Sensors, Signals and Noise 1

COURSE OUTLINE

* Introduction
* Signals and Noise
* Filtering: Band-Pass Filters 3 — BPF3

e Sensors and associated electronics
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Band-Pass Filtering 3 2

e Asynchronous Measurement of Sinusoidal Signals
* Principle of Synchronous Measurements of Sinusoidal Signals
* Noise Filtering in Synchronous Measurements

* Lock-in Amplifier Principle and Weighting Function
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Asynchronous Measurement
of Sinusoidal Signals
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Asynchronous measurement of sinusoidal signals -

e Asynchronous (or phase-insensitive) technigues were devised for measuring
a sinusoidal signal without needing an auxiliary reference that points out
the peaking time (i.e. the phase of the signal).

* They are currently employed in AC voltmeters and amperometers.

* The basic circuits of such meters are
the mean-square detector
the half-wave rectifier
the full-wave rectifier

* For a correct measurement of the amplitude of the sinusoidal signal, it is necessary
to avoid feeding a DC component to the input of an asynchronous meter circuit.
Therefore, the meter must be preceded by a filter that cuts off the low-frequencies,
that is, a band-pass or a high-pass filter.
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Asynchronous measurement of sinusoidal signals 5
with Mean-Square Detector

x(t) = Acos(wt + I) y(t) = A% cos?(wt +9) = 72 + A72 cos(Rwt + 29)
42
t Mﬁsiﬁi M Low-Pass — :
Wt ©—H¢ t|  Filter R

* |tis a power-meter: the output is a measure of the total input mean power,
sum of signal power (proportional to the square of amplitude A?) plus noise power.

 The low-pass filter has NO EFFECT OF NOISE REDUCTION. In fact, it does not average
the input, it averages the square of the input.

* Forimproving the S/N it is necessary to insert a filter before the Mean-Square Detector
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Asynchronous measurement of sinusoidal signals with
Rectifier

Half-Wave Rectifier (HWR)

x(t) = Acos(wt)

A - g | e T

z(t) = g

~

T T
A f dt =A - f d 4
z=r jcos(wt) t = o fcos<p ¢ =—
T _n
3 2
Full-Wave Rectifier (FWR)
x(t) = A cos(wt) z(t) = ﬁ
W e ﬂm: low-Pass | ____
t ‘| Filter t
2m
T =—_
© T m
) —ZAf (t)dt—ZA1 [ d _
z=— | cos(w = 27choscp ¢=—
T n
-z &
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Asynchronous measurement of sinusoidal signals with 7

Rectifier

« The measurement with a rectifier is not really asynchronous, it is self-synchronized.
The sinusoidal signal itself decides when it has to be passed with positive polarity
and when passed with negative polarity (in the full-wave rectifier) or not passed at
all (in the half-wave rectifier).

* In such operation, the LPF reduces the contribution of the wide-band noise,
thus improving the output S/N. However, this is true only if the input signal
is remarkably higher than the noise, i.e. if the input S/N is high.

e As the input signal is reduced the noise gains increasing influence on the switching
time of the rectifier, which progressively loses synchronism with the signal and
tends to be synchronized with the zero-crossings of the noise.

* The loss of synchronization progressively degrades the noise reduction by the LPF.
With moderate S/N the improvement due to LPF is modest; with low S/N it is very
weak. With S/N < 1 there is no improvement, there is not even a measure of the
signal: the output is a measure of the noise mean absolute value.

* In conclusion, meters based on rectifiers can just improve an already good S/N.
They can’t help to improve a modest S/N and it is out of the question to use them
when S/N <1. For improving S/N it is necessary to employ filters before the meter.
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Synchronous (or Phase-Sensitive)
Measurements of Sinusoidal Signals
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Signal and Reference for Synchronization :
KEY EXAMPLE
for the study of synchronous measurements and narrow-band filtering
SIGNAL OUT

AC voltage supply

AANAWAWAWLNEW
VVV VY

x(t) = A cos(w,,t + @)

A to be measured
+ Out

N
a— a— >

¢ constant and known*

R; = R{9) resistance tracks a variable ¢,
REFERENCE (e.g. a temperature or a strain);
resistances R, , R;, R, are constant

m(t) = B cos(w,,t)

ANVANANVANVANEEN
V V V V V7

Shows the frequency and phase of the signal
i.e. points out the peak instants of the signal
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Signal and Reference for Synchronization 10

