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For LPF filters with real poles, it is often easier to compute the noise bandwidth
in time-domain rather than in frequency-domain, because it implies simple integrals
(of exponentials and powers of t). Example: cascade of two identical RC cells
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READOUT NOISE

+ READOUT NOISE of a sampling circuit is the contribution to the output noise

due to the internal noise sources in the sampling circuit itself |
* In the S&H the main source of readout noise is the wide-band Johnson %\
noise of R with spectral density S,z = 2kTR (bilateral) B __RE
Since —_— = |
~ "l
" (tm—a) . 1|Fr| )
R, T = | = f
w(a) = Tre r 1(t,, —a) and .,__\kww(r) = zrfe !
the readout noise is ~——
- = Spp * kyw (0)= 2kTR - — = 2kTR - —
i ML 2Ty 2RC
& "
ViISTO CHE IL — kT
RUMoas £ B Yr = ?

this is just the noise generated and self-filtered by a constant parameter RC filter and
is INDEPENDENT OF THE R VALUE, in agreement wth the S&H circuit model.
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FILTER\WNL AND S/N ENHANCEHENT BY Gvetks Mkﬂ%*‘tm
Filtering and S/N enhancement by Gl

INPUT:
* signal x, constantin T; (DC signal)

* wide-band noise S, (bandwidth f, >> 1/T; and autocorrelation width T, << T;)
Xn == Sp2f = 8y/2T,

OUTPUT: _— B :
Signal y. = x; % =x,G i.e.withgain |G = j— < o GLADAG
f NO
NO™N - 2 M
Ho CPTTO Noise ynzzsb.T_‘gzﬂ.(E)zﬁ,Gzz
Wo G0 X& T Te \Ty Tg
= Cngg o Hn RNon
2T, Tg Te Ao O
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NB: the output signal increases as T; and the noise as /T , therefore

the S/N increases as the square root of the gate time /T
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Fair comparison between different LPF with different DC gain G can be made by considering
the value of the filtered noise referred to the input of the filter (and the input signal). This
is equivalent to consider the output with unity DC gain (if necessary, by considering to add
further gain stages).

For a Gl this noise is

—_— (ﬁ)g; Sb
(xnz){” = Gz —— T—G

For a constant-parameter RC (inherently with G=1) that filters the same wide-band noise
Sy itis

— —_ S,
(xl'lz)Rc = (yl'lz)Rc = ZRC

Therefore, as concerns the S/N obtained for input DC signals accompanied by wide-band
noise, Gl and RC integrator are equivalent if

T¢ = 2RC
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y=N- Psrx_-[thatis the DCgainis G=N:P) e %SSW'IO XE=wEE LN Y os
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The noise samples are not correlated «#
p f—\ Qestp X6 TTn<<Ts

TiqTyy = Migpliyz =

and the noise is stationary  Nyq2 = Nyp2 = -+ = Ny 2
Therefore

n,2=N-P'n2

y
By summing N samples the signal is increased by N and the rms noise by VN
The SNR is thus improved by the factor VN ? IL ROMORE CRESS O@N
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= Samples are taken with sampling frequency f,=1/T, i.e. at intervals T,

\BCLwano AnCos

* Input: DC-signal s, and wide-band noise n, (autocorrelation width 2T, << T, ) / POl RON
+ The sample weight slowly decays with the sample «age»: w;, = Pr® with (1-r)<<1
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The noise samples are not correlated (T n,; = 0 fork#j)

and the noise is stationary (nyp? = ny % =
Therefore

nZ=n2-P2(1+r2+ ..+r¥+ )

The SNR is thus improved to
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But the attenuation ratio r is very close to unity ( 1 —r) << 1 hence ( 1 + r) =2 and therefore
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Gl Gated Integrator (with G=1)

DI Discrete-time Integrator (with G=1)

n,= 2, Ti-(sumof R samples at t=0,£T;£27:...)

i

Ry =

3 1 x
n,, = —-(area of the scaloid that approximates R )
o
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The scaloid area is greater than the R,, area, therefore (DMOSTEARUE Mar NDN C~ BE=cA)
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TIME-Domain Weighting

FREQUENCY-Domain Weighting
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The figure illustrates how the output noise W is reduced and S/N is enhanced
by increasing the sampling frequency f, (for a given averaging time T )
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N GENERALE

a) Aslongas f, < f,:

* the noise samples are uncorrelated

+ each line of [Wp|? is identical to |Wg|? of the Gl (with same DC gain G=1)
+ ahigh number N, of lines of |W|? falls within the noise bandwidth 2,

* the output noise of the DI is N, times that of the Gl

np? =ng? - Ny
With good approximation it is

NL = zfn/fs
and it is confirmed that for uncorrelated samples the S/N increases as VN
R E et 2
o™= 'Tﬁ‘fs_ N
b) When f, becomes comparable to f,, or higher FO{W\O‘ NI v
* the previous result is no more valid. P20 O~ AdppIND
* the output noise must be computed with the actual noise spectrum et -al

oo

ot = [ S Wo(HPar 2 7g?
* The figure shows that W is always_rﬁghert_han n—{;z and attains it for f; = o
lim np? = ng?
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A sensor is connected to a preamplifier featuring a wide bandwidth, limited by a single pole at
fs=100kHz. The acquisition system provides a single pulse with a known shape and the pulse
amplitude Vp is to be measured. An auxiliary synchronism signal is available, which points out the
arrival time of the signal. The noise coming with the signal features a uniform unilateral spectral

density equal to VSx,u = 10nV/v/Hz and a wide band, limited by the preamplifier.
Consider the following two cases:

e rectangular signal with a pulse duration Tp=10ms
e exponential signal Vpl(t)e"~(t/Tp), with Tp=10ms

For both cases:
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a) Evaluate the minimum measurable amplitude for each pulse without any filtering, i.e.
measured directly at the preamp output.
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b) Select an analog filter to improve the sensitivity of the measurement setup, i.e. a lower
value of the minimum signal that can be measured. The filter can be different in the two
cases. Explain in detail the guidelines to optimize the selection of filter parameters. Select
the filter parameters for maximizing the Signal-to-Noise ratio (S/N) and evaluate the
minimum measurable amplitude Vp,min.
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The input wide-band noise S, with bandwidth 2f, , autocorrelation width 2T,
—1 ]/ has mean square value
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Therefore, since Bl has G=1 the S/N enhancement is
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The Bl is equivalent to the cascade of two filtering stages

a) Acquisition of samples by a Gl with same T; and T as the B,

which enhances the S/N by the factor
@— ONR &l G2kd Ll\kgrdor
v TG/ZTH

b) Exponential averaging of the samples with attenuation ratio
r=eTe/TFr =1 —T;/Tr

which enhances the S/N by the factor «— SNR d). q.e»o i %\ -
JaA+1r)/A-r)=J2/0-r)=2T:/T; ovedo-

NB: this factor is INDEPENDENT of the RATE of samples, because the AVERAGE
IS DONE ON A GIVEN NUMBER OF SAMPLES and not on a given time.

The S/N enh is th fi larifi
e S/N enhancement is thus confirmed and clarified SNP\ TORE = mﬁ.\&z
i, (Be (BT p8) ji i L BT
M 5w e e offe € otlomars o shesso vaoe & o

DOMANDA - Perdde  Zddpemo 'esprunhizh 2ve2ging 7 S Usessimo Lo stessor ampezaee
CUOR " GL 22D O prow Peandiz® P gt € I'SNR Szredlas
wiglioe ’ A\z pwvois “esste (| BT ?

® savo M QL damo 10 8% Resp 0. Quelacko- Sesser Yo possaolp e
QUAK YLVO oot . NeA BT tremde \a Cuasct peso 2 espranante nel Ao
PuJ peso 202 COS2 SUMES WoNo 2 the YORMIO 2 queda QN PSS 2o

Qe wn bet ol vodn "'\ﬁﬂosaém,.mvmhﬁmha w220 Lisson
vl tempo ( pesamo U ek M\Poi\tb't Hotivere e~enate \V\Q:hp?xem

Tipo SECME e (MBIA MOTD UNTAHENT

Ve

I I T

AMPE 22 \lp

‘lls is ?:s !.‘s 5'5 6;

e VOOKzZ™0 Sepae \2mpie22ea cdene~
W ph@ W preadamo || Vahore & bmVeR rov @essemo vt | Segneds
S) pesetp Wo shsso modo - G & b perdie stppame B Campiezao-
VoW \n (.!Ahp.k,, que-ds VLWYWMO  menp | mg\zh dA passziv (e K s\iemo aae
W eSponnntoh. ) fuame sl k& et e spaade ¢ wolto facile).

.QUl PARLO DI PASSAID, MA- OZDO  INTENDA QUELD Er emes | mae

DEA FWAONS PESO . QUWNDY 1N ISACA E _>< £ Peso
L putRo g
PAS»TD T




RATENEER INSGRAR  (RI)

Putamo ded BL we 2gungeme \ bols dogo 1o Switon Coril \ cndmsahea
D P st 2vde quado S € 2paio

Tt Lo. e rso &
T L S S ol qeden Vst~

G
S-down. ' | Ta

el pl oy e

5T T 11 Ingesoem B v
L RC w;:fc:;tmg 3 . 3 ?\; 222 Viste Che
1

Tp=RC>> T — — mmandl O~A~sdza s¢ ?\.S
or averaging many samples ~  ====" A, -
f SIS RI-Weighting HIrZ HIL H ach [<arIgN & SRMmps-

wi(a)

—(Te«Ta)/T¢ -Ts/w®
‘= € = e

VISTO Gt qui (i Prendzno toli | P2zl A eponezle vobamo S~ loxes
e qund | JuzdYno w € 4

Pr (dolee Vo posizmo Crodues piote \o Parte U C2MPIONIMO € Somzre e
W™ & qust veleryous

* The DCgain is G < 1 (the RC filter has G=1, but it receives just a fraction of the input!)

*  With T; >> T the DC gain G is proportional to the sample rate fc= 1/T;

oo i =] T,
G=[_ wr(a)da = i J_ wi(@)da = T—z = fs-Tg

Lo vedizmo cost R

NB: if the input signal amplitude x; is constant but f; varies, the output signal y. varies.
In fact, the circuit is also employed as analog ratemeter: with constant input voltage x;
it produces a quasi DC output signal proportional to the repetition rate f;

E s calcdliamo Mastewrelovoe W @ 2desso ? Sodihs moto amplasss.
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wz'ﬂ‘ Wg- a) Acquisition of samples by a Gl with same T; and T, as the RI,
which enhances the 5/N by the factor

JT¢/2T,
b) Exponential averaging of the samples with attenuation ratio
r=eTs/TR=1-Ts/Ty
which enhances the S/N by the factor

[14+r ’2 2Tx
1-r J1-1 "'.'—‘_q“_”zrkh

NB: this factor DEPENDS on the sample RATE f; because the AVERAGE IS DONE ON A
GIVEN TIME and not on a given number of samples. The weight reduction is below
1/100 for samples that at the measurement time t,, are «older» than 4.6-T

The S/N enhancement thus depends on the sample rate f;
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* Narrow autocorrelation, i.e. width much smaller than the signal duration
* Wideband uniform spectrum, i.e. upper bandlimit much higher than that of the signal

TIME DOMAIN FREQUENCY DOMAIN
Y12

y(t)

Signal Waveform Signal Spectrum

R(1) = 555(1) S{f) =S5

. 2 ; Wide-band Noise Spectrum
Wide-band Noise Autocorrelation
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Low-pass filters tailored to the signal are suitable, but we'd like to know more, since

CCN"‘!, ‘\Ttm \\ 9\ l’h‘U basic questions are still open:

6 {.\.\m 7 * is there an optimal filter and if yes, what is it?
+ If yes, what is the best obtainable result? That is, what is the optimized S/N and
what is the smallest measurable amplitude?

The issue is to find out the optimal weighting function, since it completely characterizes
a linear filter.
Let’s set in evidence the signal area A and the normalized waveform b(t)

v(f)=A-b(z) With j'ﬁ(;}:.ﬁ:l

Signal M :
a Filter out uft,) Output Signal

2(t Acquisition
——3| FILTER L of filter out ———>
Lt L LA e wnla) ? i :
attime t,, n.(f, ) Output Noise

Noise R _(r)=5,48(r)

QUESTION: is there a weighting function w,,(a) that optimizes _ =—a Bl
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The signal and noise acquired in the measurement are
u(t,)= j yv(a)w,(a)da = AI b(a)w,(a)da=A4-k, (0) «— STLRAGE O OSCTA
nt,)=[ R, (a)k,(a)da=S,-[ w.(a)da=S$,k, (0) «— RMoRE DU
Therefore (i) . “1(!’“): A_ k2. (0)
N "f[r,,,) Sﬁ' knh(o)

The w,,(a) that optimizes S/N for a given pulse shape b(a) is found by exploiting the
known property of correlation functions (based on Schwartz’s inequality)
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k2 (0)<k, (0)-k.. (0)] thatis %sk,,,,(o)

where the maximum is achieved with filter weighting proportional to the signal shape
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The best result in measurements of the amplitude of signal pulses accompanied by ed. e nve s g‘ﬂﬁ-& of "’9"‘0‘-‘- <
stationary white noise is obtained with weighting function equal to the signal shape. O

This conclusion is intuitive: since the noise is uncorrelated, the output noise power is
the weighted sum of the noise instantaneous power at all times; since this power is
equal at all times, it is convenient to give higher weight when the signal is higher.

The filter with weighting function w,,,(&r) matched to the signal shape b(a)
w, (a)xb(a)

is indeed called MATCHED FILTER
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Am A W %QLL umoe. € recalling that the energy £, of the signal A b(t) is
: E =4[ ¥ (a)da=4[" B (f)df
[i)' ~ -A—z—k (0) . 54_3'[’ bg (a)da we see that (S/N)?_, is simply
N opt A B i S B [

[ s \I: E signal energy

N) S, noise power density (bilateral)
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A simple 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 « i_ d: ﬁ:? e ek
wy,(t) of the matched filter. The RC weighting w(t) has the same shape as w,,(t) of the ?H- M~ i
matched filter, but it’s not fully correct because it is reversed in time!
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The RC output signal waveformis u,(r)= L} [L L\p[ B FLJ
. Q'
Signal peak value (at t=T, ) sp=up (T, )= iC,

Noise Jfﬂf(‘_ \Uu(“]

SN 7, \F - Hﬁmmﬁ?tﬁ'ﬂommm
n Ao

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

s :3.\‘“ ~0,736's,  the signal is lower A\ vanet € (0 s\esso xe Pconelozue w220 € \ou

e
= _ = o \esso. -
Jn =yn’>  the noise is equal q_f »

7y =ng ~0,736-7, the S/Nislower wmm pre e Se ©
e’ ! Do~ \ D2se Dl nosiva
the performance of the filter system with RC approximation of matched filter is @?W

about 27% worse than the absolute optimum.
Note that the loss is due to bad exploitation of the signal
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A sensor is connected to a preamplifier featuring a wide bandwidth, limited by a single pole at
fs=100kHz. The acquisition system provides a single pulse with a known shape and the pulse
amplitude Vp is to be measured. An auxiliary synchronism signal is available, which points out the
arrival time of the signal. The noise coming with the signal features a uniform unilateral spectral
density equal to VSn,u = 10nV/vVHz and a wide band, limited by the preamplifier.

Consider the following two cases:

e rectangular signal with a pulse duration Tp=10ms
e exponential signal Vpl(t)e®-(t/Tp), with Tp=10ms

For both cases:
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¢) Instead of using an analog filter, consider now an acquisition chain that performs a sampling
of the signal and converts the samples into digital words which are sent to a PC for
elaboration. Discuss the criteria to select the sampling frequency and what kind of
elaboration you would select to optimize the measurement. Select the filter parameters for
maximizing the Signal-to-Noise ratio (S/N) and evaluate the minimum measurable

amplitude Vp,min.

Cas.o\@,p&) Seopete. wRaepere
ML S s Bt o

B Wdoomo c2mporert 200estee W aredo Ao e
VSR, me 2nche v Trogpe 2 cimenty (\ Sistemo. Aivedta

\rolte & 0 Qmpowamg Woppo + campe~’ d YUMot O SO PO INEIREN @
qusto o WNCava « e



L yomoR - 20" eovpot cbk ufznpl/@ww(dm.m—m\\ Segrels) Yoo

WA 04ucon\ozenee Pequmn do) Pezmpllichme = 4 ooz
R (1) -4 No. dicizmo e \ eevpes o
T= S omae o SO PO Conveloin
2 gs qQu2do
%@ Ta2>2 1T
b/ € \oskso T : "”‘\’""3

W €R/MPO (O PrNATO 5= 20T (€ areszhwo)
' 0% DoBRAH0 MCOWRE L Seanms €\ RyvoeS
&'o{?a,uh & Rere € dere |0 Sesso peso 2 Asth { CaMpent velbe < Qo
ZnU-l. W\ Y

othmo g -eke

o N
R | sgnele € 3TN - NwR A —
®=A € ¥
l\ (WMo € N _ ZN o":; O,'ZN= ‘S‘\&E es
K=
'SNR ¢ . N\lp \p
C{Un(\. SNR - T W

\N qesto 2so Win: 4530V

Resomo e CH\LO - 1 2omevendo T c 2wicmevo A Rlive a‘z\og_m oo

o ron Pothenro oszre & famule Qe WSS POroL Daede < saciRe. \o-
co:rE-\m-m

£ NEL CASO TEL STHNAE, ESONSIRRAE G Suacene?

VP Ne derno d;%;’l?l'-f QOSSB CPwonze W\ Modo Reszho
\ Ao slesio mode deh segrele , Tn (Wiec tove Yo W\
I P & Vo ottvo Agpela, sa Pokssi 32 won €L 2poaito
o pobes e  &lo sthiro.

Sppor2mo 2 gut 15=40T

\ soone € S ZVpe_" deTP -\pr@
=)



\p i
SNR = — - A
Ow j
A—
= \Ip

oo\ 2

on 1©=40t oVenvamo e = 223wV

e vidocizmo Ts e mssevo 2ppacsize L ydor
ded Alko oftwo Upiw = AoV (e non con . fesve Boomuaa)

26 -03- 209\

3n

FILTRO SA-ALID E ROMORE Y2

Ruotdanoc. \ Progeemo. &h omort V8 (sto weBdow zioa. premdant

-

H,, (o) =

ST |

1+ (rJ: T

(Qdﬁﬂdkhmt cost |1 Qardis ardzrs: Vodvput das
EWA) Qui 520 fortunahh PEUE 2p2mMO WE nek Ymoe M

S 25pome solo W mmm%b!![hw&m + 2z

Ad ORQ) € MOYD ImporRnlR. X& © MoWD PresaiR ol oo sk

* Basic distinction between 1/f and white noise:

time span of interdependence between samples

for white noise: samples are uncorrelated even at short time distance
for 1/f noise: samples are strongly correlated even at long time distance
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* 1/f noise arises from physical processes that generate a

random superposition of elementary pulses with random pulse duration
ranging from very short to very long.

E.g. in MOSFETs 1/f noise arises because:

a) carriers traveling in the conduction channel are randomly captured by local trap
levels in the oxide, stop traveling and stop contributing to the current

b) trapped carriers are later released by the level with a random delay

c) the level lifetime (=mean delay) strongly depends on how far-off is from the
silicon surface (= from the conduction channel) is the level in the oxide

d) trap levels are distributed from very near to very far from silicon,
lifetimes are correspondingly distributed from very short to very long
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* Spectral density S, (f) = ? noise power Ez J?df (with unilateral Sy)
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* The 1/f noise corner frequency f, is defined by

* circuits and devices have both 1/f noise S, and white noise Sg
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The ideal 1/f noise spectrum runs from f = 0 to f = oo and has divergent power E 2w
(recall that also the ideal white spectrum has nj = o)
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A real 1/f noise spectrum has span limited at both ends and is not divergent. t\bhm . % ﬁJ\ w
If there is wide spacing between the high-frequency and low-frequency limitations W\ YOmol ¢ SD\Q Se Mman Con
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The actual 1/f bandlimits f; and/or f, of given filter types will be illustrated later.

* Beware |
ONLY if f; >>f, the sharp cutoff gives a GOOD APPROXIMATION of the noise power !
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NOTE THAT:

. E is divergent for f. =2 co (like white noise).
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A limit at high frequency is necessary for avoiding divergence,

but in real cases a finite limit always exists. Lqenae ('m € O~ W
. ;}5 i% divergent for f; -—)P (like random-wai.k .noissf 1/3). Ll\"hm w2 b &Q‘Q\D— (s'ha\o)
A limit at low frequency is necessary for avoiding divergence, |g—

but we will see that in real cases there is always a finite limit

. ;? depends on the ratio f,/f; and NOT the absolute values fs and f; \1' & m eﬁ Q e\ dQ)b E*SSD \Eh'ﬁ
o\‘ﬁvgp lo steso NSO
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QUESTO A NOU VA HOXD BENE XE NON PAGHOMO TANTID (A DWVERATEA DS+ RU0RS
F<EMUD\N EXAMPLE: 1/f noise with JP = S, fe =100nV

&\
=1 VT W/

a) filtered with f, = 1kHz and f,= 10kHz  (f,/f = 10)

I, =23 S, f. =151nV
b) filtered with f,=1Hzand f,= 10MHz (f./f =107, i.e. x 10 higher)

\/ﬁ =47-2,3JS,f. =401nV (justx2,7 higher)
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Filtering of 1/f noise can be better understood by changing variable from f to Inf oalzanTokal

(beware: it’s NOT A BODE diagram: the vertical scale is linear !!)

« 1/f noise: filtered power T} o« area of |W|?% plot in logarithmic frequency scale
which is different from the case of

* white noise: filtered power n§ o area of |W|% plotin linear frequency scale

In both cases the noise power depends mainly on the frequency span covered by
]le , delimited by upper and lower bounds in frequency. However, the frequency
span is measured differently :

= for white noise, by the difference of the bounds

« for 1/f noise, by the logarithmic difference, i.e. by the ratio of the bounds
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Baseline sample subtracted from signal sample, both acquired with instant sampling
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Time-domain weighting /_l Reso & Qe
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For noise jWB(m)F = [1-cos a)T]: +sin’ T =2 [1-cosaT]

We can also write |I‘P},}(a:))l1 =4sin’ (%TJ [since it is (1-cosx) = 2 sin’(x/2) ]

At wT<< 1 a low frequency cutoff is produced

‘Wﬂ(a))r ~w'T’ (for x << 1 it is sinx=x and cosx = 1 —x2/2)
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Baseline subtraction with delay T High-Pass CR filter (differentiator)
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With Basehne sampling & subtraction | | With CR high-pass filter
vy =S, j2 [1—-cos@T]df ng=S,(fs— 1)
that is 0 andsince f; >>f;
/~ 28y/s n =Sy fs

Double White noise power, as intuitive because:
1. white noise is acquired twice, in the baseline sampling and in the signal sampling

2. The two noise samples are uncorrelated, hence their power is quadratically added
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* Noise with very short correlation time (i.e. very high band-limit) is doubled

if T «T wehave nj = 2n’

* Noise with long correlation time (i.e. very low band-limit) is strongly attenuated

2 —————---:P‘l- —————— Sss=s==sssessss.
P = Z .1 T3
P ! if T.>T wehave ny =H;'3F‘Kﬂ1
0 1 b . : . B
Time-domain analysis clearly shows how with band-limited white noise the

output noise power of CDS is double of that of a CR constant-parameter filter

with equal cutoff, i.e. with T,=RC=T
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1/f noise power n_f limited also by a low-pass f, , but with f, >> 1/T (f, >>1/RC)
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Zero-setting by correlated double sampling (CDS) produces a high-pass filtering action
that limits the power of 1/f noise.

The interval T between zero setting and measure in most real cases is quite long (from
a few seconds to several minutes) so that the high-pass band-limit fjis quite low. This
is a main drawback: the filtering is not very effective since the 1/f noise power is
limited just to a moderately low level, which may be higher than that of white noise.
Further drawback: with respect to CR high-pass filter with equal bandlimit f;; the
output noise power is approximately double . This occurs because in the baseline
sampling all frequency components are acquired, but in the subtraction only those with
f<<1/T are really effective for reducing the 1/f noise. At higher frequencies

- components with f=(2n+1) / 2T (n integer) have power enhanced x 4

- components with f= n 1/T (n integer) are canceled, power is zero

- at the intermediate frequencies the power varies between zero and x 4 (see diagrams)
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‘a) Considering only the wideband component of the noise, i.e. overall white noise with unilateral
" spectral density Sv, select the filter parameters for both filters in order to measure the amplitude
-BI ‘ of each pulse individually. Evaluate the minimum amplitude that can be measured and compare
the result with the optimum filter.

5} At this point, consider also the 1/f component of the noise. Discuss the weighting function of
——o OUT " the matched filter in this case and evaluate the minimum measurable amplitude obtainable with

IN o—e"e < - Eoa . . .
s, R, . the matched filter. Evaluate the minimum measurable amplitude obtainable with the exact same
I ' filters used to solve point a) (i.e. same parameters) and compare the results with the minimum
— signal amplitude that can be measured in these conditions. Discuss if and how the SNR could be
improved with a different selection of the filters parameters. Finally, discuss if and how the SNR

Fig. 1 (b) could be further improved exploiting these filters in conjunction with additional linear filters.

Input signal: square pulse with amplitude Vi and duration Tp=10us.

