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Analoxue Modulation of Carriers
L. Introduction:

The transmission of signals from one place to another
requires the use of a carrier, which generally t:kel_the form of
& sinusoidal szignal of an appropriately chosen frequency. The
choice of the frequency depends on the selection of the medium of
propagation of the signal. For example, the HF:blnd (30 MHz ~ 300
MHz) is selected when the signal is to be transmitted over the
ionoaphere, for 1long distance propagation, as generally done for
short wave radios. On the other hand, the UHF and VHF b{nd are
used when a wider bandwidth is needed such as in video and 'T.V.
transmission, or transmission of multiple voice channels via PQH
or frequency  division multiplexing. Still higher trequeﬁciea {in
the -1crown§¢ or -111§-¢g¢r wave frequency handq. 6r even optical
bands), are uled to obtain even higher bandwidths, as for
example, in ;ltelllte communications and other applications.

The underlying information bearing signal {here assumed to
be voice, picture or analog telemetry data) is typically a
lowpass signal, and must therefore be mapped onto the carrier.
This i; not only useful but also necessary for the following
reasons:

Eﬁl!.ﬂl.ﬂlﬂiﬁ&iﬁn: For efficient radiation of electromagnetic
waves, the antenna size should be of the order of the wavelength.
Clearly, the required antenna sizes would become unmanageable for
transmission of raw information bearing signals such as sudio and
video. The use of a high frequency carrier on to which this

information can be embedded, these are much more manageable.

Multiplexipg: All voice (or all picture) signals occupy nearly
the same freguency band. If & number of voice signals are to be
transmitted simultanecusly, these need to be located in different
spectral bands. This can be accomplished through modulation.
£requency Agsignment: In the same manner sever#l radio or
television stations which need to broadcast simultaneocusly, can
do so by using different carrier trequencies.

'

Signel Processing: The signal proceasing technfquet or technology
that can be used depends on the frequency of operation of the
receiver. Modulation provides a technique for translating the
frequency band to a convenient locagion from this poipt of view,

Noise Reductjon: Certain types of nonlinear modulations can even

provide enhanced protection against the ever present noise in

communication systems.  This, however, is usually obtained at a

1

sacrifice of tranamission bandwith.

”

11. Fundapentals of Analog Siznal Tranamiasion:

Fig.1 shows the block diagram of a typical communication
system. The transmitter and the receiver amplify signal -power and
perform some filtering operations. They may also include the
modulator and the demodulator in came of bandpass transmission.
Ideally, the output of the receiver should be a faithful replica
of the message transmitted. However, noise and distortion
introduced in the channel due to its nonideal nature, cause the
output signal to be different from the transmitted signal.
Diastortionless transmission:

The transmission is distortionless if

s
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yit) = Kx(t-tda}
where K = attenuation and te = time delay
Power loss in transmission = 20 logioK )
Typical values range from 0.05 dB/km (for twisted pair of wires
at low fregquencies) to 3-4 dB/km at higher in (twisted pair,
coaxial cables waveguides and optical flbers).
Transfer function of channel for distortionless transaission:
Helf) = K expl(-j2xfta) for |F| <B

where B is the bandwidth of the baseband ai‘nal;
Real channels usually do not satisfy this condition and some
amount of distortion il alﬂays encountered. Proﬁer signal,
transajitter and recé}ver design can minimize its effect.
Types of Diatortion:

Alnliindﬂ__nillﬂx&ign This occurs vwhen the amplitude response
is not flat over the delired bandwidth, i.e., when
., [Helf)| # K
Usually takes the form of excessive attenuation or enhancement of
high or low signal frequencies. Its effect is usually negligible,
if |He(f)| is constant to within a dB in the desired band of
frequencies.
2. Ehggg___g;__nglix___nig;gggign:- This occurs 1if different
frequencies of the signal get delayed by different amounts of
time. As 1iplied by (1) and (2), there will be no phase
distortion if

angle of H(f) = - 2xtaf & mx

Any other type of phase response (including a constant phase

shift) will cause delay distortion.

