
ECE 44000 HW #8 (Probs. 38 – 47) Due 12/2/22

Problem 38: Read the Section 5.5 of Z&T (7th edition). Do the problem below which comes from the 6th
edition. The problem is similar to Probs. 5.15 and 5.18 of the 7th edition.

Problem 39: Read Section 5.5 of Z&T (7th edition) and work the problem below (similar to Prob. 5.17 of
the 7th edition).



Problem 40: [Fall 2007 Final Exam] The figure below shows an ASK receiver intended as a coherent receiver
but with a small phase offset φ. The two signals s0(t) = 0 and s1(t) =

√
2A cos(2πfct) are equally likely.

The integration time T may be assumed to be an integer multiple of the period of the carrier for simplicity.
The threshold has been set to γ = AT/2.

(a) For an arbitrary small value of φ compute the conditional probability Pe,0|φ of an error given that s0(t)
was transmitted and the phase error was φ. Write your answer in terms of the Gaussian Q-function.

(b) For an arbitrary small value of φ compute the conditional probability Pe,1|φ of an error given that s1(t)
was transmitted and the phase error was φ. Write your answer in terms of the Gaussian Q-function.

(c) Use the answers in (a) and (b) to find the expression for the unconditional probability of an error given
phase error φ, Pe|φ.

(d) If you had a prior model for the phase error φ in terms of its pdf f(φ) how would you go about finding
the overall probability of error averaged over φ?

AT/2

Problem 41: Z&T 6th edition Problems 7.17 and 7.18. See pages 419 and 420 of the 7th edition. The table
in the problem statement is Table 9.2 in the 7th edition and Equation (7.80) in the 6th edition is Equation
(9.81) in the 7th edition.



Problem 42: Z&T 7th edition Problem 9.4.

Problems 469

9.5 The input signal to a matched filter is given by

! (") =
⎧
⎪⎨⎪⎩

2, 0 ≤ " < 1
1, 1 ≤ " < 2
0, otherwise

The noise is white with signal-sided power spec-
tral density #0 = 10−1 W/Hz. What is the peak signal--
squared-to-mean-square-noise ratio at its output?

9.6 Antipodal baseband PAM is used to transmit data
through a lowpass channel of bandwidth 10 kHz with
AWGN background. Give the required value of $ , to
the next higher power of 2, for the following data rates:

(a) 20 kbps;

(b) 30 kbps;

(c) 50 kbps;

(d) 100 kbps;

(e) 150 kbps

(f) What will limit the highest practical value of$?

9.7 Refering to Figure 9.24, where %3∕& = 0.5, what
behavior would you expect the curves to exhibit if %3∕& =
1? Why?

9.8 Whatmight be an effective communication scheme
in a flat-fading channel if one could determine when the
channel goes into a deep fade? What is the downside of
this scheme? (Hint:What would happen if the transmitter
could be switched off and on and these instants could be
conveyed to the receiver?)

9.9 A two-path channel consists of a direct path and
one delayed path. The delayed path has a delay of 5 mi-
croseconds. The channel can be considered flat fading if
the phase shift induced by the delayed path is 10 degrees
or less. Determine the maximum bandwidth of the channel
for which the flat-fading assumption holds.

9.10 What is the minimum number of taps required to
equalize a channel, which produces two multipath compo-
nents plus the main path? That is, the channel input-output
relationship is given by

' (") = () (") + *1()
(
" − +1

)
+ *2()

(
" − +2

)
+ , (")

9.11 What two sources of noise affect the convergence
of a tap weight adjustment algorithm for an equalizer?

Problems

Section 9.1

9.1 A baseband digital transmission system that sends
±(-valued rectangular pulses through a channel at a rate
of 20,000 bps is to achieve an error probability of 10−6. If
the noise power spectral density is#0 = 10−6 W/Hz, what
is the required value of (? What is a rough estimate of the
bandwidth required?

9.2 Consider an antipodal baseband digital transmis-
sion system with a noise level of #0 = 10−3 W/Hz. The
signal bandwidth is defined to be that required to pass the
main lobe of the signal spectrum. Fill in the following table
with the required signal power and bandwidth to achieve
the error probability/data rate combinations given.

