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Disclaimer

Slides are supplementary
material and are NOT a
replacement for textbooks
and/or lecture notes
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Outline

e [nverting amplifier
e |[ntegrator
e Differentiator

e Appendix: BP filter and white noise
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Review

|“las

e |P filter noise transfer:
S T
ne = GZSin Epr
e BP filter noise transfer:
S T
né = GZSinE(pr - pr)

~ G*S; zf
an pH

(see Appendix)
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Inverting amplifier

® R]_:]_kQ, Rz = 100 kQ
- + GBWP = 10 MHz
2

_ Voo JSy = 10 nV/v/Hz
L e[S =10 pA/VHz

1. Find the total output noise
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R,
Vo = _R_ ni
R, 1
Vai Ry 2
> - o s, =(-2) s
| —e—O Vo — R1 V
— — +
= V2 = fSVOdf

Total output noise diverges = we need to

consider the true high-frequency transfer!
.
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Gain

T las
G(s
40 (s) \
i
f, =105
GBWP = 107

R,/R, 1
1+ STy

2
R4

~ 2.59 x 1078 V2
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Vo = Vna = Sy, =5y Gor = —A(S) R
2
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Gain

|“las

66) i9¢ f

>

fp = 10° \

27TTp

R4 -
= GBWPR— = 10~ Hz

2

VZ = 4kyTRy = f
2 D
~ 2.59 x 10~10 /2

(smaller than R4 noise)
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OpAmp voltage noise

Ry + Ry
Vv, =V
p R, 0 n R,
: _ 7 The pole added by the OA is always
O
| —e—o at f,, = 100 kHz (0dB frequency of
— —_
Vi gz GlOOp)
= 2
- — Ri+R,\'m
2 1 2

~ 1.59 x 107 V2
| | .
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OpAmp current noise

Vo = LR,

— I
V5 = SIR% Efp
~ 1.57 X 1077 V?

The total output noise is

VZ:=259%x10"%+259%x1071%+ 159 x 1077 + 1.57 x 10~7

~ 342 %1077 V2 = /V_OZ = 0.58 mV
ST
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Current source shift theorem

—0—
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Example: R, noise
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R4, R,, OpAmp current noise

o _4ksT  AkpT
I, — Rl ' RZ I

2 I
VE = Si,R3 = f,
~ 1.83 X 1077 V?

Many contributions can be grouped into a single noise current
source

_ I POLITECNICO DI MILANO

Alessandro Spinelli — Electronics 96032




Outline

e Inverting amplifier
¢ |[ntegrator
e Differentiator

e Appendix: BP filter and white noise
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Integrator

e R=1kQ, R, =1MQ

' VR e C =160 nF
| ¢ e GBWP = 2 MHz
_ v, ¢Sy =10nV/VHz
= ’ . T e S/ =10 pA/VHz

= 1. Find the total output noise
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R, R_., OpAmp current noise

4kpT 4kgT
S, = + LS
In P R. I
— ] Re
™1+ sCR,
— T 1
VZ =58 R2
0 €2 20R..C

~ 1.82 x 10719 V2
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OpAmp voltage noise

R. Il 1/sC
I/O=Vn(1+ )
'\ 'Re R
e _, R+R(1+5CRIR
_ " R 1 + sCR,
Vo
| R — v, 1+ st,
— + = @

G ~ 1000, f,; = 1Hz, f, = 1kHz
e
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Closed-loop gain

D
A

it Sui BE S

G(1+st,)
(1+5751)(1 + 57,,)

- T(s) =
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Output noise — full calculations

2.2
7 = [ITPdf = 567 St

d
1+ w?t5)(1 + w?ty,) f

1+ w?t? df = f A . B if
(1+ w?t;)(1 + w?t)y) S\ 1+ w?td 1+ w2T5,

( 2 2

A=-D1"72 g
A+B=1 TS5 — Tp)
<AT§2+BT§1:T§:B_ 12 — 12, N(Tz>2
X _T§1_T;%2 Tp1
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Piecewise linear approximation

A
VUPT:

[1rpar ~

Sii il Sa + 5 foz =

+ 3.14 x 10°

| | |
| { |
PEESSSEESESERENES S B S SN SSE S S RS S S E S SN S S S S -

HEamam=
gg :
vh
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Output noise

e The OpAmp voltage noise contribution becomes then
V2 =S,(1.57 + 3.14) x 106 = 4.71 x 10710 /2
e The total noise is then
V2 =182x10"10+471%x 10710 = 653 x 10710 v2 =

