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2. Analog modulation techniques
2.1 Amplitude modulation

With regard to amplitude modulation, different variants may occur:

Amplitude Modulation

AM DSB SSB ISB VSB
LSB and USB, LSB and USB, LSB or USB, LSB and USB independent, LSB or USB with
Carrier Reduced or Full, reduced or Full, reduced or Nyquist slope
suppressed carrier suppressed carrier suppressed carrier

DSB: Double Sideband USB: Upper Sideband
SSB: Single Sideband LSB: Lower Sideband
ISB: Independent Sideband
VSB: Vestigial Sideband

Fig. 2-1: Variants of amplitude modulations

In addition, methods with a reduced or suppressed carrier are common for DSB, SSB and ISB.

The International Telecommunication Union (ITU) designated the various types of amplitude

modulation as follows:

Designation | Description

A3E Basic AM, Double sideband, full carrier
H3E SSB, Single sideband, full carrier

R3E SSB, Single sideband, reduced carrier
J3E SSB, Single sideband, suppressed carrier
BBE ISB, Independent sideband

C3F VSB, Vestigial sideband

Table 2-1: ITU Designations for amplitude modulation

2.1.1 Conventional amplitude modulation

The amplitude of a harmonic carrier is influenced by the modulation signal.

Carrier: vV, (t) =V, COS((DCt + (Pc)
Modulation Signal: Vv, (t) —I
AM-Signal: Van (1) = (v, (1)) - cos(o.t+o,)

The amplitude of an AM signal is subject to time and a function of the modulation voltage Vv,,(t):

Ve, (1) = (v, (D)

This function is also designated as Envelope.

The frequency o, of the carrier does not change.

© 2010-2018 F. Dellsperger
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Within the context of conventional AM, the envelope simply corresponds to the sum of the
unmodulated carrier amplitude V, and the modulation signal v, (t):

v, (1) = V, + v, (1) (2.3)

With a sinusoidal modulation voltage

v, (1) =V, -cos(a,t) (2.9)
the envelope will be

Vo, (1) = V. +v, (1) =V, +V,, -cos(m,t) (2.5)
As the carrier amplitude \"/C is constant, the shape of the envelope corresponds to the modulation

signal. Therefore, with ¢, = 0 and the application of the trigonometric relation

cos(a)cos(b) = %[cos(a +b)+cos(a-b)]

the amplitude-modulated signal is:

Van (1) =V, (t)cos(at) = V, +V, cos(o,t) |cos(w,t) (2.6)
Vi (1)
- v
Vo (t) = V, cos(a.t) + == cos(w, -, )t +cos(w, + o, )t (2.7)
Carrier 2 Lower Sideband UpperSvideband
SR
. L f————— Envelope
L <
A I o D .
Vo = V. =V,

oA A AANR A AN L

Envelope

Fig. 2-2: AM- signal in time domain

Fig. 2-3: AM- signal in frequency domain (spectrum)
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The three frequency components of an AM wave with a sinusoidal modulation can also be drawn in
the phase diagram as phasors rotating with angular velocity.

Fig. 2-4: AM signal in phase diagram (Phasor)

Referring to the carrier frequency o, , the phasor of the signal of the lower sideband (vn,) rotates

slower by o, , i.e. clockwise, the phasor of the signal of the upper sideband (v.,;) rotates faster by o,
, i.e. anti-clockwise.

The result of the three phasors is a phasor with a varying amplitude and rotation with the carrier
frequency, i.e. an amplitude-modulated signal.

Modulation index

In the equation (2.6) for the AM signal, the carrier amplitude \A/c is factored out:

V() = (1 +-cos(mmt)]~\7c -cos(m,t)

Modulationindex m

= (1+m-cos(w,t))-V, -cos(w,t)
(2.8)

The modulation index m is an indicator for the degree of the amplitude modulation and is sometimes
indicated in percent. After the demodulation, the amplitude of the demodulated signal is proportional to
the modulation index.

m = (m<1) (2.9)

n<>|3<>

The amplitude-modulated carrier reaches a maximum value of V., =V, +V,, =V, (1+m) and a

minimum value of Vi, =V, = Vi, =V, (1-m).
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The modulation index m can therefore be calculated from the maximum and minimum values of the
envelope:

m = Yc max_ chin (2.10)
chax + chin

AM signals with different modulation index

m=0.2 m=0.5 m=1

1 1 T T
. N ANA N
=] 9’ —0.5] —0.5] —0.5]
-8 U) _1q! 1 1 1 1 1 1 1 1 \I/ 1 \I/
E 0 0.5 1 15 2 0 0.5 1 15 2 0 1 2
t
: : .

9 O /
veam(® 1 Veam(® 1 Veam(D) 1 \ / \ /
.9 .| .9

1 1 1 1 1
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
t t

Envelope
L—
-
S~
L
N

g | | St | et
SR iy “1JHVWUVHHHHUUAVAVAU\HHU S50 1
2 SR e e T A
Fig. 2-5: AM- signals with modulation index of 0.2, 0.5 and 1
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Overmodulation (m > 1):
In the case of V,, > V., the modulation index will be m>1; this is called overmodulation.

The envelopes cross the zero line. Due to this, phase jumps result, the envelope does not correspond
to the modulation signal anymore and the envelope demodulation generates a distorted signal.

