M entropy MoPY

Article

New Lagrange Multipliers for the Blind Adaptive
Deconvolution Problem Applicable for the

Noisy Case

Monika Pinchas

Department of Electrical and Electronic Engineering, Ariel University, Ariel 40700, Israel;
monika.pinchas@gmail.com; Tel.: +972-524280075; Fax: +972-39066238

Academic Editor: Raul Alcaraz Martinez
Received: 6 September 2015; Accepted: 18 February 2016; Published: 23 February 2016

Abstract: Recently, a new blind adaptive deconvolution algorithm was proposed based on a new
closed-form approximated expression for the conditional expectation (the expectation of the source
input given the equalized or deconvolutional output) where the output and input probability
density function (pdf) of the deconvolutional process were approximated with the maximum
entropy density approximation technique. The Lagrange multipliers for the output pdf were set
to those used for the input pdf. Although this new blind adaptive deconvolution method has
been shown to have improved equalization performance compared to the maximum entropy blind
adaptive deconvolution algorithm recently proposed by the same author, it is not applicable for
the very noisy case. In this paper, we derive new Lagrange multipliers for the output and input
pdfs, where the Lagrange multipliers related to the output pdf are a function of the channel noise
power. Simulation results indicate that the newly obtained blind adaptive deconvolution algorithm
using these new Lagrange multipliers is robust to signal-to-noise ratios (SNR), unlike the previously
proposed method, and is applicable for the whole range of SNR down to 7 dB. In addition, we also
obtain new closed-form approximated expressions for the conditional expectation and mean square
error (MSE).

Keywords: Lagrange multipliers; Bayesian approach; conditional expectation; deconvolution;
maximum entropy density approximation technique

1. Introduction

In this paper, we consider a blind adaptive deconvolution problem in which we observe
the output of an unknown, possibly non-minimum phase, linear system from which we want to
recover its input using an adjustable linear filter (equalizer) [1]. A blind deconvolution process
arises in many applications, such as seismology, underwater acoustic, image restoration and digital
communication [1-28].

In this paper, we consider the application in digital communications where the received symbol
sequence has been affected by intersymbol interference (ISI), whereby symbols transmitted before
and after a given symbol corrupt the detection of that symbol [2]. ISI causes harmful distortions
and presents a major difficulty in the recovery process. Thus, a blind adaptive filter is usually used
to remove the convolutive effect of the system to recover the source signal. Equalizers with the
sampling rate equal to the symbol rate are referred to as T-spaced equalizers. Equalizers with the
sampling rate higher than the symbol rate are referred to as fractionally-spaced equalizers (FSE).
A fractionally-spaced adaptive equalizer is a linear equalizer that is similar to a symbol-spaced
linear equalizer (T-spaced equalizer, where T denotes the baud, or symbol, duration). However, a
fractionally-spaced equalizer receives, say, U input samples before it produces one output sample
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and updates the weights, where U is an integer. The output sample rate and the input sample rate are
1/T and U/T, respectively. The weight updating occurs at the output rate, which is the slower rate.
Since the output of the fractionally-spaced equalizer needs to be calculated once in every symbol
period, the fractionally-spaced equalizer can be modeled as a parallel combination of a number of
baud-spaced equalizers (T-spaced equalizers). This parallel combination of baud-spaced equalizers is
known as the multi-channel model of FSE. Among fractionally-spaced constant modulus algorithms,
we may find [29] and [30], where [29] shows the robustness of the constant modulus algorithm to
noise and [30] shows that the constant modulus criterion is well suited for any subgaussian input
distribution as all quadrature amplitude modulation (QAM) signals. The main disadvantage with
using fractionally-spaced equalizers is that all processing before the equalization must be done at
a higher rate than would be needed for T-spaced equalizers. This can increase the cost and power
consumption of systems based on fractionally-spaced equalizers. However, fractionally-spaced
equalizers have several advantages that often can justify this increase of complexity. One advantage
of fractionally-spaced equalizers over T-spaced equalizers is relative immunity to the sampling
phase, where sampling phase refers to the time offset of the sampling instance relative to the
symbol clock. As already mentioned earlier, a fractionally-spaced equalizer can be modeled with
a single-input-multiple-output (SIMO) system. In the field of communication, SIMO channels appear
either when the signal is oversampled at the receiver or from the use of an array of antennas in
the receiver [31-33]. It should be pointed out that for the SIMO case, the same information is
transmitted through different subchannels; all received sequences will be distinctly distorted versions
of the same message, which accounts for a certain signal diversity [34]. Therefore, it is reasonable to
assume that more information about the transmitted signal will be available at the receiver end [34].
SIMO transmission is widely replacing the single-input-single-output (SISO) approach to enhance the
performance via diversity combining [35]. Since the SIMO approach consists of a parallel combination
of baud-spaced (T-spaced) adaptive equalizers, it is reasonable to think that if those T-spaced blind
adaptive equalizers already lead to good equalization performance for the SISO case, they also may
make a major contribution to the equalization performance for the SIMO approach. We focus in
this paper on the SISO case where a T-spaced blind adaptive equalizer is used to overcome the ISI
problem. We do not deal in this paper with techniques that can improve the overall equalization
performance, such as the use of multiple receive antennas, the oversampling technique or the use of
multiple adaptive T-spaced equalizers connected in series, as was shown in [36].

