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Abstract—This paper analyzes both the mean-square error
(MSE) and the mutual information in block-based transceivers
that employ zero-padding. We consider both linear transceivers
and decision-feedback equalizers (DFE) that minimize the MSE
of symbols. These systems may enjoy the zero-forcing property
or not, and may use unitary precoder or not. We demonstrate
mathematically that the MSE/mutual information related to these
transceivers are: (i) monotone increasing/decreasing functions
of the number of transmitted symbols per block; (ii) monotone
decreasing/increasing functions of the number of redundant data
used in the equalization process of a block; and (iii) increased/de-
creased whenever non-minimum phase channels are utilized,
instead of their minimum phase counterparts, assuming that one
does not use the whole received data block to estimate the trans-
mitted signal. As consequence of the former results, we also prove
that, for both DFE and minimum error-probability systems, the
average error-probability of symbols maintains the same mono-
tonic behavior as the average MSE of symbols. The theoretical
results do not include pure minimum MSE-based systems.

Index Terms—Block transceivers, equalizer, mean-square error
(MSE), zero-forcing, zero-padding.

I. INTRODUCTION

T HE modeling of communication systems by using trans-
multiplexers is a well-known analysis tool [1], [2]. Finite

impulse-response (FIR) filters are preferred to infinite impulse-
response (IIR) filters due to the difficulties inherent to both the
design and analysis of IIR transmultiplexers. In this context,
FIR transmultiplexers capable of eliminating the intersymbol
interference (ISI) intrinsic to broadband transmissions can be
designed when redundant signals are properly inserted [1]–[5].
The type of redundancy (cyclic-prefix/suffix, zero-padding/jam-
ming, etc.) appended before transmitting the signals plays a cen-
tral role in the whole communication process.
In practical applications, memoryless block-based transmul-

tiplexers are the prevalent choice. For such transceivers, zero-
padding (ZP) is a quite effective way to eliminate the interblock
interference (IBI) that pervades block-based transmissions. In-
deed, in several different setups, ZP systems are optimal solu-
tions in the mean-square error (MSE) sense [2]. This optimality
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characteristic leads to better performance of ZP-based trans-
ceivers, as compared to cyclic-prefix-based systems in a number
of situations [6], [7]. Besides, ZP-based systems require lower
transmission power than nonzero-padded solutions.
Nevertheless, redundant transceivers have some drawbacks,

given that the insertion of redundant elements (data that, a
priori, do not contain any additional information) reduces the
effective data rate or throughput. The redundancy is employed
by the transmission/reception processing to overcome the
distortion effects introduced by frequency-selective channels.
As an example, for an FIR-channel model with order , a
classical ZP-based system introduces at least zeros before the
transmission. This requirement reduces the throughput of these
transceivers, especially when the channel is very dispersive.
The current trend of increasing the demand for radio trans-

missions shows no sign of settling. The amount of wireless data
services is more than doubling each year leading to spectrum
shortage as a sure event in the years to come. As a consequence,
all efforts to maximize the spectrum usage are highly justifiable
at this point. A possible way to cope with the throughput reduc-
tion related to redundant transceivers is to increase the number
of data symbols, , in a block. Indeed, as increases, the ratio

decreases, which means that the relative amount of redun-
dancy diminishes.
However, the block size cannot have any desired value,

since there are many factors that affect the choice of . One
of them is the delay constraint associated with the signal pro-
cessing of a data block. Besides, there are some studies in the
literature indicating a performance degradation of zero-padded
transceivers whenever increases [2], [7], [8]. The author in
[7], for instance, has theoretically proved that several figures
of merit that quantify the performance of ZP-based single-car-
rier optimal linear transceivers (either zero-forcing or minimum
MSE optimal solutions) degrade as increases. The authors in
[2, pp. 585–589 and 634–636] have empirically verified a sim-
ilar performance behavior for a wide class of zero-padded op-
timal transceivers, including DFE-based systems.
As the authors in [2, p. 590 and p. 634] point out, for most of

the available solutions there is nomathematical proof of how the
relative amount of redundancy influences the transceiver perfor-
mance, although in some cases there are simulation results that
indicate some trends. This work provides, for the first time in
the literature, some missing mathematical proofs. Indeed, we
prove that both the average MSE of symbols and the average
mutual information between transmitted and estimated signals
degrade whenever one decreases the relative amount of redun-
dancy in the system, i.e., whenever increases (for a fixed
channel order).
Another interesting feature of the ZP-based transceivers is the

performance behavior when one discards redundant data at the
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receiver side. The author in [8] has proved that the noise gains
related to ZP-based single-carrier linear systems increase when
one removes some redundant elements from the received vector
in the attempt to diminish the amount of numerical operations
in the equalization process. This paper also extends the results
from [8] to a wider class of ZP-based linear and DFE trans-
ceivers. More specifically, we demonstrate that the MSE and the
mutual information related to ZP-based optimal transceivers are
also monotone functions of the number of redundant elements
employed in the equalization.
Moreover, as a final contribution, this paper shows that, for

a wide class of ZP-based linear and DFE systems, the perfor-
mance degrades whenever a channel zero inside the unit circle
is replaced by a related zero outside the unit circle, without
changing the magnitude response of the channel. Actually, this
result holds when one does not use the whole received data
block in the equalization, i.e., when some redundant elements
are discarded. If the whole received data block is employed,
then the MSE and the mutual information related to such trans-
ceivers are not sensitive to whether the channel zeros are inside
or outside the unit circle. It is worth mentioning that these re-
sults are extensions of similar results from [8] to a wider class
of ZP-based optimal transceivers.