[

Delay distortion is critical in pulse and digital tranamissien.
However, human ear is quite jnsensitive to delay distortien and
hence it is of 1little importance in analog transmiasion of
information.
Both amplitude and delay distortion are generally reterrq§ to an
linggx.dl;jgx&ign. "@whe linear distortion can be removed via the
use of an equaliger, which |i=a essentially a filter with a
transfer function which is the inverse of ghe channel transfer
function. Thus, the equalizer at the receiver is given by
K exp(-jexfta)

Helf)

Hagqlf) = for lf' « B

o that He(f)Hes(f) = Kexp(-2xfta), thus satisfying the condition
for distortionless transajission. o . ‘
3. Nﬁnlinﬂnn._ﬂil&2:112n= This occ;rl in many prlc}icpl lYltEIS;
pnrti;ularly when the signal amplitude at thezinput to a power
a-plitler etc,, is large. A typical example of nonlinear transfer
characteristic is the saturating nonlinearlty shown in Fig. 2. A
typical model for nonlinear characteristics is ‘the polynomial
model given by
y(t) = aix(t) + azx*(t) + a3xd(t) + ...

and a typic;l effect of this kind of distertion is the generation
of the so-called harmeonic or LnLg;mgdnlg;*gn_ﬂi]jg;&ign. This is
best unders£ood by realizing that if the 4input contains two
sinusoids at frequencies f1 and f3 respectively, then the output
will contain not only these frequency components, but also the
(denerally undesirable) components at f1 t fa, f1 % 2f2,... etc.

This kind of distortion can cause asevere communication probleas,



such as cross-talk, in a multiplexed environment.
The nonlinear distortion of the above type can best be tackled
via a so-called “"gompander"” device, which is comprised of an
amplitude “"compressor” at the transmitter (or the appropriate
amplifier input) and an "expander” at the receiver or the output
of the nonlinear device. A typical set of compression and
expander characteristics are the logcrithn%c characteristics
given by ge{x) = 1ln x and gely) = expi{y}, relp;ctively.
11X, Linear Modulation of Carriera:
Direct frequency frnnllntion of a message spectrum can be done
via the linear modulation process given by

- xe(t) = Am(t)cos et _
where n{t} r;(ors to the message signal. Thepe are a number of
.i-por;;nt variations’ of this basic translation process as
follows: '
A. Double Sideband Syppresped Carrier Modulation (D3B-3C): This
refers to the basic equation {5) above, A typical DSB-waveform
for a .1nu.;13.11y modulated signal is shown in Fig. 3. From
bazic ‘Fouriler tran-fofl theory, the spectrum of the modulated
signal is given by

Xe(2) = (A/2)[X(f4fa) ¢ X(f-fc)]

where fc = wo/2x. The frequency domain representation of the

translated spectrum is shown in Fig. 4.
Here m(t) is the hascband signal.

Multiplication of baseband signal and the carrier signal is

called mixing or hetrodyning.

The ypper sideband in the translated spectrum contains components

corresponding to the positive frequencies of the baseband signal.

The Jower gsjdeband containg components corresponding to the

negative frequencies of the baseband signn;.

If B is the baseband message bandwidth, then the bandwidth of the

DSB-SC signal is given by Br = 2B,

The average transmitted power in the DSB-SC signal can be seen to

be given by :
Pr = PcPa -

where Pc = A*/2 is the average carrier power.

'Esggxgxx_gi,;hg__hg;gh;ng__jixngl:, The baseband signal can be

recovered from the received DSB-=SC signal by rehetrodyning it at

the receiver with a local‘ carrier which is identical {except

perhaps for amplitude) te that at the transmitter and low PasSs
ana . . h ;

: filtering the result (Fig. §5). Thus we have

’ 2(t) = kim(t)cos wet]|2cos wet)

= km(t) + km{t)cos 2wct
and the corresponding ;pectru-:

Z(f) = kML) + (k/2)(M(L-2fc) + M{T421c)) .

