

At the output of the optimum filter (i.e. of the matched filter) we have

C T, T 2C

nc

Signal 80=Iowzs(a)wm(a)da gij. ex p(—z—a]da 1Q

Noise  /nZ = fﬁ YOS \/exp(_Z_a)da: S,

T 2T
S/N S, 2T .
/ 2 2C

* The optimum filter theory specifies what is the best S/N physically obtainable
and the kind of filter required for attaining it

 The optimum filter can be implemented in reality, but the filter design turns
out to be quite complex

e Furthermore, the optimum filter takes infinite time (after the signal onset) to
complete its action, which is not acceptable in practice

e |tis possible, however, to consider and evaluate fairly simple filters that
approximate the optimum filter and closely approach its performance
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Optimized Noise Charge

We want measure the signal charge Q, so we consider the noise in terms of charge g2,

2 2 Tnc _ Q2
0 =Q 20?5 o2
2
We have 2 :ﬁ

Cno T

nc

Recalling T =CR_=C, <\/s_v/\/s_l) we can express g2, in terms of the main parameters

of the sensor and preamplifier
05 = 2C, /S, /S,

g2, is the charge pulse for which S/N= 1. It represents the minimum measurable pulse Q
and the minimum difference between two distinguishable pulses.

min

The very small size of g2, is better appreciated if expressed in number of electron charges
(NB electron charge e = 1,6 - 101° C)

JNZ = JZT _ \/ZCLJfﬁ =278./C_[pF]-5¥% [ nv/\/Hz |7 pa/vHz
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Optimized Noise Charge Examples

It is instructive to evaluate and compare typical values of the optimized noise charge in
typical cases of PIN photodiodes coupled to high-impedance preamplifiers.

a)

b)

PIN with wide sensitive area (=1 mm diameter ) and discrete-component preamplifier
with moderately low-noise. Fairly high capacitance of PIN & connections (C; = 10pF)

and not-so-low preamp noise (typical Sé/z ~4nV/VHz ;Sil/2 ~ 1pA/VHz)

set a fairly high limit —
\/ Nezo ~1800 electrons

PIN with reduced sensitive area (= 100 um diameter) and discrete-component
preamplifier with low-noise. Reduced capacitance of PIN & connections (C;, = 1pF)

and reduced preamp noise (typical S,}/Z ~ 2nV/VHz; Sl-l/2 ~ 0,1 pA/VHz)

bring a strong reduction
N Nez0 ~120 electrons

PIN with small sensitive area (= 20 um diameter ) integrated with a very low-noise
preamplifier. Capacitance minimization by monolithic integration (C;, = 0,1pF )

and very low preamp noise (53/2 ~ 2nV/VHz ; Sil/2 ~ 0,01 pA/VHz)

bring further progress —
\/ Nez0 ~10 electrons
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Optimum Filtering with Finite Readout Time
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Optimum Filtering with Finite Readout Time

 The exponential weighting function w(t) of the matched filter reaches zero only at
t =2 o0, so that the measurement of the pulse in principle is available with infinite
delay after the pulse onset.

 However, most of the weight of the matched filter is over a finite time interval of a
few time constants T, .. We can introduce the constraint of terminating the weight
at a finite time t; and evaluate the result of this finite-time-readout matched filter

t, Readout time

Sensor
charge pulse ¢
i i t
Whitening filter CQ | 7. (t):Cg.l(t).exp(_TLJ
output signal L , L ne
' t

Finitei—Readout Matched Filter

- 1 t
/ Ideal Matched Filter | Wy, =1(t)-T—6Xp N

! t

Matched filter 1
weighting function 7~
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Optimum Filtering with Finite Readout Time

The constraint of ensuring a finite readout time t, forces to terminate the
weighting at t; and leads to

NB: No more oo !

2 2 T2 // 2
77§=(£j =Q—2£IERWé(a)da=Q—2iJ‘tRexp _2a do==5—"|1-exp _2k
N opt,R CL Sv * CL Sv 0 nc CL 28v nc

) that s nRo 770 |:1 exp(—%ﬂ
77Ro nc
Tnc/2 |
E > 2
B e T

The absolute optimum 71, is closely approximated in a reasonable readout time t:

at to=T . Nro = N, * 0,929 i.e. g, =7% lowerthann,
at t;=2T . MNgo =1N,-0991 i.e. Npp, =1% lowerthann,
at te= 4T.. Ngo =Ny 0,9999 i.e. Mg, = 0,01 % lower thann,
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Optimum Filtering with Finite Readout Time