2-\5\ | /4’-;(\\ | - (
vaw® AU |
e 1 e el
—Veam(t-1 \Ul,ul \V\\UI ”vl \\UH\
""" o A N

—30 05 1 15 2

ms
Fig. 2-6: Modulation index 1.5 (Overmodulation)

However, AM modulators are often not able to influence the phase so that the amplitude remains zero
until the next phase inversion.

3 T

2 A A
il
vam(t) 0 v vU
-1

il il u
4\ || V
_3 | | |

Fig. 2-7: Overmodulation without phase inversion
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Amplitude spectrum of an AM signal

With the Fourier transform or by expanding and converting the equation (2.8) of the sinusoidal
modulated AM signal, the individual components of the spectrum can easily be calculated:

Vau(®) = (1+m-cos(w,t))-V, -cos(w,t)

m -~ ~ m -~
= E-VC -cos(m, —o, )t + V,-cos(o,t)+ E-VC -cos(m, + o)t
Lower Sideband Carer Upper Sideband
V()
A \J
v,
m.y,
2
fon | fm
» f

Fig. 2-8: Spectrum of AM-signal with single sinusoidal modulation signal

The amplitude spectrum consists of the following components:

e unmodulated carrier

e two sideband frequencies with a distance of the modulation frequency f,, from the carrier.

© 2010-2018 F. Dellsperger
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AM spectrum for random modulation signals

Non-sinusoidal modulation signals occupy a baseband in a frequency range f, to f

Mmax

In an AM signal, two sidebands are generated, which exactly correspond to the baseband, and are
mirrored to the carrier frequency.

VD)

Baseband

Vo
0 f

L T S S A

vVl
Carrier
Lower Upper
Sideband Sideband

IN) ‘3<

ol B 1|

£, f-f, f+f,

c Minax

ax

Fig. 2-9: AM-Spectrum of arbitrary modulation signals

In the lower sideband, the higher modulation frequency fmmax lies below the lower modulation
frequency f, . Thisis called an inverted sideband. In the upper sideband however, the relations are
normal (non-inverted sideband).

Each of the sidebands respectively contains the complete information of the baseband.

Here, it is evident that due to the amplitude modulation, the double-sided baseband spectrum is
shifted to the carrier frequency.

In the simplest case, a non-sinusoidal baseband signal consists of two sinusoidal components fm1 and

fiu,(t)= U, -cos(w,,t) +U,,, - cos(w,,t)

V(D)
A
Baseband
‘ LA ' » f
0
'fm2 'fm1 fm1 fm2

Fig. 2-10: Baseband with 2 sinusoidal modulation signals

© 2010-2018 F. Dellsperger
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Hence, the AM signal will be:
V(1) = (VC +V,,-cos(o )+ V., -cos(mmzt))-cos(mct)

= V, -cos(a,t) + V,, -cos(w,,t)-cos(a,t) + V., -cos(w,,t) - cos(w,t)
Expanded and converted:

V() = V. -cos(o,t)

+ —M.cos((o, —om)t)
L.cos((o, +o,)t) (2.12)
-cos((o, — o,,)t)

-cos((®, + o)t )

Carrier

Lower Upper
Sideband Sideband

fc'fm2 / fc\ fc+fm2
fc'fm‘l fc+fm1

> f

Fig. 2-11: AM Spectrum of baseband with 2 sinusoidal modulation signals
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Bandwidth of AM signals

An AM signal occupies a bandwidth, which corresponds to the maximum baseband frequency
multiplied by two:

B = 2-%, f,... = Mmaximum baseband frequency (2.13)
IV
A
Carrier
LSB usB
|
¢ My fc et Minax

I
|
I
I
|
1
AM-Bandwidth

Fig. 2-12: AM Bandwidth

A receiver filter for AM has to have at least a pass bandwidth corresponding to the AM bandwidth. If
the bandwidth is too small, high modulation frequencies are cut off.

Power of AM signals

: . : : &
The effective power realized in a resistor R is P = >R
For AM, several power definitions are used:

\"/2
Carrier power = power of a unmodulated carrier P. = > CR (2.14)
AM power (mean power)
= sum of the powers of all frequency components. Pw = P.+ Piss + Pogs (2.15)
112 2

P = MQ? L Van (D)t

For a sinusoidal modulation signal (1-tone-modulation), this results in:

P, =P. {1{%) +(%} }:PC-[l + m?zj (2.16)
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Peak Envelope Power PEP = power of a carrier period with maximum envelope amplitude.
For a sinusoidal modulation signal, the following applies: PEP = P, -(l + m)2 (2.17)

In a best-case scenario with m = 1, the mean power of an AM transmitter is 1.5 times the carrier power
P.. 2/3 of the power are located in the carrier, which does not contain any information, and only 1/3 of
the power is located in the two sidebands carrying information. For the maximum values of the
envelope, the transmitter must be able to generate a power that is four times the carrier power. This
means high demands for the linearity of the power amplifier.