Since for B < fc, M{f} does not overlap with the spectra M{f;Zfel
or M{f+2fc}, it félloul that the low pass filtering of 2(f) will
yvield the desired message apectrum.
anzigz_ﬂggéxg;x: The above method of demodulation is called
synchronous or coherent denﬁdulntion. This requires the locally
generated carrier to be Phase synchronous with the carrier of the

information signal exactly.

Lack of such ;ynchronili will produce distortion such that the
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recovered signal will turn out to be
y(t) = k m{t) cos {bwt + 0)
where &w and 0 are the frequency and phase offset respectively,
in the local carrier.
If 8w = 0 and O = x/2, the signal is lost completely.
It 8 = 0, y{t) = km(t) cos $wt will produce a warbling effect. In
voice signalas, 8f > 30 Hz is unacceptable.
A phase coherent carrier signal can be &ecovered from the

received signal itself by a squaring circuit followed by a

bandpass filter centered at 2f¢. Since m*{t} will- have a nonzeroc

d.c. conpoqent.' the lodulatgd -isna} xe*{t) has a carrier
component at 2fc, which can be extracted by a bandpass filter.
pivision of this frequency by 2, Yyields thé required phase
coherent carrier, which can be used for demodulation. This is
ahou;.in Fig. 6. | .
B. Double Sideband AM {with Carrjer):

) ”
This is generated by adding o large carrier component to the DSB
signal., Thus we have

x(t) = A[1 + m{t}lcos wet = e{t)}coswet

where e(t) is the so-called envelope of ghe modulated signal.
Provided that |m{t)| < 1, the envelope e(t) follows the shape of
the mesaage signal, as shown in Fig. 7, and the spectrum X(f) is
similar to that of the DSB-SC signal, except for the presence of
a carrier component also at fc, as shown in Fig. 8.
This property of the envelope shape, makes the recovery of the
message from the received gsignal very simple, as will be secen

shortly.

The modulation index m of an AM signal is defined as

[e{t)})wax = [e{t))ain

le(t)lmax + [e{t))umin
In order for the envelope to remain undistorted, the modulation
index should be leasn thanuunity.
The bandwidth of the AM nijnal is identical to that of the DSB-SC
signal, viz., By = 2B, However, since a carrier component is
also present, the total tranamitted power ia ;?ven by
Pr = Pc + PcPa '
where Pa is the normalised mesSsage power. The carrier component
of this power does not contain any useful intelligence, and hence
is wasted. Thus, we define the pover efficiency of the AM signal
to be .
PecPa
Pc + PcPa
The n:}inu- efficiency of the AM signal can be at beat 50X for an
arbitrary aignal, and only about 33.3% rorAa sine wave message
signal.
Demodulation:
The depodulntion Vof an AM signal is effected in a very simple
manner by uslﬁg the diode detector circuit shown in Fig. 9. Its
working is self-explanatory.
This demodulation does not require any synchronous carrier and
hence expensive carrier recovery circuits are not needed at the
receiver, This vakes it {deally useful for broadcast
applications, where the cost of the receiver is a major

consideration.



