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| NTRODUCTI ON

Rel ative to | ow power signal transm ssion, not only nust an engi neer
be able to understand standard nodul ati on concepts, but he/she nust
also be famliar with telemetry systens and the way information
appears in both its intended and unintended fornms. This paper

descri bes generic nodul ati on concepts as they are nornally understood
in the standard transm ssion of conmunication signals.

DEFI NI TI ONS

Several terns are regularly used in nodulation theory. Since some of
the definitions appear to be circular in that terns used in one
definition are thensel ves defined using the other definition -- e.g.,
carrier and nodul ation -- the standard Institute of Electrical and

El ectroni c Engi neers (I EEE) definitions have been augnented with sone
clarifications.

CARRI ER A wave having at | east one characteristic that nmay be varied
froma known reference val ue by nodul ation

The carrier frequency, f¢, is normally the frequency
to which a receiver is tuned in order to extract npdul ati on.
I n broadcast conmmunications, f: is nuch higher than the
nmodul ati on frequency, fn This is, however, not always true
as in the case of powerline comunications where fn,> fc.

COMPLEX MODULATI ON Any conbi nati on of nodul ati on techni ques applied
to a single carrier.

Conpl ex nodul ati on may be achi eved by i nposing
mul ti ple nodul ation techniques on a single carrier, as in
quadriture phase shift key - anplitude nodul ati on ( QPSKAM
and the use of the FMcarrier for both the FM nodul ati on and
t he subsidiary communi cation authorization (SCA) nodul ati on,
or by using a succession of nodulated carriers to nodul ate a
hi gher level carrier, as in Bell System frequency domain
mul tiplexing (FDM. Unintentional conplex nodulation is
also frequently the result of poor filtering and unintended
f eedback | oops.

MODULATI ON The process by which sonme characteristic of a carrier
is varied in accordance with a nodul ati ng wave.



As di scussed below, there are only three ways the
carrier can be nodul ated: anplitude (AM, frequency (FM,
and phase (PM.

MULTI PLEX To interleave or sinultaneously transmt two or nore
nmessages on a single channel .

The two nost common fornms of nmultiplexing are tine
domain nmultiplex (TDM and frequency domain nultiplex (FDV.
Mul ti pl exing only occurs intentionally.
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Figure 1 - Fixed Reference Vector

STANDARD MODULATI ON CONCEPTS

Figure 1 is a vectorial representation of an instantaneous
nodul ated signal. Mathematically, this signal is described by:

s(t) = A(t) cos[Uct + 6(t)] (1)

where A(t) = the envel ope of the nodul ated carrier
Uc = the angul ar frequency of the carrier
0(t) = the nodul ated phase.

Modul ati on can generally be considered to take one of three
forms:

1. Anpl i tude Modul ation (AM in which the signal anplitude is varied
by the nodul ating signal while the phase remai ns unchanged:

sadt) = A[1 + x(t)] cos Ut (2)

wher e
Ac = the envel ope of the unnodul ated carrier



x(t) = the tinme varying nodul ati on.

The sinplest way to achieve AMis to add the carrier and the
nodul ation in an anplifier. Typical AMreceivers operate on the
principle of envel ope detection, in which the receiver responds
to variations in the peak anplitude of the RF signal without
regard to m nor changes in the carrier frequency.

Angl e nodul ation in which the carrier anplitude remains unchanged
whil e the phase is varied by the nodul ation:

sa(t) = Ac cos [uct + o(t)]. (3)
Pure angl e nodul ation receivers anplify and clip the received
si gnal before denodul ation. They then track the phase or
frequency variations of the signal with respect to the frequency
of a reference oscillator.

Angl e nodul ation is acconplished in two forns:

a. Frequency Mdul ation (FM in which the frequency deviation
of the carrier is proportional to the nessage signal:
t
seMt) = Ac cos [Uct + ki [ x(06) do] (4)
J
- 00
wher e

ki = the frequency devi ati on constant.

