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Abstract—We study a joint source-channel decoding scheme
that exploits the channel’s statistical memory and soft-decision
information in fading channels. The channel considered is a
recently introduced binary input 2?-ary output channel with
Markovian ergodic noise based on a finite queue (called NBNDC-
QB). This model has been shown to effectively represent soft-
decision demodulated correlated Rayleigh fading channels. The
coding scheme consists of a scalar quantizer, a proper index
assignment, and a sequence maximum a posteriori (MAP) de-
coder designed to harness the redundancy left in the quantizer’s
indices, the channel’s soft-decision output, and correlation in the
channel noise process. We first consider the simple case where
the quantized indices form a binary symmetric Markov source
and establish a necessary and sufficient condition under which
the sequence MAP decoder is reduced to a simple instantaneous
symbol-by-symbol decoder. We next assess the signal-to-distortion
ratio (SDR) performance of our general system. Our numerical
results confirm that this system can successfully take advantage of
the channel memory and outperforms systems that use channel
interleaving by as much as 2.6 dB in SDR. In addition, SDR
gains of up to 2.8 dB are achieved using as few as 2 bits for
soft-decision quantization over hard quantized output schemes.
Finally, the NBNDC-QB channel model is validated in terms
of SDR performance by fitting the NBNDC-QB model to a
discrete correlated Rayleigh fading channel, designing a system
for this matched NBNDC-QB model, and comparing this system’s
performance over both the NBNDC-QB and the Rayleigh fading
channels.

I. INTRODUCTION

It is well known that the separate treatment of source
and channel coding, as in Shannon’s source-channel coding
theorem [1], is not optimal in the presence of complexity
and delay constraints. For lossy coding, a variety of different
joint-source channel coding schemes have been proposed to
address this problem (such as [2]-[6] and many others). It
is also known that if a channel is well-behaved (ergodic)
and has memory, then its capacity is strictly greater than
the capacity of its memoryless counterpart (a channel with
identical one-dimensional transition distribution) realized via
ideal (infinite-depth) block interleaving [7], [8]. Consequently,
a communication system can be designed to take advantage of
the channel’s memory so that it can outperform systems that
discard such memory via interleaving. Furthermore, effective
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use of the channel’s soft-decision information can improve
capacity and system performance over hard-decision decoded
schemes (e.g., see [9]-[12]).

In this paper, we study the sequence maximum-a-posteriori
(MAP) decoding problem of quantized sources over a non-
binary noise discrete channel (NBNDC) and the correlated
Rayleigh fading channel used with soft-decoding demodula-
tion. This extends the work of [4] where only binary output
channels with Markov noise were considered. Our system uses
a scalar quantizer (SQ) designed for a noiseless channel and
applied to an analog-valued source; the SQ output is passed
through an index assignment mapping (without the use of
algebraic channel coding) and then sent over the channel.
The channel output is soft-demodulated with resolution of
q bits and delivered to a sequence MAP detector to combat
channel errors. As in [4], we refer to such a coding scheme
as SQ-MAP. We use scalar quantization, rather than vector
quantization (VQ), since although VQ achieves better signal-
to-distortion (SDR) performance than SQ when the channel is
noiseless, it retains less redundancy in the index codewords
at the quantizer output that can be exploited (together with
the channel memory) by the MAP decoder. Consequently, in
this channel uncoded system the overall performance of VQ
is not necessarily better than that of SQ. It is important to
mention that the SQ-MAP scheme is designed to minimize the
sequence error probability, while we evaluate the performance
of the system via the signal-to-distortion ratio (SDR) with
the mean square error (MSE) distortion measure. Hence, the
SQ-MAP is not necessarily optimal in terms of achieving
minimum mean square error (MMSE). However, this system
has tractably low complexity as well as good performance ac-
cording to simulations results, which makes it an efficient joint
source-channel coding scheme. We also prove a necessary and
sufficient condition under which the sequence MAP detector
in the SQ-MAP system with rate one over the NBNDC-QB
reduces to an instantaneous symbol-by-symbol mapping.

The NBNDC channel model we consider for representing
the fading channel was recently introduced in [13]. This model
is more general than the binary Markov channel used in [4]
and subsumes it as a special case. The channel has a binary
input and 2%-ary output. The noise process is a generalization
of the finite queue based (QB) noise model introduced in [8].
We show that the NBNDC with QB noise, which we denote
by NBNDC-QB, is able to model the Rayleigh discrete fading



channel (DFC) in terms of SDR performance. Note that no
closed form expression for the block transition probabilities
of the correlated Rayleigh DFC is known for block lengths
greater than three [13], which makes the implementation
of MAP decoding on this channel very hard. On the other
hand, the NBNDC-QB admits a tractable closed form block
transition distribution in terms of a few parameters.

