Exercise in spectra, and spectral density

In this exercise, we combine the Filtered Noise sayor’'ve been using with
Amplification and further Filtering, and then we sum ithaan externally-generated
sinusoid, to produce a waveform of the sort often seémei lab: a signal polluted by, or
even buried under, broadband noise. And then we seechquantify that signal, and
guantify the noise, and how to use the 770 to see thal signd the noise, in a picture
vastly clearer than anything visible in the time doma

Start with your Buried-Treasure module’s Filtered-Noisguaytand amplify it by x10
and x2.5 using the Wide-Band Amplifier module. Now furthiggrfithat output, by
sending it to the input of your Filter module. Set thiggrfto frequency 20 kHz and Q =
0.71, and look at the Low-Pass output of the filter modtilee original noise spectrum
has been initially filtered free of very-high-frequermgmponents, then amplified, and
now further filtered, basically to have

very nearly the amplified content, for frequenciesfO<<20 kHz,
but rapidly dropping content for frequenciesbove 20 kHz.

In fact, the behavior of this filter for white neigs akin to that of a sharp-edged or ‘brick-
wall’ filter, which would multiply the frequency conteat the input

by for 0 <f < 22.2 kHz,
and by forf >22.2 kHz.

That is to say, the ‘equivalent noise bandwidth’ of garticular filter is 22.2 kHz.

Now send the filter's output to the Summer unit; to ttseo input, send a sinusoid from
an external generator. Set that generator to a freguear 10 kHz, and an amplitude of
0.3 Volts. The output of the summer will resemble thi®pe view:
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Fig. 6.3: A sinusoidal signal, of period 108 and amplitude 0.3 V, well-buried under noise.

This noisy waveform hides a sinusoid of amplitude 0.3 \inoehoise that splatters all
over thex2-V range, and beyond. Apply that signal-plus-noise wakeforyour 770,
and look as follows:



1: In full frequency Span, notice the ‘noise floor’ agsdhe display; because of the
filters’ actions, it is spectrally flat from O to 20 kHand then drops monotonically in the
20-100 kHz range. (Try temporarily using a logarithmic sfaaléhe frequency axis to
help see this better.) Confirm, by temporarily lomgthe Amplifier gain 10-fold, that
your noise module really is the source of this noisdpaound. (The noise floor should
drop by 20 dB, ie. 100-fold in power, due to 10-fold smaller geltgain at the
amplifier.)

2: Be sure you've set the Measure softkey to PSD, ansl ianiolts rms, and use
Averaging to estimate the voltage spectral densityehtise floor. You might find a
value near 4 mVrmgHz.

3: Now look at the spectrum in the vicinity of 10 kHz apdtsthe ‘spectral line’ due to
your signal generator, lying above the ‘floor’ of contbus spectrum from the noise
source. Temporarily change the frequency, or kill thpliude, of your generator, to
confirm the origin of this feature. Note how promintgre spectral line is, in this
frequency-domain view, compared to the signal's tatlainergence under noise in the
time-domain view of Fig. 6.3.

4: Switch to the appropriate function to quantify thigrsil peak’: use the Measure
softkey to change from PSD to Spectrum, and (since ybnyirgy to measure the height
of a peak) use the Window softkey to change to a Flattogoww. To see that you really
have a stable rms measure for this signal, now zaam the frequency axis, reducing
the Span in steps of 2, eventually using a span of 390 lésgrcentering your signal
peak in the display. The rms measure of this signakealtcely change in the process —
particularly as the frequency bins get narrow, and youk pemht is minimally
contaminated by noise. Even the power spectral desfsibe noise floor won't change
in its VrmsA/Hz units as you do this zooming process — check out thiat also. But
Vrms and Vrms/Hz are literally incommensurate units, and pheminence of a signal
peak against a noise floor will rise, dramatically, wiyeu zoom in by this method.

[Why? Because all the spectral power in_the signdk up in a single spectral bin,
whether that bin is 250 Hz or <1 Hz wide. But the amafispectral power of the noise
part of the waveform which ends up in any particulardbopslinearly with the
frequency-width of the bin, and you’ve lowered that bidttvby 256-fold during this
exercise.]

[This lunch is not free! Notice that he narroweuyoake your frequency span, and the
more the signal peak stands up above the noise flodigriper the acquisition time
which is required.]

5: Now learn to predict the rms measure of the signahphise waveform, using

< [Vsig (t) +Vnoise(t) ] ? > = <Vs'g 2( t) > + <Vnoisez( t) > .

