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Disclaimer

Slides are supplementary
material and are NOT a
replacement for textbooks
and/or lecture notes
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Purpose of the lesson

e Up to now we have seen Amplifiers and Sensors and we know
now to deal with the problems from the viewpoint of the signal

e |n reality, noise is always present and can affect the precision or
even overshadow the signal

e In the final part of the class, we will discuss techniques for noise
reduction. Before doing this, however, we need to learn:
= how to mathematically describe noise (lesson before the previous);
= what are the origins of noise (previous lesson);
= how circuits respond to noise (this lesson);
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Outline

e LTI systems response to signal and noise
e Noise in OAs

e Feedback and noise
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LTI systems

e Linearity
= If input x;(t) produces output y;(t), then

zkckxk(t) = zkckYk(t)
fc(r)x(t, 7)dT :fc(r)y(t,r)dr

e Time invariance
x(t+T)=>y(t+T)
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Impulse response

P (> X

LTI systems are wholly characterized by their impulse response,

h(t)
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The “sifting” principle

e We consider an approximated o function L/4
(with unit area), o, >
e We approximate a generic signal x(t) as
/’7“\\\
xa(£) = Z x (kD) 8 (t — kA)A -~ S
K
e For A = 0 we have >

E_I)I(l) xp(t) = jx(r)@(t —1)dt = x(t)
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System response

e The LTI output to x, is the superposition of the responses to
Or(t — kD), ha(t — kD)

ya(t) = Ekxm) ha(t — kA)A

e For A - 0 we have

y(©) = lim ya(0) = f (DAt — 7) dt = x(£) * h(D)

Weighting function
of the filter

_ I POLITECNICO DI MILANO

Alessandro Spinelli — Electronics 96032




Weighting function

5(t — 1)
h(t — 1)
h(t — 1)
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Response to noise

Ry, (t1, t) = y(E)y(E) = j f x(@h(t; — @) x(B)h(t, — B) dadp
— j f Ryx(a, B)h(t; — a)h(t; — B)dadf
= ] h(t, — B)dp f Ryx(a, Bh(t; — a)da = j h(tz = B)Ryx(ty1, B) * h(t1)dp

= « h(ty) = * h(tq)
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Stationary noise

Ryy() = YOV ET D) = || Rux(B ~ )h(t = (e + 7 - )dadp
= ﬂ Ry V)h(t —a)h(t + 7 —y — a)dady
= [ Ree)dy [ 1~ (e =@+ 7= )da = [ Reedy | 1CIRG + 7= 1)z

= ijx(y)khh(T —¥V)dy = Ryx (T) * kpp (7)
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Output noise rms value

e For stationary input noise

nZ =R, (0) = f Rox () knn (7)dy

e If the input noise is non-stationary, so is the output, and there is
no simple expression for it

nZ(0) = j j Ry(a, B)R(E — @)h(t — B)dadB
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Frequency domain

e For the signal we have

Y(f) =X(FH()

e For the (stationary) noise:

Sy(f) = Sx(NIH)I?

@ = f Sy (f) |H(f) |2df Also from the expression

in the time domain via
Parseval theorem
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The case of white stationary noise

e Time domain: R, (1) = A6(7)
Ryy (T) — Rxx (T) * khh (T) — Akhh (T)

e Frequency domain: S,.(f) = 1
Sy(f) = Sx(NIHOI? = AH()]?

w5 = [ sepaf =2 [1nPar
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Outline

e LTI system response to signal and noise
e Noise in OAs

e Feedback and noise
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Noise in amplifiers

. ) Nmsglgss _
ﬁu amplifier

Noisy
amplifier

.7
Li

e Equivalent input noise voltage and current are used to get non-
zero output noise for every input condition

e Correlation between the sources is neglected
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Output signal and noise

2
O GG -

We consider a sinusoidal signal and a frequency interval Af:
V, = AV, cos wt

V2 =Sy Af = (Sy, + Sy + S;RZ)A2Af
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S /N ratio

signal amplitude

noise rms amplitude
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Effect of the amplifier