Blind deconvolution algorithms are essentially adaptive filtering algorithms designed such that
they do not require the external supply of a desired response to generate the error signal in the
output of the adaptive equalization filter [2,37,38]. The algorithm itself generates an estimate of the
desired response by applying a nonlinear transformation to sequences involved in the adaptation
process [2,37,38]. In this paper, we consider the Bussgang blind equalization algorithms, where
the nonlinear function is applied at the output of the deconvolutional process (equalizer). In the
literature, we may find two different approaches for designing this nonlinear function. According
to one approach, the nonlinearity is designed to minimize a cost function that is implicitly based
on higher order statistics (HOS) and characterizes the ISI [1,39-48]. Minimizing this cost function
with respect to the equalizer’s coefficients reduces the ISI to such a level that the sent symbol
can be recovered. According another approach, the conditional expectation (the expectation of the
source input given the equalized or deconvolutional output) is the nonlinear function. Namely,
the conditional expectation based on Bayes rules is derived for estimating the desired response.
The relationship between the two approaches will be shown in the next section. In this paper,
we consider the approach where the conditional expectation has to be obtained for estimating the
desired response. In [38,49-51], the conditional expectation was derived for uniformly distributed
source signals. Thus, [38,49-51] cannot cope with a source having a general pdf shape. In [20,52,53],
the conditional expectation was given as approximated closed-form expressions suitable for the real
or two independent quadrature carrier input case. Those expressions [20,52,53] are suitable for
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a wider range of source probability density function compared to [38,49-51]. The input pdf was
approximated in [20,52] with the maximum entropy density approximation technique, while in [53],
the input pdf was approximated with the Edgeworth expansion series. The equalized output pdf
was calculated in [20] and [53] via the approximated input pdf, while in [52], the equalized output
pdf was approximated with the maximum entropy density approximation technique. According to
simulation results carried out in [52] for the 16Q AM constellation input case, the equalization method
based on the conditional expectation from [52] has better equalization performance compared to the
maximum entropy equalization technique [20], which was shown to have significant equalization
improvement compared to Godard’s [39], the reduced constellation algorithm (RCA) [54], the sign
reduced constellation algorithm (SRCA) [55] and others. The equalization performance improvement
seen in [52] over the maximum entropy equalization method [20] was in the high SNR environment,
as well as in the medium SNR case. However, the blind adaptive deconvolution algorithm proposed
in [52] is not applicable for the very noisy case, since the Lagrange multipliers related to the output
pdf were set in [52] to those used for the input pdf of the deconvolutional process. In other words,
the noise component at the equalized output was ignored in [52]. In this paper, we do not ignore the
noise component at the equalized output as was done in [52]. We derive new Lagrange multipliers for
the output and input pdfs where the Lagrange multipliers related to the output pdf are a function of
the channel noise power. We will show via simulation results that the blind adaptive deconvolution
algorithm obtained with the new Lagrange multipliers is robust to SNR, while the recently-obtained
blind adaptive deconvolution algorithm [52] with the same Lagrange multipliers for the input and
output pdfs is not. By robust to SNR, we mean that the same step size parameter or parameters
involved in the update mechanism of the equalizer’s taps do not have to be changed for equalization
convergence purposes due to changes in the SNR environment. In addition, we will show via
simulation results that the blind adaptive deconvolution algorithm with the newly obtained Lagrange
multipliers is applicable for the whole range of SNR down to 7 dB. We also obtain in this paper
new closed-form approximated expressions for the conditional expectation and MSE. The paper
is organized as follows: after having described the system under consideration in Section 2, we
introduce in Section 3 our new closed-form approximated expressions for the conditional expectation,
MSE and Lagrange multipliers. In Section 4, we present our simulation results, and in Section 5, we
present our conclusion.

2. System Description

The system under consideration is the same system from [52], illustrated in Figure 1, where we
make the following assumptions:

1. The input sequence x[n] can be written as x[n] = x1[n] + jxz[n], where x1[n] and x,[n] are the real
and imaginary parts of x[n], respectively. We assume that x1[n] and x;[n] are independent and
that E[x[n]] = 0, where E[-] stands for the expectation operation.

2. The unknown channel h[n] is a possibly non-minimum phase linear time-invariant filter in which

the transfer function has no “deep zeros”, namely the zeros lie sufficiently far from the unit circle.

The filter c[n] is a tap-delay line.

The channel noise w(n] is an additive Gaussian white noise.

5. The function T[] is a memoryless nonlinear function that satisfies the additivity condition:
T[z1[n] + jza[n]] = T[z1[n]] + jT[z2[n]], where z1[n], zp[n] are the real and imaginary parts of
the equalized output, respectively.

i
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Figure 1. Block diagram of the system.

As was described in [52], the sequence x[n] is transmitted through the channel h[n] and is
corrupted with channel noise w|n]. The ideal equalized output is expressed in [37] as:

z[n] = x[n — D]e/’ 1)
where D is a constant delay and 0 is a constant phase shift. Therefore, in the ideal case, we could write:
c[n] * h[n] = 6[n — D]ef? )

where “*” denotes the convolution operation and 4 is the Kronecker delta function. In this paper, we
assume that D = 0 and 6 = 0, since D does not affect the reconstruction of the original input sequence
x[n], and 6 can be removed by a decision device [37]. According to [56], if the input sequence is
stationary and the channel is linear time-invariant, then the observed sequence z[#] is also stationary;
its pdf is therefore invariant to the constant delay D. The constant phase shift 6 is also of no immediate
consequence when the pdf of the input sequence remains symmetric under rotation [56], which is the
case in this paper. Thus, according to [56], we may simplify the condition for perfect equalization by
requiring that z[n] = x[n], which means D = 0 and # = 0. Next, convolving c[n] with the received
sequence, we obtain:

2[n] = x [n] + § [n] + @ [n] )

where j[n] is the convolutional noise, arising from the difference between the ideal and the guessed
value for c[n] and @ [n] = w [n] * ¢ [n]. The intersymbol interference (ISI) is often used as a measure
of performance in deconvolutions’ applications, defined by:

