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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 |t's time to begin a discussion on the techniques for improving
S/N

e Noise-reduction techniques obviously depend on the type of
signal and of noise:

Noise
HF (White) LF (flicker)
LF (constant) this lesson
HF (pulse)
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Outline

e Amplitude modulation and demodulation

e The weighting function
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The problem

e If the signal is at DC level and buried in LF noise, HP or BP filters
pecome useless

e |f we could move the signal spectrum to higher frequencies, we
would improve S/N

e A high-Q BP filter could then be used to recover the signal
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Amplitude modulation (AM)

x(t) )’m(t) = x(t)c(t)
X(f) % M(f) = X(f) = C(f)
c(t)

C(f)

e The amplitude of a carrier wave c(t) is modified by a modulating
signhal x(t)

e Originally developed for telephone and radio communication
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Time and frequency domains

e \We consider a sinusoidal carrier
c(t) = Acos(w.t + ¢,) ©

C(f) =5 (ef"’CcY(f fo) +e1e5(f + £,))

e The modulated S|gnal is then
m(t) =x(t)c(t)

M(F) = X(f) + C(f) = (e"”CX(f f) + e IPX(f + 1)
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Waveforms and spectra
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Demodulation

)
m(t) d(t) = m(t)c(t) | 1pE [x©®
M) %9 p(f)=MH+cH) () YD
c(t)
C(f)
d(t) = m(t)c(t) = x(t)c?(t) = x(t)A*cos*(w, t + P.)

= ;x(t)(l + cosRw.t + 2¢.))

2

CE X))+ S (72X (f — 2£) + e 20ex(f +2£)
| | .
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N Frequency-domain view
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Frequency and phase errors

e \We consider demodulating with
Wr(t) = Bcos((wC+Aa))t + ¢ + Aqb)
e The low-frequency term (small Aw) is
y(t) = ABx(t) cos(Awt + Ag)/2
* Phase error = signal reduction
= Frequency error = oscillating behavior

e The reference must be locked in frequency and phase to the
carrier = synchronous detection

e The demodulator is also called phase-sensitive detector (PSD)
.
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Outline

e Amplitude modulation and demodulation

e The weighting function
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PSD weighting function

x(t) 40| | pp |2®,
X(f) % D(f) | Y(f)
wg(t)

Wr(f)

y(t) = f A wyp(t, 7)dv = f X (Dwg (@wyp (¢, 7)dr

w(t, 1) = wg(D)wp(t,7)

Wt f) = Wr(f) * Wpp(t, f)
N
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Time/frequency domains
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Notes

e The filter is time-variant even if LPF is LTI = remember that

y(t) = f X (Ow(t, )dr = f X(HOW* (&, f)df

= Y (f) is NOT equal to X(f )W (¢, f)
e For the case of a PSD with LTI LPF, we have instead

Y(f) = HLP(f)(X(f) * WR(f))

o If wi(t) is a periodic signal, |W (f)| represents the frequency

components that give contributions in the baseband
.
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Examples
D
A MWp ()] A |W(f)] A MWp ()] A |W(f)]
M1 Mm 1
1 103 1 105
A A
f f
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A v () 1.
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Jl l\ )f A J v A >
0.5 10
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Weighting function interpretation
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PSD as optimum filter

e Let’s take a simple case of constant signal = the input of the PSD
is then x(t) = Acos(w,t)
e [f LPFis an LTl integrator
wip(t,7) = Ku(t—1) = w(t, 1) < x(7)
= PSD is the optimum filter!

e In the general case, the signal is not constant = the PSD is quasi-
optimum, but more flexible
= Reference frequency set externally
= BW of LPF can accomodate different signals
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Another look at the weighting function

e For the case of the LTl integrator we have

YO = K | x@wa(d = K (0)

e y(t) is an estimate of the cross-correlation between input and reference
sighals = maximum output is achieved when x(t) has the same frequency
and phase as wy (t)

e For, say, a simple RC filter we have

1 [t _t=
y(®) = 7 f x(Dwg(D)e TF d

which is again Ky, (0) estimated over a time Ty
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Frequency domain

e In the frequency domain we have

X(f) * Wa(f) = f X)W (f - v)dv

e The output LPF selects the components around f = 0, i.e.