€) The pulse signals are generated by a monitoring system that performs a periodical task.
Therefore, the pulses are generated with a repetition rate r=1kHz. The signal amplitude slowly

TS i e e varies over time, in a time range of about 1s. Exploit the repetitive nature of the signal to obtain

BY#* component (integrated white noise) with unilateral B=1.6 mV Hz!®. a better SNR and minimum Vi. Explain and discuss how it is possible to exploit the filters of
We want to mensure the amplitude of signals coming from a low-impedance source (sensor with Fig.1 to improve the SNR and explain the differences with respect to the measurement of a single
preamplifier). An auxiliary s signal is available, which points out the arrival time of the pulse. Select the filter parameters to optimize the measurement and calculate the improvement

signal. Exploit the two analog filters reported in figure 1. [Lis possible to use additional linear filters

to improve the measurement,

50}

that can be obtained.
d) Now consider a r, that slowly varies over time (time range of several seconds) in a range between
IkHz and 2kHz, Discuss if and how it is possible to exploit the same solution of point ¢) and

Finally consider a statistical repetition rate with a Poisson distribution over time with average
repetition rate of 1kHz. Discuss and compare the results that could be achieved with the solution
of point b,

= discuss the results obtainable in this case.
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W, (@) = Fw,, (0] = F[8(t)—w, (1+T)] =1-“"W, (@) +— Tzshonwode-A Couxiar
since Wr(w) = sinc (wTTF) is real at any w , we have #— X& e w veck
Wy (@)=1-W. (w)cosoT —iW (o)sinol 4 \Bow0 ev\&o S~ Q,U‘"T

; z
|WB,(fu)|- =14+ W (@) -2W,(®) coswl ¢ | W Mo Pwk wl;(i-\ue[w]@w-n e (cwe(w)sm ) e

P \ d9PpO prodotto
* At low frequency (f<< 1/T)itis Wg(f) = 1and Wj, has a high-pass cutoff
equivalent to a CR differentiator with RC=T

= ——— APPSO 0re
|W_.,{(U)I: =o'’ =f03(T;-+%] ‘_!;; % ]. =/2,7(Tp+2 ] cutoff frequency WE e m mm (G'I)

qQued pr fpada - 4
* At high frequency above the Gl low-pass cutoff (f>> f,=1/2T;)itis |W:(f)] = 0 e P e % &= O

so that |Wg, ()| = 1

In the intermediate range (1/T<< f << 1/2T;) itis roughly Wx(f) = 1 so that roughly it is

W (F)I? = 2(1 — cos2nfT). In this range the average value is about |Wy,(f)|* = 2,
hence we can denote it as double-noise range
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Gl Noise l\b\ m WL QOIS 300
high-pass low-pass band-limit NEUA M = OX.
cut-off band-limi
_ i TRMA L ROMOE &0
Example of CDS-FB with Tp= 101 and T,=2 m FTINO AL NOS
for comparison, a CR filter with equal cutoff RC =T = Tp+T¢is reported BanD- UAT
Z

* (AOUPMO \L RuMozg, ~
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By approximating Wy, as outlined, the noise power can be approximately evaluated
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1/f noise ”.:r.m =.S',f_{;.ln['+
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In cases where the Gl band-limit is much smaller than the noise band-limit (f;>> f¢, ) &1 U bu'“
the effect of noise doubling is practically negligible

nyar = Sy, 1.1[ ;f—} M5 = Syl ’17 TERNIAMO AA \yop STANDAR D

In CDS-FB the noise-doubling effect is strongly reduced with respect to the simple

CDS: it occurs only in the range from the low-frequency cutoff to the Gl filtering band-
limit.
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wyla)=w(a)-w.(a-T)

= CDF weighting (N8: T2 T,) Qmm 8[& 3\)&% \\ m (@) { &M&

a1 T; 0 ' . .
L { PO poSSEO P v solRAS Q
) ' : Wy (@) =8 (a)-8(a~T) q‘m E M w’ h mk& ﬂm’c‘.

CDS weighting @\W Pm e‘- h Cg\\D\QZ\DJg o W

: e et @ \o oot paso U 2 A

1 wela) = rect, . (@)

5{a)

-

LPF weighting

(i 4 Ts

CDF weighting = convolution of CDS weighting with LPF weighting

Wy (@) =wy (@) e w, (a)

Since in time domain wpe(a) = wps(a) * we(a)

in frequency domain it is Wpp(w) = Wps(w) - We(w)

for noise computation (Wpel? = |Wps|? - |We|?
and since [Wpsl? = 2(1 = coswT) = 4sin®(wT/2) :
we have

W, [ =2(1-cos @T )W, |" =4sin’ [ % ]-|:r, |:‘

-~
\We(w) © W Sne
The main features of CDS reflect the fact that it is a combination of CDS and LPF :

1. The LPF cuts the noise at high frequencies with its LPF band-limit f; ('m a& cg\hm m (VYN %?\0')

2. The CDS cuts the noise at low frequencies with its HPF band-limit f; = 1/2nT

3. The CDS enhances the noise in the passband between the band-limits (with
enhancement factor roughly 2)
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a) for 1/f noise the filtered power

* mainly depends on the span of the band-pass measured by the bandlimit ratio,
hence it is markedly sensitive to the lower bandlimit level

* weakly depends on the shape of the filter weighting function
b) for wideband noise the S/N

* depends on the span of the band-pass measured by the bandlimit difference,
hence it is weakly sensitive to the lower bandlimit level

* markedly depends on the shape of the weighting function

an alternative approach leading to quasi-optimum filtering can be devised
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* design an additional filter for limiting the 1/f noise power without worsening
excessively the filtering of the wideband noise.

It is obviously a high-pass filter, which must combine the goal of
a) reducing efficiently the 1/f noise power

with the further requirements of
b) limiting to tolerable level the increase of the filtered wide-band noise
c) limiting to tolerable level the reduction of the output signal amplitude

ESEMOI0

The issue is better clarified by considering as FIRST STEP the optimum filter for signal and Let's now takte_intn account also a 1/f noise source, which brings at the whitening filter

wide-band noise (or its approximation) composed by output a significant 1/f spectral density Sg fc /f .

* Noise-whitening filter, with output white noise Sz and pulse signal. At high frequency, the 1/f component is limited by the upper bandlimit f; of the
Let f; be the upper band-limit and A the center-band amplitude of the pulse transform. matched filter.

* Matched filter, which has weighting function matched to the pulse signal from the Atlow fr‘equencv, the 1/f compone'nt an I:!e limited by a lower band-limit f; set by
whitening filter and is therefore a low-pass filter with upper bandlimit f. an additional constant-parameter filter. With f, << f; the output power of the 1/f
The output has a signal with amplitude roughly V.= A f; and band-limited white noise noise can be evaluated as )
with band-limit f;and power n, 5,/ ln("—f]

= i
However, the constant-parameter high-pass filter operates also on the signal: it

For focusing the ideas, let’s consider a well known specific case: filtering of pulse-signals attenuates the low frequency compnngms a\_nd thus causes a loss in pulse amplitude,

it i : ; . : : hence a loss in S/N. The reduced amplitude is roughly evaluated as

from a high impedance sensor with an approximately optimum filter, i.e. with matched : - ; : ki

filter approximated by a constant-parameter RC integrator. Vi= A(fs = f))=AJ; “ —fil J5 }

In this case, the output noise corresponding to the input wide-band noise is a white noise For limiting the signal loss, f/f; must be limited; e.g. for keeping loss < 5% it must be

spectrum with band-limit set by a pole with time constant RC=T,,
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‘ [i/fs<0,05 thatis  In(fs/f)23
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For reducing the 1/f noise to the white noise level or lower
Sylfe n( S/ f)) <8, 1y

We need that =
“In(f/f)

In(f,//)23

and since for keeping the signal loss <5% it must be

we need to have i ;
fe<[s/3

This means that the goal can be achieved only if the 1/f noise component is low or
moderate. Note that f; and f; are data of the problem, they cannot be changed. In
cases where f- exceeds the above limit, a constant-parameter high-pass filter is NOT
a suitable solution for reducing the 1/f noise power.

CONCLUSION: constant-parameter high-pass filters can be useful as additional filter
for limiting the 1/f noise, but just in cases with moderate 1/f noise intensity, because
of their detrimental effect on the signal pulse amplitude.

B(t)

S-response  Mi(t) = &(1) — I(1) ,L(’
x(t) R > t T

)
Ty f
T, =RC K Step-response  u(t)=1(t) e y
: 1 K
Jo= .
2xT >

yit)

t
I,

f g >t
Transfer function 1H? é (NS EETN]
W J2fT,
H(f)=——F—7
1+ j2x T,
27 fT,
1+(27/T,)

3 dB frequency (Pole) f,, = 1/2nT;

\\ et 0o A QUi O (e yeck
High-pass band-limit for White noise

Premise: with only a high-pass CR filter the white noise power n_E, is divergent,
therefore we consider here also a low-pass filter with band-limit f, >> 1/RC.

The high-pass band-limit f, of the CR filter with weighting function W(f) is defined by
/ )—
( 114,)

The computation of the integral can be avoided by recalling that
CR high pass filter = all-pass — RC low-pass filter

n=S,[ Wl ar = sj df =S,(fs— 1)

and therefore
high-pass band-limit f; of the CR filter = low-pass band-limit f,, of the RC filter

. , |
Jicr=Jirc = aRC
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High-pass band-limit for 1/f noise Fassamo \\n-\O%

Premise: with only a high-pass CR filter the 1/f noise power E is divergent,
therefore we consider here also a low-pass filter with a high band-limit f, >> 1/RC

The high-pass band-limit f;; of the CR filter is defined by

= s
n,=S8,f. L

(.f'_..-'f,, )3 df o df e i
——— —=8f,| =8 (%)
1+(£/1,) / l, g

In this case the first integral is fairly easily computed and shows that

L,

vy

thatis, for f,>> f,
1| 4— e2tomede la frgea &l plo

f!.f = ;’:
/v =22kC (NN ddppo arfonds 12 qaste e qebo &l wmoe Panco
™ \esane)

. ;rheupperfrequenqlimitfs: -cs e Wﬁ\k 'p U\'\-ﬁ'&t Som 0 twoeal
- s necessary for limiting the white noise power bm cha W '??

- Is useful also for limiting the 1/f noise power

- the level of f; is dictated by the pulse signal to be measured

* The lower frequency limit f:
- is necessary for limiting the 1/f noise power,
- the selected level of f; is conditioned by the pulse signal, it cannot be arbitrary

- however, the reduction of 1/f noise is significant even with fairly low f; , that is

with f; /f; values that are high, but anyway finite.
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Let’s look in detail the effect of a high-pass filter (RC = T; ) on a pulse signal

Un

View on SHORT TIME scale View on LONG TIME scale
pulse area - -
INPGY —» 7
T INPUT
£

3 > >t V2 Mo der o 2reo
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A pulse that follows a previous one within a fairly
short time interval (T, < 5 T; ) steps on the slow
tail of the first pulse. Therefore, it starts from a
» A down-shifted baseline, so that the amplitude
measured for it is smaller than the true one.
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7 For periodic pulses with fairly short repetition period T, << T;, the
Vmi 'E; SWM \ .:E'\- CQ— superposition of slow pulse-tails shifts down the baseline by a V;

that makes zero the net area of the output signal

The high-pass filtering (differentiator action) of the CR filter has MIXED effects. INPUT
v,
* The effect on noise is ADVANTAGEOUS: by cutting off the the low frequencies it 1 T v‘[ ouTRUY |
markedly decreases the 1/f noise power (and mildly reduces the white noise power) N d
AT t ] 1Y Lt

« The effect on the signal is DISADVANTAGEOUS:

» it decreases the signal amplitude by cutting off the low frequencies of the signal , Repetition-rate-dependent baseline-shift Vs =<V, 2= =4 f,
hence f, must be kept low (f; << f; of the pulse) in order to limit the signal loss. !
However, this limits also the reduction of 1/f noise

# it generates slow tails after the pulses, which shift down the baseline and thus cause % t\ Yovort W\ m e McMD \QW\O
an error in the measured amplitude of a following pulse )

» With a periodic sequence of equal pulses, all pulses find the same baseline shift. The
amplitude error is constant, sistematically dependent on the repetition rate. \¥ %m-"

» With random-repetition pulses (e.g. pulses from ionizing radiation detectors) the

pulses occur randomly in time. Hence the random superposition of tails produces a TOIEMO LA oo B We \
randomly fluctuating baseline shift. The resulting amplitude error is random:

in this case the effect is equivalent to that of an additional noise source. QR SO\0 2\ TUOw & \n mm
CONCLUSION: a differentiator action is desirable on noise, but NOT on the signal. %‘O wm m A.u % W-‘ere O

WANTED: not a constant-parameter differentiator, but a true Base-Line Restorer (BLR) W\ Yumol con Q\MYO o
o oo
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High-pass filtering action on the noise and NOT on the signal: switched-parameter CONSTANT-PARAMETER FILTER SWITCHED-PARAMETER FILTER
CR filter with CR = == when signal is present, finite CR = T, when no pulse is present CR constant at all times with S-up R == and CR = ==
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. Signal loss
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As S is open at the pulse onset (at a=T; ),
charging of C stops and voltage V. stays constant at the stored value
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¢) The pulse signals are generated by a monitoring system that performs a periodical task.
Therefore, the pulses are generated with a repetition rate r=1kHz. The signal amplitude slowly
varies over time, in a time range of about ls. Exploit the repetitive nature of the signal to obtain
a better SNR and minimum V. Explain and discuss how it is possible to exploit the filters of
Fig.1 to improve the SNR and explain the differences with respect to the measurement of a single
pulse. Select the filter parameters to optimize the measurement and calculate the improvement
that can be obtained.
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PUV\ | d) d) Now consider a rrthat slowly varies over time (time range of several seconds) in a range between
1kHz and 2kHz. Discuss if and how it is possible to exploit the same solution of point ¢) and
p p p

discuss the results obtainable in this case.
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PU\A‘\'D Q) e) Finally consider a statistical repetition rate with a Poisson distribution over time with average
repetition rate of 1 kHz. Discuss and compare the results that could be achieved with the solution

of point b.
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ai l 1 A pulse signal featuring an almost rectangular shape comes from a low impedance source and is fed to a
preamplifier with the characteristics reported above.

Considering only white noise (by now):
Exam Text of 26/09/2008 (Problem 1) C

a) Evaluate the minimum amplitude of the signal that can be measured at the output of the preamplifier
- without using any additional filtering stage.
b) Select a filter that allows you to observe the signal waveform with improved resolution. Evaluate the
minimum amplitude of the signal that can be measured in these conditions,

1 ¢) Now consider the exact shape of the signal, which has a rising edge described by the following
-t - . -
exponential function V(t) = V; » (1 —e ’{T.W‘). with Tsp=1ms, and falling edge with the same
., shape. Select a filter to improve the precision in the measurement of the signal amplitude and
Ty

evaluate the minimum amplitude of the signal that can be measured with the selected filter. Before
selecting the filter, discuss the characteristics of the optimum filter, then select a filter that can be
easily implemented and that is a good approximation of the optimum filter.

Signal: | Preamplifier

Tr=10ms White noise unilateral spectral density ¥Sx,u = SonViVHz Now consider also the 1/f noise component:

rise time Ts =0.2Tp | 1l noise component with f=10kHz

amplitude Vi | Bandwidth: fra=100MHz d) In the conditions of point b}, select an additional filter that allows vou to observe the signal

waveform limiting the impact of 1/f noise. Evaluate the noise contribution due to the 1/f noise

& L 2 X G 3 2 : s
Q@h m Q d’vQ‘So dl. m %" w\ component and therefore the minimum measurable signal amplitude in these conditions,

¢) Considering now a known signal waveform as reported in point ¢), select an additional filter to limit

'
@ (T..- Szwzmo C\m lo~ &D‘ '@JV\‘O' the 1/f noise contribution. Evaluate the noise contribution due to the 1/f noise component and
owo- m b_ mm—o M LN therefore the minimum measurable signal amplitude in these conditions.
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the interval T, can be very short)

6(a) BLR weighting = All Pass — Low-pass
] wo m@=E@)w(eT)

Low-pass weighting in frequency:

W w)= Flw.(a)] = R (w)+il (w) Trzj&m cL”\m aym 6’. m
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BLR weighting for noise:
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fi = BLR high-pass band-limit for white noise. Note that:
* f.is equal to that of the equivalent CR High-pass filter
* f,is equal to bandlimit of the low-pass section in the BLR circuit
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Example:
BLRwithTe=1and T, = 10
CR filter with RC = Tp + T¢
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*T2xRC 2x(T,+T,) 2aT,

fi = BLR high-pass band-limit for 1/f nolse. Note that:
* [y is equal to that of the equivalent CR High-pass filter
*  [fyis equal to bandlimit of the low-pass section in the BLR circuit



The BLR filtering is ruled by:

1. T, time delay from switch opening to pulse-amplitude measurement.
There is no choice: T, is equal to the rise time from pulse onset to peak.
In fact, T, can’t be shorter than the rise of the pulse signal and should be as short

as possible for filtering effectively of the 1/f noise.

T:= RC differentiation time constant: to be selected for optimizing the overall
filtering of noise. The question is: how should T, be selected for

2

a) providing a good reduction of the 1/f noise power and
b) avoiding to enhance significantly the white noise power
Since the BLR cutoff is set by 1/(T, +T; ), a very short T, might look advisable, but it is

not: a BLR with T- << T, operates like a CDS, hence it doubles the white noise and
remarkably enhances also the 1/f noise above the cutoff frequency.

In the following discussion about the T, selection, for focusing the ideas we will refer
to a specific case: signals from a high impedance sensor processed by an
approximately optimum filter, namely a CR-RC filter. The output corresponding to
the input wide-band noise is a white spectrum band-limited by a simple pole. Such a
situation is met in practice also in many other cases.

A better insight in the issue is gained with a time-domain analysis of BLR filtering
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fast differentiation with T, << T,
of—— T/,

2220 1-e if
ng ~2n, [ e ]‘ 61 E I g Y ! : ;
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With T << T, the effect of BLR on band-limited white noise depends on how long is
the correlation time T, with respect to the delay T,

* with short correlation time (wide band) the noise is doubled:

with T <T,/5itis  n) ~2n’
* with moderate correlation time (moderately wide band) the noise is enhanced: oo
with T =T,/2 itis  n; =1,73n] : Nunweso do- m&:“" € E
+ only with long correlation time (low-frequency band) the noise is attenuated*:

with 7. > 107, itis E;E.z.‘;ﬂcu_znf

* note that anyway the level is double of that given by a simple CR filter with equal cutoff,
that is with Tg= RC=T,

Camaono d \O dgA 4 vsio- Vs
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Kius BLR weight autocorrelation
BLR WEIGHTING . kyp =k kg + kg +kge Vomo.
with Te<< T, Y
- I Noise Autocorrelation
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b m=eri _r_| i oy =0(r) bk +1(e=T.)wy (r=T, ) 1{=r 4T, )w, (=1 +T,)
— — Noise Autocorrelation
T, T T e
et L7 LT
. AT R, (v)=nle
JR»’ = L
with short correlation T, 3 T, /10 || H forng < 1,05n% weneed T;>207,=2T,
1, r
Rix H i ==
with moderate correlation 7, = T, /2 /|, H forni < 1,050 weneed T,>77,=35T,
, (ai r
H i = ik Even with
with long correlation T, > l{ll:'.l'_'F ] 'F:! i formj < 1,055 no problem ST
T
T
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SOMMARIO

With T, NOT negligible with respect to T, the effect on white noise depends also on
the size of T, compared to T, and T,. A long T can limit the white noise enhancement

T
ny=n |1+ Z 1-2¢ ™
T +T,

Let’s evaluate how long must be T, in the various cases of noise correlation
» with short correlation time 7, = 7, /10 itis

oy T
ng=n | I+—=
T,+T,

for keeping ; <1,05 "_. weneed T,>207,=2T,

* with moderate correlation time 7,,= T, /2 it s

g - b_i]=ﬁd+mn—£—
L+T.\ e, T +T,

for keeping n_,, <1,05 n_ in this case we need T,>7T,=3,5T,
* with long correlation time 7, > 10 T, it is

- T, =2 T
ng=n.|1- =n,
T+T, T, +T,

No problem with such a low-frequency noise: it is attenuted by the BLR just as by a
CR constant-parameter filter (with equal time constant T, = RC)
The most interesting case for us is noise with moderate T,, . In fact, when the BLR works
on the output of an optimum (or approximate-optimum) filter for wideband noise, the
correlation time T, and delay T, are comparable, since they are both closely related to
the band-limit of the signal pulse.
*  We conclude that for avoiding enhancement of the white noise it is necessary to
select a fairly slow BLR differentiation, i.e. a fairly long T

557

* This approach is satisfactory also for filtering the 1/f noise, notwithstanding that
making T, longer than T, shifts down the BLR cutoff frequency, hence reduces the
attenuation of 1/f noise. This is counterbalanced by the fact that the enhancement
of 1/f noise at frequencies above the cutoff is limited by the low-pass filtering in the
baseline subtraction, whereas with short T,it is remarkable.

* The BLR is a high-pass filter that acts on noise and disturbances without affecting

the pulse signal

S\ bl westoer oy e

* The BLR is a switched-parameter filter: the low-pass section within the high-pass d&t&d OO~ d_,scasm e~
filter structure is a boxcar integrator that acquires the baseline only in the intervals < CU\*\
.

free from pulses

* The BLR can thus establish a high-pass band-limit at a high value (suitable for

W\ gewzls Nerdae s3>0

reducing efficiently the 1/f noise output power) without causing the signal loss
suffered with a constant-parameter high-pass filter having the same band-limit

* The high-pass band-limit enforced by the BLR is given (with good approximation)
by the low-pass bandlimit of the low-pass section in the BLR circuit structure

* The combination of: (1) optimum filter designed for the case of pulse signal in
presence of wideband noise only (i.e. without 1/f noise) and (2) BLR specifically

designed (for reducing the actual 1/f noise without worsening the wide-band noise)

provides in most cases a quasi-optimum filtering solution.
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Power signals with a narrow power spectrum, that is, a peak with
* center-frequency f,

* bandwidth Af, which is small in absolute value, typically 4f; <10 Hz,
and/or with respect to the center frequency 4f, <<,

They approximate well a sinusoid over a wide time interval T, = 1/4f,

QUESTION: how can we measure such narrow-band signals in presence of
intense white noise? And what if also 1/f noise is present?
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Let’s see some typical examples of signals with
* narrow linewidth Af, =1 Hz
* small amplitude V, < 100 nV

for bringing them to higher level (suitable for processing circuits: filters, meters, etc.)
they are amplified by a DC-coupled wide-band preamplifier with

* upper band-limit f, =1MHz

= noise spectral density (referred to input) with
«white» component E:Sn V /N Hz
and 1/f component with corner frequency f. = 2kHz

Let us consider three cases with different center-frequency f; :
» Case 1: high frequency f, =100 kHz
» Case 2: moderately low frequency f, =1 kHz
» Case 3: low frequency f,=10Hz

Cesod Ns<4oon\ e &-(0OKbHe

a) observing the voltage waveform in the TIME DOMAIN, i.e. on oscilloscope display

The signal to be recovered is at frequency f, = 100 kHz much higher than the noise corner

frequency f,= 2kHz , so that we can use a simple high-pass filter with band-limit f, = 10kHz " E -
to cut off th:a 1/f noise and obtain a rms noise (referred to the preamp input) Q\, 2 Q&SSZ,H-CD Saf \%\—-27“1 \ J{’ ‘g WU
WA D= e e ysto du & nosto sgnek € ol dook
and therefore s_V <0.02 <<1 e nwetoma 0 % o A0k
N R

v

"

Even the highest signal V, =100 nV is practically invisible on the oscilloscope display! The
noise covers a band =5 x rms value = 20 uV and the sinusoidal signal is buried in it!

Vertical scale 50uV/div
Horizontal scale Sps/div

Totowa 82 \© 2n2h22e Qesto el dowvo Stoen Requanze~ € 20220 lo Spiko atngo
de il canetn @ mcttp usiblL

SpMco Sagwla
b) observing the power spectrum in FREQUENCY DOMAIN, i.e. on spectrum analyzer display A b/
v? 8 gl :
SIGNAL: the power P, :—$—=5(1-Iﬂ “¥* is within a bandwidth Af;=1 Hz
i L J “ A i >
so that the effective power density of the signal is S, = [ =T70nV /N H= #
P Y B \[T A, / $ vu-ok

NOISE: the effective power density at f, = 100 kHz is J: =5nV /N Hz

On the spectrum analyzer display the signal peak is very well visible above the noise!

VS _ - to i 2 Sp, rOtemp O qui il sagrl @
R F—G I O e Gl CIGE B el

Conclusion: good S/N can be obtained with a bandpass filter having bandwidth Af}, m'\o z)\ S%l e
matched to the signal band Af}, = Af;

oo , s4eSS covd 2 =AKH%,%+DMJ.Rd~l\CenjL
c2d 6*‘:?8&1\ (MCV3 L b 2



CASE 2: signal V, £ 100 nV at moderately low frequency f, = 1 kHz
a) observing the voltage waveform in the TIME DOMAIN, i.e. on oscilloscope display

The signal is now at f, = 1 kHz just below the corner frequency f.= 2kHz.

For reducing the 1/f noise we can still use a high-pass filter, but in order to pass the signal
the band-limit f; must be reduced: f,<<f, =1 kHz, typically f, = 100Hz.

The rms noise referred to the input is e, e

DoBBiaro
BAN e VP

-'_;'%J‘S'h{j* L)+, 1 In[?]~JSﬁ_ﬁ|+ ,,;;m[-j-{-]:,;s,j;, < Sul

and therefore

1/f noise is negligible S,/ In [ ]4: 5[

“|-~

The situation is practically equal to that of Case 1: the signal is practically invisible
on the oscilloscope display, it's buried in the noise!

CASE 2: signal V, £ 100 nV at moderately low frequency f, = 1 kHz
b) observing the power spectrum in FREQUENCY DOMAIN, i.e. on spectrum analyzer display

rd

L =50-107" }* is within a bandwrdth Afs=1Hz

SIGNAL: the power P, =
Js = |I—_—mnuuf~

so that the effective power densﬂy of the signal is

NOISE: due to the 1/f noise, the effective power density at f, = 1 kHz is somewhat higher
AT J5+S, ‘;— =5 '1+% =35, =8.7nV [NH=

Anyway, on the spectrum analyzer display the signal peak is still well visible above the noise
J S, G0 € 2x0. DUNO
Js.05) Possamo ua-t oA pPasidoande.

Conclusion: a bandpass filter with bandwidth Afy, matched to the signal Afy, = Af,
still gives a fairly good S/N
[Sa, J‘_ =8>1

R BTALY TR

=8>1
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CASE 3: signal V, < 100 nV at low frequency f, = 10 Hz
a) observing the voltage waveform in the TIME DOMAIN, i.e. on oscilloscope display

The signal is now at f, = 10 Hz much below the corner frequency f.= 2kHz.
For reducing the the 1/f noise we can still use a high-pass filter, but with strongly
reduced band-limit f; << f, = 10 Hz, typically f; = 1 Hz. The rms noise referred to input is

i

lez\[ (i !]+Sfln[.

; ] = JS,‘_!;, +8,/ In %] =S, [, =5uV

1/f noise is negligible S, /. In( ‘; ]4: Sl

and therefore <0,02<<l

The situation is practically equal to that of Case 1 : the signal is practically invisible
on the oscilloscope display, it's buried in the noise!

Todoane 20l n
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OPEN QUESTIONS

* We need efficient band-pass filters with very narrow band-width.
We need to understand how to design and implement such narrow-band filters ,

but we shall deal with this issue after dealing with the following question.

