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Some Noise Calculations for time invariant filters.
P.Seller*
Rutherford Appleton Laboratory,
Chilton, Didcot, Oxfordshire, OX11 0QX, UK.

This paper presents the noise calculations for some detector readout circuits following the
method outlined in Ref 1 and Ref 2. The results are summarised in Ref 3. The circuits
considered are a charge amplifier combined with the following filters :-

RC

RC-CR

CR-RC*

CR-RC"

CR’-RC (bipolar)

Indefinite Cusp

Trapezoidal

CR followed by Correlated Double Sampling

Triple Sampled Deconvolution.

The voltage-to-voltage transfer functions for the filters are shown in Appendix A.. The
calculations of the thermal, shot and flicker noise for each filter are given in Appendix B..
The calculations are performed in the time domain and then repeated in the frequency
domain. The calculation of flicker noise is not done in the time domain.

The current-to-voltage transfer function and impulse response from the noise current source
in the front end device of the charge amplifier to the output, are given by

A Ctol
H, (s)= H,(s)
gm(c,o, +Ac f)

Ac

tot

h(t,,—t,)= )hv tm —t,)

gm(cm +Ac,
respectively. The voltage-to-voltage transfer function of the filters are given by H (s). The
voltage-to-voltage impulse response of the filters are given by h(t,,-t ).

The current-to-voltage transfer function and impulse response from the noise current source
of the detector leakage current to the output, are given by

A
H, (S)—mGV(S)
h;(t,, —t,)= (cm A cf)gv(tml —t,)

respectively. The voltage-to-voltage step response function of the filters are given by G (s).
The voltage-to-voltage step response of the filters are given by g (t,,-t,).
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A. The voltage-to-voltage responses.
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A. The voltage-to-voltage responses.
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A. The voltage-to-voltage responses.
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A. The voltage-to-voltage responses.

RC followed by Correlated Double Sampler (samples spaced at A=¢,, — tml)
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B. Thermal noise through a charge amp and RC filter in time domain.
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B. Thermal noise through a charge amp and RC filter in the frequency domain.
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B. Shot noise through a charge amp and RC filter in the time domain.
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B. Flicker noise through a charge amp and RC filter in the frequency domain.
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So at infinite time after switch-on the noise is infinite.




B. Thermal noise through a charge amp and CR - RC filter in the time domain.
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B. Thermal noise through a charge amp and CR - RC filter in the frequency domain.
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B. Shot noise through a charge amplifier and a CR-RC filter in the time domain.
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B. Shot noise through a charge amplifier and a CR-RC filter in the frequency domain.
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B. Flicker noise through a charge amp and a CR-RC filter in the frequency domain.
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B. Thermal noise through a charge amp and CR-RCfilter in the time domain.
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B. Thermal noise through a charge amp and CR-RC” filter in the frequency domain.
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B. Shot noise through a charge amplifier and a CR-RC” filter in the time domain.
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B. Shot noise through a charge amplifier and a CR-RC’ filter in the frequency domain.
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B. Flicker noise through a charge amp and CR-RC” filter.
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B. Thermal noise through a charge amp and CR-RC" filter in the frequency domain.
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B. Shot noise through a charge amplifier and a CR-RC" filter in the frequency domain.
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B. Flicker noise through a charge amp and a CR-RC" filter in the frequency domain.
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B. Thermal noise through a charge amp and a CR*-RC bipolar filter in the frequency domain.
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B. Shot noise through a charge amplifier and a CR*-RC bipolar filter in the frequency domain.
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B. Flicker noise through a charge amp and RC*-CR bipolar filter in the frequency domain.
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B. Thermal noise through a charge amp and cusp filter in the time domain.
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2 ¢, 2 2(:,,,,—(:’+:,)) ’
0, A Gy L P
aux(tox) ( (Cm +A c )] 2 (l 4 ) e

fo

ﬂQ 2 1 —2(:P+t,—tm) (tp+2t,-t,,,l) %, fmt
: ——e T +2e 4 +te T
Tz gm o A cf) 2
1~ ¢,

e e Vif, (et e
vaw(tm)— —|1-e e —e
T gm(cm, +Ac f) 2

2
A
+7ZQ' Cl‘of
T gm(cm,+A cf)
1 2ty 42—ty ) (bma 28, tpy) 2 2ty =ty +ty =t ) (bpg =t 428,10y ) 2,
—-z—e 4 +2e v +t,e * +2e 4 -2e 4 —(tml—ts)e ‘
’ 2 (tm o +1,))
A 1 i i _\Imi =W+t
O.‘%ou:(t(]l): ”Q' oz —(]—28 T4+e T ) 1-¢ T
T gm(cw,+A cf) 2
2
A 1 2t N _u 1 L 2
+ Cor [——e 42 T +tge *+——2e *—(t,,—1)e *
T gm(m,+Acf) 2 2

2

A 1 _Z(tm-(to +1, )) A _2('m1 (1o +1, ))—21, 2, ‘-2(1,,,1—10-4J Y21,

o—‘%out(tol)zﬂQl S —[1-e 4 —2e "+e 4 +e T —e 4
T gm( ,0,+Acf) 2
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B. Thermal noise through a charge amp and cusp filter in the time domain (cont).