Y(f) ~ f X)) We(—v)dv = f X)W (v)dv

We find again the correlation behavior!
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Output noise
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The output noise of the PSD is non-stationary (actually
cyclostationary) even for stationary input noise
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Output noise autocorrelation

Rys(t,t+1) =ng(t)ng(t+ 1) =n, (t)n, (t + Dwr()wg(t + 1)
= Ryx(T)wpg (B)wr(t + 1)

e In particular, n2(t) = n2w2(t)

e Since the output filter averages over many periods of wp, we consider
the time average

(Raa(t,t + 7)) = Ry (T)(WR ()W (t + 7))
T

= Ry (7) hm 0 2T WR (Owg(t + 1)dt = Rxx(T)KwaR (7)
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Output noise rms value

e Input flicker noise, K = 3.3 x 1078 V2, f, = 1.5kHz, Tr = 15

e Output rms noise (ensemble average over 6000 realizations):
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Output noise autocorrelation

0 2 4 6 8 10
Time shift 1 [s]
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Wrap up

e The reference signal is

B
wg(t) = Beos(wyt) & Wr(f) = - (6(f = f) + 8(f + )
e |ts time correlation is

B* B*
Ko (0 = = €08(0r7) © S () = = (8(F = £) + 8(f + )

e The demodulated noise autocorrelation becomes

B* B*
Rga(T) = Ryx(7) 7C05(er) S Sq(f) = T (Sx(f = )+ Sx(f + 1)
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Ex: flicker noise spectra (LTI LPF)

Sx(F) |

vV~

e

—s NURSTHI —S = £

|WLP(f)|2
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Output noise

5 = | saDWip(DIar

2

:Bj<f Sx(f_fr)leP(f)lzdf'l'fsx(f_l'f?”)lWLP(f)lzdf)

2

=%(f5x(f)|WLP(f+fr)|2df+f5x(f)|WLP(f_fr)|2df)

= [ scpwprar
m—
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Output noise

—ﬁ\ Y fr

These are the input noise components that will contribute to the
output noise = remember the meaning of the weighting function!
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Output rms noise

e We consider the equivalent noise bandwidth of W;p(f), BW,,

e We approximate S;(f) with S;(0) over BW,, (narrow-band
output filter)

e The output mean square noise is then

nZ = f Sa(PIWip(FI2dS ~ S4(0)2BW,

2
— ZBWnBT(Sx(_fr) + Sx(fr)) — BZBWn Sk (fr)
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Previous example:

e B=1V, f, =15kHz, Tr =1s= BW, = 0.25 Hz
e \WN case:

n2 =ABW, =25x 107122 = /@ = 1.58 uVv

e FN case:

n2 = EBW =55x 107122 = |[n2 = 2.35 uV
Y f oo

Alessandro Spinelli — Electronics 96032

POLITECNICO DI MILANO



S /N ratio

e \We consider a constant (modulated) signal
x(t) = Acos(w,t)
e Qutput signal and noise are

AB
y(t) = - (no phase errors)

n32/ — BZBWnSx(fr)
S - A

N \/4Sx(fr)BWn
| | .
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Remarks

e |f only LPF were used, S/N would be
s A
N /25,(0)BW,
e Synchronous detection is useful only if S,.(0) > S,.(f-)

e The modulation stage must be inserted before the relevant LF

noise sources (usually the amplifiers)
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NI Wheatstone bridge with LIA -

D

Vsin(w,t)
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Low-light measurement with LIA

light source chopper test object photo detector lock-in amplifier gauge
_‘.-i' LN
& DUT *l‘*slz ——fsig [>  — /
ref
i

chopper control
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