Em ‘g[mHZ — |§ %nax

ISI = - )
18 ax
where |54y is the component of §, given in (5), having the maximal absolute value.
S{n] = c [n] ] = &[] + &[] 6)

where ¢[n] stands for the difference (error) between the ideal and the guessed value for c[n]. The
function d[n] is an estimation of the input sequence x[n], which is produced by the function T|[z[n]].
Thus, the error signal is: é[n] = T [z [n]] — z [n]. This error is fed into the adaptive mechanism, which
updates the equalizer’s taps:

cln+1] = c[n] +pen]y*[n] (6)
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where ()" is the conjugate operation, u is the step size parameter and ¢[n] is the equalizer vector,
where the input vector is y[n] = [y[n]..y[n — N + 1]]T. The operator () denotes the transpose
of the function (), and N is the equalizer’s tap length. As was mentioned earlier in this paper,
according to the first approach for designing the nonlinear function, a predefined cost function F|[#]
that characterizes the ISI is minimized with respect to the equalizer’s coefficients. Minimization
is performed with the gradient descent algorithm that searches for an optimal filter tap setting by
moving in the direction of the negative gradient —V .F[n] over the surface of the cost function in the
equalizer filter tap space [57]. Thus, the adaptive mechanism that updates the equalizer’s taps can be
given by:

oF
el 1] = cl] + i (Vo)) = clu] — 3yl %
Please note that by é[n] = Tz [n]] —z[n], (6) and (7): T[z[n]] = z[n] — 31;[[2}}, thus, choosing the

cost function F[n] results in a corresponding choice of T[z[n]] [57]. According to [37], the conditional
expectation (E[x[n]|z[n]]) is touted as a good estimate of T[z[n]]. Thus, we may say that according to
the first approach (the cost function approach), the conditional expectation (E[x[n]|z[n]]) is obtained
implicitly, while according to the second approach, the conditional expectation (E[x[n]|z[n]]) is
obtained explicitly. In [52], the conditional expectation (E[x[n]|z[n]]) was applied for T|[z[n]] by
using T[z1[n] + jza[n]] = T|z1[n]] + jT[z2[n]] (Assumption 5). The conditional expectation for the
real valued and noiseless case was obtained [52] via:

:7‘0 x[n}fz\x(z|x)fx(x)dx
E [x[n]|z[n]] = A6 ®)
where fz‘ « (z|x) was given by:
)= i o 530 o

the convolutional noise power was expressed as (7%, and fx(x), fz(z) were denoted as the source
and equalized output pdfs, respectively. The source and equalized output pdfs (fx(x), f2(z)) were
approximated in [52] with the maximum entropy density approximation technique:

-~

fx(x) =exp (Z/If:o Agxk [n]) ; fAZ(z) =exp (Zf:o A2k [n]) (10)

where A and A (k = 0,1,2, ..., K) are the Lagrange multipliers, f(x), f.(z) are the approximated
probability density function of the source and equalized output, respectively, and K controls the
number of Lagrange multipliers in the maximum entropy density approximation technique (10) and
plays a role in how successful that approximation will be. For example, the pdf approximation
of a non-Gaussian input sequence with zero mean would be less successful with the choice of
K = 2 than with the choice of K > 2. As already mentioned earlier in this paper, [52] assumed
that Ay = Aj. Next, the conditional expectation (8) was extended in [52] to the two independent
quadrature carrier case. According to [49], the conditional mean estimate of the complex datum x[#]
(x[n] = x1[n] + jxz[n]) given the complex observation z[n| (z[n] = z1[n] + jzz[n]) can be written as:
E [x[n]|z[n]] = E[x1[n]|z1[n]] + JE [x2[n]|z2[n]] . Therefore, the real and imaginary parts of the data
could be estimated separately on the basis of the real and imaginary parts of the equalized output.
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3. The New Lagrange Multipliers

In this section, we derive new Lagrange multipliers related to the input and output pdfs valid
for the real valued and noisy case. Namely, we consider (10), but unlike [52], we assume:

Ay =Ar+& for k=0,24 (11)

where & will tend to zero only when both the convolutional noise f[n] and the channel noise
@[n] tend to zero. Please note that we consider only the even numbers for k, since according to
Assumption 1 from the previous section, the input sequence has zero mean. In addition, we consider
here K = 4, since this value was used in [52] for approximating the input and equalized output
pdfs and has been shown to lead to good equalization performance. Thus, K = 4 may not be
the optimal value in the pdf approximation of a 16QAM constellation input used in [52], but for
equalization purposes, this value for K was enough. Since we compare the equalization performance
obtained in this paper with [52], the same number of Lagrange multipliers should be taken in the
pdf approximations for a fair comparison. This section is divided as follows: In Subsection 3.1, we
derive for the real valued case, closed-form approximated expressions for &y, £; and &; as a function
of the convolutional noise power, channel noise power and Lagrange multipliers (A, and A4) related
to the input pdf. In Subsection 3.2, we derive, for the real valued case, a closed-form approximated
expression for the expected MSE of the system as a function of &y, &, &4, convolutional noise power,
channel noise power and Lagrange multipliers (A, and A4) related to the input pdf. In Subsection 3.3,
we substitute the closed-form approximated expressions for &, & and &, obtained in Subsection 3.1
into the obtained MSE expression from Subsection 3.2; thus obtaining a closed-form approximated
expression for the MSE depending only on the convolutional noise power, channel noise power and
Lagrange multipliers (A and A4) related to the input pdf. Next, this new expression for the MSE
is minimized in Subsection 3.3 with respect to A; and A4, and newly derived expressions for both
Ay and A4 are obtained depending only on the source moments. Please note that in [52], only Ay
(k =0,2,4) were considered in (10). In addition, no closed-form expression was needed for A in [52],
as is the case also in this paper due to the fact that A is reduced in (8) when using (10) with (11) for
approximating the input and output pdfs.

In this section, we use the following additional assumptions, which were also made in [52]:

1. The convolutional noise f[n] is a zero mean, white Gaussian process with variance 02 =

E[p[n]p*[n]] (where (-)* is the conjugate operation on (-)). '
2. The source signal x[n] is an independent non-Gaussian signal with known variance and higher
moments.
The convolutional noise f[n] and the source signal are independent.

4. The convolutional noise power 072 is sufficiently low.

p

®

Assumptions 1 and 3 were also made in [37,38,49,51]. As already was noted in [20,58],
the described model for the convolutional noise p[n] is applicable during the latter stages of the
process, where the process is close to optimality [38]. According to [38], in the early stages of
the iterative deconvolution process, the ISI is typically large with the result that the data sequence
and the convolutional noise are strongly correlated, and the convolutional noise sequence is more
uniform than Gaussian [59]. However, satisfying equalization performance was obtained by [51] and
others [20] in spite of the fact that the described model for the convolutional noise p[n] was used.
These results [51], [20] may indicate that the described model for the convolutional noise p|[n] can be
used (maybe not in the optimum way) also in the early stages where the :eye diagram: is still closed.