S T T T PEP = 4P,
4 e
P Instantaneous Power
c
Pam 3 "
PEP AM-Power = 1.5P,
2 7 Carrier Power = P,
Pinst () /]
1\/ \//
0 | | |
0 05 1 15 2
t
ms

Fig. 2-13: AM-Power for 1-Tone-Modulation with f,, =1 kHzand m =1

2.1.2 Double Sideband Modulation DSB and Single Sideband Modulation SSB

Conventional AM signals are quite inefficient with regard to their power as well as their bandwidth.
Actually, in a best-case scenario (m = 1), 2/3 of the power are located in the unmodulated carrier and
only 1/3 of the power is located in the sidebands carrying the information. Therefore, it stands to
reason that the carrier should at least be significantly reduced or even omitted. This leads us to double
sideband modulation with a reduced carrier (DSB-RC, double sideband reduced carrier) or with a
suppressed carrier (DSB-SC, double sideband suppressed carrier). In fact, DSB-SC does improve the
power efficiency, however, it still has the same bandwidth as conventional AM.

As the information is completely contained in each of the sidebands, it would actually be sufficient to
transmit one single sideband, which results in a single sideband modulation (SSB, single sideband).
Variants:

e USB: upper sideband
e LSB: lower sideband

But in addition to the advantages in connection with these types of modulation, there is also a
significantly higher circuit complexity at transmitter and receiver. Demodulation with a simple envelope
demodulator is not possible.

In the past, receiving of SSB and DSB-SC signals was a very complex process and practically only
possible for experienced users. In contrast to this, conventional AM offers very easy demodulation
possibilities and reception is also possible for inexperienced users.

Today, these problems are not very important anymore. The fact that up to now, conventional AM has
not been replaced by methods that are more efficient is however basically a question of continuity and
the compatibility of systems.
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Double Sideband Modulation DSB
DSB-RC DSB-SC

Vss (1) = V, - (k +m-cos(w,t)) - cos(e,t) Vpsa_sc(t) = V,, -cos(w, 1) - V, - cos(w,t)

Examples with sinusoidal modulation signal:

m = 1, carrier reduced to 10% m = 1, carrier suppressed
Vpss (1) = V, - (0.1+ m- cos(o,,t)) - cos(a, ) Voss sc() = V, -(m-cos(w, 1)) - cos(w,t)
15 T T T 15 . . .
Voss(® 0.5 Vose(© 05
Vepss(t) g Vepss(t)
~ Vepsp(ty- 051 - Vch Bty 0.5({f-
""" _ 1 . PR -~ 1 .
_15 L L L _15 1 1 I
0 05 1 15 2 ~0 05 1 15 2
t t
ms ms

Fig. 2-14: DSB signals with reduced and suppressed carrier in time domain

V(I VDI

I I ‘

fefn  fo fotfn fofm  fo fctfn

o, AW v, —w,,/‘

Fig. 2-15: Spectrum and phasor of DSB signals with reduced and suppressed carrier

In addition to amplitude variations, double sideband signals also show phase jumps.

In the case of the double sideband AM with a reduced or suppressed carrier, a reversal of the
modulation signal v, (t) results in a phase inversion of the modulated signal and the process is not a

mere amplitude modulation anymore. The form of the envelope does not correspond to the modulation
signal anymore.
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The power of the DSB-SC signal is calculated as follows:

TI2 1 p7i2

-, 1+ cos(cht)dt

L 1pm2 2 T 1 2 7 2 2 L 2
Poegsc = l'i'l?j_m"w (t)dt = l'_r]l? LV (H)V. cos® (o t)dt = Ll_rno? Ve (Ve 5
AN :
=L [Ilm e v, (t)dt+ lim L v’ (t)cos(cht)dt}
2 T T -T/2 Towo T -Ti2
As vy,(t) is a low-pass signal and its frequencies are significantly lower than 2f_,
. demz .
llgl? . Va (t)cos(20.t)dt =0 applies and therefore
V2 1z, V.2
PDSB—SC = 7_!]21? —T/2Vm (t)dt = 2 Pm
P., = power of the modulation signal
Single sideband modulation SSB
Examples with sinusoidal modulation signal:
LSB, m = 1, carrier reduced to 25% LSB, m = 1, carrier suppressed
~ m ~ m
Vigs(D) =V, -[0.25 -cos(om,t) + 5 cos(m, — mm)t)j V() =V, =y cos(w, —o,)t)
1 T T T 1 T T
0.5 05
vise() 0 Vise(t) 0
-05 -05
_q 1 1 1 1 ] |
0 05 1 15 2 0 05 1 15 2
t t
ms ms
Fig. 2-16: SSB Signals for reduced and suppressed carrier, time domain
VDI 140l
4 | » f > f
fe-fm fe fe-fm fe
Q Q

-

Ve

Fig. 2-17: Spectrum and phasor of SSB signals with reduced and suppressed carrier,

© 2010-2018 F. Dellsperger
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In the case of a single sideband signal with carrier (may be reduced), there are also phase variations.

In the case of an SSB signal with carrier or reduced carrier, the modulation signal can still be detected
in the envelope. However, the envelope has a distorted shape in comparison to the modulation signal.

For the envelope of an SSB signal with carrier, the following applies:

Ve SSB—FC(t) = \A/C '\j1+ m’+2-m- COS((Dmt)

Example with m = 0.7 (70%) and full carrier:

2 T T T
15

Vessa(t) 1

0.5

0

ms

Fig. 2-18: Envelope for SSB, full carrier, m = 0.7

For SSB without carrier and sinusoidal modulation signal, the envelope is constant. There is no

apparent modulation.