2

5 A Cu (l - 2e_(‘_;J + (é +1 )e_z_: )
T gm(cm +A cf) 2 2

2

Géou,(t01)= ———e ’ —e T +—e f o +—e °

gm(cm +A cf) 2 2 2 2

2
70, Ac,, (1 e (3 )2—)
+ ——2e TH|-+t je T
T gm(cm, +Acf) 2 2
2

0, Ac,, [ | Hmon) 5w 2_)

1-— T —Ze t+(2+1)e °
. gm(c‘m N A Cf) e 5 e ( ts)e

o.éour (t 01 ) = 2

Lett,, —t, tend to infinity gives

2

LY A ) (1 —-—;-e—t_; +(2+ t,)e——’—]

T gm(cm +Ac,

2
O-Vout (too ) =
Let ¢, tend to infinity gives

0'2 (t_’ ) - 2kTr Ac

Vour

lot

T (c,o, +Acf)
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B. Thermal noise through a charge amp and cusp filter in the frequency domain

G (t.)= " Q) H, (W) b

w=oo

(ﬁou!(t”) = Ql_[w=0 IHr(jW12dW
let
() =— L

g c,o,+Acf)T

H,(jw)=3(1 ()

H( ) ACM ( %e—mdt

= —le
M Gt AC,) T

Ac 1°° _t ) 1 0 ot '

H(w)= tot = Te ™ g 4 — T

,(]W) 2 cm,-{-ACf)T‘!e e I+T_J;e e it
H, ()= Al l]: e-{;m)dt A 1 Oe"[; *'”)dt

4 Cn"'AC/)To gm(c,o,+A(;f)T_m
- a0
= = _—lﬂ‘w
" Acy, 1 _e_’(;ﬂw] Ac, 1} e '(f )
H,(jw)= _ 1
gmc,, +ACf)T ( +1W) g Cm-i-Acf)T (——+Iw)
T
0 o 0
Ac 1 1
H(]w)_ fot
gmic, +Ac,) {lﬂ,w) f(-l'—zw)
T

Hr (JW) - 4 Cot —2w A Crot 2wt

g§mC,, +ACf)T(%+W2J_g crot+Acf)l+(WT)2

’ 2

Ruli.)=| — A | 2Ty

gmc, +Ac, )) T (l + (WT)2)2
2 _ o
_ Ac ﬂ —WwT _l -1
dﬂm(tw)— gnc,, :)‘A Cj) T ‘2(1+(WT)2) 2tan Wt:lo

2
Ac, 40, E: Acy, 2kTr

Gl )| Tﬁ]{(cmficf)} f
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B. Shot noise through a charge amp and cusp filter in the time domain.

_’ml
O-Vaut (tOI j ”Qsh'tz ( tp )dtp
1=ty
A 1 (I l—(t,,+r,))
e 1 () SR
A -(tp+t,—t,,u) A
W =t) =o€ T e e
R 2 . \2 2(1m1—(tp+t,))
A - e —
2
oz (+. )= — | |1—-€e " | e 4 dt
tp=tpy A 2 (l +,- ml) (r,+2t,,—l,,.;) 2y
+ . Y Y
[P=I{Z’Q-\‘ Cot + A Cf !
2 1, \2 2(zm,—(rp+r,)) s
oy, (t01)=7zQ —A——" l 1-e | e i
out e, +A ¢, ) 2
)

by

2 _2(tp+t,—r,,,1) (t‘,+2tp—t,,u) 21,
+ 70 4 —le T 42 ¢ +te *
Tlewm tAC 2 i
[t )

2 A 2 1 s 2 2ty ~(tm=1,+1,)) 2tmi-(t0+4,))
Ol (t) = 0.1\ T ‘z‘(“e ) S e
+m0, 1{ TAc, }

[ Wtmitt, =t ) (rma+28, =t ) 2 1 2ema=ts+=tm ) (s =2, 420, =t )

2

1 L 2y _2(‘m1‘(‘o+‘;))
o-Vout(tOI) 70, (I—Ze T 4o f) l—e T

1 -2 s B | s J2
+ ——e’+2e’+t e T +——2e T —\t,—t e T
0. c,o,+Ac 2 m 2 (=)
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B. Shot noise through a charge amp and cusp filter in the time domain (cont)

_2(’-1;1'(‘0‘”: )) 5 _2(’m1‘(’0+’s))“s 2 _2(‘;"1“0—’: )"‘2':
oy \2 —[1-e 4 —2e " +e 4 +e T —e ‘
Voul( Ol) ﬂQ C + A Cf

A Y[ _('_s) 3 )=
+ ——2¢ T+ |-+t i
”Qf{c T A cf] 2 (2 )2
1 1 Hmmwmn) g | 2me) 2 2lwnr)
O-Vaut(tOI) ﬂQ{C TAc ] (E"‘Ee T —e T +-£e T +—2-e T __2_e r

2
A 1 L3 24
+ —— | ==2e T +]| =+t 4
ﬂQ’{cm +Ac,] [(2 ¢ (2 ’)e H

2 e T 5 5 1 _(tm=t0) 2 _(tm=t0)
O'VW,(tm) ”Q{ 1—58 ’ —Ee’+5e z +(2+t )e f—Ee 4

Letting t,, —¢, tend to mﬁmty gives

2
A 5 2t,
G&m,(tw)ziqf{c—_’_—;;;) (]—Ee ® +(2+t )e T]
tot

Letting ¢, tend to infinity gives

2
) A
O-‘%out (te-’) = qu[c + A Cf ]
tot

c,, +Ac

tot
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B. Shot noise through a charge amp and cusp filter in the frequency domain.