3.1. Closed-Form Approximated Expressions for &, &, and &,

In this subsection, we derive closed-form approximated expressions for &y, €, and &,.
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Theorem 1. &, &, and &, can be expressed as:

gy = —¢p; &) = —¢; 8y = —¢&4 (12)
where:
0= —2M0%  e2=—03 (MA3+120y); &g = —16A2A407 (13)
and:
a}% = 0’% + (TZ%,’ az%u = E[w[n]@*[n]] (14)

Proof of Theorem 1. For simplicity, we use in the following x = x[n], z = z[n] and p = p[n]. The
equalized output sequence (3) can be expressed as:

zZ=x4+p (15)

where p = p[n] + @[n]. By using Assumption 1 and Assumption 4 from this section and the previous
section, respectively, we may conclude that p is a white Gaussian process. Furthermore, based on
Assumption 3 from this section, p is independent of the source sequence x. Thus, according to [60], if
x and p are independent, the equalized output pdf equals to:

@)= [ o) fy (2 dx (16)

where f; (x) is the source pdf and f, (z — x) is the pdf of p. Now, by using the maximum entropy
density approximation technique (10) for approximating the input pdf and the Gaussian pdf for
approximating the pdf of p, (16) can be approximately written as:

R S o ¥
fo@) = e [ s ep(- = )
where: «
g(x) = exp (2 Akxk> for k=024 ¥(x)=(E—-x% p=20 (18)
k=0

Next, we use Laplace’s method [61] for solving the integral in (17). According to [20,61], the Laplace’s
method is a general technique for obtaining the asymptotic behavior as p — 0 of integrals in which
the large parameter 1/p appears in the exponent. The main idea of Laplace’s method is: if the real
continuous function ¥ (x) has its minimum at xp, which is between infinity and minus infinity, then
it is only the immediate neighborhood of x = x( that contributes to the full asymptotic expansion of
the integral for large 1/p. Therefore, according to [20,61], we may write:

fjooo g(x) eXP(—Tx)dx ~

[exp<—‘1’§;‘>> A (3(2) + 345 (9(x) - — + 3 (3(2)) (22— )+ O(2—)°)

2 12 (¥(x) 12 (¥(x) 2 (¥(x) _—
(19)
2
where O(x) is defined as lim,_,o O(x)/x = R and R is a constant. The functions d ;;(zx) and xq are
obtained via: ,
d¥ a2y
Tl = —2(z — x); dx(ZX) =2
(20)
d¥ (xo)

- = —2(z—x)=0=x =z
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Next, by using (18)—(20), the equalized output pdf (17) can be written as:

f(2) = 8(z) [ (3200} ) 212 + (64222308 ) 210 + fof (384A2AF + 11524) 25+
(162302 + hof (128304 + 1344A223) ) 28 + ({0 (1624 + 480030 + 816A3) + 16420407 ) 24+
(7 (403 +1224) + fok (4813 +336As02) ) 22 + (§0f (123 +2404) + 20007 + 1)
(21)

where:

K
g(z) = exp <Z )\kzk> for k=0,2,4 (22)
k=0

However, according to (10) and (11), the approximated equalized output pdf can be written as:

K
£ (z) = exp (i ;\kzk> = exp (Z )Lka> exp (f ékzk> for k=0,2,4 (23)
k=0

k=0 k=0

which with the help of (12) and (22) is:

fz(z) = g(z) exp (— (so + e92% + £4z4>) (24)

Next we use Taylor expansion [62] up to order three and obtain:

f (@) = 5() (1 - (80 ez’ 547‘4) + % (_ (‘”'0 + 27" + 84Z4>)2 + % (_ (80 2?4 8424))3>
(25)
where (25) can also be written as: 25

Fol2) 2 g(2) () 22+ (—heasd) 210+ (6 — des (S + 2e0es) — beod} — bede) 2+
<€2£4 — L&y (€3 + 2e0e4) — %808284) z0 + (%82 — Lo (€3 + 2e0eq) — €4 + €084 — €083 — %5(2)54) 24
(ezso —Lepe - ez) z2 + (%s% — 13 e+ 1))

(26)
When the equalizer has converged, the convolutional noise power is considered as very small. Thus,
by comparing (26) to (21) and neglecting the terms of 0; where u > 4, we obtain:

(3 - g —eo+1) = (bt (1223 +240) #2020 +1) = o= —20) ()

(ezeo — Jexed — 82) = ((7,% (473 + 12A4) + %07,} (4873 + 336/\4/\2)) = g0 — €y ((T% (473 + 12/\4)>

(28)
where by the use of (27) and [62], (28) can be written as:
—o2(4A3+12)
e2(e0—1) =05 (4A5+1204) = e % ~ —0p (403 +12A4) (1 +¢0) o0)

£ —02 (413 +12A4) (1—24203) = —oF (443 +124)
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and with the help of (21), (26), (27) and [62], we have:
(%e% — Leg (€3 + 2e0eq) — €4 + €084 — SE0E3 — %s%e4> = (%0;4, (16A5 + 480A314 + 816A7) + 16/\2/\4@2,)
3

(—84 +£084) ~ (16)\2)\40’%) = €4 (1 — 80) ~ —16)\2)\4(7%

£y #2304”'2’ ~ —16A140% (1 + €) =~ —16)2A402 (1 - 22\20,3) ~ —16A2A402
. (30)
3.2. Closed-Form Approximated Expression for the MSE
In this subsection, we derive the MSE, which is defined by:
MSE = E[(E[x]y] - x)?] (31)

Thus, we have first to derive the relevant expression for the conditional expectation E[x|y] with the
new Lagrange multipliers for the input and output pdfs.