KEY EXAMPLE
for the study of synchronous measurements and narrow-band filtering

VWIN ANV
VVVVy

x(t) = Acos(w,t + @)
Out

N
7

A to be measured
| ( constant

m(t) = B cos(wpt)

ANVANANWANVANEEN
VvV V V V V7

R; 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 0 = 9(t)
variable A = A(t) = x(t) is a modulated sinusoidal signal

SLOW variations = the Fourier components of A(f)=F[A(t)] have frequencies f<<f,,
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Elementary synchronous measurement: peak sampling 11

Vour = A

Signal Vin=4 v ‘

%%v&v%%% > Sample&Hold > A >

DC output signal
Reference 5(t) ]
NNNNANNS Sampling
—>
VVV VYV driver

Time domain Frequency domain

4 A
Signal A x(t) S8 + fn) 1X] =6 = f)
ALY W | |
VAAVALVARVALVAL VAR I
Twit)=s(t) 1
Weighting i
1

S A4 S
7 7

t f
NO FILTERING ACTION: output noise power = full input noise power
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Noise Filtering
in Synchronous Measurements
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Synchronous measurement with averaging 13

over many samples N >>1 of the peak

x(t)
x(t) = Acos(2mf,t) /\ /\ /\ /\ /\ /\ 5
| \/ \/ \/ \/ : t
: wit)
N = £,2T »> 1 i T T T T i
: T :/ T j t>
To take N samples E( 0 ’:
is equivalent to gate | : !
a free-running sampler - ' |
: T r(t) :
w(t) = m(t) - rp(t) , '
T f m(t) Ti t
| I
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Synchronous measurement with averaging 14

over many samples N >>1 of the peak

x(t) = Acos(2mf,t) MX|
AWAWAY \WAWANWANR T T .
VARVAAVARVARVARV AR . 5 7
m(t) [M]
(N A T O O
>t 2f ., “fm A fm 2fm }
N rT(t) 1 /RT/
fm > ﬁ %If ‘g‘% A, :%
w®) =m(t) -rp(t) T t -, (W) = M|+ |Rr] f

FILTERING: narrow bands at frequencies O, f,,, 2f,,, 3f, ...
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Poor Noise Filtering by Sample-Averaging

NOISE
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Synchronous measurement with DC suppression 16

by summing positive peak and subtracting negative peak
samples

x(t)

AGA AN A /\
\/VV\/\/\/

wit)
) |
To take 2N samples : T T f T T | NB: equal number of
is equivalent to gate : I | I > positive and negative
a free-running sampler | l | l j ‘ samples (zero net area)
w(t) = m(6) - rr(t) i |
L r g r .
| |
i Fritt)

T : T
m(t)

~ V

T?H f it
T T T

~
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Synchronous measurement with DC suppression ;

17
by summing positive peak and subtracting negative peak
samples

x(t) [X]
AU N N A
\VAAVARVARVARVARVARY fm fm f

TlT_T M ox 1t X1 ox-

l l l l i t A 0 /R/fm o S
Trit) | T

[ |
N 1\,
i LY.

W)l ~M«Ry
A
{

wi) =m@®) @) T T

T A A S SR

FILTERING : narrow bands at f,, and at odd multiples 3f,,, 5f,, ....
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Improved Filtering by Sample-Averaging with DC 18
Suppression

/\lxl

—_—

T
—
—
N

| -
____§h
_———S-_
\h\/

D
3

3, 2. A Fo 2w w1
EE X 1= :i 1/f noise EE

i ! /\/ / white noise

1 i I "  f

at f,, useful band that collects the signal and some white noise around it

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

at 3f,,, 5f,,.... residual harmful bands that collect just white noise without any signal:
how can we get rid also of them?
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Continuous sinusoidal weighting instead of peak sampling

x(t) = Acos(wyt)

AWAWAW \WANWARWAR

VARVARVARVARVARV,

AAAAA M

V VYV VY

Trdt)

T
w(t) = m(t) - rr(t)

AAJ\/\A

\/\/\/\/\l

l' Tm m f
N 7
'fm A fm ]%
[Rrl
|
> /\/ \"V\A N
t A W~ MRy f
| |
o) | AL S
'fm fm .f

TRULY EFFICIENT FILTERING : just one narrow band at f,,
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Optimized noise filtering in synchronous measurement 20
,[ /\lxl T
Am rm Tf
! AJW/?

