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A Discrete Queue-Based Model for Capturing
Memory and Soft-Decision Information in
Correlated Fading Channels
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Abstract—A discrete (binary-input 2?-ary output) communi-
cation channel with memory is introduced to judiciously capture
both the statistical memory and the soft-decision information
of a time-correlated discrete fading channel (DFC) used with
antipodal signaling and soft output quantization of resolution
q. The discrete channel, which can be explicitly described via
its binary input process and a 2%-ary noise process, is shown
to be symmetric, thus admitting a simple expression for its
capacity when its noise is stationary ergodic. It is observed
that considerable capacity gains can be achieved due to the
channel’s memory and the use of as few as 2 bits for soft-
decision over interleaving the channel (to render it memoryless)
and hard-decision demodulation (¢ = 1). The 2%-ary noise
process is next modeled via a queue-based (QB) ball-sampling
mechanism to produce a mathematically tractable stationary
ergodic Markovian noise source. The DFC is fitted by the
QB noise model via an iterative procedure that minimizes the
Kullback-Leibler divergence rate between the DFC and QB
noise sources. Modeling results, measured in terms of channel
noise correlation function and capacity reveal a good agreement
between the two channels for a broad range of fading conditions.

Index Terms—Channel capacity, finite state Markov channels,
queue-based Markovian noise, quantization, Rayleigh fading
channels, soft-decision.

I. INTRODUCTION

IRELESS communication channels are widely known

to undergo time-varying multipath fading that is rep-
resented as a time-correlated random process. Due to the sta-
tistical dependence of successive fading samples, such chan-
nels exhibit memory. The development of iterative decoding
schemes for codes (such as low-density parity-check and turbo
codes) that achieve the capacity limit of memoryless channels,
when they operate on binary (binary-input, binary-output)
channels with memory, was considered in [1]-[4]. These
works assume that the discrete channel (from the input of the
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modulator to the output of the hard-quantized demodulator)
is modeled as a binary finite state Markov channel (FSMC)
and incorporate the FSMC structure in the decoding process in
order to exploit the channel statistical memory. Significant per-
formance gains were reported relative to traditional schemes
that ignore the channel memory via perfect interleaving. In this
latter case, the achievable rates are smaller than those of the
original channel, since it is well known that memory increases
capacity for a wide class of information stable channels [5],
[6]. Furthermore, binary FSMC models have been shown to
accurately approximate hard-decision demodulated correlated
Rayleigh and Rician flat fading channels, e.g., see [7]-[13]
and the references therein. On the other hand, recent studies
have revealed that non-binary output information realized by
softly quantizing the channel output can significantly increase
capacity vis-a-vis hard output quantization for several classes
of channels, including additive white Gaussian noise (AWGN)
channels [14], [15], memoryless (fully interleaved) Rayleigh
fading channels [16], additive colored Gaussian noise channels
and intersymbol interference channels [14].

Motivated by the above results, we develop in this paper a
simple non-binary-output FSMC model for time-correlated flat
fading channels that effectively capture both their statistical
memory and their soft-decision information. The new channel
model may be used for designing novel coding/decoding
schemes for soft-decision demodulated fading channels with
memory that result in superior performance over systems that
ignore the channel’s memory (via interleaving) and/or soft-
decision information (via hard demodulation). Specifically, we
consider a discrete fading channel (DFC) which consists of a
binary phase-shift keying (BPSK) modulator, a time-correlated
flat Rayleigh fading channel and a g-bit soft-quantized coher-
ent demodulator. We first show that for this channel there
exists a 29-ary noise process (independent from the input
process) such that its 29-ary output process can be written as
an explicit function of the input and noise processes. We refer
to this binary-input 2%-ary output discrete channel as the non-
binary noise discrete channel (NBNDC). We prove that the
channel is symmetric in the sense that a uniformly distributed
memoryless input process maximizes its block input-output
mutual information. As a result, we derive a formula as well
as simple (asymptotically tight) upper and lower bounds for
the capacity of this channel when its noise is stationary and
ergodic (which corresponds to a stationary ergodic underlying
fading process). We also evaluate numerically the effect of

0090-6778/12$31.00 © 2012 IEEE



PIMENTEL et al.: A DISCRETE QUEUE-BASED MODEL FOR CAPTURING MEMORY AND SOFT-DECISION INFORMATION IN CORRELATED FADING . ..

the quantizer parameters and channel correlation parameters
on the capacity of the DFC. The capacity results indicate
that exploiting both the channel’s memory and soft-decision
information is more worthwhile than ignoring either of them
via channel interleaving or hard quantization.

We next model the noise process of the NBNDC via a 29-
ary Markov process that generalizes the binary queue-based
(QB) noise proposed in [6]. The resulting non-binary QB
noise source is an M ’th order Markovian stationary ergodic
process with 29 4 2 independent parameters. Closed-form
expressions for several statistics and the entropy rate of the QB
noise process are established. In related work, the modeling
of non-binary channels via hidden Markov models has been
considered in [17], [18]. However, unlike what is herein devel-
oped, these works do not provide explicit expressions for the
channel statistics and capacity and are hence less amenable for
tractable mathematical analysis. We proceed by investigating
the appropriateness of the non-binary QB noise model for
emulating the DFC. The 29 4 2 parameters of the QB noise
are selected such that the Kullback-Leibler divergence rate
between the DFC and the QB noise processes is minimized.
The accuracy of the QB noise model is then measured in terms
of the channel noise autocorrelation function and channel
capacity. A good fit is obtained for a wide choice of fading
conditions.