FMis easily achieved by varying the voltage across a
Vol tage Controlled Gscillator (VCO.

b. Phase Mdul ation (PM in which the phase deviation of the
carrier is proportional to the nessage signal

SeMt) = Ac cos [Uct + Kkpx(t)] (5)
wher e

kp = the phase devi ati on constant.

Anal og PMis essentially a phase shifted FM Digital PM
usual Iy requires discrete phase shifters and switches to

sel ect the desired output phases.

Sonme conbination of 1 and 2 above:

s(t) = A [1 + x(t)] cos [Uct + 6(t)]. (6)



Figure 2 conpares AM FM and PM for sinple analog and digital
nmodul ating signals. Note that for anal og nodul ati ng signals, the
di fference between FM and PMis essentially a phase shift of the
nmodul ator. For digital nodul ators, however, the resulting FM and PM
signals are extrenely different.
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Figure 2 - AM, FM, and PM Modulation

Figure 3 illustrates sinple techniques for acconplishing each
type of nodul ation. Note that both AM FM and anal og PM can occur
easily in normal circuits using anplifiers and oscillators. Digita
PMis much nore difficult to generate and al nost never occurs
uni ntentionally.
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Figure 3 - Simple Modulation Téchniques for AM, FM, and PM.



MEASUREMENT TOCLS

Figures 2 and 3 represent the results in the tine domain, as they
woul d be seen on an oscill oscope. The oscilloscope gives the observer
a good presentation of the anplitude variations of a signal over sone
smal|l finite period of time. Unfortunately, it is usually incapable
of providing a reliable depiction of a signal's instantaneous
frequency (f), or its tine anal og: wave period (p). Wen directly
observing AM one can often freeze the carrier sine wave on the
di spl ay, nmeasure the period, and cal culate the frequency (f = 1/p).
Wien directly observing FMor PM it is usually extrenely difficult to
freeze the signal so that the tine variation of frequency and
i nst ant aneous frequency can be neasured. The frequency bandw dth of
the oscilloscope is usually fixed and the user cannot accurately
measure signals with conponents whose frequency is greater than that
bandw dt h.

A spectrum anal yzer can be used to view the sanme signals in the

frequency domain. It displays signal anplitude versus frequency.
Normal |y the spectrum anal yzer is allowed to scan slowy across a band
of frequencies. In this way, it will display nearly the peak signa

anpl i tude at each of the signal's component frequencies. (The idea
spectrum anal yzer woul d have nearly zero bandwidth so that it would
di spl ay each conmponent frequency with no variation. Real receivers,
however, have sone finite bandw dth and display the vector sum of the
frequencies within that passband at any given tine.) The typical
commerci al |y avail abl e spectrum anal yzer cannot si nmul t aneously

di splay, or neasure, the tinme variation of a signal at each of its
conponent frequencies. |In its fixed frequency node, the spectrum
anal yzer displays signal anplitude versus tinme in a narrow band of
frequencies as determ ned by the anal yzer's bandw dth setting. The
maxi mum r ecei ver bandw dth of a spectrum analyzer is usually |ess than
t he m ni mum bandw dt h of an i nexpensive oscill oscope.

A third instrunment frequently used in signal analysis is a
frequency selective voltneter (FSVM. VWile it is not identical to a
spectrum anal yzer, the differences are beyond the scope of this paper.

SPECTRUM ANALYSI S
VWhen two frequencies, f; and f,, are mxed in a nonlinear

junction, such as a diode or transistor, the resulting output signals
consist of all the follow ng:

a. the two fundanental frequencies: f; and f;,

b. all the harnoni cs of both fundanentals: 2fi, 2f,, 3fi 3f,,
Af 1, 4f,, . ...

C. all the internodul ation frequencies: f,; £ f, f; £ 2f,, 2f;
+ fo...., mMfy £ nf,, ...., where mand n are integers and -

oo < MmN < oo.