G (t2)= [ QwE (jw) dw
() =0, [ |H,(jw) dw

A M
hi(t)_me
H(jw)=S(k ()
A 7
fl'i(jw)=mje Te™dy
tot f —
()= e fotem
H = T _’wdt+ T —twdt
| \UW Cor A ’ oe e c. A Cf me e
wy=—A [, ) (3 )
I{i(JW)_C,D,-l-ACf !e dt+C,o,+Acl je dt

7+w
(a4 Yos42| w
O (1) = A ) é > 1 +7tan™ w
\ A ¢ (_2'+w2)
4 0
A 2Q4 2
T
o-zou tao = ] . -
V'( ) &C,o,+Acf 272 2
2
t )—( 4 iqT
Vour =/ Cu+Ac, 1
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B. Flicker noise through a charge amp and cusp filter in the frequency domain.

Grat.)=], ng,(jw)’dw

-1 td
(f) [gm(cm—%Acf)] e
H, (jw)=S(h(z))
- c T M
H,(J'W)=71 _ A Ie Te™dt

g c,o,+Acf) A

. ___1 _é__cm_ T -"; . _1 ﬁ__ 0 ;_M,

- ’ \gln(c,o,+tch) _!e e [ )JI ere™dt

Hr(jw)':-—l(—A—ﬁm——\Ie_er)dt_—[ AC;,,; )Jj‘e-l(—; +iw)dt
0

T kgm(c,o, +Acf)

H,(jw)=— | e +Ac,) Gﬂ‘w)

H(JW)-g,,,( M+Ac,) ¢(1+iw)_6" )
H,(jW)‘ M+Acf 1(72+W2)

Ato! —4Q
asa.,ow)-( | T

g c,a,+Acf) (_?_H‘})
(4 T ~=

o_‘%ow t )= Crot - f
R D) R

2 2
Ac, 40, 7 Ac

o.ém )= fot A B S 2
‘o (t ) g Cr0,+AC/) 1’2 2 (g )J Qf

|For FET input

_ Ac, 2 2Kf,
Oﬁom(tm)_[( +ACf)] VVLCM

l’ol
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B. Thermal noise through a charge amp and a trapezoidal filter in the time domain.

t—t

O tm = J-”Qh (t -t )d

) t_t
(b =t,)=
h( tp) ( Crot )i tml-(tn-se+tﬂa,+tfau)(tp(tml (,m+tﬂa,)
(e =1,)=
)=

0 t()(tp(tml —(trise +tﬂat +tfall)

mlc_ +Ac

tot

0 tm] - (trise + tﬂat )<tp <tm1 - tri.\'e

-1
h (tml tp I"l‘ﬂl _trise<tp<tml
gm(c,o, +Ac f) Lrice
2 2
0-3014: (t()l) 'p='m1_(‘rm“";|,z) 1 =iy -1
7= —(dt,+ f — | a,
1P=:m,—(rﬁ“+tﬁa+t,,,,) tfa.ll tp=tm1~Tise tn,se
ﬂQ A Crot
t
gm(cm +Ac, )
1 [t ]’m‘(’n’u‘”ﬂax) + 1 [t ]’mn
- tzfau p 'ml“(t,,-_..ﬂﬁ,,,ﬂf,”) tzn-u Pl -T..
= ! (t t t ) ! (t t t t )+ ! t 1 (t
= tzfall ml rise Sflar tzfall ml rise fla fall t2ri.re ml tzme ml

2

Ac,, 1 1
—+
+Ac ) Lol

Sl =240

tot
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B. Thermal noise through charge amp and a trapezoidal filter in the frequency domain.

Transfer function of trapezoidal step response with ¢, , = ! fan

] 1 e“m e s(t,m+lﬂa,) es(2t,,,,+tﬂa,)
HV(S)= 2 T 2 2 + 2
Lol s s s s
[, Gw) =
412 (l—ejw"“' eiW(tm+!ﬂm)+ f”(z‘n‘s-“ﬂaz))(l o~ e e‘fw('vue+‘fraz)+ -jw(2 'i'e'”ﬂal)]
w

rise

2
H (ij witl =
l_e_jWI’i” _e"jw(tn'u""ﬂar) +e_jw(217i.re+tﬂat) _eth'L" +1+e_jw('fhr) __e_jw(’rist""ﬂal)
_ M lmerta) i) g it i Ctrertna) _  iw(tectiin) _ v

H,(jw) witl, =4 —2e 7w —2gun —gp M turrtpn) _ g ilimettp) o =i(ipa) o inlin)

rise

+ e—jw(Zt,m-HM) + ejw(2t,m+tﬂm)

rise rise

2
Hv(jwj w2 =4 —4coswt —4cosw(t".u +tﬂm)+2003wtﬂa, +2cosw(2tme +tﬂa,)

rise

2
H, (jwj w2, =4-4coswt,, —4cos w(t,,.“ +tﬂa,)+4cos w(t,m + tﬂa,)cosw(t,,.n)

2
H, (jwj w2, =4—4coswt,, —4(1—coswt,,, )cos w(t,,.“ + tﬂm)

H, (jw)2 w2, = 4(1-coswt,, )—4(1 - coswr,,, )cos w(t,,-u + tﬂa,)
IHV (jw]2 w2, =4(1-coswt,,, )(1 —cos w(t,m +1 gy ))
H,(iw) w's2, = 4(2sin® wr,;, )(25i0* (1,4, +1 s, ))

wt . tri.\'e + tﬂat
16sin> —<gin?
2 2

. oN2
Hv (-]Wj = 4.2
Transfer function of trapezoidal impulse response
t,; trise +t at
16sin? —ris sinz( £ J
N 2
|Hv (JWX = 2,2
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B. Thermal noise in charge amp and trapezoidal filter in the frequency domain (cont).

