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Problﬂ-mf\ 1:

(a) ASK with coherent reception
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Denoting the presence of symbol 1 or symbol 0 by hypothesis Hy or H,, respectively,
we may write

H1: x(t)

Hox x(t) = w(t)

s(t) + w(t)’

where s8(t) = Accosteufot), with Ao = IZEblts. Therefore,
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L =7 7 x(t) s(t) dt q
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If & » E /2, the receiver decides in favor of symbol 1, If £ ¢ E,/2, it decides in
favor of symbol 0.

The conditional probability density functions of the random varlable L, whose value



is denoted by %, are defined by
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The average probability of error is therefore,
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(b) ASK with noncoherent reception

x(t) :ii::::d MO /\1_ Decision [~ HJ.
to s(t) ' datestor i device
t-‘I'b e Ho

In this case, the signal s(t) is defined by
8(t) = Accoa(Zﬂ‘Ot + 0)

where Ao a /2 Eb7'1‘b. and b

3,17 ' 0<8 <2
£o(0) =
0o, otherwise
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For the case when symbol 0 is transmitted, that is, under hypothesis HO. ve find that
the random varisble L, at the input of the decision device, is Rayleigh-distributeds
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For the case when symbol 1 is transmitted, that is, under hypothesis H,, we find that the
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random variable L is Rician-distributed:
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where I°(2£A°/N°) is the modified Bessel function of the first kind of zero order,
Before we can obtain a solution for the error peffbrmance of the recelver, we have to

determine a value for the threshold. Sinoe symbols 1 and 0 ccour with equal probability,
the minimum probability of error criterion yields:
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For large values of Eb/No, we may approximate Io(ZzAcluo) as follows:

2RA exp(zlaclﬂo)
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Using this approximation, we may rewrite Eq. (1) as follows:
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Taking the logarithm of both sides of this relation, we get
H
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Negleoting the second term on the right hand side of this relation, and using the fact
that

AZT

we may write
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The threshold % g = is at the point corresponding to the crossover between the
two probability density functions, as illustrated below.




Thp average probability of error is therefore
Pe = Po P10 * P1 Poq

where
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The integrand in Eq. (2) is the product of m and the probability density function
of a Gaussian random variable of mean Ao'rb/z and variance No'rb/l;. For high values of
Eb/llo. the standard deviation V. NoTb/ll is muoch less than the threshold fEFbIZIZ.
Consequently, the area under the portion of the ourve from 0 to fz;?b/alz is quite small,
that 1is, Pm = 0. Then, we may approximate the average probability of error as

Pe . p0 l"’10
1 B
. = 5 exp(- -,;-,;;)

where it is assumed that symbols 0 and 1 occur with equal probability.



?{abl,@-m 2

The transmitied binary PSK signal is defined by

JE;0(1),  0SiST,  symbol 1
s(t) =

-JE(1),  0S1ST,  symbol 0

where the basis function 0(¢) is defined by

o(1) = J%COS(Z"J}’)

The locally generated basis function in the receiver is

Oc(t) = Jrzbcos(anrt+qa)

= A/%l cos(2nf t)cosgp - sin(2nf_t)sing]
where @ is the phase error. The comrelator output is given by

T
y = [ x00d
where
X(1) = 5,00) + w(1), k=12

Assuming that f, is an integer multiple of /Ty, and recognizing that sin(2nf.4) is orthogonal to
cos(2nf r) over the interval 0 < ¢ < Ty, we get

y=12 ,[E‘;,coup +W
when the plus sign corresponds to symbol 1 and the minus sign corresponds to symbol 0, and W is

4 zero-mean Gaussian variable of variance Np/2. Accordingly, the average probability of error of
the binary PSK system with phase error @ is given hy
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P = %er
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When @ = 0, this formula reduces to that for the standard PSK sysiem equipped with perfect
phase recovery. At the other extreme, when ¢ = +90°, P, auains its worst value of unity.



Peoblem 3

(a) The signal-space diagram of the scheme described in this problem is two-dimensional, as shown

by
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This signal-space diagram differs from that of the conventional PSK signaling scheme in that it
is two-dimensional, with a new signal point on the quadrature axis at A kvT}/2. If k is reduced
to zero, the above diagram reduces to the same form as that shown in Fig. 8.14.
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Therefore, following a procedure similar to that used for evaluating the average
probability of error for a conventional PSK system, we find that for the system defined by .
Eq. (1) the average probability of error is

Py = 7 erfol/E, (1IN )

; 1.2
where Eb =3 A° Tb'

(€) For the case when Py & 10'” and ka = 0.1, we get
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where u” = b

0

Using the approximation
ex (-uz)
erfo(u) = SXpi=U )

T u

we obtain

exp(-u?) - 27 x 107} uzo

The solution to this equation is u = 2.64. The corresponding value of E /N, 18

E 2
-';’ s L—Lf,:g" = 7.7H

Expressed in decibels, this value corresponds to 8,9 dB.