Theorem 2. The conditional expectation can be approximately written as:

2 4 41 2 4\2 73 81 (2) (‘72)2 gml(Z)
E[x|z] ~ (1+(eo+ezz +£42%) + 5 (g0 + €22° + €42 )) z+ 5ol 4 el

2 g(2) g(2)
where :
1) (32)
z
S =22 (82°0] + 824 sy + 22273 1 1022)4 +31)
glg(z()z) — 4z (6421204 + 1282100703 + 96280212 4 3522803 + 3220A3) + 43226),A2+
4213 + 1682*A3A4 + 348217 + 202213 + 180221544 + 1573 + 30A4)
Proof of Theorem 2. According to Bayes rules, we have:
X z/x x)dx
E[X|Z]: f—oo fz/x( )fx( ) (33)
fz(2)
where: ,
1 (z—x)
ZX) = o= —exp | — 34
fz|x( | ) 27‘[0”7 P < 20.% ) (34)

Next, we use (10) and (23) with k = 0, 2,4 for approximating the equalized output and input pdfs,
respectively. Thus, by using (10), (18), (23), (34) and with k = 0, 2,4 in (33), we obtain:

0 (z—x)*
Efxle] ~ L“m””m(_3%>”
V270p exp (Z}If:o Akzk) exp (Zszo Ekzk)

for k=0,2,4 (35)
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which with the help of (12) and (22) leads to:

(e8] )2
Lo () Mo (<53

E [x|z] ~ or k=0,24  (36)

\/271(71, g(z)
The integral in (36) can be written as:
-00 _ )2 0o v
[ xgexp ( (zzag) ) tx= [ 0 ep(-— i @)
where:
81(x) = xg(x) (38)

Next, by using Laplace’s method [20,61] for solving the integral in (37), we get:

[ 81(x) exp(— 1 )dx ~

¥(x) 27p 1.2 P 144 P 2 3
exp(— x)+ 1 (91(x)) 5 E— + 1L (51l +0
[ p(=*52), [t (010 + bl (1) s + bl (1) G P+ O ) >]
(39)
which can be simplified with the help of (18) and (20) as:
- - o2 o 2 o m
g1 (x)exp(— T8 )dx ~ /(2703 ) g(2) ( + g glgéi))
where: (40)
" 2 " 4
§E =L@ i & @)= [&&mw)] _
Next, we use the Taylor expansion [62] in order to get:
exp(eo + £22% + e42%) = 1+ (e + e22% + e42%) + %(80 + £22% + g42%)? 41)

Now, by using (40) and (41) in (36), the expression for the conditional expectation (32) is obtained.
O

Our next step is to substitute (32) into (31) and to get an MSE expression depending on €, €2, €4,
Az, Aq and on U;i for t < 4:

MSE = 4myA3e07 + 4meAJeacy + 4mgAJesos + 12mpA3op+
161’116)\280/\40'% + 6m2/\2€00}2, + 161’)18)L2)\4€20'r2, + 1671’[10)\2)\4&10’%%‘
SOM4/\2/\40§ + 67714)\2820’% + 61’716/\2840’5 + 6)\20’? + mZS(Z)+
16m8£02xia§ + 20m4so)\4al2, + 2myepen + 2mgepes+ (42)
2800’% + 167)’[10)\2(—320’% + 167”[12)\2840’%4‘
112mA50, + 20meA4e20, + 20mgAae 40y + 60maA 40, + mee5+
2mgerey + 6m2820§ + mwei + 10m4£4af, + arz,

3.3. Closed-Form Approximated Expressions for Ay and Ay

In this subsection, we derive the Lagrange multipliers related to the input pdf. Namely, we
derive closed-form approximated expressions for A, and A4.
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Theorem 3. The Lagrange multipliers related to the input pdf can be approximately expressed by:

~ 1 2 _ 2
A2 2 ot o) (147203 + 2560mamtg — 144y (4803 -+ 288ms))

(43)
~_ 1 2
Ay 20736m2+1280m;mq (480m3 + 2881my)
where mg is the G-th moment of the real part of the input sequence. Namely, for the real valued input case,
we have:
mg = E[xc} )

Proof of Theorem 3. Let us first substitute the expressions for ¢p, €» and &4 given in (13) into (42).
Thus, we obtain a new closed-form approximated expression for the MSE depending on the source
moments, Ay, A4 and (7;; with ¥ > 2 only. Please note that we are looking for a linear closed-form
approximated expressions for A, and A4. Thus, we ignore in the MSE expression all those terms
having /\é/\f1 with i,j > 1, /\12 and )Lfl with [ > 2. In addition, we ignore terms of (7;,‘ with u > 4,
since the MSE is calculated when the equalizer has converged where U’% is already considered as very
low, thus making ¢, with u > 4 negligible. By considering all of this, the approximated MSE can be

written as:
MSE = —0} (20moA30% + 144m4A20 407 — 20203 — 16meA 307 + 12maAeos —1) (45)

Next, we search for those Lagrange multipliers (Ay,A4) that bring the MSE (45) to the minimum. Thus,
we have:

WBE =0 = 40Amy +144A4my —2 =0
(46)
0’(247/515) =0 = 12my+144Aymy —32A4me =0

Solving (46) for A, and A4 leads to (43). O

4. Simulation

In this section, we show the usefulness of our newly-derived Lagrange multipliers (43) compared
to those derived in [52]. Namely, we show via simulation results the robustness to SNR of our
new blind adaptive equalization method based on our newly-derived Lagrange multipliers (43)
compared to [52]. In addition, we also add Godard’s [39] and maximum entropy [20] algorithm
for comparison. Please note that Godard’s [39] algorithm is one of the most popular, computationally
simple, tested and best performing blind equalization algorithm in the signal processing domain
according to [28]. In addition, please note that according to [20], the maximum entropy [20] algorithm
has better equalization performance compared to Godard’s [39] algorithm for the high SNR case. The
equalizer’s taps for [20] were updated according to:

ci[n+1] = ¢ [n] — pentWy™[n — 1 47)

with:

. [(E _ [(HE[D] © il [(HEHDD _Zw] s

<(Z1)2>n <(Z2)2>n

where yupnT is a positive step size parameter and:



Entropy 2016, 18, 65 12 of 24

a8 (02 a2 )+§§4><zl> (2, 2 )2

E [x1|21] _ 25(21) 1A 83(z;) 11 "A
¢ (z1) ¢ (z) 2
1+§§(zzll)( %1 7‘7221)+88g(zj1) (‘7’%1 7‘7221)
(49)
B +:?’1’<Zz> ( o2 o2 > 814)(22) <02 4o )
E [xz\Zz] _ T T T <8§)(22) T
¢ (29) (2) 2
1+§§(222) (0%,—0%,) gsgv(zzz) (03,—0%,)
where:
k=K 4
s=1,2 §(z)= {exp (Zk:Z /\ix’s‘) }x .
4 _ k=K 35 ..k 4 _Jd k=K k
§'(zs) = {ﬁ {9XP (Zkzz Ai%)} }x L §W(zs) = {y {eXP (Zkfz /\Iscxs)]} . (50)
S s—Zg s

~
N
@

() = iy [wor (R )], o 876 = {ig [ew (S AR)])

Xs=2Zs Xs=2Zs

and 051,032 are the variances of the real and imaginary parts of the source signal, respectively.

The variances of the real and imaginary parts of the equalized output are defined as (7221 and 0222,
respectively, and estimated by [20]:

<Z§> = (1 —Bent) <Z§>n—1 + BENT (Zs)i (51)

where () stands for the estimated expectation, (z2) o > 0,1 stands for the I-th tap of the equalizer and
BENT is a positive step size parameter. The Lagrange multipliers )A\i from (50) are according to [20]:

k(k—V)m5_y +285K2msy o +2kTf=%  ALms; 5 =0
(52)
k=2,46,.,K

where mlc, mé are the G-th moment of the real and imaginary parts of the source signal respectively,
defined by:

my = E [xﬂ (53)
According to [20], the equalizer’s taps are updated only if Ny > &, where ¢ is a small positive
. o 5(4)
parameter and N; = 1+ £ (z1) (02 —02)+3 ) (02 — (7225)2.

28(z1) 88(z1) \7*s
The equalizer’s taps for Godard’s algorithm [39] were updated according to:
2 E [‘x‘zl} *
c[n+1]=c[n]—uc | 2" - o | v =1 (54)
i

where ji is a positive step size parameter. The equalizer’s taps for [52] were updated according to:

ci[n+1] = ¢ [n] — unewWy*[n — 1] (55)
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with W given in (48), but with:

/ "

E [x1]z1] =~ z1[n] + 8 (=) (02, —02) + g

() (2 _ ;2\2
2g(21) Z1 Slg(Z]l) (Uzl B le)
(56)
n 7//// 5
E [xal2] = za[n] + 12 (02, — 0F) + S (02— 2,)
wheres = 1,2,  §(z5) = exp (Z,Ifzz Aszk
_n 2 -
8 () = L [wow (Tlalin) g, &
_m 4 = s
8 ) = {is [vow (Thatim)]}, .
with A§ for k = 2,4 is given according to [52] by solving the following equation:
6 +24A3m5 + 80A3m; =0 (58)
60m3 + 224A5mS + 80A5m5 = 0
and:
<Z§> = (1- Bnew) <Z§>n71 + Bew (25); (59)

BNEw and pnEgw are positive step size parameters. The equalizer’s taps of our newly-derived blind
adaptive equalizer with our newly-derived Lagrange multipliers (43) were updated according to:

ci[n+1] = ¢ [n] — panewWy™[n — 1] (60)
with W given in (48), but with:

2

2
0-2
E[x1|z1] =~ (1 + (0 + €222 + €42}) + 3 (e0 + €222 + 842‘1*)2) <21 + %gl @) | ( ’Q) 81 (Zl)>

g(z1) 8(z1)

2 ), (B) o e
E [xalz2) = (1+ (eo+ 273 + e478) + b(eo + &7 + e42d)?) | o+ R0 4 L) 8115

where :

s=1,2 (61)

"
) = 27, (828A3 + 823A0As + 22203 + 102204 + 312)

nn

S5 gz (6420208 + 1282000003 + 9628303 + 3522823 + 3228A3A, + 432280007+

8(zs)
4z303 4 16822030 + 3482213 + 202273 + 180224244 + 1573 + 30A4)

<Z§> = (1—Banew) <Zg>n71 + Banew (2s)2 (62)

and €g, €2, &4 and Ay, A4 are given in (13) and (43), respectively. Banew and panpw are positive
step size parameters. In the following, we denote “MaxEnt”, “MaxEntnrw”, “MaxEnt sngw”
and “Godard” as the algorithms given in [20], [52], (60) and [39], respectively. For the “MaxEnt”,
“MaxEntypw” and “MaxEnt sNpw” algorithms, we used E[z2] = E[x?] for initialization. The
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following channel was considered: Channel 1 (initial ISI = 0.44): Taken according to [1]: h, =
{0 for n<0; —04for n=0; 084x04"! for n>0}.

