


Multiplier
(mixer)

Input signal Output signal
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»

v

X (t) sin (ogt) * x ()

Local Oscillator (LO)

sin (wot)

if x (t) =sin (o), then:
Output signal = sin (o) * sin (wet) = 0.5 * [ cos ((wg - ®m)t) - cos ((wg + om)t) ]

— Double sideband, suppressed carrier (DSB / SC)
— Bandwidth: double of the baseband bandwidth

In general:

The spectrum of the modulating signal appears above and below the carrier
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Multiplier

(mixer)

Input signal

Output
sin (o) * sin (0o) LPF \ —

signal

Local Oscillator (LO)
sin (wot)
Must be synchronized

to the carrier!

Demodulation of a DSB/ SC signal:

—Problem: the envelope contains the absolute value of the modulating signal
— Solution: coherent demodulator

— Requires sophisticated circuits (carrier recovery stage (PLL), multiplier, etc.); in practice, a very small
proportion of the carrier is also transmitted to help the receiver to synchronize

— Expensive receiver

Demodulation:

(sin (omt) * sin (ogt) ) * sin (wgt) = 0.5 *[ 1 - cos (2met) ] * sin (omt)
After low-pass filtering (LPF):

Output signal = 0.5 * sin (o)




Receiver simplification: ”conventional” AM

fx@®)=A
then:

m ©sin (ot) and the carrier’s amplitude is A,

OHz

Multiplier . . : .
Output signal = A" sin (ot) * sin (opt) + Ac sin (ogt) =
) (mixer)
Input signal Amp“tud /\ OutoLt sianal 0.5 *Ay* [ cos ((wg - om)t) - cos ((wg + omt) ] +
: : utput signa
(amplitude: A,) > . p *9 . A.* sin (o)
X (t) sin (ogt) * x () K/ sin (ogt) * x (t) + sin (wet)
Amplitude: | Amplitude:
mfn'it; ° Ainp' e — Double sideband, non-suppressed carrier (DSB)
Local Oscillator (LO) —_Modulation depth: m=An, / A
sin (mot) — If m=100% AND the modulating signal is a sine wave,
then the two sidebands are 6 dB below the carrier
Aot A um In general:
A A 1-m . .
. Amt+Ac N The spectrum of the modulating signal appears above and
3 below the carrier + the carrier also has power
: 1
Ac
\ Ac- Aq " ampl. 0.5'm*A, 4 0.5'm*A,
I I Il 1L
=Time >
Q)
VL W\ Om g - 0N g + O




Simple receiver:

Input signal

envelope detector

Output amplitude: A,

(from antenna)

— The envelope of the MODULATED signal swings around the
envelope of the (unmodulated) carrier

— Demodulation: rectification (either the positive or the
negative envelope is rectified)

mplitude

-HHHHE unmodulated
carrier’s envelope

unmodulated
carrier’s envelope




AM ’variants”

The most commonly used (and hystorically the first) version: double-
sideband (non-suppressed carrier): DSB

Double-sideband, suppressed carrier: DSB-SC

— In practice a small proportion of the carrier is transferred to help the
receiver to synchronize

Single sideband, suppressed carrier (upper sideband): SSB-SC/ USB

— saves bandwidth (one sideband already contains the whole
information)

— also requires a coherent receiver

— In practice a small proportion of the carrier is transferred to help the
receiver to synchronize

Single sideband, suppressed carrier (lower sideband): SSB / LSB

— saves bandwidth (one sideband already contains the whole
information)

— also requires a coherent receiver

— In practice a small proportion of the carrier is transferred to help the
receiver to synchronize
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Demodulation analysis: demodulation gain

In general, (nearly) every circuit degrades the signal-to-noise ratio (SNR) of a signal passing through it

Concept: theoretical analysis of the SNR before and after the demodulator and determining their ratio,
assuming that

— the input signal has a relatively good SNR (> 25 dB, i.e. the receiver is not close to failure)

— the demodulator itself is ideal (has no distortion and noise)