The rest of the paper is organized as follows. In Section
II, the channel models are explained in detail. The coding
scheme is described in Section III. Details of the system
implementation as well as a theoretical result about the MAP
detector are provided. Section IV is devoted to numerical
results and conclusions are given in Section V.

II. NBNDC-QB AND DFC CHANNEL MODELS

In this section we review two channel models: the NBNDC
with queue-based noise (NBNDC-QB) and the Rayleigh DFC.
Furthermore, we observe that the Rayleigh DFC is a special
case of the NBNDC.

A. NBNDC with queue-based noise

The NBNDC-QB is a binary-input and 29-ary-output chan-
nel model [13]. The channel noise is modeled via a 29-ary
stationary and ergodic M*"-order Markov process described
by 29 + 2 independent parameters. We note that the number
of model parameters does not depend on the channel memory
M, keeping the complexity of the model independent of the
memory order. On the other hand, the number of model
parameters is exponentially proportional to ¢, although typical
values for ¢ are as low as 2 or 3. Specifically, the input data
bits X; are affected by the noise Z; via the relation

V= (2"-1)X; + (-1)% Z;, (1

where Y;,Z; € {0,1,...,29 — 1} for j = 1,2,..., with
{X;} denoting the channel input binary process and {Y;}
denoting the channel output 29-ary process. Also, the 29-ary
noise process {Z;} is assumed to be independent of { X}, so
that

Pr{fY" =¢y™ | X" =2"} =Pr{Z" =2"}, (2)
where 2 = (z1,22,...,Zm), ¥ = (Y1,Y2,---,Ym), and
2™ = (21,22,...,2m) I8 given by

_ (99 _1
S Sl Gt L S TP 3)

N C

The noise process is a non-binary generalization of the
queue-based (QB) noise [8]. In this model, each noise symbol
is considered as a numbered ball, either selected from an urn
(with probability 1 — €) or from a finite queue of length
M (with probability €). The urn contains a large set of
numbered balls, such that a ball with number ¢ (representing
the noise symbol 7) is selected from the urn with probability
pi, © € {0,1,...,29 — 1}. The finite queue is updated every
time a noise symbol is generated. See [13] for a detailed
description of the procedure. The resulting QB noise process
is a stationary ergodic Mth order Markov source and has only

29 + 2 independent parameters: the size of the queue M, the
probability distribution of the balls in the urn, and correlation
parameters 0 < e < 1 and o > 0.

The state process of the queue based noise {S,}>.,
which is defined by S,, £ (Zn, Zn_1,..., Zn_n+1), is a
homogeneous first-order Markov process. Define the noise
state transition probability by

Q(Sn|sn—1) = PI‘{Sn = Sn|Sn—1 = Sn—l}a
According to [13],

Q(Sn|sn—1) -

M-1 .
(; Ocp zme T oz5zn,an> M-1ta

+ (I=¢)pz,, “

where, 6; ; =1 if i = j and 6; ; = 0 if ¢ # j.

The m-fold channel transition probability Pr{Z™ = 2™} £
PI\(IQI\)IDC(Z’”) is given by (17) of [13] and the channel noise
correlation is given by

E[Z,Zy1] — E[Z,]
Var(Zy)

B. Rayleigh DFC.

The Rayleigh DFC consists of a binary phase-shift keying
(BPSK) modulator, a time-correlated flat Rayleigh fading
channel with additive white Gaussian noise (AWGN), and a
g-bit soft-quantized demodulator. Let the input and output
alphabets be X = {0,1} and Y = {0,1,...,29 — 1},
respectively. Denoting the DFC binary input process by { X},
the received channel symbols are given by

Rk:\/ESAkSk—l-Nk, k=1,2,...

where E is the energy of signal sent over the channel, Si =
2X)—1 € {—1,1} is the BPSK modulated signal and Ny, is an
additive white noise, represented by a sequence of independent
and identically distributed (i.i.d.) Gaussian random variables
of variance Ny/2. Here { Ay} is the channel’s fading process
with Ay = |Gg|, where {G\} is a time-correlated complex
wide-sense stationary Rayleigh process with autocorrelation
function given by R[k] = Jo(2nfpT|k|) from Clarke’s
model [14], where fpT is the normalized maximum doppler
frequency and Jy () is the zeroth-order Bessel function of first
kind. Therefore, each Aj is Rayleigh distributed, with unit
second moment. The fading process { Ay} is assumed to be
independent of the noise and input processes. The channel
signal-to-noise ratio (SNR) is given by SNR= F/Nj.