The rest of the paper is organized as follows. In Section II,
we introduce the DFC and show that it can be represented via
the NBNDC. We next investigate the capacity of the DFC in
Section III from both analytical and numerical perspectives.
We establish a capacity formula in terms of noise entropy
rates as well as capacity upper and lower bounds (which are
asymptotically exact with increasing blocklength). We also
numerically illustrate the DFC capacity as a function of the
channel’s memory and soft-decision parameters. In Section IV,
we present a mathematically tractable non-binary stationary er-
godic Markov process with finite order to emulate the behavior
of the NBNDC'’s infinite-memory non-binary noise process
induced by the DFC. We show that this Markovian noise
process, which is generated via a ball sampling mechanism
involving a finite-queue, features closed-form formulas for its
statistical and information-theoretic quantities. In Section V,
we use this QB Markovian noise process to approximate the
DFC noise process by choosing its parameters via an iterative
algorithm so that the Kullback-Leibler rate distance between
the two noise sources statistics is minimized. We then evaluate
the goodness of the fit by comparing the channels’ noise
autocorrelation functions and capacities. Finally, we conclude
the paper in Section VI.

II. THE NON-BINARY NOISE DISCRETE CHANNEL MODEL
A. Discrete Fading Channel with Soft-Decision Demodulation

We consider a DFC composed of a BPSK modulator, a time-
correlated flat Rayleigh fading channel with AWGN, and a ¢-
bit soft-quantized coherent demodulator. We define the input
and output alphabets of the discrete channel by X = {0,1},
Y = {0,1,---,29 — 1}, respectively. Let {X;}, Xy € X,
k = 1,2,---, be the input process to the discrete channel.
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The sampled received symbol at the output of the matched
filter at the kth signaling interval is written as

Ry = \VE,ALSL + Ng, k=1,2,---

where {Sp} = {(2X, — 1)}, E;s is the energy of the
transmitted signal, { Ny} is a sequence of independent and
identically distributed zero-mean Gaussian random variables
with variance Ny/2. Furthermore, {Aj} is the channel’s
fading process with Ay = |Gg|, where {Gi} is a time-
correlated complex wide-sense stationary Gaussian process
with zero-mean and autocorrelation function given by the
Clarke’s fading model [19] R[k] = Jo(2nfpT|k|), where
Jo(z) is the zero-order Bessel function of the first kind and
fpT is the maximum Doppler frequency normalized by the
signaling rate 1/7. As a result, each fading random variable
Ay, is Rayleigh distributed with unit second moment. The
processes { Ay} and {N}} are independent of each other and
of the input process. The random variable Ry, is demodulated
via a g¢-bit (uniform) scalar quantizer to yield the discrete
channel output Y}, € Y according to the following operation

if Ry e (T)_1.T))

Yk:j7 —1045

for 5 € V. The thresholds TJf are uniformly spaced with step-
size A, satisfying [16]

—00, if j=-1
T; = (j+1-20"HA, if j=0,1,---,29 -2
00, if j=27-1.

Setting § = A//E; and T; £ T]/\/E, as the normalized
step-size and thresholds, respectively, we can write T} =
(j+1—29"1¢, for j = 0,1,---,29 — 2. The conditional
probability ¢; j(a;) = Pr(Yy = j | Xy =14, Ay, = ay), where
i€ X, jeY and a; € [0,00), can be determined as follows

qi_,j(ak) = PI‘(TJ{_l < Rp < TJ{ | Xy =i, A = ak)
- Pr(Tj_l — (2 - Dax < B < Ty — (20 - l)ak)

=Q(V27(Tj—1 — (2i — 1)ay)) —

Q(V2(T; — (2i — Dax)) M
where v = FE,;/Ny is the signal-to-noise ratio (SNR) and
Q(z) = 1/V2r [~ exp{—t?/2}dt is the Gaussian Q-
function. Due to the symmetry of the BPSK constellation and
the quantizer thresholds, we observe from (1) that g; ;(ax) =
G1—i21—1—;(ax). We may also write

Qi,j(ak) =4, j—(<2Q)—_1>i (ak)
Y
for i € X, j € ). For integer n > 1, let Pr(y" | 2™, a") £
Pr(Yi = y1,.. . Yo =yn | X1 = 21,..., Xy = 2, Ay =
ai,- - A, = ayp). Thus

n n
Pr(y" | 2",a") = H Ay, yp (ax) = H 4y ve—(2¢-Dzy (ak).
k=1 k=1 DT

The DFC is thus probabilistically specified in terms of the
channel block (n-fold) conditional probability

PR(y" o) & Pr(Y" =y | X" =a")

n
= Ea, . 4, qu ve-i-1s, (Ag)| (2)
L0, e
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where y" = (y1,-* ,Yn), " = (21, - ,2,) and Ex[]
denotes expectation with respect to the random variable X.
For n = 1, a closed-form expression for PD(Flc) (ylz), y € Y
and x € X, is given by [20]

P () = m(~Tj—1) — m(~Ty) 3)

where j = £=2°=12 ¢ 3 and

EhE
T;v2y a %Tjrl
el
i+ '

The expected value in (2) can be directly calculated for n < 3
since the joint probability density function of arbitrarily cor-
related Rayleigh and Rician random variables is only known
in closed form for n < 3 (e.g., see [21], [22]); for n > 3,
(2) can however be determined via simulations. Hence, it is
important to provide an effective model for PD(;?:)(' | ). We
next provide an alternative representation for the DFC.

m(T;) =1 - Q(Tj\/2v) —

B. Alternative DFC Model: The Non-Binary Noise Channel

It is often convenient to express the channel output process
{Y}%} as an explicit function of the input process { X} and a
noise process {Zy}, where {Z;} and {X}} are independent
of each other (e.g., see [23, pp. 142-144]). In this case, one
can model the noise process via a finite-state Markov model
which is an important analytical tool for coding design and
performance evaluation for channels with memory.

