
∂bl
= 0 ⇒ E

[
Im

{
I∗k−l

(
Ik − Îk

)}]
= 0

Hence,
E
[
I∗k−l

(
Ik − Îk

)]
= 0, 1 ≤ l ≤ K2 (1)

Since the information symbols are uncorrelated : E [IkI
∗
l ] = δkl. We also have :

E [Iku
∗
l ] = E

[
Ik
(∑L

m=0 f
∗
mI

∗
l−m + n∗l

)]
= f ∗

l−k

Hence, equation (1) gives :

E
[
IkI

∗
k−l
]
= E

[
ÎkI

∗
k−l
]
, 1 ≤ l ≤ K2 ⇒

0 = E
[(∑0

j=−K1
cjuk−j +

∑K2
j=1 cjIk−j

)
I∗k−l

]
⇒

0 =
(∑0

j=−K1
cjfl−j

)
+ cl ⇒

cl = −∑0
j=−K1

cjfl−j, 1 ≤ l ≤ K2

which is the desired equation for the feedback taps.

Problem 10.10 :

(a) The equivalent discrete-time impulse response of the channel is :

h(t) =
1∑

n=−1

hnδ(t− nT ) = 0.3δ(t+ T ) + 0.9δ(t) + 0.3δ(t− T )

If by {cn} we denote the coefficients of the FIR equalizer, then the equalized signal is :

qm =
1∑

n=−1

cnhm−n

which in matrix notation is written as :
 0.9 0.3 0.

0.3 0.9 0.3
0. 0.3 0.9




 c−1

c0
c1


 =


 0

1
0



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The coefficients of the zero-force equalizer can be found by solving the previous matrix equation.
Thus, 

 c−1

c0
c1


 =


 −0.4762

1.4286
−0.4762




(b) The values of qm for m = ±2,±3 are given by

q2 =
1∑

n=−1

cnh2−n = c1h1 = −0.1429

q−2 =
1∑

n=−1

cnh−2−n = c−1h−1 = −0.1429

q3 =
1∑

n=−1

cnh3−n = 0

q−3 =
1∑

n=−1

cnh−3−n = 0

Problem 10.11 :

(a) The output of the zero-force equalizer is :

qm =
1∑

n=−1

cnxmn

With q0 = 1 and qm = 0 for m �= 0, we obtain the system :




1.0 0.1 −0.5
−0.2 1.0 0.1
0.05 −0.2 1.0





c−1

c0
c1


 =




0
1
0




Solving the previous system in terms of the equalizer’s coefficients, we obtain :


 c−1

c0
c1


 =


 0.000

0.980
0.196



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(b) The output of the equalizer is :

qm =




0 m ≤ −4
c−1x−2 = 0 m = −3
c−1x−1 + c0x−2 = −0.49 m = −2
0 m = −1
1 m = 0
0 m = 1
c0x2 + x1c1 = 0.0098 m = 2
c1x2 = 0.0098 m = 3
0 m ≥ 4

Hence, the residual ISI sequence is

residual ISI = {. . . , 0,−0.49, 0, 0, 0, 0.0098, 0.0098, 0, . . .}
and its span is 6 symbols.

Problem 10.12 :

(a) If {cn} denote the coefficients of the zero-force equalizer and {qm} is the sequence of the
equalizer’s output samples, then :

qm =
1∑

n=−1

cnxm−n

where {xk} is the noise free response of the matched filter demodulator sampled at t = kT .
With q−1 = 0, q0 = q1 = Eb, we obtain the system :


Eb 0.9Eb 0.1Eb

0.9Eb Eb 0.9Eb
0.1Eb 0.9Eb Eb





c−1

c0
c1


 =




0
Eb
Eb




The solution to the system is :(
c−1 c0 c1

)
=
(
0.2137 −0.3846 1.3248

)

(b) The set of noise variables {νk} at the output of the sampler is a gaussian distributed sequence
with zero-mean and autocorrelation function :

Rν(k) =

{
N0



Problem 10.13 :

The optimum tap coefficients of the zero-force equalizer can be found by solving the system:
 1.0 0.3 0.0

0.2 1.0 0.3
0.0 0.2 1.0




 c−1

c0
c1


 =


 0

1
0




Hence, 
 c−1

c0
c1


 =


 −0.3409

1.1364
−0.2273




The output of the equalizer is :

qm =




0 m ≤ −3
c−1x−1 = −0.1023 m = −2
0 m = −1
1 m = 0
0 m = 1
c1x1 = −0.0455 m = 2
0 m ≥ 3

Hence, the residual ISI sequence is :

residual ISI = {. . . , 0,−0.1023, 0, 0, 0,−0.0455, 0, . . .}

Problem 10.14 :

(a) If we assume that the signal pulse has duration T , then the ouput of the matched filter at
the time instant t = T is :

y(T ) =
∫ T

0
r(τ)s(τ)dτ

=
∫ T

0
(s(τ) + αs(τ − T ) + n(τ))s(τ)dτ

=
∫ T

0
s2(τ)dτ +

∫ T

0
n(τ)s(τ)dτ

= Es + n
where Es is the energy of the signal pulse and n is a zero-mean Gaussian random variable with
variance σ2

n = N0Es



Problem 10.18 :

(a) X(z) = F (z)F ∗(z−1) = 1
2
z + 1 + 1

2
z−1. Then, the covariance matrix Γ is :

Γ =


 1 +N0 1/2 0

1/2 1 +N0 1/2
0 1/2 1 +N0


 and ξ =


 1/

√
2

1/
√
2

0




The optimum equalizer coefficients are given by :

Copt = Γ−1ξ

= 1
det(Γ)



(1 +N0)

2 − 1/4 −1
2
(1 +N0) 1/4

−1
2
(1 +N0) (1 +N0)

2 −1
2
(1 +N0)

1/4 −1
2
(1 +N0) (1 +N0)

2 − 1/4





1/
√
2

1/
√
2

0




= 1√
2 det(Γ)



N2

0 + 3
2
N0 +

1
4

N2
0 + 3

2
N0 +

1
2−N0

2
− 1

4




where det(Γ) = (1 +N0)
[
(1 +N0)

2 − 1
2

]

(b)

det(Γ− λI) = (1 +N0 − λ)
[
(1 +N0 − λ)2 − 1

2

]
⇒

λ1 = 1 +N0, λ2 = 1√
2
+ 1 +N0, λ3 = 1− 1√

2
+N0

and the corresponding eigenvectors are :

v1 =


 −1/

√
2

0

1/
√
2


 , v2 =




1/2

1/
√
2

1/2


 , v3 =




1/2

−1/
√
2

1/2




(c)

Jmin(K)|K=1 = Jmin(1) = 1− ξ′Γ−1ξ =
2N3

0 + 4N2
0 + 2N0 + 3/4

2N3
0 + 4N2

0 + 5N0 + 1

(d)

γ =
1− Jmin(1)

Jmin(1)
=

2N2
0 + 3N0 + 3/4

2N3
0 + 4N2

0 + 1/4

Note that as N0 → 0, γ → 3. For N0 = 0.1, γ = 2.18 for the 3-tap equalizer and γ =√
1 + 2

N0
− 1 = 3.58, for the infinite-tap equalizer (as in example 10-2-1). Also, note that

γ = 1
N0

= 10 for the case of no intersymbol interference.
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