?Ez:t

D

'3fm 'me " If:|n :fl me 3fm >f
:i 1n 1 1/f noise
: ! / w / white noise
g i  f

e atf,, useful band that collects the signal and some white noise around it
* Nobandatf=0, no collection of 1/f noise

No residual bands at 3f,,, 5f,, ... no more collection of white noise without any signal

How to implement this optimized synchronous measurement?

Signal Recovery, 2024/2025 — BPF 3 van Rech [N B POLITECNICO DI MILANO



21

Basic set-up for Synchronous Measurement
with optimized noise filtering

Input Signal
x(t) = Acos(wmt) Z(/t) =x{t) - m{t ys X A
A
av%vav%%» — Andlog ¥} Gated 1o e output
Multiplier Integrator
\ |
Reference m(t) = B cos(w,t) T NB: Low-Pass Filter
ANANANAN l (with switched parameters)
VAVAVAVAVAS I
Weighting in time domain Weighting in frequency domain
W(f)| ~ M * Ry
w(t) = m(t) - (1) o
/{\, J(\. 1
'. >/ «— 77

Gl cut |
A LA
AVaVATA ‘|| ]l I‘/\ AN >

Gl cut
-\TI/A\/A\/*\/\\/\W/ ¢ R —

NB the reference input to the multiplier is a STANDARD waveform, which

absolutely does NOT depend on the signal: it is the same for any signal !!
Therefore the set-up is a LINEAR filter (with time-variant parameters)

lvan Rech - I POLITECNICO DI MILANO
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Main Advantages of >

Synchronous Measurements with optimized noise filtering

This linear time-variant filter composed by Analog Multiplier (Demodulator) and Gated
Integrator (Low-pass filter with switched-parameter) has a weighting function similar
to that of a tuned filter with constant-parameter, but has basic advantages over it:

* Center frequency f,, and width Af, are independently set
* The center frequency is set by the reference m(t) and locked at the frequency f,,

* Incases where f,, has not a very stable value the filter band-center tracks it:
the signal is thus kept in the admission band even if the width Af, is very narrow.

* The width Af, = 1/2T is set by the Gl, it is the (bilateral) passband of the Gl

* Narrow 4f, and high quality factor Q can thus be easily obtained at any f,,

Ay < fo Q=221
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Lock-in Amplifier
Principle and Weighting Function
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From Discrete to Continuous Synchronous .24

Measurements:
principle of the Lock-in Amplifier (LIA)

With averaging performed by a gated integrator, the amplitude A can be £ °
measured only at discrete times (spaced by at least the averaging time 2T ). H&“R/
However, by employing a constant-parameter low-pass filter instead of the Gl,
continuous monitoring of the slowly varying amplitude A(t) is obtained.

g
|
Input signal : z(t) = x(t) - m(t)  Constant-param.
x(t) = Acos(wpt) I \ Low-Pass Filter : ys X A
| T~ R Vv
A |
e = e [T >
: e r—pe T C| ! quasi-DC
Reference I ‘ —— : Output signal
m(t) = B cos(wy,t) : , I
we(a) LPF weighting f.
ANNANAN X | fa) g gf:
VAVAYAYAY gy

The constant parameter LPF performs a running average of the output z(t) of the
demodulator. The output is continously updated and tracks the slowly varying
amplitude A(t). 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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Principle of the Lock-in Amplifier (LIA) 25
F———————=—=—=—=—=—=—===-==-=-= |
Input signal : z(t) = x(t) - m(t)  Constant-param.
x(t) = A cos(wyt) I _\ Low-Pass Filter : Y o A
A ! Analog T R I
Av%vavav%» —L e > -W —> >
I Multiplier — A
Reference : Tr=RC | I quasi-DC
= l Output signal
m(t) = B cos(w,,t) : | BF ahti 1
ANANAN | wea) weig t/ngf.:
VAVAVAVAY T e -

The constant parameter LPF performs a running average of z(t) over a few T,
that continously updates the output

(00)

y(E) = j 2(a)) wr(a)da = j x(@) m(@wr(@)da

— 00

By comparison with the definition of the LIA weighting function w,(a)

y(©) = j x(@) wy () da

we see how the demodulation and LPF are combined in the LIA

wi (@) = m(a) - wp(a) = VAGIENURZ
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Weighting Function w, of the Lock-in Amplifier 26

x(t) = Acos(w,,t)