Consider a binary-input 29-ary output channel, which we
refer to as the non-binary noise discrete channel (NBNDC),
where the output Y, € ) is explicitly expressed in terms of
the input X € X and a noise Zj € )Y via

Vi = (29— 1) X}, + (—=1)X 2, 4)

for ¥ = 1,2,---, where the noise process {Z;} in (4) is
independent of the input { X k% and is governed by the n-fold
distribution P (™) 2 PU(Zy = 21, + , Zn = 2n), for
zk € YV, k=1,--- n. It directly follows from (4) and the
fact that the input and noise process are independent from
each other that the NBNDC n-fold conditional probability is
given for each n > 1 by

Pie(y™ | &) = Plye(2") 5)
where (20 1)
_ Y — — )Tk
Rk = (_1)$k ) L= 17 ) 10 (6)

Now given 2™ € X™ and ™ € Y™, whenever Plfgﬁ)[)c(z") is
set to be equal to (2) for each n > 1 with each z; as given
by (6), we obtain that P (y" | ") = Pie(y™ | ™) for
each n > 1. Therefore, the NBNDC provides an alternative
representation of the DFC. In Section V, we use this fact to
fit the DFC given by (2) via an NBNDC whose noise process
{Z)} is an Mth order Markov source generated via a non-
binary queue of length M.

Observation 1: In the special case when ¢ = 1 (hard-
decision demodulation), the NBNDC expression in (4) reduces
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to the familiar expression Yy = Xy @ Zy, for k = 1,2,--- |
(where & denotes addition modulo 2) which is commonly
adopted to model binary (binary-input binary-output) additive-
noise discrete channels with memory (e.g., see [6], [8], [12]).
Furthermore, if {Z}} is memoryless, than we obtain the mem-
oryless binary symmetric channel (BSC) which represents the
fully interleaved DFC.

The channel capacity of the NBNDC with stationary ergodic
noise {Zy} is studied in the next section.!

III. DFC CHANNEL CAPACITY

A. Capacity Formula and Bounds

Consider the NBNDC described by (4) where the noise
process {Z} is stationary ergodic. The channel capacity, in
bits per channel use, for this information stable channel is
given by [24], [25]

C = lim ¢ = sup c™ @)

n—oo n

where .
C™ 2 max —I[(X™;Y")

p(z™) N

where the maximum is taken with respect to all input distri-
butions p(z™) and I(X™;Y™) denotes the block mutual infor-
mation between X" and Y (e.g., cf. [24], [26]). I(X™; Y ™)
can be written as follows

I(X™Y™) =H(Y™) - HY" | X") = H(Y") - H(Z")

where H (-) denotes entropy and the last equality follows from
(4) and the independence of X™ and Z". Thus

cm -1 <max[H(Y")] - H(Z”)). (8)

n \p(z")

Note that C(™ is an increasing function of n [24]. The
capacity achieving input distribution that maximizes H(Y™)
is determined next.

Definition 1: Let W = {0,1,---,2971 —1} and let {Wy},
Wi € W, be a process with n-fold probability distribution

Pr(W" = w") = Z Pr(Z" - w> 9)

I’VLGX’VL (_1)I7l

where Z" = (w" — (27 — 1)z")/(—1)*" denotes the tuple
obtained from component-wise operations, i.e., (Z1 = (w; —
(29— Dar)/(~1)™, - Zy = (wn — (27 — D)) /(~1)™),
The probability assignment (9) is valid since

> Pr(zn=2")

Zneyn

= > ZPr(Z":%>

wneWn gneXn

1 =

= Z Pr(W"™ =w").

wnewn

INote that the stationary noise {Zj} defined by (5) and (2) is ergodic
when the covariance function of the fading process G(t) is asymptotically
vanishing (such as the Clarke covariance function).
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The process {Wy} is stationary since {Zy} is stationary;
indeed for any integer m > 0, w™ € W",

Pr(W1+7n = Wi, aWn—Q—m - wn)
29 —1
- ¥ Pr(zH_m N Gl VY

zneX™ (_1)$1
wy, — (29 — 1)z,
Zn m= " 7 N
" (=1)*n )
29 —1
- Z Pf<21:wa'“a
xneXmn (_ )
Z. — wy, — (29 — l)a:n>
e
= Pr(Wy =wq, -, W, = wy).

It follows from Definition 1 that the random variables Z;, and
W), are related as follows:

Wk:min{Zk,Qq—l—Zk}, k=1,2,---.

Example 1: Let ¢ = 2 and a; = Pr(Z; =
probability distribution of W is given by

(Pr(W; =0),Pr(W; = 1)) = (ap + a3, a1 + 2).

(10)
). The

Let o; ; = Pr(Zy, =4, Zy4+1 = j). The probability distribution
of W2 is given by

(Pr(W? = 00), Pr(W? = 01), Pr(W? = 10), Pr(W? = 11))
= (a0 + o3+ aso+ass, a1+ o2+ oz + as,
a0 +aiztasgt+ ez, a o+ o+ asp).

Consider the 2" x 29" channel transition probability matrix
Q" = [Pé&%c(yﬂx”)] corresponding to n channel uses, where
each row (resp. column) of Q" is indexed by a sequence ="
(resp. y™). We prove in Appendix A that Q" is symmetric
since its columns can be partitioned into 2(g—=1)n submatrices,
where each submatrix is of size 2" x 2™ with the property that
its columns are permutations of each other and its rows are
permutations of each other [24, p. 94]. This symmetry implies
that the uniform input distribution over {0,1}"™ maximizes
the channel’s block mutual information 7(X™;Y™) and hence
achieves its capacity [24, p. 94].
Proposition 1: The value of H(Y™) under a uniform input
distribution over X" = {0,1}" is given by
n(laX)[H(Y")] =n+HW").
p(z™

Proof: We need to calculate

HY™) == 3 Pr(Y™ =y log, Pr(Y" =) (12)
yneyn

(1)

for a uniform input distribution. In this case

1 yn _ (2q _ 1)x7l

Pr(Y" =y") = — Pr|z"=>————"").