(d) For a conventional PSK system, we have

Pe = % erchEbho)

In this case, we find that

;‘i = (2,602 ¢ 6.92
0

Expressed in decibels, this value corresponds to 8.4 dB. Thus, the conventional PSK system
requires 0.5 dB less in E,/N, then the modified scheme described herein.



Problew ¢

The transmission bandwidth of 256-QAM signal is

B =

log,M

where R,, is the bit rate given by 1/T, and M = 256, Thus

B6 = Togg256 | 16T, 8T,
The transmission bandwidth of 64-QAM is

A7) g

6 = Tog,64 ~ BT, 4T,
Hence, the bandwidth advantage of 256-QAM over 64-QAM is

1 1
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AT, 8T, 8T,
The average energy of 256-QAM signal is

AM-1)E,  2(256- 1)E,
R = ——— = 3

= 170E,
where Ej is the encrgy of the signal with the lowest amplitude. For the 64-QAM signal, we have

Eg = 2, = a2,

Therefore, the increase in average signal energy resulting from the use of 256-QAM over 64-
QAM, expressed in dBs, is

E,
\‘ = 10log 4(4)

( I
0,

= 6dB



Problem 5.

The probability of symbol error for 16-QAM is given by

=21 L 3y
P, =21 m)crfc[ S

Setting P, = 103, we get

-3 1 ,35‘“ ]
107 = 2(1—3)erfc( 3_07V_o

Solving this equation for £,,/Np,
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17.6dB

[ I 1}

The probability of symbol error for 16-PSK is given by

P, = crfc( JN—f-sin(n/M)}
0

Setting P, = 10, we get

107 = erfc( Fsin(ﬂ:/m)\
Ny

Solving this equation for E/Ny, we get

E _ 142 =
T 142 = 21.5dB

Hence, on the average, the 16-PSK demands 21.5 - 17.6 = 3.9 dB more symbol energy than the
16-QAM for P, = 103,

Thus the 16-QAM requires sbout 4 dB less in signal energy than the 16-PSK for a fixed Noand P,

= 103, However, for this advantage of the 16-QAM over the 16-PSK to be realized, the channel
must be linear.



Problawn é

The bit duration is

Tb = -—-—1—3-— z Q.4 ps

2.5x10 Hz

-The signal energy per bit is
=12
Bb=3h
=2 1072 x 0.4 x 107 < 2 2 10719 soules

(a) Coherent Binary FSK

The average probability of error is

3 erto(/2x10719/ux1072%)

% er £o(r/5)
Using the approximation

2
erfo(u) = 2!2(_".‘.'_1
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we obtain the result

1 exp(-5) -3
P = 2XBYI) _ 9 85 x 10
A
(b) MSK

Pe = ert‘c(/Eb/No)

= erfo(/10)
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= 0.81 x 1075

(o) Noncoherent Binary FSK .

E
1 b
P = 2 exp(=- 2"0)

= -;' exp(=5)

= 3.37 x 1073
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(a) The correlation coefficient of the signals so(t) and 31(1:) is

Ty
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sin(zumb) sin( nnrcrb)
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Since t° ?> &f, then we may ignore the second term in Eq. (1), obtaining

sin(2vAfT,)
p = —2-;!?;-5‘.—- = sino(ZA!'Tb)

(b) The dependence of p on Af is as shown ig Fio, 1.
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So(t) and 31(1:) are othogonal when p = 0. Therefore, the minimum value of Af for which
they are orthogonal, is 1/2‘1‘b.

(¢) The average probability of error is given by
1
Eb =35 erfe( -9)/2“0)

The most negative value of p is -0.216, occuring at Af = 0. T/ Ty The minimum value of P,
is therefore

1
Pe.min =5 erfo(v0. BBb/NO)
(d) For a coherent binary PSK system, the average probability of error is

1
Pe =3 errc(lEb/No)

Therefore, the F.b/llo of this coherent binary FSK system must be inoreased by the factor
1/0.608 = 1,645 (or 2,16 dB) so &s to realize the same average probability of error as al
coherent binary PSK system,
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