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(a) ASK with coherent reoeption
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Denoting the presence of symbol 1 or symbol 0 by hypothesis Hy or Hy» respectively,
we nmay write

Hys x(t) = 8(t) o w(t)”

“0' x(t) = w(t)

where s(t) s Acnostzifot), with A° a Qﬁ?f;, Therefore,
To
L o2t " x(t) s(t) dt ~
0 24

If L > E /2, the recetver decides in favor of symbol 1, 1If & ¢ Ey/2y it decides in
favor of symbol 0.
The conditionsl probability density funotions of the random varisble L, whose value

1s denoted by &, sre defined by
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The average probability of error is therefore,
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The warcfoom of ths DPSK sgad i thas ‘o Jaffonss 1

PPSK
wave
T
M)lst  x, = output of the integrator in the in-phase channel
xq = output of the integrator in the quadrature channel
x{ = one-bit delayed version of x;
xQ' = one-bit delayed version of xq

Yy = in-phase channel output
= !!!I'

lq = quadrature channel output
=aqxq

y = II'O'IQ
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Problew 2

The transmitted binary PSK signal is defined by

JEOU), 0SiST,  symbol 1
s(1) =

-JE9(1), 0S1ST,  symbol 0

where the basis function ¢(/) is defined by

o = J%cos(z'ufcr)

The locally generated basis function in the receiver is

Orecl?) = J%cos(mfru-m)

= J% lcos(2R [, 1)cos@ - sin(2n f 1) sing)
where ¢ is the phase ciror. The correlator output is given by

y = [ e
where
X(1) = 5,00) + wl(i), k=12

Assuming that £, is an integer multiple of 1/7, and recugnizing that sin(2nf.4) is orthogonal to
cos(2nf 1) aver the interval 0 < 1 < T), we get

y = £ fE,cos0+ W
when the plus sign corresponds to symbol | and the minus sign carresponds 10 symbol 0, and Wis

u zero-mean Gaussian vanable of variance Ng/2. Accordingly, the average probability of error of
the binary PSK system with phase error @ is given by

303



_1 {E,,costp]
P‘, = zﬁl’fC[ —ﬁo—-

When @ = 0, this formula reduces to that for the siundard PSK sysiem equipped with perfect
phase recovery. At the other exireme, when @ = 190°, P, autains its worst value of unity.
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(a) The signal-space diagram of the scheme described in this problem is two-dimensional, as shown

by
Quad)-‘*'\“
Csiae) ]
5
+A., k%
© —0-
-A, ‘/ gm-g‘) A J3 -

This signal-space diagram differs from that of the conventional PSK signaling scheme in that it
iotwo-dimansioual,wlthamwﬂgndpdntonthequdenﬁnatA,kﬁﬁ.lfkhmdmd
to gero, the above diagram reduces to the same form as that shown in Fig. 8.14.
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cos (2n£°t)

The signal at the deoislon device input is

A 1
TR T :o" w(t) cos(2uf t)dt
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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 = § erfal/E (14D

vhere E, = -,:,- 2 o

(€) For the case when P, = 10~ end k% = 0.1, we gat

107 = 2 ertotw

whereuzag:-;;-b-

Using the approximation

2
erfo(u) = M

we obtain
oap(-uz) -2z 10 uso

The solution to this equation is u = 2.64. The oorresponding value of ’b"'o is
By (2.60)°
N8 £ s T.T4
Ny .
Expressed in decibels, this value corresponds to 8.9 dB.
{(d For a conventional PSK system, we have
|
Py ® 3 erfc(ﬁ;?ﬁ;)
In this oase, we find that
f‘:- (2.64)2 « 6.92

Wmmmmmwummmmmm
requires 0.5 dB less in Ey/N, then the modified schems described hersin,



Probl@m &

The transmission bandwidih of 256-QAM signal is
_ 2R,
log,M

where R, is the bit rate given by 1/7}, and M = 256. Thus

B

The transmission bandwidth of 64-QAM is

21/T,) 2 )
e T,

Hence, the bandwidth advantage of 256-QAM over 64-QAM is

1 1

1
4T, 8T, 8T,
The average energy of 256-QAM signal is

M~ 1)Eg _ 2(256-1)E,
e

= 17OE°

where E; is the energy of the signal with the lowest amplitude. For the 64-QAM signal, we have
Foy = 22E, = 428,

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

170Eg),
10log m(m; ) = 1010g,of4)

= 6dB
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‘The probability of symbo! errar for 16-QAM is given by

e, = 1= | fcai)

Setting P, = 10°3, we get

10° = 2(1-- erfc [J—J

Solving this equation for E,,/Ng,

ﬂv = 58
Ny = 176dB

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

P, = erfc( Jh%ain(n/M))

Setting P, = 103, we get

10° = erfc( J%ain(u/lﬁ))

Solving this equation for E/Np, we get

E _
ﬁ; = 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, = 1073,

Thus the 16-QAM requires about 4 dB lcss in signal energy than the 16-PSK for a fixed N and P,

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



P{obw 7

The bit duration is

Tb a—-‘—‘- s 0.4 ps’

2.5x10 He

-The signal energy per bit 1s

1.2
Bezh
-1 10752 x 0,4 x 1075 s 2 x 1077 joules

() Coherent Binary FSK
The average probability of error is

P, = % or fo(/E,/20,)
= 3 orfo(72x107" 974210720

s  erfol/5)
Using the approximation

2
fo(u) = 23Rz
ariciu

we obtain the result

a - -3
P, %3515_:—51 0.85 x 10

(b) MSK

s erfo(/10)



= 22p(=10)
/0%

= 0.8 x 10~

(o) Nongoherent Binary FSK .