+ If the information is carried by the amplitude of a low-frequency signal, it has to
face also 1/f noise. It would be advantageous to escape this noise by preliminarly

transferring the information to a signal at higher frequency. However:
a) how can we transfer the signal to higher frequency?

b) if we transfer to the higher frequency also the 1/f noise that faces the

signal, this makes the transfer useless: how can we avoid it?

CASE 3: signal V, s 100 nV at low frequency f, = 10 Hz
b) observing the power spenrum in FREQUENCY DOMAIN, i.e. on spectrum analyzer display

SIGNAL: the power P =--=350-10"" }is within a bandwidth Af; =1 Hz

\(_z\[___?omfﬁ

NOISE: due to the 1/f noise, the effective power density at f; = 10 Hz is now much higher

F*s{r)Jss{_ﬁ\[.;mﬁ?ui/m

S

so that the effective power densitv of the signal is

On the spectrum analyzer display the signal peak is barely visible, it's equal to the noise

'S‘\
_j{ﬁ SOHO AL OGS
“al\SS
Conclusion: the 5/N is insufficient even with a bandpass filter with narrow bandwidth Af;,
matched to the signal Af, = Af;
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-

m(t) = B cos(2n fo, t + @)

Information is brought by the (VARIABLE) amplitude A of a DC signal x(t) = A .
(NB: a real DC signal is a signal at very low frequency with very narrow bandwidth)

= An analog multiplier circuit combines the signal with a sinusoidal waveform m(t)
(called reference or carrier) with frequency f,, and CONSTANT amplitude 8

The information is transferred to the amplitude of a sinuscidal signal y(t) at frequency f,

¥(t) = A-B cos(2n fu t + @)
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'fm

Y(f) = X(f) * M
yit) = x(t)m(t) = (f) = Xif) (f)

=A-Bcos(2nf, t +@,)

and in phase by + @, and — @, respectively
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Example of quasi-DC FREQUENCY DOMAIN

fm

The signal is shifted in frequency by +f,, and -f,,
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In the cases here considered, however, the issue is remarkably simplified because
a) X{f) is confined in a narrow bandwidth Af,

b} M(f) has a line spectrum with (fundamental) frequency f, that is much greater
than the signal bandwidth f,, >> Af,

In the convolution X(f) * M(f) each line of M(f) acts on X(f) as follows
= Shifts in frequency every component of X({f) by + f,and -f,
(i.e. adds to each frequency + f, and -f, )
= Shifts in phase every component of X(f) by +@,, and - ¢,
(i.e. adds to every phase +@,,and - @, )
In cases with Af, << f,, there is no sum of complex numbers to be computed because at any
frequency f there is at most one term to be considered, all other terms are negligible.

The result of the convolution is easily visualized: every line of M(f) shifts X(f) in frequency
and adds to X{f) its phase. Therefore, | Y(f) |is well approximated by the convolution
of |X(f)] and|M(f)] and |Y(f})|? by the convolution of |X(f)|? and | M(f)|?

X[
NB signal (with very long Ts) 3 | — — ; o R
: X(N)=A——xr PO [rof =xof o]
3 ! I+ )27 [T
A =— Sl
A - ”Ts‘ Ii I|
x(t)=1(t)-=e " —+ > N P
T, <IMl f Notano dw egee Wi i L™
m(t) = B cos(2n f,, t + @) l Eb‘(,f'+ f.) Ed(f_f;"]l ‘D.q . F
with f, >> 1/T, : 2 2 > vito.
1= :
| $ " " e
| s ﬁ
yt)=x(t)mi(t) i S (+5) _|X -5 :.
I 'fm ‘fm f
Y(f) = X(f) * M(f)
AUPONTUDE, NCDUATION (O SEGRAE SWNOSOIDAGE
NeA dewpo Nla. Deqez-
X1
By exploiting the a well known trigonometric equation !
l , v(1)= Acos (2 f, 1) }:-n‘{;# ) I I :,“I"”'l =1
cosacusﬂ=Ecos{a—ﬂ)+5cus[a+ﬁ} : i : ,
in cases with sinusoidal signal and sinusoidal reference m(r)=Beos{2x ) 1+p,) | Ea‘[r+ £) i I
with f,>>f; - i
x(t)=Acos(2x f, 1) -f. ;

m(t)=Bceos(2z f, t+¢,)

the result is directly obtained

AL Q'),,,]+A—_:gcm[":r(,i +,fm)r+qam]

AB
t)=x(t t)=— 2
V(ty=x(t)-m(t) = > cox[ x(fs-

—a{f+;+f —;}[Hr

e

Qesk ¢ m SINBad, s &

(P



I\ oWpLce 2o @ o st fn oo o € st
Reepo R0k . vo lhpuzke as Ordom quadvon

Modulation with a squarewave reference m(t) can be implemented with
circuits based simply on switches and amplifiers, without analog multipliers

x(t) AB
Ay B
—./

T I ] vrrJ—xm mft)

* In such cases, the circuit noise referred to the input is due mostly to the switch-devices
and is much lower than that of analog multiplier circuits.

* Metal-contact switches have the lowest noise, but they can operate at limited switching
frequency, typically up to a few 100Hz

* Electronic switches (MOSFET, diodes, etc.) operate up to very high frequencies but have
fairly higher noise (anyway MOSFETs operating as switch-device have lower noise than
MOSFETs operating as amplifier devices).
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Switching example: differential amplifier with alternated input polarity

7.—')

dendo. quzdro- position € vegzhwor 2

() x(t)

my(t) = symmetrical squarewave (from +1 to-1) at frequency f,,

In the amplitude modulation:

2k-+

[7£+|]

+ each line of the reference M acts like a simple sinusoidal reference, i.e. shifts by its
frequency and its phase the signal X and multiplies it by the amplitude B-b,,,,

¢ B [My|
oy a
28 ] = =B 2 B 3§
17 ] - I” AN v
_3fm 'fm fm 3fm Sfm
= b, ——_ ) forn =2k +1) S,
B- ‘L!,,,tf}—B-Z-—'-_*‘—"—[o(_; —_;H‘I),H)'U+’f:u]] - iy " /
k=0 -

+ if the squarewave is not perfectly symmetrical (e.g. it has asymmetrical amplitude and/or
duration of positive and negative parts) there is also a finite DC component with

amplitude B, (possibly very small)

* the DC component does NOT transfer the signal X in frequency, just «amplifies» it by B,

B:m,,

L

m,_ft) = chopper squarewave (from +1 to zero) at frequency f,,

AARA, |

t B-[M/
B
B 1 B1 2 l E IE B 1 B 1
e T 3 T T = i 4 e
n :“, l’ | [T 3 | i 5 5
'sfm '3fm '!m fm 3fm sfm f

Chopper squarewave with amplitude B =

= Symmetrical squarewave with amplitude B/2 + DC component with amplitude B/2

i i)
-,-\-f‘_f!,f]+ ~-0(f)

B-M, (/)=

| &

In the amplitude modulation by a chopper:

* areplica of the signal X «amplified» by B/2 is transferred in frequency by the squarewave

« another replica of X «amplified» by Bf2 is NOT transferred, it stays where it is
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y(t)=x(t)-m(t)
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Narrow-band DC input signal A
Squarewave reference 18:IM,/
(slightly asymmetrical case) 2
| | = 28 28
2 1 ;  fud LA
5 3 “foo Fo 3 5fm f
2 Y1 =B [M | *[X]
Squarewave modulated 5
output signal | III =54
B.-A |\ — 18
A A .'I \ = I\ r W + =
+
5fm 3f, j Jon 3w 5fm f
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A pulse signal featuring an almost rectangular shape comes from a low impedance source and is fed to a
preamplifier with the characteristics reported above,

Exam Text of 26/09/2008 (Problem 1)

b)

Signal

Te=10ms
rise time Ts =0.2Tr
amplitude Vi

[ Preamplifier:
White noise unilateral spectral density ¥Sau = S0nV/iVHz
| Uf noise component with fo=10kHz

Bandwidth: fra= 100MHz d)
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Considering only white noise (by now):

Evaluate the minimum amplitude of the signal that can be measured at the output of the preamplifier
without using any additional filtering stage.

Select a filter that allows you to observe the signal waveform with improved resolution. Evaluate the
minimum amplitude of the signal that can be measured in these conditions,

Now consider the exact shape of the signal, which has a nsing edge described by the following
exponential function V(t) = V; » (I - c_(’JTJ'F). with Tsp=1ms, and falling edge with the same
shape. Select a filter to improve the precision in the measurement of the signal amplitude and
evaluate the minimum amplitude of the signal that can be measured with the selected filter. Before
selecting the filter, discuss the characteristics of the optimum filter, then select a filter that can be
easily implemented and that is a good approximation of the optimum filter.

Now consider also the 1/f noise component:

In the conditions of point b), select an additional filter that allows you to observe the signal
waveform limiting the impact of 1/f noise. Evaluate the noise contribution due to the 1/f noise
component and therefore the minimum measurable signal amplitude in these conditions.
Considering now a known signal waveform as reported in point ¢), select an additional filter to limit
the 1/f noise contribution. Evaluate the noise contribution due to the 1/f noise component and
therefore the minimum measurable signal amplitude in these conditions.
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The signal of a photodetector is read out (Fig. 1) by means of a preamplifier featuring an extremely
high input impedance. The bandwidth of the preamplifier is limited by a single pole at frequency
fp=10MHz and the noise referred to the preamp input is the sum of two wideband contributions having
unilateral spectral densities VSy,u = InV/VHz and VSu = 0.05pA/NHz. Ci=10pF is the total
capacitance between the preamp input and ground and R =200M£Q is the total load resistance. The
voltage signal on the load has an almost-step shape with amplitude A, with linear rising edge of
duration Ts=20us (Fig. 2).(We Want (o measure the signal amplitude A with good sensitivity, i.c.
with a SNR higher than 10 even for a small A.

a) Evaluate the noise at the preamp output and therefore the minimum amplitude A that can be
measured without using any additional filter.
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b) Discuss the weighting function of the filter that would allow you to obtain the best sensitivity
in this system. Evaluate the noise of the measurement that you would have exploiting this
filter and the minimum amplitude A that could be measured in these conditions.
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¢) Select a filter that can be practically implemented and that is a good approximation of the
weighting function discussed in the solution of point b). Select the filter parameters, evaluate

the noise of the measurement carried out with this filter and evaluate the minimum measurable
amplitude in these conditions.
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d) Now consider an additional 1/f noise component with a corner frequency fc=1kHz. Discuss if
and how this contribution can affect the sensitivity of the measurement and discuss which

additional filters would you use to limit 1/f noise, if needed. A qualitative evaluation is
sufficient.
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for the study of synchronous measurements and narrow-band filtering
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x(t)= Acos(w,t+¢)
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« constant and known*
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Shows the frequency and phase of the signal
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* in this example =0 since the preamp passband limit is much higher than the signal frequency f,
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for the study of synchronous measurements and narrow-band filtering
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m(t)=Bcos(aw,t)

Ry e.g. strain sensor, the resistance varies following a mechanical strain &

a) in cases with constant strain &
constant A —* x(t) is a pure sinusoidal signal
b} in cases with slowly variable strain & = {{t)
variable A = Aft] = x(t) is a modulated sinusoidal signal
SLOW variations = the Fourier components of A(f)=FfA(t}] have frequencies f<<f,
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Synchronous measurement with averaging
over many samples N >>1 of the peak

I x(t)

vt

[ I

wit)
RN
L7 : r__ )

x(r)=Acos(27f,1)
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To take N samples
is equivalent to gate
a free-running sampler

w(t)=m(t)-r (1)
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FILTERING: narrow bands at frequencies 0, f, , 2f, 3fm....
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* atf=0 VERY HARMFUL band: it collects 1/f noise and no signal
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= atf, useful band that collects the signal and some white noise around it

I

* MNo more band at f = 0, no more collection of 1/f noise

* at3f,, 5f,... residual harmful bands that collect just white noise without any signal:
how can we get rid also of them?
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« atf,, useful band that collects the signal and some white noise around it

* Noband at f =0, no collection of 1/f noise

"\E m S\‘@m lwlg“ﬂ'd% 8"0- * No residual bands at 3f,,, 5f,, ... no more collection of white noise without any signal
'cobu o ‘-QZH(& How to implement this optimized synchronous measurement?

Basic set-up for Synchronous Measurement . D.
with optimized noise filtering m Qsae- (N\ w% MLQU !‘.
Input Signal p
x(t)=Acos(et) 2t) =x(t) - m(t) ‘\ W\b Q-" d%m QU‘V\M (A&

yex A

5

—'4—#-~—-—-+ — . _.'J_, | [ Dc.Output Cb«?,s\-o & qrn”.u P_w\z,.u_ m P:‘“ o
Reference m (1) = Beos(at) 1 T M-E\-i;tos‘\:-i:::::i::rramerersi d;Mgh‘fD: -
21
Weighting in time domain Weighting in frequency domain Gﬂ‘m e q‘-hh h% é’ %H“ szsaba-m
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* NB the reference input to the multiplier is a STANDARD waveform, which \m ‘\ m S\IIS‘E ’ Cm_ m &w

absolutely does NOT depend an the signal: it is the same for any signal |!

+ Therefore the set-up is a LINEAR filter (with time-variant parameters) e W M%\,o d‘_' e_*‘-\ m&m
BN Cn RLC.
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principle of the Lock-in Amplifier (LIA) gy
P.IL. (VPN
With averaging performed by a gated integrator, the amplitude A can be - © w“o 2 vy Rc'

measured only at discrete times (spaced by at least the averaging time 2T ). %:

However, by employing a constant-parameter low-pass filter instead of the GI, J' &
continuous monitoring of the slowly varying amplitude A(t) is obtained. (=) o ONvarD \(h Sk% A&C&. ég_x

T o A - A

Input signal : 2(t) = x(t) - m(t)  Constant-param. : 'e KM;U yVO-— USQ‘WD \M\O%
x(1)=Acos{w ) 1 Low-Pass Filter 1 Yo d v LN
) el X LR DWRS 2af S22 Quano C€ (| pesSEIe
TR ] Multiplier i i c - qﬁasi-DCm} m 25%80.

Reference : Tp=RC :_I: : Qutput signal

I/ = Beos(a !

.rl[ff.i .t‘o.(!)...f} : w;{a)LPFw&ighl‘mg[i V‘sb CII m m W GI A k&:‘h

The constant parameter LPF performs a running average of the output 2{t) of the mo ILM \’m QO\MW w UU O~
demodulator. The output is continously updated and tracks the slowly varying W A
: A v QM \wGesSO .

amplitude Aft). This basic set-up is denoted Phase-Sensitive Detector (PSD) and is the
core of the instrument currently called Lock-in Amplifier.
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The constant parameter LPF performs a running average of z{t) over a few T, m mso

that continously updates the output

v(1)= [ z(a)w, (@)da = [ x(a)m(a)w, (a)da
By comparison with the definition of the LIA weighting function w{a) w"-( m) = m[u.). UF(&)
!'{!l'—J'I_I x(e)w, (a)da
we 5eehuwrhedemudulaianandip: are combined in the LIA /t\ %*N;{IJ &m R)’w m e\ C.Awm \& cc\\d ;z
w(a)=mla) w (a W =|M|*w
) (a)w () &2 W (f) .”.|51| &’ZWWG. MW&'.’Q Q_(‘LJ»'FD
A 2oa Dden cho P~ PCccdlo ece -

Fgeho!! Ve comol ce von € 1spvn ndho € Paraloy vrolhpes vom
o oo, pn modo ee eln~wer\o.

L&Q\W\Zﬂ_ =0 wole & Nothamo o (& Rmm Rese Y€
)= st} ) sk o o & pryron, @ gvaie
{T Ti a\ (2220 PO~ 2uw2vo \ 1eeh A GF
2 7 ; ; 2desso Zbbavo (Rsptnzaaie doc esede
!

m(t)= Beos(ert)

fT ¢ A RC.
f T, ATBRO . 52 10 W0 U~ Segeia dingasso

LPF weighting function w; LPF noise

bandwidth V,:_H_ Jie(2emm,) 0 (nb A W‘)o Mo\ So gu,-‘d.r

. | (bilateral) =) . Sl M 2] Yo
N Dovo she dto i kv
s ANAWA f_f f * ' bade &A Pastabzde. 5siv
: -' M weggve d e o B

wy(a)=mla) w.(a) 4 F Yalnieh Rttty ittt 1
-

k2 | il
, AUEIEA Y

x(t)= Acos(2x (1) 4
]

Input Signal (in phase Ix

put Signal (in phase) ‘ T{ 5NR SeDYo. @%mq\, q/djo 200%0 B2nde
= iz okt e & o pessebasso se2o-

BF]WI S oL\ Ryl & Pavdano \

Weighting —pie— |Af, =

27, | bandwidth of the LPF ek 2 Wik Sen e ?;.\w UA A

Noise density (bilateral) ‘f"’g S Efm | 1/f noise | J v‘aﬁ\\m- T\J'\b\ﬂﬁ- Con A\ PZSZMQ
S, =8, +-2C ! ! _\whmz nmse“| by
) i i / 2~ch M 4/Q
i E Ssb
{Outputsignal .'\—3'-;“'?—-?-4 - SO (2s0 Cen W*W‘

f (20 cn
/(_r.\e fe Stesson aoso-

" = (BY 3
Output Noise n;, =2 g S M, = .:T'S-"- -,

20~ valO s
vagahaes)

s
il
'I

| I'_

FoA~ a8



DC voltage supply J0=4 QQS‘\'O e PQS“"’?\O 300»-60 ‘b\m A\ Lw
) e, E ot o e e~ Cor ero\oe chis \ahe W 2\dova—o
[> IC‘ W 2 W pl e QU e o spto Qoo e
@bo_PRMQmMM“(@

Let us consider the set-up of the key example {measurement with resistive sensor)
now with DC supply voltage V, equal to the amplitude of the previous AC supply.

X(f)|=4-6(1)

The signal now is a DC voltage equal to the amplitude A of the previous AC signal. DC Input Signal )\
With a LPF equal to that employed in the previous LIA we obtain: pe=A
Output signal v, =4 1 A . "
w t - J = — e = — p— S JWef? it f
Output Noise n, —-5 S N J, \|'I”: \‘Il_g' f, : K
o o S Fu i . =2t
(S mean densityin the LPF band) Weighting of the LPF i g —fet ~ |
This S/N may look better by the factor vZ than the 5/N obtained with the LIA, £ i f ¥
but is this conclusion true? m g g <M 1/f noise
NO, such a conclusion is grossly wrong because S, > Sg, !! Noise density (bilateral) 1 i
Sy =Syt / white noise
r 1
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i a .
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E mm m‘uo- ’S;},meanspectraldensaw , f Sgp Spectral density
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A passband at f=0is a risk: 1/f noise gives S_,_,;, > Spp !
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Rectangular signals coming from a low impedance source are fed to a preamplifier featuring the characteristics
Exam text of 22/06/2009 (Problem 1) reported above. The signals are periodical with repetition rate fpand the amplitude varies from pulse to pulse.
The amplitude Vi of each pulse is to be measured individually.

Considering a repetition rate fp= 1Hz:

1 a

if only constant-parameter filters and a peak detector are available, select a filter that allows

you to measure the pulse amplitude excluding the baseline and that substantially improves

A e I_[ the SNR with respect to that obtainable without any filtering action. Evaluate the minimum
amplitude Ve that can be measured in these conditions,

‘ ]I : b) Discuss the criteria you would use 1o select a new filter to further improve the SNR. Propose
I | a filter that can be practically implemented considering that now also switched-parameter
B - filters (e.g. a Gated Integrator) are available. Evaluate the minimum amplitude Vp that can
| — | be measured in these conditions.
| ¢) Now consider also a 1/f noise component with f=50kHz. Evaluate the impact on the
[ Signal Preamplifier: | minimum amplitude that can be measured with the two solutions of point a and point b,
Tr=50ps ? White noise unilateral spectral density VS = 2mVAHz Discuss the guidelines to design a filter that could allow you to reduce the impact of 1/f
::;_::Ir‘";:’ri'}l:d" ve Bandwidth: fra=IMHz noise. Discuss how you could modify the two solutions to improve the sensitivity of your
bascline Ve = 10mV_ | system in these conditions.

Now consider a higher repetition rate fp= 6kHz;

e * b e, Pe0G d) Discuss what you would obtain with the filters used to solve point a and b, Discuss if the
w m “m “c*w _E m m Vc_ ) 1scuss whal you would obtam with the hiters used o solve PUIT“ aan . Dhscuss 1f the

proposed filters can be used in these conditions or if they have drawbacks. If none of the two
previous solutions can be used in this case, discuss how can you modify at least one of them
to make it suitable to be used in these conditions.
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A rectangular signal with a duration of 150ps comes from a voltage source accompanied by a
broadband noise with effective spectral density (Sv) '? = 20 nV / (Hz) ' (unilateral density) and 1/f*
component with fc = 10 kHz. The signal is overlapped to a sinusoidal disturb with 20 kHz frequency
and unknown amplitude. To amplify the signal there is a broadband amplifier with a bandwidth
limited by a single pole with frequency fp = IMHz, wide-band noise generators referred to the input
with effective spectral density (Sv) '*=5nV /(Hz) '?and (S;) '* = 0.5pA / (Hz) * (one-sided density).

a) Considering a practical acquisition case and a negligible amplitude of the disturb, calculate the
signal to noise ratio without using any filter. Explain in detail every used formula.

b) Calculate the optimum filter considering negligible the amplitude of the disturb. Explain in detail
every used formula.

¢) It is now necessary to approximate the optimum filter with a practical filter, consider separately
the case with negligible disturb amplitude and the case with dominant disturb amplitude. How does
it change your filter design? Calculate the new signal to noise ratio in both cases.

d) Considering now that the preamplifier voltage noise generator features a 1/f component with 5 kHz
of corner frequency, evaluate the effect of the previous chosen filter on the 1/f component.
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a LIA consisting simply in a Phase-Sensitive Detector provides a flexible and effective
band-pass filtering that can achieve very narrow bandwidth. It is thus able to recover
for measurement with good precision even very small modulated signals buried in
much higher noise, down to an ideal limit value S/N<<1

But in practice:
the non-ideal features of the actual circuits of the PSD set to the recovery of small
signals buried in high noise an actual limit much more stringent than the ideal one.
However:

by introducing in the LIA structure modifications and further stages, the hindering
features can be counteracted and the actual detection limit can be improved towards
the ideal limit. For instance, in real cases nanoVolt signals can be extracted from
wideband noise with 1000 times (60dB) greater rms value.
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High gain for the signal

The modulated input signal is converted by the LIA in a slow demoedulated signal, with M m\o mq-?;cze h% S :a '*I'C -
components from DC to a fairly low frequency limit. This signal must be supplied to a m
meter circuit that measures its amplitude, i.e. nowadays ordinarily an ADC. The LIA \\ ww E‘Q}C%@ dﬁw \\ W
output signal must have scale adequate for the ADC (typically 10V full scale), whereas '
the LIA input signal is very small: therefore, the LIA must provide high overall gain for m %\!e O w‘o&.

the signal.

Post-Amplifier (after the PSD)

A high-gain amplifier after the PSD (denoted here Post-Amplifier) is employed to raise %&.‘D m UJ& Q:S\‘ - Q‘“P\.’eﬁf .

the demodulated signal to a scale suitable for the ADC.
Notice that the post-amplifier:

1. must be a DC-coupled amplifier with upper bandlimit adeguate to the M\Q Px) wm &_, W/ LM M

demodulated signal

2. receives a signal accompanied by low noise, since it operates after the PSD W\\‘QDW ll W l/F (u 5{-&550 q?lﬁ"k
filtering -
‘&’rﬂ- . .
3. It has drift of the baseline offset and low-frequency noise, which affect the L~ 0‘ g-“— m besn‘" R

measurement since they occur after the PSD and are not filtered
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Pre-Amplifier (before the PSD)

If the demodulated signal is very small, comparable or lower than the baseline drift and
noise of the post-amplifier referred to its input, the measurement will be spoiled, A
preamplifier before the PSD is necessary in order to avoid or reduce this drawback.

Motice that the pre-amplifier:

1. processes the modulated input signals, hence it is an AC coupled amplifier, either
wide-band type including the modulation frequency f,, or narrow-band tuned to f,,

2. receives a signal accompanied by high noise, because it operates before the PSD

3. may have baseline drift and low-frequency noise, but their role is minor because
they are filtered by the PSD (and by the AC-coupled amplifier itself).

WARNING: Signal and Noise MUST stay within the Linear Dynamic Range

In order to obtain the foreseen improvement of S/N, the processing of signal and noise
in the LIA must be accurately linear. Deviations from linearity produce detrimental
effects (self-modulation of the noise, generation of spurious harmonics, etc.), which
irrevocably alter the measure and degrade the LIA performance. The signal and noise
must remain well within the linear dynamic range in every stage involved, particularly
in the multiplier (and in the preamplifier).
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Wide-Band Preamplifiers and Tuned Preamplifiers

When a wide-band preamplifier is employed to raise the level of a very small
input signal, a problem arises with very small input S/N<<1. The gain required for
the signal works on a noise which is much higher than the signal, hence it brings
this amplified noise out of the linear dynamic range of the multiplier.

In such cases, for exploiting the required gain it is necessary to reduce the noise

received by the preamplifier with a pre-filter. Adequate reduction of the LIA input
noise is obtained in many cases with prefilter passband much wider than that of
the LIA.

Such a prefiltering would be a useless nonsense in an ideal apparatus, but in real
cases it is a necessary feature for avoiding nonlinearity in intermediate stages. On
the other hand, we will see that a very narrow-band prefilter is not advisable.