9.3 Suppose #0 = 10−6 W/Hz and the baseband
data bandwidth is given by - = & = 1∕. Hz. For the

Required Signal Power A! and Bandwidth

!, bps "# = "#−% "# = "#−& "# = "#−' "# = "#−(

1,000
10,000
100,000

following bandwidths, find the required signal powers,
(2, to give a bit error probability of 10−4 along with the
allowed data rates:

(a) 5 kHz;

(b) 10 kHz;

(c) 100 kHz;

(d) 1 MHz.

9.4 A receiver for baseband digital data has a thresh-
old set at / instead of zero. Rederive (9.8), (9.9), and
(9.11) taking this into account. If 0 (+() = 0 (−() = 1

2
,

find 12∕#0 in decibels as a function of / for 0 ≤ /∕3 ≤ 1
to give 01 = 10−6, where 32 is the variance of# .

9.5 With #0 = 10−5 W/Hz and ( = 40 mV in a base-
band data transmission system, what is the maximum data
rate (use a bandwidth of 0 to first null of the pulse spec-
trum) that will allow a 01 of 10−4 or less? 10−5? 10−6?
9.6 Consider antipodal signaling with amplitude im-

balance. That is, a logic 1 is transmitted as a rectangu-
lar pulse of amplitude (1 and duration . , and a logic 0
is transmitted as a rectangular pulse of amplitude −(2
where (1 ≥ (2 > 0. The receiver theshold is still set at 0.
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9.1 Baseband Data Transmission in White Gaussian Noise 401

P (Error  A Sent)
= P (AT + N < 0)

P (Error  –A Sent)
= P (–AT + N > 0)

fN ) (η

–AT AT
η

0

Figure 9.4
Illustration of error probabilities for
binary signaling.

which is the area to the left of ! = −"# in Figure 9.4. Letting $ =
√
2∕%0# ! and using the

evenness of the integrand, we can write this as

& ('|") = ∫
∞

√
2"2# ∕%0

(−$2∕2√
2)

*$ ≜ +

(√
2"2#
%0

)
(9.8)

where+ (⋅) is the+-function.2 The other way inwhich an error can occur is if−" is transmitted
and −"# +% > 0. The probability of this event is the same as the probability that% > "# ,
which can be written as

& ('| − ") = ∫
∞

"#

(−!2∕%0#√
)%0#

*! ≜ +

(√
2"2#
%0

)
(9.9)

which is the area to the right of ! = "# in Figure 9.4. The average probability of error is

&' = & ('| + ")& (+") + & ('| − ")& (−") (9.10)

Substituting (9.8) and (9.9) into (9.10) and noting that & (+") + & (−") = 1, where & (") is
the probability that +" is transmitted, we obtain

&' = +

(√
2"2#
%0

)
(9.11)

Thus, the important parameter is "2# ∕%0. We can interpret this ratio in two ways. First,
since the energy in each signal pulse is

', = ∫
-0+#

-0
"2 *- = "2# (9.12)

we see that the ratio of signal energy per pulse to noise power spectral density is

. = "2#
%0

=
',
%0

(9.13)

where ', is called the energy per bit because each signal pulse (+" or −") carries one bit of
information. Second, we recall that a rectangular pulse of duration # seconds has amplitude

2See Appendix F.1 for a discussion and tabulation of the +-function.
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2See Appendix F.1 for a discussion and tabulation of the +-function.
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we see that the ratio of signal energy per pulse to noise power spectral density is
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%0

(9.13)

where ', is called the energy per bit because each signal pulse (+" or −") carries one bit of
information. Second, we recall that a rectangular pulse of duration # seconds has amplitude

2See Appendix F.1 for a discussion and tabulation of the +-function.
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Problem 43: Z&T 7th edition Problem 9.25.

Problems 473

Section 9.3

9.24 Differentially encode the following binary
sequences. Arbitrarily choose a 1 as the reference bit to
begin the encoding process. (Note: Spaces are used to add
clarity.)

(a) 111 110 001 100 (b) 101 011 101 011
(c) 111 111 111 111 (d) 000 000 000 000
(e) 111 111 000 000 (f) 110 111 101 001
(g) 101 010 101 010 (h) 101 110 011 100

9.25
(a) Consider the sequence 011 101 010 111. Differ-

entially encode it and assume that the differen-
tially encoded sequence is used to biphase modu-
late a sinusoidal carrier of arbitrary phase. Prove
that the demodulator of Figure 9.17 properly
gives back the original sequence.

(b) Now invert the sequence (i.e., 1s become 0s and
vice versa). What does the demodulator of Fig-
ure 9.17 give now?

