Digital Signal Processing

Averaging and Dithering
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Key Points from Last Class

During A/D conversion the input signal is
limited to discrete values — Quantization

Quantization adds noise to the signal
Adds to the input signal noise
Quantization noise o Is 0.29 LSB

Quantization noise can be reduced by
iIncreasing the number of bits in the ADC

~ 6 dB per bit
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Key Points for Today

Averaging can improve the SNR by reducing
the noise level

Averaging may not work in all cases

Where signals are small compared to the
guantization levels

Adding noise (dithering) to the input signal then
averaging can improve this situation.
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Overview of ADC/DSP/DAC System

antialias filter reconstruction filter
Digital DAC Analog
——> Processing ——> Fllter
Analog Filtered Digitized Digitized SH Analog
Input Analog Input Quiput Analog Quiput
Input Output

Still focusing on the ADC today
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Decreasing Noise Levels in
Signals

The typical error equation says

0

Oest _\/N
Taking more samples of the signal and
averaging should decrease the noise and
Improve the SNR
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Oversampling and Averaging

- If we have a noisy signal that we are sampling

DC Signal with Noise and Samples
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10

Average Value = 2V

The sample values will
have the same
standard deviation as
the noise




Oversampling and Averaging

Close up view of sianal and sambles
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Reducing Noise

| need to keep the same sample rate, but | want
to reduce the noise Iin the signal. How?

What if | increase my sample rate by 5 then
average 5 of those values to create a single
sample at the original rate?

SIR

Oest —
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Reducing Noise

What happens to my noise level?

Using the typical error equation

0}

Oest = \/_N

The standard deviation of the noise should
decrease by a factor of 1/+/N.
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Oversample by 5X

Change the sample rate (increase by 5X)

DC Signal with Noise and Samples -- 5X Oversample
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Oversample by 5X

- Change the sample rate (increase by 5X)

8 DC Signal with Noise and AVeraged Samples -- 5X Oversample
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Now average 5 samples at
the higher rate to create
one sample at the original

rate




Oversample by 5X and Average

The SD of the averaged
samples has decreased

DC Signal with Noise and AVeraged Samples -- 5X Oversample
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Standard deviation of

the original samples
0-1X —_ 16

Standard deviation of

the averaged samples
O-SX —_ 072
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50X Oversample

Increase the oversample rate to 50X
Average 50 samples

DC Signal with Noise and Samples -- 50X Oversample
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50X Oversample

Average 50 samples to get 1 o
sample at the original rate Standard deviation of
the original samples

DC Signal with Noise and AVeraged Samples -- 50X Oversample
0] 1X — - 1 8
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Standard deviation of
the averaged samples
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Arduino Code For Averaging

Code hangs out waiting for a
=+ sample interrupt

35 .II.".I.."-J.-J.-J.-J.-J.-J.-J.-J.--J.-J.-************************

29 wvoid loop()

40 | {

41 syncSample () ;
4z

13| //esmple = analogRead (LMEL); When the interrupt occurs then

44 bample = analogReadave () ;

12| Pemple ™ mnalogReadiwel): accumulate 160 samples of the
ADC

_,-"I.,-"I""*************************** Ak ke ke ke ke ok e b ok e ke

Then average the values

-l & n

float analogReadfive (void)

tnoLnoenoinoin

(X R ]
——

float sum = 0.0;
for (int i = 0; i < NUM SUBSAMPLES; i++) sum += analogRead(LME1);
return sum/NUM SUBSAMPLES; // averaged subsamples

(A T T )
S N N ]
-

(s I

.II.".II."J.-**********Je*-\kJ.-J.-***********************J.-J.-***********************J.-J.-J.-
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Digital Signal Processing

Dithering to Improve
Quantization Errors
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Sample Averaging Example

- Start with a signal with some noise on it and
guantize it with a resolution of 0.1 Volts
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Sample Number «10%
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Signal Level o, = 0.45V
Input noise ag,, = .022V

SNR =02 /02

SNR = 26 dB




Amplitude

. Original Signal and Quantized Signal Sa m pled S|gna| UI"iginaIISignél andIQuanltized ISignaII
08| showing quantization
06t at 0.1V
04r U
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Signal After Quantization

252 254 256 258 26 262 264 266 268 27 272

2 2.1 2.2 23 24 25 28 27 28 29
Sample Number «10*

Sample Number <104

Input Noise o0 = .022

Quantization Noise ¢ = .29(.1) = .029V 3 4B desradation in SNR
. . . egradation In

Theoretical Total Noise = .037 due to quantization

Measured Total Noise =.037

SNRy, = 21.7 dB
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Use Averaging
N=100 samples

Increase the sample rate by 100 times! — Average 100 samples at the new rate —

Results in the original sample rate
Averaged Signal (N = 100) and Original Signal

08 f | o .037 0037
0} = = = .
o5 1Twe T N T 10
0.4 f 1
° 0.2
E 0 Expected SD after averaging = .0037
g Measured Noise SD after averaging =.006
e | SNR(dB) =37 dB
04t

061

08 +

200 210 220 230 240 250 260 270 280 290 300
Sample

Averaging improved the overall SNR!
Both input and quantization noise reduced by averaging
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When This May not Work?

- What if the signal were smaller and closer to
the quantization level?

Original Signal and Quantized Signal Measured 0 = '3043 WhICh IS
o1y ] what we would expect for
guantization noise.

SNRdB =3.3dB
Original SNRdB =27 dB ®

Amplitude

The signal does not cross the
guantization threshold often

0.85 0.9 09 1 105 11 115 12 125 13 135

Sample Number <10t It is effectively “hidden” within the

guantization levels
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Maybe | can fix this with Averaging?
Averaging 100 Samples

Taking the average of 100 of the same value
still results In the same value

Original Signal and Quantized Signal
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Averaged Signal (N = 100) and Original Signal

011 1 1 1 1 1 1 1 1 1 1
285 290 295 300 305 310 315 320 325 330
Sample

The averaged signal shows little to no improvement in

reproducing the original signal
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Maybe | can fix this with Averaging?
Averaging 100 Samples

- Taking the average of 100 of the same value
still results in the same value

Averaged Signal (N = 100) and Original Signal

i
|  The noise SD after averaging is 0.26
4 | We expected it to be .03
¢ | SNRdB=3.3dB
g \| original SNRdB =27 dB ®
_0:6- \/n\! No improvement in SNR!
-08 r
1 b | | I—J u
240 260 280 300

Sample

R I T EEET-425 Digital Signal Processing




Quantization Error

- Input levels are rounded to a nearest code
value (CV)

Q=2
Threshold
N
Input Levels
Q=1
between the —
thresholds will be
roundedto CV =1 e e .- Threshold

Q=0
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Small Signals are Quantized to a
fixed Value

- If I have small signal that is not crossing the
threshold then | lose that information

Q=2

Threshold

M Q=1
e

Small input values
Quantized to a
fixed value Q=0
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What Can We Do?

If we could randomly force the signal into other
guantization levels, then maybe we could get
averaging to work?

Add noise to the signal to get the signal to
cross into other quantization levels -- Dithering

Dithering noise can come from analog noise In
the system or be added to the signal digitally
using a DAC.
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Dithering, ADC and Averaging

- Try adding dither noise to improve SNR

KU Sensor

o Sensor ( 2 Temperature
Signal
TEMPERATURE + + C Average
SENSOR IDEAL ADC AVERAGING
+ +
Quant
ADC MODEL
o Dither - J

N
\ Quantize Average

Add Noise to the input
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Dither Noise Added to Input
Signal

Original Signal Dithered and Original Signals
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Sample «10% Sample «104

Digitally generated gaussian random
noise with a o of .35 CV is added to the
input signal
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Dither Noise Added to Input
Signal

Dithered and Original Signals

Dithered and Original Signals
T T T T T T 2 F T

25
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Amplitude

4 4.2 4.4 4.6 4.8 5
Sample «10%

_2.5 Il Il Il Il Il Il
5 6 7 8
Sample «10%

Digitally generated gaussian random
noise with a o of .35 CV is added to the

input signal
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Dithered Signal After
Quantization

- The dither noise has forced the input to cross
the quantization threshold multiple times

Dithered, Quantized and Original Signals

| Quantization output in YELLOW.
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Dithered Signal After
Quantization

- Expanded view shows many more quantization
level threshold crossings

Dithered, Quantized and Original Signals

Quantization output in YELLOW.
“oT Instead of the signal being stuck at a
single quantization levels it crosses
it many times

Amplitude

-0.5]

Try averaging now!

-1 1
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Sample w104
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Amplitude
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Output after Dithering and
Averaging

Average 100 samples again

Averaged Signal after Dithering and Quantizing

200 210 220 230 240 250 260 270 280 290 300
Sample
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The dithering and averaging has
allowed us to recover the original
signal even though it was small
compared to a quantization level

Measured SD after dither/ave = .047
Expected SD after dither/ave = .0457

SNR dB =19.45
Original SNR dB =27 dB

Still some degradation but much
improved over no dithering




Dithering Summary

When signal inputs are small compared to quantization
levels the signal is dominated by quantization noise

Averaging alone doesn’t help to improve the SNR

By adding a small amount of random noise (dithering),
the quantization error can be made uniformly
distributed.

Averaging is then effective in improving SNR
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Arduino

- In the Arduino we generate noise using a ramp
signal out of the DAC

DAC Output

70
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0 50

Vref = 5V ADC CV
ey
S

sample

- We add that signal to the input and then
oversample average
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Dithering Noise Added

- Try adding dither noise to improve SNR

KU Sensor
o Sensor

TEMPERATURE
SENSOR

uuuuuuuuu

a0
N \
50
g so
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Z 30
T f
o
0 10 20 30 a0 s0
sample

(r )

__[ +
IDEAL ADC
+

Temperature
Signal

o Average
AVERAGING

Quant
ADC MODEL
\_ J

Quantize Average

Add Noise to the input
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Summary of Oversample
Averaging/Dithering

Averaging can improve the SNR by reducing
the noise level

Averaging may not work in all cases

Where signals are small compared to the
guantization levels

Adding noise (dithering) to the input signal then
averaging can improve this situation.
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