As the last part of the DFC model, a soft-decision demodu-
lator consisting of a uniform quantizer with resolution ¢ bits,
takes the output Ry, to produce the discrete channel output:
if R, € [T!_,,T)),

Jj—1 =g

e
M—-1+«

C == =
of - (M—-2+a)

e
M—1+«a

Yk:ju

where TJf are uniformly spaced thresholds with step-size A,
such that

—00, if j=-1
ij: (j+1-20"HA, if j=0,1,...,29 -2
00, if j=27-1.
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Fig. 1. Block diagram of a joint source-channel coding system using scalar

quantization and MAP decoder (SQ-MAP).

Let 6 £ A/VE, and T} £ T;/\/ES. The channel m-fold
conditional probability for the DFC,

PS(y™ | a™) £ Pr{Y™ =y [ X =2™),  (5)

can be calculated via (2) in [13]. For m = 1, a closed form
. 1) /o .
expression for Ppyp(j), j € Y is given by

PS(G) = n(=Tj—1) — n(~T}), 6)

where

ol
n(T;) = 1—Q(T;V2SNR) — S\ 7

1
s 1

where Q(-) is the Gaussian Q-function. In general, for m < 3,
P]g;nc) (y™ | ™) can be calculated in closed form. For m > 3,
since the joint probability density functions of arbitrarily cor-
related Rayleigh and Rician random variables are not known in
closed form, it can only be determined via numerical methods.
It can be shown that the DFC is actually an NBNDC as given
by (1) with a stationary ergodic noise process [13].

III. JOINT SOURCE-CHANNEL MAP DECODING OF THE
NBNDC-QB

Consider the communication system depicted in Fig. 1.
The analog source V = {V;}32, is assumed to be a real-
valued stationary and ergodic process. The scalar quantizer
(SQ) encoder is a mapping v from the real domain of source
symbols to the index set {0, 1,...,2™ — 1}, such that

y(w) =14 if veSs;,

where {S; : i € {0,1,...,2" — 1}} is a partition of R.
The partitions are chosen according to Lloyd-Max formulation
in [15], with the initial codebook selection obtained via the
splitting algorithm [16].

The index assignment module is a one-to-one mapping,
which maps each index i to a binary vector x € {0, 1}"

b:{0,1,...,2" =1} = {0,1}", b(i)=x

where x is represented in binary form. Since the mapping is
one-to-one, for a given index mapping b, we can present the
quantization regions by Sy instead of S;, where b(i) = x.

To assign a binary n-tuple codeword to each index, different
index assignment methods such as the natural binary code
(NBC), the folded binary code (FBC) [4], simulated annealing,
and some heuristic assignment methods were tested. The FBC
was selected because of its simplicity and good performance.
The n-tuple codeword x is then sent bit-by-bit over the
NBNDC-QB channel where it is affected by the error n-tuple
z". The channel outputy € )" is fed to a MAP decoder where
the data redundancy is used for error correction. Finally, the
SQ decoder § maps the decoder output X into output levels
of the quantizer codebook

B()A() =cz, s €ER, X € {0, 1}"

The MAP decoder is designed to minimize the sequence
error probability by exploiting the residual redundancy of the
source and channel model statistics to combat channel errors.
The redundancy pp, in general, is due to a combination of
non-uniformity of the distribution (pp) and memory (par),
such that pr = pp + pas. Similar to [4], we first assume an
i.i.d. source and then we modify the metric for sources with
memory. If V is i.i.d. then the SQ encoder output process,
{X;}, is also i.i.d. Hence pp; = 0 and the only remaining
redundancy is due to source non-uniformity.