Sensor output n I, (t)=Q-5(t)
current . , S
| : t
Preamplifier Q | Q
output Cy 1 | s (t) = C_L'l(t)
— 5 t
Whitening filter C% \:,i(t)zc_ 1(t)-exp(—_l_—)
Output | L nc
o ‘ t

Matched filter

viatc ! 1 W, :1(t)~—exp(——] from t=0 tot=t, and wy,=0fort>t,
weighting function  Tnc | | Ty~o___ ne ne
: ' t
6-response of !
constant-parameter ]
matched-filter N
t
Output of
constant-parameter
matched-filter
—,
t
t, Readout time
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Optimum Filtering with Finite Readout Time

Sensor output Is(t):Q'5(t)
current signal A
,= e t
Output signal of U (t) :
constant-parameter oR !
filtering electronics i
| | t
e . A |
ngrall weighting function W, (t) = hOR (tR —t)
acting on the sensor output |
t=0 tR t
Note that:
* The weight is maximum at t =0, i.e. in correspondence to the sensor pulse
* Weighting is limited to t, on the t > 0 side
* Weighting is not limited on the t < 0 side
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Practical approximations
of the optimum filtering
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RC integrator Approximation of the Matched Filter

* The whitening filter is simple and easily and exactly implemented. For completing the
optimum filter it is sufficient to find out how to approximate the matched filter.

* The features of the matched filter weighting function observed in time and in
frequency point out that it is a low-pass filter

e Asimple RC integrator (single-pole low-pass filter) can be an approximation of the
matched filter. With RC=T,_its 6-response h(t) is identical to the weighting function
w,,(t) of the matched filter. The RC weighting w(t) has the same shape as w,(t) of the
matched filter, but it’s not fully correct because it is reversed in time!

1 I Nl(t).#exp(_rtj &-response with T, =T,
T ' F F

1 7
1

J‘ We (t) =h. (tp —t) weighting function for readout at ¢,

1 t'I.P t

* Noise filtering is equal to the matched filter, since it is unaffected by time-inversion;
the output is white noise with band-limit set by a simple pole with time-constant T, .

* Signalfiltering is different from the matched filter, since it is modified by time-inversion
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RC integrator Approximation of the Matched Filter

Sensor output A I (t) =Q- 5(t)
current j ! S
| : t
Preamplifier Q i Q
output CL 1 ! Ys (t) = C_L.l(t)
£ | o t t
Whitening filter Cg &(t)=—-1(t)-exp[——
output L : CL Tnc
! t
6-response of 1
RC integrator T..

Output of

Z;*he = QLexp(‘—LJ
RC integrator CL T Toe

| 1 t
\\hF(t):l(t)‘T—eXp(—T—] with T,=T,_
1 F F

*%

Weighting function of i t
RC intefirator/i/l W|: (t) = h|: (tP _t)

peaking time t, =T,
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Filtering system with RC as approx matched filter

Sensor output I, (t) =Q- 5(t)
current signal A

Output signal of the filtering

system with RCI as approx !
matched filter i
: ——

: | t
Overall weighting function A i
acting on theW\i Wor (t) = hoF (tp —t)
t=0 t, t
Note that:
* The weight is maximum at t =0, i.e. in correspondence to the sensor pulse
* Weighting is limited to t, on the t > 0 side
* Weighting is not limited on the t < 0 side
P (see for comparison the optimum filtering in slide 26)
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RC integrator Approximation compared to
the Optimum Filter

The RC output signal waveform is u. (t)=CgTLeXD(—TL]

L "nc nc

1Q
Signal peak value (att =T, ) S = Ug (Tnc) eC,

Noise ffﬁf

/N e = ,—2 - C
F

Comparing the RC approximation with the ideal optimum filter system we see that

2 : :
S =—s ~0,736-s, the signal is lower

\/7 \/7 the noise is equal
2

ne =—n, ~0,736-n, the S/N is lower
e

the performance of the filter system with RC approximation of matched filter is
about 27% worse than the absolute optimum.

i, Note that the loss is due to bad exploitation of the signal
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RC integrator Approximation compared to
Finite-Readout Optimum Filter

The filter system with RC approximation of the matched filter has finite readout time
te = T.. (the output pulse peak amplitude is measured at t=T,_).
The ideal optimum filter has infinite readout time.

A more objective assessment of the RC approximation is obtained by taking as
reference the optimum filter with the constraint of finite readout time t, =T, .