Input signal (RF from antenna) Output signal (baseband)

v

\ 4

Demodulator
SNR;, SNR,




Case 1: AM-DSB transmission demodulated with conventional envelope detector

Input Output signal (baseband)
> Demodulator >
A *
0.5"m*A, 4+ 0.5m*A, ampl. | A,
A A
\ I .
X > I V(D
g - O \ wy + O, 0 Hz ©Om
Noise Noise
Total bandwidth: Total bandwidth:
B=2ow, B = on, but the envelope
detector transfers noise
from both sidebands
Input Output
, * Always <1 — always
Signal power | A2+2*(0.5mA,)? (MA,)2 > SNRy —~ ~ m degrades

SNR;, 1+ m?/2 » Best case when m =1
(100% modulation depth)

Noise power (2f)* k*T 2*(f,*k*T) —2/3




Case 2: AM-DSB / SC transmission demodulated with coherent receiver

Output signal (baseband)

v

ampl.| 2*0.5%0.5*A,)

\

1
0 Hz \mm
Noise
Total bandwidth: B = op,

The coherent detector halves the
elementary noise amplitudes —»

quarters the noise power, but

transfers from both sidebands

Noise power =2 * (0.25*w,*k*T)

8"

* Theoretical improvement!

Input
> Demodulator
A..neglected
0.5*An, 0.5*A,
o >
0o - Oy Og + Oy
Noise
Total bandwidth:
B=2ow,
Input Output
Signal power 2 * (0.5A) 0.25*A2 > SNRou
SNR,;,
Noise power (2f )" k*T 05*f,*k*T

* More complicated receiver,
but better performance!



Further cases without deduction:

Case 3: AM-DSB (non-suppressed carrier), demodulated with coherent demodulator

SN m?
Possible, but Rou = , like in case of the envelope detector — it doesn’'t make sense to demodulate a non-

SNR;, 1+ m?2 suppressed carrier transmission with a coherent receiver

Case 4: AM-SSB/ SC (LSB or USB, suppressed carrier), demodulated with coherent
demodulator

SNRot
SNR;,

=1, i.e. worse than the DSB/SC but still better than the non-suppressed carrier transmission



Transfer of two independent signals simultaneously on the same frequency: QAM
Quadrature Amplitude Modulation (QAM) = Vector Modulation

Multiplier

(mixer)

Input signal - ' A* sin (ogt)
nAn " ‘

sin ((Dot)
Local Oscillator (LO)
\ QAM output:

A ™ sin (wgt) + B * cos (mot) -

J AM-DSB / SC consisting of
@ Phase shifter two components

cos (mot)

A\ 4

dh

Input signal - ' B * cos (wqt)
v A\

Multiplier

\ 4

(mixer)



Transfer of two independent signals simultaneously on the same frequency: QAM

Demodulation: coherent detection on two parallel branches (requires carrier recovery)

sin (ogt) * [A * sin (wgt) + B * cos (wgt) ]

Multiplier

Low-pass j Output signal

filter (LPF) A2

QAM input:

A ¥ sin (wpt) + B * cos (wgt)

> Splitter

Low-pass j Output signal

filter (LPF) "B’/ 2

Multiplier cos (mot) * [A* sin (wot) + B * cos (wot) ]

(mixer)



Special case: generation of SSB transmission with a QAM modulator

Multiplier
(mixer)
Input signal ' sin (ogt) * sin (ond) = 0.5 * [ cos (g - omt) - €08 (@ + o) ]
e.g. sin (o) > >

Baseband phase shifter, Y

shifting 90° on every
frequency with a flat
amplitude response
(Hilbert transform)

90°

sin (wot) Output signal:

Local Oscillator (LO) 1. If the two branches are added:
cos ((og - om)t) > LSB

K/ 2. If the two branches aré subtracted

from each other:

Phase shifter
cos ((wg + om)t) > USB
cos (mot)

n

\ 4

cos (mpt) * cos (o) =05~ Ecos (g + om)t) + cos ((wg - o)) ]

a0

Multiplier

(mixer)






*Frequency Modulation (FM)

» The information is carried by the frequency of the carrier — the intantenous frequency of the carrier
"swings” around its nominal value — maximal difference is the deviation f;