0= =g 3 e S
TneX "

(13)

According to the symmetry of Q", the probability (13) is the

same for 2" distinct values of y™. Substituting (13) into (12)

and using Definition 1, we have

Z Pr(W"™ = w")log,
wnewn

max[H(Y")] = —

p(z™)
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and hence (11) follows. [ |
Substituting (11) into (8) yields

1
oM =1+ ~[H(W™) = H(Z")). (14)
Corollary 1: The channel capacity (7) is given by
C = lim Cc™
n—00
3 1 n n
= 1+n11>n010 E[H(W )— H(Z™)] (15)
= 1+HW)-H(Z) (16)

in bits/channel use, where H(W) £ lim,, . (1/n)H(W™)
and H(Z) £ lim,, ,(1/n)H(Z™) denote the entropy rates
of {W,} and {Z,}, respectively.

Observation 2: In the case of hard-decision demodulation
(g = 1), the noise process becomes binary and the entropy
H(W™) = 0 for all n, and the expression for channel capacity
in (16) reduces to the well-known formula C' = 1-H(Z) (e.g.,
see [6]).

We can directly obtain upper and lower bounds on C' using
(15) and (7), respectively. Since H(W™)/n is decreasing in n
for a stationary process {W,,} (e.g., see [23], [26]), we have
o,

C < min {1, 1+ %H(W") - H(Z)} = (17)

Combining (17) with the lower bound C(™) < C' yields
o <C< G

where as n increases, C™ increases while C( de-
creases; hence both bounds asymptotically coincide with C:
lim,, 00 C™ = lim,_,ooc C™ = C. In the next subsection,
we conduct a numerical capacity study of the DFC to deter-
mine the optimal values for the channel ¢-bit quantizer step-
size 0 and illustrate the potential gains in capacity due to the
DFC’s statistical memory and the use of soft-decision output
quantization.

B. Capacity Numerical Study

We herein examine the behavior of the capacity of the
DFC in terms of the quantizer parameters (¢ and §), the
SNR () and the normalized Doppler frequency (fp7’). As
shown in Section II, the DFC is an NBNDC described by
(4) with a stationary ergodic 2%-ary noise {Z;} whose n-
fold distribution is given by (2) for each n. As (2) cannot
be determined for n > 3, we generate a realization of the
noise process {Zj} via computer simulations for fixed DFC
parameters (v, fpT, ¢, §) and calculate {W}} using (10). The
correlated Rayleigh fading samples are generated according to
the method proposed in [27]. We then evaluate Pr(Z") and
Pr(W™) numerically for several values of n and compute the
lower bound on the capacity C") using (14).

Fig. 1 presents C(") versus the quantization step & for
several values of n for a DFC with parameters v = 10 dB,
fpT = 0.005 and ¢ = 2. One objective is to determine the
optimal value of § (in the sense of maximizing the channel
capacity). We observe that for n > 5, C™) is maximized for
approximately 6 = 0.2. The curve C'!) corresponds to the
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0.84 I I I I I T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Normalized Quantization Step ()
Fig. 1. C(") versus the quantization step § for different values of n; DFC

with ¢ = 2, fpT = 0.005, v = 10 dB.

capacity of a memoryless DFC (the channel resulting when
perfect interleaving is employed on the DFC). In this case,
the optimal value of ¢ is 0.27. We may also obtain values of
the capacity for channels with hard quantization (¢ = 1), as
this channel is equivalent to a DFC with ¢ = 0. For example,
the capacity of this DFC with hard-quantized and perfectly
interleaved (obtained from the curve C'(!) with § = 0) is
0.846. We also remark that increasing n further than 7 does not
improve accuracy. Indeed recall that as n 1 oo, C™) 1 C' and
yields the exact capacity. We denote the largest value of n for
which the increase in C'(™) is negligible (i.e., < 10~2) by n*.
Table I summarizes the values of C("") for q = 1,2 (obtained
for the optimal § shown in the table) for selected values of
n* and ~. Note that the optimal values of § provided in the
table for ¢ > 1 are different from those calculated in [14]
for the memoryless DFC. We finally observe capacity gains
due to the channel’s memory and soft-decision quantization
(g > 1) relative to hard-quantization (¢ = 1) and ideal
channel interleaving (i.e., ignoring the channel’s memory). For
example, for v = 5 dB, the capacity gain of C'9) (¢ = 2)
over C10) (¢ = 1) is 13 %, whereas it is 19 % when compared
to the hard-quantized memoryless channel (with C' = 0.656).
For v = 2 dB, the gains are 18.5% and 25.5%, respectively (in
this case the capacity of the memoryless channel is C' = 0.51).
These capacity gains indicate that exploiting the noise memory
and using soft output quantization (even with a resolution as
low as ¢ = 2 bits) are more worthwhile than ignoring noise
memory via interleaving and using hard output quantization.

IV. NON-BINARY QUEUE-BASED MARKOVIAN NOISE

The binary queue-based channel was recently introduced
in [6] to model a binary channel with a stationary ergodic
binary M ’th-order additive Markov noise via a finite queue.
We herein generalize the binary queue set up of [6] to
produce a tractable non-binary Markovian noise model for
the NBNDC. The non-binary queue-based (QB) noise process
{Zk}32,, Z, € ), is generated by slightly modifying the
two-parcel procedure in [6]: given that we now operate on
balls with |Y| = 29 different colors (instead of only two
colors). First, one of two parcels (an urn and a queue of size
M) is selected with probability distribution {¢,1 — }. The
urn contains balls labeled with symbols in ) satisfying the
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TABLE 1
LOWER BOUND ON CHANNEL CAPACITY, C'(""), IN (BITS/CHANNEL USE)
FOR DFCs WITH fpT = 0.005.

