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N -
re 7.25 Decomposition of signal constellation of M-ary QAM (for M = 16)
Wwo signal-space diagrams for (a) in-phase comment ¢4(t), and (b) quadrature

2B,
si(0) = \/“TO a; cos2amf.t)

ML PR £

i i d a; and b; are
| with the lowest amplitude, and a;
o cordance with the location of the

ists of two phase-quadrature carri-
f discrete amplitudes; hence, the

uadra litude modulation.” : Lrdl
Szt(ltl; e;:::rrln lr::e expandcd in terms of a pair of basis fu
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L=\M of the ;: e
- For example, for the 16-QAM whose si on i ] we
5 ignal constellation is de
7.24, where L = 4, we have the matrix e AL: ~

(—3,3) (—1,3) (1,3) . 3%
et (31D L) (L) G
la:.b) (=3~ —1-1) (1,-1) G~-F
(=3,-3) (-1,-3) (1,-3) 3.-3)

To calculate the probability of symbol error for M-ary QAM, we proceed
follows:

1. Since the in-phase and quadrature components of M-ary QAM are indepégs\
_dent, the probability of correct detection for such a scheme may be an
55 ‘

yrwrite Eq. 7.122 in ter

bl oy

P.=(1 - P))?

where P is the probability of symbol error for either component.
2. The signal constellation for the in-phase or quadrature componen
» geometry similar to that for discrete pulse-amplitude modulation |

with a corresponding number of amplitude levels. We may therefore & S re -

the formula of Eq. 3.75 to fit the terminology of the signal constel 7 7 -
y ﬁhown in Fig. 7.25, and so we write s}'mbol
g ; (1__1_) e E_e) b°°°me ' W

rror for M-ary QAM is given by ofqy
i F:" YETLEN DU _‘f,‘;i;-:ﬁffﬂ.r, ¥ i figh

’giP" ¥
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dingly, we may rewrite Eq. 7.122 in terms of E,, as

e — 2 (1 = \/LA_/) erfc( rﬁff—“m) (7.125)

is the desired result. , ,
se of M = 4 is of special interest. The signal constellation for this value
hown in Fig. 7.26, which is recognized to be the same as t;:at lf;or
deed, putting M = 4 in Eq. 7.27 and noting from Fig. 7;26; at &
Where E is the energy per symbol, we find that the r?"'gni fr?éus:

obability of symbol error becomes identical to that in Eq. 7.46,
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converter
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Decision
circuit
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(L-1) thresholds Parallel- ) i e v bﬁ:(m.]es sy
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ct:ontfa;taer o *dpproximation P ¢

o) FSK K), the bound of

cos(2nf,.r)

4

Decision
circuit

sin(2mf,1) (L-1) thresholds

=

% (b)
Block diagrams of M-ary QAM system. (a) Transmitter. (b)

rallel converter ac_c__épts a binary sequence at a bit rate Ry = !
: 1 binary sequences whose bit rates are R,/2 each.
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bt ‘e's in favor of symbol 0.

OF BINARY AND GUATEHNAHY

it

5 COMPARISON
f":igb&mou TECHNIS;IJE:n ol mpared na gl
e haw?ygitz} ?h:; ?J(;e the same amount of encrey to trans chon S
meaningful way on

ymbols may be compared in a !ﬁe, cohe s’

it the complete # el va
needed to transmi a
of information. It is the total am?mflttt?: ?:nrsg;;issioﬂ not the amount of energy W PgSIK aﬂd D
the cost 0 8 : : :

message that reprgsents : ular symbol satisfactorily. Accordingly, In compar . values
needed to transmit a particular sy . dered before, we will use, as | aing
i i data transmission systems considere ; oy 10T
ng the different data . f bOl error expressed Wspec[]Ve y'
the basis of our comparison, the average probability ol Sym TK EN
as a function of the bit energy-to-noise density rz}tlo Ep/ Ny . £ ﬁmghvaIU(‘?SO P

In Table 7.4,* we have summarized the expressnons'for the average proba il- S about I
ity of symbol error P, for the coherent PSK, conventional coherent FSK wit

; . Wegectively, for
one-bit decoding, DPSK, noncoherent FSK, QPSK, and MSK, when operating = Jelively, for [

over an AWGN channel. In Fig. 7.20% we have used these expressions to plot :QPSKfWOOHhOgOH&l
P, as a function of E,/N,.