The anplitude of each of these m xing products is a function of
the anplitude of the two input signals and certain properties of the
m xer. Figure 4 illustrates the effect.
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Figure 4 - Frequency Domain Representation of Intermodulation

By carefully filtering the nodul ator output, the radi o frequency
(RF) engineer can restrict the em ssion spectrumto only those
frequenci es necessary to convey the nessage. Most RF systens, even
acci dental mxers, contain sonme inherent filtering which naturally
limts the output spectrum

If f1 >> f,, the usual situation in intentional RF comrunicati ons,
the RF engineer can easily band limt the systemso that it transmts
only a narrow band of frequencies of the form f; + nf,, where nis an
integer and - < N < . This is normally the situation for RF
communi cations. Normal AM in which the nodulation is a single tone,
fm contains only three frequencies: f,, fc +fn and f. - fnn If the
nodul ation is conplex, such as voice or nusic, the side tones, f. + fn
wi || becone sidebands. This spectrumis shown in Figure 5. The
spectrumresulting fromanalog FMor PMis nuch nore conplex than AM
and the nunber of m xing conponents in the sidebands is a function of
t he nodul ati on i ndex as discussed bel ow.
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Figure 5 - Spectrum for an AM Signal
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MODULATI ON | NDEX
AMPLI TUDE MODULATI (J\lﬂ
As shown above the instantaneous AM signal can be described as
sadt) = A1 + x(t)] cos Ut = A(t) cos Uct (2)

where x(t) = m, cos Un
and A: cos Uc;t = unnodul ated carrier signal.

The AM nodul ation i ndex, my, is defined as

[AC)Tmex - [A(t)]min
m = (7)
[AC) Trex + [A(E) Tmn -

If saft) is the transmitted signal, it can be shown thatEI
Sr = Sc + ScSum (8)
wher e Sc = A%/ 2 = Carrier Power (9)
SME [Xavg(t)]z (10)

ScSv = Mbdul ati on Power

If x(t) is a sinewave, then

2

my
Sw= [Xavg(t)]? = (11)
2
The reader will note in figure 5 that the nodul ati on power is

equally distributed into two sidebands; therefore, the power in each
si deband is:

Al Xavg( 1) ] 2
4

(12)

Ss

Equation (12) shows that the maxi mum power in either sideband is
hal f of the carrier power.

AMis the sinplest formof linear (anplitude) nodul ation and is

For purposes of this discussion, /x(t)7<1. If x(t)7> 1, the AM signal becomes overmodulated and A¢ contains higher order
modulation products. This is similar to the condition that would occur if x(t) describes a complex modulation. AM modulation index
is usually measured using simple sine wave modulation to eliminate such confusion. As will be seen later, this constraint does not
apply to the modulation index for angle modulation.

bShanmugam, K. Sam, Digital and Analog Communication Systems, John Wiley and Sons, New York, 1979, pp 265-6.



the formnormally found in unintentional nodul ati on and propagation
situations. GQher forns are:

Doubl e Si deband (DSB) whi ch appears simlar to AM but w thout the
carrier,

Si ngl e Si deband (SSB) which has only one sideband and no carrier,
and

Vest i gal Sideband (VSB) which has one sideband greatly
att enuat ed.

Digital AMis a special case of linear AMin which the
i nst ant aneous anplitude, x(t), is constrained to a finite nunber of
di screte val ues, such as pul se nodul ation, On-Of Keying (OXK), or
anplitude shift keying (ASK).

Figure 6 shows both the tinme domain and frequency domain
representations of a rectangular pulse train. The spectrum and the
pul se train have several characteristic features:
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Figure 6 - Time and Frequency Domain Representations of a
Rectangular Pulse

Pulse Wdth (PW T) -- the length of tinme the pulse is ON. The
frequency described by the inverse pulse wdth (1/PW is the
frequency di stance between spectral nulls. The main |obe of the
spectrumis 2/PWwi de with its peak at f. (0 Hz if the pulse is
not nodul ating a carrier). This is the m ninmumreceiver

bandw dth for accurate denodul ati on of the pul se.

Pul se Repetition Rate (PRR), (also pulse repetition freqgency
[PRF]) -- the nunber of pulses transmtted in one second. This
frequency represents the separation between the discrete spectra




lines in the pul se spectrum

The tinme fromthe start of one

pul se to the start of the next pulse is the pul se repetition

interval (PRI), PRI = 1/PRF = 0.