A. Organization

The organization of the paper is as follows: Section II gives
the background of zero-padded optimal transceivers (linear and
DFE). In Section III, some results that quantify the performance
of zero-padded optimal transceivers are described. Section IV
shows the monotonic behavior of the performance metrics de-
scribed in Section III when the block size varies. Section V
contains the results that characterize the monotonic behavior
of the performance metrics described in Section III when the
number of redundant symbols used in the equalization process
varies. The effect of the zero locations of the channel on the
performance of zero-padded optimal transceivers is analyzed in
Section VI. The concluding remarks and future works are de-
scribed in Section VII. A number of appendices containing the
proofs of the main results of this paper are also included.

B. Notation and Terminology

The notations , and stand for trans-
pose, conjugate, Hermitian transpose, pseudoinverse, and ex-
pectation operations on , respectively. The set de-
notes all polynomials in the variable with complex-
valued matrices as coefficients. The differential entropy of a
random vector is denoted as , whereas the mutual in-
formation between the random vectors and is denoted as

. The symbols and denote an matrix
with zero entries and the identity matrix (sometimes we
may drop the index without loss of clarity). Given two sets
and , the set contains the elements of that are not

elements of and the set denotes the usual Cartesian
product. The notation denotes the standard norm-2 of a
vector (when the argument is a matrix such a notation denotes
the induced Euclidean norm of matrices), whereas denotes

the standard Frobenius norm of a matrix. The notation ,
means that , i.e., is a positive semidefinite ma-
trix. Similarly, the notation , means that , i.e.,

is a positive definite matrix. The set denotes
all positive semidefinite Hermitian matrices whose
eigenvalues are within the open interval . Given a
function and a matrix , then
one can define the mapping , in which

is the eigendecomposition of . In this context,
a function is matrix-monotone on if

, for all such that .
Moreover, a function is matrix-concave on

if ,
for all and for all .

II. ZERO-PADDED OPTIMAL TRANSCEIVERS

Let be a vector containing
symbols of a constellation . This vector is transmitted through
a frequency-selective channel, whose matrix model is

, with . The matrix
models the intersymbol-interference (ISI) characteristic of

the channel, whereas the matrix models the presence of
interblock interference (IBI) inherent to all block-based trans-
missions [1], [2].
In general, some sort of redundant signals are inserted before

transmitting . This redundancy aims at eliminating the IBI. In
this paper, we shall consider zero-padded transceivers, i.e., the
redundant signals are zeros that are inserted at the end of each
data block.
Thus, by assuming an FIR-channel model with

complex-valued taps , for each ,
one can define the effective channel matrix as [1], [2]

...
...

. . .
...

...
. . .

...

(1)

in which the IBI effect has already been eliminated by means
of the insertion of zeros in the transmitted data block. Notice
that, in this case, . In some situations, we shall
also denote the effective-channel matrix in (1) as in order
to highlight that symbols are transmitted per block.
Before starting the transmission, a preprocessing is imple-

mented at the transmitter side through the multiplication of the
vector by the transmitter matrix . The resulting
data vector is the input of the effective channel. Hence,
the received vector is used to esti-
mate the transmitted data, where models the additive channel
noise. The particular way the symbols are estimated at the re-
ceived end depends on the transceiver structure. In this work,
we shall consider only linear (see Section II-A) and DFE-based
(see Section II-B) structures.
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A. ZP Optimal Linear Transceivers

The symbol estimation in ZP optimal linear transceivers is
implemented by means of a multiplication of the vector by the
receiver matrix . Thus, we have the estimate

.
There are many ways to design the transmitter and receiver

matrices and . In this work we shall focus mainly on mini-
mizing the MSE of symbols, . The minimum MSE
(MMSE) designs are very common in practical systems and
their solutions are well known [2]. The overall MSE of sym-
bols is given by [2]

(2)

in which we have assumed that the transmitted vector and the
channel-noise vector are, respectively, drawn from the zero-
mean jointly wide-sense stationary (WSS) random processes
and .1 In addition, we have assumed that and are uncorre-
lated, i.e.,

.
Furthermore, let us assume that

and , with . The au-
thors in [2,pp. 399, 400] show that the assumption
is not a loss of generality. On the other hand, the assumption

is adequate only in the cases of single-user sys-
tems employing neither bit nor power loading. We therefore
have

(3)

Let us formulate the problem of designing the matrices and
as an optimization problem

(4)

(5)

(6)

(7)

(8)

where is an indicator variable: the zero-forcing
constraint is enforced whenever . For , one has
a pure MMSE-based solution. Similarly, is also an
indicator variable: a unitary-precoder (UP) system is designed
whenever . Note that, for , the only restriction
on the precoder matrix is to satisfy the power constraint. In
this context, denotes the total-power input to the
channel. It is common to assume that ,
i.e., the average transmitted power per symbol is . