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NEWTR

= Homework Assignment #8
= Due Friday by 11:59 PM

m Coding Assignment #4
= Due Today by 11:59 PM

= Submit via canvas

o Submit answers as a PDF
o Submit code as .m files

m Exam #2

" |n one week
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Downsampling

® Reduce Sampling Rates

Image from Martin Vertelli’s notes

Foundations of Digital Signal Processing | Lecture 24: Multi-rate Processing



Downsampling

m Reduce Sampling Rates

x[n] —b@—b y[n] = x[Mn]

Downsample by M

hin]
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Downsampling

m Reduce Sampling Rates

x[n] —>@—> y[n] = x[2n]

Downsample by 2

h{n]
' . ?
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Downsampling

m Reduce Sampling Rates

x[n] —>@—> y[n] = x[2n]

Downsample by 2

h[n] h[n]
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Downsampling

m Reduce Sampling Rates

x[n] —>@—> y[n] = x[2n]

Downsample by 2

h[n] h[n]
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Downsampling

= So what happens in frequency?

x[n] —>@—> y[n] = x[2n]

= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times

1
Fix[2n]} =2 [X(w/2) + X(w/2 = 1)]
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Downsampling

= So what happens in frequency?
= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times
x{n] Downsample by 2 yln]

—
o—
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Downsampling

= So what happens in frequency?
= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times
x{n] Downsample by 2 yln]
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Downsampling

= So what happens in frequency?
= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times
yin] Downsample by 2

n

-10 -5 5 10

nmnmn—

Lecture 24: Multi-rate Processing



Downsampling

= So what happens in frequency?
= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times

yin] Downsample by 2 2In]
S ¢
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Downsampling

= So what happens in frequency?
= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times

yin] Downsample by 2 2In]
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Downsampling

= So what happens in frequency?
= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times
xIn] Downsample by 2

e
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Downsampling

= So what happens in frequency?
= Sketch each signal period by 2 AROUND every 21

= Reduce amplitude by 2 times

n] Downsample by 2 vin]
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Downsampling

m Question

= What is the condition to prevent aliasing for downsampling by 27
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xIn] Downsample by 2 vin]
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Downsampling

m Question

= What is the condition to prevent aliasing for downsampling by 27

Wax < T/2

x[n] yIn]
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Downsampling

= So what happens in frequency?

x[n] —b@—b y[n] = x[Mn]

= Sketch each signal period by M AROUND every 2m

= Reduce amplitude by M times

F{x[Mn]) Mz (ﬂ—— )
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Downsampling

= So what happens in frequency?
= Sketch each signal period by M AROUND every 2

= Reduce amplitude by M times
X[n] Downsample by M=4
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Downsampling

= So what happens in frequency?
= Sketch each signal period by M AROUND every 2

= Reduce amplitude by M times

X[n] Downsample by M=4 vin]
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Downsampling

m Question

= What is the condition to prevent aliasing for downsampling by 27

X[n] Downsample by M=4 vin]
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Downsampling

m Question

= What is the condition to prevent aliasing for downsampling by 27

x[n]

-20 -10

Wmax < T/M
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Downsampling

m Question: How do we prevent aliasing?

x[n] —b@—b y[n] = x[Mn]

= Sketch each signal period by M AROUND every 2m

= Reduce amplitude by M times

F(x[Mn]) Mz (ﬂ—— )

k=0
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Downsampling

m Question: How do we prevent aliasing?

x[n] —b@—b y[n] = x[Mn]

= Sketch each signal period by M AROUND every 2m

= Reduce amplitude by M times

m Question:

= What is the requirement to prevent aliasing?

Lecture 24: Multi-rate Processing



Downsampling

m Question: How do we prevent aliasing?

x[n] —b@—b y[n] = x[Mn]

= Sketch each signal period by M AROUND every 2m

= Reduce amplitude by M times

m Question:

= What is the requirement to prevent aliasing?