¥ n* | g=1 q=2
c) | ¢™) T optimal &
2 dB 0.54 0.64 0.5
5dB 10 | 0.689 0.78 0.4
10 dB 0.86 0.915 0.2
15 dB 3 0.939 0.969 0.12

probability distribution p = (po, p1, - , p2a—1). If the urn is
selected, a noise symbol Zj, = i is selected with probability p;,
1 € ). If the queue is selected, a noise symbol is selected with
a probability distribution that depends on M and a bias param-
eter «; see [6] for a detailed description of the procedure. The
resulting QB noise process is a stationary ergodic M ’th order
Markov source and has only 29 4 2 independent parameters
(as opposed to a fully general Markovian process which would
require in the order of 29" number of parameters): the size of
the queue, M, the probability distribution of the balls in the
urn, and correlation parameters € and «, where 0 < ¢ < 1,
a > 0. The state process {S}7> . of the QB noise, defined
by Sy £ (Zk, Zr—1, - s Zx—nr+1), is a homogeneous first-
order Markov process with an alphabet of size 29 .

Let p;; denote the conditional probability that S, = j
given that Sp_1 = i, where i = (ig,--- ,ip—1)s § =
(o, »jmr—1), forig, je € YV, £ €0,--- , M — 1. We let the
rows and columns of the state transition probability matrix,
denoted by P, be indexed by the vectors 7 and j, respectively.
It can be shown that the (i, j)th entry of the matrix P = [p;]
is given as follows: - B

e For M =1,

pll = DPigjo = E(Sjo-,io + (1 - E)pjoa

1
Sij=14
»J {O,

M-2

9

Pij = (Z Ojo,ie + a‘sjo,izvfl) 7 —1+a T A9
=0

where

ifi =3
ifi # j.
e For M > 2,

if jg41 =g, for =0,--- M — 2, or otherwise pij = 0.

It can also be shown that the ith component of the state
stationary distribution column vector II = [r;] is given by

29_-1&—1 c
1— =
1 TT (-2
(=0 m=0
m; = 420 m= (18)
9
IT(a-e+ k7>
o ( M—-1+a«
where [T, (1) £ 1 and & £ 3330501 63, .

Example 2: For the case ¢ = 2, M = 1, II =
[po, p1, P2, p3] and P is given by (19).
The QB noise block probability P4” (z7) £ Pr(Z" = 2") is
as follows:



PIMENTEL et al.: A DISCRETE QUEUE-BASED MODEL FOR CAPTURING MEMORY AND SOFT-DECISION INFORMATION IN CORRELATED FADING . ..

1707

e+(1—¢e)pp (Q—e)m (1—2¢)po (1—¢)ps
P= (1_8)[)0 8+(1_8)p1 (1-5)[]2 (1_8) (19)
(1—¢)po (I—e)pp  e+(l-g)p2 (1—¢)ps
C-p  (-pm  (-pr et (-0)ps
o For blocklength n < M V. DFC MODELING VIA THE NBNDC wWITH QB NOISE
29161 c In the following, we fit the DFC using the NBNDC with QB
H H ( 1 —¢)pe+ mm> noise. For this purpose, given a DFC with fixed parameters,
PQ(:) (2") = £=0 m=0 we estimate the 294-2 independent parameters of the QB noise
not € process such that the QB noise block probability approximates
H (1—e)+k M—1+a well the DFC channel block probability of (2). Specifically,
k=0 (20) We select the parameters of the QB noise that minimize the
where &) = Z O Kullback-Leibler divergence rate (KLDR) between the QB and
= Zk ke .
« For blocklength n > M + 1 the DFC noise processes defined as [28]
n i—1 1 p(") ( z")
), on A 7. - n)/.n DEC
PQ(B )(z ) = H l( Z 02,20 + 04521,21M> D (Pore|[Pon) = nh—>r{>lo n Z Porc’ (") logy P(n)(zn)
i=M+1 L \t=i—M+1 aneyn o
€ _ for identical one-dimensional probability distributions and
% M-1+4a« +( E)pzi] Tz1,mee020) @D noise correlation coefficients (we match the lower order statis-

where the expression for 7(;, ... ,,) is given in (18).
Note that (20) yields the marginal noise distribution by setting
n = 1 PQ(Bl)(zl) = s, where z1 € {0,1,---,27 — 1}
The correlation coefficient for the QB noise is a non-negative
quantity given by
E[Z,Zy11] — E[Zk)?

Var(Zy,)

Coryy =

g
M—-14+«

B 1— (M —-2+a) 5= 22)
where Var(Zj) denotes the variance of Z;. We can prove
that the QB noise autocorrelation function (ACF), defined as
R[m| = E[Z, Zk+m), satisfies the formula (23), shown at the
top of the next page. We conclude this section by establishing a
closed-form expression for the entropy rate Hqs(Z) of the QB
noise. Let wo, - - - ,was_1 be non-negative integers such that
wo+---+wae—1 = M —1 and let the probability distributions

I';,t=0,---,29 — 1, be defined as
T G L R wita)e g,
1 M—].-’—OZ L0, ’M—l—i—a Piy
Woa—_1 €&
-_— 1-— a1 |-
M —15a A 1)
Then
-1
Hos( 2 z S (L
woq _1=0
[L(w0+17w17~' 7w2771)H(F0) + L(w07w1+17... ,w2471)H(F1)
+ ot L(wo-,w1,~~,wzq_1+1)H(F2q*1)} (24)
where
201 fwy—1
IT(T10-2p+m—o—
M-1+«
L _ 4=0 \m=0
(wo, w1, ,waa_1) — .