We used an equalizer with 13 taps. The equalizer was initialized by setting the center tap
equal to one and all others to zero. Two input sources were considered: A 16QAM source (a
modulation using & {1,3} levels for in-phase and quadrature components) and another complex
input where the real and imaginary parts of the input are random independent processes uniformly
distributed within [—1,+1]. Figure 2 shows the equalization performance of our new proposed
equalization method (“MaxEnt snpw” (60)), namely the ISI as a function of iteration number for the
16QAM constellation input sent via Channel 1 for the high SNR case (SNR = 30 dB), compared
to the equalization performance obtained from the maximum entropy [20,52] and Godard’s [39]
algorithm. Please note that for Figure 2, the step size parameters of the algorithms were chosen
for fast convergence with low steady-state ISI. According to simulation results (Figure 2), our new
proposed algorithm (“MaxEnt anpw” (60)) has better equalization performance, namely a much
lower residual ISI compared to Godard'’s [39] algorithm, but at the same time, leaves the system with
a higher residual ISI compared to the maximum entropy [20] and the algorithm given in [52]. Figure 3
shows the equalization performance of our new proposed equalization method (“MaxEnt sngw”
(60)), namely the ISI as a function of the iteration number for the 16QAM constellation input sent
via Channel 1 for SNR = 15 dB, compared to the equalization performance obtained from [52] and
Godard’s [39] algorithm. Please note that the maximum entropy [20] algorithm is applicable only for
the high SNR case. Therefore, we ignore this algorithm [20] for the lower SNR cases. According to
Figure 3, the “MaxEntnpw” algorithm [52] does not converge with the step size parameters used
from the case of SNR = 30 dB (Figure 2). However, unlike the “MaxEntygw” algorithm [52],
our new proposed algorithm (“MaxEnt snpw” (60)) and “Godard” [39] work very well according to
Figure 3. In addition, based on Figure 3, our new proposed algorithm (“MaxEnt onrw” (60)) shows
equalization improvement from the residual ISI point of view of approximately 8 dB compared to
“Godard’s” [39] method. It is worth noting that, if the algorithm does not diverge at 50 trials, it does
not mean that the algorithm will not diverge at 100 or 200 trials, for example. Now, by decreasing the
step size parameter (Bngw) for the “MaxEntnpw” algorithm [52], the algorithm converges Figure 4.
However, as can be seen from Figure 4, our new proposed algorithm (“MaxEntsnpw” (60)) shows
equalization improvement from the residual ISI point of view of approximately 8 dB and 7 dB
compared to “Godard’s” [39] method and the “MaxEntnpw” [52] algorithm, respectively. Figures 5-7
show the equalization performance of our new proposed equalization method (“MaxEnt angw” (60)),
namely the ISI as a function of the iteration number for the 16QAM constellation input sent via
Channel 1 for SNR = 10 dB, compared to the equalization performance obtained from [52] and
Godard’s [39] algorithm. According to Figures 5-7, the “MaxEntnpw” [52] algorithm does not
converge despite the fact that step size parameters were decreased for the algorithm. Please note
that the other algorithms (“MaxEnt onpw” and “Godard”) continued working well with the original
step size parameters from the case of SNR = 30 dB. Thus, we have seen so far from Figures 2-7
the robustness to SNR of our new proposed algorithm (“MaxEnt sngw” (60)). Once the step size is
optimized for the very high SNR case, no changes are needed in the step size parameters for the lower
SNR case. Figures 8 and 9 show the equalization performance of our new proposed equalization
method (“MaxEnt gsnpw” (60)), namely the ISI as a function of the iteration number for the 16QAM
constellation input sent via Channel 1 for SNR = 10 dB and SNR = 7 dB, respectively, compared
to the equalization performance obtained with Godard’s [39] algorithm. According to Figures 8
and 9, our new proposed algorithm (“MaxEnt anpw” (60)) shows equalization improvement from
the residual ISI point of view of approximately 64B compared to “Godard’s” [39] method for both
cases (SNR = 10 dB and SNR = 7 dB). Now, “Godard’s” [39] method can achieve better equalization
performance for SNR = 7 dB if the step size parameter is changed, as is shown in Figure 10.
However, even then (Figure 10), “Godard’s” [39] method does not achieve better equalization
performance compared to the “MaxEnt snypw” algorithm. Finally, we turn to check our new proposed
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algorithm (“MaxEnt oangw” (60)) with a different input sequence. Figures 11-13 show the equalization
performance of our new proposed equalization method (“MaxEntsnpw” (60)), namely the ISI as
a function of the iteration number for a uniformly-distributed input sequence within [—1, +1] sent
via Channel 1 for SNR = 30 dB, SNR = 15 dB and SNR = 10 dB, respectively, compared to
the equalization performance obtained with Godard’s [39] algorithm. According to Figures 11-13,
our new proposed algorithm (“MaxEntnyew” (60)) has better equalization performance in the
residual ISI point of view (Figures 11 and 12) compared to Godard’s [39] algorithm or has the same
equalization performance as “Godard” [39] (Figure 13).

In blind equalization, the desired signal is unknown to the receiver, except for its probabilistic
or statistical properties over some known alphabets. As both the channel and its input are unknown,
the objective of blind equalization is to recover the unknown input sequence based solely on its
probabilistic and statistical properties; see [2]. In this paper, we used the maximum entropy density
approximation technique for approximating the input and output pdfs, respectively. Thus, the input
pdf was a function of the source signal and a function of some Lagrange multipliers, while the output
pdf was a function of the equalized output sequence and a function of some Lagrange multipliers
that were different from those used for the input pdf. The Lagrange multipliers used for the input pdf
depended only on the source moments. Namely, the Lagrange multipliers are used for the input pdf
based solely on the input sequence statistical properties. The Lagrange multipliers used for the output
pdf depended on the Lagrange multipliers related to the input pdf, on the convolutional noise power
and on the channel noise power seen at the equalized output. Obviously, if there is no channel noise
and the equalizer succeeded to reduce the convolutional noise to zero (which means that there is no
residual ISI), the Lagrange multipliers related to the input sequence will be the same as the Lagrange
multipliers related to the equalized output sequence. The closed-form approximated expression for
the conditional expectation was obtained by using the above-mentioned approximations for the input
and output pdfs. It depends on the input sequence statistical properties (on the input variance and
some higher moments), which are also needed, for example, in Godard’s algorithm [39]. The newly
derived equalizer based on the newly derived expression for the conditional expectation does not
need to know if the sent symbol was now —1 + 3j or 1 — 3j, for example, as is needed for the
non-blind case; nor does it need to know, for example, if the input sequence belongs to a 16QAM
constellation or to an uniformly-distributed input within [—1,+1]. However, the input sequence
statistical properties need to be known, as is also the case in Godard’s algorithm [39]. This means
that when the input sequence changes from a 16Q AM constellation to a uniformly-distributed input
within [—1, +1], the algorithm needs the new input sequence statistical properties, which, again, is
also the case in Godard’s algorithm [39]. As already mentioned above, the input pdf was derived
as a function of the source signal and as a function of some Lagrange multipliers that depend on
the input sequence statistical properties (on the input variance and some higher moments). Thus,
for each input sequence with different statistical properties, we obtain different Lagrange multipliers
and, therefore, also a different input pdf. Thus, we have not considered in this work a specific input
pdf, but rather a successful approximation for the input pdf that can be applied for a very wide
range of input signals with different statistical properties (thus having different input pdfs). In this
work, we considered only the following Lagrange multipliers for the input pdf: Ay for k = 0,2,4.
It is reasonable to think that the use of only three Lagrange multipliers (A for k = 0,2,4) in the
approximation of the input pdf may describe as less successful the real input pdf for some input
signals than for others. This may explain the simulation results we have seen for the 16Q AM input
constellation and for the uniformly-distributed input within [—1, +1]. It is also reasonable to think
that the use of four Lagrange multipliers (A for k = 0,2,4,6) or more instead of only three would
have led to a more successful approximation for the input pdf related to the uniformly-distributed
input sequence within [—1,+1] and, thus, to further improved equalization performance. However,
using more Lagrange multipliers increases the computational complexity of the algorithm, which is
already much higher compared to Godard’s algorithm [39].
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Figure 2. Performance comparison between equalization algorithms for a 16Q AM source input going
through Channel 1. The averaged results were obtained in 50 Monte Carlo trials for an SNR = 30 dB.
unew = 0.0001, Byew = 1 x 1074, upnt = 3 x 1074, Bent = 2 x 1074, ug = 7 x 1072, pianew =
0.00009, Banew = 1 x 1075,