The MAP detector can be viewed as a system observing
a sequence of 29-ary n-tuples yV = (yi,y2,...,yn) €
V"N where N denotes the number of source symbols to
be transmitted over the channel and n is the codeword
length. yV is a noisy observation of the source sequence
xN = (x1,%2,...,xy) € AX™V. The channel contam-
inates the source bits via 29-ary error symbols 2"V
(21,22,...,20n) € Y™V, Note that since the transmission
over the channel is done bit-by-bit (and not n-tuple by n-
tuple), we represent the noise sequence using a bit-by-bit
notation so that the noise symbols (2ni41, Znit2, - - - s Z(nt1)i)s
1€{0,1,..., N—1} correspond to the input n-tuple x;;1 and
output n-tuple y;,1. The MAP decoder estimates xV by %V
according to

%N = argmjavxPr{XN =xV | YN =y

It can be shown that the above equation is equivalent to

&N

= argXNen{loali(}nN Pr{Y"N = yV | XV =xV} x
Pr{X" =x"}
= arg  max Pr{Z™N = "N} Pr{X" =xV}
= arg  max (7)
N_l . .
lQ(Z?)P(m) 11 (Q(z;‘ziﬂz?)P(xz—H))],
i=1
where each z;, ¢ = 1,2,...,nN is given by (3),

Q(zf_tﬂzf_k) é PI‘{ZZ'+1 = Zi+1,Zi+2 = Zi4+2y .- '7Zi+j =
Zi+j|Z1‘ = Ziy.. s Lik = Zi,k}, 2,7, k e {1, 2,...,nN —
1}, i+j <nN,i—k>1,and P(x;) £ Pr{X; = x;} is
the probability mass function (pmf) of the n-tuple codewords.



Note that since the NBNDC-QB is Markovian with memory
order M, for nN > M (which is always the considered case
since NV is assumed to be large) it can be shown that (7) is
equivalent to

£ = argmax{logl ko op G0+ ®)
N-—1
i+1)n in
> 10g[Q(0 Y™ | 2l (arnyp(xir)]
=1
where
Q(Zgi? | ij(Mfl)) - ©)
Jj+n i—1 c
_ H ‘ Ziszi-,ze + OL(SZi-,Zi—Z\/I Xm+(1 - E)pzi s
i=j+1[\l=i—(M-1)

which is obtained from (4), z; = 0 if i < 1, zZ =

(Zivzi-l-lv . '7247')73. > 1, PI\(IE%\IDC-QB(Z{Z) = PY{Z{Z = Z?} is
given via (17) of [13], and each z is related to its corresponding
symbols x,y via (3).

In view of (8) and (9), the MAP detection can be imple-
mented using a modified version of the Viterbi algorithm. We
consider the state space to be the set of all possible n-tuple
codewords. Therefore, the trellis has 2™ states, each having 2"
incoming and outgoing branches and the path metric at step
is

log[Q (=4, 47" | Zim— (1)) P (1))

When the source has memory, we assume that it forms a dis-
crete Markov chain of order 1 with state transition probability
matrix P(x; | x;—1), and the path metric will be updated to

i+1)n in
1og[Q(zit Y™ | 28 vy_1))P(xi | xi-1))-

The pmf P(x;) and state transition matrix [P(x; | x;—1)] of
the source codewords are calculated from a training set of
symbols (the same training set used for designing the SQ).

A special case of the MAP decoder

It is useful to know when it is possible to replace the MAP
detector with an instantaneous (symbol-by-symbol) decoding
rule, without sacrificing the system’s optimality in terms of
the probability of sequence error.

The answer to this question is partly given in [17], for n =
M = q = 1. To be more specific, for ¢ = 1 the NBNDC model
is identical to the queue based channel (QBC) model which is
introduced in [8]. It is shown there that for « = 1 (which is
the case here since M = 1), the channel reduces to the binary
Markov channel introduced in [18]. Theorem 1 of [17] states
necessary and sufficient conditions for the MAP decoder to be
useless over a binary Markov channel and for binary Markov
sources. In this case, a MAP decoder is defined to be useless
when it decodes what is sees (i.e., XV = YV). As a result,
[17] shows that under certain conditions, it is optimal to skip
the MAP decoder and believe in what is seen at the receiver.
Note that skipping the decoder can only be applied for ¢ = 1
where the output sequence is also binary. On the other hand,

for ¢ > 2, the received sequence is not binary; hence, we use
a mapping 0(y;) = Ui, yi € Y, Ui € X, in order to convert
the 2%-ary received sequence YV, into a binary sequence Yv,
using the rule

_ 0,

We note that 6 is the optimum instantaneous symbol-by-
symbol detector for a symmetric Markov source. Since 6 is
also (trivially) defined for ¢ = 1 (y = y), Theorem 1 of
[17] yields necessary and sufficient conditions for the mapping
6 to be an optimal sequence detection rule for ¢ = 1. We
herein establish the following theorem which gives a necessary
and sufficient condition for the mapping 6 to be an optimal
sequence detection rule for ¢ > 1, where the Markov source
is binary symmetric and n = 1.