Preamplifiers that incorporate prefiltering are currently available from LIA
manufacturers; they are called tuned preamplifiers or selective preamplifiers.
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Switched Amplifier Circuits instead of Analog Multipliers

We have seen that modulation with squarewave reference mit} can be
implemented with circuits based simply on switches and amplifiers, avoiding
recourse to analog multipliers
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The noise referred to the input, the linearity and the dynamic range of these circuits are

remarkably better than those of analog multiplier circuits (even high-performance
types) because they are limited just by the performance of amplifiers and switch-devices.
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Therefore, switched linear circuit ¢ are often employed as
stage in LIAs in order to avoid the limitations of analog multipliers.
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LIA with non-sinusoidal Reference
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In frequency domain this corresponds to the convolution of the F-transforms
(W, ()=m()ew (1)
bl 1P i, LI DNbAH LB " .
e (P20 oy - N a0 \on
a) the transform M(f) of a periodic m{a) is composed by lines at f,, (fundamental) i
and integer multiple frequencies {harmonics) w CZ'Y\WQ'“O SO\M m m‘m
b) Wf) of the LPF has bandwidth much smaller than f,,

the result of the convolution of W{f) by any line of M(f] does not overlap the result
by any other line (with very good approximation). We conclude that:

the W,{f] is a set of replicas of Wi{f) centered on each line of M{f], multiplied by

| the line-weight and phase-shifted by the line-phase Cmn m \]\S‘\'D W\ m

With very good approximation, the module diagram can thus be obtained simply as . w ma_e
G QO W Qs 20,

[, (1) = |M]*,

F-transform of a Squarewave Tomame o '\"25?0“'\"0\20/‘5-
m,,(t) = symmetrical squarewave (from +1 to-1) at frequency f,, m\wo« Quzém n W ;i
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BEWARE: In cases where the squarewave has non-zero mean value {e.g. slight asymmetry
n amplitude and/or duration of positive and negative lobes) it has also a DC component
with a tude b, given by the ratio of the mean value to the peak amplitude (i.e. by the
relative unbalance of positive and negative area)

oMol oo dinae. 2pano o\ Gmperamesto € & tipe

N Wl
Weighting function @?m i m\ Wm m m ?ccm
of the LPF In LIA 1 —le Af, noise bandwidth \ 0 O‘ @m: 2 y F — w\
Squarewave Reference B [Mygl ? mz' pcc'u& F“""-B\"O d-l \V‘W&m/ Q’h—h
il pat ol | I 2, 5 ., Lads pcdon So- de~ve Govt ErdS
I i i j=3 g p‘ﬁd‘ W\ U‘?JO'G- y tﬁ N 220 .
“5fm “3fm I I 3m 5fm f 3 n

LIA Weighting function

¥
ﬂfﬁ'.*- 4, R 1= 18 18
e bBfy —\eaf, Al J\ KT =3 —

-5f,, 3f, “fm f 3., s, " f




Rod 2mmo U \ Sejnete SRoO-

Sinusoidal signal through LIA with Squarewave T—
Reference
Input signal
{in-phase with reference) _-'I X1 A
x(f)= Acose,r | N | N

5 “3fm I fn 3fm 5fm f D L
LIA Weighting function fwyl \ % e’ Mo hm
(phase = 0 at frequency f,.) L F| : w A\'a us—-*u"‘ ?‘No Sda \a_ 2. M
| -8 5 2 5
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Output signal ¥ :j XYW (=1 )df :l-:-—b‘:;b’-.-i
. - T 7

NB This is easily verified in time, since: LIA output y(t) = time average of 2(t)=x(t)-B m(t) =
= mean of the in-phase component of the sinusoidal input rectified and multiplied by B
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The factor | T3] +(1f3) +o |= a8 (LI represents the enhanced noise

due also to the higher passbands at the harmonic frequencies
£ oy T
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o) 25

Mo signal is collected in these passbands. Therefore, the 5/N is reduced with respect
to the case of sinusoidal reference, but the reduction is moderate.
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S/N with Sinusoidal Signal and perfect Squarewave

Reference kbm he SND- e 230 d’ o, l-dﬁ"&\m..
Output Signal 5 :%B-.J (for sinusoidal input signal in phase) \b‘bgn, d‘,g_‘.m e‘ P“\;“ P\cm‘& ¢ W

Output Noise nw, =SB d@\ (97 ) woaﬂ\.w.

so that
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which in comparison to the result obtained with sinusoidal reference
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NB1: This is easily verified in time, since: LIA output y{t) = time average of z(t)=x(t)-B m(t)
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NB2: As concerns the output noise, it has already been discussed
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A squarewave with non-zero-mean generates a spurious band at f=0 with additional noise

no =S NBY;
Because of the 1/f noise, the mean density S, in the band can be very high Sy, > Sgp

so that even with small spurious band by<<1 the added noise nf,,_u can be comparable to

2

yL, Or even larger

the basic term n
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SINUSOIDAL SQUAREWAVE
Reference Reference
SINUSOIDAL Signal s A VP 5 A
4 —_= = ﬁ = E—"-'__
ppreae & N V2Sdfn  Sevlhn 2V Savdf
power P = 5 _ VP
Ain Minimum measurable Z—Kﬁ,fss,,df,,
amplitude (at S/N=1)
Amin = V2/SppAf, = 1,41/Sppdf, Amin =;_r [Sevdfn
= 1,57/Spudf,
SQUAREWAVE Signal 5 A VP s A B VP
amplitude A NT& = N~ e
—=Sepd —=\/Sapd VSgpd JSgpd
powerP=A2 ZﬁJ spdfn Zﬁ‘/ sp4fn 8blfn 508 fn
Ay minimum measurable
amplitude (at S/N=1)
b T |
Apin = 'Z_'-JEJsﬂbdfn =111 'Jsﬂb‘dfn Amin Sg_v,df“
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In order to be useful as reference for measuring with a LIA a given periodic signal, the
essential necessary features of an auxiliary signal are:

1) fundamental frequency identical to the signal RNon C Ssxve CS:Q"QHWCL ‘A-'- 'BQS& X Desta.
2) constant phase difference ¢ with respect to the signal. _———r A S ‘ 1 i
(NB: not necessarily ¢=0, but it is necessary that ¢ = constant ) o s

If the auxiliary signal has high and constant amplitude, negligible noise and clean
waveform (free from harmonics), it can be directly adjusted to (=0 with a phase-
shifter filter and supplied to the multiplier as reference waveform.

* An adjustable phase-shifter is currently included in LIAs for re-phasing the
reference. The phase adjustment can be controlled manually by observing the
output signal amplitude, which is maximum when ¢=0.

* Many LIA's besides the adjustable phase shifter include an additional filter, which
gives phase shift ¢, switchable from @,=n/2 to @,=0. Setting @,=n/2, when =0 is
reached the signal is in quadrature and the output is zero. Notice that observing
the output signal while ¢ is varied it is easier to identify when it reaches zero
rather than when it reaches the maximum. After the adjustment to =0, the
additional filter is switched back to ¢.,=0 and the LIA is ready to operate.
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By exploiting the a well known trigonometric equation

Ao wvo d £ = qunis
1 1
cosacas,{f=;ms{a—ﬁ]+;cos(a+ﬁ)
’ ) ylE)= X (6)- mle)

in cases with sinusoidal signal and sinusoidal reference \
x(1)= ACOS(ZR’_,"; 1) = %B % ((Qﬂ\j * A_Z_BCOS(&(Z%)E + “ﬂ)

m(t)=Bcos(2xf, t+¢,)
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= Light = electromagnetic waves with frequency v and wavelength A

propagation speed (in vacuum) ¢ = 2,998 10" m/s % e. n'ob ‘W‘pw m._‘. w ‘\ ’Tm d‘, % m cl.'-
| e=d ‘,i . '
* Spectral ranges: m U*‘Lw—
A< 400nm Ultraviolet (UV)
400nm <A < 750nm  Visible (VIS)

750nm <A <3pm  Near-infrared (NIR) c.: % QK mm Q‘cm

Ipm<d<30um Mid-infrared (MIR)

IDum=<A Far-infrared (FIR)

lo spero d¥e (e veele Sto. Woe | OO e\
FSO @nomeSii.

N seno (nivesseh 2\ Snop'o Crore , pared &ddpa™o shloe \\ Hotoa

Photon: quantum of electromagnetic energy

E,=hv quantum energy ( Planck's constant h = 7,6 -10-* J-5) Rmo f‘mso' & S\“%Q\Q %m

Rather than E, in Joules, the electron-voltage V, is employed:

E,;=qV, l(electron charge g = 1,602 10" C V,, in Volts or electron-Volts eV) —’m m '%(MU\Q. ’mw WCasze N \'lm
R0 et \p
i Ep - E]'Vp we get I.,. =" ;I?(} ‘_//

universal constant he/g = 1,2398-10°m-V = 1,24 um-vV R[ "\\w W gD{'M &uw m \p W
wuh V, in Volts an.d.;l in um | z ! a N 6°- i L\ “8 M
| it alr0 O o WSS P vi\w2e Qesto Potr

400nm < A <750nm VIS range 310eV >V, > 1.65eV e %
750nm < A <3um MIR range 1,65eV >V,> 041eV b

st

In gesfo c&o Mo\ poss@vo L\(N.ra-, Gep &\ o < 4 4.

w2e | S\co.

RPeEsoe @ ssbmento dss Soston

Incident te km pa-*e’ &N \QQ— m Q\—ko‘ m %m
¥ ~
o : ’\%"{;; Incoming power in the material Py, =P, - Py m M ‘\Qm =

' Reflected A
PYD AN

s (P
ra

¥

Air Semiconductor (or other material)

At the surface strong discontinuity of the refraction index n, from n = 1 for airton >1
for semiconductor: e.g. for silicon it is about n = 3,4 and depends on the wavelength.

This discontinuity gives a high reflection coefficient R &"m w m\' VOV, & &W %Mw
R= L
‘J'J

(e.g. for silicon R > 0,4 wavelength dependent ) » - g
J dm'u@mma-e*lwgmahdae
~
Anti-reflection coating: deposition on the reflecting surface of a sequence of thin m cﬁm e a’m &CUTO \{ em
dielectric material layers with progressively decreasing n value. It provides a gradual
decrease of the n value from semiconductor to air and such a smoother transition
reduces the reflection

€ o Wit due W\ Spnta entton mek sansoa- 7 (ove Ve 2530da o \o. buaes. ?

Incident P,

AP Fo=(1-R)F,
P a e d ¥
AN

enamo - '
Reflected P P, absorbed N Sempe U~ edpar22le docwsasie

-P; transmitted
oo

gk P x € exfornene \oo T SN esponara M.
Air ——p¢————— Semiconductor V & © X qm ‘CL' Ll-m_
For moderate or low P; the absorption in dx is proportional to P; (linear optic effect) Ief‘l. mb\m '

—dP. =aPidc=P "’_‘ a = optical absorption coefficient
r T -’;__; L, = 1/ = optical absorption depth e‘-az,(q_ O Lﬂ. % QM\N g‘-a !i E
The optical power transmitted to position x is
| 844 SRASOR-
B = Py, exp(-ax) =P exp(-+/L,) \\ © *

The optical power absorbed from O to x is M \\ m\b w e‘: P‘G G.r‘\‘v) A— SLC'\ ch:l—
peun=rfi-e")enfi-c? Aoo- CT ol A S B\ Aekro A
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For a given material the optical absorption STRONGLY depends on the WAVELENGTH. S@n’& \\ZMPN\ \Qfa\""‘- A_ i: A~
Typical example: Silicon absorption depth ‘Z‘LL ( ALAN q_QS'b CZ&D S\ \-QD\ WAO
. L, = 1o .M:snrpﬁ::nd.plh in Silicon, undoped crystal l\ Mco O.n_ ﬁ.-... b@_ L°~ Z)hh

I 1
T I it vl
[ LE-0a 3 Ly =109 =
8 :A : : 0% um = 1km
- 1E<0 : 1 1 [
| - 1 . i as ¢
§ i . = 100 um=1m Wbbamo taoderc- sdg 3 Nonan
J
T e : ST AT
8 e ¥ e =103 pm = 1mm i
e i .= e i LOOwm — 400 nm
VED | ' L1 L = 1um
Eas b b
1 L — | = 0-3= 1nm ~ mm A%AW
M0 M0 A0 S0 S0 TO0 I A0 MO 1000 MO D00 N0 1400
A [nm] - linear scale
NB: over the visible range L, varies with A by two orders of magnitude!! — sm N 4_0 7 W

Thamel profodsiedor prncpit (Bolometers [ Bolomel)
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* A principle for detection of light signals is to employ their energy simply for heating a
target and measure its temperature rise AT . Detectors relying on this principle are

called «Thermal Photodetectors» or «Power Detectors»

* Main advantage: very wide spectral range. Since photons just have to be absorbed for
contributing to the detection, the range can be extended far into the infrared.

*  Main drawback: sensitivity is inherently poor, because a high number of absorbed
photons is required for producing even small variations of temperature AT in tiny target.
For instance: =10" blue photons are required for heating by AT=0,1 K a water droplet

of = 1mm diameter (blue photons at A=475nm have V,

* The dynamic response is inherently slow, because thermal transients are slow. Thermal

detectors are mainly suitable for measurement of steady radiation.

éé% P, = optical power; n, = photon rate w Tre \o ‘I‘QS\S*'G'QD. 4w Co- ck_k S

=n, "E.-- =n, -qV,

| preme R Cpsco c Mo o Tolo Yormcn e
E';fg‘::lal variable temp. T, T, = temperature, C, = heat capacitance WAQ a)\bu TQ.S\S*Q"Z& WMO’-—

C,=cC;-m,
Vo e—— Ter::isrztrure (m, = mass; c, = specific heat capacitance)
b |
E— R\SOMJ\AO (Equoace el o ®a & lteo
Fy=shermal T.—T,=R,- P, analog to Ohm law V = R/

Ry power flow =

Thermal resistance

(Kelvin deg/Watt ) Denoting for simplicity T=T,- T,

== the detector energy balance is From the energy balance Pdi=CdT+ —;—r—(."r
. I a
Heat sink | T . T T
s P P T
or thermal mass Pdt = CdT +—adt we get L4 =t i —  andin Laplace transform  sT = ———
with constant temp. T, T dt  C, RC, G R
The detector transfer function from optical power to measured temperature thus is
] :

T'=PR ———
R who T oMo dwo 2et gunde ¥ il U
e &r m cANM 2ncha d-L W\ w-e S0~ * The steady state response (the steady T = P,R; obtained with steady P, )

increases as the thermal resistance Ry is increased

\Rh‘-l- qUA& l& "- &" mwo M 355""- * The dynamic response is a single-pole low-pass filter with characteristic time constant
ﬂy-o/"'o P\CLGO- — CO— 3 g m m T, = RiC, : as Ry is increased, the bandlimit f,=1/2n R,C, is decreased

: * For improving the high-frequency response without reducing the steady response it is
?\Cﬁo\o " necessary to reduce the heat capacitance C, = ¢, - m, . This implies that

a) absorber materials with small specific heat capacitance c, are required

b) the absorber mass m, should be minimized.

‘m % qbQS'ID Sansee ('Su\dreo m"k m + Remarkable progress has been indeed achieved in thermal detectors with modern

l technologies of miniaturization and integration (of absorber, temperature sensor,
-‘-D m m etc.) that make possible to fabricate also multipixel arrays of thermal detectors
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* Thermal detectors transduce the optical power P, in an electrical output signal V,,
of the temperature sensor (voltage signal of thermoresistances in Bolometers and %m Uu. % e \&m m
of thermocouples in Thermopiles). \ \"Q, a. :

* The basic quantitative characterization of the performance of the detector is
given by the Radiant Sensitivity (also called Spectral Responsivity) S, , defined as

electrical output voltage [in V]

SD =
optical power on the detector sensitive area [in W]

* For a given absorbed power the detector is heated at a given level, independent
of the radiation wavelength A. Therefore, uniform 5, would be obtained at all A if
the reflection and absorption were constant, independent of A.

* Variations of reflection and absorption vs A are kept at moderate level with
modern absorber technologies. Fairly uniform S is achieved over fairly wide
wavelength ranges, extended well into the infrared spectral region.

Quanun Protochlector @ OO uno- @nR dres vaon \wes

* A different principle for the detection of light signals is to exploit photo-electric effects
for producing directly an electrical current in the detector. The energy of the absorbed
photons is used for generating free charge carriers, which constitute the elements of the

detector current.

* Detectors relying on this principle are called « Quantum Photodetectors» or «Photon

Detectors»

* Photon Detectors can be vacuum-tube or semiconductor devices

\ecoun Toboo

p— . <
Vacuum-Tube detector devices: 12~ ‘h_ \1&% go’bmco oeo don L~
Photo-Tubes or Photo-Diodes
QA eQ.'c\m\.n. € oo Q-DS\'D YO VO
* An electrode (cathode K) in a vacuum
enclosure receives the photons m‘\"

* By photo-electric effect the cathode \
emits electrons in vacuum.

* The electrons are drawn by the electric E m m mo'*o ﬂ'zg&u e' m -
field to another electrode biased at
higher potential (anode A)

* Current flows through the terminals
(photocathode and anode).

Semiconductor detector devices:

Photo-Diodes LO.. (\mﬁ d’ W ‘\'\p d‘ Q_,‘Sw N -P\t:'

* Photons impact on a reverse-biased

-1 junction diode So. A @R (spito 2+ b
; T Y -
o . -q * The absorbed photons raise
o e -
% z P "‘q T+q + electrons from valence band to O mm
a w iq e C) Va  conduction band of the
- semiconductor, thereby generating
K free electron-hole pairs.
* The free carriers generated in the
R, zone of high electric field (the
depletion layer) are drawn by the
1 junction electric field (the electrons

to the n-terminal and the holes to
the p-terminal)

* Current flows through the terminals.



* Quantum photodetectors transduce optical signals in electrical current signals by Nmo m aé ZM_ :l: l %\o t“
collecting the free electrons generated by the photons of the optical radiation. m 7

* The basic quantitative characterization of the performance of the detector is given ’Z\t»—‘ cﬂ 3:. Vw aA "2. -5 q'o £ QS
by the Quantum Detection Efficiency [or Photon Detection Efficiency) n, defined
as
number of photogenerated electrons (or electron-hole pairs) v
Mo = = \—_
number of photons reaching the detector Ny

However, since in many engineering tasks the focus is on the transduction from
optical power to electrical current, the Radi Spis often

also for quantum photodetectors, defined as - “em m’ (N\ nm W‘ch \V'\C»-M'- g': M
- electrical output current [in A] :; [;”_”_] gqvw b %\_\ s ih“\* : @ ) .

optical power on the detector sensitive area [in W] L

Photons of wavelength A arriving with steady rate n, on a quantum detector

convey an optical power P, P =n v mo e- go‘bé w e-ﬂ'su:h. a, % 25‘“
e o

the electrons (or e-h pairs) photogenerated in the detector with steady rate n,

produce a current I=ng <= ‘weo A m w Carnan w-v m’\-

o n g _n 4

The Radiant Sensitivity is

.'l‘_ ] » "
Foon, v n, helgq

and since 1p = ne/n,

1 >
A Al pm &.‘9,
Sp =1y E =Mp* _1[51 ““-:85’1/

We see that the Radiant Sensitivity of the quantum detectors intrinsically depends
on the wavelength A, that is, even with constant quantum efficiency ny. This occurs
because a given optical power P, corresponds to different photon rates n, at
different wavelengths A

Proton stehshes 2nd Novsa.

Prwon 2Yozvo pateho & Npnvae & foto mes L dempo & 2000 b wa
Lo P~ & AXBsheD, € U~ Preasso stehsho.

The optical radiation is composed of photans arriving randomly in time;

the photon number N, in a given time interval Tis a statistical variable with {?\M " %'\th.. )%m (WO~ &ﬂ\m

= ) - 2
mean N, and variance a? = N7 — (W)

* The random fluctuations of the photons are the noise already present at optical m
level. This optical noise can be due to a background photon flux and to the
actual desired optical signal.

In most cases the photon statistics is well approximated by the Poisson statistics,

sothatitis :
Visio oA o distibuace € o posssen 2omn 30
¢l _ «
\ 220~ cono & Lo <
* The optical power arriving to the detector is composed of quanta with energy hv M O M\ Cb-\ él w
arriving randomly at rate n,. It is the analog at optical level of a shot electrical % w Nb &9& 5%‘
current: the mean optical power is P, =n, hv (analogto |, =n.q ) ; the shot .

optical noise has unilateral spectral density 5, {analog to S; = 2ql,, )

is,=2mvr;=:;’;‘;;,l ‘-Q US\ano lo S‘m) prttxl‘.‘:-o C&MO- Shol™ rose

* Note that for a given optical power P, the shot noise density decreases as the
wavelength A is increased
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The output current due to an electron traveling towards the collector electrode can be ,q M 329_‘__0. o Wﬂ\u <
obtained by applying the Shockley-Ramo theorem in three steps \oL VRAGS Voo QSON et
1. The motion of the electron must be computed; i.e. the trajectory and the velocity 2\ wlyy
’ \ SenscR
v, at every point of it must be known o M
2. Areference electric field E, must be computed, which is the field that would exist 2.1 m‘o ‘\

in the device (in particular along the electron trajectory) under the following Mo u~
circumstances: Cz"'ﬂ;h eLANCO ¢ Qae C2MONRr\Q

e electron removed W\ qﬂ-&‘% CQ\dZ- .

* output electrode raised at unit potential (4V)
* all other conductors at ground potential
3. The Shockley-Ramo theorem states that the current j_ that flows at the output 3) LD‘ m N W\ WD
electrode due to the electron motion can be simply computed as Sc2lure d.\ e T.N.‘ v P q.

l‘{.‘ = qE_'\. v_r = qu_‘v{'

where » denotes scalar product and E,,. is the component of the field E_,,' in the
direction of the velocity v

Tacoane W o & LrooWoo-
VACUUM PHOTOTUBE WITH PLANAR GEOMETRY 4) T'aeﬂw“ e M &L m‘t W

hv , = cathod ode dist W e . -
JJ_, E:t:;;:u:;::n e distance IF b‘ o Serro 3 * :
K A Ep = :v—* true electric field (in the - x direction) \\m < w &1 Cz*& Q-é 2 ! "
-r,; . Vp = V‘»L'. potential distribution L ‘h
W, T .
. . —f N .
A)
' X ELECTRON MOTION IN VACUUM CZ\Cd-I*“O ‘p;‘ \Ch \R‘b‘-\tﬁ ‘m m“ﬁ M
Ip Ry {-q charge; m massjr . 2 W M 21:‘\3‘\\% ‘@Z’ ,\db WA -Pa
y Vi i =9Ep _ 9%,
—Or eeston 55 T, 4 & Mz L Lsco
& ] L Velocity v =at= v,
Electric Field l 7 G mw, R & t‘- \
i . ‘ o \of @20 o e
%] t £ i pozo
h &
Potential A 0 t, t
_g w, x Transit time [, =W, Iﬂ S & x vﬂ t + é-o.t

W ¢ f

@
. g, v~ Yo Motz w2k
Do arsde. ool ticavo £ L € Wl

Rwpo Oe © me¥R Vellkoa o \aodo @ W\ (2Fod . Rk |\ fevpe fwan \o
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Reference electric E, field computed with E M)\ 2n0 CM\*D ‘\ C’\kv\po uklzh‘\t.a
K A electron removed; V,=1; V=0 .FN-C’.G‘ z\bmo gamo \ ? O
Wy
E = ‘“— parallel to the x-axis

: True electron velocity
—~ Vi=1 q V

S %hE I parallel to the x-axis
= mw,
- Ly, [247,
T /I[\I " CAcocrmo 2580 \o- Coxvente @ ote<zmo oo
0 t, t
SR theorem: the output current due to a single electron is S\gu eofm& ('p"i-b 5\ mmmo clu Lc’u 'eofmom
i =qEy :(’I:V‘r ’ -q |'3—fH_ ke e G e *‘W\"‘
’ e o “f
0 t, t



In a phototube with planar geometry the single electron response (SER) is a pulse
with triangular waveform

i

2y '] " —
i =qEv,=1"41  (0<t1<1) q |2V,
mw, W, ‘J m

0 t, t

The frequency response is the Fourier transform of the SER pulse, which has a high
frequency cutoff inversely proportional to the pulse width.
The pulse width is set by the transit time t, of the electron from cathode to anode

g, =22 . T =3370075 T

N N

Typical values for phototubes are around w = Icm = 0,01m and V.= 100V, which
correspond to transit time around t,= 3,3 ns
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* A shorter SER pulse can be obtained by
inserting a metal wire grid in front of the anode

» * The basic idea is that the grid acts as
electrostatic screen that does not allow an
electron traveling from x=0 (cathode) to x=w;
(grid) to induce charge on the anode.

a
L L

%

O
=

+
.

The grid bias voltage is selected to minimize the
perturbation to the electron motion; i.e.

it is set to the potential V; corresponding to
x=w in absence of the grid (or slightly below it).

Ve

* In these conditions, the electric field is
practically the same as in the phototube
structure without grid and the motion of an
electron in vacuum is also the same.

Ep 4

W, W, x
= Same electron motion as in the phototube
" without grid
K I - : 1a = Different evolution in time of the induced
4.._._.“_"1.._,.. charge on the anode.
: * In fact, the reference field E, is now very
. x different and neatly shows that charge is
V=0 4 i induced on the anode only during the last
t = * part of the electron trajectory, i.e. from
P We=1 x=w, (grid) to x=w, (anode)
' -
} : iob E =0 Jor O<x<w,
E I
v - 1
VT E = Jor w <x<w,
d W, =W, " :

* The SR theorem states that the SER current is

i =qEy,
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G True electron velocity
-
Wa - v,
- p ©
kI . e ]a v=24,y . v,
4—3—)= mw, l \' m
’ 0 t, t
: 5 X Reference field of SR theorem
V=0 # |
: v 4 E =0 fJor O<x< W,
: Vas 1! i :
L. il eI E = for w <x<w,
- W, =W, .
E, : by N
W, =W, .
o SR theorem i=qEyv,

i with grid
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SIDE-WINDOW TUBE

= Photocathode: thick opague layer
deposited on metal support electrode

» Side window of the glass tube:
unfavourable geometry, collection of
light on the photocathode is uneasy
and not very efficient

R,

END-WINDOW TUBE

+ Photocathode: thin semitransparent layer
deposited on the interior of the glass
tube end

+ End window of the glass tube: favourable
geometry, collection of light on the
photocathode is easy and efficient
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PhotoTube Dynamic Response

Main causes that limit the dynamic response:

1. Transduction from light flux to detector
current: the SER waveform hy(t) has
finite-width T,

2. Load circuit: it has a low-pass filter action,
&-response h,(t) with finite-width T,

The &-response from light power P, to V, has
overall shape hy(t) resulting from the cascade

ho(t)=h,(t)h, (1)

the width T, thus results from quadratic addition

I, = JTo+ T} = T3+ RiC;

and for well exploiting the fast intrinsic response
hp(t) of a detector it is sufficient to have

Shazeno W\
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At low voltage V,, the
photocurrent collected at
the anode is limited by the
electron space charge effect
As V. is increased the
higher electric field reduces
the space charge and the
current increases

As V,, exceeds a saturation
value V. all
photoelectrons are
collected and the current is
constant vs. Vi,

The saturation value Vi
increases with the optical
power P, on the detector
Phototubes are operated
biased into the current
saturation region

,— Current saturation region

IufnA)
g 0Py
400 + s fa Py
+
) fao Py
200 ;
T Py
v
f P, = optical power
W,
‘100 200 300 "M

PT stationary equivalent circuit:
photo-controlled current generator
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PT equivalent circuit

— v,

s
>

R

s
1+3R,C,

Load-circuit &-response &, -h, (1) with

h(r)=1{r) ! X 2
= —xp| ———-
R | R

SU 2odavo ua Sk~ Skane \\ 1n
CUcoe \o O2ndon Lacename (W R\ Wit 24 wemin
Perdawo \ wziwe, Avcidano R 2
e pard1zme v \2rglezeee N

Segni- = & Cngduacmo O~

fosse e vk

1RASR RXCRT UNRMO Wk vesseadmn .
New fen wnpeno \on c2prayes G RxUs
VAKX \©n 0200 MO~ S1ANDT QaL \on A0,

sSSP

Now gho wiwert o bader con VRO s CRC B emae pid pundo b
tsiet e TH. (Ao Yo R 2t e TP & Coi)

The light-to-current transduction by a phototube can be fairly fast, with SER pulse
duration T, around 1ns. For exploiting it, the load filtering must be adequately limited

[R.C.<T)

* for wide-band response low-value R, is employed; typically, R, = 50 2 to match a
coaxial cable connection. With T, = 1ns and R, = 50 (2, the above requirement

implies (€, <20pF]

+ The load capacitance C, is sum of

C, input capacitance of amplifier (or other circuit) connected; it can be <1pF
C; stray capacitance of connections; it can be < 2pF
C, electrode capacitance; it depends on the area A, of the photocathode

* Cpis small even for wide sensitive area A, , because the dielectric is vacuum and
the electrode spacing is wide. In plane geometry with cathode-to-anode spacing w,

A
C,=¢, £
W

e.g. with w, = Icmitis Cp[pF] = 6,09115[:::13]. It's only 9pF for A,=100 cm?