G2n(i)= [ o, G aw

2
H (jwj2 = ( A )J w!t62 sinz(wtrm/Z)sin2 (w(t,,.se + tﬂa,) 2)

gm(cm +Ac, rise

2
Ovu(t.)= Q[—A—Cfi——)] I::: 2162 sin®(wt,,,, /2)sin2(w(t,ise +1, )/ 2)dw

gm(c,m +Ac, wit,

rise

ift,, =0
2
2 = __.AL w=m1_6 - 4
o (t@) =0 \gm(cm + A cf) ‘[ w=0 Witk o (th /2)1w
2
2 —- A Crot 16 wee 4 < 4
(1) = €. gmlc, +Ac,)) 2 Jo Wi, (vt /2. /2)

Oru(t.) =0,

( Ac, 2 16 7w  4kTr Ac, 2
\gm(c,o, +A cf) 2%, 4 i, (c,,,, +A c,)

ifty, =t,,

s

£ 1 C W w=o
fot 16 . 2 )
\ ( fot l Cf) j. 2 ! ( rzse/ )Sln (wt

Oralt.) =0, )dw

w=0 wt, rise e
\ 2
Ac, 16

L gm(c,o, +Ac ) ) 2t,,,,

) 2
2 ol — A | 8 _ AIr A Gy
() = O, gmlc +AC,)) tiw b 1 ( ))

bo i (t,_, ) =0 J:: w;; sin’ (wt,,-w / 2)sin2 (wt,_,.s2 )d (wt,,»u / 2)
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B. Shot noise through charge amp and a trapezoidal filter in the time domain.

fp=im1
2 - 2
OVour (101 ) = I”Qshi (tm L, )dtp
=t
hi(tm_tp)=0 t0<tp<tm1-(trise+tﬂat+tfall)
h(t , ) A (tp+trise+tﬂat+tfall)_tml , (t o 4t ( :
i\'m ~ ¢p = ml ~ \Prise flat Jall )<tp tml _(trise + ﬂat)
Cu tACy ! an
hx (tm - tp ) =1 tml - (trise + tﬂat )<tp <tml - tri:e
A t,—t
hi (tm -t )= . tml —trise<t (tml
i Ctot + A cf tn'se ?
2
o-Vout (tOI ) _
A >
Q0
New tAc
2 2
'p='m|"('m¢+’ﬂm) (tp + trise + tﬂat + t[all ) - tml Lo =lm1—trise tp=tm tml - tp
= dt, + dt, + — | dt,
t,:rm—(rmﬂm,up,,) tfall t,,=:,,u—(t,m+tm) 1=t ~lige tme

substituting in firstintegral t =¢,, —¢,, —t,,

1 t,=t 2 £y =ty ~Fyige 1 tp=tm 2
j - (tp-—t+tfa,,) dt, + ( dtp+—;~J (tm,—tp) dt,

t2fa11 =t 5= bt ~(rie s ) 7 rise “p=tmi Trse
substituting in first integral t = ¢, — ¢ and in third integral t =¢, — ¢,
1 £=0

2
=— (t +1 ) dr +
t? fatl **="Tpau fell

t,=t

p =t ™t

rise 1 =0 2
dt +—2——f tdt
tp=xml_(‘n'u+’ﬂdx) 4 ==l

1 1=0 L=t —trise 1 =0
= (P2t )+ [ dt, +——| 1%t

t " rise

t fall ==t 1‘P="'ﬂ_(t’f-""'tﬂﬂ") t rise TP rise P
0 0
1 t3 +1 12+tt2 + mt " Frise 1 t3
= =2 Tl fall [ ] ol by
t 2 Sall 3 4 T Ml_("’”'“ﬂd' t 2ri:e 3 T,
3
1 (t 2 2 (—- tn-u)
== t ol fal — Loyt gan | F 1l — e — b +(t"~se +tﬂm)— >
t fall 3 3t rise
t .
_ “fall rise
= —"‘3 +1 flat + 3
A ’ t
2 - fall tn’se
O t =1 +t + —
Voul( 01) q le + A Cf ( 3 flar 3 )
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B. Shot noise in charge amp and trapezoidal filter in the frequency domain.