© 2010-2018 F. Dellsperger
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Summary

Double Sideband Single (lower) Sideband
V(1) = V, cos(wt) V s () = V, -cos(w,t) + V, cos(a, — o, )t)
Y
+-"1 cos(w, — o, )t+cos(w, +o, )t
Lower Sideband ’ Upper Sideband
et i
o AL M M
S 1A =
E ) (;.5 l1 f.s 2 1 0I5 I1 1I5 2
@ t t
(@) ms ms
£ v(r) Ve
I
: fn, | ‘ l -
fefn  fo
fofn o foth - Bandwidth: B = fmmax
Bandwidth: B=2- fmmax Power:
m? \75 m? _p . 2\ _ \752 . 2
Power: P,, =Pc-(1 + 7]:ﬁ[1 + 7] Pssarc =P (1 +m )_Z-R (1 +m )
y SB t)= \7m ’ c — Pm t
Vosa_sc (1) = 7’“[cos(mc - o, )t+cos(ao, +mm)t‘] Yisml) costen — o)
oGO Y I GO P I TP 05 | I |
s ﬁnV/\nnn@ﬂnwnm\vnﬁ o TUARRAARRAANRRAAR
| ) e ATV
o o , . . . . .
% ~15 05 1 15 2 ) 05 1 15 2
@) t t
8 ms ms
A IV VDI
o
g
.
4 » f
fofm  fo fotfm » f
fofm 1,
Bandwidth: B=2-f )
. zma* Bandwidth: B=f,
Power: Pygg_sc = Yo V2
4-R Power: Py, = —"
2-R

Fig. 2-19: Summary of amplitude modulated signals
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2.1.3 Independent Sideband ISB

The two sidebands can also be modulated with different information, e.g. with the left and the right
channel of a stereo signal. The practical implementation is realized by addition of an LSB and an USB
signal.

2.1.4 Vestigial sideband modulation VSB

In case the baseband contains low frequencies down to 0 Hz, SSB cannot or hardly be implemented
(very steep filters, etc.). In this case, vestigial sideband modulation (VSB, vestigial sideband) can help,
for which a small part of the unwanted sideband is included in the transmission.

In order to avoid errors, a special filter with a so-called Nyquist slope (point symmetric) has to be
connected ahead of the VSB demodulation on the receiver side. The parts, which are cut off from one
of the sidebands, are completed by a corresponding part of the other sideband.

v %
A A
Carrier Carrier
Vestigial sideband Transmitter filter Nyquist slope Receiver filter
LSB / USB LSB /& USB
» f - f
f. fe
Transmitter Receiver

Fig. 2-20: Transmitter and receiver filter for vestigial sideband modulation

The vestigial sideband modulation is for example used in analog, terrestrial TV image transmission.
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2.1.5 Quadrature AM QAM

Two carriers, which are phase-shifted against each other by 90°, can be modulated with one
independent signal each and be transmitted together.

This procedure is called quadrature amplitude modulation (QAM).

The modulator according to Fig. 2-21 generates the following signal at the output

Soam (1) = S (1) Ve €O (et) + Sy (1) V sin(et) (2.19)
Mod. Signal 1
Ve cos(mct)@

- Soau (1)

_90° Ve (t) = V¢ cos(act)
Carrier

V sin(ogt)

Sma (1)
Mod. Signal 2
Fig. 2-21: QAM Transmitter

If this signal is transmitted to a demodulator according to Fig. 2-22 over an ideal channel, the
modulation signals s, (t) and s, (t) are recovered with the exception of a constant amplitude

factor. On the receiving side, the carrier has to be reconstructed to the exact phase with an additional
circuit.

Taking into account the trigonometric identities, the signals s, (t) and s, (t) in the demodulator will be
: 1
sin®(x) = E[l—cos(Zx)}
1
cos® (x) = E[l+ cos(2x) ]
sin(x)cos(x) = %sin(Zx)

Sa (1) = Soam (1) V; cos(a, [ t)V, cos(gt) + Smp (1) Vs Sin(mct)JVC cos(a.t)

:Sml(t)\? co (

()V sin( o, t)C?S(@ct)
cos(2co t)+sn (t)\/;2

in(2e.t)

remove with low—pass filter

Sp (1) = Sqam (1) Ve sin(w,t) = [Sml(t V, cos(wgt) + Sz (1) Ve sin(mct)] V, sin(ot)
= Sy (1) V2 cos (g t)sin (g t) + Sy (1) Vo2 sin (gt )
7 2 7 2 7 2
=5 (1) 4 sml(t)\%sm(zmct) . (t)\%cos(zmct)

remove with low—pass filter
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With the lowpass filter, all signals at 2w, are removed.

S (1) =Sz ()=

2

Thus, the demodulated signals s, (t) and s, (t) correspond to the modulations signals s, (t) and

7 2
Sm2 (t) of the transmitter, with the exception of the constant

Low-pass

- Srl(t)

Sa (1)

V cos(wct) @
Soam (1) 71

&

_g0° ve (t) = Ve cos(at)
Carrier
V, sin(oct) Low-pass

&

= S, (1)

Fig. 2-22: QAM Receiver

An application of the quadrature-AM can be found at the ARI and RDS stereo broadcast.