(&, =8.86 pF/m)

In conclusion: a definite advantage of Vacuum Phototubes is that they offer very
wide sensitive area together with fast response. We will see that with
semiconductor photodiodes this is not achievable
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Photo-emission of electrons

It is a three-step process:

= free electron generation by photon absorption
« electron diffusion in the photocathode layer

* escape of electron into the vacuum

Suitable materials are semiconductors. Metals are unsuitable because of the high
reflectivity, small diffusion length and low escape probability (high potential step
from inside up to the vacuum level).

Thermalized Electron Diffusion Length

High-Energy Electron Diffusion Length
Ley= 1 - 10 pm (Direct Gap)

Ly = 0,01 um (Direct Gap)

VACUUM

Electron collisions with phonons
= 50meV energy loss Es Vacuum potential level
¥ E, Electron Affinity
o Haaiit

Conduction band &

E, Energy Gap
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acuum

Semitransparpnl photocathode

* h
bs s zr5abi- Vet L g
— This remark led to develop thin photocathodes (with '
MRS thickness about = L, ) deposited on the interior of ti}(h PC
the glass tube in the end-window of the detector. \ﬁ|
They are called semitransparent cathodes. They are )
n P‘?A'\CO-— ho o h (Ax" illuminated on the outer side through the glass |* ¢
2iviuio. A2k \oxo dod m\&l&h— window end emit photoelectrons from the inner Opaque photocathode
; 5 side. They make possible and easy a much better
“bmm CA g \-JW W optical collection than the side-window geometry hv
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PHOTOCATHODE RADIANT SENSITIVITY (mAMW)
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MNB: the auxiliary lines marked with Quantum Detection Efficiency (QE) in %

make possible to read directly from the diagram also the QE e , '\ Qu (230 CmO-ge Yo A h&.ﬂ:ﬁ‘)
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Progress in semiconductor physics and
technology led in the '70s to devise a new class Focermn Fevtrom (3{ Me Ca % 'hﬁ LC~ - . u oA
of photocathodes, called photocathodes with PRUEPRIPL. e ?m ovo
—— - 3
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Negative Electron Affinity (NEA)
2d 2l lugreze Arnde..

* On a GaAs crystal substrate, a few atomic ey
layers of Cesium Oxide (Cs-0) are deposited
and activated, thus forming a very thin
positive charge layer of Cs* ions.

Frri
* The electric field generated at the surface J CJ....J.{..." f
curves downward the energy bands: the

vacuum potential level is now lower than

the bottom of conduction band, i.e. the

electron affinity E, is negative In conclusion: NEA cathodes offer
higher QE value and broader
spectral range, extending up to
the absorption edge of GaAs (i.e.

h | isslan is obtal A=900nm corresponding to the
Photoelectron emission is obtained also gap £ =14 eV)

with photons with lower energy E, , down to
the GaAs energy gap £,

A
ek cotent reckoc € o conde s 2ppame In Usstel
« Afinite current is emitted by any photocathode even when kept in the dark, doA m*cw S20. 2o
without any light falling on it. b, (v WSS . T pizhao o {
* Itis a spontaneous emission due to thermal effects (phonon-electron unvce ! ’ Mw

interactions in the cathode) and is called Dark Current.

= Electrons can now escape into vacuum also
when thermalized at the bottom of
conduction band; QE is thus enhanced

* The dark current density j (per unit area of cathode) depends on the
cathode type and on the cathode temperature. Typical values at room
temperature are reported in the Table

PhotoCathode | Dark Current density | Dark Electron Rate density

type jg in Afem? ng in electrons/s-cm? &‘b NUMRSL & (m&ze (c‘m Cowve s
51 1013 =10 Vicodes. SOznke ‘oo Amzen (Sonnex)

511 10°16-10° 10°- 10*
$20 and 525 101%-107 1-10°
GaAs NEA 1018- 1016 10-10°

PEc2ro o comvek 2h Do o St Nour dalln. Sles (h e Ao ez o
grchzd AsYy &Sh (uroe

The total Dark Currentis [z = jpAp where A is the area of the photocathode.

The shot noise of /5 is the photodetector unavoidable internal noise, with effective
power density (unilateral) s d'
. da, N : .
+ \ 1
||'SB= flzq‘{ﬂ: Iﬂijy 'IIA.U -— e P&;} Zf.t.o-,ugm (a5 mﬁ%
Typical values of JQ are reported in the Table

PhotoCathode | Dark Current density jg Shot Noise Effective density JS_B
type Afem? pﬂ/mm
s1 =103 =10 -4
S11 1016- 105 = 10
520 and 525 1019 - 1016 =10°7-10°6
GaAs NEA 101#- 1016 e
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*  We know that for operating with low-noise a high impedance sensor must be
connected to a preamplifier with high input impedance and low input noise. The
best available preamplifiers have current noise at room temperature

JS, =0,01 pa/H:

* The circuit noise ‘ﬁ'; is always dominant and the detector internal noise JST; plays
in practice no role with any phototube, even for detectors with 51 photocathodes
(that have the highest noise) and even with very wide sensitive area (up to many
square centimeters). In fact, for producing shot noise with power density higher
than that of the circuit noise, the phototube dark current should be 1;>300pA,
corresponding to an emission rate ng > 10° electrons/s.

* Vacuum tube photodiodes can thus be employed for operating at low noise
without stringent limits to the sensitive area. As we will see, this is a definite
advantage over semiconductor photodiodes.

\sto de | covtabuts e deto el CRre Wda &
b by \w pcmq:e.l... Prexp Usae
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* Photodiodes are high-impedance sensors (both the vacuum phototubes and the

semiconductor photodiodes), hence for low-noise operation they must be <0 (o1 \'ﬂpm AN Q‘Cﬂbw ()
connected to preamplifiers with high input resistance® R, = o (see slides in OPF2) — 00 P‘-w Y G:; f-b\‘PL.p-CZJk-'-

« Simple configuration: voltage buffer based on a high-input-impedance and low-noise

amplifier ’ QA \RSste~20n QLW\%_Q_% Ra =~ 00

g
L[

| e f=—==t ke (Lexoe optims &l 2)
fszaéft}@ “ o

Output
v, signal

e Camprenzan d'usits dpande do CL € 2
T noe €t \Dde Ao Rare S

s

* C, total load capacitance = C, (detector cap.) + C,, (amplifier cap.) + C; (connection cap.)
* R, total load resistance < o

+ 5, amplifier voltage noise | lﬂ
* 5, total current noise = 5, detector noise + 5, amplifier noise (+ 5, load resistor noise) 'ZMfo Nﬂm e d"- h’ czpa“':‘t"
Buffer voltage output: vdww

Step signal v (r)==1(r)

Moise Spectrum

!.\‘I\ =5, +8§,
|

The buffer configuration has some noteworthy drawbacks. ‘\-‘D\S\C«t 2'\ % m 'F‘“D‘*OAI-\EUCV‘

= The signal amplitude Q/C, is ruled by the total capacitance C, = Cp + Ci + C,, whose

value is not very small and not well controllable, particularly in cases where long
sensor-preamplifier connections contribute a remarkable C, . Lk\ m f\&lm q.QSh e qu [V,
€, may be different from sample to sample of the amplifier, even of the same

amplifier model. m&nv{fﬂw Z;H"\p

* With signals in high-rate sequence, the superposition of voltage steps may build-up
and produce a significant decrease of the photodiode bias voltage. This may change
the operating conditions and consequently the parameters and performance of the
detector, particularly if the photodiode is biased not much above the saturation
voltage.

Alternative configuration: operational integrator based on a low-noise amplifier E "

with high input impedance = ' QU\ 3\3‘&% e\ W A uSes Yo

' Skt A..(J-*&. Q& Cg,0~ € rdensSoe B

v signal Seagyfaero N~ e de quds passiao aiwollre,

5. noise

i

k=adg i ==

0 0 N0 2ndhe e~ densoa X Aaadenca

Costute 2. czp A\ priodstedor
(2 (282 Moo WzSIon  wwheala)

* C; capacitor in feedback. The C; value can be very small and is accurately set by the
capacitor component, because the inherent stray capacitance between output and input
pins of the amplifier is negligible. Therefore, one can work with C, <<,

* R, feedback resistor =2 o

* (, total load capacitance = G, (detector cap.) + C,, (amplifier cap.) + C; (connection cap.)
* R, total load resistance = w

= 5, amplifier voltage noise

* 5;total current noise = 5, detector noise + 5, amplifier noise (+ 5; load resistor noise)
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Qutput Signal:

L\ romoe
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in frequency domain V. =-QZ, =-

0 iriime w(e—i
joC, intime v (1) ° (1)

With respect to the buffer, the amplitude is greater by the gain factor G, = €, /C;>> 1

Advantages:

==
£

¥ (-i

LS =G
e v

The higher signal makes less relevant the noise of the following circuits

The signal amplitude is ruled by the well controlled and stable C;, no more by the
other capacitances Cp, Cjs and C,

The detector terminal is connected to the amplifier virtual ground, hence it stays
at constant bias voltage even with signals in high-rate sequence

The noise analysis (see next slide) confirms that these advantages are obtained
without degrading the S/N. The charge amplifier configuration thus is the solution of
choice in most cases met in practice,

S

(=

Output Noise Spectrum :
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+ the current noise S;; is processed by the same transfer function as the current signal
+ the voltage noise S, is processed with the transfer function from non-inverting input

to amplifier output.
Denoting by Z, the load impedance and by Z; the feedback impedance

5 =5 +8, 12,

Z
|+ ==
£L

C,

inour case Z, = 1/jwC, and Z; = 1/jwC; sothat
1+ s

s (&) 102)
, e O C; €,

if C;/C, <<1, with good approximation it is

S =[(—"] S, +8; .I,
G arC;

§ =5

With respect to the buffer, the signal and noise thus benefit of the same gain G_:
therefore, the attainable S/N is the same with the charge preamplifier as with the

voltage buffer preamplifier

QL SON' YWeatzua
NP £ Dudehwy

Evaluations and comparisons of Photocathodes are currently based on the Noise

Equivalent Power NEP, a figure of merit that takes into account the photon detection

efficiency and the detector dark-current noise, but not the preamplifier noise.

NEP is defined with reference to a situation where the limit to the minimum
measurable signal is set by the internal noise of the detector and not by the

electronic circuit noise. We have seen that this is NOT the case with PhotoTubes but

we will see that it is the case with PhotoMultiplier Tubes. NEP was devised as an
figure of merit for comparing objectively the intrinsic quality of different detectors.
Let a photocathode have area A, signal current /, and Dark Current /; with area
density fg . Employing a filter with bandwidth (unilateral) Af we have noise

= !
Vit =\241,87 = \24j, 4, J& and %=—’_

The minimum measurable current signal I, .,;, (corresponding to S/N=1) is

Ly =2 =Pl A BT

For illumination with optical power P, at a given A the Detector Responsivity is
= | A Al um
Sp=—t=n," =Mo" [ ]

P helg 1,24

»
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NEP is defined as the input optical power P, ..., corresponding to the minimum

measurable signal =
NEP =P _m=£=\llijkJA_frJ§

S, 8 Sn

In essence: NEP = detector noise referred to the input (in this case the optical input).

However, the NEP is not a fully objective figure of merit for assessing and comparing
the quality of photocathodes: in fact, cathodes of equal quality have different NEP if
they have different area. Furthermore, the NEP is an inverse scale, that is, the best
photocathodes have the lowest NEP figures.

A different figure named Detectivity D* was therefore derived from the NEP by

a) considering the NEP value normalized to unit sensitive area (A, = 1cm?) and to
unit filtering bandwidth (Af = 1Hz)

b) defining the Detectivity D* as the reciprocal of the normalized NEP

,'J':—‘[Z‘[ﬂ'T thatis D' = Sp :th.l[;.'m} !
NEP 24i, 124 \2¢),
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Reverse biased p-n junction: V,>0 W b ‘-'Wé %\m ‘P_N

SIDE-ILLUMINATED JUNCTION FRONT-ILLUMINATED JUNCTION
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Carriers generated in the depleted layer:

* A carrier in the depleted layer induces opposite charges in the conductive electrodes
(neutral semiconductor layer and metal contact to the external circuit)

* The value of the induced charge on a given electrode depends on the carrier
distance from the electrode

+ If the carrier moves the charge induced on the electrode varies, hence current flows
through the contact

Conclusion: a carrier drifting in the depleted layer causes current to flow through the
metal contact to the external circuit

Carriers generated in neutral regions:

« Acarrier in a neutral region is surrounded by a huge population of other free carriers

* When the carrier moves the distribution of free carriers swifltly rearranges itself to
electrically screen any effect of the carrier motion on the external circuit

Conclusion: as long as it diffuses in a neutral region, a carrier does NOT cause current
to flow through the metal contact to the external circuit.

However, if by diffusion it reaches the edge of depletion layer before recombining,
then it drifts in the electric field and causes current to flow.



O 1V of illuminated p-n junction
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LINEAR PHOTOCURRENT MODE: PD with high reverse bias V, 3 kT/q
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OPERATION WITH Vo=-R-I,=F,

ACTIVE LOAD *Wa
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Semiconductor photodiodes can be operated also without a bias voltage source. As
outlined below, the short-circuit current is measured in the photoconductive mode and m\'h%.- 9“ “m \D“' M m\m
the open-circuit voltage in the photovoltaic mode. These configurations have modest ~

6 P VN N Ll bwas wol kg

sensitivity and slow response (see later), but their simplicity is attractive in some
practical cases, e.g. for monitoring a steady light over a wide dynamic range.
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PHOTOVOLTAIC MODE >
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P, = probability of a photon to generate a free J +V,

electron-hole pair in the depletion layer = hy é NI - %ﬂm 1‘ h \m.-m M LA~ 2 % Tte'ekb.
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product of probabilities of n
1. NOT being reflected at the surface

2. NOT being absorbed in the top neutral layer w,
3. BEING absorbed in the depletion layer wy

Denoting by R the reflectivity (probability of

—0e—)

reflection) and L=1/a optical absorption depth: P -
L isl/enp piion gep R, O \o Le e~ Sen2e. Esser  2SSoviotos
P =(1-R)e™ [1-e)
- QI - 0&9&)
In most PD structures the probability that carriers photogenerated in neutral regions Pd - (ti-—- R\ e . K_d_— e
reach by diffusion the depletion layer is negligible, hence the photon detection —— — -
efficiency or quantum detection efficiency n, is simply » i \

1= P, = (1-R)-e™"{1-e™ ‘-]‘ kmf-:&'

/

In PD structures where carriers diffusing in neutral regions have significant probability of
reaching the depletion region, additional contributions to n, must be taken into account Vo~
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Basic sources of n, losses are 1) surface reflection, 2) absorption in the neutral input

layer and 3) incomplete absorption in the depletion layer (active volume).

The ny value attained depends on the actual material properties and PD structure and

on the light wavelength A.

np loss by Reflection

* The reflection at vacuum-semiconductor surface is strong because of the high step
discontinuity in refractive index n, since n is high in semiconductors. In Silicon n>3,5
over all the visible range and further rises at short A; the reflectivity is accordingly
high R>30% and further rises at short A .

* Losses can be reduced by tapering the n-transition with deposition of a multi-layer
anti-reflection (AR) coating of materials with n values suitably scaled down from
semiconductor to vacuum. Strong reduction can be obtained, down to R<<10%.

* |n Silicon PDs a simple AR coating is obtained with a surface oxide layer (passivation

layer), because 5i0, has intermediate n=2. Remarkable reduction can be obtained,
down to R=10%.

TP R MBS0 WA = \OD -200vm
(2)
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= Even without light falling on it, a finite current I, flows in a reverse-biased p-n
junction. It is called Dark Current in PDs and reverse current in ordinary
circuit component diodes.

* Igis due to spontaneous generation of free carriers by thermal effects (and
also by tunnel effects in device structures with high electric field).

* Just like in Phototubes, the shot noise of /5 is the photodiode internal noise,
with effective power density (unilateral)

E=\‘2q!n

* The internal noise of PD devices with microelectronic-size (sensitive area
<1mm?) is much lower than the input noise of even the best high-impedance
preamplifiers. In the applications of microelectronic PDs the circuit noise is
dominant, just like for vacuum phototubes.

* However, semiconductor PDs have dark current density j; much higher than
vacuum phototubes; this fact significantly limits the active area size of
semiconductor detectors that can be employed for very low-noise operation.
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np loss by absorption in neutral input layer

* At short A, n,, cutoff occurs because photons are all absorbed in the neutral region at
the surface. The escape probability is ruled by w, /L, (see 2™ term).
In Silicon L, is small at short A : L, < 1 um for A< 500nm and L, <100 nm for A<400nm. In
actual Si-PD structures w,, ranges from about 200 nm to 2 um; the cutoff A congruently
ranges from about 300 nm to 400 nm.

np loss by incomplete absorption in the depletion layer

* Atlong A, n, cutoff occurs because the absorption falls down. Absorption is ruled by
w/L, (see 37 term); with wy/L, << 1 we get (1 — e™We/ba) = wy /L,.
Silicon is = transparent beyond 1100 nm, since photon energy < Si energy gap. In actual
Si-PD structures the depth w, can range from one to various tens of um; given the A-
dependance of L, the cutoff A ranges from about 900 nm to 1100 nm.

Current Si-PDs provide high efficiency (n, > 30%) in the visible 400nm < A < 800nm.

The operation range can be extended to longer A with PDs in other semiconductors:
up to 1500nm with Germanium devices and up to 2000nm with InGaAs devices
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Dark Current of Si-PD

Non o b Capiio coson livamre
e NG

In Silicon device physics and technology it is ascertained that in reverse-biased
junctions with moderate electric field intensity:

a) the dark current is mainly due to thermal generation of carriers in the depletion
layer. Contribution by diffusion of minority carriers from neighbouring neutral
regions are much lower and negligible in comparison.

b) The thermal generation rate in the depletion has volume density n; given by

ML
(.
27
n, = intrinsic carrier density; ;= 1,45 x 10" cm™ @ Room Temperature

T = minority carrier lifetime, strongly dependent on the device technology
i.e on the starting material and on the fabrication process. Typical values:

n

T=Us ordinary Si technology for integrated circuits
r=ms ordinary Si technology for detector devices
r=1+10s best available Si technology for detector devices

Dark Current and active area of Si-PD

A Si-PD with circular active area of diameter D (area A= m D°/4 ) and depletion layer
thickness w, has dark generation rate ng = ngAw. For setting a limit Ng <Ngmax
the diameter D must be limited

4 o ' =9 §
'1' < ‘-!HLIH = ner.:\ Jllrnl |'“:|’ == "'r”.lruu\ Jllrul “rl’

DD, =8rn,  [xnw,

Example: Si-PD with w,, =10u in good Si detector technology (r =10ms ), intended to have
the widest possible area with noise lower than a preamplifier with /S, = = 0,01pA/VHz .
For keeping the shot noise so low, the generation rate must be limited to ng,,,, < 10%s~!
which implies

D<D

s

=1L3em

As we will see, the area limitation is more severe for avalanche photodiodes (APD). The
APD internal gain makes negligible the role of circuit noise, hence it is the APD detector
noise that limits the sensitivity and it is worth to reduce it more drastically.

Example: S5i-APD with w =10um, fabricated in very good Si detector technology (say r=1s)
intended to have low dark rate, comparable to that of a good vacuum tube photocathode,

53y Ngmax < 103571

like a 520 photocathode with diameter 3cm. The limit is

D<D

s

=130um
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Carrier motion in PD
WV,

The motion of carriers in a semiconductor with electric field E is different from
that in vacuum with equal E : carriers suffer scattering on the lattice and
dissipate in the collisions most of the energy received from the field.
No more the acceleration, but the drift velocity v, is a function of the field £;.
In Silicon (and other materials) the motion of electrons is different from holes:
- at low field £, <2 kV/cm = 0,2 V/um the regime is Ohmic: v, = 4 [,
felectron mobility u,=1500 cm?V s ; holes u,=450 cm*V)
- as E, increases above 2k\V/cm the velocity rises progressively slower
- at Eg= 20kV/cm = 2V/um the velocity saturates at the scattering-limited values

for holes |v =8:10" cm/ .\']

which are almost equal to the thermal scattering velocity v,, =107 em/s

for electrons || =10" em/ .\-J

cross-section of typical PD structure

space charge density p in the depleted region

electric field £, > saturation £, over almost all wy

Electron drift velocity v, = v,, over almost all wy

‘fﬁa\‘;&-

Hole drift velocity v, = v,, over almost all w,

Reference Field E, for 5-R theorem

£ wd
w,
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Single carrier motion and current

Y \\ Pooolemnmon € ce eladvou e \Ruron \ano

Current of a single-carrier 5-R theorem:

’ E,rercron(r;neld \L’C—'l\'b‘- dnm- < N SR\M &h m

q, and v, carrier

i §: [maxE] iy dRSS (0 Ugrete. s M- W\ fevoal 200w, exadeds
Case a) carrier pair generated at mid-way % w') .

Gak r _““IIL‘M (.:_‘—-—-— i, electron
e . S Cparo Y Qund, o Swngt- Dachada
i  Caseb)carrier pair generated at p-side m CTxvthe (MDCL '\ D2ta &
L c.“f:’h’ i— i, hole —  clectron d.ﬂ. 200Wo eladvtoe e (‘M 2Mvg ({7
W‘“fT i i PoDzhi\itzs SN ega \‘e.spm.zyzb. oL Legrezz
; Case c) Cairvler pai generated at nakde Q ocxeaveks .
,\;::*—,;Dl_ ’ Frelmmn}‘_ —Gis )
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* The duration of a single-carrier pulse is given by the transit time T, of the carrier in

the depleted region. At saturated velocity it is quite short: in Silicon the carrier travel CZP’IV\O & q_ﬂ_&* Q“xo:s\mm

takes =10 , that is, with w,; =1+ 100pm itis T, = 10ps + 1ns.
| psl@ s d Hm t 0'“ ) ) A% | Proimdod. sswo a..srpmiu esternde

+ The single-carrier pulse duration thus depends on the position of carrier generation.

Rigorously, the waveform of the current due to a fast multi-photon pulse is not the \u&l

convolution of the optical pulse with a standard carrier response: it is a more

complex computation that depends on the spatial distribution of absorbed photons.
* However, convolution with a suitable standard single-carrier response gives the

waveform with approximation adequate for most cases, at least for times longer than

the carrier transit time,

+ A simplifying and conservative approximation currently employed for Silicon PDs

assumes as standard the response to an electron that crosses all the depletion layer. & MW d’ TVOkU \,&’ N0
‘Finite width of response implies low-pass fi 4 200N\ \RAge é—(?&a:'\v-_ SN Ao

it's a mobilesmean over time. r,-wgv,..,m upper band-lh'nlt wr,ar.ﬁ'w,« (.dl. m

Note the w, trade-off: long w, is required for high quantum efficiency at long
wavelength A, short wy for ultrafast time response. Remark, however, that this is
valid for front-illuminated junction and not with side illuminated junction

Photodiode Equivalent Circuit DQ}-Q RD e won vessheeo, dusvo Qo
arvegee D00 - P\ nak2lo

7 Iy= 5y P, photo-controlled generator
(Sp radiant sensitivity or responsivity)

» (,diode capacitance (p-n junction)

» Ry diode series resistance (of the
input layer and substrate)

# R, parallel resistance of the reverse
biased junction is considered = co

REAL CIRCUIT EQUIVALENT CIRCUIT

T A R TR R (A anbwo & goMo clr 2cduo. v
Re circuit input resistance 1 total Resistance Loa e+ Ro )
C, total Capacitive Load = C, + C; [stray) + C, [amplifier) ?‘ﬂ :H ‘ﬂ aa\

the load circuit is a low-pass filter with time constant R, C, : su
in the transfer from detector current /;; to output voltage V,, In summary, the PD dynamic response is
) ) 1. By the light-to-current transduction, with
pulse response hp(t) of finite-width T, , well I,
approximated by a rectangular pulse.

% 2. By the load circuit, with &-response h,(t) of
%L %%_‘ C Ve O Q\ (L<¢ ('Q finite-width T, = R,C,
(:I A -(E W‘\' ‘*M The &-response hg(t) in the transfer from light power to detector voltage results

from the convolution of the two
b (t)=hg(r)eh (1)

Hence the width T, is the quadratic addition of the two

Tp = JT,"’ +T%= J?}z +R2C?

Vo

For exploiting well the fast response hy(t) of the PD current, the load circuit does
not need to have much faster response, but just comparable or slightly better

Trovrodods. A vere {d3pnse TL=RC<T,



For a PD in planar Silicon with depletion layer w, and circular area A of diameter D W‘D %1.. m QZ)EW‘- %h\\ M Q‘?-E)
C,=¢ £ T =28 10 ps [ g
Assuming (quite optimistically) that the load capacitance be given only the junction C;=C,
and applying the condition R, C; < T, we get
. Ofk<an de \\ Aantdo e\ bDuco deea
< ‘:'J n]; thatis D<= wy ﬁ i
sn RLES| enRyEs( .em m_m o 03\:29& oo \2,5 . M

In wide-band operation the load resistance R, is small, but is not much less than 100 0 m \ﬁ e\ \0\ MM ‘{B WA ( \"6 e’\.

