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14: FM Radio Receiver
® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)
® Channel Selection (2)
® Channel Selection (3)

® FM Demodulator |
o Differentiation Filter

@ Pilot tone extraction +

@ Polyphase Pilot tone

® Summary

14: FM Radio Recelver

: DSP and Digital Filters (2017-10178)
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FM Radio Block Diagram

14: FM Radio Receiver FM Spectrum 875 to ]_08 MHZ

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

200 kHz per channel

87.5 108 MHz

[This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)
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FM Radio Block Diagram

14: FM Radio Receiver FM Spectrum 875 to ]_08 MHZ

® FM Radio Block Diagram

o Aliased ADC Each channel: =100 kHz 200 kHz per channel

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

87.5 108 MHz

[This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)
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FM Radio Block Diagram

T FM spectrum: 87.5 to 108 MHz
o Aliased ADC Each channel: £100 kHz

® Channel Selection

® Channel Selection (1)

® Channel Selection (2) Ba‘seband Slgnal
@ Channel Selection (3) Mono (L + R) :|:15 kHZ

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

200 kHz per channel

87.5 108 MHz
L+R L-R
RDS
| A H
15 19 23 38 53 57 kHz

| [This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)
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FM Radio Block Diagram

T FM spectrum: 87.5 to 108 MHz
o Aliased ADC Each channel: £100 kHz

® Channel Selection

® Channel Selection (1)

® Channel Selection (2) Ba‘seband Slgnal
@ Channel Selection (3) Mono (L + R) :|:15 kHZ

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction + -

PR Stereo (L - R): 38 & 15 kHz

® Summary

200 kHz per channel

87.5 108 MHz
L+R L-R
RDS
| A H
15 19 23 38 53 57 kHz

| [This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —2/12 '
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FM Radio Block Diagram

T FM spectrum: 87.5 to 108 MHz
o Aliased ADC Each channel: £100 kHz

® Channel Selection

® Channel Selection (1)

Baseband signal:

@ Channel Selection (2)

@ Channel Selection (3) Mono (L + R) :|:15 kHZ

® FM Demodulator

o Differentiation Filter PIlOt tone 19 kHZ

@ Pilot tone extraction + Stereo (L _ R) 38 :l: 15 kHZ

® Polyphase Pilot tone

® Summary

200 kHz per channel

87.5 108 MHz
L+R L-R
RDS
| A H
15 19 23 38 53 57 kHz

| [This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —2/12 '
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FM Radio Block Diagram

T FM spectrum: 87.5 to 108 MHz
o Aliased ADC Each channel: £100 kHz

® Channel Selection

® Channel Selection (1)

Baseband signal:

@ Channel Selection (2)

5 Crmne getaton @ Mono (L + R): 15 kHz
K Pilot tone: 19 kHz
S Stereo (L — R): 38 £ 15 kHz
® summary RDS: 57 £ 2 kHz

200 kHz per channel

87.5 108 MHz
L+R L-R
RDS
| A H
15 19 23 38 53 57 kHz

| [This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —2/12 '
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14: FM Radio Receiver

FM Radio Block Diagram

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

FM spectrum: 87.5 to 108 MHz
Each channel: £100 kHz

Baseband signal:
Mono (L + R): =15 kHz
Pilot tone: 19 kHz
Stereo (L — R): 38 + 15 kHz
RDS: 57 £ 2kHz

FM Modulation:

200 kHz per channel

87.5 108 MHz
L+R L-R
RDS
| A H
15 19 23 38 53 57 kHz

[This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —2/12 '
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14: FM Radio Receiver

FM Radio Block Diagram

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

FM spectrum: 87.5 to 108 MHz
Each channel: £100 kHz

Baseband signal:
Mono (L + R): =15 kHz
Pilot tone: 19 kHz
Stereo (L — R): 38 + 15 kHz
RDS: 57 £ 2kHz

FM Modulation:
Freq deviation: £75 kHz

200 kHz per channel

87.5 108 MHz
L+R L-R
RDS
| A H
15 19 23 38 53 57 kHz

[This example is taken from Ch 13 of Harris: Multirate Signal Processing] |

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —2/12 '
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14: FM Radio Receiver

FM Radio Block Diagram

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction
® Polyphase Pilot tone

® Summary

FM spectrum: 87.5 to 108 MHz
Each channel: £100 kHz

Baseband signal:

Mono (L + R): =15 kHz
Pilot tone: 19 kHz

Stereo (L — R): 38 & 15 kHz
RDS: 57 4= 2kHz

FM Modulation:

Freq deviation: £75 kHz

T— Tuner

!

Channel
Select

200 kHz per channel

87.5 108 MHz
L+R L-_R
: RI?S
0 15 19 23 3i8 53 57kHz
Lowpass L
FM X(n] x)>— Lowpass R
Demodulator ﬁ | P -
Band| [Freq| |¥ .
19kHZ | pagq XD 38kHz

L—-R signal is multiplied by 38 kHz to shift it to baseband

[This example is taken from Ch 13 of Harris: Multirate Signal Processing]

: DSP and Digital Filters (2017-10178)
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Aliased ADC

14: FM Radio Receiver FM band 875 (0] 108 MHZ

® FM Radio Block Diagram

o Aliased ADC Normally sample at f, > 2f
® Channel Selection

® Channel Selection (1)

® Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +

@ Polyphase Pilot tone

® Summary

-120

-80

40

40 80 120 MHz

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —3/12 '
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Aliased ADC

14: FM Radio Receiver FM band 875 (0] 108 MHZ

® FM Radio Block Diagram

o Aliased ADC Normally sample at fs > 2f
® Channel Selection

® Channel Selection (1) .
@ Channel Selection (2) However
® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +

@ Polyphase Pilot tone

® Summary

-120

Band
Pass

-80 40 0

40 80 120 MHz

ADC
80MHz

ulr]

@30M

DSP and Digital Filters (2017-10178)

FM Radio: 14 —3/12 '
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Aliased ADC

e — FM band: 87.5 to 108 MHz
o Aliased ADC Normally sample at f, > 2f

® Channel Selection

® Channel Selection (1)

® Channel Selection (2) However
@ Channel Selection (3) fS — 80 MHZ a“ases band

® FM Demodulator

@ Differentiation Filter down tO [757 28] MHZ
@ Pilot tone extraction +

@ Polyphase Pilot tone

® Summary

120 80 -40 0 40 80 120 MHz
Band o ADC u[r]
Pass 80MHz|@80M

DSP and Digital Filters (2017-10178)

FM Radio: 14 —3/12 '
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Aliased ADC

14: FM Radio Receiver FM band 875 (0] 108 MHZ

® FM Radio Block Diagram

o Aliased ADC Normally sample at f, > 2f

® Channel Selection

® Channel Selection (1)

However:

® Channel Selection (2)

@ Channel Selection (3) fS = 80 MHZ allases band

® FM Demodulator

e Differentiation Filter down tO [757 28] MHZ

@ Pilot tone extraction +

@ Polyphase Pilot tone —ve frequenCIGS allaS
® Summary
to [—28, —7.5] MHz.

f— 3f
—f+f

—f + 2f
—f + 3f

40 80 120 MHz

ulr]

@30M

: DSP and Digital Filters (2017-10178)
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Aliased ADC

14: FM Radio Receiver -
v TeTeTn— FM band: 87.5 to 108 MHz
® Aliased ADC Normally sample at fs > 2f ol ] § | o
® Channel Selection ': “|_ + +
® Channel Selection (1) . I I T T
@ Channel Selection (2) However |
@ Channel Selection (3) fS o 80 MHZ a“ases band 0 40 80 120 MHz
® FM Demodulator
o Differentiation Filter down tO [757 28] MHZ
@ Pilot tone extraction +
@ Polyphase Pilot tone —ve frequencies alias Band_{ ADC U[r]
® Summary

to [—28, —7.5] MHz. Pass 80MHz|@80M

We must suppress other
frequencies that alias to the

range +(7.5, 28] MHz.

' DSP and Digital Filters (2017-10178) FM Radio: 14 —3/12
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Aliased ADC

14: FM Radio Receiver

FM band: 87.5to 108 MHz

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

Normally sample at fs > 2f

® Channel Selection (1)

However:
fs = 80 MHz aliases band
down to [7.5, 28] MHz.

® Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +

@ Polyphase Pilot tone

—ve frequencies alias
to [—28, —7.5] MHz.

® Summary

We must suppress other
frequencies that alias to the
range +(7.5, 28] MHz.