9.26
(a) In the analysis of the optimumdetector forDPSK,

show that the random variables !1, !2, !3, and !4
have zero means and variances"0# ∕4.

(b) Show that $1, $2, $3, and $4 have zero means
and variances"0# ∕8.

9.27 A delay-and-multiply receiver for DPSK as shown
in Figure 9.17 should have an input filter bandwidth of
% = 2∕# = 2& Hz to achieve the asymptotic probability
of error given by (9.113). If the received signal has a fre-
quency error of Δ' (due to Doppler shift, for example),
the input filter must have a bandwidth of 2& + |Δ' | to
accommodate this frequency error.

(a) Show that the error probability as a result of this
frequency error is given by

(), |Δ' | = *

(√
)+
"0

1
1 + |Δ' | ∕2&

)

= *
(√

,
1 + |Δ' | ∕2&

)

(b) Plot (), |Δ' | versus , in dB for |Δ' | ∕2& =
0, 0.1, 0.2, 0.3, and 0.4. Estimate the degra-
dation in dB at a probability of error of 10−6.

(c) Give the mathematical expression for the degra-
dation and compare it with the results estimated
in part (b).

9.28 Assume that the delay in a delay-and-multiply re-
ceiver for DPSK as shown in Fig. 9.17 is in error by |Δ# |.

(a) Show that the asymptotic bit error probability
becomes

(), |Δ# | =
1
2
*

(√
)+
"0

)

+ 1
2
*
⎛
⎜⎜⎝

√
)+
"0

(
1 − |Δ# |

#

)⎞
⎟⎟⎠

= 1
2
*
(√

,
)
+ 1

2
*
(√

, (1 − |Δ# |&)
)

(Hint: Consider the possible data sequences 11,
00, 10, and 01 thereby accounting for the cases
of degradation and no degradation in the signal
component at the integrator output.)

(b) Plot (), |Δ# | versus , in dB for |Δ' |& =
0, 0.1, 0.2, 0.3, 0.4. Estimate the degradation
in dB at a probability of error of 10−6.

9.29 A channel of bandwidth 100 kHz is available. Us-
ing null-to-null RF bandwidths, what data rates may be
supported by:

(a) BPSK;

(b) coherent FSK (tone spacing = 1∕2# );
(c) DPSK;

(d) noncoherent FSK (tone spacing = 2∕# ).

9.30 Find the probability of error for noncoherent ASK,
with signal set

-. (/) =

{
0, 0 ≤ / ≤ # , . = 1
0 cos(21'2/ + 3), 0 ≤ / ≤ # , . = 2

where 3 is a uniformly distributed random variable in
[0, 21). White Gaussian noise of two-sided power spec-
tral density "0∕2 is added to this signal in the channel.
The receiver is a bandpass filter of bandwidth 2∕# Hz
centered on '2 , followed by an envelope detector, which is
input to a sampler and threshold comparator. Assume that
the signal, when present, is passed by the filter without
distortion, and let the noise variance at the filter output be
42
" = "0%# = 2"0∕# .

Show that the envelope detector output with signal
1 present (i.e., zero signal) is Rayleigh-distributed, and
that the envelope detector output with signal 2 present is
Ricean-distributed. Assuming that the threshold is set at
0∕2, find an expression for the probability of error. You
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9.3 Modulation Schemes not Requiring Coherent References 423

Table 9.4 Truth Table for the Equivalence Operation

Input 1 (Message) Input 2 (Reference) Output

0 0 1
0 1 0
1 0 0
1 1 1

t = t0 + T

Threshold Decisiont0 T

t0
( )dt

Received
signal

One-bit
delay

Figure 9.17
Demodulation of DPSK.

A possible implementation of a differentially coherent demodulator for DPSK is shown
in Figure 9.17. The received signal plus noise is first passed through a bandpass filter centered
on the carrier frequency and then correlated bit by bit with a one-bit delayed version10 of the
signal-plus noise. The output of the correlator is finally compared with a threshold set at zero,
a decision being made in favor of a 1 or a 0, depending on whether the correlator output is
positive or negative, respectively.