[ X[
AAWAWAWAWAY W ET ]T :
\VAAVAAVAAVAAVARVEE: f f f

m(t) = B cos(wmt) ; [M] )
AANAN AN 1 [T
VARVAAVAAVARVARVAN 7. i ]

LPF noise Wr| = ———
LPF weighting function w _ 1 J1+ @nfTy)?
ghting f L bandwidth “/ =2, —>le—
(bilateral)
< ” >
A WL (5 f
wi(a) =m(a) -wgla) A gommyoopoooo

T _\_/____\/____\_/____v ________ v_ 'fm fm

t (WL(O| = M| * [Wg|

S
e
5
g
=S
-
. >

—

\h\/
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S/N of the Lock-in Amplifier 27
Input Signal (in phase) [X]
x(t) = Acos(2mfy,t) é T T é
2 2
- mi A\/ W/Z i fm f
I B\2 | . af =L Bilateral noise
Weighting <§> I /\ _>A<_ 2Tr | bandwidth of the LPF
'fm i i fm f
Noise density (bilateral) T =n 1/f noise
Sup = Sp + S?fc / \ / white noise
i i 55
: > f
- . AB B
Output signal  ys = 255 =54

= | (), "=
oo - N[ J2Ssbf
nyy

L Output Noise 15, =2(5) S+ Af ==+ 55 81,

Signal Recovery, 2024/2025 — BPF 3 van Rech [N B POLITECNICO DI MILANO



Case of DC signal with LPF compared to AC signal with LIA -

DC voltage supply x(t) = A

v
VA :: + ﬁ LPF
> V +
A Out
o
— :_L—C
Ty = RC

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.
The signal now is a DC voltage equal to the amplitude A of the previous AC signal.

With a LPF equal to that employed in the previous LIA we obtain:

Output signal yc=4 (i) _ Yo _ A
— o N —
Output Noise "¢ = 25x " frn l ¢ /"32;c V5n é frn !

(S, mean density in the LPF band) \Af
n

This S/N may look better by the factor v/2 than the S/N obtained with the LIA,

but is this conclusion true?
NO, such a conclusion is grossly wrong because S,, > Sp !
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DC signal and LPF compared to AC signal and LIA 29
DC Input Signal IX(HI=A-5(f)
x=A
—fm i ' /W/:/Z i fm Tf
i ______ By = 2fn i
Weighting of the LPF ! 11 i
'fm i AS i fm f
Noise density (bilateral) n 1/f noise
Spp = Sp + Sicfc j \ / white noise

| i 7
S,, mean spectral density in Sp Spectral density

the LPF band at f=0 in the LIAband at f=f,,

A passband at f = O’is a risk: 1/f noise gives S, >» Sy !!
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Fake LIA passbands arise from imperfect modulation 30

* Ideally, the reference waveform should be a perfect sinusoid at frequency f,, with
amplitude B,

* In reality, deviations from the ideal can generate spurious harmonics at multiples
kf,, (k=0,1,2...)with amplitudes B, (small B, << B; in case of small deviations)

* Moreover, effects equivalent to an imperfect reference waveform can be caused by
non-ideal operation (non-linearity) of the multiplier

e Sinceitis (WL())| = M(f) « We(f)

each spurious harmonic component of M(f) adds to the LIA weighting function W,
a spurious passband at frequency kf,, with amplitude B, and shape given by the LPF

* Afake passband at f =0 is particularly detrimental even with small B, << B,
because it covers the high spectral density of 1/f noise ....

e ....and unluckily any deviation from perfect balance of positive and negative areas
of the reference produces a DC component with associated passband at f=0!!
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Fake LIA passband atf=0 31

Imperfect reference
with DC component

'fm i I /WL/2 i fm ff
LIA weighting function = e ) (ﬁ)z
Tm i i fm /f
f : rS, :
Noise density (bilateral) f-
SBfC i j\ E SnZSB+537
! : :
| ! Ss
. f /f

e : . B?
The ratio S,,/ Sg> f;/f >> 1 can match or exceed the amplitude ratio 713

so that the noise in the fake passband n},, = B§ - S, - Af,

By
can equal or exceed that in the correct passband nJZ,Ll =5

SB ) Afn
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