H_w “_w Nm q«_)w
il I + +
=T T
0 40 80 120 MHz
Band ADC ufr]

IH| (dB)

-60 -

Pass B 80MHz|@80M

725 f 875 108 1.5f 132 MHz

Need an analogue bandpass filter to extract the FM band.

DSP and Digital Filters (2017-10178)

FM Radio: 14 —3/12 '
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Aliased ADC
14: FM Radio Receiver -
v TeTeTn— FM band: 87.5 to 108 MHz
® Aliased ADC Normally sample at fs > 2f
® Channel Selection
® Channel Selection (1) .
@ Channel Selection (2) However
® Channel Selection (3) fS f— 80 MHZ a“ases band
® FM Demodulator
o Differentiation Filter down to [757 28] MHZ
@ Pilot tone extraction +
® Polyphase Pilot tone —ve frequencies alias
® Summary

to [—28, —7.5] MHz.

We must suppress other
frequencies that alias to the
range +(7.5, 28] MHz.

() (2]
(2] (2] Y— Y—
‘&—) Y— “_CIJ N N
. T :
- =] I T

120 -80 40 O 40 80 120 MHz

Band ADC ufr]

IH| (dB)

-60 -

Pass B 80MHz|@80M

725 f 875 108 1.5f 132 MHz

Need an analogue bandpass filter to extract the FM band. Transition band
mid-points are at f; = 80 MHz and 1.5f; = 120 MHz.

: DSP and Digital Filters (2017-10178)
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Aliased ADC
14: FM Radio Receiver -
v TeTeTn— FM band: 87.5 to 108 MHz
® Aliased ADC Normally sample at fs > 2f
® Channel Selection
® Channel Selection (1) .
@ Channel Selection (2) However
® Channel Selection (3) fS f— 80 MHZ a“ases band
® FM Demodulator
o Differentiation Filter down tO [757 28] MHZ
@ Pilot tone extraction +
® Polyphase Pilot tone —ve frequencies alias
® Summary

to [—28, —7.5] MHz.

We must suppress other
frequencies that alias to the
range +(7.5, 28] MHz.

f—3f

—f+f

—f
—f + 2f
—f + 3f

120 -80 40 O 40 80 120 MHz

Band ADC u[r]

IH| (dB)

-60 -

Pass B 80MHz|@80M

725 f 875 108 1.5f 132 MHz

Need an analogue bandpass filter to extract the FM band. Transition band
mid-points are at f; = 80 MHz and 1.5f; = 120 MHz.

You can use an aliased analog-digital converter (ADC) provided that the
target band fits entirely between two consecutive multiples of % fs.

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —3/12 '
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Aliased ADC
14: FM Radio Receiver -
v TeTeTn— FM band: 87.5 to 108 MHz
® Aliased ADC Normally sample at fs > 2f
® Channel Selection
® Channel Selection (1) .
@ Channel Selection (2) However
® Channel Selection (3) fS f— 80 MHZ a“ases band
® FM Demodulator
o Differentiation Filter down tO [757 28] MHZ
@ Pilot tone extraction +
® Polyphase Pilot tone —ve frequencies alias
® Summary

to [—28, —7.5] MHz.

We must suppress other
frequencies that alias to the

range +(7.5, 28] MHz.

f—3f

—f+f

—f
—f + 2f
—f + 3f

120 -80 40 O 40 80 120 MHz

Band ADC u[r]

IH| (dB)

-60 -

Pass B 80MHz|@80M

725 f 875 108 1.5f 132 MHz

Need an analogue bandpass filter to extract the FM band. Transition band
mid-points are at f; = 80 MHz and 1.5f; = 120 MHz.

You can use an aliased analog-digital converter (ADC) provided that the
target band fits entirely between two consecutive multiples of % fs.
Lower ADC sample rate ©. Image = undistorted frequency-shifted copy.

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —3/12 '



Channel Selection

L4: FM Radio Recelver FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

200 kHz per chapnel

fc=c><1 00kHz

0 75 28 MHz 40

' DSP and Digital Filters (2017-10178) FM Radio: 14 —4/12
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Channel Selection

L4: FM Radio Recelver FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

® FM Radio Block Diagram

® Aliased ADC

o Channel Selection We need to select a single channel 200 kHz wide
® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +

® Polyphase Pilot tone

® Summary

200 kHz per chapnel

fc=c><1 00kHz

0 75 28 MHz 40

: DSP and Digital Filters (2017-10178)
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Channel Selection

1.4F;MRRddBleng FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

® Aliased ADC

o Channel Selection We need to select a single channel 200 kHz wide

® Channel Selection (1)

® Cramel seecton g We shift selected channel to DC and then downsample to f; = 400 kHz.
o FM Demodulator Assume channel centre frequency is f. = ¢ x 100 kHz

o Differentiation Filter
@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

200 kHz per chapnel

f,=cx100kHz 28 MHz 4o -400 -300 4100 0 100 300 400 kHz

0 7.5

' DSP and Digital Filters (2017-10178) FM Radio: 14 —4/12



Channel Selection

1.4F;MRRddBleng FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

S We need to select a single channel 200 kHz wide

EEE; giE g We shift selected channel to DC and then downsample to f; = 400 kHz.
o FM Demodulator Assume channel centre frequency is f. = ¢ x 100 kHz

o Differentiation Filter

® Plottone extraction -+ We must apply a filter before downsampling to remove unwanted images

® Polyphase Pilot tone

® Summary

200 kHz per chapnel

f,=cx100kHz 28 MHz 4o -400 -300 4100 0 100 300 400 kHz

0 7.5

' DSP and Digital Filters (2017-10178) FM Radio: 14 —4/12



Channel Selection

1.4F;MRRddBleng FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

S We need to select a single channel 200 kHz wide

EEE; giE g We shift selected channel to DC and then downsample to f; = 400 kHz.
o FM Demodulator Assume channel centre frequency is f. = ¢ x 100 kHz

o Differentiation Filter

® Plottone extraction -+ We must apply a filter before downsampling to remove unwanted images

® Polyphase Pilot tone

® Summary

The downsampled signal is complex since positive and negative
frequencies contain different information.

200 kHz per chapnel

f,=cx100kHz 28 MHz 4o -400 -300 4100 0 100 300 400 kHz

0 7.5

' DSP and Digital Filters (2017-10178) FM Radio: 14 —4/12



Channel Selection

1.4F;MRZZI"O";E§|'DV;;ram FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

® Aliased ADC

o Channel Selection We need to select a single channel 200 kHz wide

® Channel Selection (1)

® Cramel seecton g We shift selected channel to DC and then downsample to f; = 400 kHz.
o FM Demodulator Assume channel centre frequency is f. = ¢ x 100 kHz

o Differentiation Filter

® Plottone extraction -+ We must apply a filter before downsampling to remove unwanted images

® Polyphase Pilot tone

® Summary

The downsampled signal is complex since positive and negative
frequencies contain different information.

We will look at three methods:
1 Freq shift, then polyphase lowpass filter

200 kHz per chapnel

f,=cx100kHz 28 MHz 4o -400 -300 4100 0 100 300 400 kHz

0 7.5

' DSP and Digital Filters (2017-10178) FM Radio: 14 —4/12



Channel Selection

1.4F;MRRddBleng FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

S We need to select a single channel 200 kHz wide

EEE; giE g We shift selected channel to DC and then downsample to f; = 400 kHz.
o FM Demodulator Assume channel centre frequency is f. = ¢ x 100 kHz

o Differentiation Filter

® Plottone extraction -+ We must apply a filter before downsampling to remove unwanted images

® Polyphase Pilot tone

® Summary

The downsampled signal is complex since positive and negative
frequencies contain different information.

We will look at three methods:
1 Freq shift, then polyphase lowpass filter
2 Polyphase bandpass complex filter

200 kHz per chapnel

0 75  fo=ex100kHz 28 MHz 4o -400 -300 4100 0 100 300 400 kHz

' DSP and Digital Filters (2017-10178) FM Radio: 14 —4/12
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Channel Selection

1.4F;MRRddBleng FM band shifted to 7.5 to 28 MHz (from 87.5 to 108 M Hz)

S We need to select a single channel 200 kHz wide

EEE; giE g We shift selected channel to DC and then downsample to f; = 400 kHz.
o FM Demodulator Assume channel centre frequency is f. = ¢ x 100 kHz

o Differentiation Filter

® Plottone extraction -+ We must apply a filter before downsampling to remove unwanted images

® Polyphase Pilot tone

® Summary

The downsampled signal is complex since positive and negative

frequencies contain different information.