M-—1
M—1+a

k=0

tics for both processes). Closed-form expressions for PQ(;Z ) (z™)
are given in (20) and (21), while P,.(2") of (2) is calculated
via computer simulations for n > 1. The minimization of
the asymptotic KLDR quantity assures that both processes are
statistically close for large blocklengths.?

Since the DFC noise process is stationary and the QB
noise process is M’th order Markovian, the minimization
of the KLDR over the QB noise parameters reduces to
minimizing [9], [28]

Z PDFMJFI) M) logy Pos(2nr41 | 2™)

ZM+1
(25)
where Py (zar41 | 2M) is the QB conditional probability of
the noise symbol 2,41 given the previous M symbols, which
is evaluated using the QB noise block probability (21) and is
given by

D2 ( DFC||PQB

M
PQB(ZM+1 | ZM) = (a 5ZM+1-,Z1 + Z5ZA4+1-,ZZ> X
£=2
€
M-1+a«
We match the one-dimensional probability distribution by
setting p; = PD(FC( i), 3 = 0,---,29 — 1, where PD(Flc)(j) is
given by (3) in terms of the quantlzation parameters (J and ¢q)
and ~. The remaining parameters (M, €, o) are estimated as
follows. We compute Coryc and match the noise correlation
coefficient Corqz = Corpee. From (22) we can write the
parameter « as

+ (1 - E)pZAIJrl' (26)

e + Corpre(1

M) + Corpee (M — 2)e

Corpee(1 — €) @7

o =

2The KLDR is an information measure that is widely employed to quantify
the asymptotic statistical similarity between two sources. Thus the minimiza-
tion of the KLDR between the noise sources of two channels attempts to match
the two channels’ statistical behavior for large blocklengths (note that large
blocklengths are required to achieve reliable communication by the channel
coding theorem).
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E[Z2], itm=0
— e [M_SHQE[Z,%] +(1-2E[Z)?], ifl<m<M—1
Rosm] = TMTre e (23)
(1 - e)E[Z]* + 375 ZRQB[m—z]—I—aRQB[m—M]} , ifm > M.
=1
TABLE II
QB PARAMETERS FOR FITTING THE RAYLEIGH DFC WITH q= 2. ;fDT ‘: 0.01‘
1+ —— fpT = 0.005[]
~ 75T = 0.001 | /T = 0.005 | /pT = 0.01 —e—/pT = 0.001
M =14 M =11 M =38 = ossk ,
2 dB e =0.7978 e=0.7537 | e=0.6846 &
(6 =0.5) a = 0.7570 a=0.6362 | a=0.5313 =
M =13 M =10 M=7 S osf ,
5 dB e = 0.8388 e=0.7967 | e=0.7260 3
(6 =0.4) a = 0.7819 a=0.6318 | a=0.5286
M=09 M=7 M=5 085 8
10 dB e = 0.8060 e = 0.7563 e = 0.6765
(6 =0.2) a = 0.7470 a=05932 | o=0.4818 e
M=6 M=5 M =4 08— 2 3 4 5 6 7 8 9 10 1 12 13 14
15 dB e =0.7580 e =0.7076 e =0.6371 Queue Length (M)
(6§=0.12) | a=0.7282 a = 0.5511 a = 0.399
Fig. 2. D3 (Pprc||Pqs) versus M. DFC with ¢ = 2 and v = 5 dB for

Minimization procedure: For fixed DFC parameters, we sub-
stitute (27) into (26) and the result into (25) and find the
value of e that minimizes (25) for each value of M. For
that purpose, we apply the Newton-Raphson’s method (e.g.,
see [29]) to the derivative of (25), resulting in the following
iterative procedure for estimating €. Given an iteration point
€n, We show in Appendix B that the next iteration point is
given by

A M+1
P M+1 z
;1 brc (2 ) A 16y + By
En4l = En + — yE (28)
Z PDFC(ZM+1) SM+1
et (A mtre, + BzM+1)2
where
AZZ\4+1 = [1 + COI'DFC(M — 2)]5zM+1.,z1 —
M
<Z 52M+17zz> Corpe — (1 - CorDFC)p2M+1 (29)
=2
and
M
Bouii = <5ZM+1,,21(1 - M) + Z%m,z() COlpre
=2

+ (1 —=Corpec)pzpss- (30)

From the constraint that o > 0, we have from (27) that

Corpee(M — 1)
1+ Corppe (M — 2)

<e<l1.

In the algorithm, we used an empirically established estimate
for the initial point ¢ within this interval and observed con-
vergence for all considered DFC parameters. We repeated this
procedure for increasing values of M and chose a triplet (M,
g, @) to represent a specific DFC whenever D (Pyc||Pys)
converges within a prescribed threshold (we use a threshold
value x varying between 1072 and 5 x 103 for the results

fpT = 0.01, fpT = 0.005 and fpT = 0.00L.

of Table II?). Three typical curves for D3!(Po||Py) as a
function of M are shown in Fig. 2 for ¢ = 2 and v = 5
dB (with fpT = 0.01, 0.005 and 0.001). The optimization
procedure was carried out for DFCs with ¢ = 2, four
values of ~y, and three values of fpT for each ~. We did
not observe an important variation in the optimal value of
¢ for the considered fpT values, so we used the values
provided in Table I. The vectors p calculated from (3) are
p = (0.6953,0.1962,0.085,0.0235) for v = 2 dB and
0 = 0.5, p=(0.7822,0.1536,0.0538,0.0104) for v = 5 dB
and § = 0.4, p = (0.9239,0.0528,0.0188,0.0045) for v = 10
dB and § = 0.2, and p = (0.9722,0.0201, 0.0064, 0.0013) for
v = 15 dB and § = 0.12. Table II provides the remaining
parameters of the QB noise process that fits a specific DFC.