VZ =~ 26uVv
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Outline

e Inverting amplifier

e Integrator

e Differentiator

e Appendix: BP filter and white noise
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Differentiator

e R=144kQ, R, = 1.5kQ

=+ C=10nF
AN —- « GBWP = 10 MHz
R C

I e /Sy =20nV/VHz
= -\/?,=1pA/\/m

1. Find the total output noise
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Loop gain calculation

1
R.+——+ 1 + sCR
_ sC _ C
Gioop = —A(S) T = AT ek T Ry

R+RC+E

fp = 1 kHz, f, = 10.6 kHz

Beyond the singularities, we have

AO Rc Rc
G~ = = GBWP — 0.94 MH
loop sTR+R, Joas R+ R, ‘
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OpAmp voltage noise

R
V,=V, |1+
“ V-VR ’ "( RC+1/SC)
t’\/\/—|R - o 1+ sC(R + R,)

——0 =
= | " 14 sCR,
Vn<> & _ 1+ st,
— Vi 1457,

fo1 = 10.6 kHz, f, = 1 kHz
e
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Closed-loop gain
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| 7es)

B 1+ st,
B (1 + STpl)(l + Ssz)
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Output noise — full calculations

B
T|*d j + d
jl hdf = (1 + w2ty 1+ wzrgz) /

( 2 2 2
) 2 = -
< A+B=1 N Tp]__TpZ Tpl
Aty + Btjy =15 12 _ 2 - \2
Z D2 Z 2
bB=— >~ |\——) =G
\ Tp1 = Tp2 Ip1
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Piecewise linear approximation

VUPT:

[1rpar ~

) T
G E(fpz _fpl) —
mas 1.64 x 10°
logf —
> V2 =1.64x%x10%S,
= 6.56 X 1078 v?
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OpAmp + R current noise

Ak T

SITL =SI R

V, = L,R

V2 = St R? = deB
1 = 3.06 X 10_10 \/2
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R . noise

Transfer function is the same as the input
7=V SCR
° ™1+ sCR,

With the addition of the pole at f,45 we have a BP filter with mid-
band gain equalto R/R. = 9.6

2
V=S (£> 2 Foup — for) = 2.14 X 1072 V2
0 R, Rc 2 0dB pl .
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Output noise

The total noise is then
VO2 = 6.56 X108 +3.06x10719 +214x10°

=6.61x 1078 V2 = /ﬁ ~ 261 pV

_ I POLITECNICO DI MILANO

Alessandro Spinelli — Electronics 96032




Outline

e Inverting amplifier
e |[ntegrator
e Differentiator

e Appendix: BP filter and white noise
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BP filter and white noise

STL
H(s) =
(s) (1+st)(1 + s17)
S 0 WwT; )? dw
‘/02 _ SV ( L)

o (1+w2tH)(1+ w2td) 2m

Sy T} foo 1 1 ; Sy T} T o
— —_— a) — —_——
2t th — 15 Jg \1 4+ w?1f 1+ w?th 2w th — 18 \21, 27Ty

_SV 1 _SV 1 SV 1 1 Ty _SV 1 1
B 4 TH(TL +TH) B 4 TH(]. +TH/TL) N 4 Ty 11 B 4 Ty 11

T
— SVE(fH — f1)
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-3dB bandwidth and noise

wTg,

e The maximum of |[H(jw)| = T E————_ at
1 1y
W, = H(jw,)| =
P T, [H( p)l T+ T
e The -3dB BW is given by
wTy 1 1

11— w2t 7y + jo(t, + ty)| V21, + Ty

2 T + 7T 1
(1—w?ruty)” + @(t, + 14)% = 202(1, + 4)% = 1 — 01,75 = 2w (1, + Ty) > 02 £ 0 —— — =0
TLTH TLTH

e We pick only the positive solutions:

2 2
T, + 71 T, + 7 1 T, +71 T, + 71 1
sz_L H_|_ <L H)_I_ L H+ <L H>+

Wy =
ZTLTH ZTLTH T, Ty ZTLTH ZTLTH T, Ty

O)H—C()L_ 1 TL+TH

2
T T, + 71 S T
B — L ) L H 9V L

V7= sy|H(5)| 5 BW =5 -
0 4 P71 9 v T, +7Ty/) 4T.TH 4 Ty (1, + TH)

2T 2T T; Ty
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General case: the quality factor

e The second-order polynomials describing two poles (or zeros) can
be written as

Hes) = 14—+ 5
S) = I
Wy a)§

e () is the quality factor of the poles:
* 0 < Q < 0.5 = real and separated poles
* ) = 0.5 = real and coincident poles at w,,

= > 0.5 = complex conjugated poles at w,,
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Quality factor, BW and noise

e Consider a BP filter

s/w
H(s) = - z >
1 - _
* pr 0)5

e The maximum of |[H(jw)| is at w = w,,, where |H(ja)p)‘ =
e The -3dB bandwidth (for both real and complex poles) is

pw =22

Q

e The output noise is

—_— JIA JIA JIA
VZ = SVEBW\H(jwp)\Z = Sy 5 BWQ? = Sy 5 0,
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