We will look at three methods:
1 Freq shift, then polyphase lowpass filter
2 Polyphase bandpass complex filter
3 Polyphase bandpass real filter

200 kHz per chapnel

0 75  fc=cx100kHz 28 MHz 4o -400 -300

-100 0 100

300 400 kHz

: DSP and Digital Filters (2017-10178)
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Channel Selection (1)

14: FM Radio Receiver . L P fe .
® FM Radio Block Diagram MUIt|p|y by (& J 80 MHz '[0 Sh|ft
@ Aliased ADC
® Channel Selection Channel at fC tO DC f
Channel Selection (1) — c — _C_
@ Channel Selection fC Cc X 100 k :> 30 M 300

® Channel Selection (2)

@ Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

e—janc/ 800

H(2)

vin]

200:1 W{

: DSP and Digital Filters (2017-10178)
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Channel Selection (1)

14: FM Radio Receiver . L P fe .

@ FM Radio Block Diagram MUIt|p|y by (& J 80 MHz '[0 Sh|ft
@ Aliased ADC

® Channel Selection Channel at fC to DC

@ Channel Selection (1) — c X 100 k = Je — _C
® Channel Selection (2) fC 80 M 800

@ Channel Selection (3)

J Result of multiplication is complex
e Differentiation Filter (th|ck lines on dlagram)

@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

e—janc/ 800

H(2)

200-1 —424

@400k

: DSP and Digital Filters (2017-10178)
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Channel Selection (1)

14: FM Radio Receiver . L P fe .
® FM Radio Block Diagram MUIt|p|y by (& J 80 MHz '[0 Sh|ft
@ Aliased ADC
® Channel Selection Channel at fC tO DC f
Channel Selection (1) — c — _C_
@ Channel Selection fC Cc X 100 k :> 30 M 300

® Channel Selection (2)
@ Channel Selection (3)

Result of multiplication is complex

® FM Demodulator

@ Differentiation Filter (thlck Ilnes on dlagram)
@ Pilot tone extraction +
Polyphase Pilot tone .
- o Next, lowpass filter to 100 kHz
_ 200k __
Aw = 2r 55 = 0.157

e—janc/ 800

H(z)—

200:1 —424

@400k

-400 -300

-100 0

100 300 400 kHz

DSP and Digital Filters (2017-10178)
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Channel Selection (1)

14: FM Radio Receiver . L P fe .
® FM Radio Block Diagram MUIt|p|y by (& J 80 MHz '[0 Sh|ft
@ Aliased ADC
® Channel Selection Channel at fC tO DC f
Channel Selection (1) — c — _C_
@ Channel Selection fC Cc X 100 k :> 30 M 300

® Channel Selection (2)
@ Channel Selection (3)

Result of multiplication is complex

® FM Demodulator

- Pior e et (thick lines on diagram)
e Next, lowpass filter to =100 kHz
Aw = 220k = 0.157
= M = 22 = 1091

e—janc/ 800

—  v[n]
H(2)H 200:1 f=oer

DSP and Digital Filters (2017-10178)

FM Radio: 14 —5/12 '
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Channel Selection (1)

14: FM Radio Receiver . L P fe .
® FM Radio Block Diagram MUIt|p|y by (& J 80 MHz '[0 Sh|ft
@ Aliased ADC
® Channel Selection Channel at fC tO DC f
Channel Selection (1) — c — _C_
@ Channel Selection fC Cc X 100 k :> 30 M 300

® Channel Selection (2)
@ Channel Selection (3)

Result of multiplication is complex

® FM Demodulator

- Pior e et (thick lines on diagram)
e Next, lowpass filter to =100 kHz
Aw = 220k = 0.157
= M = 228 = 1091

Finally, downsample 200 : 1

e—janc/ 800

—  v[n]
H(2)H 200:1 f=oer

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —5/12 '
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14: FM Radio Receiver

Channel Selection (1)

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

@ Channel Selection (1)
® Channel Selection (2)
@ Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction
@ Polyphase Pilot tone

® Summary

. : fe .
Multiply by e ~72™" soMHz to shift
channel at f. to DC.

fc:cxl()()k:>80fclv[:%

Result of multiplication is complex
(thick lines on diagram)

Next, lowpass filter to 2100 kHz

6200k __
Aw = 27 oM — 0.157

= M = 22E =1091

Finally, downsample 200 : 1

Polyphase:

H,(z) has [ 552 ] = 6 taps

e—janc/ 800

ulr] . v[n]
@30 H(z)— 200:1 _@400k

e—j2nrc/ 800

W Hy(z) _3@4‘}0[&](

— Hi(2)

o— Hy99(2)

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Channel Selection (1)

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

@ Channel Selection (1)
® Channel Selection (2)
@ Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction
@ Polyphase Pilot tone

® Summary

. : fe .
Multiply by e ~72™" soMHz to shift
channel at f. to DC.

fc:cxl()()k:>80fclv[:ﬁ

Result of multiplication is complex
(thick lines on diagram)

Next, lowpass filter to 2100 kHz
Aw = 2r 20k — 157

80 M
= M = = 1091

60 dB
3.5Aw

Finally, downsample 200 : 1

Polyphase:

H,(z) has [ 552 ] = 6 taps

e—janc/ 800
ulr] . v[n]
GroMHEH 2001 |
—j27mtrc/800
vln]

Ho(2)

®@400k
Hi(z)

Hi9o(2) |

Complex data X Real Coefficients (needs 2 multiplies per tap)

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Channel Selection (1)

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

@ Channel Selection (1)

® Channel Selection (2)

@ Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

. : fe .
Multiply by e ~72™" soMHz to shift
channel at f. to DC.

fc:cxl()()k:>80fclv[:ﬁ

Result of multiplication is complex
(thick lines on diagram)

Next, lowpass filter to 2100 kHz

6200k __
Aw = 27 oM — 0.157

= M = 22E =1091

Finally, downsample 200 : 1

Polyphase:

H,(z) has [ 552 ] = 6 taps

e—jZTcrc/ 800

ulr] . v[n]
%0 HEH 200:1 |
—j27mtrc/800
vln]

Ho(2)

®@400k
Hi(z)

Hi9o(2) |

Complex data X Real Coefficients (needs 2 multiplies per tap)

Multiplication Load:

2 x 80 MHz (freq shift) + 12 x 80 MHz (H,(z)) = 14 x 80 MHz

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Channel Selection (2)

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

® Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

db

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

' DSP and Digital Filters (2017-10178) FM Radio: 14 —6/12
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14: FM Radio Receiver

Channel Selection (2)

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

® Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

db

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.
Write ¢ = 4k + [

where k = Lﬂ and [ = ¢cpod 4

' DSP and Digital Filters (2017-10178) FM Radio: 14 —6/12
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Channel Selection (2)

14: FM Radio Receiver
® FM Radio Block Diagram

@ Aliased ADC erte C = 4k + l
® Channel Selection _ C .
® Channel Selection (1) Where k o L4J and l o CmOd 4

® Channel Selection (2)
® Channel Selection (3)

® FM Demodulator
ulr]

@ Differentiation Filter

@ Pilot tone extraction + @8 O

® Polyphase Pilot tone

® Summary

e—jZTcrc/ 800

H(z)

200:1

vin]

@400k

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

: DSP and Digital Filters (2017-10178)
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Channel Selection (2)

14: FM Radio Receiver
® FM Radio Block Diagram

@ Aliased ADC erte C = 4k + l
@ Channel Selection _ C _
® Channel Selection (1) Where k o L 4J and l o CmOd 4
® Channel Selection (2) —jzﬂtl’C/SOO
® Channel Selection (3) c
o FM Demodulator
e Differentiation Filter u[r] H(Z) 200 1 V[n]
@ Pilot tone extraction + 80 ’ 400k
® Polyphase Pilot tone @ @
® Summary . — 32w r=S_
We multiply u[r| by e=7<""s00, convo

v[n] = Zi\n/[:o h[m]u[200n — m]e 727 (200n—m) 5

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

Ive with A[m| and then downsample:

[r = 200n]

: DSP and Digital Filters (2017-10178)
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Channel Selection (2)

14: FM Radio Receiver
® FM Radio Block Diagram

e Aliased ADC Write ¢ = 4k + [

® Channel Selection _ C .