We next use channel noise ACF and channel capacity as
metrics for measuring the accuracy of the NBNDC with QB
noise models of Table II in approximating the DFC. Figs. 3
and 4 compare the ACFs of the DFC and the QB noise
processes for several values of M, for a DFC with ¢ = 2
where fpT = 0.005, v = 10 dB and § = 0.2 in Fig. 3,
while fpT = 0.001, v = 15 dB and § = 0.12 in Fig. 4.
The figures show a generally good agreement* between the
ACF of the DFC and that of the QB noise model with the
values of M described in Table II, although in the slower
fading case (of fpT = 0.001), QB models with larger values
of M give a better ACF fit that the QB model of Table II. A
similar behavior is also observed for all QB models listed in
this table (curves not shown), thus indicating that QB models
satisfactorily approximate the ACF of the DFC process. The
expression of the ACF for the QB noise is given in (23), while

3Thus the values of M shown in Table II are chosen to be within & from
the M* that locally minimizes D37 (Porc|| Pog) in order to avoid large values
of M and hence keep a manageable total number of states.

4Note that for small values of m, there is a mismatch between between
the ACFs of the DFC and QB models. This is due to the fact that, unlike the
ACF of the DFC, the ACF of the QB model is constant for 0 < m < M —1
(see the expression of Rqg[m] in (23)).
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T T T T
6 —— M =3, a=0.5865, ¢ =0.5495
0.06 - - -M =4, a=0.6087, ¢ =0.6309 i

M =5, a=06171, ¢ = 0.6856
— =M =6, a=0.6105, € =0.7256
—— M =7, a=0.5932, ¢ =0.7563 H
—o—M =8, a=0.5616, £ =0.7819

(fpT =0.005. g =2. SNR=10dB. § =0.2) ||

0 10 20 30 40 50 60 70 80 90 100
Distance between samples (m)

Fig. 3. Comparison of ACFs: DFC with fpT = 0.005, ¢ = 2, v = 10 dB
and § = 0.2 vs NBNDC with QB noise.

0.025

T T
—— M =6,a =0.7286,= = 0.7580
- - -M =7,a=0.7413,c = 0.7860

M =8,a0=0.7499,¢ = 0.8079
- — M =9,a=0.7507,c = 0.8259 M
—— M =10, = 0.7515,¢ = 0.8406
11,0 = 0.7374,e = 0.8564
12,0 = 0.7241,e = 0.8647
13, = 0.7307,e = 0.8729

0.02

0.015-

o
DFC
(fpT =0.001,y =15dB.q = 2.6 =0.12)

R[m)]

0.01-

0.005 -

L L
0 50 100 150 200 250 30C
Distance between samples (m)

Fig. 4. Comparison of ACFs: DFC with fpT = 0.001, ¢ =2, v = 15 dB
and § = 0.12 vs NBNDC with QB noise.

the ACF of the DFC noise is calculated numerically from the
PD(FZ)(,Z”) statistics of (2) obtained via simulations. In Fig. 5,
we plot the upper and lower capacity bounds C'™) and C()
versus the blocklength n for the QB model fitting the DFC
with ¢ = 2, v = 10 dB, fpT = 0.005 and 6 = 0.2. We
clearly see that as n increases, C™) and C(™) converge to
yield a good estimate of capacity. Fig. 6 assesses the lower
bound on the capacity of the DFC with the upper and lower
bounds of the fitting QB noise model, where the DFC values
of n* and ¢ given in Table I for each SNR + and the values
of the QB noise are given in Table II. We observe a relatively
close match in the capacity curves of both channels.

Finally, we have compared the QB model (of 29 + 2
parameters) with the fully general Markov model (of 29M
parameters) to assess any significant performance discrepancy
when both channels approximate the DFC. The full Markov
model is matched to the DFC by equating its M -dimensional
noise distribution to that of the DFC. The results indicate
that the QB model performs close to the full Markov model
for typical system conditions while requiring a substantially
smaller number of parameters (unlike the full Markov model,
the QB model’s number of parameters does not grow ex-
ponentially with M, whose value can be considerable for
slow fading and noisy conditions as shown in Table II; e.g.,
for typical values of ¢ = 2 and M = 7, the QB model
has only 6 parameters while the full Markov model requires
214 = 16,384 parameters). Thus the QB noise channel,
in virtue of its closed-form statistical expressions, offers a
practically effective model for the DFC.
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Fig. 5. Capacity of NBNDC with QB noise: upper and lower bounds vs

blocklength n. The NBNDC models the DFC with ¢ = 2, v = 10 dB,
fpT = 0.005 and 6 = 0.2 and its QB noise parameters are M = 7,
e =0.7563 and o = 0.5932 (see Table II).

1

0.951- i
0.9 i
0.85- 4
2z 08f e 4
i orsp T 1
S oot o -8 -CU9 for the modeled QB 1
0651 - e -CU9) for the modeled QB 7
oer ——C ™) for the DFC 1
0.55- 7
05 ‘ ‘ ‘ ‘ ‘ s s
2 4 6 8 10 12 14 16
Signal-to-noise ratio (dB)
Fig. 6. Capacity comparison: DFC capacity lower bound (with fpT =

0.005, ¢ = 2 and n* as given in Table I) vs NBNDC with QB noise capacity
lower and upper bounds (with n = 15).

VI. CONCLUSIONS

We introduced a binary-input 29-ary output discrete channel
(denoted by NBNDC) to properly represent both the statis-
tical memory and the soft-decision information of BPSK-
modulated time-correlated Rayleigh fading channels when
they are coherently demodulated via a g-bit output quantizer.
The NBNDC'’s output is explicitly described in terms of its
binary input and a 29-ary noise. This channel reduces to
the familiar binary channel with modulo-2 additive noise
when ¢ = 1 (i.e., under hard-decision demodulation). We
derived a simple formula (as well as asymptotically tight upper
and lower bounds) for its capacity under stationary ergodic
noise. We also generalized the binary queue-based (QB) noise
process introduced in [6] to obtain a 2%-ary QB stationary
ergodic Mth order Markovian noise model. We established
closed-form analytical expressions for the statistics and the
entropy rate of the 29-ary QB noise process in terms of its
29+ 2 parameters. Finally, we fitted the discrete soft-quantized
correlated fading channel via the NBNDC with QB noise and
validated the modeling in terms of autocorrelation function
and capacity.