Theorem 1: For a symmetric binary Markov source with
Poo = P11 € [%, 1], where p;; = Pr{X, = jlX,1 =
j}, 4,7 € {0,1}, and the NBNDC-QB with correlation
parameter € > 0, memory order M = 1, ¢ > 1, and satisfying
po > p1 > p2 > ... > p2q_1, assume that sequence length
N > 3, X; = };1, and Xy = ffN. Then XV = YV is an
optimal sequence MAP detection rule if and only if

2
{1 —poo} >1,
Poo

if y; < 2q—1;
if y; > 2971,

q—1__
P2 1
P2a-1

(10)

where YV = 0(Y'N) is obtained via applying the mapping 6
component-wise to YV,

Theorem 1 is illustrated in Table I for a binary symmetric
Markov source with pop = 0.6 and 0.7, where C' is the
left-hand term of (10). In the table, the NBNDC-QB’s one-
dimensional noise distribution is calculated by matching it to
that of the underlying DFC; i.e., by setting p; = P]g;)c (j) as
given in (6) in terms of SNR, ¢ and §, where the values of §
are chosen so that the capacity of the DFC is maximized. (This
is also done in the numerical results section below.) From the
table we clearly observe that when C' < 1 the MAP decoder
is performing better than the mapping 6, while for the cases
with C' > 1 the MAP decoder and the instantaneous mapping
0 are performing identically.

IV. NUMERICAL RESULTS

We now present numerical results on the performance of the
described communication system over both the NBNDC-QB
model and the underlying Rayleigh DFC.

Several source distributions are tested, including memory-
less (i.i.d.) Gaussian and Laplacian sources and correlated
Gauss-Markov sources. All of the sources have zero mean and
unit variance. The correlated source is modeled via a Markov
process of first-order : V; = ¢V;_1 4+ U; where ¢ € (—1,1) is
the correlation parameter and {U;} is a Gaussian i.i.d. process.

For each simulation, the SQ training and statistics collection
is done over a set of 10% source symbols. For testing, inde-
pendently generated N = 10° source symbols are transmitted
and the signal-to-distortion ratio (SDR) per source symbol is



calculated. We ran each simulation 10 times and took average
for ensuring consistent results.

A. Exploiting memory and soft-decision quantization

Table II depicts simulation results (in dB) for different
sources over the NBNDC-QB model with several parameters
of SNR, SQ codeword length n, noise correlation Cor, and
soft-decision resolution q.

Memoryless sources

As can be seen from the table, the performance of a system
with high noise correlation can be significantly better than a
system working over a fully-interleaved (Cor = 0) channel.
For example, more than 2.2 dB of SDR gain is obtained for
memoryless Gaussian sources at ¢ = 2, n = 3, SNR = 10.
Furthermore, for n = 1 since the quantized codewords form a
symmetric i.i.d. source, the results illustrate Theorem 1 of [17]
and Theorem 1 of Section III (compare the results of Tables
IT and IIT for n = 1). Considerable gain (up to 2.25 dB) are
also obtained by increasing the quantizer resolution to ¢ = 2
(at n =3, SNR = 5, Cor = 0.9 for Laplacian sources).

Gauss-Markov sources

For Gauss-Markov sources, we have up to 2.6 dB SDR
gain (at ¢ = 2, n = 3, SNR = 2), by exploiting the noise
correlation instead of interleaving the channel. As can be seen,
in general better performance is observed when channel is
highly correlated.

At low rates, especially at n = 1, the SDR performance for
the correlated channel is worse than that for the uncorrelated
channel. This behavior was expected for n = 1 and ¢ = 1
using Corollary 3 of [17]. According to this theorem and
the numerical results, for the correlated channel, the source
memory has a mismatch with the channel memory. As a
result, increasing the channel noise correlation will also in-
crease the mismatch between the source and channel memory
information. This makes the SQ-MAP perform worse on
correlated channels than over uncorrelated channels. However,
this mismatch does not occur for higher rates (n > 2) and the
SDR performance of the system significantly improves with
increasing channel noise correlation.

It is also observed that system gains up to 2.8 dB (at n = 3,
SNR = 2, Cor = 0.9 for Gauss-Markov sources) using only
a 2-bit soft-decision quantizer in the receiver over a hard-
decision quantizer (¢ = 1). More gain is obtained for a 3-bit
quantizer.