»1 e e carier f
Based on the performance curves shown in Fig. 7.20, the summary of formu- &y

e e Lt
las given in Table 7.4, and the defining equations for the pertinent modulation g CIesult ¢
: formats, we can make the following statements. ffﬁuﬂvdequen”y del
1. The error rates for all the systems decreas i ith i asin g : '
S sor 2./, se monotonically with increasing :Hsf;]an%
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i Co-helient detection of V?er’fc( Ej/ ;? )_ﬂ :
 differentially encoded | L
LPSK |

(¢) Coherent FSK IR oo
Noncoherent binary signaling: :

(@) DPSK J explaB N

(b) Noncoherent FSK 3 exp(—Ey/2Ny)
Coherent quadrature signaling:

(a) QPSK]

erfc(V E,/Ng) — 4 erfc2(V E,/Ny)

(b) MSK

- 2. For any value of E,/N,. coherent PSK produces a smaller error rate than
any of the other systems. Indeed, it may be shown that in the case of
systems restricted to one-bit decoding, perturbed by additive white Gaus-
sian noise, coherent PSK system is the optimum system for transmitting
binary data in the sense that it achieves the minimum probability of symbol
error for a given value of E,/Np.* :

. Coherent PSK and DPSK require an E,/No that is 3 dB less than the
corresponding values for conventional coherent FSK and noncoherent
ESK, respectively, to realize the same error rate. :
At high vl;lues Onyb/ No, DPSK and noncoherent FSK perform almgsat ai
well (to within about 1 dB) as coherent PSK and conventnonaétt;ev‘ eren
' FSK, respectively, for the same bit rate and signal ecrllerg2 /ng s 5 R
In QPSK two orthogonal carriers N2 cos.(21rf¢.t) an -l' e
used, where the carrier frequency fi-is-an ‘mteg.ral: mu tl;{e i
rate 1/T, with the result that tWo independent bit :ttr;??ﬁ'svc'_,
nd subsequently detected in the receiver. ‘?Q gh vi
\ ly detected binary,/ﬁPLS:K,a{nd QPSSI%W%}’;&,
ce for the same value of Zr2Ch:

T A
AL &

£
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(a) Coherent QPSK

(b) Coherent MSK

(c) Coherent detection of
differentially encoded PSK

Probability of error P,

PRI
£ AT ha
gl o

e ,7:'!';;;%9‘; kRl

mances of different f
Aol we e

e T E i

Scanned by CamScanner



. Vol cornes pon
gy <

T callid  hin

7??

Sﬁ?f‘t):( \F{—e Cos (62\" wl\'iz @&[Qﬂ#ﬂ\;‘)
= | T ‘

s Yl Finnds

s (O T ] 8%an
, A AT Brpss

5

‘
1

T, IR, .= S [N

Scanned by CamScanner



i By e s 1:

ie)

”."“(‘nnrkp&ln’ﬁwn d&m;rmm
e ~—) Ao . dimens(onal

M= = mxc& po—’tnb\.

».{,.‘ S aeae 8

Scanned by CamScanner



Scanned by CamScanne




( o NED) %'ﬂ
- Lﬁ‘e‘ Che A@bg) v | &' s

W

it

'(qCH doct) dE
L i
Ve an(i&i;l;\"Trj+u32
- 4
L i ¥

SPSo.

qiven signa) ault) W

g t

4 mb bl [y \’/.6'/2 )1,

Scanned by CamScanner



Scanned by CamScanner



g, which is an extension of binary

nu keying, which is a special form of contip
1ift keying (CPFSK). In this latter scheme, the receiver
rent detection in two successive bit intervals,

(1) Quadriphase-shift Keying
As with binary PSK, this modulation scheme is characterized by the fagt ¢
the information carried by the transmitted wave is contained in the phase
particular, in quadriphase-shift keying (QPSK), the phase of the carrier

On one of four equally spaced values, such as 7/4, 3m/4, 5w/4, and 77;/4,&.. ’
shown by ¢

2E s g] :
L \/7 cos[waJ 21— 1) 4 Osr<T
0

wherei = 1,2, 3,4, and E is the transmitted signal energy per symbol, Tlsﬂ'l§ e N=1 and four mes
symbol duration, and the carrier frequency f. equals n./T for some fixed integer
n.. Each possible value of the phase corresponds to a unique pair of bits calleda

dibit. Thus, for example, we may choose the foregoing set of phase values o
represent the Gray encoded set of dibits: 10,00,01, and 11.

Using a well-known trigonometric identity,

(7.32) 4%
elsewhere ;

equivalent form: e may rewrte B i ?w-“q“eﬂces and Wavef
' B ) ",
T cos[(zi b %] cos2m f,1) o M%mqu::} “Misisting
sdt) = ¢ ' o 2 * b\ % esamsh()wn‘
N . sm[(Zi ) Z] sinRwfir) 0st< T ANy iy bn.ph |
L0

elsewhere

where i = 1, 2, 3, 4. Based on this re

presentation, we can make the folloWi E )
- ions: i
g?g,epvatl ‘

‘1. There are only two orthonormal basis functions, ¢,(7) and $»(1), conﬂ-
- in the expansion of s{#). The appropriate forms for ¢i(1) and ¢ =
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2
&A1) = \7sin@afr) O0s<t<T (7.35)