O.l}out (tm ) = jww:: Qs

2
|H,»(ij2 =(c +AA C,J 4162 sin”(wt,,, /2)sin® ( (’m‘*‘tﬂa.)/z)

wit

2
)= 0 | A st ) (oo + 0 ) 2

w=0 W’

rise
ifr,, =0

63 (t.)= Q[

c +Ac

tot w=0 W t

rise

2
] T sin “(wit, [2)dw

2
O“fou,(tw)=Qsl6( A J . 423 sin®(wr .., /2)d(wt,.,, [2)

Cow tAC, ) =0 Wit

tot

2
i) = 165 | [ s Mo )

Coy TAC w=0 Wit
A Y 2qi A Y
qi
o2 (t.)=02—| ——|t. = t.
VOW(“") QS 3( ,a¢+ACf) rise 3 ( M'f‘AC,») rise
iftg, =t
a Y 16

0'30.,,("«)=Qs[m] o ;—t—’:sm (wzm /2)s1n2(wt )dw

2
o= 0.2 | [ o s o ) ot o 2)

W"Owt

x=0

2 2
5n A 3qi A
2 —
Vout( °°) QS 6 nse(cml +A Cf) 3 ( Cror +Acf) ™

2
A x=eo |
Ggaut (teo ) = Qs 2trise A -~ Sln X Sln 2x dx
Cw YA, x*
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B. Flicker noise in charge amp and trapezoidal filter in the frequency domain

oy, ,(t ) -[w—() o |H (_]wx dw
Ac,

)

16

+Ac

rise

53 sin®(wt,,, /2)sin®

(W(‘n‘se +ia) 2)

O (1.) = Qf[gm(c:i imA ., )]Zj:.zo Wlfz sin®(we,, /2)sin® ( rise ¥ )/Z)dw
ift,, =0
2
Ghult.) =2, gm(ci ) 5 sin (w1, /2
ult)= 0 S e S (1 Y1)
. .
ol.(e.)=0, gm(ci i“’A - %linZ =0, [gm(c: iA . )J Alin2
cr.(t.)=0, [gm(ci iA ) 22.77
2
(1) = lefé [( ,0,A+CA - )) 277
if 25, =t,,
2
azm,(zm)w,(gm(cj v ] [ sin (. 2)sin’ G, e
s (1) =0 gm(cj = - | A v (vt f2)sin (vt . 2)
2
s (t_,) o 8"‘(63 j:mA Cy ) | §lin%3% ~ (8m(:, 20:4 ¢, )J 434
M WIEJE ( ( MA:Z' - )J24.34
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B. Thermal noise through charge amp, RC filter and a
Correlated Double Sampler in the time domain.

£y =tny fp=lm2

ol = f nQ,(— h,(tm1 —tp)+ h,(tm2 —tp))zdtp + _[ 7zQ,(h,(tm2 —tp))zdtp

p='0 ‘pztml
Ac 1 I
hr(tm _tp): lot —e T
gm(cm + A cf) T
tp =ty 2 Im2 —F fra =4, 2
2 _ A Cror L I . T . d
Com = 70, —| e —-e t,
tp=t gm(cm +Ac f) T
2
fp=tmz ta-t, \?
A Cror 1 e
+ I 70, —le * |adt,
1=ty g"'(cmt +A Cf 2
- t, =
=ty by =t by =ty Hmy —t fp2t, =y tmy—t
”Q A ¢ P 1 -2 m " fp m1 " p T2 —ip -2 m2 " p P -2 m2"tp
ol == = _[ e T -2 4 te T ldt, + f e T 4,
T \gm(cm + A Cf )) \_tp=to 1=ty
2
( ) it I =ty Hma =1, L tmatp Emt Ty Im2
2 ¢ A Cror T -2 T -2 7T -2
Com =5 —e T -7 ’ +—e ° +l—e T
3 gm(cm +Acf) 2 2 . 2 o
2
2 : ( A Crot T - T -2%2 T 2% St T -2
Com =3 ——T T +-e T —-——e TH+T6 T ——e ¥
T \gm(cm +Acf)) 2 2

o2 (t )= 0, A Cu (1 - e—ﬂ’lJ
B T gm(cm + A cf)

2
X 2kTr Ac,, ( _)
= 1 — 4
o (t”) T (cm +A cf) ¢
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B. Thermal noise of a charge amp and RC filter followed by a

Correlated Double Sampler in the frequency domain.

o'szwn (tm ) = I: Qt

Ac 1
H — tor 1—e
,(s) gm(cm +Acf)1+s1‘( ¢ )

2
H,(jw) =( A Cur ) 2(1 —cos why,)

H,(jwjzdw

gm(c,o,+Ac,) (H"Wzrz)
2
2 _ A clot ~ 2(1 —©0s th)
o.sum (t“) Q‘ Kgm(cm, + A Cj' ) J‘O 1 + ("VT)2

2

0-’2""' (t°° ) =0, e ([-2— tan™ wﬂ] -z e—_%]
0 T

gm(c,,,, +Ac ) T

/ 2
ot )=0— A o)
sum \* oo t\gm(Cm' +Acf) T

Y’ ;
Ac -z
c2.(t.)=0, tof (l—e *’)
k,gm((:m, +Acf)J

ozm(t~)=2’;T'( Aea ol (1-0%)

(c,o, + A c,)
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B. Shot noise through charge amp, RC filter and a

Correlated Double Sampler in the time domain.

