
ECET 602: Final Project

Winter, 2013

Hand in at Final Exam on March 18, 2013

Your final project is to create and analyze two plots showing bit error performance afforded by various
channel coding and modulation schemes for the circularly symmetric complex additive white Gaussian
noise channel as a function of signal to noise ratio (SNR). One plot should use the channel SNR Es/N0

in dB as the x-axis, while the second plot should use the SNR per information bit Eb/N0 in dB as the
x-axis. Here, Es will be the average modulation symbol energy, N0 will be the variance of the circularly
symmetric additive white Gaussian noise (N0

2 in the real part N0

2 in the imaginary part), and Eb = Es

R

where R = b k
n is the rate of the code times the number of (coded) bits b per modulation symbol. Both

plots should indicate the log10 of the average information bit error probability as the yaxis. Both plots
should contain the curves listed below. You should consider all the values M ∈ {2, 4, 16} (2-QAM is
BPSK, 4-QAM is QPSK and b = log2(M)), and R

b ∈ {
1
4 ,

1
2}.

1. Fundamental Limits:

(a) Modulation Agnostic Error-Free Shannon Limit : A vertical line at the SNR corresponding to
the error free Shannon limit for rate R bits per channel use transmission.

(b) Modulation Agnostic Shannon Limit Allowing Errors: A curve indicating the minimum required
SNR to send R(1−H(p)) error free bits per channel use. By source channel separation, this is
the minimum required SNR for which there exists a modulation and coding scheme that sends
R bits per channel use with a bit error probability of p (and p corresponds to the vertical axis).

(c) Specified QAM Modulation & Soft-Decoding Error-Free Shannon Limit : A vertical line at the
SNR at which there exists an (infinite block length and infinite decoder complexity) code for
M-QAM achieving a rate of R error-free information bits per channel use.

(d) Specified QAM Modulation & Soft-Decoding Shannon Limit Allowing Errors: A curve indicating
the minimum (over all possible codes) required SNR to send R(1 − H(p)) error free bits per
channel use using coded M-QAM. By source channel separation, this is the minimum required
SNR for which there exists a code for M-QAM modulation achieving R information bits per
channel use with bit error probability of p (and p corresponds to the vertical axis).

(e) Specified QAM Modulation & Hard-Decoding Error-Free Shannon Limit : A vertical line at the
SNR for which R is the capacity of the discrete memoryless channel created by concatenating the
M-QAM modulation, followed by additive white Gaussian noise, followed by a M-QAM decision
device. This is the minimum SNR for which there exists an infinite blocklength and infinite
complexity code achieving an arbitrarily small error probability with a decoder operating on
the output of the decision device.

(f) Specified QAM Modulation & Hard-Decoding Shannon Limit Allowing Errors: A curve indicat-
ing the SNR for which R(1−H(p)) is the capacity of the discrete memoryless channel created
by concatenating the M-QAM modulation, followed by additive white Gaussian noise, followed
by a M-QAM decision device. This is the minimum SNR for which there exists a code and
decoder for the transmitter using M-QAM modulation and the receiver using a hard decision
M-QAM device before the decoder achieving a rate of R bits per channel use each with error
probability p (the bit error rate).
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2. Channel Coding & Modulation Schemes: Solve two of the following. For extra credit, solve
three. For more extra credit, solve all four.

(a) Uncoded QAM Modulation: A curve indicating the average bit error probability of uncoded
QAM modulation.

(b) Reed Solomon Coded M-QAM with Hard Decision Decoding : A curve indicating the average
bit error probability of M-QAM together with a Reed Solomon code of rate R

b of your choosing
utilizing a receiver consisting of a hard decision device and a Reed Solomon decoder.

(c) Convolutionally Coded M-QAM – Bit Interleaved Coded Modulation with ML Soft Decision
Decoding : A curve indicating the average bit error probability of a selected rate R

b convolutional
code, followed by an interleaver before mapping to M -QAM symbols. The decoder should
run a BCJR forward backward algorithm decoder operating on soft channel bit probabilities
generated from received noisy M -QAM symbols. Iterative decoding with the channel demapper
is encouraged.

(d) Turbo Coded M-QAM – Bit Interleaved Turbo Coded Modulation with ML Soft Decision De-
coding The average (over Monte Carlo simulations) of the bit error probability of transmitter
utilizing a turbo code followed by a bit interleaver, followed by a mapping to M -QAM sym-
bols and a receiver performing iterative decoding between a symbol demapper and the turbo
decoder.

3. Use your plot to answer these questions:

(a) At a target bit error rate of 10−5 at a information rate of 1 bit per channel use, what is the
minimum penalty (relative to the best possible coding and modulation) you must you pay in
operating SNR if you decide to use coded BPSK, Coded QPSK, and Coded 16-QAM with hard
decision decoding? with soft decision decoding?

(b) The difference between the SNR and the SNR per bit plot is that the SNR per bit plot implicitly
allows for bandwidth expansion in order to achieve the same information data rate, while the
SNR plot requires the bandwidth to be constant. In essence, in the SNR per bit plot, if we
consider a lower rate code, we allow ourselves to use the channel more frequently in order to
achieve the same information data rate in bits per second. Since the transmit power is assumed
fixed, the channel signal to noise ratio is dropped due to a wider bandwidth over which noise
is collected. In the SNR plot different code rates give different effective information data rates.
Use this fact to help answer the following questions:

i. At a target bit error rate of 10−7 for the target bit rates R what is the maximum decrease in
operating SNR per bit afforded by switching between uncoded M-QAM and coded M-QAM
under soft information decoding? hard information decoding?

ii. What fraction of this maximum decrease (under hard decision decoding) did you obtain
using the channel codes you selected under problem 2?

iii. If we allow for bandwidth expansion, and are shooting for a target of 10−5 bit error prob-
ability at a information rate of 1 bit per channel use, and are willing to use soft decision
decoding and coded modulation, which modulation scheme do the theoretical limits rec-
ommend? What if we require the use of hard decision decoding?

iv. If our channel is fixed, and we are not allowed to do bandwidth expansion, and are shooting
for a target of 10−5 bit error probability at an information rate of R = 1 bit per channel
use, and are willing to use soft decision decoding and coded modulation, which modulation
scheme do the theoretical limits recommend? What if we require the use of hard decision
decoding?

v. Do the results from the practical coding schemes you investigated corroborate with the
answers to the two previous parts?
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