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FM 5
MODULATION REVIEW

The simplest FM modulator is a VCO, frequency changes depends on amplitude input

2Eff F -------------- 1
c m I I
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i (1)
information Integrator I_’ + cos(.) I—’ UCD Carrier
Signal

Modulated by 5 _(7)
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2ﬂﬁn I._ o kﬂ Gain Ratio (Hz/V) cOS (:m t+ ﬁ{?)')
Voltage Controlled Oscillator ! |

t , %
B(r) = ﬂ'gf v(t)dt  6(r) = 6,,(1) = 2m ﬁ”x[ s(t)ydt  c(t) = Aﬂcc}s(hi'rcfﬂr +E}(r])



FM 3
MODULATION REVIEW

* Considering an information signal s:(f) = A.cos(2mf;t) = A.cos( ;1)

[
05,(1) = 21K, A% [ cos(w;t) dt

sin( 1)

= ZJIKﬁ”Aj X

®;

K, A
/i

* Frequency Deviation jn( ;1)
I

i

sin( ®,7)

* Modulation index - Bﬁn sin( ;1)

Sin(1) = ACCGS( o1+ Bﬁn sin ( mfr))
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NARROW FM

* |f modulation index <<1 NFM or >>1 WFM
sﬁ”{r) = Accos( .7+ Bfm sin ( mir]) = 4_cos(w,1) CDS( Bﬁn sin ( u}ir)) — 4. sin ( 1) sin( Bfm sin ( mff))
cns( Bfm sin ( mir)j ~ ] and 5111( Bfm SHEoR, )j ~ Bfm sin( ;1)

* Replacing back it will look similar to AM-DSB-TC

Spinnfm(1) = Ao cos( 1) —A.sm(®.1) g, sin( o)

e —

= Ac{cos{{ﬂca‘)wLE? cos(m,+, )7 ——B-?&’ cos{mcmi)r}

AM-DSB-TC signal has an Upper Sideband, NFM signal also has an Upper Sideband,
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FM 5
WIDEBAND FM

* WFM is the standard used by commercial radio stations and it has a frequency deviation of 75kHz and a
limited bandwidth of 200Khz.

* On WFM we have to solve:

cos[ Bﬁ” sin( o7 )) and sin( Bﬁn sin( o7 )j

* Using the Bessel we get:

=0

CDS( Bﬁ” sin ( mfs‘)) = Jy( Bﬁ” )+ 2 Z g5, ( Bﬁ” ) cos( 2nw;t)
n=1

= J,( Bﬁ”)+2J3( Bﬁ”)cos(_?&)fr)+ 2J Bﬁ”)cos(éﬁm;) + ...

J, + 2Jycos(2m;t) + 2J,cos8(4wm;t) + ...



FM 6
WIDEBAND FM

* If we consider just a tone to be transmitted:
Sﬁ”_uﬁ”(f) = ACJO cos( )

_ACJ;[ cos( . —;)f—cos(®,+m)f J
+ACJ_{ cos( @, — 2@, )t + cos( mf+2mj)r]
—ACJ{ cos( @, — 30, )t — cos( w, + 3, )t ]

v 4 [ cos( @, — 4w, )t + Cos(a)c+4(0j)r}+...

"4
A CARRIER 3ee)
Q‘o
bt
. It.Jf )
% ) 4"{)
O T 4y
f-TJ 3— ¢ -‘E L L NN
g 4 J
E < Frequency (MHz)
< AJ & & . o
¢ 1 ‘_é_b The WFM signal has an infinite number of frequency
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FM ~
WIDEBAND FM

* The bandwidth of a WFM signal can be estimated by finding the frequencies of the highest and lowest

sideband components that contain a significant amount of power. B = _’J;jrfl_ Hz

* Usually, we don’t know n so it is estimated: n = Bﬁn + 1

* The BW is estimated using the Carlson Rule
B =2(Bg+1)/

()

= 2(Af+f; ) Hz




FM DEMO
DIFFERENTIATOR DEMODULATOR
-9fmm = Accos( o1+ ZHKfmxj fsi-(f]drj

, d _ ; ’

S fm (1) = aTTSﬁ”(r) = -4, [mc + 21Kg,s,(1) }m( o1+ 21K, xI_msf(f)dr) :

| | | |

amplitude component high frequency component

@ “jﬁn (r) ‘i'_‘{.inf{” /— information envelope
< )
- O o
2 = llll Jl‘l |l l|1|||][‘“|l =
gg !”l "l I‘! T .:%L
= Time Time
— Differentiating the FM signal creates an

information envelope. The information signal
can be recovered with envelope detection

The fluctuations in this envelope are directly proportional to the instantaneous frequency