ANGLE MODULATI ON

As previously shown the angl e nodul ated signal

can be represented

by
Sa(t) = Ac cos [uct + 6(t)] (3)
Kpx(t) for PM (13)
where o(t) =
t
ki [ x(6) do for FM (14)
J
-0
If x(t) = Auwcos Ut where Ayis the magnitude of the nodul ating
si gnal ,
kpAw cos unt for PM (15)
t hen o(t) =
Kt Aw
_sinuid for FM (16)
Um
Equations (15) and (16) show that for tone nodul ati on, PM and FM
have essentially the sane formbut with a 90° phase shift. Therefore,
for either we could wite
Sa(t) = Ac cos [uct + & sin (Ut + &)] (17)
KpAwu for PM (18)
wher e a-=
Kt Aw
____ for FM (19)
Um
-9/2 (-90°) for PM (20)
and a =
0 for FM (21)

a is the nodul ati on

i ndex for angle nodul ati on and has neani ng



ONLY for tone nodul ati on

To find the spectrumof s(t), we can represent it as a Fourier
series

Sa(t) = A éfJn(é) cos [(Uc + nup)t] (22)
n =

- 00

where J,(&) are Bessel functions of the first kind. Figure 7
shows a plot of the values of J,(&) for Jo(&) and the first 12
si debands. Once & is known, enter the graph in Figure 7 with a
vertical line at that value and extract the values of J,(4a)
intersecting the vertical line. [J.,(&) = (-1)" Ju(&).] These val ues
are also provided in tabular formin nmany nmat hemati cs and engi neeri ng
handbooks.
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Figure 7 - Plot of Bessel Functions of the First Kind as a Function of &. (From
P. F. Panter, Modulation, Noise, and Spectral Analysis, Fig. 7-3, McGraw-Hill

BeokspectIadh has the fol | owi ng conponents:

1. The carrier, f¢, (f = 200)

2. An infinite set of sidebands at f¢ £ nfn,

Figure 8 shows the conposition of an FMsignal. 1In order to band
limt the transmitted signal, the RF engineer usually linmts the
nunber of sidebands which will give > 98% of the avail abl e power as

determ ned by the inequality:

Y4 Jo(8)]* + [Ju(8)]° + [J2(8)]° + ... 2 0.49. (23)

10
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DI G TAL ANGLE MODULATI ON

In the frequency domain,
digital angle nodul ation
appears distinctly different
from anal og angl e
nodul ati on. The basic unit
for both digital FM and PM
is the ASK rectangul ar pul se
di scussed above. Figure 9
shows the spectrumof a
pul se whose data rate,
frequency, is rp the single
bit rate. A receiver
bandwi dt h of 2rp, will

obvi ously capture 90% of the
energy in the pulse. The
only way to increase the
data rate is to increase the
bit rate, which increase the
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Figure 9 - Spectrum of a Single Frequency Pulse

When digital PM or phase shift keying (PSK), is nonitored
Wi th a spectrum anal yzer, its pul se spectrumis nearly identical
to the rectangul ar pul se shown in Figure 9 and the necessary

recei ver bandwi dth renmains at 2rp.
can increase the data rate w t hout
sending a parallel bit stream or

11

Usi ng phase nodul ati on, one
i ncreasi ng the bandw dt h by
MPSK, where M denotes the



nunber of possible states at any instance. (QPSK, quadrature PSK,
has four orthogonal states; 8PSK has eight states each separated
by 450; etc.) The nunber of bits in each transmtted word, byte,
is half the possible nunber of states. One further enhancenent is
achi eved by adding ASK to the MPSK, normally referred to as
MPSKAM | f the nodulating data is essentially a random bit

stream the resulting pul se spectrumw ||l have no |line spectrum
but will appear as a pul se of random noi se. MPSK schenes have
found great popularity in the | ast decade because of their
ability to pass very large quantities of data over the extrenely
limted tel ephone bandw dt hs. Modul at or - denodul at ors (nodens)

desi gned for 64 PSK and higher are commercially available. Such a
device can handle data at 32 tinmes that of binary ASK using the
sanme bandw dt h.