To illustrate that the received sequence will be correctly demodulated, consider the
example given in Table 9.3, assuming no noise is present. After the first two bits have been
received (the reference bit plus the first encoded bit), the signal input to the correlator is
!1 = " cos#$%, and the reference, or delayed, input is &1 = " cos#$%. The output of the
correlator is

'1 = ∫
(

0
"2 cos2

(
#$%

)
)% = 1

2
"2( (9.92)

and the decision is that a 1 was transmitted. For the next bit interval, the inputs are !2 =
" cos#$% and &2 = !1 = " cos

(
#$% + *

)
= −" cos#$%, resulting in a correlator output of

'2 = −∫
(

0
"2 cos2

(
#$%

)
)% = −1

2
"2( (9.93)

and a decision that a 0 was transmitted is made. Continuing in this fashion, we see that the
original message sequence is obtained if there is no noise at the input.

This detector, while simple to implement, is actually not optimum. The optimum detector
for binary DPSK is shown in Figure 9.18. The test statistic for this detector is

! = +,+,−1 + -,-,−1 (9.94)

10This assumes that ( is not changed by channel perturbations and can be accurately specified at the receiver. Usually,
channel perturbations, through Doppler shift, for example, on the carrier frequency are a much more serious problem.
If the carrier frequency shift is significant, some type of frequency estimation at the receiver would be necessary.
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Problem 44: Z&T 7th edition Problem 9.26.

Problems 473

Section 9.3

9.24 Differentially encode the following binary
sequences. Arbitrarily choose a 1 as the reference bit to
begin the encoding process. (Note: Spaces are used to add
clarity.)

(a) 111 110 001 100 (b) 101 011 101 011
(c) 111 111 111 111 (d) 000 000 000 000
(e) 111 111 000 000 (f) 110 111 101 001
(g) 101 010 101 010 (h) 101 110 011 100

9.25
(a) Consider the sequence 011 101 010 111. Differ-

entially encode it and assume that the differen-
tially encoded sequence is used to biphase modu-
late a sinusoidal carrier of arbitrary phase. Prove
that the demodulator of Figure 9.17 properly
gives back the original sequence.

(b) Now invert the sequence (i.e., 1s become 0s and
vice versa). What does the demodulator of Fig-
ure 9.17 give now?

9.26
(a) In the analysis of the optimumdetector forDPSK,

show that the random variables !1, !2, !3, and !4
have zero means and variances"0# ∕4.

(b) Show that $1, $2, $3, and $4 have zero means
and variances"0# ∕8.

9.27 A delay-and-multiply receiver for DPSK as shown
in Figure 9.17 should have an input filter bandwidth of
% = 2∕# = 2& Hz to achieve the asymptotic probability
of error given by (9.113). If the received signal has a fre-
quency error of Δ' (due to Doppler shift, for example),
the input filter must have a bandwidth of 2& + |Δ' | to
accommodate this frequency error.

(a) Show that the error probability as a result of this
frequency error is given by

(), |Δ' | = *

(√
)+
"0

1
1 + |Δ' | ∕2&

)

= *
(√

,
1 + |Δ' | ∕2&

)

(b) Plot (), |Δ' | versus , in dB for |Δ' | ∕2& =
0, 0.1, 0.2, 0.3, and 0.4. Estimate the degra-
dation in dB at a probability of error of 10−6.

(c) Give the mathematical expression for the degra-
dation and compare it with the results estimated
in part (b).

9.28 Assume that the delay in a delay-and-multiply re-
ceiver for DPSK as shown in Fig. 9.17 is in error by |Δ# |.

(a) Show that the asymptotic bit error probability
becomes

(), |Δ# | =
1
2
*

(√
)+
"0

)

+ 1
2
*
⎛
⎜⎜⎝

√
)+
"0

(
1 − |Δ# |

#

)⎞
⎟⎟⎠

= 1
2
*
(√

,
)
+ 1

2
*
(√

, (1 − |Δ# |&)
)

(Hint: Consider the possible data sequences 11,
00, 10, and 01 thereby accounting for the cases
of degradation and no degradation in the signal
component at the integrator output.)

(b) Plot (), |Δ# | versus , in dB for |Δ' |& =
0, 0.1, 0.2, 0.3, 0.4. Estimate the degradation
in dB at a probability of error of 10−6.

9.29 A channel of bandwidth 100 kHz is available. Us-
ing null-to-null RF bandwidths, what data rates may be
supported by:

(a) BPSK;

(b) coherent FSK (tone spacing = 1∕2# );
(c) DPSK;

(d) noncoherent FSK (tone spacing = 2∕# ).