Q
§ [}
i
R

(—- h(tm1 -1, ) + h(tm2 -t, ))7 dt, + tp:r 70, (h(tm2 -, ))2 dt,

L=l o=t

= 2 2
Pp=tm A ti=tp tpa—tp
) tmTlhp
o= [ mol|—2—|le 7 - 7 ||a
ool et Ac F

- 2 2
P m2 A Ima—t,
o, (___) [1-e—f j &,
- Cox tAC

A 2 $p =l L tm—tp ty =ty =1y L tm2=tp
0'2 =ﬂQ—‘——— j 6"1“26 z +€LT t
sum S A P
Ctol + Cf

1=ty

A 2’1’:""2 _tmmtp _2‘»-2“’2
+o| ———| [ |[1-2¢ 7 +¢" 7 W,
Cu tAcy bt

A 2 r _ptmp 1=ty Hma =ty r _ztm—zp N
O'fw"=7Z'QS —_— e T o—7e 4 +—e 4

Co T AC 2 2 .
A z tm2—lp _ztmz_’p m2
0. t,—27% * +—-e T
Cu T AC -
2
A T e T -251 T _2ﬂ ot T _ziol
2 T T T T T
Con = ———— |- T+-e T——e T+ ~—e
s ”Q‘(cm,+Acf 2 2 2 2

2 he P
+QS(C_—.;4ATI) [tu —21‘+—§+21‘e T -—;-e 27)
: A Y =
qm(’m)—ﬂQs(m—cf—) (tu —T+7ze )
’ e
o'.rzwn(t‘*):iq(;) (tu —T+71e f)
Cox TAC,
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B. Shot noise of a charge amplifier and RC filter and a

Correlated Double Sampler in the frequency domain.

02,.(0.)= [ Q|H,(iw) dw
10| g )

C+AC s(l.+sz')
A ’ 2(1 COSwt )
2 _f - Wi,
Oant-)= Io Q‘[cm +Ac, ) w2(l+ (wf)2) e

2
A ~{ 1—coswt, 1 coswt
) ’ 12 12
o\t )=27 - +
) Q,(Cm +A cf) ’[" ( (wz)*  1+(w2)*  1+(wr) }W
2
A P2 T T
2 =2 2 12 —_ T
am(tw) 0, CutAc, 22 27 2r°

2
A _h2
2 .
(o t )= —_— t,—T+717 *
M(w) lq(cm-"Acl) (12 i )
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B. Flicker noise of charge amplifier with an CR filter followed by a

Correlated Double Sampler in the frequency domain.

olt)= =5

Ac, 1
H (s)= 1-e™
,(s) gm (,0,+Acf)1+sz'( ¢ )

2 Ac,, i 2(1 —cos wtu)
- gm(c +Ac) (1+W21'2)

I 2(1 - COSWt”)dw
o w gm tot+Acf (1+Wf2)

_ 2(1 coswtu) ”
=0 (gm(c,o,+A c )J ‘L (1+(wf) )

Substituting x = wt

2 t12
Ac o}(l—cosx—;)
O:Zum (t,,) = Qf - ) J.O dx

gm(ctot +A cf X(l + x2)

2
Kf 2 A Ctol
"""(t ) WLCox((cm +Ac; )] (Fator)

and

1 r 2(1 —cos thz)
0

@ﬁ%y wi+Gve?)

K
ENC* = WL]z‘ c,.,. (Factor2)

ENC* =Qc,’
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B. Flicker noise of charge amplifier with an RC filter followed by a

Correlated Double Sampler in the frequency domain (cont).

t
Factor 1 and Factor 2 can be tabulated for different (—fz_z—)values:-

(tu) 05 1 2 3 4 6 8 10
T
Factor1 | 042 105 223 312 377 467 528 574
Factor2 | 268 264 298 345 392 469 528 574
ty ) 12 16 32 50 100 1000 10000
T
Factor1 [ 611 669 808 898 104 150 201
Factor2 | 611 669 808 898 104 150  20.1

t
Best ENC at — = 0.8 when Factor2 = 2.62

T .




B. Thermal noise of charge amp and CR-RC filter with triple sampled deconvolution.

O-szum = tp]fm 70, (blhr (tml - tp)+ b,h, (tm2 ~1 )+ byh, (t"‘3 —L ))2 dr

Ipt

1y =tma tp=lm3

+ J 70, (b2h,(tm2 - tp)+ bsh, (tm3 —t, ))2 dt, + _f 70, (b3h, (tm3 -t, ))2 dt,

£y =ty 2p=tm2

_ A Cm l (tm1 -t ) !t..x;w)
hr(t'rll —tp)— gnl(c,a; +A cf)(f— (T)zp ]e
_!tm—-tp!

h (tm1 _ tp) -1 Ac,, )((t"d -, ) - ‘L')e T

" (z) gm(cm +Ac

andt, .-t , =t,, —t, = A the multiple sample formula gives

O = P]tm 0, (blhr (tml - tp)+ b,h, (tml +A- tp)+ bih, (t"" +2A-1, ))2 dt,
=l
'pz'ml"'A

) (bZh, (1 +A =1, )+bih (1, +24~ tp))2 dr,
tp=tm

tp=ty +2A

+ j 0, (b3h, (tml +2A -1, ))2 dt,

3=ty +A

substituting —¢,’=1¢,, —t,01t,’=~t,  +t, 01—, =—1,,—1,

[ =0
2= | m0(bh (-1, )b (A1, )+ bh (281, )) dr,’
1,5ty

f=A

+ [ m0(bh(8-1,) b (281, ar,
tp =0

. ]ZA 70,(bsh, (28 -1, ))2 dt,’
t =A

2 t,=0

-t -1, —ip' :
sum = _[ (bl (— t, ’-—T)e_ﬁT) +b, (A -t, ’—r)e_gAT) + b3(2A ~t, ’—r)e_ = ] de,’

)
Ier A Clol Ip,=tDl
- gm(c,a, +A cf)
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B. Thermal noise of charge amp and CR-RC filter with triple sampled deconvolution (cont).