(and why is there no cross term in this formula?)



* here ¥54(t)> is the mean-square measure of the signal, giverebsahare of its
rms measure. (Squaring undoes the ‘rooting’, leaving ligsttean square.)
« here ¥isZ(t)> is given instead by an integral over a density, via

J: S(f) df = (Syiee) Af = (Se) [{22.2kHz)

whereSise IS the approximately-constant power spectral dggsiu’ve measured on the
flat part of the noise floor, amtf is the equivalent noise bandwidth (22.2 kHz, fos t
particular filter) over which thah,.ise Value is applicable.

When you've predicted\¢(t)> by combining these results from the 770, ie.nwhe
you've done an estimate wholly from observationsduated in thérequency domain,
find a way to measure the mean-square valugtpin thetime domain. You might find
a ‘true rms’ voltmeter which does the rms measurgroerrectly, even for signals with
frequencies up to >20 kHz; or you might use thea'sage’ capability of a ‘scope. A
voltmeter will effectively average over its updatee of half-a-second or so; a ‘scope
will average over its full-screen acquisition timgou might use 5Qs/div or more on
the sweep speed, to give >50€ of voltage-logging time.

Once either of these tools has given you an rmgeyaljuare that number to get a mean-
square value ¥(t)> in Volts-squared, derived from time-domain meaments. Now
for two questions:

a) Does you time-domain measagree with your frequency-domain estimate?

b) Inthe sum

<Vs'g2 (t)> + <Vnoise2 (t)> '

what fraction of the sum is due to the first, signal, term?
For the data of Fig. 6.3, that fraction is unde¥l %o the waveform isiore than 89%
noise on a power basis. Yet a frequency-domain viethaf signal-under-noise, viewed
at sufficient spectral resolution, can show a gigeak standing >30 dB, ia.thousand-
fold in power, above the local noise floor.

This exercise should give you a vivid picture ofpwfifequency-domain methods are used
very broadly for ‘signal recovery’ in the presemmdenoise. For more fun with such
exercises, see the projects in Ch. 15 of this manua

6: Now you can vary the sizes of signal and noidependently — vary the signal
strength with your generator’'s amplitude adjustmantl the noise level by changing the
gain in the broadband-amplifier module. You catependently remove either
contribution from the signal-plus-noise superpositdy removing one or the other input
cable to the summer unit. You can use a true-igigbvoltmeter at the summer’s
output to quantify the output in rms measure, andgan square that number to give a
mean-square value.

For fun, prepare a signal-plus-noise combinatiah wqual (rms) contributions of signal
and noise. Perhaps you can adjust each to givé 'ms). What happens when both



waveforms are going into the summer? A look with apscwill show you a waveform
with ‘signal-to-noise’ ratio of 1:1, in which you caeesthe signal by eyeball, despite the
noise. But what will the true-rms meter read?

Answer: not 0.7 + 0.7 = 1.4 Volts (rms). Instead, do the computatiewhy: if the
square root of the mean square, ie. the rms valuey ¥dls, then upon squaring, you
get the plain mean-square, with value (0.7 ¥9.49 \£. So you have two waveforms,
each of which has been set to give a mean-square 0¥/6.48nd since mean-square
values are additive (for these uncorrelated waveforyos) expect 0.49 + 0.49 = 0.98 V
as the mean-square measure of the output. The squaid tbistmean-square is a root-
mean-square, rms, value, of 0.99 V. Ahak is what your true-rms meter should read.

Final question: if you've prepared a noise signal withad20 kHz coverage, and if its
rms value is 0.7 V, what will its power spectral densgéy upon measurement with the
770? Expected answer: the spectrum is flat, ie. ‘whit@n dc upwards, and starts
dropping at a ‘corner’ at 20 kHz, decreasing rapidly (thougrabaiptly) to zero at
higher frequencies. We claim that the filtered spectats as if it were flat to 22.2 kHz,
and zero thereafter. Now we have a measure of 0.i¥%),(so squaring, we conclude
the waveform has a mean-square value of 04936 its spectral density is

S=(0.49 \/) / (22.2 x 18 Hz) = 22.1 x 18 V¥/Hz

The square root of this is the voltage spectral derkifyx 10° V/VHz or 4.7 mVi/Hz.
The 770 should show this result when set to units of Modt- indicating 4.7
mVrmsANHz. Try it out.