® Channel Selection (1) Where k o L 4J and l o CmOd 4

® Channel Selection (2) —jzﬂtl’C/SOO

® Channel Selection (3) c

o FM Demodulator

e Differentiation Filter u[r] H(Z)_ 200 1 V[n]
@ Pilot tone extraction + @80 i @400k

® Polyphase Pilot tone

® Summary

v[n] = Zi\n/[:o h[m]u[200n — m]e 727 (200n—m) 5
= Z%:o h[m]el?™ 500 u[200n — m]e 7272007

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

We multiply u[r] by e =72™" 500, convolve with h[m] and then downsample:

[r = 200n]
[c = 4k + 1]

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Channel Selection (2)

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
® Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction
® Polyphase Pilot tone

® Summary

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

Write ¢ = 4k + [
where k = Lﬂ and | = ¢cpod 4
e—janc/SOO
ulr] —  v[n]
@80 H(z)— 200:1 _@400k

We multiply u[r] by e =72™" 500, convolve with h[m] and then downsample:

v[n] = Z [m]u[200n — m)e 927 (200n—m) 555 [r = 200n]
Ak+1

S Zm 0 [m]6]27" 800 u[QOOn — ]e_j27'('200’n 800 [C — 4k + ]_]
= S0 9l [m]u[200n — m]e=I2TE  [gy[m] = hlm]e 2" $5]

' DSP and Digital Filters (2017-10178) FM Radio: 14 —6/12
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14: FM Radio Receiver

Channel Selection (2)

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
® Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction
® Polyphase Pilot tone

® Summary

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

Write ¢ = 4k + [
where k = Lﬂ and | = ¢cpod 4
e—janc/SOO
ulr] —  v[n]
@80 H(z)— 200:1 @400k

We multiply u[r] by e =72™" 500, convolve with h[m] and then downsample:

v[n] = Z [m]u[200n — m)e 927 (200n—m) 555 [r = 200n]
Ak+1

_ Zm 0 [m]6]27" 300 u[QOOn — ]e_j27'('200’n 800 [C — 4k _|_ ]_]

= (—j)ln Zi\n/[:o g1 [m]u[200n — m)| [e—I2m % indep of m]

' DSP and Digital Filters (2017-10178) FM Radio: 14 —6/12



Channel Selection (2)

L4 El Radlo Recelver Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

® FM Radio Block Diagram

@ Aliased ADC erte C = 4k + l
@ Channel Selection Whel’e k — LQJ and l — Cmod 4

® Channel Selection (1) 4
® Channel Selection (2) In
® Channel Selection (3) ¢ _.]
o FM Demodulator [ ] J\ V[}’l]
. _ . ul\r
e Differentiation Filter
= . X
@ Pilot tone extraction T @80 G[c](Z) 200 1 0 @400k

® Polyphase Pilot tone

® Summary

We multiply u[r] by e =72™" 500, convolve with h[m] and then downsample:

v[n] = M hlm]u[200n — m]e=92m(200n—m) 555 [r = 200n]

m=0
= M h[m]ei2m 85 u[200n — m]e—92m200n % [ = 4k + 1]

=M g1 [m]u[200n — m]e327E g [m] £ hm]ei2m ]
= (—j)ln Zi\n/[:o g1 [m]u[200n — m)| [e=727 % indep of m]

: DSP and Digital Filters (2017-10178) FM Radio: 14 -6/12
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Channel Selection (2)

14: FM Radio Receiver

® FM Radio Block Diagram

@ Aliased ADC erte C = 4k + l

® Channel Selection _ C .

® Channel Selection (1) Where k o L4J and l o CmOd 4
® Channel Selection (2) In

® Channel Selection (3) ¢ _.]

o FM Demodulator [ ] J\ V[I’l]
e Differentiation Filter ufr .

@ Pilot tone extraction T @80 G[C](Z) 200 1 \XJ @400k

® Polyphase Pilot tone

® Summary

v[n] = Z o h|m]u[200

— Zm o h[m]e’?™ 500 u[200n —

— Zm:O giq)[m]u[200n — m
[m]|u][200n —

In
= (=)™ Xm0 91

Multiplication Load for polyphase implementation:

n_

c

ulr] 7 G[c]l,o(Z)

@8OM _|

G[c]l,l(Z)

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

|
—Gpe1.199(2)—

]6—j2ﬂ'(200n—m) ==

Akl

]6—j27r200n 200

]€—j27TT

m]

[g1[m] £

[e=727 % indep of m]

We multiply u[r] by e =72™" 500, convolve with h[m] and then downsample:

[r = 200n]
[c = 4k + 1]

h[ ]@7277800]

Gq,p(2) has complex coefficients x real input = 2 mults per tap

: DSP and Digital Filters (2017-10178)
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Channel Selection (2)

14: FM Radio Receiver

® FM Radio Block Diagram

@ Aliased ADC erte C = 4k + l

® Channel Selection _ C .

® Channel Selection (1) Where k o L4J and l o CmOd 4
® Channel Selection (2) In

® Channel Selection (3) ¢ _.]

o FM Demodulator [ ] J\ V[I’l]
e Differentiation Filter ufr .

@ Pilot tone extraction T @80 G[C](Z) 200 1 \XJ @400k

® Polyphase Pilot tone

® Summary

v[n] = Z o h|m]u[200

— Zm o h[m]e’?™ 500 u[200n —

— Zm:O giq)[m]u[200n — m
[m]|u][200n —

In
= (=)™ Xm0 91

Multiplication Load for polyphase implementation:

n_

c

ulr] 7 G[c]l,o(Z)

@8OM _|

G[c]l,l(Z)

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

|
—Gpe1.199(2)—

]6—j2ﬂ'(200n—m) ==

Akl

]6—j27r200n 200

]€—j27TT

m]

[g1[m] £

[e=727 % indep of m]

We multiply u[r] by e =72™" 500, convolve with h[m] and then downsample:

[r = 200n]
[c = 4k + 1]

h[ ]@7277800]

G ,p( 2) has complex coefficients x real input = 2 mults per tap

(=)™ e {+1, —

, —1, +7} so no actual multiplies needed

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Channel Selection (2)

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

® Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

Channel centre frequency f. = ¢ x 100 kHz where c is an integer.

Write ¢ = 4k + [ c
where k = Lﬂ and | = Ccpod 4 | v[n]
) P ulr] 7 (Gepo?) @A00k
| J @80M o—j G[c]’l(Z) el
iAWyl Ty W L e
@80M_L] 1~ @400k 1Gie,199(2)—

We multiply u[r] by e =72™" 500, convolve with h[m] and then downsample:

v[n| = Z o h[m]u[200n — m]e=927(200n—m) 555 [r = 200n]
— Zm 0 [m]GJQW%u[QOOn — m]e_j27T200n 48k0—gl [c = 4k + 1]

= Zm:O gie) lm)u[200m — mle—927% [g(¢ [m] 2 h[m]ei?™ 5501
= (—j)ln Zi\n/[:o g1 [m]u[200n — m)| [e=727 % indep of m]

Multiplication Load for polyphase implementation:
G ,p( 2) has complex coefficients x real input = 2 mults per tap

(—))"™ € {+1, —j, —1, +j} so no actual multiplies needed
Total: 12 x 80 MHz (for G »(2)) +0 (for —j'™) =12 x 80 MHz

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 6/12 '



-1

Channel Selection (3)

14: FM Radio Receiver
® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)
ulr]

® Channel Selection (3)

@ Differentiation Filter

® FM Demodulator @8OM <I>— G[c],l(Z)

@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

c

|
G[c]l,o(Z)

|
O_G[c],199(Z)

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

: DSP and Digital Filters (2017-10178)
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Channel Selection (3)

14: FM Radio Receiver
® FM Radio Block Diagram
® Aliased ADC

® Channel Selection C

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

® Channel Selection (1) |
@ Channel Selection (2)
® Channel Selection (3) u[r] G[C]I’O(Z)
e FM Demodulator @8OM
o— G
c ,I(Z)
L [ ]I |

@ Differentiation Filter

@ Pilot tone extraction T | : ]
@ Polyphase Pilot tone ! !
® Summary 7 G[C],199(Z) .
_ j 27 S
giejlm] = h|lm]e’ <7 500

' DSP and Digital Filters (2017-10178) FM Radio: 14 —7/12
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Channel Selection (3)

14: FM Radio Receiver
® FM Radio Block Diagram
® Aliased ADC

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

® Channel Selection C

® Channel Selection (1) |
@ Channel Selection (2)
® Channel Selection (3) u[r] G[C]’O(Z)
e FM Demodulator @8OM G
fferentiation Fi [c] 1(Z)

@ Differentiation Filter

@ Pilot tone extraction + |

|
I
@ Polyphase Pilot tone !
] G [c], 199(2 )

® Summary

g[c][ m] = h[m]e??7 555
9:1200s + p|= h|[200s + p] 27 *Z g5t [polyphase]

' DSP and Digital Filters (2017-10178) FM Radio: 14 —7/12
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Channel Selection (3)

14: FM Radio Receiver

® FM Radio Block Diagram
® Aliased ADC
® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)
@ Channel Selection (3) u[r] G[C],O(Z)