E
Py ® 3 exp(- -5,%;)

s -é‘- exp(=5)

= 3.37 x 10~

F\’O)D)Qm '82

(a) The correlation coefficient of the signals lo(t) and a,(t) is

T

J aott)s1(t)dt
0
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. }; .r:’ loos(2m1t) + cos(yns t)] dt
1 tlin(Z‘lmb) llﬂ('llfo'l'b)] (‘)
ey by

Since t° 2> Af, then we may ignore the sesond term in Eq. (1), obtaining

a:l.n(?ﬂﬂ'b)
ps= —2—‘;‘:—“— = sll'lo(zhﬂ'b)

(b) The dependence of p on Af 18 as shown ia Fie, 1,
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So(t) and a‘(t) are othogonal when p s 0. Therefore, the minimum value of Af for which
they are orthogonal, is 1/21"’.

(s) The average probability of error is given by
g, = 3 erto( /ETT=3)/20,)

The most negative value of p 13 -0,216, oopuring 8t &f = 0.7/Tp» The minimm velue of P,
is therefore

1
?e.utn =5 erfo( JB.EaBb/io)
(d) For a coherent binary PSK system, the average probability of error is

P, » 3 ertol/E7ig)

Therefore, the Eblllo of this coherent binary FSK system must be inoreased by the factor
170.608 = 1.645 (or 2,16 dB) so as to realize the smme average probability of error as a
cohmrent binary PSK esystem,
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Prohlem. [@
(a) For a coherent PSK system, the average probability of error is
—
P et erfol /(E/N),) = & (’Jzéé’b ) )
Ne/)
1 'lPl-(Eb/llo)1]

Ty,

For a DPSK system, we have

P, = % expl= (£, /Ny),]

Let

(1

163}
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(=D 8
];)2 a3 ('!;)1 *
Then, we may use Eqs. (1) and (2) to obtain
7% l!q /llt’s1 = exp §
We are given that
) s 1.2
01
Hence,

§ = Anl/T.2W)

s 1, 56
Therefore,

10 10310[;%)1 s 10 log,, 7.2 = 8.57 @B

10 log.m(;-s)z ® 10 20§,4(7.2 + 1.56)

L] 9.4‘ [):]
The separation between the two (Eblllo) ratios is therefore 9.42 - 8.57 = 0,85 dB.

. (b) For a coherent PSK system, we have
Py = § ertal TR

g &
BTN,

For a QPSK system, we have °

Py = ool MBI
exI’[---(Eblllo)zl

TR,

Here again, let

(8

LS
) = () +¢
M2 Ty

Then we may use Eqs. (3) end (%) to obtain



'2- 8
T+ SAEN,T,
Taking logaritims of both sides:
AN 2 2 = § = 0.5 201 + 6/(1,/"0)11

(5)

8
% wf - 0.5
(5,/Hg),
Solving for 8:

6 = %Lr
T+ 0.5/(E,7H,),

s 0. 65
Therafore,

10 logw(;-';-]‘ = 10 10g,,(7.2) = 8.57 dB

10 xogw(:%)z = 10 20g,(7:2 + .65)

8 3.95 dB.
The separstion between the two (lblllo) ratios is 8,95 - 8.57 = 0.38 dB,
(c) For a coherent binary FSE system, we have

Po = § erfol /TE 7Y

1 il %(:—:)1)

s (5, 72N,Y,

6)

For a nonooherent binary FSK- system, we have
P, = 5 oxp(- %(-;%)2) n

5
Hence,

E .
Y ';{]%)1 s C!P(%) (8)

We are given that (Eblllo).l = 13.5. Therefore,



s = an(122-1)

-] 3.055
Ve thus find that

10 “'10[;.;), = 10 1og,,(13.5)
z 11,3 @B
10 logw(;i)z = 10 1og,,(13.5 + 3,055)

= 12,2 dB

* Hense, the separation between the two (!blllo) ratios 18 12,2 - 11.3 = 0,9 dB,
(d) For a coharent dinary FSK system, we have

L % ""“WI

For a MSK system, we have

Pe * % orfal 0 2]

expl= %(%)21
v TETED,

Henoe, using Eqs, (9) and (10), we

1 g ° 1
in 2 = = 2n[1 » J=gxd
z |y, = 2
JNoting that

[ ]
-—-——”bmo ; <« 1
We may approximate Eq. (11) to obtain
23ty =as
? 't!;;ﬁo')'; 2

Solving for 6, we obtain

{))

(10)

(10)
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2 x 0,693
1
LR -
L ] 1.29
¥e thus find that

10 J.a.;w(;-:-;)1 % 10 108,,(13.5) & 10 2 1,13 = 11.3 @B

; 10 mw(;';)z = 10 10,5(13.5 + 1,29) = 11.7 ¢B

Therefore, the separation betwsen the two “b"o’ ratios 18 11.7 - 11.3 = 0.8 @B,