=0 T+ (" ) |z ( “’P') _[Fa __(2 4) :
= I [ze_(TA)(— t, —r)e‘ ~Xte (1)(A—tp ’—z‘)ei;“ +—e ( TA)(ZA-t,,’—T : J de,
: () (=2 Ca-sy) )’
+ I (—%e-(’)(A—tp’—r _AT-{——Z-e ( ’AJ(ZA—tP’—T)e_ A' ]dtp’
tP'=O
1,'=2A -A (24-1,7) 2
+ jA[ie-(T’A)(ZA—tP’—T)e_ 2Af Jdtp’
t ‘=
0_2 £,=0 5 _2(r+A—tP')
s 7= [ (o-0)-2a-t =0)+a-t,-0)) ¢ 7 a,
ﬂQt A c{ol tP":‘O]
T2 A? [gm(cm +A o )}
1,=A 2 _2(r+A—tP‘)
+ j (—Z(A—tp’—’r)+(2A—tp’—T)) e Fodt)
t"=0
t,‘=2A ) -2(r+A—t,')
+ j (2A—tp’—2') e Todt)
tp' A
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B. Thermal noise of charge amp and CR-RC filter with triple sampled deconvolution (cont).

=4 (T+ _'p.)
ol _o J (e, +r) o _A’*dzp’
”Q' A Crot =0
2 A gm(cm +A cf)
P22 (r+A-:P')
+ (4& ~2e, A+ (, +2) ) N
tp =A
1p'=24 (r+ —:‘,‘)
Oom == | ( ’+Z‘)2e-2 e dt,’
70, Ac,, 1,=0
A2 gm(cm, +Ac f)
¢ '=2A
+ I (4A2 —2 t +r)2A)e *
tp '=A
0.2 £,=24 X (‘r+A—r‘,‘)
- = | ((‘p )+, ’f+(r)2)4e_2 T odr)
ﬂ,'Q’ A Coot 1,’=0
A gm(c +Acf)
p=24 t+A— . )
+ I 4A( t —z'+A)e T dr)
Hp =A
O - (tp ’)27 2,7 N 27° N 21,7 27 +_¢i e_z(“AT-'p‘) .
”Q‘ A Crot : 2 4 8 2 4 2 0
T2 A? gm(c,o, +Ac f)
—[4A(ﬁ P A)r] ) r
2 4 2
A
2A
Tom 5= (t";)21+ 2t"4,rz + 2;3 e‘z(TL:J
ﬂQ’ A Coor .
2
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B. Thermal noise of charge amp and CR-RC filter with triple sampled deconvolution (cont).

Ot _((2A)2r+22m L200) A (5P e
2 2 4 s ) T8 f
ﬂQ’ Acrot
ro’A? gm(cm,+Acf)
287 70 Ar) lmacit) At 77 Ar) 2@
Y\ Pl 1A TR YN Pl L P
( 2 4 2 )e 2 4 2 )
O e _((2A)ZT+4A1'2 +22'3 A
2 2 4 3 - "8— e
ﬂQ’ Acta!
rriA2 gm(cm+Acf)
2 27\ _,{z=8) 2\ _ (0
(48T ane) =R ()
2 4 4
o 20 28 (973 e ) L@
= = N e R T\ R P
2 8 € 8 4 P e

\
_plz=4) L T+A
O = 70, A L (l)e T 44 —(i)e 3
- \gm(cm +A Cf) 4A A A

A 1 NG R
o'szum =m0, St —"[— (i)e = +4¢72 +(£)e i
\gm(cm, +Ac f) 4A A A

O = 2kTr| T—— 21— ——(— 2¢ +4e7 + 2e")
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B. Thermal noise of charge amp and CR-RC filter with triple sampled in the frequency domain.

H,(jw)izdw

0. (t.)=]Q,
0
if 7 =24

2
A 21'2 4 1 _l r 2
Hr(jw)r 2( . )] ; _2(82 +e 2 -2cos (wz )

gm(c,o, +Ac,

2
A oo 2T2 4 -1_ __1- e 2
Osim(tw)th[ i ) j ~ 2 T(eZ +e 2 _2cos(“‘)2 ) dw
0

gm(c,o, + A cf)

4 gm(ctol +A Cs

2“" 2 .2 1 1 2
Os?.xm (teo): &[ = e )] ,([ ( - :- 2132 i(ea + e‘; —-2cos (")21-)) dwt
: 2 1 1 2
4 A = 1 1
oszum(tw)= Q![gm(c - J J > 2 2[€2+e 2 —2005—3) dx

ezz' Iol+ch) 0(1+x
2
2 _ Ac, 8.7 kTr
Osum(t.,.,)— {(cm, + /titcf )) er T

49




B. Shot noise of charge amp and CR-RC filter with triple sampled deconvolution.

=l

ol = ]' 0, (blh,. (tm1 - tp)+b2h,. (tm2 - tp)+b3h,. (tm3 - tp))zdtp

~
)

2 fp=Im3

70, (b2hi (tmz - tp)+ byh; (tm3 —1, ))2 d, + j 0, (b3h" (t'"3 — ))2 d,

- (’ml_'z’)
e

Cu TAC T

witht, ;—t., =¢t,, —t., =1, —t, = A the multiple sample formula gives

ty =t
oL, = Jan(blhi (tm, - tp)+ byh; (tml +A- tp) +bsh, (t,,,1 +2A -1, ))2 dt,
1=t

fp=tp +A 2

+ | 70 (bh(tn+A-1,)+bh(1, +24-1,)) dr,

rp='ml
tp=tm +24 )
+ J' 7:Qs(b3h,.(t,,,1 +2A —tp)) d,
tp =ty +A
substituting —¢,’=¢,, —¢t, or t,/’=t, +t, or —t,=—t,—t,’
£,'=0

ol = J nQ,(b,h,.(— t, ’)+b2h,.(A -t, ’)+b3h,.(2A -t, ’))zdtp’