B. Validating the NBNDC-QB model

We next assess how well the NBNDC-QB model can
approximate the correlated Rayleigh DFC in terms of SDR
performance of the SQ-MAP system.

For a given DFC (with fixed SNR and fp7) and g,
we choose the value of 0 that maximizes the DFC’s ca-
pacity. We also choose the parameters of the NBNDC-QB,
(po, p1,°+ yp2a—1), M, € and «, so that the two channel
models are as close to each other as possible. We have

used the values given in [19] in which the Kullback-Leibler
(KL) divergence rate between the two channel (2%-ary) noise
processes is minimized over M, e, « for fpT € {0.005,0.01},
SNR (45 € {2.0,5.0,10.0,15.0}, ¢ = 2, p; = PY ) (j) from
(5), and the ¢ value which maximizes the DFC capacity.

To simulate the Rayleigh DFC, we generate the fading
coefficients using the modified Clarke’s method introduced in
[20]. Simulation results (over the NBNDC-QB and Rayleigh
DFC channels) in terms of SDR are shown in Table IV for
memoryless i.i.d. Gaussian sources. Both systems use the same
MAP decoder designed for the NBNDC-QB.

Comparing the performance of the system for the two
channels, we observe that for lower rates (codeword lengths
n = 1 and 2), there is a good conformity between the
results for the two channel models. This agreement in SDR
performance can be heuristically explained by noting that for
low rates (n = 1 and 2), the SQ output sent to the channel
input is nearly i.i.d. uniform. But the NBNDC-QB and DFC
channels were matched by minimizing the divergence rate
between their noise processes. Hence, when both channels are
driven by the same capacity-achieving input (which must be
i.i.d. uniform as both channels are symmetric), they will then
have a similar probability of error performance in addition
to nearly identical capacities. The same agreement in SDR
performance is also observed for memoryless Laplacian and
Gauss-Markov sources for n = 1. We finally note that for
n > 3, some disagreement in SDR performance is observed
between the two systems (in this case the SQ output is not
i.i.d. uniform).

V. CONCLUSION

We designed a scalar quantizer MAP decoding system
for the recently introduced channel model NBNDC-QB. We
provided a necessary and sufficient condition for a specific
case of the SQ-MAP over the NBNDC-QB, under which
the MAP decoder can be replaced with an instantaneous
symbol-by-symbol decoder. The system was tested for both
correlated and uncorrelated source distributions and numerical
results show that the proposed system can successfully use
memory and soft-decision information over the NBNDC-QB
channel model. Finally, the channel model was compared to
the Rayleigh DFC, in terms of SDR, and it was shown to
be a useful practical model for designing systems which are
intended to be used over Rayleigh DFCs.

REFERENCES

[1] C. E. Shannon, “Coding theorems for a discrete source with a fidelity
criterion,” IRE Nat. Conv. Rec, vol. 4, no. 142-163, 1959.

[2] E. Ayanoglu and R. Gray, “The design of joint source and channel trellis
waveform coders,” IEEE Trans. Inform. Theory, vol. 33, no. 6, pp. 855
— 865, Nov. 1987.

[3] H. Kumazawa, M. Kasahara, and T. Namekawa, “A construction of
vector quantizers for noisy channels,” Electronics and Communications
in Japan (Part I: Communications), vol. 67, no. 4, pp. 39-47, 1984.

[4] N. Phamdo, F. Alajaji, and N. Farvardin, “Quantization of memoryless
and Gauss-Markov sources over binary Markov channels,” IEEE Trans.
Commun., vol. 45, no. 6, pp. 668 —675, Jun. 1997.



TABLE

I

SYMBOL ERROR RATE (IN%) FOR MAP DECODING AND INSTANTANEOUS
MAPPING 6 FOR SYMMETRIC BINARY MARKOV SOURCES WITH
poo = 0.6,0.7. THE CHANNEL MODEL IS THE NBNDC-QB, WITH M = 1,
Cor = 0.0, AND g = 2, 3. THE VALUES C' ARE CALCULATED FROM (10).
THE § VALUES FOR SNRS (15,10,5,2) ARE (0.12,0.20,0.40,0.50) FOR
q =2 AND (0.06,0.11,0.18,0.25) FOR ¢ = 3, RESPECTIVELY.