9.30 Find the probability of error for noncoherent ASK,
with signal set

-. (/) =

{
0, 0 ≤ / ≤ # , . = 1
0 cos(21'2/ + 3), 0 ≤ / ≤ # , . = 2

where 3 is a uniformly distributed random variable in
[0, 21). White Gaussian noise of two-sided power spec-
tral density "0∕2 is added to this signal in the channel.
The receiver is a bandpass filter of bandwidth 2∕# Hz
centered on '2 , followed by an envelope detector, which is
input to a sampler and threshold comparator. Assume that
the signal, when present, is passed by the filter without
distortion, and let the noise variance at the filter output be
42
" = "0%# = 2"0∕# .

Show that the envelope detector output with signal
1 present (i.e., zero signal) is Rayleigh-distributed, and
that the envelope detector output with signal 2 present is
Ricean-distributed. Assuming that the threshold is set at
0∕2, find an expression for the probability of error. You
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Problem 45:

The problem below is a follow-on to the “3 tap zero-forcing equalizer” problem above. In that
problem we were given the channel pulse response samples:

pc(−4T ) = −0.001 pc(−3T ) = 0.001 pc(−2T ) = −0.01
pc(−T ) = 0.1 pc(0) = 1.0 pc(T ) = 0.2
pc(2T ) = −0.02 pc(3T ) = 0.005 pc(4T ) = −0.003

.

We found the coffecients of the equalizer (shown in the block diagram below rounded to two decimal
places) by solving the matrix equation



pc(0) pc(−T ) pc(−2T )
pc(T ) pc(0) pc(−T )
pc(2T ) pc(T ) pc(0)





α−1
α0

α1


 =




0
1
0


 .

We assume that the pulse and matched filter were originally designed to satisfy the Nyquist criterion,
that is, h∗p(t) = Rpp(t) is = 1 when evaluated at t = 0 and = 0 when evaluated at t = mT , m 6= 0. However,
the channel filter has destroyed the Nyquist property as seen from the samples of

pc(t) = p ∗ hchan ∗ h(t) = Rpp ∗ hchan(t),

which is why the equalizer is needed.

MF
h(t) = p(−t)

hchan(t)

x(t) =�
k akp(t − kT )

nw(t)

t = nT

z(t) zn
z−1 z−1

α0 =
1.04

α1 =
−0.21

α−1 =
−0.11

≥
<

γ = 0
â = +1

â = −1

qn

AWGN
psd height = N0/2

Symbols {an} are iid with
Pr{ak = +1} = Pr{ak = −1} = 1/2

For simplicity assume that only three nonzero symbols are sent, namely a−1, a0, and a1. In this
problem we concentrate on the decision regarding the middle symbol, i.e., â0.

(a) For the equalizer shown it is q1 which should be compared to a threshold to estimate a0. Explain why.

(b) The equalizer output q1 consists of a signal part and a noise part. Conditioning on (i.e., assuming)
a−1 = a1 = +1:

– Find the signal part as a function of the unknown symbol a0.

– Find the noise part, i.e., characterize the noise random variable by stating its probability distri-
bution and finding its mean and variance.

(c) Find the conditional error probabilities:

Pr{q1 < 0|a−1 = a0 = a1 = +1}
Pr{q1 ≥ 0|a−1 = a1 = +1, a0 = −1}

in terms of either the cdf or the Q function of a zero mean, variance one Gaussian random variable.



(d) Now for comparison suppose we wire around the equalizer and apply zn directly to the decision device.
Assume the same setup as before (i.e., only three symbols are transmitted and condition on a−1 =
a1 = +1). Now we should compare z0 to the threshold to estimate a0.

– z0 consists of a signal part and a noise part. Find them.

– Find the conditional error probabilities:

Pr{z0 < 0|a−1 = a0 = a1 = +1}
Pr{z0 ≥ 0|a−1 = a1 = +1, a0 = −1}

in terms of either the cdf or the Q function of a zero mean, variance one Gaussian random variable.

Problem 46:

This problem is a “follow on” to the problem above (again). The problem setup and assumptions
are exactly the same as in the original problem except as noted below.

(a) In Part (c) of the previous problem we calculated two conditional error probabilities and found that
they were independent of a−1, a0, and a1 with

Pr{q1 < 0|a−1 = a0 = a1 = +1} = Pr{q1 ≥ 0|a−1 = a1 = +1, a0 = −1}

= Q

(√
2

1.14N0

)
= Q

(
0.94

√
2

N0

)
.