© 2010-2018 F. Dellsperger
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2.1.6 AM modulators

On principle, amplitude modulation can be realized by means of adding the carrier and modulation
signal and their transmission over a non-linear twoport or by means of multiplying the carrier and
modulation signal.

Both methods are suitable for modulators with small signals.
Additive method

Nonlinear
Vin (t) < > Twoport

Ve (t) = Ve cos(wpt)

Band-pass

> Vam (t)

.«

Fig. 2-23: Block diagram of additive AM modulator

Ideally, the non-linearity should have a purely square characteristic curve.

The square characteristic curve i= k-vz is, for a sinusoidal modulation signal, controlled by the signal
V(1) =V, +V_(t)+V () =V, + V, -cos(m,t)+ V. -cos(am,t)

~ ~ 2
The current  i(t) =k- (VO +V,, -cos(o,t)+ V., -cos(coct)) amongst others contains the desired

frequency components o, (o, —,) and (o, +w,).

For a diode modulator, the (non-linear) diode is controlled by the sum of v_(t) and v_(t) in an

operating point defined by V,. Thus, a non-linear current will flow in the circuit, which induces a voltage
in the load resistor, and the spectrum of this voltage also contains the desired AM signal in addition to
several unwanted signals. This signal can pass the band-pass filter.

— V/ Nonlinearity
(Diode, BJT, JFET)

Vi(t) l Band-pass filter

ve(t) l R m Vgr(t) Vam(t)

O

«
i

Fig. 2-24: Circuit diagram of a diode AM modulator
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Ve

Bias point

Vo fn  2fn fofn  fo  fotfn
;\/—/
a) b) IVam(f)

Fig. 2-25: Diode AM modulator, a) Diode IV curve, b) Spectrum of output signal

A diode only has an approximately square characteristic curve. Actually, the PN junction of a diode
has an exponential curve:

S

i=I -{e"T —1} Is = Reverse Current, Vr = Temperature Voltage (ca. 25mV), vp = Diode

Voltage
The exponential function can also be represented as a power series expansion:

X X2 X3 n

e =l+—+—+—+..+—+...
o2 3 n!

Besides several other potentials, the square element which is necessary for the AM modulator is also
contained here.

All elements of a higher order cause disturbances. They can generate unwanted frequency
components, which lie within the AM band and can therefore not be removed by the bandpass filter.

The characteristic curve of a JFET has a square function, therefore, AM modulators can be realized
with almost no distortion using JFET.

Multiplicative method

With the equation (2.6) v, (t) =v,_ (t)cos(et)

[\A/c +V,, (t)]cos(wct) =v,, (t)cos(w,t)+V, cos(am,t)

two block diagrams for the realization result.

Vs (1) = [ Vi + Vi, (1) Jeos (1) Vs (1) = v, ()OS (e0,t) + V, cos(a,t)
Vi (1) —> Vam(t) vy, (t)*@—®‘ Vam (1)
f
Ve ve (t) = Vg cos(at) cos(wct) Ve (t) = Ve cos(wpt)

Fig. 2-26: Block diagram of multiplicative AM modulators

The block diagram on the right-hand side shows a DSB-SC modulator, where the carrier is added
again. This modulator can be realized by means of the circuit in Fig. 2-27.
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Vi (t) -»-
@ >4’ Vau (t)
’7 dB Powercombiner

Powersplitter Attenuator

ve (t) = Ve cos(at)

Carrier
Generator

Fig. 2-27: AM modulator

AM modulators for transmitters with high power

In the case of power transmitters, the amplitude modulation is often implemented in the output power
amplifier (tube or transistor). At this point, the amplification of the output amplifier is influenced by the
modulation signal.

In practice, the effective supply voltage of the output amplifier is usually controlled by the modulation
signal. This can for example be realized with fast switching power supply units or, as shown in the
example below, by means of a modulation transformer.

The required audio frequency power lies within the range of the carrier power, as the audio signal
must practically deliver the sideband power.

On the other side the power amplifier can be nonlinear class C with high efficiency. The resulting
harmonics are filtered with the collector tuned circuit.

Vee © o
V() Control Voltage
" Power Supply ——0 vp(t)
| || o
! |
C
Ci—— L4
H O o0 Vam(t)
C Power Amplifier
: VAm(t) Vc(t) O— P
Ve(t) l

Fig. 2-28: High power AM modulators
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DSB modulators

If the modulation signal is multiplied with the carrier, a double side band signal without a carrier will
result (DSB-SC). As multiplicators, ring mixers according to Fig. 2-30: can be used:

Vi (t) Vbse-sc (t)

Ve (t) = Vg cos(agt)

Fig. 2-29: Double sideband modulator with suppressed carrier

Voss sc (1) = Vi (1) v, (1) = V, cos(o, 1) - V,, cos(o,t) = V°;/”‘ (cos(w, + o, )t +cos(w, — o, )t)

Vin(t)

b) t

i

Va(t)

a)

[Va()
A

e) d) M

I I

fofm fo fetfm 3fc

Fig. 2-30: Double balanced ring mixer, a) Circuit diagram, b) Modulation signal, ¢) Switching signal
(Carrier), d) Output signal in time domain, €) Output spectrum

The 4 diodes switch the polarity of the modulation signals according to the carrier pulses. They can
also be replaced by other switching elements, e.g. JFET or MOSFET. The most popular double-
balanced mixer used in RFIC designs is the Gilbert Cell mixer.