" M <m/M
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Downsampling

m Question: How do we prevent aliasing?

x[n] @—» y[n] = x[Mn]

Low pass filter

Cutoff: 71 /M
Gain: 1

= Apply anti-aliasing
= Sketch each signal period by M AROUND every 2

= Reduce amplitude by M times
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Downsampling

= Without Anti-Aliasing

x[n] —>@—> y[n] = x[3n]

x[n] Downsample by M=3

t ¢

n PUPNPIPUPPAT L B I N SPNPUPUPEPEP.
-20 -10 10 20 -20 -10 10 20
X Y
( w) ( w)
04 | 04 |
03 | 03 |
0.2 I 0.2 |
0.1 0.1
i —m—, - —
. w T w
0.33 p 0.33 T

Lecture 24: Multi-rate Processing




Downsampling

m With Anti-Aliasing

x[n] @—> y[n] = x[3n]

*
X[nI*hin} Downsample by M=3 vin]
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Upsampling

® Increase Sampling Rates

wln) = (W) yin

= How do we increase the sampling rate?

Lecture 24: Multi-rate Processing



Upsampling

® Increase Sampling Rates

—b@—b ? x[n/N]

= How do we increase the sampling rate?
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Upsampling

® Increase Sampling Rates
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Upsampling

® Increase Sampling Rates

Upsample by 2

¢ . ?
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Upsampling

® Increase Sampling Rates

Upsample by 2

x[n] y[n]

¢ ¢
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Upsampling

= So what happens in frequency?

) —+(12)> yin

= Shrink entire frequency-domain signal by 2

= Amplitude does not change

Flylnl} = X(2w)
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 2

= Amplitude

does not change

x[n]

Upsample by 2
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 2

= Amplitude does not change

x[n] yln]

Upsample by 2
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Upsampling

= So what happens in frequency?

wln) = (W) yin

= Shrink entire frequency-domain signal by N

= Amplitude does not change

Flylnl} = X(Nw)
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 2

= Amplitude does not change

x[n] yIn]

Upsample by 2
'Y ﬁ 'y
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 3

= Amplitude does not change

x[n] yIn]

Upsample by 3
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 4

= Amplitude does not change

x[n] yIn]

Upsample by 4
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Upsampling

m Question: How do we get the higher sampling rate?
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Upsampling

m Question: How do we get the higher sampling rate?

n) (1) y[n]

Low pass filter

Cutoff: 71 /N
Gain: N

= Shrink entire frequency-domain signal by N
= Amplitude does not change

= Apply reconstruction filter
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 2

= Amplitude does not change

x[n] yIn]

Upsample by 2
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 2

= Amplitude does not change

x[n] y[n] * hn]

Upsample by 2

10
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 2

= Amplitude does not change

x[n] y[n] * h[n]
Upsample by 2
® ﬁ
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 3

= Amplitude does not change
x[n] y[n] * hin]

Upsample by 3
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Upsampling

= So what happens in frequency?

= Shrink entire frequency-domain signal by 4

= Amplitude does not change

I

-10

x[n]

y[n] * hn]

Upsample by 4
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Resampling

m Question: How do non-integer sampling rate changes?
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Resampling

m Question: How do non-integer sampling rate changes?

xln) y[n]

Low pass filter

Cutoff: T /N
Gain: N
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Resampling

m Question: How do non-integer sampling rate changes?

Low pass filter Low pass filter

Cutoff: 71 /N Cutoff: 1 /M
Gain: N Gain: 1
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Resampling

m Question: How do non-integer sampling rate changes?

dn] =) C)—> yim

Low pass filter
. (M T
Cutoff: min (—, —)
N M
Gain: N
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Resampling

m Question: How do non-integer sampling rate changes?

o) —(13) (12> yim

Low pass filter

T
Cutoff: g
x[n] Gain: 3 downsampled
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Resampling

m Question: How do non-integer sampling rate changes?

o) —(13) (12> yim

I Low pass filter

VIA
Cutoff: g
XU ) Gain: 3 downsampled
w
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