In light of the capacity gains shown in Section III-B, an
interesting direction for future work is to harness the structure
of the NBNDC model with QB noise for the construction
of practical high-performing (in terms of error rate) channel
codes that exploit both the channel’s noise memory and soft-
decision information for use over the correlated Rayleigh



1710

fading channel. In a recent related work [30], it is shown
that joint source-channel vector quantizers can be designed
for the NBNDC model with QB noise and can effectively be
used over the underlying fading channel to achieve signifi-
cantly improved performance in terms of mean-square error
distortion. Extensions to modeling non-binary modulated (e.g.,
pulse amplitude modulation) correlated fading channels with
soft-decision demodulation can also be studied in the future.

APPENDIX A
PROOF OF THE SYMMETRY OF THE TRANSITION MATRIX

We prove in this appendix that the matrix Q" =
[PN(;L)DC(yﬂx”)] can be split into 2"(¢~1) submatrices of size
2™ x 2™ in which the columns are permutations of each other
and also the rows are permutations of each other, and thus Q"
is symmetric [24].

Let X = {0,1}, W = {0,1,---,2971 — 1}, and Y =
{0,1,---,27 — 1} be alphabets. We split the columns of Q"
into 2"(4~1) classes Cyn, w”™ € W", defined as

W — (29 — 1" }
_ o e xn
(=1)
3D

It is worth noting that each y™ can be associated to a single
w™ and to a single v™ whose components are given by

Cwn — {yn 6 yn | yn —

wy, = min{yg, 29 — 1 — yi } (32)
and .
0, iy <2970 1
“’“‘{ 1, if yp > 2071 — 1. (33)

Recall from (5) that the n-fold conditional probability satisfies

Plc(y™ | 2) = Pl (2" (@™, y™)) (34)
where ( )
Yk — 29 — 1)z
2k (Th, k) = S (35)

The next step is to prove that within each class Cy,», its corre-
sponding rows and columns in Q™ are formed by permutations
of PN(;L)DC(y" | z™) = P;;LZ)C(Z”(f”,y")), for y™ € Cyn.
For this purpose, it is sufficient to prove that z"(a",y")
is permuted among the rows and columns of the submatrix
formed by y™ € Cyn, i.e.
1) Within each class, there are only 2" possibilities for
Zn(xn’ yn)'
2) If =¥ # 2, with y™ fixed, then z"(z7,y") #
2" (x5, y").
3) If y} # yh, with 2" fixed, then z"(z",y}) #
(2™, y3).
1) Let us associate y™ to a class C\n» using (32) and to a
vector v™ using (33). We then substitute the components of
y"™ € Cyn defined in (31) into (35), yielding

21(Th, y) =

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 60, NO. 6, JUNE 2012
Since x, v € X, within a class Cyn, there are two possibil-
ities for zx(xg, yx) in (36), for each k, namely

if’l}k = Xk
if’l}k 75 Tk.

W,

(29— 1) — wy, (37

Zk (xkv yk) = {
Hence, in a class Cyn, there are only 2™ possibilities for
z™(z™, y™). Thus, item 1 is satisfied.

2) Suppose that for y™ € V" fixed and z}" # x7, it may occur
2k (x5, k) = 26(T2,k, yx) for every k. Hence

ye — (29 — a1k _ Yk~ (29 = Daa
(=1)=nx (—=1)2k

(38)

So (38) implies that 27 = =%, which is a contradiction. Hence,
item 2 is satisfied.

3) Suppose now that for z" € X" fixed and yi" # y,
2k (T, Y1.8) = 26(Tk, y2,1) for every k. Hence

yie — (29— 1)xy _ Y2k (27 — 1D)zy,
EhE EhE

(39)

We conclude from (39) that 27 = =%, which is a contradiction.
Hence, item 3 is satisfied which completes the proof.

APPENDIX B
APPLICATION OF THE NEWTON-RAPHSON’S METHOD TO
THE MINIMIZATION OF D3 (Pyc|| Pos)

In order to minimize the divergence between the QB noise
distribution and the DFC distribution, we apply the recursion
formula given by

%Déw(PDFCHPQB)L;:En
L DY (Pyc|| Pow)|

En4+1 = E€n — (40)

E=€n

where D3 (Py||Pys) is given in (25). Recall that, for M
fixed, (25) is a function only of ¢, if we use Py, (ZM+1 |ZM)
as in (26) and « as in (27). We then derive an expression for
the derivative of D3 (Py||Pys) in relation to e:

d

d_Dé\/[(PDFCHPQB) = - Z P (ZM+1) X
¢ ZM+1
d
= [logy Pos (Zni411ZM)] . (41)
Substituting (27) into (26) we obtain, after a few manipulations
1

PQB (ZM+1|ZM) = (AZM+16 + BZM+1) 42)

1 — Corpgc

where the expression for Azar+1 and Bz are given in (29)
and (30), respectively. We then have

—Agmi

d

— (= log, Pas (Za151|12M)) = 43

- ( 08y Pos ( M1 )) Agynmiie + Byuia )
d2 —A2 M+1
& e P (7 MY _ ZM+ . (44
P ( ) QB( M+1| )) (AZM+18—|—BZM+1)2 o

We now substitute (43) into (41) and (44) into the derivative of
(41). The resulting expressions are then substituted into (40),
resulting in (28).
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