The carrier signal v, (t) is usually a high amplitude sinusoidal signal and may be considered as a
square wave signal because of the amplitude limitation by the diodes. The diodes operate as a switch.
In the positive half cycle of the carrier, the diodes D1 and D2 are conductive. Thus the output signal is
Vv, (t)=v,(t).

In the negative half cycle of the carrier, the diodes D3 and D4 are conductive. Thus the output signal is

v, (1) ==, (t).
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The Fourier series of the square wave is:

v (t)= %{cos(anct) - %cos(Zanct) + %cos(ZnSfct) — }

and the spectrum
2

Vc(f)=;{8(f—fc)+6(f+fc)—%8(fifc)+%8(fifc)— ..... }

The convolution of the carrier spectrum Ve (f) with the modulation signal spectrum Vm(f) results in

the spectrum of the output signal V, (f):

Va(f):;Vm(fifc)—g—ivm(fJ_r3fc)+5—2an(fJ_rSfc)— .....

Vi ()

V. ()

Lower Upper
Sideband __Sideband

Fig. 2-31: Double balanced ringmixer, spectrum of modulation signal, carrier and output signal

With a low-pass filter the signal components at 3f, and higher can be removed.
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SSB modulators

Single sideband modulators according to the filter principle:

After the AM modulator (ideally a DSB-SC modulator with suppressed carrier), the unwanted sideband
is removed with a narrowband bandpass filter.

v Filter )
attenuation i
—\ /
\
\
\

\
Lower Upper [
Sideband | Sideband/’

\\ |
Carrier \ /
‘ \ L

Band-pass filter

Modulation | DSB- >

signal Modulator

— SSB-signal

a

Fig. 2-32: SSB-Modulator, filter method

In order to reach the required filter slope, quartz filters are required in most applications.

The SSB modulator according to the phase method is based on the principle of the cancellation of
signals in phase opposition. At the outputs of the mixers, there are both of the sidebands, however
with different phase positions.

If for example, the two upper sidebands are in phase opposition, they will cancel each other out during
the subsequent adding, while the two inphase lower sidebands are added. From this, an USB signal
results.

A
Sm(t) ———— v, cos(mct)@
Mod. Signal Y Sss (t)

Broadt())and ~90° Vg (t) = \7C COS(O)C'[)
-90 Carrier
V, sin(ogt)
L »

S, (1)

Fig. 2-33: SSB-Modulator, phase method

With analog circuit technology, the necessary broadband phase shifters can hardly be realized, so that
the phase method was rarely used in the past. Today, with digital signal processing, the required
circuit blocks can however be created without any problems. A broadband 90°-phaseshifter with
almost ideal properties can be realized with a Hilbert transformation using digital signal processing in a
DSP or FPGA.
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2.1.7 AM demodulators
Incoherent demodulation

The envelope demodulator as the simplest demodulator circuit only needs a minimum number of
components. It consists of a peak detector and a subsequent low-pass (RC element).

This is called an incoherent demodulation as this circuit does not require carrier recovery.

\ \

V

' Tw . T \ C A
O H O ]/\
t R — PN -t
~—"

| N—

@ O

Fig. 2-34: Envelope detector, circuit and waveforms

An important factor is the selection of the time constant of the RC element. It may not be too small or

too large. For its cut-off frequency fg, the following requirement applies:

1 f. 1 Carrier frequency

< f -f
e fu © Highest modulation frequency

fo < f=o—
° 2.1R-C

As in most cases, the carrier frequency is much higher than the highest modulation frequency, the
selection of the time constant is not critical.

t too small T ideal T too large

Fig. 2-35: Detector output voltage for different time constant RC

1t =R-C

The capacitor C, serves for DC-decoupling. Together with the load resistor of the demodulator, it

forms a high-pass circuit. The cut-off frequency of the high-pass should be significantly lower than the

lowest modulation frequency.
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Coherent AM demodulators
The most complex but best method for AM demodulation is the product or synchronous demodulator.

The received AM signal is multiplied with a reconstructed carrier signal, i.e. the sidebands are shifted
(mixed) to their original position within the baseband. After bandpass filtering, the original modulation
signal is restored.

Multiplier Band-pass filter

Vam (1)
AM signal l »

I—» Demodulated signal

Vine, (1)

.«

Synchronisation,
Carrier recovery

| Ve, (t) =kcos(wgt+o)

Reconstructed carrier
Fig. 2-36: Coherent AM demodulator, product demodulator
Analysis of the circuit:
At the input of the demodulator, an AM signal is applied v, (t) = [\A/C +V, (t)}cos(ooct)

Inside the multiplier, the AM signal v, (t) is multiplied with the reconstructed carrier

Ve, (1) = \7CD cos(w.t+¢). Here, ¢ is the phase shift between the carrier of the input signal and the
reconstructed carrier.