® FM Demodulator @8OM

@ Differentiation Filter
@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

= G[c] 199(2)

c

G[c] 1(Z)

h[ ]6]27T800

9.[200s + p|= h[200s + p|e’?™

= h[200s + p] 2T % 327 500

c(200s+p)

800

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

[polyphase]

: DSP and Digital Filters (2017-10178)
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Channel Selection (3)

14: FM Radio Receiver

® FM Radio Block Diagram
® Aliased ADC
® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3) u[r] G[C]I,O(Z)

°—Ge.1(2)
| |

® FM Demodulator @8OM

@ Differentiation Filter
@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

O_G[c],199(Z)

c

h[ ]6]27T800

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

c(200s+p)

gc[2005s + p]= h[200s + ple??™~ s00 [polyphase]

= h[200s + p|e??™ T /2™ 500

cpb

= h[200s + p]e??™ T aP

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Channel Selection (3)

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction
@ Polyphase Pilot tone

® Summary

c

+ |

= G[c] 199(2)

g[c][ ]: h[ ] J2T 500
9c[200s + p]=

<

E

E
|

— h[200s + p|e/2™ %

Define fi. ,[s] = h[200s + ple?*™

ulr] o Fa0)

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

o’ v[n]

o @400k

Jn
1991 ‘]

[7]
ulr] Ga0(2) @4‘601 @80M ,_
@80M G[c] 1(2) _jl” i

o—

F [c],199(Z)

o

I=Cmod 4, $=0:5, p=0:199, oi=¢/*™/5%

c(200s+p)

h[QOOS + ple? 2™~ 00

p

(4k+l)

[polyphase]

0 = h[200s + ple/?™ T P

= j'5h[200s + p]

: DSP and Digital Filters (2017-10178)
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Channel Selection (3)

14: FM Radio Receiver

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

@ Pilot tone extraction + : | | |
@ Polyphase Pilot tone | :
® Summary o G[c] 199(2)
giq[m] = hm]e?*m 55
9lc],p 1s] = g.[200s + p|=
= h[200s + ple/?™ %
Define fi[s] = h[200s + plei2"

Although f7.

c

ulr] o Fa0)
400k @80M £ . (z)

i vin

- ulr] o G[c] 0(2) @ L]
° FM Dem.od.ulato.r @80M G (Z)
e Differentiation Filter [C] 1 _Jll’l

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

o’ v[n]

o @400k

Jn
1991 ‘]

I (04 '
o Flep109(2) H>—

I=Cmod 4, $=0:5, p=0:199, oi=¢/*™/5%

c(200s+p)

h[QOOS + ple? 2™~ 00

p

(4k+l)

= j'5h[200s + p]

[polyphase]

0 = h[200s + p|e’?™ % aP

1,p s] is complex it requires only one multiplication per

tap because each tap is either purely real or purely imaginary.

: DSP and Digital Filters (2017-10178)
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Channel Selection (3)

14: FM Radio Receiver

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

Define [,

= G[c] 199(2)

c

h{m]ed? &b

gc[200s + p|=

— h[200s + p|e/2™ %

8] = h[200s + plel=™
Although f.

ulr] o Fa0)
400k @80M £ . (z)

vin
- ulr] o G[c] 0(2) @ L]
° FM Dem.od.ulato.r @80M G
e Differentiation Filter [c] I(Z) _Jll’l

Channel frequency f. = ¢ x 100 kHz where ¢ = 4k + [ is an integer

’ v[n]

o @400k

Jn
1991 ‘]

[ o '
O_F[c],199(Z)_|§_'

I=Cmod 4, $=0:5, p=0:199, oi=¢/*™/5%

c(200s+p)

h[QOOS + ple? 2™~ 00

p

(4k+l)

= j'5h[200s + p]

[polyphase]

0 = h[200s + ple/?™ T P

|,p5] is complex it requires only one multiplication per

tap because each tap is either purely real or purely imaginary.

Multiplication Load:
6 x 80 MHz (F,(2)) + 4 x 80 MHz (xe7?7500) = 10 x 80 MHz

: DSP and Digital Filters (2017-10178)
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FM Demodulator

14: FM Radio Receiver
® FM Radio Block Diagram 1
® Aliased ADC

® Channel Selection

® Channel Selection (1)

® Channel Selection (2) 0 i i
e Channel Selection (3) -400 -300 -100 0 100 300 400 kHz

® FM Demodulator .

e Differentiation Filter Complex FM signal centred at DC: v(t) = |v(t)|el?®)

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

: DSP and Digital Filters (2017-10178)
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FM Demodulator

14: FM Radio Receiver
® FM Radio Block Diagram 1
® Aliased ADC

® Channel Selection

® Channel Selection (1)
® Channel Selection (2) 0
® Channel Selection (3)

-400 -300 -100 0 100 300 400 kHz

® FM Demodulator

® Differentaton Fier Complex FM signal centred at DC: v(t) = |v(t)|e/?(")

@ Pilot tone extraction +

® Polyphase Pilot tone We knOW that 1Og UV = 1Og |,U| —I— .]¢

® Summary

: DSP and Digital Filters (2017-10178)
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FM Demodulator

14: FM Radio Receiver

® FM Radio Block Diagram 1
® Aliased ADC

® Channel Selection

® Channel Selection (1)
® Channel Selection (2) 0

-400 -300 -100 0 100 300 400 kHz

® Channel Selection (3)
® FM Demodulator .
e Differentiaton Fifer Complex FM signal centred at DC: v(t) = |v(t)|el?®)
@ Pilot tone extraction + B
® Polyphase Pilot tone We knOW that 10g UV = 10g |,U| —I— ]¢
® Summary
The instantaneous frequency of v(t) is %.

DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

FM Demodulator

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

L

-400 -300 -100 0 100 300 400 kHz

Complex FM signal centred at DC: v(t) = |v(t)|el?®)
We know that log v = log |v| + j¢

The instantaneous frequency of v(t) is %.
We need to calculate z(t) = % _ _d%(i;g v)

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

FM Demodulator

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

L

-400 -300 -100 0 100 300 400 kHz

Complex FM signal centred at DC: v(t) = |v(t)|el?®)
We know that log v = log |v| + j¢

The instantaneous frequency of v(t) is %.
We need to calculate x(t) = % — % — G (%Z_?;)

: DSP and Digital Filters (2017-10178)
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FM Demodulator

14: FM Radio Receiver
® FM Radio Block Diagram 1
® Aliased ADC

® Channel Selection

® Channel Selection (1)

® Channel Selection (2) 0 : :
e Channel Selection (3) -400 -300 -100 0 100 300 400 kKHz
o FM Demodulator .
® Differentaton Fiter Complex FM signal centred at DC: v(t) = |v(t)|e/?(")
@ Pilot tone extraction + .
® Polyphase Pilot tone We knOW that 10g UV = 10g |,U| —I— ]¢
® Summary d
The instantaneous frequency of v(t) is d—f.
_d¢ __ d¥(logv) o~ (1dv\ __
We need to calculate z(t) = %2 = =282 = § (1 92) =

: DSP and Digital Filters (2017-10178)
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FM Demodulator

14: FM Radio Receiver

® FM Radio Block Diagram 1 : : | W[n]
e Aliased ADC v[n] D(z) x[n]
® Channel Selection . Im() e
® Channel Selection (1) COHJ
® Channel Selection (2) 0 | |2
e Channel Selection (3) -400 -300 -100 0 100 300 400 kHz
® FM Demodulator .
® Diftrentiation Fiter Complex FM signal centred at DC: v(t) = |v(t)|ed?®)
@ Pilot tone extraction + .
® Polyphase Pilot tone We knOW that 1Og (e 1Og |,U| —I— ] ¢
® Summary d
The instantaneous frequency of v(t) is d—f.
_d¢p _ dS(logv) o (ldv\ _ 1 cx(,xdv
We need to calculate z(t) = %2 = =282 = § (1 92) = TES (v <)

' DSP and Digital Filters (2017-10178) FM Radio: 14 -8/12
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14: FM Radio Receiver

FM Demodulator

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

-400 -300 -100 0 100 300 400 kHz

Complex FM signal centred at DC: v(t) = |v(t)|ed?®)

We know that log v = log |v| + j¢

The instantaneous frequency of v(t) is

@_M:g(ld_v

We need to calculate x(t) = —

dt dt

We need:
(1) Differentiation filter, D(z)

D(z)

vl

conj

win]

Im()

do
dt -

: DSP and Digital Filters (2017-10178)
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FM Demodulator

14: FM Radio Receiver
® FM Radio Block Diagram 1
® Aliased ADC

® Channel Selection

® Channel Selection (1)