0 T T T T T T
—<+— Godard
— MaxEntNEW
-5 [ MaxEntANEW 5

ISI [dB]
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0 0.5 1 15 2 2.5 3 3.5
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Figure 3. Performance comparison between equalization algorithms for a 16Q AM source input going
through Channel 1. The averaged results were obtained in 10 Monte Carlo trials for an SNR = 15 dB.
unew = 0.0001, Bypw =1 X 1074, U =7Xx 1075, uanew = 0.00009, Banew =1 X 1075.
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Figure 4. Performance comparison between equalization algorithms for a 16Q AM source input going
through Channel 1. The averaged results were obtained in 50 Monte Carlo trials for an SNR = 15 dB.
unew = 0.0001, Bnew = 1 x 1075, g = 7 x 1075, panew = 0.00009, Banew = 1 x 1075,
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Figure 5. Performance comparison between equalization algorithms for a 16QAM source input going
through Channel 1. The averaged results were obtained in one Monte Carlo trial for an SNR = 10 dB.

unew = 0.0001, Byew = 1 x 1075, ug =7 x 1075, panew = 0.00009, Banew = 1 x 1075.
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Figure 6. Performance comparison between equalization algorithms for a 16Q AM source input going
through Channel 1. The averaged results were obtained in 10 Monte Carlo trials for an SNR = 10 dB.

unew = 0.00009, Byew =1 x 1075, ug =7 x 1075, panew = 0.00009, Banew = 1 x 1072,

5 T T T T T
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O MaxEntNEW
or - MaxEntANEW 5
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-25 : :
0

Iteration Number x 104

Figure 7. Performance comparison between equalization algorithms for a 16QAM source input going
through Channel 1. The averaged results were obtained in 10 Monte Carlo trials for an SNR = 10 dB.

unew = 0.00007, Byew =1 x 1075, ug =7 x 1075, panew = 0.00009, Banew = 1 x 1072,
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Figure 8. Performance comparison between equalization algorithms for a 16Q AM source input going
through Channel 1. The averaged results were obtained in 50 Monte Carlo trials for an SNR = 10 dB.
i =7 x 1072, panew = 0.00009, Banew = 1 x 1072,

_2 T T T T T
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i . : —+— MaxEnt, e\ |
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-18 1
0
Iteration Number % 10°
Figure 9. Performance comparison between equalization algorithms for a 16QAM source input going

through Channel 1. The averaged results were obtained in 50 Monte Carlo trials for an SNR = 7 dB.
He =7 x 1072, panew = 0.00009, Banew = 1 x 1075,



Entropy 2016, 18, 65 20 of 24

_2 T T
—<— Godard
_4< : —+— MaxEnt, | -/

ISI [dB]

-18 !
0 5000 10000 15000

Iteration Number

Figure 10. Performance comparison between equalization algorithms for a 16QAM source input
going through Channel 1. The averaged results were obtained in 50 Monte Carlo trials for an SNR =7

dB. ig = 2.5 x 1075, uanew = 0.00008, Banew = 1 x 107°.
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Figure 11. Performance comparison between equalization algorithms for a uniformly-distributed
source input within [—1, +1] going through Channel 1. The averaged results were obtained in 50
Monte Carlo trials for an SNR = 30 dB. pg = 0.002, y angw = 0.00055, Banew = 1 X 10-°.
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Figure 12. Performance comparison between equalization algorithms for a uniformly-distributed
source input within [—1, +1] going through Channel 1. The averaged results were obtained in 50
Monte Carlo trials for an SNR = 15 dB. yg = 0.002, y sngw = 0.00055, Banew =1 X 107°.
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Figure 13. Performance comparison between equalization algorithms for a uniformly-distributed
source input within [—1, +1] going through Channel 1. The averaged results were obtained in 50
Monte Carlo trials for an SNR = 10 dB. g = 0.002, y angw = 0.00055, Banew = 1 X 10-°.
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5. Conclusions

In this paper, we derived new approximated closed-form expressions for the Lagrange
multipliers (A2, Ag, Aa, A4) related to the input and output pdfs. In addition, we obtained new
closed-form approximated expressions for the conditional expectation and MSE inspired by the
maximum entropy density approximation technique. Based on the newly-derived expression for
the conditional expectation, a new blind adaptive equalization method was obtained that is robust to
SNR and is applicable for the whole range of SNR down to 7 dB. Simulation results have shown that
our newly-obtained equalization method has also significant equalization performance improvement
in the residual ISI point of view compared to Godard’s algorithm [39], the maximum entropy method
[20] and [52] for 7 dB < SNR < 15 dB.
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