Vam(t)-ve, (1) = [\7C +Vp, (t)]cos(mct) : VCD -cos(wt+0)

[0 + v (0] [c0s(z0ct+ ) -cos(o)]

V.V Y
;D Vi (t)cos (2ot +¢) + ;D Vi (t)cos ()

removed by band-pass filter

V.V
= %[cos(z%t +¢)+cos(g) |+

With the exception of the factor %cos((p) , the demodulated signal corresponds to the modulation
signal of the transmitter.

In case the phase of the carrier reconstruction deviates from the phase of the transmitted carrier ¢ =0

, amplitude distortions will result. At ¢ = +90° , the demodulated signal will be zero. In order to facilitate

a phase synchronous carrier reconstruction on the receiver side, it is better to transmit a reduced
carrier.

If there is a carrier or residual carrier within the modulated signal, the original carrier can be
reconstructed quite well. A phase difference with respect to the original carrier results in a DC
component. Therefore, a bandpass filter is necessary on the output.

The product detector is suitable for all AM types (DSB, SSB, etc.).

For the recovery of the carrier (synchronization), a narrowband bandpass filter or a PLL (Phase
Locked Loop) can be used.
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If the modulation signal contains very low frequencies, the carrier recovery will be difficult with these
methods.

For example, in the case of a FM stereo signal, a pilot-tone is transmitted with it and from this pilot-
tone, the carrier for the demodulation can be recovered.

2.1.8 Disturbance and noise behavior of AM

In the case of AM signals, the information is carried in the variations of the amplitude. This requires
linear signal processing. Non-linearities in the system chain result in non-linear distortions of the
demodulated signals.

Disturbances mostly result in amplitude fluctuations. These are therefore similar to AM and can hardly
be distinguished from the desired amplitude variations.

During the demodulation, the different bandwidths and power rates result in modified signal-to-noise
ratios. Here, the behavior of the modulation methods with regard to noise is to be examined. The noise
(AWGN Additive white Gaussian noise) is added to the wanted signal within the system. By means of
a bandpass filter, a narrowband noise is generated, which has a noise power spectral density within a

small bandwidth around a center frequency ®. . This noise is often called bandpass noise. It has

characteristics which correspond to a real transmission system with a narrowband receiver.

Channel Demodulator
AWGN
Modulator Band-pass Detector Low-pass
AM smop (1) X smop (t)+n(t) Pst Envelope Yy Ps2
psp 22 I\, or X >
SSB fgc&/ P i Synchro T P2
BRFZZ'B B:fmmax
smob = Sam(t).Spsa-sc (t).Ssss (t) n(t): Band-pass noise

Fig. 2-37: Block diagram for noise analysis

The narrowband noise can be described with the following equation:

n(t) =a, (t)cos| w.t+o(t) ] =n (t)cos(met) —ng (t)sin(w.t) (2.20)
Ne (t
with a, (t) = \n?(t)+nx? (1) and o(t)= tanl(nQT(t))]
|
The random variables n;(t) and n, (t) are statistically independent from one another and not
correlated. For the square mean values, the following applies:
n? (t) =n?(t) =ng?(t) (2.21)
For the analysis, the signal-to-noise ratio at the input of the demodulator will be
S P.
(—j =S (2.22)
NJ1  Pu
And at the output of the demodulator
S P
(—j =_S2 (2.23)
NJ> P
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It will be analyzed for AM, DSB-SC and SSB. For AM, the envelope detector will be analyzed in
addition to the synchronous detector.

With the modulation signal s, (t) the following applies to |s,, (t)] <1

Sam (1) = Sam (1+ 5, (1)) cos (o t) AM (2.24)
Spse_sc (1) = Spsa_scSm (t)cos(ot) DSB-SC (2.25)
Sss (1) = Sssp [ Sm (t)cos(@t) + 5y, (t)sin(w.t) ] SSB (2.26)

S, =Peak amplitude of s, (t)
At the input of the demodulator in Fig. 2-37 the signal s, (t) = sy (t)+n(t) is applied to AM
Sam (1) = Sam (1+ 5y, (t))cos (o t) +n(t) (2.27)

This results in the following signal, carrier, AM and noise power at the input of the demodulator

1
Ps; = ESAMZ S’ (1) (2.28)
1
Py= ESAMz (2.29)
Pavi = %SAMZ (1+ S (t)) (2.30)
Pu=n°(t)=G,-2B (2.31)

Here, G, is the noise power spectral density, B is the bandwidth of the baseband signal and 2 B is the
required RF bandwidth.

Envelope detector:

The envelope detector constitutes the envelope of the time function s, (t):

(1) = \[ St (1+ 5 (1) 414 (O g2 (1) (2.32)

For a large signal-to-noise ratio (low noise voltage), s, (t) can be expanded into a power series and
the terms of second and higher order can be disregarded:

S, (1) = Sam (1+5, (1)) +n(t) (2.33)

At the output of the demodulator, signal and noise power will be:

Pue =n2(t)=n’(t)=G,-2-B (2.35)

With the equations (2.28), (2.31), (2.34) and (2.35), we can now calculate the signal-to-noise ratios at
the input and output:

1
S Ps1 ESAMzsm (t) S (1)
S) _Pau_ _ P (2.3
N), P, Gy2B G, 2B
(% P Swien () 28 (U _sn' () (2.37)
N, P, G, 2B G;-2B ° G, B
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Therefore, the following applies:

S S

(_j _ z(_j (2.38
N/ NJy

This means that the signal-to-noise ratio for small noise signals is 2 times or 3 dB better at the output

of the demodulator than at the input of the demodulator.