» The carrier's envelope is constant in time

» The spectrum of the carrier is influenced by both the bandwidth and the amplitude of the baseband
signal

» Characterized by the modulation index: ratio of the deviation to the baseband signal’s frequency

fD HAMES HM1508 HRAMEIL=S HM1508

SH DELR000E Instruments SN D006

rnI:M = f
max BB Sigﬂal

o

Cemtar iSO ook -
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¢ Bandwidth: infinite (in principle, as described EEEEEEENS/NI04608, FW 3.05

by Bessel functions), in practice approximated
as

fo = (fp + frnax)

according to Carson, where f,_, is the highest

frequency component of the modulating signal
and f,is the carrier frequency

In this example
fg= 103.1 MHz,; T 5= 40 kHz, f5:= 1 kHz

Mind that the actual bandwidth is higher than
the one obtained with Carson’s formula!

Clyy o

*Att 0 dB
Explvi -a0.00 dBm  SWT 12s

1AF
Clrw

PERA

EF 103.100000 MRz FM Mono
* REBW 100 Hz

WVEW 300 Hz

-70 dBm

el

-10G0 dBm

=110 4

20

B

[

|1

A
AR

CF 103.1 MHz

Span 120.0 kHz

- 17 T ah o
: 14.HMER.201 lil2s




e Modulation index: mgy = f / fp, where f is a specific frequency component of the
modulating signal

e Narrowband FM (NBFM): if fy < f,,. ; in this case the bandwidth is = f, = f,,
¢ Wideband FM (WBFM): if fp > f. .. ; in this case the bandwidth is = f;, = f,

4009, FW 3.05 IEEERSEeum s/N 104009, FW 3.05
Ch: === RF 102100000 MHz FM Mono — Ch: === RF 103.100000 MHZ FM Mono —
BB 100 HE fD_ 40 kHzr pliberdiads fD_ 0.1 kHZ,
“Att 0 dB VEW 300 Hz —_— “Att 0 dB VEW 300 Hz _—
Explyl -60.00 dBmM  SWT 125 fmax._ 1 kHZ Explul -60.00 dBm  SWT 1,25 fmax._ 1 kHZ
147 | . | 1Pk
v 20 dBm o -7 .-.I[‘-nl.—. -
&0 dBm - - -a0 un.l.. |”
50 dBm—ghH-H | H | P TR | - -sndﬁr - [\
-100 <B | | : -100 :In... l"'] | ﬁl
-110 4 | | -110 4Bm I' T
g | [l 1]
2 . -120 4Bm ; i
| \ f
Vil rhhlxi' i ﬁ'uJ - L"L||] LUTWL oy
LT Y LY L T
! I i‘I i I |
R I T ] 1 IR '15'”|”"' 1
CF 103 1 MHz Span 120.0 kHz CF 103.1 MHz Span 12.0 kHz

Note that in extreme cases the FM spectrum may be similar to that of an AM-DSB signal



Demodulation gain: FM transmission demodulated with discriminator (slope
detector)

In general, (nearly) every circuit degrades the signal-to-noise ratio (SNR) of a signal passing through it

Concept: theoretical analysis of the SNR before and after the demodulator and determining their ratio,
assuming that

— the input signal has a relatively good SNR (> 25 dB, i.e. the receiver is not close to failure)

— the demodulator itself is ideal (has no distortion and noise)

Input signal (RF from antenna) Output signal (baseband)

v

\ 4

Demodulator
SNR;, SNR,,




Demodulation gain: FM transmission demodulated with discriminator (slope
detector)

A.: constant

Demodulator
Input Output
A Vout =K* fin 1
A A AlA A A ampl K*fD
\ > g
1:mod
Noise 0 Hz \
Total bandwidth: Noise
B=2*(fp + foa) Total bandwidth: fnoqg,
Noise voltage (f): K* f
Noise power density: K2 * 2
Total noise power:
frmad
K2fedf = K?z S
a
Input Output
: * SN f2 (fp + f
Signal power A2 K2 * 2 > Rout - Const * o (ip d)
SNR;,
fmod
: * x|, * K, 3
Noise power 2% (fp+f)*k*T = 7 Tmod f2
« For NBFM (fp << foq): —2— <<1
fmod2
* For WBFM (fp >> f,nq): >> 1

3
fmod



Noise and demodulation gain in practice

¢ Demodulation gain: the SNR of the demodulated signal relative to the SNR of the RF
signal at the demodulator input

« In case of NBFM: demodulation gain ~ m2g,
e In case of WBFM: demodulation gain ~ m3g,

e The baseband noise power density increases with the frequency!