Based on this observation, what is the probability of error at the equalizer output averaged over all
possible symbols a−1, a0, and a1? Explain your reasoning.

(b) Similarly, in Part (d) of the previous problem we computed some conditional error probabilities for the
non-equalized signal and found that they did depend on the values of a−1, a0, and a1:

Pr{z0 < 0|a−1 = a0 = a1 = +1} = Q

(
1.3

√
2

N0

)

Pr{z0 ≥ 0|a−1 = a1 = +1, a0 = −1} = Q

(
0.7

√
2

N0

)
.

In order to calculate the average probability of error using the non-equalized signal we need to compute
6 more conditional probabilities. Show exactly which probabilities you need to compute and how you
would use them to compute the average probability of error. Then pick one of them and compute it
to show that you know what you are doing.
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Section 9.3

9.24 Differentially encode the following binary
sequences. Arbitrarily choose a 1 as the reference bit to
begin the encoding process. (Note: Spaces are used to add
clarity.)

(a) 111 110 001 100 (b) 101 011 101 011
(c) 111 111 111 111 (d) 000 000 000 000
(e) 111 111 000 000 (f) 110 111 101 001
(g) 101 010 101 010 (h) 101 110 011 100

9.25
(a) Consider the sequence 011 101 010 111. Differ-

entially encode it and assume that the differen-
tially encoded sequence is used to biphase modu-
late a sinusoidal carrier of arbitrary phase. Prove
that the demodulator of Figure 9.17 properly
gives back the original sequence.

(b) Now invert the sequence (i.e., 1s become 0s and
vice versa). What does the demodulator of Fig-
ure 9.17 give now?

9.26
(a) In the analysis of the optimumdetector forDPSK,

show that the random variables !1, !2, !3, and !4
have zero means and variances"0# ∕4.

(b) Show that $1, $2, $3, and $4 have zero means
and variances"0# ∕8.

9.27 A delay-and-multiply receiver for DPSK as shown
in Figure 9.17 should have an input filter bandwidth of
% = 2∕# = 2& Hz to achieve the asymptotic probability
of error given by (9.113). If the received signal has a fre-
quency error of Δ' (due to Doppler shift, for example),
the input filter must have a bandwidth of 2& + |Δ' | to
accommodate this frequency error.

(a) Show that the error probability as a result of this
frequency error is given by

(), |Δ' | = *

(√
)+
"0

1
1 + |Δ' | ∕2&

)

= *
(√

,
1 + |Δ' | ∕2&

)

(b) Plot (), |Δ' | versus , in dB for |Δ' | ∕2& =
0, 0.1, 0.2, 0.3, and 0.4. Estimate the degra-
dation in dB at a probability of error of 10−6.

(c) Give the mathematical expression for the degra-
dation and compare it with the results estimated
in part (b).

9.28 Assume that the delay in a delay-and-multiply re-
ceiver for DPSK as shown in Fig. 9.17 is in error by |Δ# |.

(a) Show that the asymptotic bit error probability
becomes

(), |Δ# | =
1
2
*

(√
)+
"0

)

+ 1
2
*
⎛
⎜⎜⎝

√
)+
"0

(
1 − |Δ# |

#

)⎞
⎟⎟⎠

= 1
2
*
(√

,
)
+ 1

2
*
(√

, (1 − |Δ# |&)
)

(Hint: Consider the possible data sequences 11,
00, 10, and 01 thereby accounting for the cases
of degradation and no degradation in the signal
component at the integrator output.)

(b) Plot (), |Δ# | versus , in dB for |Δ' |& =
0, 0.1, 0.2, 0.3, 0.4. Estimate the degradation
in dB at a probability of error of 10−6.

9.29 A channel of bandwidth 100 kHz is available. Us-
ing null-to-null RF bandwidths, what data rates may be
supported by:

(a) BPSK;

(b) coherent FSK (tone spacing = 1∕2# );
(c) DPSK;

(d) noncoherent FSK (tone spacing = 2∕# ).