~

g

~

+
0w

n0,(b,h (A —1,)+ b (28 -1, ))2 dt,’

-
<

~

-
[
°d

~

+
ey

70, (b (24 -1, ))2 dt,’

H ‘=A

5 ) =5 sy’
P S SR ST R T OIS S 8
Cor T A €4 T
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B. Shot noise of charge amp and CR-RC filter with triple sampled deconvolution (cont).

T+A T -A
s, =2 T g, 2226 2 A5

A b, =—e
0_2
n -
A 0
(c, ,HA o ) z?
1 =0 N s ( P) |z (A_'r') {=a (2A-—:,,') 2
J Ze( A)(—tp)e —%e()(A—tp +—e(’A)(2A—tp’ K ] dt
1=ty
=A (z (A—tp’) — (ZA—tP') 2
+,j —%e (’)(A——tp)e—7+§e(f) 20-1) - Jdtp
2" 2 [z-A (ZA—IP') 2
+ jA{——e ( ’A)(ZA—tp K ) di,
tP=A

+Ac f
, )
+ (—2(A—tp )+(2A—tp )) e T dt)
5,'=0
tp '=2A 2 2(T+A—I’ )
+ J (ZA-tp)e *odt)
p=A
2 5,'=A ~ (r+A t )
AG‘“’“ " 70, =0+:,‘[=o(tp’)2e T,
CwtAc, | A
1,’=2A (r+A-t, )

+ IL (4A2 —2tp’2A+(tP’)2)e—2 < dr
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B. Shot noise of charge amp and CR-RC filter with triple sampled deconvolution (cont).

+ - + + e ol
2 2 4 2 2 4 f
A
ol (Azr AT N 2'3) I (13] ey
> = - —le " —=—1l *
( A ] 0, 2 2 4 4
2
CwTAc, ) A
ANT 4AT2A 2T°A 4AN'T 2Af z' 28
+ + + —
2 2 4 2 2
4A21: 2AT2A  27%2A AZT ATt TP
+ + +—le”
2 2 4 2 2 4

2 3 (r+A) 3 (r-A)
O-.mm 7 -2 T 2= 2 ~2
=——lle T +|—le T —{T°Ale

A 70,
Co tACy A?

2
A TZ T _2(r+A) (T) _2(r—A)
2 T -2 T
ol =|—=2 |0 |-[L —de [ 2 ]e
s (cm+Ach ’4A( (A)" “ T\a

ifr=2A
A Y 2
T
ol = _+Ac, iqT(—Ze"3 —4e"2+2e_1)
‘Ot
A i
2 iq -1 1
o =|—— | =1l—-e' -2+
s kcw,+Acf ezf( ¢ )
N2 .
A
o2 =|——| Zro3s
c +Acf e
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B. Shot noise of charge amp and CR-RC filter with triple sampled deconvolution

Oszum(tm)= TQSIH,(]W)ldW
0
if T=2A

2
N2 A T? 4 5. 5
|H1(JWX —[(Cm' + A CI)J (1+W2T2)2 €2 (32 + e 2
2

A T 4
oszum(tw)zQs J( T 2-—7
0

0hn(t.)=0Q,

2 _4Q,7 A s 1 _
Omm(tm)— e’ {(C,O,+Acf)) }[(1+x2)2 (e e

2
Oszum(tm)=( 4 J O"Z’Siqz'
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B. Flicker noise of charge amp and CR-RC filter with triple sampled deconvolution.
-Q )

o, (tm) = L —:vf—|H, (]wxzdw

b= U7, b, = -%Ee_(g b, =§e_(%)

H,(s) 57 (r {7,022 (),

Ac,, (l+s’r)
gmc +Ac

Bla

|H () ] W (g):-z[e—(aem_2“—(%)6%)(,(%}6-,%_W-(% |
gm(c,,+Acf

(1+w (1+wr?)’ (Ae)
(e-(%)_Ze{A) voms oo oo om ol )

- w'r’ (i)z 4 +e(2A) +e (2:) - Z(e(%) + e_(%)](e A 4TI ) 4 2 4 e"z"w")

(1+w2z?) \eA

_ _WZTZ_.Z. 1)2 (ﬁ) N e‘(%)JZ - 4(3(%) + e_(%) ](cos wA)+ 4(coswA)’ ]

(1+w2z?) \eA

A A 2
= Zi—wr—) oA e(?) + e—(_) 2cos WAJ
+wt?

2 2( (4 {2 2
M(t w Qf w'e 5 (i) (e(’] +e (’] —2coswA} dw
gmc +Acf (1+w?z?)" \eA

substituting x = w7

.rum(t ) o, ) ( 4 224 Cf ] (1 +i2)2 (i)z(e(%) +e-(%) —Zcosx%)zdx

If 7=2A

2
Oomlt.) = Qf[ i ] 2'925 for FET input o2, (z.)= K [( Ac, )J 2.?5

gm(cmt +A Cf) € WLC Cior + A Cf
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