If the overall AM power is used for the definition of the signal-to-noise ratio at the input of the
demodulator, the following will apply:

,Sa 157 (1)

sl 1 t
(Ej P25 (o (Y (2.39)
NJp. Py G, 2B
(§j _Psy _San’Sn’ (1) (2.40)
N), P, G,2B '
s sm’(t) (s
(_j =zm—[_j (2.41)
N2 14s,2(t)\NJx

For the analysis of the envelope detector with a small signal-to-noise ratio (high noise voltage), the
following equation results from a slightly different power series expansion of (2.32) at the output of the
demodulator:

So: () = @, (t) + Sam (1+ 5 (t))cos(o(t)) (2.42)

The second term of the equation can hardly be distinguished from the noise a, (t) and the
demodulator does not generate a suitable output signal.

In the case of a small signal-to-noise ratio, the wanted signal is linked by multiplication to the

disturbance variable COS((p(t)) and with an increase of the noise voltage, the (S / N)2 ratio at the

demodulator output disproportionately decreases. This is defined as the threshold of the envelope
demodulator.

20
m 10
o
£
— Y
0nwliZz 0
N— 0\
&S
= &7 NE
> & 7/ 2
2 S/ &
s 10 3
8 L7 )
6*/ Q\I°Q
A
-20 <
-20 -10 0 10 20

Input (§) in dB
N 1

Fig. 2-38: Threshold effect of envelope detector

The transition takes place in a range of (S / N)l <10dB and is therefore irrelevant for most
applications as signals with S/N<10dB are not of sufficient quality and cannot be used.

Further considerations can be found in Lit. [1], [2] and [5].
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Synchronous detector:

In the case of the synchronous detector, the input signal of the detector s, ), (t) is multiplied with the

carrier \A/c cos(oact). The power at the output equals

1

Ps, = ZsAMZ S’ (1) (2.43)
15 1 1
Pp==-n(t)==G,-2-B==G, -B 2.44
N2~y ( ) 40 50 ( )
The power ratios at the input are the same as for the envelope detector.
1. 202
= Saw Sm (1)
(3)-Pa 2 (2.45)
N); Pu G,:-2-B
1. 2.2
“Sam Sm” (1)
(8) P o D (2.46)
NJ> Py EGO -B
2
Therefore, the following applies:
S S
(_j - z[_j (2.47)
N 2 N 1
With the exception of the missing threshold, the signal-to-noise ratios correspond to those of the
envelope detector. For DSB-SC and SSB, the same analyzes can be carried out. The results are
summarized in
Table 2-2.
AM AM DSB-SC SSB
Envelope det. Synch.det.
P 1 1 1 2 2
St ESAMZ Sm” (1) ESAMZ Sm’ (1) ESI%SB—SC S (t) | Sssem ®
P 1
A 25,2 (1+ s, 2 (t)) =S (1+ s, 2 (t))
PNl G0'2'B G0'2'B G0'2'B Go’B
Ps2 SawSm () %SAMZ s’ (t)
Pz Go-2:B 160-2.8 lGo-z-B lGO-B
4 4 4
(s/ N)2 2 2 2 1
(S/N),
RF-Bandwidth 2-B 2-B 2-B B
Bre
Table 2-2: Signal- and Noise-power for AM, DSB-SC and SSB
For DSB-SC, the improvement of the signal-to-noise ratio of 2 in comparison to 1 for SSB is
neutralized by the double noise power at the input due to the double bandwidth.
© 2010-2018 F. Dellsperger 64



2.1.9 References

(1]

(2]
3]
[4]
[5]
[6]
[7]

(8]

9]

[10]

[11]

Taub, H., Schilling, D.L.: Principles of communication systems. McGraw-Hill, 2nd Edition
1986

Kammeyer, K.D. : Nachrichtenubertragung. Vieweg+Teubner, 4. Auflage 2008

Roppel, C.: Grundlagen der digitalen Kommunikationstechnik. Carl Hanser Verlag, 2006
Ohm, J-R., Luke, H.D.:Signalubertragung. Springer Verlag Berlin, 10. Auflage 2007
Schwartz, M.: Information, Transmission, Modulation, and Noise. McGraw-Hill, 1980
Zinke, O., Brunswig, H.: Hochfrequenztechnik 2, Springer Verlag Berlin, 5. Auflage 1999

Stumpers, F.L.M.H.: Theory of frequency modulation noise. Proc. Inst. Radio Engrs. 36,
1948, 1081-1092

Rice, S.O. : Statistical properties of a sine wave plus random noise. Bell Syst. Techn.J. 27,
1948, 109-157

von Grinigen, D.Ch.: Digitale Signalerarbeitung mit einer Einfihrung in die kontinuierlichen
Signale und Systeme. Carl Hanser Verlag, 5. Auflage 2014

von Grinigen, D.Ch.: Digitale Signalerarbeitung: Bausteine, Systeme, Anwendungen.
Fotorotar Print und Media, 2008

Dellsperger, F.: Passive Filter der Hochfrequenz- und Nachrichtentechnik. Lecture Script,
2012

© 2010-2018 F. Dellsperger

65