9.30 Find the probability of error for noncoherent ASK,
with signal set

-. (/) =

{
0, 0 ≤ / ≤ # , . = 1
0 cos(21'2/ + 3), 0 ≤ / ≤ # , . = 2

where 3 is a uniformly distributed random variable in
[0, 21). White Gaussian noise of two-sided power spec-
tral density "0∕2 is added to this signal in the channel.
The receiver is a bandpass filter of bandwidth 2∕# Hz
centered on '2 , followed by an envelope detector, which is
input to a sampler and threshold comparator. Assume that
the signal, when present, is passed by the filter without
distortion, and let the noise variance at the filter output be
42
" = "0%# = 2"0∕# .

Show that the envelope detector output with signal
1 present (i.e., zero signal) is Rayleigh-distributed, and
that the envelope detector output with signal 2 present is
Ricean-distributed. Assuming that the threshold is set at
0∕2, find an expression for the probability of error. You
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will not be able to integrate this expression. However, by
making use of the approximation

!0 (") ≈
#"√
2$"

, " ≫ 1

you will be able to approximate the pdf of the sampler out-
put for large signal-to-noise ratio as Gaussian and express
the probability of error in terms of a &-function. (Hint:
Neglect the "−1∕2 in the above approximation.)

Show that the probability of error for the signal-to-
noise ratio large is approximately

'( = 1
2
' (( | ) +*) + 1

2
' (( | 0)

≈ #−+√
4$+

+ 1
2
#−+∕2, + = ,2

4-2
*

≫ 1

Note that + = ,2

4-2*
is the average signal power- (the signal

is 0 half the time) to-noise variance ratio. Plot the error
probability versus the signal-to-noise ratio and compare
with that for DPSK and noncoherent FSK.

9.31 Integrate (9.121) by recasting the integrand into the
form of a Ricean pdf and therefore use the fact that it in-
tegrates to 1. You will have to redefine some parameters
and multiply and divide by exp

(
,2∕2*

)
similarly to the

steps that led to (9.112). The result should be (9.120).

Section 9.4

9.32 Gray encoding of decimal numbers ensures that
only one bit changes when the decimal number changes
by one unit. Let .1.2.3 … ./ represent an ordinary bi-
nary representation of a decimal number, with .1 being
the most significant bit. Let the corresponding Gray code
bits be 010203 … 0/. Then the Gray code representation is
obtained by the algorithm

01 = .1
0/ = ./ ⊕ ./−1

where ⊕ denotes modulo-2 addition (i.e., 0⊕ 0 = 0,
0⊕ 1 = 1, 1⊕ 0 = 1, and 1⊕ 1 = 0). Find the Gray code
representation for the decimal numbers 0 through 32.

9.33 Show that (9.162) is the average energy in terms of
Δ for binary antipodal ASK.

9.34 Consider a baseband antipodal PAM system with
channel bandwidth of 5 kHz and a desired data rate of 20
kbps. (a)What is the required value for2? (b)What value
of (.∕*0 in dB will give a bit error probability of 10−6?
10−5?
9.35 A channel of 100 kHz is available. What RF mod-
ulation scheme can be used to communicate through it at
a data rate of:

(a) 50 kbps;

(b) 100 kbps;

(c) 150 kbps;

(d) 200 kbps;

(e) 250 kbps?

For each modulation scheme, compute the signal-to-
noise ratio, + = (.∕*0, to achieve a bit error probability
of 10−6.

Section 9.5

9.36 Recompute the entries in Table 9.5 for a bit error
probability of 10−4 and an RF bandwidth of 100 kHz.

Section 9.6

9.37 Assume a raised-cosine pulsewith 3 = 0.2, additive
noise with power spectral density

4/(5 ) =
-2
/∕53

1 + (5∕53)2

and a channel filter with transfer-function-squared magni-
tude given by

||67 (5 )||2 = 1
1 +

(
5∕57

)2

Find and plot the optimum transmitter and receiver filter
amplitude responses for binary signaling for the following
cases:

(a) 53 = 57 = 1
28

(b) 57 = 253 =
1
8

(c) 53 = 257 = 1
8

9.38

(a) Sketch the trapezoidal spectrum ' (5 ) =
.
.−9

Λ (5∕.) − 9
.−9

Λ (5∕9), . > 9 > 0, for 9 = 1
and . = 2.

(b) By appropriate sketches, show that it satisfies
Nyquist’s pulse-shaping criterion.

9.39 Data are to be transmitted through a bandlimited
channel at a rate : = 1∕8 = 9600 bps. The channel filter
has frequency response function

67 (5 ) =
1

1 + ;(5∕4800)
The noise is white with power spectral density

*0

2
= 10−11 W/Hz
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