TABLE IV
SQ-MAP SIMULATION SDR RESULTS (IN DB) FOR THE DFC-FITTED
NBNDC-QB AND THE DFC; MEMORYLESS GAUSSIAN SOURCE, g = 2.

Channel SNR (dB)
model foT | n 15 10 5 2
Cor=0.35 | Cor=0.32 | Cor=0.29 | Cor=0.22

0.005 | 1 4.18 3.76 2.77 1.94
NBNDC- 2 8.34 6.73 4.01 2.29
QB 0.01 1 4.17 3.75 2.80 1.94
2 8.34 6.75 4.07 2.28
0.005 | 1 4.17 3.75 2.78 1.94
Rayliegh 2 8.15 6.52 391 2.18
DFC 0.01 1 4.18 3.75 2.79 1.95
2 8.17 6.51 3.88 2.18

(5]

(6]

D. J. Miller and M. Park, “A sequence-based approximate mmse decoder
for source coding over noisy channels using discrete hidden Markov
models,” [EEE Trans. Commun., vol. 46, no. 2, pp. 222 -231, Feb.
1998.

M. Skoglund, “Soft decoding for vector quantization over noisy channels
with memory,” IEEE Trans. Inform. Theory, vol. 45, no. 4, pp. 1293 —

SNR (dB)
poo| 4 15 10 5 2
MAP] 4 MAP | 4 MAP [ 4 MAP [ §
2] C = c = c = c =
1.39 > 1 1.25>1 1.27 > 1 1.03>1
0.6 0.76 [ 076 | 2.30 [ 230 | 6.43 | 643 | 10.85] 10.85
30 = c = c = c =
0.80 < 1 0.80 < 1 0.73 <1 0.68 < 1
0.73 ] 0.76 | 2.22 | 230 | 621 | 643 | 10.51] 10.85
21 C = c = c = c =
0.57 <1 052 <1 052<1 042<1
0.7 0.64 [ 076 | 191 [ 230 | 5.55 | 643 | 9.50 [ 10.85
30 = c = c = c =
0.33<1 0.33<1 030<1 028<1
0.62 [ 076 | 1.90 [ 230 | 537 | 643 | 927 [ 10.85
TABLE II

SQ-MAP TRAINING SDR RESULTS (IN DB) FOR MEMORYLESS
NBNDC-QB AND HIGHLY CORRELATED NBNDC-QB WITH PARAMETERS
a = 1; G: MEMORYLESS GAUSSIAN SOURCE, L: MEMORYLESS
LAPLACIAN SOURCE , GM: GAUSS-MARKOV SOURCE WITH ¢ = 0.9.

Memoryless (Cor=0) Cor=0.9
Sou-| g | n SNR (dB) SNR (dB)
rce 15 J10 |5 ]2 15 10 |5 ]2
1] 417 ] 375] 278 | 1.94 | 419 | 3.77 | 2.85 | 1.97
12| 815]| 649 | 3.85 | 2.14 | 837 | 6.89 | 447 | 2.84
G 3| 11.05] 7.80 | 402 | 1.93 | 11.58] 843 | 4.76 | 2.76
1] 417]375] 278 1.94] 419 377 | 285 | 1.97
22| 815|649 | 3.85 | 2.14 | 869 | 7.68 | 5.61 | 4.03
3| 11.10] 7.94 | 433 | 2.53 | 12.61| 10.15| 6.64 | 4.51
1] 287|262 200 1.44 | 2.88 | 2.63 | 2.05 | 1.45
12| 665]| 527|291 | 130 | 689 | 588 | 428 | 3.21
L 31959 649 | 272 | 0.58 | 10.14| 7.64 | 4.88 | 3.34
1] 287]262] 200 1.44] 283 [ 2.63 [ 2.05[ 1.45
212|669 542 | 332 | 201 | 726 | 6.72 | 553 | 4.47
31990 | 7.09 | 381 | 2.06 | 11.59| 9.86 | 7.14 | 5.35
1| 421 | 378 | 3.74 | 322 | 423 | 3.81 | 2.89 | 2.01
12| 895|829 | 697 | 634 | 894 | 824 | 6.88 | 5.71
GM 3| 1338 11.84] 9.46 | 7.52 | 13.89| 12.69| 10.43| 8.69
1] 438] 423389 [ 361435 414 3441 2.65
212|916 | 881 | 800 | 698 | 9.24 | 897 | 826 | 7.36
3| 13.98| 12.87| 10.72] 8.91 | 14.47| 14.02| 12.88| 11.51
TABLE III

SQ WITH INSTANTANEOUS MAPPING- TRAINING SDR RESULTS (IN DB)
FOR7 = 1 AND THE MEMORYLESS NBNDC-QB AND THE HIGHLY
CORRELATED NBNDC-QB WITH PARAMETERS M =1, a = 1; G:

MEMORYLESS GAUSSIAN SOURCE, L: MEMORYLESS LAPLACIAN SOURCE,
GM: GAUSS-MARKOV SOURCE WITH ¢ = 0.9.