2 VSZ
(ﬁ> ~ (Sy. + Sy + S;RDAf
out R S

(), 55
N) = Sy.Af

S/N is lower at the amplifier output, because of the noise of the

amplifier itself
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Noise factor and figure

Amplifier
S 2 noise
(), Sy (f) + Si(HRE
. . in __ V I S
Noise factor F = >— =14
(%) SVR\ Source
noise
M Sy (f) (4ksTR,)

e Fis minimum for R{,,: =
’ 5:(f)

e The noise figure is commonly used:

ful in RF
NF = 10log,, F (very useful in

applications)
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Noise in OAs

Noiseless

iiz / OA \"‘ Sy, 91 Noise corner
_/ -

o— \ frequency
2
[
2 i >
l § fe « log f

e Noise is referred to the input via the equivalent input noise

voltage and currents

e All contain white and flicker components
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Indicative values

e Voltage noise (white component)
= BJT:1to 10 — 20 nV/v/Hz
= JFET/MOS: usually higher, 20 — 30 nV/+/Hz
e Current noise (white component)
= BJT: a few pA/vHz
=« JFET: a few fA/+/Hz; can be even less for CMOS

e Noise corner frequency
= BJT/JFET: 1 — 100 Hz

= MOS: a few kHz or even much higher, but improving (can find some in the 50
Hz range)
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Input noise voltage PSD
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Input noise current PSD
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OA comparison

lu : l | ,
T=25°C I, - Re of BIT OPAZ09 g
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Low-noise OAs

OPAMP Noise Visualizer
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Outline

e LTI system response to signal and noise
e Noise in OAs

e Feedback and noise
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Feedback and noise

e \We want to assess the effect of negative feedback on the noise
performance, measured via F or S/N

e \We consider a simple inverting amplifier example:
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F — open-loop case

S
Akp,T  4kpT i\

| — NS |
RS | R +SI _Sln RS§$R —0
+

-

4kgT
Sv, = (SR W B2 + S)IAS)? S5247° = —F= (Rs I R?IA(S)I?
S

0L _ 1, (4kBT . Sy ) 2

R "7 (R, | R)? ) 4kgT
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F — closed-loop case

A\

Akp,T 4kgpT alh
5 I & + SI — SI R -/
RS R n S SV --O
+
5, = (open — loop PSD) gsource _ (open — loop PSD)
0] 2 0 2
‘1 R Gloop‘ ‘1 R Gloop‘
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_ I POLITECNICO DI MILANO

Alessandro Spinelli — Electronics 96032




S /N — open-loop case

SV/\ TR : equivalent rect.
$R$ —ah . for |A(f)I?
S —O |
S R, J
V=4 R v (step voltage input, EBWnOL 108>f

- TOR 4 R, ° steady-state value)

7= [ S,00af = (5, R 1R +5,) [ 1A(Pas
0 0
= (S, (Rs | R)? + Sy ) A BW;P*
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R

O
>
Sy

V, = (open — loop transfer) /(1 —

+

77 _ foo open — loop PSD
2 =
0 o Gloop (f)l

|1

= (S, (Rs | R)* + Sy)

—df = (S, (Rs Il R)?

A

S /N - closed-loop case
VVR

-0

Gloop (O))

1- Gloop (O))

——

BWOL  Bw N log f
| : >

> BWnCL
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N
A(f) if

Gloop (f)

POLITECNICO DI MILANO




S /N — summary

R

(S)OL B Vs R + R, 1 thii term is
N B OL - <1
\/Sln(RS " R)Z + SV \/BW‘I’L 1 Gloop(o)

R

(s)“ ~ “R¥R, 1 (5
N cL \N
\/S,n(RS I R)2 + Sy, v BW;
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Wrap-up

 Negative feedback modifies all open-loop transfers by the same
factor = F is unaffected

e Negative feedback widens the bandwidth, collecting more noise
— S/N is degraded

e For this reason, you should never use extra BW beyond what is
needed by the signal

e I[f BW is independently set by the requirements, negative
feedback does not modify the noise performance
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