® Channel Selection (2) 0

- - - kHz
@ Channel Selection (3) 400 -300 100 0 100 300 400

® FM Demodulator

® Differentaton Fier Complex FM signal centred at DC: v(t) = |v(t)|e/?(")

@ Pilot tone extraction +

vl

® Polyphase Pilot tone We knOW that 1Og UV = 1Og |,U| —I— .]¢

® Summary

The instantaneous frequency of v(t) is

We need to calculate x(t) =

We need:
(1) Differentiation filter, D(z)

dt

D(z)

conj

win]

Im()

do
dt -

dp _ dS(logv) _ (1ldv
at d(

2
|

(2) Complex multiply, w[n] x v*[n] (only need & part)

: DSP and Digital Filters (2017-10178)
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FM Demodulator

14: FM Radio Receiver

® FM Radio Block Diagram W[n]
e Aliased ADC 1 v[n] D(z)
® Channel Selection - .
® Channel Selection (1) COHJ
® Channel Selection (2) 0 : :
e Channel Selection (3) -400 -300 100 0 100 300 400 kHz
® FM Demodulator .
e Differentiaton Fifer Complex FM signal centred at DC: v(t) = |v(t)|ed?®)
@ Pilot tone extraction + .
® Polyphase Pilot tone We knOW that 1Og UV = 1Og |,U| —I— ] ¢
® Summary d
The instantaneous frequency of v(t) is d—‘f .

We need to calculate x(t) =

We need:
(1) Differentiation filter, D(z)

dt

Im()

dp _ dS(logv) _ (1ldv
at d(

2
|

(2) Complex multiply, w[n] x v*[n] (only need & part)

(3) Real Divide by |v]|?

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —8/12 '
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14: FM Radio Receiver

FM Demodulator

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

L

yi) )
conj E()- mz() 2

-400 -300 -100 0 100 300 400 kHz

Complex FM signal centred at DC: v(t) = |v(t)|ed?®)
We know that log v = log |v| + j¢

The instantaneous frequency of v(t) is %.
We need to calculate z(t) = 2 = % =g (24 = ﬁ% (v 22
We need:

(1) Differentiation filter, D(z)

(2) Complex multiply, w[n] x v*[n] (only need & part)

(3) Real Divide by |v]|?

L+R L-=R
| s

x[n] is baseband signal (real): 0 15 19 23 3 53 57kHz

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —8/12 '
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Differentiation Filter

14: FM Radio Receiver
® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

vin]

wln]

D(z),

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 9/12 '
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Differentiation Filter

14 FM Radio Recelver Window design method:
® FM Radio Block Diagram . .
o Alased ADC (1) calculate d|n] for the ideal filter

® Channel Selection . . . . .
o Channel Selection (1) (2) multiply by a window to give finite support
@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +

@ Polyphase Pilot tone

® Summary

vin]

D) win]

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 9/12 '
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Differentiation Filter

14 FM Radio Recelver Window design method:
® FM Radio Block Diagram . .
o Alased ADC (1) calculate d|n] for the ideal filter

® Channel Selection . 0 . a_C
o Channel Selection (1) (2) multiply by a window to give finite support
@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator Differentiation: % e/*t = jwel®

o Differentiation Filter dt
@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

vin]

D) win]

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 9/12 '



Differentiation Filter

4. EM Radlo Recelver Window design method:

@ FM Radio Block Diagram ) ) V[n] W[n]

o Aliased ADC (1) calculate d[n] for the ideal filter D(z),

@ Channel Selection . . g 2 \F

o Channel Selection (1) (2) multiply by a window to give finite support

@ Channel Selection (2)

® Channel Selection (3) - o . ) . . ]w w S wo
M Demodulator Differentiation: % e/t = jwel*? = D(e/*) = |

e Differentiation Filter O |w‘ > wo
@ Pilot tone extraction T

@ Polyphase Pilot tone

® Summary

' DSP and Digital Filters (2017-10178) FM Radio: 14-9/12
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Differentiation Filter

14: FM Radio Receiver Window deS|gn method:

® FM Radio Block Diagram

o Alased ADC (1) calculate d|n] for the ideal filter

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
o B s Differentiation:
o Differentiation Filter

@ Pilot tone extraction +

@ Polyphase Pilot tone

® Summary

Hence d[n| =

d

dt

1
27T

ejcut _ jwejwt

J o0 d

(2) multiply by a window to give finite support

D) el
. w |(w| <w
= D(ejw) = ] | | ==
0 |Cd‘ > Wo
. 0 | MW | "W wo
el = 4 [we? _ e 2} IDTFT]

__ Nwp COS nwg—sSin nwy

mn?

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 9/12 '
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14: FM Radio Receiver

Differentiation Filter

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

@ Polyphase Pilot tone

® Summary

Window design method:
(1) calculate d[n] for the ideal filter
(2) multiply by a window to give finite support

V) ]

jw  |w| < wg

Differentiation: %ew = jwel¥t =  D(e?) =
0 |w|>wo
d 1 [wo @ jon g, — j | wel™v ginw 1“0
Hence d[n] = 5~ |7 jwe’*"dw = - | 95— — S o [IDTFT]

nwg COS Nwg —Sin nwy

15 ' , ) 0
20
1 1 3
I

[HI

0.5 ] -60

T O V] é) ©
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
 (rad/sample)  (rad/sample)

: _ - : _ _ __ 27x140kHz.
Using M = 18, Kaiser window, § = 7and wg = 2.2 = =1, -

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 9/12 '
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Differentiation Filter

4. EM Radlo Recelver Window design method:
@ FM Radio Block Diagram ) ) V[n] W[n]
o Alased ADC (1) calculate d|n] for the ideal filter D(z)
® Channel Selection . 0 . a_C
o Channel Selection (1) (2) multiply by a window to give finite support
@ Channel Selection (2)
® Channel Selection (3) - o . ) . . ]w w S wo
M Demodulator Differentiation: % e/t = jwel*? = D(e/*) = |
@ Differentiation Filter O |UJ‘ > wo
@ Pilot tone extraction +
@ Polyphase Pilot tone ) . wo
® Summary . L wo 0 jwn . L wel L el
Hence d[n] = 5= f_wO jweldw = 2L [ — i I [IDTFT]

nwg COS Nwg —Sin nwy

15 ' , ) 0
20
1 1 3
I

[HI

0.5 ] -60

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
 (rad/sample)  (rad/sample)

Using M = 18, Kaiser window, 8 = 7 and wy = 2.2 = 27x140kHz.

400 kHz

Near perfect differentiation for w < 1.6 (= 100 kHz for f, = 400 kHz)

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 9/12 '
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Differentiation Filter

4. EM Radlo Recelver Window design method:
@ FM Radio Block Diagram ) ) V[n] W[n]
o Alased ADC (1) calculate d|n] for the ideal filter D(z)
® Channel Selection . 0 . a_C
o Channel Selection (1) (2) multiply by a window to give finite support
@ Channel Selection (2)
® Channel Selection (3) - o . ) . . ]w w S wo
M Demodulator Differentiation: % e/t = jwel*? = D(e/*) = |
@ Differentiation Filter O |UJ‘ > wo
@ Pilot tone extraction +
@ Polyphase Pilot tone ) . wo
® Summary . L wo 0 jwn . L wel L el
Hence d[n] = 5= f_wO jweldw = 2L [ — i I [IDTFT]

nwg COS Nwg —Sin nwy

15 ' , ) 0
20
1 1 3
I

[HI

0.5 ] -60

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
 (rad/sample)  (rad/sample)

Using M = 18, Kaiser window, 8 = 7 and wy = 2.2 = 27x140kHz.

400 kHz

Near perfect differentiation for w < 1.6 (= 100 kHz for f, = 400 kHz)

Broad transition region allows shorter filter
|

: DSP and Digital Filters (2017-10178)

FM Radio: 14— 9/12 '



Pilot tone extraction +

14: FM Radio Receiver
® FM Radio Block Diagram

® Aliased ADC L+R L-R
® Channel Selection i
® Channel Selection (1) : { R?S

@ Channel Selection (2) 0 15 19 23 38 53 57 kHz
® Channel Selection (3)

o FMDemoauater Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

' DSP and Digital Filters (2017-10178) FM Radio: 14 —10/12
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Pilot tone extraction

14: FM Radio Receiver

® FM Radio Block Diagram [—20kHZ] [—|—4OkHZ]

@ Aliased ADC L+R L-R —j21n/20 ej21'cn/10

® Channel Selection [ ] © [ ]
) RDS X|n n

@ Channel Selection (1) . 4é<>—HZ —@—é()—Re Y

® Channel Selection (2) O 1'5 1!9 2'3 3I8 5I3 5I7 kHz @400k ( ) ()

® Channel Selection (3) . .

o FMDemoauater Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.

o Differentiation Filter
@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

DSP and Digital Filters (2017-10178) FM Radio: 14 -10/12 :
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Pilot tone extraction

14: FM Radio Receiver
® FM Radio Block Diagram

o Aliased ADC L+R L-R
® Channel Selection

® Channel Selection (1) | ; RIEDS

® Channel Selection (2) 0 15 19 23 38 53 57kHz

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

@

[-20kHZ]

v

b

—j21n/20

[+40kHz]
e/'21'm/ 10

H(z)

—
S
L

L —ofRe0

Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.