(diode resistance = some ten Ohm and characterisic resistance of wide-band circuits

50+750). For exploiting well the fast response limited by the transit time, with R, = 100 Q, EW ?\m\

£5=1,06pf/cm, v, = 107 cm/s , the limit to the size of sensitive area is . 2
Qurd olane ux ks D S eperande

_ _ USAAS WG o
In the design of detector devices, the selected depletion layer depth w, depends on the
wavelength of interest and on the photon detection efficiency sought; it actually ranges
from 1um to about 100um.

TheareaorfastsemiconducturphomdiodesthTsissmallfinallcases:asw,rangesfrom Cz'?zﬁo s TV SEmo e m A1) S UNAY
1um to SOum the limit diametercorrespondingyranges rom 25]."11 to 1,25mm %( . m \l !- Q: ” b
CQJN‘\Q( é.@t\-EkQ;\ eMedk
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Carrier Diffusion Effects
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Carrier Diffusion Effects Otemare U~ Wwpulio @A Lvol o .

a) Carrier generated in depleted region:
short and prompt pulse

+V,
Response to AN : oo Re coroniCone: o Faste Sabeo
i VAV e
MultiPhoton Pulse ~e | oo rfa_p_ W o0 el ‘Sk.\‘c_ﬂd& o~
N R, CompronideR \ B Qs S
. AVAVed P m e Y QQS.IJ‘#\
' . T Auwadow \o. B oo t2he.
Short main pulse — 4 o 4 o
due to photons Longer and slower «tail»

absorbed in the | due to photons absorbed in

depletion region the neutral substrate

1 e — t L '_'
The shape and relative size of the «diffusion tail» are established by the

photogeneration and by the diffusion dynamic of minority carriers in neutral W f\e Nt \\ h_'“‘bk wa I"’\'-'&) &ﬁ 'lll a

regions. They strongly depend on the PD device geometry, on the material

properties in the neutral regions (diffusion coefficient and minority carrier S\on Peco V' CD&\ M‘o WA wCo By
lifetime) and on the space distribution of the absorbed photons, hence on the

photon wavelength. (m | % dwdod e COSN oo \a
dorzda. & Wte \ solevo.
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ESZY‘Q. 26/@_)2% The signal coming from a photosensor is picked-up by a preamplifier featuring an extremely high input
impedance (in the order of 1G£2), bandwidth limited by a single pole at frequency Fy=100kHz and input-
referred wideband noise fi 2 unil i | density VSv.u=2 nV/A(H2)" e VSiu = 0,1 pA/(Hz)'"

' Ci = 5 pF and Ry = | M represent the capacitive and resistive load introduced by the photosensor itself.
Betore the photosensor an optical filter is present having a narrow optical bandwidth centered around

™ P l e i ‘:x. ~=620nm. The photosensor is a phototube featuring a $20 photocathode having quantum efficiency of 5% at
I. n A

dark current Iy=1£A. The light pulse reaching the photosensor is shown in figure (left): it has a
triangular shape with peak power Py and duration 2Tp=1ms superimposed to a continuous background with
optical power P

Wi
LA,

%\P v .e'ph = 'iMK“% a) Evaluate the minimum optical power that can be measured in absence of background (Py=0)
without using any additional filtering stage.

b) Evaluate the power of the background that would cause an increment by a factor 1.4 of the

minimum optical signal that can be measured.
¢) Discuss what kind of filtering action is required in order to improve the sensitivity of the
system in the conditions of point b); then select a filter and evaluate the minimum optical
power that can be measured in these conditions.
Discuss and explain the characteristics of the filter that would provide the best SNR;
evaluate the corresponding minimum optical power and compare it with the result obtained

.Q \ 0.\ in point c.
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Circuit Noise limits the sensitivity of photodiodes ...
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Detector Noise Circuit Noise: T 1 LOAD Ve
(Dark-Current) very much higher than Detector Noise, ' G >10° . O ok
sets the limit to minimum detected signal R ‘" Electron ' | cl RL iis
; Multiplier |
! process | ! |
I

( Detector Signal (current at photocathode and anode)
just one electron per detected photon! ‘1 NOT circuit '
. 1
HZ NI~ o) (Lﬁo b |\ 9\51 / " Primary Detector Noise Rl Moiow
i (cathode Dark-Current)
o d,p_vncb. Al So?é%f‘of =\ s\ o ] .
+ Primary Signal (photocathode current): one electron per detected photon
ﬂ'\O- %0\0 SU\h S02 F . ' lV\ ’ > + Output (anode) current: G >10° electrons per primary electron
Dark-current noise and/or photocurrent noise at detector output are much higher

w e (uw;z_ mo. |\ TW than circuit noise, which has practically negligible effect
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Vo= from 10010 1000V 'Pq %,0. q‘es.‘-o @ SD CD'S“:/ R2I220 M-

o, _tliwm G~ W drnode (momph@e W\ nonars Al Sulivew)

1 prima
M dd - g > 1 secondary electrons

electron

= | |y cathode current
d 4= Ble anode current

= A primary electron is emitted in vacuum with very little kinetic energy E, < 1eV l\ Wo&— w) ml %Ib é— &\m‘ mm
= Driven in vacuum by a high potential difference (some 100V), it impacts with high d’e’ mo E Q _s I czwm

energy on a dynode {electrode coated with sultable material, see later)

* Energy is transferred to electrons in the dynode; some of them gain sufficient energy
to be emitted in vacuum; g > 1 is the yield of secondary electrons per primary electron as
7 Secondary emitter coatings with ordinary yield
.

N 5 GaP dynode K + MgO Magnesium Oxide
l\ G’Z&-LCO = QOS% e Mmoo wo = ™ R *+ Cs;5b Cesium Antimonide
& p
- v ~ £ I s " 1l ;
R @ (WR2R ) pxS Qosi™ odho ; N3 iy en O
= / = 0t * Cu-Be Copper-Beryllium alloys
QL S dn.grz&}. a~ o WQO{W‘G‘(Q. T | MgO dynode Secondary emitter with high yield (due to NEA
£ negative electron affinity, see slide 26 in PD2) :
0

* GaP Gallium Phosphide

&7' \O : : 0 500 1000 Valt
“ 8 0 & m m q—n's-!- m(’v‘ Primary electron energy qVy, ’
oo h ANO— QWOJZA& - Q‘Q—S‘t‘&- + In the normal working range up to =500V, the emission yield g is proportional to

the accelerating voltage V (i.e. the primary electron energy) g = kVy

Wm o eSM U~ ?ﬂ‘.}bklﬁ\(}\l_ = At higher voltage g rises slower and tends to saturate (energy is transferred also to
lectrons in deeper layers, which have lower probability of escape in vacuum)
RyUS  S2Awo. con. 4000V, ¢
-~ . G * In the linear range ordinary emitters work with g values from =1,5 to =7 and
L m mbm [~ J FERE\N M\Q GaP dynodes g values from =5 to =25
A -~ * GaP dynodes are more costly and delicate, require special care in operation and
e M‘C.U'O P‘U P\'m their yield tends to decrease progressively over long operation times
(Mo gasto < pod T'Sowee »wado + d7noda
Sketch of the Principle (example with 5 dynodes) \
~ ; <
Dynode 1 Dynode 3 Dynode 5 ' p‘tb(’”‘o‘ < d". P“' C%"L dyn@é_ . M @-“-9..
V .
“ Mo dMtewetne ddp (heo 4OV g
drrod) e Qi e totle Yensise 3
2200 oMo

Vi Va T
| cathode Dynode 2 Dynode 2 anode |

||" Gl >> 1,
» Electron optics (i.e. potential distribution) carefully designed to lead u' CP\ \ % e Ob.
the electrons emitted from each electrode to the next one g‘(’_ Mb; 8.“&&- S0 w WA é"&@—
» g,>1secondary electron yield of dynode r ! . :
G =gy B,B1BaBs overall multiplier gain &m - i -emz
” =B B2BvBaBs a
3 Cr
thatis, G=g® with equal stages g,=g,=....=g M ?\-o ?D\& d'r-nnach;_
Cre Ges > Ls2rno Po 7noda. oo
I Transmission mode
PMT Basic outline == s
Core 2boamo Ao POON0- SPoR0 7 / s
Wkodotto + drode. par 2\ posent b T8N )

%uzc\zgvo, PICO

—% | AR
* PMTs can have high number n of dynodes (from 8 to 12) and attain high gain G.

With n equal dynodes it is G = g" ; e.g. with 12 dynodes G=g? ~
4 pmbbmo. e Ce dopoaro e

G=10*withg=2,2

G=105withg=2,6 242 WA~ YPnda dAAQ 82 <Hh QM
G =10°withg=3,2
« G is controlled by the dynode bias voltage, which regulates the dynode yield g % QSQSY\?\O aan \2 dﬂ‘odﬂs C S|V
* Asingle supply is usually employed, with high voltage V, typically from 1500 to 3000 V. ‘.’1 Po 2 ZK\I .
The dynode voltages are obtained with a voltage-divider resistor chain; the potential
difference V, between two dynodes j and (j-1) is a preset fraction f, of the supply V, mbbm =T m WL M
. (9
¥ ’ 2 ol poees € oo 2ito-.

d dy d d5 dg d dy db
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* i g,=kV =k fV, I
The supply \raita.ge W, thus rules the yield g; of every dynode & ! \\ Mw &_ ! ' ’O &P h ! ! d&/

and the totalgain G=gg,.... =kV, kY. kY, =k fi s S, ¥

which increases with V, much more than linearly U"SN m K'L h\Sb— c"c'h

Grrn ) o W pPEhe, 2ugo OSSO swwee \\  guzdagne
(NB: Kg = kI fifs... [ is constant, set by the voltage distribution and dynode characteristics) \ h R\'Zm O‘- \JA

* The gain G is very sensitive to even small variations of the supply V, : the relative b‘[ Q5 O C-l 3 AACA JZ2ro 21: e -
variations of supply voltage are n-fold amplified in the relative variations of gain \ \ F e’ &'
—— derSice. YW 0 N e ol vano2ve

" S & Guzdegno, e 0 S W\ vuero &

* Consequently, tight requirements must be set to the stability of the high voltage V,

versus ambient temperature and/or power-line voltage variations. é’m

e.g. getting G stability better than 1% for a PMT with n=12 dynodes
requires a high voltage supply V, better stable than 0,08 %

* The parameter values in the PMT operation must be carefully selected for \ ~ &x W

exploiting correctly the PMT performance. We will point out some main aspects \ e‘ 0""‘ \O A

and call the user attention on warnings reported in the manufacturer data sheets. mdb % ch ~ e wf\- \SU i E\U W WO
* For limiting self-heating of voltage divider below a few Watt, the divider current

must be < 1 mA, hence total divider resistance must be at least a few M(. m e. M &-\JQ m '{er.-l'.- O\h t
* In order to avoid nonlinearity in the current amplification, variations of dynode C(}u-dt Y‘,"\O-- M

voltages caused by the PMT current should be negligible. The PMT output current d—‘ss\ W‘

must thus be less than 1% of the divider current, i.e. typically a few pA.

*  This limit is acceptable for DC current, but not for pulsed optical signals. However,

. ’ * [}
fast transients of dynode voitages can be limited by introducing in the last stages Hh m P“m -~ m N G dm
capacitors in low-pass filtering configurations, as sketched in the examples quzl((}‘-'x} L=8 ] @-\&-\szhx \
N \
k
A 222 \ L Oishod von € Ackho -tup
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* | Space-charge effects may cause nonlinearities in the amplification of fast pulsed
signals. A high charge of the signal itself can significantly reduce the electric field

that drives the electrons: the higher is the pulse, the slower gets the electron M\ m.no ' . =
collection. The pulse shape is more or less distorted, depending on its size “% h‘“ t mbbﬂ“* Vi q-'n'}h
= (]
+ Nonlinearity can occur also if the voltage signal developed on the load is high Sovo ?() 2)*‘\.
enough to reduce the driving field from last dynode to anode

+ (Magnetic fields have very detrimental effect: the electrons traveling in vacuum are
deviated and the operation is inhibited or badly degraded. With moderate field
intensity, magnetic screens (Mu-metal shields wrapped around the vacuum tube)
can limit the effects; with high intensity fields PMT operation is actually impossible

* PMTs are fairly delicate and subject to fatigue effects and their operation is
prejudiced by mechanical vibrations
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* The PMT output is superposition of elementary current pulses that correspond to

single electrons emitted by the cathode, called Single Electron Response (SER) pulses. LG 3‘-%(._ eﬂn_m mu M

* SER current pulses are fast (a few nanosecond width) and fairly high (pulse-charge Gq e . .
from 10° to 10% electrons). They are remarkably higher than the noise of fast circuits; a]“o" m \E“G"\

Q. arpezzo.

with PMT weakly illuminated they are well observable on the oscilloscope screen and (=]} W’Q‘S\\ m @h‘ Ed O mc}

each of them corresponds to the detection of a single photon. :
* The SER current pulses observed have all equal pulse shape, but randomly varying > IZh\S'hCO -
pulse-amplitude; i.e, G is not constant, but statistical

statistical nature of secondary electron emission

minimum measurable detector pulse®, the statistical
distribution p(G) of the gain G (probability density of
G value) can be directly collected by measuring and
classifying the pulse-charge of many SER pulses.

Current

with charge Q in the interval gG £ gAG/2

* The random fluctuations of G are due to the @f SNA,}Q- %«f‘ WMQ cz}w b\
* Since the SER charge is much higher than the d.sk'\b-im d.'; ?-n-.)*; \lw s

Tume. 5. ns
o h Lo dsknbwa shshea & Quadegr
P AN = relative number of SER pulses observed e"‘ Q‘Jes_’ﬂ'

AN
p(G)=——= probability density of G
AG

Mean gain G

L]

L]

L]

PR A — o

:’ * ] Gainvariance o, =(G-G| =G"-(G) %\Bé%m ,@'

Probability density

4 e — >
G Gain G

\ No‘hzromp@wmomm

S
* The plot above sketches the typical appearance of the statistical distribution \A w\m & M‘\Q sm"

p(G) of the PMT gain G. m [m ! +e'

* For different PMT models and different operating conditions (bias voltage

distribution on dynodes; temperature of operation; etc.) remarkably different \ \ ‘a-obw € m m

p(G) are observed. The distributions are roughly akin to gaussian, but skewed

toward high G values. drt\cﬁlﬂs e qu-é.— Wi CLL&J\'U& Gu. N0

* The main p ters to be considered for analyzing the PMT operation are

mean gain G , gain variance o.? and relative variance vg = {—;i‘;

Gun danzr 2AR.

VZr2020- |, xlexde® saho  Roceula_

o, = ’\'Palf = ,'\"JIE_.F" (145 )= o, & (1+v5)

l
5 "F P = -
In conclusion, the PMT : d 7 e wm» w w— el w.l 20 '.P\D
1) amplifies the input variance by the square gain G2, like an amplifier and "PCCQ‘O wss\ b \n_ m“- Q‘: C @ u 2 (8!

2) further enhances it by the Excess Noise Factor F due to the gain fluctuations

C 2ot \ e

‘7.7‘='7,i‘a:'-’7 with |F=i+1fl.3l]

T rase vo Ompller rous bzsso tes Ak

* APMT amplifies by G? the input noise like an amplifier and further increases it by
the Excess Noise Factor F: o = g7 -G -F

*  We will see that it is F < 2 for most PMT types and F is close to unity for high quality
PMT types. The factor of increase of rms noise is always moderate VF<1,4
and often near to unity. Reasonably approximated evaluations can be obtained
by neglecting the excess noise, i.e. with F=1.

* Further explanations and comments on the gain fluctuation are given in Appendix 1

* As modern alternative to a PMT, one could propose a vacuum tube photodiode
coupled to a high-gain and low-noise amplifier chip, possibly with amplifier chip
inside the vacuum tube. It would offer practical advantages: more simple, rugged anc
compact structure, lower operating voltage, etc..

* In fact, a PMT outperforms such «photodiode-with-amplifier-inside» by detecting
optical signals smaller by orders of magnitude. We can better understand the matter
by gaining a better insight about how these devices work.
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PMT response to a single photon

ift) SER current pulse
Phaton E T pulse width
arrival s —
“ pulse barycenter
o Transit Time t, Lt"’ time fr
Transit Time distribution
Pelts)
2, i
5% H 7, transit time jitter
$8
&

T, =t Transit time t,

« Differently from vacuum tube photodiodes, in PMT the rise of a SER current pulse is
delayed (from =10ns to some 10ns dependent on PMT type and bias voltage) with
respect to the photon arrival. The dynodes electrostatically screen the anode, so that
only electrons traveling from last dynode to anode induce current (Shockley-Ramo

theorem).

The PMT transit time t,, is defined as the delay of the pulse barycenter.

The transit time t, randomly fluctuates from pulse to pulse, with a transit time jitter 7;
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PMT response i,(t) to a multi-photon &-like light pulse:
derived from 1) SER pulse waveform and 2) transit time distribution

()= [ pu()i (=) dt, = py 1

Single-Photen ift)
arrival

™

SER (normalized)

(full-width at half maximum FWHM of the t, distribution) from a few 100ps to 0 o

a few ns depending on PMT type and bias voltage. T, is due to the statistical dispersion

/
of the electron trajectories in the first stages of the multiplier.

* The SER pulse width T, (FWHM from a few ns to various ns, depending on PMT type
and bias voltage) is always wider than the transit time jitter: T, =5 to 10 times T, . It is

Ity time t
{t, i Ti T,<<T,
Pulty) Transit Time L_J
distribution .Ei

Transit time t,

Multi-Phaton

due to the statistical dispersion of the electron trajectories in all the multiplier. arrival it

* T, has very small fluctuations, practically negligible

&-response (normalized) T, =T, +T =T,

sl '} e N . / W
* Further explanations and comments on these parameters are given in Appendix 2 o - :r time rL
b
li (t)=p,%i .
. A TR

ilt)

&-response (normalized) T
— —

=1,

The &-response is a convolution i, = p,*i, , hence its FWHM T, is quadratic sum of

FWHMs T, and T, of the components

T,=\T}+T}

Bssame e e oo a0l Ak
Wynha-

Pp- 47/KaTw
Asr Ko v Qoo D & 40

since T, /T, is small (from 0,1 to 0,2) the width of the 5-response is practically equal to

i 1 2
the SER current pulse width TinT [. L) 12 T

The finite SER pulse width establishe_s a finite bandwidth f, for the PMT employed as

analog current amplifier £, =VkT.

(the coefficient k, is from =3 to =10, depending on the SER pulse waveform)

NOhhomMc:mmm
veAoce .
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Noise sources and filtering with PMTs

Bandlimit |
I
=

Ty

n, photoelectron rate < L= n,q photocurrent
ng dark electron rate = Ip= npq cathode dark current

.

.

.

Ny = Nty total background electron rate. > ;= nq total background current
Noise sources :

~ at cathode: 5,241, =2¢°n, pho it nolse, increases with the signal
~ at cathode: 5,=2ql, =2q°n, background noise, independent from the signal
~ atanode: resistor load noise 55 and preamplifier noise 5, and S,

Let's deal with 5/N and minimum measurable signal in the basic case:
constant signal current I, and low-pass filtering (typically by Gated integration)

n,, electron rate due to photon background = I,= n,g photon background current
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;hokccathode |G?—F! Anode Rm % \\_ GUQM’\D wm‘ m
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We consider cases with wide-band load, i.e. with 1/4R,C, >> f;, such that T\?C%bph 6— mnclio 2.0 i 20Mag 0. é; VOO
he filteri ffi fC i ligibl H = . .
a) the filtering effect of C, is negligible . 2 ! ! xr‘?\-' :F o2 zll m

b) the circuit noise can modeled simply by a current generator

S, =8,+5,+5,/R! Aczsc2el U Cw\p.n_ QTN ok T\M\

which can be referred back to the input (at the photocathode) as S,E/G"F
20 52 D% ron Posse teaodue \o
LSSCO 2 DB sawva D 2ssvenoo

Multiplier LP Filter
Bandlimit

Anode
e e >
Se 7 S S, ;

\ Pademo. € oo~ Quando o Yo Se/c2 ¢ ;W\ QN e Qo Onsdee (2)
SP \o quate voN € wdprdde der sagrel-,

Photocathode

Multiplier LP Filter
Photocathode r_.,[ Anode Bondlimit
o
5, Y S Se_ " =
G'F : 7, e

- S
N\ ovge dod proplleske o §
* The circuit noise §; b deled b hot t at th de:
TS e it MO SVOF roRe Mo € e D,
e = e e = ‘e = e
* With wide band preamplifier and low resistance R = few k(l the circuit noise typically is 4 5 M“ 0 lzn-’( 20\ OEI 0O
JSie = 2pA/vVHz or more. The equivalent shot electron rate is n, = 10* el/s or more A m E‘Hﬂﬂ.\o‘h ‘P" m‘og Qv ¥ §
* Referred to input (cathode), the circuit noise is modeled by a shot current with reduced %\- oA B[ cm \\G‘Qtw
electron rate n,/FG?. For instance, with G= 10° itis n,/FG?=100 el/s ’ ! C ! ” -

* The circuit noise referred to the input added to the background noise 5=29/;=2¢°n, ]

gives the constant noise component (i.e. NOT dependent on the signal)
S, 241 . n ] ‘_/_/
S, +——=2gl +——=2¢g"| n, +——
et @F Tetgp=H (’" G'F

VoPLo 2002k o SRR Cha.

For the sake of simplicity in the following computations we consider:

a)  negligible circuit noise. Anyway, we know when it must be taken into account
fossamo Sowse VSNR ,

and how to do it, by considering an increased constant component of noise.

b) negligible excess noise, i.e. F=1. Anyway, cases with non-negligible F > 1 can be m}\ Z«tbﬂmo O~ ‘Wblﬂ.ﬂfﬂ-, 2obvzmo
?aken into accot.mt s:rr?ply by |ntrodunlngl the facltor VF to decrealse the S/N and L QQSV\?JL‘- A e 2~ch e O
increase the noise variance and the minimum signal computed with F=1. \

GO 2o@0 Tp o~ 2\ Nos der

Photocathode AR i Cha- A BrOr V2R sao t‘z,d:c.o._.

Anode Bandlimit

G? fe
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The minimum signal I, ., is reached when S/N =1 : we will see that the result
markedly depends on the relative size of constant noise vs photocurrent noise

Possao 2ot 2 c2en D kzsarebwe o SR Avesozbhla
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= The simplest extreme case is with negligible background noise: only photocurrent

noise matters, With noise band-limit f; = 1/27; (Gl filtering) N\ q-"-sh Ceso \\ roce Yo € QUS‘Z{\\'L
s__ L _ 4L fW—rJF € ARCA ol voraxo A elales veaseN
N fal,f; JaT, Vg VrrTNEE

rela fueshon QwieornzoR

N, = n, T is the number of photoelectrons in the filtering time 7.

* In fact, the S/N can be obtained directly from the Poisson statistics of l\ W‘W SDSV'ZLI- X Lu‘%‘u ?-4 (V7.9 ?0"0 d-dM:A.
photoelectrons: with mean number N, , the variance is a,>= N, and m O g..,.q_sh-a. C& W \!91'02&0-0..

N N, e

=L = IN
o \II \ VT

* Remark that in this case the noise is NOT constant, independent from the signal:
as the signal goes down, also the noise goes down!!

&
N

* By making lower and lower /,, when $/N = 1 the minimum signal I, . , is reached

|._ N J =] =\I : . N min-p Tr =[Ny s

* The minimum measurable photocurrent signal 1, .., corresponds to just

one photoelectron in T, the filter weighting time:

I iy = % - TR :TL b*_ » =1

* Observing the complete S/N equation
S I, 1T, nT, N

3 __Ln a1, A a———NO.lczsog_ww POSS@NO  Struaa
N 2q1 [ +2ql,f, ql T, +ql,T, nT,. +n,T, N, +N, '\ ~
J y oTr Nl endy i USVR coss
we see that the background noise is truly negligible only if lz<</, for any /, down

to the minimum /, s, i.e. only if C O CLL mm \ @o Mh
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1 Log scale
10° 11 10 100 Ny=n,T
100 4

Signal measured by charge, in terms of number of photoelectrons N,=n, T;
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* The opposite extreme case is with negligible photocurrent noise: only

background noise matters. More precisely, it's the case where the limit current \“ q-QSh C2S0 ‘Z,bb\‘:r‘\n.o M’B Msﬂ ([ é,
1o = Iy minn computed with only the photocurrent noise is much lower than the
background current Iy N P.

q 1

> e Risoleko?

* There is now a different minimum signal /, ., s limited by the background noise

[ql
.“l'ulln = q'

* Inintermediate cases both noise components contribute to limit the minimum
signal, which is computed from

n
= ]
L T

N ; g
L= __-| 2" order equation that leadsto N, = %[i + 144N, )
+N, -

{NB: the other solution is devoid of physical meaning)

e ra\ M2w?! Ne\ o Ay CalcoNee \equoizne. A Sesondn §reo

.
N, | o

,
100+ _ ‘@\";/."
e
’ Total Noise 1

HIGH background noise /Ny, —c

- _ Gl ra20 dio ccdze (KR o
= ' ey & s=odo %ﬂ.&o-

10? 10" 7|1 10 10° 10° N,
Total Noise 2 |_-
S e LOW background noise \/Ng2
o T

Signal charge, in terms of number of photoelectrons N,= n, T;
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a) Ewaluate the minimum optical power that can be measured in absence of background (Py=0)

5
" f s I~
k, —/\— l ~ without using any additional filtering stage.
Ve I 5 o b) Evaluate the power of the background that would cause an increment by a factor 1.4 of the
c R

minimum optical signal that can be measured.
BARF = ¢) Discuss what kind of filtering action is required in order to improve the sensitivity of the
system in the conditions of point b): then select a filter and evaluate the minimum optical
power that can be measured in these conditions,
d) Discuss and explain the characteristics of the filter that would provide the best SNR;
evaluate the corresponding minimum optical power and compare it with the result obtained
in point ¢.