There are four message points, and the associated signal vectors are de-
fined b
4 VE cos ((’1 = 13 —)

8 = i=1,2,34 (7.36)

— VE sin ((21’ - 1) —)

The elements of the signal vectors, namely, s; and s;, have their values

summarized in Table 7.1. The first two columns of this table give the
associated dibits and phase of the QPSK signal.
dingly, a QPSK signal is characterized by having a two-dimensional sig-

nstellation (i.e., N = 2) and four message points (i.e., M = 4), as illus-

LE 1
7 illustrates the sequences and waveforms involved in the genqration of a
signal. The input binary sequence 01 101000 is shown in Fig. 7.7a. This sequence
and even-numbered bits of the

into two other sequences, consisting of odd-
.. These two sequences are shown in the top lines of Figs. 7.7b and 7.7¢.

1s representing. the in-phase and quadrature components of the QPSK
50 shown in Figs. Q. 71; and 7.7c, respectively. These two waveform:s :
s af a binary PSK signal. 'Adding them, we ggg :

5 asczwﬁple
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omplished by constructing the perp el

i perpendicular bj TR

by joining the four message points, and the:l:ﬂsfmg of the gq‘m
jons. We thus find that the decision regions are quadrzgt‘) the appropri-

- cide with the origin. These regions a nts whose vertices

! IS are marked as Z,, Z,, Z i
is. 76, according to the message point about which the]y arze’ c;r;s??udctze:i’ .

i ; : :
The received signal, x(z), is defined by
t<T
12554 (7.37)

where w(t) is the sample function of a white Gaussian noise process of zero
mean and pgwer spectral density Ny/2. The observation vector, x, of a coherent
QPSK receiver has two elements, x; and x,, that are defined by

x(1) = si(t) + w(r) 0=
l

y §
33 = JO x(t)op (1) dt

=4 cos[(2i 7 ])%] + wy

7
X7 :[ x(1)d,(t)dt
0
= —VE sin[(Zi =~ 1) %] + w, (7.39)

F VAwhere e 2 3, 4. % ; q -
- Thus x; and x, are sample values of independent Gaussian random ‘
 With mean values equal to V E cos[(2l — 1ym/4] and —V E sinl(2i = Dym/4l,

Tespecti o b iance equal to No/2. j
. and with a commos v itted if the received

The decision rule is now simply 0 guess $1(5) s "anfsrﬁ; inside region Zi,
Signal point associated with the observation vector x Ia

: i insi i ZZ:
8Ue: : - d signal point falls inside region £2
& s 55(f) was transmitted if the recilelnl;z ma%l pork it signal 54(0) is

‘450 on. decision W : : : 1tsi
Smit 'ted‘t\r;ti:: Ez?sfw(t) is such that the received signal point ‘f?‘“s Q.f?‘s‘df
or Z4 bk l
t
te that, owing to the symmetry © i same e
ting the regceived signal point cox:recﬂy = mese for ex
fic ignal was actually wransmitted. SUPPOSE B g g

e decision regions, the probability
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~ correct decisions

: erroneous :

B

Figure 7.8 lllustrating the region of correct decisions and the region of erron
ous decisions, given that signal s4(t) was transmitted.

probability of the joint event x; > 0 and x, > 0, given that signal s4(f) was
transmitted. Since the random variables X, and X, (with sample values x; and
x,, respectively) are independent, P, also equals the product of the conditio
probabilities of the events x; > 0 and x; > 0, both given that signal s4(f) W
transmitted. Furthermore, both X, and X; are Gaussian random variables witha.
conditional mean equal to VE/2 and a variance equal (o N,/2. Hence, we n

exp[-— Lip m)ZJ dx,

Ny
i 2
exp[_ G, N\/0 E72) ] ths

on the right side is the conditional probab ity
d integral is the conditional probability of
: was transmitted. Let i

ﬁm

AR S L

3

A8 AR S 3‘;'(51""*
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¥ 2N,
I erfc(\/;—%) + ierfcz(\/zzNo)

rage probability of symbol error for coherent QPSK is therefore
(O () R

S e R .49

egion where (E/2N,) > 1, we may ignore the second term on the right
f Eq. 7.45, and so approximate the formula for the average probability of
ol error for coherent QPSK as

P, = erfC( 2£NO> (7.46)

2 QPSK system, we note that there are two bits per symbol. This means
e transmitted signal energy per symbol is twice the signal energy per bit;

E = 2F, (7.47)

=erfc(\/‘1€—i) 0

he generation and demodulation of QPSK. Figure 7.9a shows
am of a typlcal QPSK transmitter. The input binary sequence
m fmm, wuh: symbolk 1 and 0 represented by + VE,

: ‘wav ~1s:;dmﬂad bwm f
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