20kHz

(1) shift spectrum down by 20 kHz: multiply by e 72" 200kH.

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —10/12 '
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Pilot tone extraction

14: FM Radio Receiver

° FM Radio Block Diagram [—20kHZ] [+40kHZ]
O AllEsed ADC L+R L-R —2mn/20 /210
® Channel Selection H(z) c
® Channel Selection (1) /I_\ R?S %H(Z)—@—&RCO y[l’l]
@ Channel Selection (2) 0 1'5 1'9 2'3 3I8 5I3 5I7 kHz @400k
® Channel Selection (3) . .
o FMDemoauater Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.
o Differentiation Filter
. _ ] _ - 20kHz
:.':Ilyt;hptu: ! (1) shift spectrum down by 20 kHz: multiply by e =727 " 200 kHz
o Summary (2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)

DSP and Digital Filters (2017-10178) FM Radio: 14 -10/12 :



-1

Pilot tone extraction

14: FM Radio Receiver

° FM Radio Block Diagram [—20kHZ] [+40kHZ]
O AllEsed ADC L+R L-R o 72mn120 /210
® Channel Selection H(z)
® Channel Selection (1) /I_\ R?S %H(Z)—@—&RCO y[l’l]
@ Channel Selection (2) 0 1'5 1'9 2'3 3I8 5I3 5I7 kHz @400k
® Channel Selection (3) . .
o FMDemoauater Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.
e Differentiation Filter
) _ ] ) s 20kHz
::zllytp:hPtlttt ! (1) shift spectrum down by 20 kHz: multiply by e =727 " 200 kHz
o Summary (2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)
. 2 .
(3) square to double frequency to —2 kHz [(e79F)” = el

DSP and Digital Filters (2017-10178) FM Radio: 14 -10/12 :
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Pilot tone extraction +
14: FM Radio Receiver
) FM Radio Block Diagram [—20kHZ] [+40kHZ]
¢ Aliased ADC L+R LR o 92mn/20 /2mn/10
@ Channel Selection H(z)
® Channel Selection (1) /I_\ R?S x[n] (:) H _@_é()_R y[l’l]
@ Channel Selection (2) 0 1'5 1'9 2'3 3i8 5'3 5'7 kHz @400k (Z) e()
® Channel Selection (3)
o FMDemoauater Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.
e Differentiation Filter
. _ . _ o 20kHz
:zllyt;hptu: ! (1) shift spectrum down by 20 kHz: multiply by e =727 300 kHz
o Summary (2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)
. 9 .
(3) square to double frequency to —2 kHz [(e79F)” = el

—i—]2’n’n 40kHz

(4) shift spectrum up by 40 kHz: multiply by e

400 kHz

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —10/12 '
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Pilot tone extraction +
14: FM Radio Receiver
) FM Radio Block Diagram [—20kHZ] [+40kHZ]
¢ Aliased ADC L+R LR o 92mn/20 /2mn/10
@ Channel Selection H(z)
® Channel Selection (1) /I_\ R?S %H(Z)—@—&RCO y[l’l]
@ Channel Selection (2) 0 15 19 23 38 53 57kHz @4001(
® Channel Selection (3)
o FMDemoauater Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.
o Differentiation Filter
. _ . _ - 20kHz
:zllyt;hptu: ! (1) shift spectrum down by 20 kHz: multiply by e =727 300 kHz
o Summary (2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)
(3) square to double frequency to —2 kHz [(e79F)” = el
40kHz

(4) shift spectrum up by 40 kHz: multiply by e ™77 300 kiz

(5) take real part

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —10/12 '
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Pilot tone extraction

14: FM Radio Receiver
® FM Radio Block Diagram

® Aliased ADC L+R
® Channel Selection

® Channel Selection (1)

@ Channel Selection (2) 0
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter

[-20kHz] [+40kHz]
L'_ e—jZTcn/ZO e/'21'm/ 10
H(z)
: RDS x[n] 5 yn]
AR : - H(Z)-@—é@—Re()
15 19 23 38 53 57kHz @400k

Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.

B (1) shift spectrum down by 20 kHz: multiply by e =727 200k

o Summary (2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)
(3) square to double frequency to —2 kHz [(ej“”t)2 — eJ2wi]
(4) shift spectrum up by 40 kHz: multiply by e 927" 300z

(5) take real part

More efficient to do low pass filtering at a low sample rate:
o92mn/20[—20kHz]

x[n] [19kHZ] -

@400k

F(2)

20:1

[-1kHz]

@20k

H(z)

€

[2kHz]

1:20

—G(2)

+j2rn/10 [+40kHz]

L

a0k

Re() [38kHz] y[n]

@400k

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —10/12 '
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Pilot tone extraction

14: FM Radio Receiver

v

S | I W

o CrametSetecion @) ’ o - ——. @400k

B Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.

e Diferentiation Filtr

- oo i (1) shift spectrum down by 20 kHz: multiply by e 727" ook

o Summary (2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)
(3) square to double frequency to —2 kHz [(ej“”‘)2 — eJ2wi]
(4) shift spectrum up by 40 kHz: multiply by e /27" 00 kH;

(5) take real part

More efficient to do low pass filtering at a low sample rate:
o92mn/20[—20kHz]

x[n] [19kHZ] -

F(2)

20:1

[-1kHz]

@400k

Transition bands:

F(z): 1 — 17kHz,

@20k

H(z)

[2kHz]

€

1:20

—G(2)

+j2rn/10 [+40kHz]

L

a0k

H(z): 1 — 3kHz

Re() [38kHz] y[n]

@400k

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —10/12 '
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Pilot tone extraction

14: FM Radio Receiver

) FM Radio Block Diagram [—20kHZ] [+40kHZ]
¢ Aliased ADC o 72mn/20 o/2mn/10
® Channel Selection
® Channel Selection (1) : - x[n] (:) H —@_é()_R y[l’l]
@ Channel Selection (2) 0 1'5 1'9 2'3 3i8 5'3 5'7 kHz @400k (Z) e()
® Channel Selection (3)
o FMDemoauater Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.
e Differentiation Filter
. _ ] ] . 20kHz
:z'lyt;hptlt: ! (1) shift spectrum down by 20 kHz: multiply by e =727 ™ 400kt
o Summary (2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)
(3) square to double frequency to —2 kHz [(e79F)” = el
. . . 40kHz
(4) shift spectrum up by 40 kHz: multiply by e 727" 300 ki

(5) take real part

More efficient to do low pass filtering at a low sample rate:
o92mn/20[—20kHz]

x[n] [19kHZ] -

@400k

F(2)

20:1

[-1kHz]

Transition bands:
F(z) 1 — 17kHz,

@20k

H(z)

[2kHz]

€

1:20

+j2rn/10 [+40kHz]

—G(Z)—é)—

a0k

H(z): 1 — 3kHz,

Re() [38kHz] y[n]

G(z): 2

@400k

— 18 kHz

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Pilot tone extraction

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
® Polyphase Pilot tone

® Summary

0

(1) shift spectrum down by 20 kHz: multiply by e 727"

15 19 23

38

[-20kHZ]

e—jZTcn/ZO

x[n] é)

53 5:7 kHz @400k
Aim: extract 19 kHz pilot tone, double freq — real 38 kHz tone.