FM DEMO o
RX COMPLEX BASEBAND

* The SDR has a quadrature downconverter. The baseband output signal look like:

— joy,t
= g (r)e AC
ﬁ”RF Sbbm,:d(” = 7 COS (ﬂcf + Gfm(f) — (DI,:OI + Cos ﬁ” F) + (Dfof

Sbbmrd( ’f)

= S rp(f) X| cos(w, 1) —jsm(w,,t)
i

Al . :
- 7{sm 0] =T) + ;1] — S]Il[(ﬂcf—i- Gfm(t) — mjotﬂ
_ 1 e | | |
ACCOF:(G)CI + eﬁh‘(f)) X (COS((D;OT) Jsm( @y, 0) high freq components baseband components
* High frequency component removed by internal low pass filter.
* Close to zero W, = O.—0,
A 4 t K
‘ _ —Jjo, e .- A j [m 1+ 2nks, le s;(Hdt
Sppandt) = Sgyre(l)e = j[cos(mﬁﬁﬁﬁﬁ(r)) +;sm(mﬁs‘+ Bﬁ”(s‘)ﬂ . j”e A m=) ‘
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COMPLEX BASEBAND RX
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DEMO 1: COMPLEX DIFFERENTIATOR

. . A
* Differentiate both branch |/Q f[cos([ﬂﬂf + Bﬁn(f)) +7 Sin([ﬂﬂf + Bﬁ”(f)j}

’ . d . AE" ' :
Sip (1) = E*Sfp(f) = _ [%mﬁ”(r) Jsm(mﬂﬁrﬁﬁn(ﬂj

2
’ _ d _ AC '
Sqp (1) = Eﬁjﬁp(ﬂ ) [wﬁJrBﬁH (1) jcos(u}ﬁﬁﬂﬁn(r))

* Mixed them , 2
iy (1) X Sgp(r) — - [m& + Gﬁ”'(r) ]Sln‘([ﬂﬂf—l— Elﬁ”(f))

Sgp"(s‘) xsfp(r) = ?C [mﬂ + eﬁ”*(r) J cosi’(a}ﬂwr Bﬁn(r)) .

e Subtract the terms

s[4

so(t) = (Sgp’(f) xgjp(r)) —(sfp’(r) xg*qp(r)) = [mﬂ+ 6 m'(r)]



DEMO 1: COMPLEX DIFFERENTIATOR

Differentiator
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FM DEMO  ,

f
0,,(1) = 21K, xj s(1)dt
[n] S [n-1] y E‘?
Sm(f] T[mﬂ+e m‘{‘fﬂ
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DEMO 2: COMPLEX DELAY LINE

Afej[mﬁ[r—mefmu—r}j

Sdelay(T) =

SdE'.l'd ¥ [H ]

SRTL-SDR [”] s ,[n]
Complex FM 5, [1] DE“;}TH;JEIE{‘!

Signal Received
by RTL-SDR




FM DEMO  ,,
DEMO 2: COMPLEX DELAY LINE

* Taking the angle of the signal sq(t) = ZLs,g(t) = - (m&r-FBﬁ”(i‘))— (mﬂ[f—’t] +0 m(ft)ﬂ

_ (w_ mﬂ[;_ﬂ) 4 (eﬁ”(r) - eﬁ”(r—r)ﬂ

_ | d d
s(1) = E(mﬂruﬁ(eﬁ”(rﬂ

* If the delay is small

s () = -, +8 m'(f)]

- mﬁ+2n1{ﬁ”sf(r)]

* Similar result as the complex differentiator, but simpler implementation.

* If you want to implement on FPGA, you have to use CORDIC algorithms to make efficient.
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DEMO 3: PLL COHERENT RECEIVER

* PLL will try to follow the frequency changes, it will never lock.

* To function as an FM demodulator, the internal parameters of the PLL must be chosen appropriately.

Phase Locked Loop

(Kp)
O (¢ ,
S RTL-SDR (7) *’( ) Loop Filter Sq (1)
Complex FM % [ error signal ] (Lowpass) Demodulated
Signal Received Output

by RTL-SDR

5 (f) v (f)

vCO
(or NCO)

( aim for s(t) to match Spr1 _opg (1) )




FM 16
COMMERCIAL RADIOS

* Pre-emphasis & De- Emphaisis, it is done to give gain to high frequency components in order to maintain the

station bandwidth.

* For US is a filter with a time constant of 75us and for Europe 50us.

i "y
; Pre-emphasis | ‘ ; De-emphasis !
filter filter
Transmitter Side Receiver Side

* It is implemented with an analog filter.
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COMMERCIAL RADIOS

* MULTIPLEX: today stations still transmit MONO signals for all receivers, and STEREO + RDS signal for new

receivers.