C. Suppressed Sideband Modulations:
Since both the sidebands contain Identical inforwmation, it is
and power by

possible to save on transmission bandwidth

suppresaing one of them either completely, or at least partially.
This leads to the aingle sidebapd ang veatigial sideband
modulations. \

(3) S8B Modulation:

ée;e.oniy:vehe ot‘ thowiuo sidebands is trensugtted. This can be

:‘aone either by filtering out one of the two sidebands from the

1DSB signal obtelned after hetrodyning. The frequency domain

.Tﬁ‘reprelentation 1- lhoun in Fig.10, which also shows the recovery

technlquo of the' b.eehnnd message via synchronous demodulation.
" The banduldth of trenlllsaions well as the uvernge-trnnanitted

'fpou.r_in ha;r of that’ /b D8B-SC..Thua, we have

n?jffhlx‘lnd Pr = PcPa/2

‘,”Pr.ctgpel 1-plelentation of the 5SB system, is however, quite

'lf co-plex. both et the‘trenlultter as well as the receiver This is

hecaule the loduletor tilter required for renoving the undesired

- lideband nult bc An 1deal bandpass filter, due to the proximity

A'  of the tiro lidebende. s.condly as in DSB-SC, the demodulation

N require- a. lynchronouc carrier.

" - This mesthod ie-baeed' on the following representation of the SSB
signal:

. x(t) = n(t)coe wet + A(t) sin wet

‘ where l(t) deaotel the Hilbert transfora of the signal, which is

obtained by shifting all the frequency components of m{t) by (-

90°%),

For example, if m{t) = coswat, then @(t) = sinwet’ and x(t} =
cos{we~wa)t, which is the lower sideband signal. Similarly, we
can generate the upper sideband by subtracting the quadrature
terms.

A block diagram of the phasing method is shown in Fig.ll1.

(1i} Vestigial Sideband Hodulatjion:

S55B modulation is sujtable for message lignale.which do not have
significant low frequency content, such as the speech signals
etc. Absence of low (frequency content increases the frequency
separation of the two sidebands obtalqed after hetrodyning with a

carrier, thes making their separation possible.

In many instances, baseband ilgnala have both a large bandwidth

a8 well as a significant low frequency content. Large bandwidth

-

‘makes it necessary to use sideband suppression in mome form, but

the PEF’°"°° of low frequencies makes the use of SSB quite
difficult. Exsmples of such signals are television, video,
facsimile and data signals.

Such signals are best handled via the so-called vestigial
sideband modulation., which results in both improved bandwidth end
povwer efficiency.

VSB modulation involves the retaining of most of one sideband as
well as a trace or vestige of the other, This is typically done
by replacing the sharp cut-off sideband filter with one having a
more gradual roll-off. It is important for the transfer function
to have an odd symmetry about the carrier frequency, and a

relative response of 1/2 at fe¢.

-r

g



1

The transmission bandwidth of VSB is slightly more than that of
SS5B but considerably smaller than that of DSB. Thus, we can write
Br =B + 8, where B <B

The VSB signal can be expressed in time domain as follows:

x(t) = (A/2)[1 + x(t)}] cos wect - (A/2) y(t) sin wet
where yi(t) = f{m{t), wit)).
VvSB, 1like all other AM modulations, can be demodulated
synchronously. However, 1t turns out thnt{ if the carrier
component is sufficient, it can also be denodul;ted simply by an
envelope demodulator.
D: Methods of Hetrodvning:
The key operation in implementing all the above n;dulations
prncti&nlly is that of hetrodyping or mixing. This can be done
via - ?ne of two basic types of mixers, viz., the balanced

modulator or the lwitchlﬁg aocdulator.
Eglnnsgﬂmqﬁggulg;gg; It consists of twe identical ponlidear
elements (msuch as appropriately blased diodes) .nd some summing
dévicea (e.g., operational amplifiers)., as shown in Fig. 12.
Assuming a squaring nonlinearity, we can u:ite
y(t) = a1[A cos wet + m{t}]* + az[A‘éOluct + m{t)]*
~ a1lA cos wet - m(t)})* - az[A coswet - m{t)]*
= 2a1m{t) + dazm(t)A cos wet