Digital FM

Digital FM or frequency shift keying (FSK), appears as a
pair of pul se nodul ati on spectra centered about the carrier
frequency. The frequency separation between the individual
frequency maxi ma away fromthe carrier, fqis arbitrarily chosen
by the designer. Normally this decision is based on the
avai |l abl e bandwi dth and the-ability of the denodulator to
di stingui sh between
frequencies. Figure 10 X

shows the spectra for 0 5 - compos 1 TE
the conponent bit pulses | — ewse
and the resulting FSK '

pul se when using fq = 071

ro/2. The reader w || 0-€ 1

note that at this 0.5+ 4 ewse - 1 PULSE
frequency di spersion, 0.4

the effective BWis 0.3

still approximately 2r b .24

and the probability of 0.1

di sti ngui shi ng bet ween o SN/ Navavy =

the two bits is good. t53 1 f-r f fer  £e3 ¢
The anplitude of the = b tTh b ¥Th
conposite pulse is _ _ .
proportional to the sum Figure 10 - Composite FSK Pulse and Component Bit
of the anplitudes of the  Pulsesforfs=rs/2

conponent pul ses.

Figure 11 shows the power spectral densities, psd, for
several different FSK frequency dispersions and a single pulse. A
l[ittle inspection shows that only a small increase in bandw dth
is necessary for f <0.7rp and a bandwi dth of 4r, will contain fgqg
=rp. All of these FSK schenes suffer the sane problem they only
transmt data at the bit rate, rp, and they require nore
sophi sti cated nodul at ors and denodul ators than binary ASK

12
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Figure 11 - Power Spectral Densities for Several FSK Signals Relative
to a Single Pulse

A solution to the FSK problemis frequency domain nultiplexing, FDM
using binary ASK. For the two-tone exanples shown in Figure 11, the result is
a doubling of the data rate using essentially the same equi pment and
bandwi dt h. Each extra tone, channel, adds another sinultaneous bit and a
proportional increase in bandwi dth. Even greater efficiencies can be achieved
if MPSK nodul ates the tone rather than ASK

SPREAD SPECTRUM

Spread spectrumcomonly is used to refer to any signaling

techni que that uses nore spectral bandwi dth than that actually
required to transfer the information. The nbst common spread
spectrum techni ques are FDM and frequency agile radar. FDM uses
mul ti pl e narrow bandwi th channels each with its own preassi gned
carrier frequency (subcarrier) to nodulate a single carrier for

si mul t aneous transm ssion of a w de bandwi dth signal. In FDM the
carrier frequency remains constant and the nultiplexing allows
for efficient spectrumutilization. Frequency agile radar changes
its carrier frequency periodically in order to enhance targets or
to avoi d detection by the eneny. At any instance the radar is
only using a narrow bandw dth, but over a short period, it wll
appear to be occupying a very w de bandw dt h.

Much public attention has been focused on "spread spectrum
communi cations."” This term has been used to refer to a new cl ass
of mlitary and civilian conmuni cati ons systens that do not
remain on a fixed channel, but junp-about in sone seem ngly
random fashi on. Sonme, such as cellular tel ephone, remain on a
gi ven channel for the entire period of a communication, but change

13



frequency when they change cells or at the start of a new

comuni cation. Ot her systens, nostly still experinmental, change
frequency frequently within a communication, simlar to frequency
agil e radar. The theory for these systens is that they only use a
particular frequency for a very short period; therefore, they cause
very little interference to the regularly assigned user. By operating
in short bursts on many frequencies, the systemis able to use an
entire operating band wi thout significantly degrading the service to
any of the current users. Additionally, if the individual frequency
bursts are very short, it is virtually inpossible to "lock-on" to the
spread spectrumuser to determne its location or listen to its

t ransm ssi ons.
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