45% 10% 22.5% 22.5% 2.6% 2.6% Modulation Levels
Pilot

Stereo [L-R]

FM MPX
SIGNAL
Magnitude

15 19 23 53 &7
Frequency (kHz)

MONO= L+R

Stereo= is modulated as AM-DSB-SC a 38Khz

The pilot inform is there is STEREO information, and is used to extract carrier information for coherent demo.

RDS=Radio Data System, used to transmit the song track, station info.
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COMMERCIAL RADIOS

* MULTIPLEXER TX

S e (1)

BPSK Modulated
RDS Bitstream

RDS @ 57kHz

Sr,(f)
Left Audio + [L+R] @ Bband
Channel + fm mpr( )
+ —> FM MPX Information
Freq fnpier Signal (to modulator)
B
Freq Doubler
19kHz
s (1) + [L-R] @ 38kHz
,
Right Audio =

Channel




FM 19
COMMERCIAL RADIOS

* DE-MULTIPLEX on RX

E— RDS @ Bband _ | okHz s (1)
BPF LPF : BPSK Modulated
RDS Bitstream
[L+R] @ Bband > 15kHz 2s (1)
LPF =
fm mpr( ) 19k Hz + Right Audio
FM_MPX_ Freq Tripler | 57kHz Channel
Information Signal 19kHz
from demodulator
( ) 250 Freq Doubler| 38kHz
N 258 !(I)
23-53kHz (LRI@Bband | 15kH;z + P LeftAudio
BPF LPF Channel
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FM BASEBAND REPRESENTATION

I
S (1) ZACcos(mCrJrBﬁ”(r)) where 65,(1) = QIEKﬁHXI s;(1)dt

_jefm{”

Sﬁu—bﬂ.s-eirm?d (f) - Ace - Ac 4 _eﬁ”(f)

Sn.srp—r.r(f) - KH.S'I“p—F.T 9{8(5ﬁ;:—basebmid (f)j COS (U)Cf) + 3 m[sﬁn—bﬂseb(md (F)) Sh (mc’f) J

- Kr:sr;v—rr _ACCOS( f”-’(r)) cos(or) +4 Sln( ﬁ”(r)) sm( I‘)J

[
= 4 K cos(mf.f+ _J’TEKﬁij Sf(r)df)

Cousrp—ix




FM MONO MODULATOR

t
= chx”_wp_m_cos(mcﬂr Qnﬁﬁ”xj‘_ sf.(r)dr)
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—> Integrator
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[
c n
Sip 171 Digital

Upconversion

=9 DAC

Filter
Stage
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Si mp FM Mod
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Signal from MATLAB

Digital
Upconversion

s (1)

C

90°

=P DAC

Filter
Stage

FM TX o1

h;fm-basebami [7]
DC Carrier Modulated
by Information Signal

X XY

cos
sin = mrp fx
X usip-tx ~ WFM Signal




FM STEREO MODULATOR

$; [m]

Left Audio
Channel

sr[n]

Right Audio
Channel

—_—P +
—p +

[L+R]) @ Baseband

o

Digital ]
‘ » Upconversion

s, [n]
l " Resampfel:: Encoder/

s _[n]=pp MPX'er

Baseband
" FM Mod

Stereo Baseband Information
Signal from MATLAB

‘ | Digital
Upconversion

Freq Doubler 4—@—}

19kHz

38kHz

P,
Nt

L-
(E-Rl x [L-R] @ 38kHz | | >

DAC

Simplified model
of the USRP

DAC

Filter
Stage

S, (1)

FM TX 99

fm mpr[ d
—’ FM MPX Information

Signal (to modulator)

Filter
Stage

+
A

cos

sin

X

(7)

w;rp ix
Kuwp-,r_r WFM Signal




FMRX .,

FM STEREO DEMODULATOR

FM MPX
SIGNAL

3 Jfm mpx (1]
FM MPX
Information Signal
(from demodulator)

45% 10% 22.5% 22.5% Modulation Levels

Pllot Stereo [L-R]

Mono

[L+R]

Magnitude

15 19 23 53
Frequency (kHz)
[L+R]@Baseband’ 15KkHzZ 25 [n]
LPF - _> r
+ Right Audio
19kHz
19kHz Freq Doubler | 38kH Channel
BeF [P ?
[L-R] @ Baseband + 25 |n|
[
23-53kHz 15kHz + P Leit Audio
BPF LPF Channel




RX SIGNAL

REAL FM MPX SIGNAL

RECEIVED WITH THE

RTL-SDR

FMRX

Pilot Stereo [L-R]

Magnitude

15 19 23 38 53
Frequency (kHz)