Memoryless (Cor=0) Cor=0.9
Source | ¢ SNR (dB) SNR (dB)
I5T107] 5712 I57T107 5712

G 1| 417 | 375 | 278 | 1.94 | 4.19 | 3.77 | 2.85 | 1.97
2| 417 | 375 | 278 | 1.94 | 4.19 | 3.77 | 2.85 | 1.97
L 1| 287 | 262 | 2.00 | 1.44 | 2.88 | 2.63 | 2.05 | 1.45
2| 287 | 262 | 200 | 144 | 2.88 | 2.63 | 2.05 | 145
GM 1| 421 | 3.78 | 2.82 | 1.97 | 423 | 3.81 | 2.89 | 2.01
2| 421 | 378 | 2.82 | 1.97 | 423 | 3.81 | 2.89 | 2.01

1307, May 1999.

[7]1 R. L. Dobrushin and M. S. Pinsker, “Memory increases transmission
capacity,” Problemy Peredachi Informatsii, vol. 5, no. 1, pp. 94-95,
1969.

[8] L. Zhong, F. Alajaji, and G. Takahara, “A binary communication channel
with memory based on a finite queue,” IEEE Trans. Inform. Theory,
vol. 53, no. 8, pp. 2815 2840, Aug. 2007.

[91 N. Phamdo and F. Alajaji, “Soft-decision demodulation design for

COVQ over white, colored, and ISI Gaussian channels,” IEEE Trans.

Commun., vol. 48, no. 9, pp. 1499 —1506, Sep. 2000.

N. Wernersson and M. Skoglund, “On source decoding based on finite-

bandwidth soft information,” in Information Theory, 2005. Proceedings.

International Symposium on, Sep. 2005, pp. 87 —91.

J. Singh, O. Dabeer, and U. Madhow, “On the limits of communication

with low-precision analog-to-digital conversion at the receiver,” /EEE

Trans. Commun., vol. 57, no. 12, pp. 3629 —3639, Dec. 2009.

F. Behnamfar, F. Alajaji, and T. Linder, “Channel-optimized quantization

with soft-decision demodulation for space-time orthogonal block-coded

channels,” /EEE Trans. Signal Proc., vol. 54, no. 10, pp. 3935 —3946,

Oct. 2006.

C. Pimentel and F. Alajaji, “A discrete channel model for capturing

memory and soft-decision information: A capacity study,” in Proc. I[CC

'09,, Jun. 2009, pp. 1 6.

R. H. Clarke, “A statistical theory of mobile-radio reception,” Bell Syst.

Tech. J, vol. 47, no. 6, pp. 957-1000, 1968.

S. Lloyd, “Least squares quantization in PCM,” [EEE Trans. Inform.

Theory, vol. 28, no. 2, pp. 129 — 137, Mar. 1982.

Y. Linde, A. Buzo, and R. Gray, “An algorithm for vector quantizer

design,” IEEE Trans. Commun., vol. 28, no. 1, pp. 84 — 95, Jan. 1980.

F. Alajaji, N. Phamdo, N. Farvardin, and T. E. Fuja, “Detection of binary

Markov sources over channels with additive Markov noise,” IEEE Trans.

Inform. Theory, vol. 42, no. 1, pp. 230 239, Jan. 1996.

F. Alajaji and T. Fuja, “A communication channel modeled on conta-

gion,” I[EEE Trans. Inform. Theory, vol. 40, pp. 2035 2041, Nov. 1994.

C. Pimentel, F. Alajaji, and P. Melo, “A discrete queue-based model for

soft-decision demodulated correlated fading channels,” in Proc. VTC’11.,

May 2011.

Y. Zheng and C. Xiao, “Improved models for the generation of mul-

tiple uncorrelated Rayleigh fading waveforms,” IEEE Communications

Letters, vol. 6, no. 6, pp. 256 —258, Jun. 2002.

[10]

[11]

[12]

[14]
[15]
[16]

[17]

[18]

[19]

[20]