Use of an appropriate bandpass filter to remove the second term
yields the desired product signal

z(t) = K m{t) cos wet
Switching Modulater: This ism shown in Fig.13. Here the diodes act

as switches operating at a rate of fc. Thua, when the carrier is

poaitive, ‘the output voltage v{(t) is present, and when the
carrier is negative, the cutput voltage is zero.
Thus, we have
vit) = m(t)s(t)

where s(t} is a sawitching function with frequency fe. Assuming
the switching function to be a symﬁetric square wave, the Fourier
series expansion of this equation can be written as

vit) = kob{t} + kim(t)cos wet +kam(t)cos 3:ct + s
Uslngla bandpass filter cante;ed at fe¢, we get the desired
hetrodyned signal

x{t) = kx m(t) cosz wot



L.lntroduction;
An angle or exponentially modulated signal has the general form
x(t) = A-cosluat + w(t)) = Re[Aexp{jwoet + Ju(t}}]
The inltnntaneaul phase, say 81 of the carrier is given by
) Bilt) = wet + s{t) !
The fréquency of the carrier also varies ana its instantaneous
value is given by
wilt} = do1/dt = weco + de{t}/dt
#{t) and de/dt are called the ?n-tantnneous phase  and frequency
deviations, respectively. ‘ .
There are essentially tﬁo different types ét angle modulations,
‘viz-. . - . ‘
Ehnlg,ﬂgﬂnln;;nni Here tpc instantaneous phase deviation of the
carrier is made proportional to the measage licnnl._i.e..
' s{t) = kom(t)
ky is called the phase deviation conatant.
Exssushgx_;_ﬁnﬂnl;&ign; Here the frequency deviatjon is
Proportional to the message signal, i.e., :
de/dt = km(t)
or
t
s(t) = k¢ l-(ulds
-
k¢ is the frequency deviation constant.

Thus we can write the phase and frequency modulated signals as

follows:

PM: x(t} = A com [wet + kp mit}]
t
FM: x(t) = A cos [wet + [n(s)ds ]

Typical AM, PM and FM signals -are shown in Fig. 14.
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II, Spectrum. Bendwjidth and Power of FM Signals:

Angle modulation (both PM and FM) are nonlinear processes. The
exact calculation of their spectra i3 very difficult. Some
insight c¢an, however, be obtained by considering the case of
sinusoidal or tonal message signale. v

Assume that m{t) = Aa cos wat. It follows that fhe instantaneous

b

phase deviation is '

PH: p{t) = kp Au cos wat
ktAn
FM: pit) = sin wat
- - Wa

Since the, spectral properties of PM and FM signals are similar,

we concentrate here on the atudy of FM signala. S

The Fp signal is given by

x{t) = A cos{wet + fi sin u.i)

where ,the parameter is called the wmodulation index and is giyen',

by

B = ———— for FM and B = kpAa for PM

We can write
x(t) = A Relexp(Jwot)exp(JBsin wat)}

Using the Fourler serles expansion of exp(jdsin wat}, we can
write

e

x{t) = A I JulB) con[(wc +nwa)t]

n=E-e
We can draw the following conclusions regarding the spectrum of
FM signals (asee Fig.18):

1. The spectrum contains a carrier component with an infinite

humber of sidebands at frequencies fc * nfas, unlike AM which
contains only twoe sideband components, viz., fc¢ % fu. The
relative amplitudes of the various components depend on the

modulation index through the function Ja{B).

2. The number of significant spectral components is also a

function of B. For B << 1 {(known as narrowband FM), only Jo and
Ji are significant. The resulting spectrum is @1nilar to that of
AM, except the associated phase reversal of the lower sideband

component.

t

3. For large valuea of B, the number of significant components is.

large, implying a wideband iignal. This is wideband FH.
Bandwidth: The trQnsnission bandwidth of an FM gignal is'defined
as thﬁ bandwidth which coﬁtains 98% of the total FM aignal power.
It is possible to see that for & sinusoidal modulating signal,
this i= given by

Br = 2(p + 1}fa
Noting‘that ffs also denotes the peak frequency deviation of the
FM signal, a more useful formula for bandwidth which is also
valid for general measage signals is given by

Br = 2(8f + fa)

where 8f denotes the peak frequency deviation.