The signal coming from a photosensor is picked-up by a | plifier featuring an Iy high input
impedance (in the order of 1G£2), bandwidth limited by a single pole at frequency f1=100kHz and input-
referred wideband noise featuring unilateral spectral density VSv,u = 2 nV/(Hz)' e VS0 = 0,1 pA/(Hz)'2.
€1 =5 pF and R: = | MQQ represent the capacitive and resistive load introduced by the photosensor itself.
Before the photosensor an optical filter is present having a narrow optical bandwidth centered around

A=620nm. The ph is a pl ibe fi a 520 photocathode having quantum efficiency of 5% s
620nm and dark current Iy=11A. The light pulse reaching the photosensor is shown in figure (left): it has a
triangular shape with peak power Pp and duration 2Ty= I ms superimy 1 to a conti bhackground with
optical power Py.

Dok Ui B 2uwzvo nczmwm:o,zgga/ﬁ; CAn Pg=3,3%w
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ACTRO Esane
Exam Text of 07/02/2005 (Problem 3)

A faulty joint in optic fibers reflects about 1% of the power coming from a laser pulse. This can be

used to locate faulty joints in fibers. Rectangular laser pulses with a duration Tp=100ns and power LA ?J\S-QS by Qona. +
P=1mW generated by a diode laser emitting light at 800nm are exploited. Reflections are observed d_., i

using a silicon p-i-n photodiode (reflective coefficient at surface of 0.2; surface neutral region

thickness 0.5pum, depleted region thickness around 10pum). The photodetector is connected to a ‘l’.‘_

current preamplifier featuring a wide bandwidth (limited by a single pole at fpa=100MHz) and input- N= O/ S ) AN

referred current noise with wideband unilateral spectral density Si=(1pA)*/Hz. Speed propagation of

pulses in fiber is 20cm/ns and the attenuation is 2dB/km. 'E'D = do R fm

a) Evaluate the minimum optical power of a pulse that can measured, assuming a minimum
acceptable SNR=5. R =M 2

b) Evaluate consequently the maximum distance in fiber at which it is possible to locate a faulty 7
joint (hint: please note that the pulse has to travel forward and come back).

¢) What is the spatial resolution, i.e. the minimum distance between two faulty joints that allows
you to locate them both individually?

d) You are now asked to increase the maximum distance at which you can locate a faulty joint I S - ,{ A/
without impairing the spatial resolution. Discuss if and how it is possible to achieve this goal. 'P FH%
Then, select a filter and evaluate the improvement factor that you can obtain with it.
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: b) Curved channel CCM .
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In order to exploit CCMs it is necessary to neutralize the effect of lon Feedback. m/ \ ‘Pm.hlo- m o & Cla
- —
* Inthe last part of the channel the density of energetic electrons is high and creation N2 N L WU— e Q\mé-! '.PMWJ

of free heavy ions (ionized atoms) by collision with residual gas molecules (or with W "W W M W

the wall material) becomes probable.

+ The free ions drift in the field and by impacting on the wall cause a strong emission e’ Mﬁ et &‘edw s v
of electrons. If the impact occurs near the channel input the emitted electrons C \oo m 12&’ \ VOoorork |

undergo all the channel multiplication. Q\-@S\O R m— el W mm

* This is a positive feedback effect, which enhances the current amplification in ~
uncontrolled way and may even cause a self-sustaining breakdown current in the md{‘ szmo Qj\ Wm d?'f‘OQQ_
multiplier. e QU YON WD e

* The effect is avoided by bending the axis of the multiplier tube. Due to the large
mass and small charge, a free ion has small acceleration in the electric field and its U i

S
trajectory is almost straight; the ions thus impact in the last part of the channel, \r\w ?QS’\O e
hence the emitted electrons undergo undergo a much lower amplification coiN2e \\ ((@, ch © o YO-
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Most of the limitations that plague CCMs are relaxed for MCPs with illumination

distributed on the cathode because:

a) Electrons emitted from the same position of the cathode do not enter all in the same
microchannel; they are distributed over a group of facing channels in the MCP.

b) The perturbation of the voltage distribution in a channel affects the multiplication
and collection of electrons just in that channel and closest neighbors, not farther.
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It follows that: \,\%’*D q"fﬁh -k-w\% ‘?ﬂl’d&: VO~ b US\'I"\O

1) the limit to the output mean signal current is much higher; it is a small percentage of
the total bias current of the MCP, not of a single microchannel

2

photoelectrons are multiplied in parallel in different microchannels

* The statistical gain distribution of MCPs is similar to CCMs, significantly wider than for
dynode-PMTs, with excess noise factor significantly higher F>2

* The dynamic response of MCPs is remarkably superior to that of dynode PMTs.
The transit time T, and its jitter T, are remarkably shorter; in fast MCP types they are
reduced down to T, =1ns and 7= a few 10ps.
Also the SER pulse-width T, is shorter, down to T= a few 100ps.

owngue 7 el sono ¢ R regiow A

also many-photon optical pulses are correctly linearly processed, since the pulse Q‘QS*D SQS‘SOI& ?
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O A free electron drifting in the field gains
i P kinetic energy 4E,, = En — Ec
O Part of AE,, is transferred to lattice
vibrations by scattering events
O Because of energy and momentum
conservation, a ionizing collision can
occur only when
AE, >1,5E,
AEREE O Until reaching such AE,, the carrier
Ll travels without ionizing. The carrier
multiplication thus has a dead-space; it
a discontinuous statistical process

electron energy E,,

Electric Field F, O There is inherently a positive feedback
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+ The carrier multiplication can be analyzed with a continuous statistical model, based
on the average in space of the true discontinuous random process.

* The continuous model provides a good approximation if the width of the
multiplication region (high-field region) is definitely larger than the mean path
between ionizing collisions. The model is inadequate if the high-field region is very
thin, i.e. for width smaller than or comparable to the mean path between collisions.

+ The model considers the probability of ionizing impact of a carrier as continuously
distributed in space (i.e. it considers the average of many trials of carrier
multiplication started by a primary charge).

+ The ionizing coefficients a for electrons and P for holes are defined as the
probability density of ionization in the carrier path; that is, for a carrier traveling over
dx the probability of producing impact-ionization in dx is

Bdx for holes

* The mean path between ionizing collisions thus is

L,=1/a forelectrons and Ly=1/P for holes

+ The features of the multiplication process strongly depend on the relative intensity
of the positive feedback, hence on the value of k = B/a, which is different in
different materials: k<<l in Silicon, k>1 in Ge and k=1 in GaAs and other IlI-V
materials

o dx for electrons and
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a and B rapidly increase with the electric field F.. They can be described with good
approximation by @ =a, exp(~F,,/F.) and g=p exp(-F, [F)
In Silicon @, = 3,8 10° em™, F,, 2,25107 ¢

1,75 10° V/em; B,=2,2510" em™ , F,,=3,26 10 ° Vi/cm

kis = 0,1 at high electric field F, and as F, decreases k strongly decreases (because the
dynamics of valence-band holes and conduction-band electrons are different)

a and B markedly decrease as temperature increases (because stronger lattice vibrations
drain more energy from carriers in the path between ionizing collisions)
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In the simplest case a =P (e.g. in GaAs) the equation is simply and we obtain:
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T :. is called ionization integral and has a clear physical meaning: € L e: o~ P“M{;—*—b‘: A~ o 22 \CA220.21c,

it is the probability for a carrier to have an ionizing collision in the path from x=0 to x=w

The current j, is the primary current j, amplified by the multiplication factor M
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In cases with a # B the equation can still be integrated and the results can still be written
in the form

but the ionization integral /; is now the integral of an effective ionization coefficient a,
a,= acxp[—j (a- ,c‘?)d;:]
0
50 that in this case

] = L a (x)de= I"" ut.\p[—j“l (e = ﬂ'}n‘._f-. dx
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* The ionization integral [, in any case strongly depends on the applied bias voltage
V, and on the temperature T

Nothavo 2ncle cle ]'_;;:iwotdx St

& Uiegete dolicn PRl | Moo

* I;is nil until the field F, produced by V, attains level sufficient for impact ionizatior P}o m o :1
’

= Computations and experiments show that the rise of M gets steeper as the high-
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field zone gets wider. This is quite intuitive, since a wider zone corresponds to a PSS U 2k X . o To=A =
higher number of collisions, which enhances the effect of the increased impact clt é‘ di (o H 4\ é‘,-\,\ SO L0,

ionization probability due to an increase of the electric field
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* When the applied bias voltage V, reaches a characteristic value Vg, the ! 2 % '(Q?J.l. b\ W ner—
lonization Integral /; = 1 and, according to the equation, M = o and j,, = o m cowceie “‘Q‘U\:&'ﬂ— Mo~ 28
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* Vg is called Breakdown Voltage; it is a characteristic feature of the diode, ruled

(eHathd A S° adizppoe 290 elithon 7)

by the distribution of the electric field F, and by the dependance of @ and p on A\tﬂ‘o oo ~ 9\3\{&0. Qs *"FP

the electric field F, and on the temperature T

T ¢

*  Vyincreases with the temperature T. The increase is different in devices with
different field profiles. It is anyway strong, some 0,1% per K degree.
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A photodiode biased at V, below the breakdown voltage Vg but close to it provides linear
amplification of the current by exploiting the avalanche carrier multiplication.

Such photodiodes with internal gain are called Avalanche PhotoDiodes (APD); they bear
some similarity to PhotoMultiplier Tubes (PMT), but have remarkably different features

* The amplification gain is the multiplication factor M, which can be adjusted by adjusting
the bias voltage V, with respect to V,

* Since Vg strongly depends on the diode temperature T, variations of T have effect
equivalent to significant variations of the bias V. Therefore, for having a stable gain M,
the temperature of the APD must be stabilized.

* The actual dependance of M on V, can be fitted fairly well by an empirical equation

1 C., Sana \ro3 mato
PP —
l_(Vu/Vs )“ - 5%-1!-'

with exponent u that depends on the field profile (and on the type of semiconductor); it
varies from 3 to 6, with higher values corresponding to wider high-field zone.
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Evolution of the APD device structure
o o @pido ke (o Goben \ capo
Early attempts to develop APDs exploited PIN structures modified for operating at
higher electric field (typically F, > 100 kV/cm): more efficient guard-ring for avoiding Wﬂﬂm )
edge breakdown; higher uniformity in material processing over the sensitive area; etc.

The PIN structure, however, turned out to be unsuitable for APD devices.

+V,
n” deep-diffused n* thin layer
guard ring *Va
1 Wy ot
p " low doped Wy "W Space char
! Be
epistrate p l { density
£ x
p* substrate : I
. —
100
. Y e

PIN structure: unsuitable for APD devices
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1. Even perfect p-i-n devices would @ " N 2o dala den PNM e QLLL

have feature;r;gt well suitable for % 100 T=273K !, (\P«QA*O\ZLQ.. :

operating as R i
2. Moreover, real p-i-n devices have > 10 hb'l-w ol W\\m A eSS

unavoidable small local defects that 3 of N A‘ M/ﬂ:‘{p oA

rule out any prospect as APD. z 3
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Even a perfect p-i-n diode would have multiplication factor M very steeply rising
with the bias voltage V,, because the depletion layer is wide (for obtaining high
detection efficiency) and the high electric field zone covers it almost completely. It
would be extremely difficult to obtain a stable and accurately controlled gain M.

The evolution of the device design from PIN to Reach-Through APD structure was then
driven by the insight gained in the PIN-APD failure.

Toxio wo- Swotvo. Dvexson

Reach-Through Si-APD devices (RAPD)
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Basic idea: to improve the structure by inserting a thin layer with high electric field F, n 5
(where carriers undergo avalanche multiplication) beside a wide depletion layer with
moderate F, (where carriers just drift at saturated velocity)
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Reach-Through Si-APD devices (RAPD) - \\ %mﬂ\co AN 20600 <ND ApAL %

+ The total depletion layer width of Si RAPDs I
in most cases is from 10 to 30um, in order Nm CA~ Q..?.\-u& 2NLRC~ el

to obtain high detection efficiency up to M T i -
800-900nm wavelength (NIR edge) st | C’Z’-LCM wm@ i CFo el o
* The width of the multiplication region i [
(where F exceeds the ionization threshold) r
is much thinner, from 1 to a few um
* Moderately steep rise of M with the bias
voltage is obtained; the RAPD gain can 10
thus be reliably controlled.
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* The dependance of M on the device A 5 . el . -
temper';tureisstill remarb:abieand must 1 Zt\fk'— % o pmk',o\:—i—“\o- A ovee et
. e W proasso sthvhc

INB: Log vertical scale

be taken into account

The highest M obtained with Si-APDs is much lower than the gain level currently
provided by PMTs. In the best cases M values up to about 500 are obtained; attaining
M=1000 is out of the question

ek €250 QW zuzlencle diodn . 2000 s che Lo PodashalAss &0 cRee sy
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In Silicon with electric field intensity just above the ionization threshold, the situation is
very favorable since the F degradation due to the positive feedback is negligible.

~2 h PV e A (MR veh
Ceso Q&S vdad orotodo

* The ratio of ionization coefficients is very small k = B/a < 0,01
-> probability of impact ionization by holes much lower than that of electrons.
the mean number u of secondary electrons generated by the impact of an electron is
small p<<i

The process can be analyzed as a cascade of electron impacts. By employing the Laplace
probability generating function and numbering in sequence the impacts we get

. 1 i
F=l+v, -1+m—z2

F=2 is the lowest possible F for 5i-APDs and is achieved at low gain level. The conclusion
is confirmed by experiments on carefully designed APD devices operating at M<50.

For comparison, recall that ordinary PMTs routinely offer F < 2 at very high gain M>10°.

* In Silicon the k factor markedly increases as the field is increased. Therefore, F ~ &=— \&e %
markedly increases as the bias voltage of the APD is raised for increasing the gain.

A thorough mathematical treatment of the avalanche multiplication is quite
complicated and beyond the scope of this course. We will just comment some results
of treatments reported in the technical literature.

With some simplifying assumptions (uniform electric field; constant k value), it has
been shown that the excess noise factor F with primary current of electrons is

FaM[1-(-k)(1-ym)']

* In cases with negligible positive feedback k=0, the equation confirms the result of
the approximate analysis
F=2-1M =2 (since M>>1)

* In cases with full positive feedback (i.e. equally efficient carriers, as in GaAs and

other I11-V semiconductors) it is k=1 and F increases as M — ved 250 & wdo Mon 2wl Baszmd
FaM R=P e g~d K=4
* In cases with intermediate feedback level it is 0<k<1 and the equation specifies
how F increases with M with rate of rise that increases with k. For instance:

with k=0,01 at M=100 we get F=3
with k=0,1 at M=100 we get F=12
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The optical transparency of materials at 800nm is to be measured and a laser diode with emitted
power P=1mW is used. The laser can be used in continuous wave operation mode (i.e. continuous
light is emitted) or with 10% of its optical power sinusoidally modulated at IMHz (by using a
sinusoidal current to drive the diode). Aisilicon p=i=n photodiode (depleted junction thickness 30um;
surface reflectivity coefficient R=0.2) is used. The photodetector is connected to a current
preamplifier featuring a wide bandwidth (limited by a single pole at fpa=100MHz) and input-referred
current noise with wideband unilateral spectral density Si=(1pA)z/Hz and 1/f noise component with
fe=100Hz. Discuss the guidelines and describe two approaches to be used in the two possible cases.
Select a filtering scheme for each case and evaluate quantitatively:

a) The sensitivity that can be obtained. i.e. the minimum optical power that can be measured.
b) The minimum value of the optical coefficient that can be measured.
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Exam text of 08/02/2018 (Problem 2)

a) Define the radiant sensitivity of a photodetector and how it is possible to write it as a function of
the wavelength. Calculate a reasonable value of this parameter at 500nm for a PIN photodiode and
for a typical Phototube.

b) Define and explain the meaning of the NEP and Detectivity of a photodiode and a PMT

¢) Considering a PMT, calculate the minimum value of the gain G in order to be able to detect
single photons on a time window of 5ns.

d) Starting from the random sequence of independent elementary pulses, describe the current shot
noise: noise mean, mean square and power and finally power spectrum.
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APDs for Single-Photon Counting (SPC)?

APDs can detect smaller optical pulses than PIN diodes, thanks to the internal gain M.

However, the improvement of sensitivity is much lower than that brought by PMTs with
respect to vacuum tube PDs. The reason is that in comparison to PMTs the APD gain M
has

1. much lower mean value M
2. much stronger statistical fluctuations, with relative variance that increases with M
The QUESTION arises:
can we employ linear amplifying APDs instead of PMTs in single photon counting and
timing techniques?
And the ANSWER is: NO!

Mare precisely, almost NO for silicon APDs and absolutely NO for APDs in other
fhaterials: In fact, we will now verify that only some special 5i-APDs achieve single
photon detection, although with marginal performance (detection efficiency lower
than APD in analog detection; etc.), and other APD devices are out of the question.

Que\'e || %&%u?—c-dn d aper il Ue Singolo

* The APD output pulses due to a single primary carrier (single-photon pulses) are
observed and processed accompanied by the noise of electronic circuitry, arising
in the preamplifier and processed by the following circuits.

* A pulse comparator is employed to discriminate SP pulses from noise; pulses
higher than the comparator threshold are accepted, lower pulses are discarded.

* The parameters of the set-up (rms noise; pulse amplitude; threshold level) should
be ajusted to provide:

1. Efficient rejection of noise, i.e. low probability of false detections due to the
noise

2. Efficient detection of photon pulses, i.e. high probability of detecting the SP
pulses, which have variable amplitude with ample statistical fluctuations
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With noise amplitude having gaussian distribution (most frequent case) with
variance g, (rms value), the noise rejection threshold level must be at least
N, 22,5 ag,, in order to keep below <1% the probability of false detection

We have seen that by employing an optimum filter for measuring the amplitude
of detector pulses we get rms noise (in number of electrons)

e =electron charge and typically:
C, = 0,1 to 2pF load capacitance;

J.S'_l. = 2 to 5nV Hz'V? series noise;
&y = \/S_, =0,01 to 0,1 pA Hz /2 parallel noise

With high quality APD and preamp we get typically o,= 40 to 120 electrons.
The noise rejection threshold required then is

N, 22,5 0,= 100 to 300 electrons.

Furthermore, M just higher than N, is not sufficient for having SP pulses higher than
the threshold: we will see that M much higher than N, is necessary.

We know that the optimum filter (and of course also an approximate optimum) is
a low-pass filter and the output pulse has a width (i.e. a reciprocal-bandwidth)ef
some noise corner time constant T, . Since in our case T, ranges from 10nsto a
few 100ns, the output pulses are fairly long and this brings drawbacks.
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Count losses in Photon Counting

* In photon counting the finite width of the SP pulse causes count losses.
When the time interval between two photons is shorter than the output pulse
width, pulse pile-up occurs (i.e. the two pulses overlap), the comparator is

triggered only once and one count is recorded instead of two
Comparator
threshold

SP pulses output of an
approx. optimum filter
| L — ?_

| | % ___—1 Lost count
L I
¢

* Photons occur randomly in time, hence the probability of pulse pile-up increases
when the pulse width is increased.

Comparator output
fed to the counter

* In conclusion, the percentage of lost counts increases as the pulse-width is
increased. The width of the SP pulses should be minimized, in order to achieve
efficient photon-counting with minimal percentage of lost counts.

Time-jitter in Photon Timing

* In photon timing, the arrival time of the pulse is marked by the crossing time of
the threshold of a suitable circuit by the SP pulse.

* The noise causes time jitter (statistical dispersion) of the threshold crossing time

* A quantitative analysis is not reported here, but it is evident that the time jitter is
proportional to the noise and inversely proportional to the pulse rise slope.

* A fairly long T, implies reduced pulse bandwidth and reduced slope of the pulse
rise, hence wide time jitter.

Noise ] | Noise amplitude dispersion =2,50,, |
.

| SP pulse. ’_,_-.‘_":,:"_,‘—."

— . =—-= Threshold

Crossing time jitter
=2,50,/pulse slope
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For reducing count-losses and time jitter, we must process the
APD pulses with filter bandwidth wider than the optimum filter.
However, this implies higher noise, hence higher threshold level
and higher gain required to the APD.
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Efficiency in the detection of SP pulses

e

\ Provlemo
\

+ |f the APD gain M were constant for all SP pulses, it would be sufficient to have M
just higher than the noise rejection threshold level N, , but this is not the case,

* The gain M has strong statistical fluctuations, hence a high excess noise factor
F>>1, which is directly related to the relative variance of M

F=I+\rf,=l+a_f,/[ﬁ_f):

* The statistical M distribution thus has variance gy, remarkably greater than the
mean value M — -
o, =M F-1=MJF

This implies that M has a strongly asymmetrical statistical distribution, with most
of its area below the mean value M and a long “tail” above it
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Efficiency in the detection of SP pulses
piM) v — =
i __ =250, =2.5M -JF _ Cha
] ,,: ............. —)r
M

N,, M=GN,,
+ Therefore, with a mean gain M just above the noise rejection threshold a major

percentage of the SP pulses is rejected. This downgrades the photon detection
efficiency, i.e. the basic performance of the detector.

Mo.

* In ord_er to limit the reduction of detection efficiency due to the threshold, the mean
gain M should be higher than the noise rejection threshold N, by a factor G>>1

+ In the most favorable case (special Si-APD with optimum filtering), the value of M
necessary for attaining the noise rejection threshold N,, is near to the maximum
available APD gain, but there is still some margin. In other cases (regular Si-APDs with
wideband electronics) there is no margin at all.

* CONCLUSION: photon counting with linear amplifying APDs is possible only with
special Si-APDs and with photon detection efficiency strongly reduced with respect to
that obtained with the same APDs by measuring the analog current signal.
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Avalanche diodes above VB

We have seen that the positive feedback inherent in the avalanche multiplication of
carriers causes strong limitations to the internal gain of APDs in linear operation
mode, thus ruling out the possibility of employing them instead of PMTs in single
photon counting and timing.

However, the positive feedback makes possible a radically different operation mode
of some avalanche diodes, which working in this mode at voltage above the
Breakdown Voltage Vj, turn out to be valid single-photon detectors.

It is called Geiger-mode operation

o

Single photon switches on avalanche: macroscopic current flows

It's a triggered-mode avalanche: detector with “BISTABLE inside”
Avalanche is quenched by pulling down diode voltage V, = Vg (or below)
Diode voltage is then reset above the breakdown

Such avalanche diodes, operating above the breakdown voltage in Geiger mode,
generate macroscopic pulses of diode voltage and current in response to single
photons. They are therefore called Single-Photon Avalanche Diodes (SPADs).
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SPAD |-V characteristic above VB \O~ « L l Cb' E“I , P“‘ g‘ : -

Geiger mode operation

lo= (V= Vs ) /Ry

(2)

Vy V= Vo=V,
The |-V characteristics shows a bistable behavior above breakdown V>V :
a) Without free carriers in the depletion region, I, =0 above breakdown

b) at V>V, a self-sustaining avalanche can be started even by a single free carrier
entering in the high field region at V>V In this case |, >0.

()} (1)

Vi (4) Vy=Ve-V,
The higher the bias voltage above the breakdown, the higher the avalanche current.
Therefore, the AV = VgV is a key parameter: it is called excess bias or overvoltage. (1) Quiescent state: Bias voltage V4 above breakdown Vg (with excess
bias V. ) is applied and no current flows

SPAD main properties

(2) Avalanche current flowing: it is triggered by a photon or noise

* Inorder to be able to operate in Geiger mode above the breakdown voltage, a (3) Quenching: bias voltage Vyis lowered below the breakdown to
diode should have uniform properties over the sensitive area: in particular, it must stop the avalanche current flowing
be free from defects causing local field concentration and lower breakdown voltage

(the so-called microplasmas, due to metal precipitates, higher dopant (4) Reset: voltage across the junction is restored to the initial value
concentration, etc.)

* Pulses are produced in SPADs also by the spontaneous thermal generation of single C p ! C l " - m M
carriers in the diode junction and constitute a dark count rate (DCR) similar to that m q 9
observed in PMTs. Low DCR is a basic requirement for an avalanche diode to be jeryicamede <So m dedc Qeveny

employed as SPAD. m 2 k :
* Various parameters characterizing the detector performance strongly depend on
the diode voltage: probability of avalanche triggering, hence the photon detection nwa\-mz{,. a& 0‘%} VAUSCRYo Cs S‘H

efficiency; amplitude of the avalanche current pulse; dark count rate; delay and

time-jitter of the electrical pulse with respect to the true arrival time of the photon; ¢ /‘LS S0, 208 @J 8 .
etc. rnale),

+ The breakdown voltage depends on the structure of the device and on doping
levels. Vg also strongly depends on junction temperature. At constant supply
voltage V,, the increase of V causes a decrease of excess bias voltage V,,, impairing
detector performance. Junction-temperature stability is very important.
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Mo, aoe 0 Bid U U~ i

Equivalent Circuit W (o] & FDN na oL~ (e Um
P | Aedbaok o € 2bbashaoo
Mo

The equivalent circuit of the diode provides a quantitative understanding of the diode
operation and confirms that the pulses observed correspond to single carriers
generated in the device, spontaneously or by the absorption of single photons

= at V> Vg the switch 5 can be closed or open; when it is closed, the avalanche
current flows. At V, <V, it is always open.

+ Closing the switch is the equivalent of triggering the avalanche in the diode.
Therefore, S is closed when a carrier injected or generated in the high field region
succeeds in triggering the avalanche

* Sthen is open when the avalanche current is quenched (i.e. terminated) by the
decrease of the diode voltage down to V= V



Passive Quenching Circuit \
n
C, discharge | 5 closed | )
with short l Diode voltoge V,
| time const. R,C, v i _ .
+ 76Ny TR i \\1 e C, recharge
o = Vol
. 4 i i I.{ time constant R,C,
- ’ i i \1| open
vy ! | .
i -] H ? Avalanche Current
S a— ! | i ln

R, =1000 to some kil
Cy=1toafewpF

T.= R, Cy= 100ps to few ns
T,= R, =1 to some us

When the diode voltage goes down to V, the
avalanche is no more self-sustaing. The avalanche
is thus quenched by the action of R, and the circuit
is called Passive Quenching Circuit (PQC)
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Passive Quenching Circuit e

with repeated triggering
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Voltage V,

Avalanche Triggering
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Principle of Active Quenching Circuits (AQC)
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COMPARATOR

Qutput Pulses

short, well-defined deadtime
high counting rate > 1 Mc/s
good photon timing
standard output

opened the way to SPAD applications



Semiconductor SPADs vs. PMTs

* microelectronic advantages:

miniaturized, low voltage, etc.

* improved performance:
higher Photon Detection Efficiency
better photon timing

comparable or lower noise

Silicon PhotoMultipliers (SiPM)

Challenges in SPAD development

30um depletion

RPN e

¢

]

Photon Detection Efficiency, PDE (%)

e i

Wavelength [nm]

1um depletion

Counts

-

This detector is a SPAD array where

©
Rs =smi ;

+ each pixel has an individual integrated quenching resistance R, =100k(2.