The optimum filter with the constraint of finite readout time t, gives

2t
ko (tR ) =1, ‘\/1_exp[_T—Rj
T nc

e ILIS
Mo (Toe ) =17, - 0,929

In conclusion e = 2770 ~0,736-1,=0,79-n,, (Tm)
e

in our case with t, =

the performance of the RCl approximation is about 21% worse than the optimum filter
with the constraint of finite readout time t, =T, _

This performance is remarkably lower than the optimum, but the RCis just a crude
approximation: better results can be obtained with more sophisticated filter design
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Appendix 1
Noise whitening filter:
case with finite load resistance
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High-Impedance Sensor and Preamplifier

Equivalent circuit of a high-impedance Sensor and Preamplifier configuration
with finite load resistance R;

Current pulse S N
Is=Qo(t) _L —" . S, |Ra—>® Co
Long exponential
= - voltage pulse

R, = total resistance of sensor and load

T, =R, C, time constant of the load
At the preamplifier output:

* The voltage noise spectrum S, has two components and is NOT white

R
1+ @°R/C!

R
"1+ 0T}

S,(®)=S, +S =S, +S

 The output voltage signal is an exponential pulse with long time constant T, = R, C;

y(t):Cg-l(t)-exp(—Ti]

L

L
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Noise Spectrum at Preamplifier Output

log S
R ” T2 4 T2
Sn:SV+Si1+a)2T2 ___-SV+SiRE:Sv' nc : L
nc
recalling T,,=C, (\/_/\/—) R
2
T’ R
1+ @°T? =
2 2 2 nc =2 2 +C€)T
o8 (Ll T g Te T MTEeT L
T 1+a)T T 1+ oT| S
V
The noise spectrum has log @

e apoleat w’=1T?

p L 1/ L S _S TL2 1+a)2-|—22

2 ‘ n =YV =2 22

e azeroat o’ =T—12=Ti2(1+%j T, 1+
z L

nc

With high load resistance R,, namely with R /R =T, /T.. >10 , the zero is practically

the same as with infinite load resistance |2 zi — &>

z 2 nc
Tnc
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Noise Spectrum at Preamplifier Output

T2 1+ 602TZ2
S, =S, Lz ' > 2
T, 1+ T

2

with T/ =T2 TZTiTZ and T, =R.C,

nc L

The noise whitening filter H,, must

e cancel the pole with a zero at w, = 1/T,

: 1
e cancel the zero withapoleat o, =—=—
TZ Tnc
It’s a quasi-high-pass CR with finite DC
attenuation

—\\A— R.C, =T,
Re )
y 1 4 R.R : : N
¢ —Ccw c =T o ! lo
“ JR [R+R, "7 / - 0

()= T LHIOT T 1+ o,
"I 14 jeT, T L+ o,
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Action of the Noise-Whitening Filter

RC“ “““ H (S) T, 14T,
Quasi-high-pass CR filter y - | 5 nw T 1tsT)
w R
W R.R
= with |—*C,=T,~T_| and |[RC,=T,
R. +R,
s [ ¢ Noise S, (a))-‘HnW(a))‘2 =S,
p—— Whitening Filter
| Huw 2 (1)

a) it makes white the noise at its output and

b) it changes the signal into a short exponential pulse with time-constant T,
Note that this «post-whitening» signal is the same found with R, 2 oo

NW Filter
AAA—
Q t — —3-1 t)- _t
Vs (t)=—-1(t)-exp(——} Il Zg (t)— ( ) exp
C. 7)) — T Lo ! MN—_ C, T,
T, 1+sT
1 L nc -
Ys(5)=§-TL1+ST e —————— Zs(s)zQTnc- L
L L Cancels pole at s =-1/T, C 7 1+sT,

and replaces it by pole at s =-1/T,_
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Signal at the Noise-Whitening Filter Output

T, 1+5T,
S, Vs (t) —— T, 14T, _&
| STTEOTS [
0 = %Ré R~ [
| / NW Filter

Input Preamp Output NW Filter Output
(current) (voltage) (voltage)
0 — pulse Long exponential pulse Short exponential pulse
Q7 — Q
c, C, -
7 : Tnc-
Q t Q t
I, (t)=Q-5(t t)=—-1(t)-exp| —— Zo (t)=—"1(t)-exp| ——
(1)=Q-5() b0 =10 el -1 | n ()= 0o -
T T 1
IS(S):Q YS(S):Q L 1 ZS(S):Q nc
C,_ 1+sT, C, 1+5sT,

The matched filter has to be tailored to the signal at the whitening filter output,
i.e. it must have weighting function exponential with time constant T,
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