Ch: <=~ RF 103.100000 MHz FM Mono Ch: -« RF 103.100000 MHz FM Mono
“Alt 0dB REW/ 100 Hz Mi[1] 1,253428684 Wz “Att 0dB REW/ 100 Hz Mi[1] 91.61 d8
Ref 100,000 Hz AQT 36.25n% 1.008 kHz Ref 75.000 kHz AQT 36.25m% 1.008 kHz
1AY | 30 Mz 1Pk |-10 g8
Avg Chw
80 Hz -20 dB
70 Hz -30 dB
60 Hz -40 dB
50 M2 ~ ~-50 dB
40 Mz -50 dB
30 He -70 dB 4
S0 | §iodn fwl . 'ﬂ\r.rJ A r"l‘\r \f! Uﬂg.
=~ ‘ :
10 (R 1% PV A N0 Sl 20 - 1 L I
h&"‘"ﬂ i | I
Start 0.0 Hz Stop 15.0 kHz Start 0.0 Hz Stop 15.0 kHz
ceonl Sknal Path MPX | Desmphasis o pepnl Skanal Path MPX | Desmphasis o
SINAD MPX —--- | Mod Frea MPX SINAD MPX. —--- | Mod Frea MPX
™MO MPX | e | fTomex | e i

Lyl - 70.4dBm |Freq Offs -0.038 kHz | MPX Dey 25,335 kHz MOND Lvl - 70.3dBm |Freq Offs -0.038 kHz  |MPX Dey 15.707 kHz MOND




Noise and demodulation gain in practice

J The way to improve the baseband SNR: pre- and de-emphasis
The general principle: ...and as realized in the US and Europe*;
%
H ‘}
A Alf] 5 EEEEIE .
+6 Bjo Qe — L I
Xdafo ‘ v
§ Usk 4
0 dB|—— . ; Y
-’-l-' f % H?@quw
_1 1 3 L
ETETD E?T-TD 4 -
‘5\‘5 I 7] ; n
Eragvans (g}

Ty is 50 ps in Europe and 75 ps in the US

*Source: Mende, UKW-FM-Praktikum, Franzis Verlag



Noise and demodulation gain in practice

For a car radio:

)

=) Mono
L Stereo
ha

Z

wn

5 ) 5: 1'5 2.5 SIE
CNR RF [dB]

The demodulation gain in practice: SNR out vs. CNR in*

For an FM receiver:

E 809 T |
O, | Mono
LI_ ;LB_- ] ¥
_l 'E'[] n :
Y | |
== ==+ Stereo
W |
i
it
) | | |
-5 5 15 25 35
CNR RF [dB]

40 kHz deviation, 50 us

*Source: R&S, 1MAT-Fi, Measurements on Terrestrial Broadcast Signals



» And the stereo transmission, pilot signal and RDS (and SCA, if applicable)

1% kHz band-limiing,
L then pre-emphasis 4 =
+ - L+R
B =N
® > FM o
i kHz banddimiting, _h P
R then pro-pmphasis oy LR i
3 =3 3 Mulfipliar AMDSBISC A
> — I ,I
':H?IH'I¢
7 1Pk [ -10 dB+
Pilod generador 19 kHz
— x2
19kHz - i AT 1| TR
* L-F ] JJ.M MWF |
| f F f
x3 ‘”"1;‘ Digital muduster ~ | ]'. —a t” ¥ \I |||l]
R -60 i ¥ 'T[" 4,11'
=t - A __:- o 1 -
RDS data e | o< =l l KL
- - -1
" ...-:'#,,.p-"" '.'_.--". B dR- #'F__.-'
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d-r..#___.-‘ 3 "_F,..- :_.#__...-
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