6.4 Constellations for Digital Modulation Schemes
6.4.1 PAM

Definition 6.45. Recall, from [6.7], that PAM signal waveforms are rep-
resented as
Sm(t) = App(t), 1<m<M

where p(t) is a pulse and A,, & A.

6.46. Clearly, PAM signals gre one-dimensional since all are multiples of
the same basic signals. We dgfine
/ B, Lt

o(t) = = plor=

as the basis for the PAM si
sm(t) = Ap/E,0(t), 1<m<M
and the corresponding one-dimensional vector representation is

=AnVEp A sy

The corresponding signal space diagrams for M = 2, M = 4, and M = 8
are shown in Figure 29| A_=11,t3

als above. In which case,
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Figure 29: Constellation for PAM signaling

6.47. In Amplitude-Shift Keying (ASK), p(t) = g(t) cos(2n f.t) where
fe is the carrier frequency.
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6.4.2 Phase-Shift Keying (PSK)

Definition 6.48. In digital phase modulation, the M signal waveforms
are represented as

sm(t) = g(t) cos (27rfct + 2Mﬂ(m — 1)) , m=12....M (38)

h———-..f——'-——"'ézl___.o 3!\4_-2._]\;7(“-.1)
where é., 27
9,_ = Tf]
e ¢(t) is the signal pulse shape and 6 -2 22
>~ %M

° 0, = 2H“(m— 1), m=1,2,..., M is the M possible phases of the carrier
that convey the transmitted information.

Digital phase modulation is usually called phase-shift keying (PSK).

6.49. The PSK signal waveforms defined in have equal energy:
}:Fma‘l"- For @ signal y(¥) < wlercot (7t +8)

we lhave E.), ‘-‘-'zi_‘E‘, under suitalde condibrns,
E.=E, = _E_s ‘“1“"'3" E';':jy P E"**
Aw_rqsc ervyy pe :yw-l")/s-‘sml z E, “ 2 =_73
*E, = 53 log,M 2 log,
A\ﬂ.‘.mb& i'snnl t.ws/ Ve 2 2 2

6.50. Note that

(a) From the cos identity
cos(a £ ) = cosacos B F sin asin f3,
we have >t

wlt)
sm(t) = g(t)kos (0,,)Lf0s (27 ft)F g(t)sin (0,,)5in (27 fet) .

(b) g(t) cos (27 f.t) and —g(t) sin (27 f.t) are orthogonal.

These two observations replace GSOP. (However, can also use GSOP to
arrive at the same conclusion.)
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t,lb) = Ay =9qtrcos (27X E)
Ll ~ 2 ) i} %(b)cé.l(_z.?'/‘-l-)

—

S defin e, / Eq
uppose we define 5
o1 () = Eig(t) cos (2rfit) (39)
g
62 (1) = — | 2-g(t)sin (2 f1). (40)

9

In which case,

oul0) = [ 22 08 0) 61 )+ ) B sin 0) 62 ).

Therefore the signal space dimensionality is N = 2 and the resulting vector
representations are

6.51. Signal space diagrams for BPSK (binary PSK, M = 2), QPSK (qua-
ternary PSK, M = 4), and 8-PSK are shown in Figure .
2,
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Figure 30: Signal space diagrams for BPSK, QPSK, and 8-PSK.
Note that BPSK corresponds to one-dimensional signals, which are iden-

tical to binary PAM signals.
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6.4.3 Quadrature Amplitude Modulation (QAM)

Definition 6.52. In Quadrature Amplitude Modulation (QAM), two
separate b-bit symbols from the information sequence on two quadrature
carriers cos (27 f.t) and sin (27 f.t) are transmitted simultaneously. The cor-
responding signal waveforms may be expressed as

sm (t) = ADg (t) cos (2m fut) — A g (t)sin (2nft), m=1,2,...,M (41)

m m
where

° AS,? and A,(f;?) are the information-bearing signal amplitudes of the
quadrature carriers and

e ¢(t) is the signal pulse.

Equivalently,
sm (1) = Re { (AD + 4@ g (1) e+ | (42)
= Re {rpe’’mg (t) &>} (43)
= rpg(t) cos (2 fot + 6,,) (44)
where
A% @\ . :
o7, = (Am ) + <Am > is the magnitude
and

e 0, is the argument or phase
of the complex number Ag,? + jASf,?).

6.53. From (44), it is apparent that the QAM signal waveforms may be
viewed as combined amplitude (r,,) and phase (6,,) modulation. In fact,
we may select any combination of Mi-level PAM and Ms-phase PSK to
construct an M = MM, combined PAM-PSK signal constellation.

o If M, = 2" and M, = 2", the combined PAM-PSK signal constellation
results in the simultaneous transmission of b; + by = log, My M, binary
digits occurring at a symbol rate R/(b; + b).
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6.54. From (4I), it can be seen that, similar to the PSK case, ¢1(¢) and
¢o(t) given in (39)) and can be used as an orthonormal basis for QAM
signals. The dimensionality of the signal space for QAM is N = 2. Using
this basis, we have

sm(t) = A \/%cbl (t) + A \/%@ (t)

which results in vector representations of the form

T
st — (a0, s g [Eo)
m \[ Ty Am\

Example 6.55. Examples of signal space diagrams for combined PAM-PSK
are shown in Figure [31] for M = 8 and M = 16.

b ©

Figure 31: Examples of combined PAM-PSK constellations.

Example 6.56. In the special case where the signal amplitudes are taken
from the set of discrete values A = {(2m —1— M),m=1,2,..., M}, the
signal space diagram is rectangular, as shown in Figure |32,

6.57. PAM and PSK can be considered as special cases of QAM. In QAM
signaling, both amplitude and phase carry information, whereas in PAM
and PSK only amplitude or phase carries the information.
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Figure 32: Several signal space diagrams for rectangular QAM.

6.4.4 Orthogonal Signaling

Definition 6.58. In orthogonal signaling, the waveforms s,,(t) are orthogo-

nal and of equal energy F. In which case, the orthonormal set {¢,,(¢),1 < m < N}
defined by

Sm(t)

Pm(t) = N

can be used as an orthonormal basis for representation of {s,,(t),1 < m < M}.
The resulting vector representation of the signals will be oLy
3

s<1>:(\/Es,o,o,...,o),
3(2):(0,@5,0,...,0), IE, E“a@u:;
2

o= IE,.
$<M):<O,O,O,...,\/Es).

For {'rc%.. bt keying (FSK)

1<m<M

QLPJ

K ) = costw'—_;-t)) 04t LT,y
2
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