III. Generation and Demodulation of Angle Modulgted Signala:
There are essentially twc methods of FM generation. These are the
so-called "Direct” and "Indirect” methods.

The "direct” method are based on the use of an appropriately

designed wvoltage controlled oscjillator or VCO, which can be
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implemented via a tuned oscillator with a variable reactance
device, or a klystron {(at microwave frequencies). or as a
relaxation oscillator. The voltage controlled oscillator
essentially produces an output signal whose - instantaneous
frequency is proportional to the input voltage. The variable
reactance required for generating FM  signals can be obtained
using reactance tubes, soturable reactor oﬁ@nents, Or reverse
biased varactor diodes, The main advantage of direct FM is that
large frequency deviations are possible for wideband FM. The main
disadvantage is that the carrier frequency tends to ﬁritt and
additional circuitry is needed for frequency ltubilizntién.
?hp VCO can also be used for the generation of a PMH signal, b}
insept{ng. a d;ffer;ntiator be?ueen the signal .nd.thg VCO, in
Vleu‘of the previously discussed relationship between FM and PH.
This }l schematically ghown in Fig.16.
'The "indirect" method of generating wideband FM is a tuo-steb
process. In the first ltep; 4 narrovband signal is generated by
using the following approximation for an FM signal:

x(t) = A com(wet + m(t})

= Acoswotcoss(t) - Asinwetsins(t)

. =_Acoswet - As{t)sinwct .
assuming ‘w{t) to be amall (which is true for narrowband FM). This
can be done easily by using a mixer and a 90° phase shifter as
shown in Fig.17. The wideband FM is generated thereafter by using
a “frequency multiplier” alsc shown in the figure. A frequency
multiplier is essentially an n'th Jlaw device followed by a

bandpass filter, which is designed to multiply the frequencies of

an input aignal by a factor n.

Thus, if the narrowband FM signal is
es(t) = Acos(wet + B sinwat)

then the corresponding frequency multiplied signal is given by
ealt) S:A'cos(nuct + nBsinwat)

thus multiplying both the carrier and the modulation index by a
factor of n. i,

IV. Demodulation of FM Signals:

The devices genérllly used for the demodulation of FM signals are
called frequency discriminators, which produce an output
préportional to thelinput frequency or frequency deviation.

For the FM signal tivgn by

x{t) = A cos[wet + kch(s)d-l

P
the discriminator output {s ideally given by

y(t) = kakim(t)
where ka is the discriainator sensitivity. This is illustrated in
Fig. 18. ' '
A discriminator is generally built using the principle of slope
detector, which consists of a bandpass differentiator (around the
carrier frequency) to transform the frequency variations of the
input FM signal into amplitude variations followed by an envelope
demodulator {fig.18)
A discriminator based on these principles can be built as shown
in Fig.19 using two tuned circuits, one resonant to a freguency

above fc and the other to below fe, resulting in an S-shape curve

YEm— ——
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for the input-output characterjstic. A balanced discriminator of
thia type can provide a linear frequency reaponse over & large

range for the detection of wideband FM signals.

oy

Noise

Transmitter Relf) + Receiver —=

Fig. 1: Bleck diagram of a communication system

cutput
¥(t) /

input xi(t)

Fig. 2: Saturating nenlineapity

Fig.3: Double Sideband Modulation
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Fig.11: Phase-shift SSB Modulator
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Ja{B) Je(B)
=J1(8) Ja(B}
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|- [ - g | o i
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Fig.15: Spectfnl of an FM Signal

mi{t) FM
’ : Voltage Acos{wct+ag(t))
: Controlled

Oscillator

PM
Differentiate H—J

Fig.16: Direct method of FM Generation
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Fig.17: Generation of NBFM signal
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Fig.19: A Practical Discriminator
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