[+40kHz]
e/'21'm/ 10

H(z)—[g)—é)—Reo A

20

S

kHz

400kHz

(2) low pass filter to +£1 kHz to extract complex pilot at —1 kHz: H(z)

(3) square to double frequency to —2 kHz

(4) shift spectrum up by 40 kHz: multiply by e

(5) take real part

+727mn

[(ejwt)Q — 2wt
40kHz

400 kH

Z

More efficient to do low pass filtering at a low sample rate:
o92mn/20[—20kHz]

x[n] [19kHZ] -

@400k

F(2)

20:1

[-1kHz]

Transition bands:
F(z) 1 — 17kHz,
Aw =025= M =68, Aw=0.63= 27, Aw =0.25 = 68

@20k

H(z)

[2kHz]

€

1:20

—G(2)

+j2rn/10 [+40kHz]

L

a0k

H(z): 1 — 3kHz,

Re() [38kHz] y[n]

@400k

G(z): 2 — 18kHz

: DSP and Digital Filters (2017-10178)
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Polyphase Pilot tone

14: FM Radio Receiver
® FM Radio Block Diagram e

® Aliased ADC x[n] [ 1 9kHZ]

—2mn/20[—20kHz]

L

@ Channel Selection @400k

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

F(2)

20:1

[-1kHz]

@20K

H(z)

[-2kHz]

+j2nn/10 [+40kHz]

a0k

1:20

G(2)

1 [38kHz] y[n]
~ofRe0) @400K

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —11/12 '
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14: FM Radio Receiver

Polyphase Pilot tone

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction

@ Polyphase Pilot tone

® Summary

L

o72nn20[—20kHz] o210 [+40kHz]
x[n] [19kHz] —[-1kHz] [-2kHz]— 4 [38kHz] y[n]
@400k <>5—F(z)—20.1 0k H(z)—@@le.zo G(z)—é)—Re(, GA00K
721020 2l
—{F(2) %—@—H(z)-@-,-&-Reo Go(2) |
L —r120 ! v 2119/10 o yln]
@4001{: el " ! @20k v € Lo | @4001(
i) L R} Go) -

: DSP and Digital Filters (2017-10178)

FM Radio: 14 —11/12 '



Polyphase Pilot tone

14: FM Radio Receiver

® FM Radio Block Diagram efj2rrn/20 [—ZOkHZ] e+j271:n/10 [+40kHZ]
 Allssed ADC x[n] [19kHz] | 5ro-1kHz] [-2kHz]— N 1 [38kHz] y[n]
@ Channel Selection @4001( <>5_F(Z) 20:1 @20k H(Z) @201{ 1:20 G(Z)_é()_Re(} @4001(

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3) Antl_allas fllter F(’Z) . n
QB Each branch, F},(z), gets every 20" sample and an identical ¢/%™ 2o

o Differentiation Filter
@ Pilot tone extraction +
@ Polyphase Pilot tone

® Summary

721020 2l

rEe %—@—H(z)—@—,—&—Reo Gie) [+ o

@Ak || et @20k e L | @400k
AP @ L ReO G

' DSP and Digital Filters (2017-10178) FM Radio: 14 —11/12



Polyphase Pilot tone

14: FM Radio Receiver

@ FM Radio Block Diagram eijTrn/ZO [_ZOkHZ] e+j27rn/10 [+40kHZ]

 Allssed ADC x[n] [19kHz] | 5ro-1kHz] [-2kHz]— N 1 [38kHz] y[n]
Lo @400K B T B TE e R o
® Channel Selection (2) 7 o . .

® Channel Selection (3) Antl_allas fllter F(’Z) ) "
QB Each branch, F},(z), gets every 20" sample and an identical ¢/%™ 2o

o Differentiation Filter .

Sl 6 So F,(z) can filter a real signal and then multiply by fixed ¢727 20

@ Polyphase Pilot tone

® Summary

721020 2l

rEe %—@—H(z)—@—,—&—Reo Gie) [+ o

o ' | o/2719/10 L

@A00ki |1 ML @20k 1| @#ook
NG R L Re0} { Gt |+

' DSP and Digital Filters (2017-10178) FM Radio: 14 —11/12
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14: FM Radio Receiver

Polyphase Pilot tone

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction

@ Polyphase Pilot tone

® Summary

db

o 92mn/20 [-20kHzZ]

x[n] [19kHz] <>5—F(Z)—20:1

@400k

[-1kHz]

Anti-alias filter: F'(z)
Each branch, F),(z), gets every 20" sample and an identical /2™ 20

So F,(z) can filter a real signal and then multiply by fixed ¢727 20

Anti-image filter: G(2)
Each branch, G,,(z), multiplied by identical /2™ 10

—210/20
e /"

Fo(2)

o 72m1/20 ]

@400k!

o_

Flo(2)

@20K

@20k

H(z)

[-2kHz]

—@WIZZO

e/'2710/ 10

€

+j2nn/10 [+40kHz]

G(Z)—é)—

[38kHz] y[n]

Re()

Re()

%—@—H@)—@—,—&—

2m19/10
v €

CL

Re()

@400k

| yln]
" @400k

: DSP and Digital Filters (2017-10178)
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14: FM Radio Receiver

Polyphase Pilot tone

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction

@ Polyphase Pilot tone

® Summary

L

o72nn20[—20kHz]

.ﬂn]ﬂ9kHZ]é}_F@)_2&1

@400k

[-1kHz]

Anti-alias filter: F'(z)
Each branch, F),(z), gets every 20" sample and an identical /2™ 20

So F,(z) can filter a real signal and then multiply by fixed ¢727 20

Anti-image filter: G(2)
Each branch, G,,(z), multiplied by identical /2™ 10
So G,(#) can filter a real signal

—210/20
e /"

Fo(2)

o 72m1/20 !

@400k!

o_

Flo(2)

@20K

@20k

H(z)

[-2kHz]

—@WIZZO

e/'2710/ 10

€

+j2nn/10 [+40kHz]
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14: FM Radio Receiver

Polyphase Pilot tone

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction

@ Polyphase Pilot tone

® Summary
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Polyphase Pilot tone

® FM Radio Block Diagram
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Polyphase Pilot tone

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
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14: FM Radio Receiver

Polyphase Pilot tone

® FM Radio Block Diagram

® Aliased ADC

® Channel Selection

® Channel Selection (1)
@ Channel Selection (2)
® Channel Selection (3)
® FM Demodulator

o Differentiation Filter
@ Pilot tone extraction

@ Polyphase Pilot tone

® Summary
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Anti-alias filter: F'(z)
Each branch, F),(z), gets every 20" sample and an identical /2™ 20

So F,(z) can filter a real signal and then multiply by fixed ¢727 20

Anti-image filter: G(2)

Each branch, G,,(z), multiplied by identical /2™ 10
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14: FM Radio Receiver

Summary

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary
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e Aliased ADC allows sampling below the Nyquist frequency
o Only works because the wanted signal fits entirely within a
Nyquist band image
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Summary
1.4F;MRRddB IRkng e Aliased ADC allows sampling below the Nyquist frequency
o Aliased ADC o Only works because the wanted signal fits entirely within a

® Channel Selection

Nyquist band image

® Channel Selection (1)

@ Channel Selection (2)

e Channel Selection (3) e Polyphase filter can be combined with complex multiplications to

® FM Demodulator . .

e Differentiation Filter SeleCt the deSIred Image

® Pllottone extraction o subsequent multiplication by —7 In shifts by the desired multiple
® Polyphase Pilot tone 1

® Summary Of Z Sample ra.te

> No actual multiplications required
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Summary
1.4F;MRRddB IRkng e Aliased ADC allows sampling below the Nyquist frequency
o Aliased ADC o Only works because the wanted signal fits entirely within a

® Channel Selection
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® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3) e Polyphase filter can be combined with complex multiplications to

e FM Demodulator . .

o Differentiation Filter SeleCt the deSlred |mage
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> No actual multiplications required
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14: FM Radio Receiver

Summary

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

Aliased ADC allows sampling below the Nyquist frequency
o Only works because the wanted signal fits entirely within a
Nyquist band image

Polyphase filter can be combined with complex multiplications to
select the desired image
o subsequent multiplication by —jl” shifts by the desired multiple
of i sample rate
> No actual multiplications required

FM demodulation uses a differentiation filter to calculate %

Pilot tone bandpass filter has narrow bandwidth so better done at a

low sample rate
o double the frequency of a complex tone by squaring it
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14: FM Radio Receiver

Summary

® FM Radio Block Diagram
® Aliased ADC

® Channel Selection

® Channel Selection (1)

@ Channel Selection (2)

® Channel Selection (3)

® FM Demodulator

o Differentiation Filter

@ Pilot tone extraction

® Polyphase Pilot tone

® Summary

Aliased ADC allows sampling below the Nyquist frequency
o Only works because the wanted signal fits entirely within a
Nyquist band image

Polyphase filter can be combined with complex multiplications to
select the desired image
o subsequent multiplication by —jl” shifts by the desired multiple
of i sample rate
> No actual multiplications required

FM demodulation uses a differentiation filter to calculate %

Pilot tone bandpass filter has narrow bandwidth so better done at a
low sample rate
o double the frequency of a complex tone by squaring it

This example is taken from Harris: 13.
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