* each pixel has a very small individual load capacitance C, =100 fF

* All pixels have a common ground terminal, connected to a low resistance external load,

typically Rs=500. The pixel currents all flow in this terminal, they are added

The detector pixels are thus

a) individually triggered by incident photons,

b) individually quenched by the discharge of the pixel capacitance

) individually reset by the recharge of C, with short time constant R,C, = 10ns
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Microelectronic Technology
. Strict control of transition metal contamination
- ultra-clean fabrication process (defect concentration < 10% em® )
- suitable gettering processes compatible with device structure
Device design
* Electric field engineering
avoids BB tunneling and reduces field-enhanced generation, with impact on:
- dark count rate
= dark count decrease with temperature
-» photon detection efficiency
=» photon timing jitter
Front-end electronics
. Low-level sensing of the avalanche current = avoids or reduces trade-off between

timing jitter and active area diameter

Application-specific electronics
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TCSPC working principle

* Use a periodical illumination
with a pulsed laser

* Measure the time of arrival of
each photon re-emitted by
the sample

* Build a histogram of the
photons time of arrivals

* Upon the collection of a
statistically significant amount
of events, the histogram
corresponds to the waveform
you would have obtained with
a single “analog”
measurement.

* The equivalent bandwidth is
not limited by the Single
Electron Response (SER)
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* Resistance R; of metal conductors increases monotonically with temperature T 1\ QD Jv2\ce. Con oo JQEW\PNM J

* calibration of resistance versus temperature R{T) is accurate and stable

* By measuring resistance variation AR; we get the temperature variation AT : ﬁ (
Njazno Ur Cﬂ'nporlameﬁo (reoce. .

Linear behavior of R¢(T) is a good approximation on wide T range for various metals 8

R, =R,(1+aAT) T, = reference temperature; Ry= R(To);

AR, =aATR, AT=T-T, ; OR.=R.-R, QO‘ NZoe deMo. veselenon zd Lno- SPQC,RCDA
o is called temperature coefficient of resistance. hyvp
aisaround = 4-107 for metals currently employed in RTDs

Metal . Mo tto \eror\?n"‘l (\ordee g 2Xka

Platinum Pt | 3,910° (ordras A gvandez2o)
Copper Cu 4,3-107
Tungsten W 4,6-10 4

e Tipmenk. ne: psiamo \ pleiwo, parcts
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* Since AV; is much smaller than V; , it is advisable to include in the circuit a reference l\ P(wknm 8\ d.*- m Q“-&*\‘ R mbw Co‘—
Vi i takr clructly differantial naaasaraesents of OV, imtead of iessoring Vyant  YOA: %“Pma\\m

then subtracting Vg,

Vs | Differential | Vao Differential

amplifier

amplifier
Ry Ry

H—WWv

However, in various cases the RTD is placed on a measured object not near to the

circuit, the long connecting wires have resistance A, not negligible with respect to R, Un m lmwk w f‘aj\\&\o e: X

and their effect is significant and must be taken into account
* In the simplest configuration, called « Two-wire-connections, the two wire resistances
are in series with R; and their voltage drop 2/; R, is added to V;, thus causing a
significant error in the measured AV,
Va

'\)Q”.Q veXhes L\l who q.n..s'\O?
NO !\ Cose. ""fcq)o' Be Il Cuved o Vs | Differential | Yo

9 amplifier
Rs 12 R, R, E’E

Geoztur costen . 3 8
Ao fwwpozzzco  \ Gewredre & .
CxreAR. Con (o0 vesisienzon R =

\H\S‘DN BR\DGE * Errorsin AV; due to wire resistances R, are avoided by a «Three-wire-connection».

Both the reference arm and the RTD arm include in series a wire resistance R, ;
the third wire resistance R, is inserted in the common return to the circuit ground

Vi
R Ruzal'e \ kto m?)\\b A qesto
Ry EE 05: A 5 -
i Differential | Vso CB\Q.B\“‘Q. SR
5 amplifier
o B hpcamerte | whoe & Ro € mokd pioke

(ed & w bse paud U Bane Plzhwed), W

N atermatie confieuration deveed wh popmo. € U R € poctle € qund

* An alternative configuration, devised when current generators were not 2 CcA ~

available, requires only resistors and due to its simplicity is still widely exploited e EZ’PP‘W N\ s%m < ddw
* Avoltage divider is implemented by the R; of the RTD in series with a &. ?0 Eﬁomt:’

reference resistor R, and the variations of the divider output voltage
corresponding to the variations of R; are measured

= This is the principle of the Wheatstone bridge, invented in 1833 by Samuel
Hunter Christie and popularized by Charles Wheatstone and usually drawn as
sketched above at right
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For small resistance variation AR; < 0,05 R, the voltage variation AV; is 2 u2on '\'\‘FU 400R0 T Non canbreetaa
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R; = R, + AR oo R ca © A (\ U2lcr ™M2SS\vno.

Vo=Vum R'*R :I‘L foh2mo - |\ Sbsmh. mssivo lo
0 + X 0 + X l ! -

V = V RS 2 x -4-

b xR, + Ry

The Wheatstone bridge can be employed with any ratio x of the voltage divider,
i.e. Rs can be in series with a resistor x-R, with any value of the factor x. However, it
is intuitive and readily verified that with x=1 the highest output AV is obtained

V. X )
AV _—_[d_‘J = AR, =V, %Ms
dRs ), o (1+x) R,

max for x=1

x |1
(1+x) | 4
= 0. varoece & fempraue 0N € BS Pcolo- W (W OSSR PeC
Grsdae  \Vuches ez

Non € st orve Un Prioisvon  perctls wluamo

R, =R, +AR,
TR . C2co\ado Co~ ¢ W=Crecohvolor: .
N i

R,+R

The cheap availability of integrated electronics for digital data processing and
storage makes practical to extend the application of the Wheatstone bridge also to
cases with greater variations AR, that have a non-linear but known dependance
of 4V; on AR;
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* «Two-wire connection» causes error also in this case by adding 2R, to R,

* «Three-wire-connection» adds one R, to the RTD and one to the balancing
resistance R, . The R, of the connection to the differential amplifier is not
compensated, but its effect is negligible because the current in it is negligible

Vv

Vs| pifferential [Vso
amplifier

x
[
A
L

Vv

+ «Four-wire-connection» achieves complete simmetry between RTD arm and
balancing arm, with complete cancellation of the errors due to wire resistances
(and also cancellation of other minor thermoelectric effects caused by electrical
current flowing in conductors with a temperature gradient)

ANPCR-:(@\@-%-

— - —_— .
v Equivalent %s,, “Q\m S0 Qomanzis A2Nhou Doz
A circuit ml“— @Q @-—%p.
R, = Rog T )
1 Vs ifferential | Vs 1 S _ S Ra "
R :: Dafrfnplifi:!rl T.: ‘ . 3 RO m@ .h Q¢ —_
i S 0% V2 cA Su ‘-c . :Qt‘b cm‘l C m& és

Since the source resistance is low, typically R;=100 Q:

+ for the input differential resistance Ry, and the input-to-ground resistance Rey
moderately high values are sufficient

* the contribution of the input current noise generators is reduced, the input voltage
noise generators are dominant

Since the differential signal AV, is accompanied by a high common mode signal V,/2 :

* adequate CMRR is required at the frequency of the supply V, , which can be
selected at several kHz for reducing the 1/f noise contribution
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Commonly used temperature transducers called Thermistors are made of &f\o @ﬂwmwah\?- von Or@s( ; \ U%_'
semiconductor ceramic materials, oxides of Cr, Mn, Fe, Co, Ni 83-0 Chn \\ w e_ mc\*\-o -+ Sm
=

* The dependence of thermistor resistance R on temperature is strikingly different
P P 4 W o € Aoree € 2t oo

from RTDs (see the plot in slide 29): strongly nonlinear, decreases with i
increasing temperature and the R values are much larger (some 100 kQ at room W (< M\Y\M .
temperature) and have much greater relative variation

* The resistance-temperature relationship can be described by the equation
R=exp(B/T)

where T is the absolute temperature in Kelvin degrees, B is constant. B is called
characteristic temperature of the termistor and usually ranges from 2000 K to
4000 K.

Making reference to the resistance value R at a known reference temperature T;

we get
S
R =R, exp B[———]
T T,
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Metal bar with L=length; W = width; H = thickness; A= W-H cross section ,{/ o I’—"_'.F,
F = pull force applied to the ends

= Stress N = F/A force per unit area ‘

! >
* AL =extensionof LduetoF L A‘
« Strain £ = AL/L relative variation of L, measured in unit AL/L=10% = 1ustrain N = 'F
Up to the elastic limit £, (characteristic of material), strain £ is proportional to stress N. '
For currently employed metals (steel, brass, etc.) the limitis £,<2% A

Elastic Range N' % q_%\'o \[m e \%}wﬁvb

(reversible deformation) ' Plastic Range (permanent deformation) (T\.MLQ
W= : "hagovesto <o (\o. sh‘awq

E Young Modulus (N/m?) .:Ef £ E = bl—.
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In elastic il fi F : G cmb g_\-ob @J\ a‘w—'
n elastic range, a pull force F causes:

1) Extension of L proportional to stress: £ = N/E
e.g. for steel E=200-10° N/m® = 200 GPa (1Pa = 1 Pascal=1N/m?)

2} Contraction of the section dimensions W and H proportional to the L extension ¢
~(AW(W)==(AH[H)=v-& v Poisson Ratio (adimensional number)
For most materials v = from 0,25 to 0,4; for current metals v = from 0,3 to 0,35

3} Contraction of the section area A= W-H (in absolute value)

A _AW AH

A W H
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[R =p—= 'ﬂ‘ R resistance; p resistivity; o = 1/p conductivity \ \0 TQS‘ d’ m
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Piezoelectric effect: in various materials a crystal |attice deformation changes the u% Q O-

material resistivity, which contributes to the change of macroscopic resistance.

Strain changes the shape of the energy band curves (energy vs momentum E-k), m Q’\-L m h rmshvﬁo‘: m co\_

hence changes the electron effective mass m* and therefore the carrier mobility

Semiconductors have strong piezoresistive effect and the dependence of lD S‘han .
conductivity on the strain is markedly nonlinear and strongly dependent on the
semiconductor doping and on the temperature

Metals have small or moderate effect, somewhat higher for Nickel and alloys than cmb CA-L W %4 th\ad\ M %W\Ch
other metals. The dependence of conductivity on the strain N is fairly linear and a :!
piezoresistivity coefficient B can be defined m etw D 3\"2\“ .
p=p,(1+8N)
and the relative variation due to the piezoresistive effect can be described as

AP _gN=pE.s

P,
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R= ;s-—{' =— R resistance; p resistivity; o= 1/p conductivity
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In principle, a Strain Gauge (SG) is a long and thin metal slab (small cross section
H << L and W << L) employed to measure the strain e along its length L

It is employed to measure strain in elastic range, without permanent deformation

The relative variation of R is small (small elastic deformation and small or moderate
piezoresistive effect) and can be evaluated in first-order approximation®,
i.e. denoting by subscript «o» the quiescent values without strain

£=£—:\—'r+£=£12|'¢'-‘ PEc=¢£(14+2v+ BE)
R L A p,

* The finite small variation is computed as a differential

DVRAW2mo Pt un Gaoge ek
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Conflicting requirements condition the design and fabrication of 5G devices

a)

b)

o

d)

AR _AL M AP, ove+ BEs=g(1+2v+ BE)
R L A p

= The conversion gain from strain & to relative variation of the 5G resistance R is
called Gauge Factor G

G=LM+R")=|+ZV+§£

+ Metal SG have small or moderate G:
G from 1,8 to 2,2 for most metals
G from 2 to 3,5 for Ni-Cu and Ni-Fe-Cr alloys
G=12 for Nickel
Since metals have about v = 0,3 a metal 5G without piezoresistivity (i.e. with p=0)

would have
e=16 « Vot Ppio

A comparison with the actual G values shows that the piezoresistivity
contribution is significant, but it is not a big one

TipCamente NN Misuame 10 shizn & un metunets
Requirement: G fastened to the sample under test for having the same strain SM C"hw 2o & W Taep )\ M nathamo w~

Solution: 5G fastened onto a robust thin foil, which is then glued to the sample

Requirement:SG eectrically solated from the sampl under tes, for avoiding 2o prziivo A Mdzio o Ak &see
eliton- S5 mopriing o e uiing bt ecccto 2\ 2o piveptes- . (| pezxeXvo 4
Requirement: small size of SG, for measuring the local strain and not strain MR?uO (-u e usi2»o & Yesu-io.\w M ese

averaged over a fairly wide area

Solution: limited size of the 5G foil, as required by the case under test \w% M T& rD

Requirement: not too small resistance of SG, for limiting measurement errors and

uncontrolled parasitic effects (electrical contact resistance, etc.): Uo%l-o &"‘- L\ Sxe plCtC!oJI AO- SoNaare ‘Pm
Solution: meander configuration of the resistor, in order to fit a long conductor
length into the small area of the foil q-'mtsm pcmh - \JZI\OZAG-Q.. m ‘(eb\s\hw'
a— Insulating substrate P\CCDk'& \-&- &\UM @: Q'!A & ps'b d' w.
56 terminals i ’E.E_% e W @220 & U0 iUzl Covae vesisten2on, Recono

: Wz vdoa c=su). || prodlemo- € da hpcaen ne!

9 \m&unmso\o’ld.w.w-\‘apgmh
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+ Old fashioned wonndeire technology: long thin @eul wire wou.nd ir.l meander and
:;:t:zzis)r:‘lr}\t::::i;::Ip.:ltg;:gn;e::::ds:n Principal Axis x {direction of meander &1”2 E % M a S] &, ( " e PIJ iaEH.

e e S e T M= e s e Ve, FGonds oL cevpote.
well-matched 5G samples are not available SP-"‘_Q_ e NM\L.

*  Modern lithographic technology: exploits lithographic technology (well developed in
different scales for printed circuit boards and for integrated circuits) for finely
designing 5G of small size (1 cm and less) in a very thin metal layer (from 2 to 10 pm)

coated over an insulating foil Cm L’— o m;m a0 2 \'Q.S\'S‘\MI-
'WOUND-WIRE 5G outline LITHOGRAPHIC 5G outline
: &o a duersi KQ

o) |Principal 1
- Axis x

ToHowo. gost SoseN soro 2cte. sseSo
A yaraze OO~ Rnparziuvon.
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As concerns the electronic measurement techniques, Strain Gauges and Resistance !d: E : SRS s gﬁwa C U
Temperature Detectors (RTD) are essentially the same case: small variations of a smal ML o Mq_ -qub\?_n. MQ(O—

resistance (typically a few hundred Ohms) must be measured with high precision.

a .
We will thus make explicit reference to the treatment of RTDs and add some notes ?Z o * B 2. (@i

about specific issues of 5Gs

* The resistivity of metals increases with the temperature
+ The SGresistanceis Rg= Ry + AR, = Ryy + GERg, ey ! ; Ry

* The Wheatstone Bridge with equal resistors (SG and other resistors with value Rg) p=pg +dp=py +adTp, (atemperature coefficient of the metal)

is a rational and widely employed solution. With small variations AR, /Ry, <<1 for metals employed in 5G it’s around a = 4-103 /K.

the signal V; is proportional to the strain £ (as computed at 1st-order ) ) - ) o
* Comparing R variations due to strain € and to a temperature variation AT

For a W-bridge with [ AR, | e [ AR, |
™ | —L | =Gsg ! —L | =a AT
* one 5G of variable R; R;=Rg R ), \ Ryg )
* three constant R, \ s
o we see that if the SG temperature T has an even small deviation AT=T-T;, from the
[ V AR. |} Va reference temperature T, of the other resistors in the bridge, a remarkable error
i‘ = :‘"' R == 4' G-& £rensues. In fact, with a = 4-103 /K and G=2 the error is

Ry = R variable a AT
&y =

=2.107AT = 2000- A7 [in K] microstrain

* SG temperature deviations are often met in practice (e.g. 5G working on motors or

. other structures with variable temperature) and produce unacceptable errors.
l\ \)z\o-td,\-e&s\e\m 22 2 ool \O-

Temperature effects in the 5G cannot be avoided, but accurate compensation of

WM 3, m ol e their effect can be obtained by inserting in the Wheatstone bridge a properly
s

devised dummy gauge
Er =~ 200 &7 -
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Two identical gauges (Active Gauge and Dummy Gauge) are placed on the same foil

with principal ases orthogonal w%‘_ / m w\ P_D\m \.CI\ &hwfm m

The foil is glued to the structure under test, with principal axis of the active gauge

AT T L N —— Al i @ 2\ veR A Wasiaon MeA WS~

but not the resistance R, of the dummy gauge
Active and dummy gauge in closeé contact with the structure tested ane kept at the

same temperature of the structure

microstew

ot > Principal Axis x
|

|R, = R, + @ AT R,, + GeR,, « R,, + GeR,]

Ry

lﬂ_' - #,_ . r.r..\TR\.

The power dissipation in the resistors must be limited by limiting the supply
voltage V, , in order to limit the 5G self-heating
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With one Strain Gauge just a component of the strain is measured, the tensile or
compressive strain in the direction of the SG principal axis.

However, other strain components can be measured with more 5Gs rationally
combined in the Wheatstone bridge

Let’s consider bending a long board with rectangular section (see the figure). The
upper surface experiences a tensile strain &g, the lower surface a symmetrical
compressive strain - £g . In fact, the strain linearly varies in the board section from
£ to -£g and is zero in the mid, which is called «neutral plane»

Let’s consider to apply on the two surfaces of the board two matched SG (with
equal resistance Ry, and Gauge factor G), denoted as Rg, on the upper surface and
R, on the lower surface. Due to bending we get

—

| R,

-
R\I} . 5

VAR, ¥, .
gy e el e o= il ity
Let’s consider now that a compressive force is added at the board ends: equal strain

£ is added at the upper and lower surface, but the two 5G have equal variation and
the added contribution to the bridge output voltage is zero

ARy AR

g v . V, AR ¥V, AR
2 =Gy, map V=t 4

it ARy =0 wp |V, =Vy+Vy=—2G-5,|
4 R, 4Ry, et TR

In conclusion, by suitably employing two SG we can separately measure the net
bending strain g also in presence of an axial strain &
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* The measurements of £5and €, obtained with two matched 5G as illustrated are
correct only if the two 5G are at the same temperature, but in many cases this is
not achieved because the two 5G are not in close proximity

Aler o0 4 Sansont

= The drawback is avoided and the approach extended to all cases simply by

a) employing dual compensated 5G5 instead of simple 5Gs and

b} inserting in the bridge each dummy gauge in suitable position to compensate

the associated active gauge

.f_n——
o

P
<=

* Combinations of various 5Gs can be

d also for me

n

complex strain situations, Le. with strain components in various directions,

g tw i strain in

al structures, such as aeroplane wings
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Semiconductors such as Germanium and Silicon have very strong piezoresistive
effect. Strain Gauges in such materials thus provide large Gauge Factor G in the
range from 100 to 300

Magnitude and sign of the piezoresistive effect are governed by the type and level
of doping. In p-type Silicon the effect is positive (tensile strain increases the
resistivity) and in n-type silicon it is negative (tensile strain decreases the
resistivity)

The effect is markedly dependent on the temperature, with G decreasing
significanly as the temperature is increased. A typical example is a reduction from
G=120 at 10°C to G=105 at 65°C.

The Gauge Factor G is not constant as the strain is increased, i.e. the gauge is not
linear, with G decreasing significantly at moderately high strain. A typical example
is a decrease from G=125 at 2000 microstrain down to G=100 at 4000 microstrain

The elastic range of these semiconductor materials is quite narrower than that of
metals, the elastic limit is typically at =4000 microstrain

TOYonA
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In summary, semiconductor SGs suffer noteworthy limitations

* Response is not linear

* Response is strongly dependent on the temperature

+ Dynamic range is small

but also offer remarkable features, such as

* High Gauge Factor, which provides high sensitivity: dynamic strains as small as
0,01microstrains can be measured

* Small SG size <lmm, which makes possible to measure highly localized strains,
where a foil metal SG would be too large

+ Composite structures including various resistors can be fabricated in a small
region of the semiconductor crystal. The monolithic structure ensures equal
temperature of the resistors and by selective doping it is possible to obtain
different sign of piezoresistive effect in different resistors. Therefore, it is
possible to devise SG configurations where the strain effects in different
resistors inserted in a Wheatstone bridge collaborate to produce a voltage
output, whereas the temperature effects are compensated

%n
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Exam text of 08/02/2018 (Problem 2)

a) Define the radiant sensitivity of a photodetector and how it is possible to write it as a function of
the wavelength. Calculate a reasonable value of this parameter at 500nm for a PIN photodiode and

for a typical Phototube.

b) Define and explain the meaning of the NEP and Detectivity of a photodiode and a PMT

¢) Considering a PMT, calculate the minimum value of the gain G in order to be able to detect

single photons on a time window of 5ns.

d) Starting from the random sequence of independent elementary pulses, describe the current shot

noise: noise mean, mean square and power and finally power spectrum.
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Exam Text of 25/06/2018 (Problem 2)

SPAD PHOTODIODE

Area=0.007 mm’

Detection efficiency @3500nm= 50%;
Dark counts=10 cps

PREAMPLIFIER

- Load Input Resistance R =1k

- Load Input Capacitance C =2 pF

- Current Noise (unilateral) at amplifier
input \3'3:; = 1pA/NHz

- Voltage Noise (unilateral) at amplifier

input /S, = InV /VHz

200K

(a!
e

i

Aps

A=500mm

We want to study the Earth surface by measuring the time of flight of pulses sent from a satellite in a
low orbit (200km from the ground). To perform this measurement, a square laser pulse (pulse width
= lus) at A=500nm is used, while an APD is used for detection

1) Discuss and select the most appropriate repetition frequency of the laser. Being able to choose
among different APDs, discuss the main features of an APD that could be successfully exploited
in this measurement and calculate its detection efficiency and sensitivity.

2) Assuming that the selected APD has a dark current of 1pA and considering the preamplifier with
the above reported charactenistics, select a suitable filter for this measurement and evaluate the
minimum power of a SINGLE laser pulse that can be measured.

~ 3) Due to the movement of the satellite along its orbit, it is possible to make measurements with a

maximum duration of 1s. Discuss how the previous measure can be improved and calculate the
minimum power that can be measured in this new scenario.

4) How would the situation change if the SPAD with the above reported characteristics was used to
replace the APD? Following this approach, calculate the minimum power that can be measured in
this case.
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Exam Text of 24/02/2005
Problem 1

- o [
The temperature of a biochemical reaction in a test tube varies from 30°C to 40°C and we want to measure the ‘ e [. b C / (-\o C-]
temperature variation with high precision once per second. A Platinum RTD (Resistive Temperature Detector)
featuring Ryo=10002 at the reference temperature of 20°C is exploited. A Wheatstone bridge readout
conﬁguu%ation with 3 resistors and the RTD Fi)!i exploited. The power [:lissipalion on the sensor hasglo be kept cee ONCQL Pq m\é : A\m o
below 1uW. The power supply of the bridge V4 is a pulsed periodical voltage with a duration T,=100ms and (2t te
period Tr=Is. The signal is readout by means of a voltage preamplifier featuring a bandwidth limited by a V20~
single pole fp=100kHz. The noise referred to the input of the preamp is gi\-cn\/l'i the following contributions, %\ V‘S‘D cAu sm-no Sl &Tm
expressed in terms of unilateral noise spectral densities: current white noise /S, = 1pA/vHz, voltage noise
,[ST, = Sw + K/f with m = lOnV/m and comer frequency fi=5SkHz \\ %ML o d'“t MO\ Chh
First of all, sketch and describe the configuration of the setup. Then: svm\o\ SEPP’IT\O Ao oo u'\éo_
a) Select a simple filtering stage that limits the 1/f noise contribution and considering only this filter and <
the preamp evaluate the noise affecting this measurement. Ch’ w BW Q S H}'
b) Evaluate the precision that can be achieved with the setup of point a in terms of minimum temperature
that can be measured.
¢) Select an additional filtering stage to improve the sensitivity of the system. Repeat the evaluations of
point a) and b).
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Consider the same setup of problem 1 with a sinusoidal voltage having maximum amplitude V4 and frequency
fa=500Hz applied to the Wheatstone bridge.

a) Select a simple filtering stage that limits the 1/f noise contribution. Considering only this filter and the
preamp, evaluate the noise affecting this measurement and the minimum temperature that can be
measured.

b) Now add a resonant filter tuned at f5 and having quality factor Q=5. Repeat the evaluations of point
a).

¢) In order to improve the precision of the measurement, how would you change the bias of the
Wheatstone bridge and/or the filtering stage following the preamp? Paying attention to comply with
the requirements of Problem 1, describe the new setup and repeat the evaluations of point a.
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[ Preampii!'ler Strain Eauges
Aye =200 Rs = 100 Q
S¢" = dnV/Hz"? white noise power density (unilateral) Gauge Factor G = 2,5
5" = 4pA/HZY white noise power density (unilateral) Puax =1 pW

e = 160kHz upper band-limit (single pole)
frequency corner 1/f on Sy = 500Hz

frequency corner 1/f on 5 =1000Hz

1 A differential preamplifier with the parameters specified above is used to pick-up the signal.
a) Select and explain the circuit configuration to be used to obtain the electrical signal that carries
the deformation information. Select the parameters of the circuit to meet the requirements above
reported and quantitatively evaluate the transduction factor from deformation (in microstrain) to
electrical signal.

b) Select and discuss a filtering method to extract the signal with the required sensitivity. Select the
filter parameters and evaluate the minimum deformation value that can be measured in this case.

The metal bar is connected to a motor rotating at about 2500 rpm and the induced vibration in the
structure at the motor rotation frequency is to be measured. The minimum sensitivity required in this

Two metal strain gauges are placed on a metal bar to measure extrusion and compression
deformations and to compensate for the thermal effects on the sensors. The deformations to be
measured can be both static and dynamic and you want to detect small deformations and track them
over time sampling every 5ms. The maximum power dissipated on each sensor must be limited below
I pW.

case is 10microstrain,

¢) Select an additional filtering method that allows you to extract the vibration at the frequency of the
motor from the overall deformation and measure it separately. Describe the structure and select the
parameters of the apparatus to be used. Evaluate in these conditions the minimum amplitude of the
deformation that can be measured.

d) discuss if and how it is possible to measure the harmonics of the signal coming from the vibrations
induced by the motor with the selected acquisition chain. If it is possible, discuss and explain what
is the maximum frequency of the harmonic that can be measured.
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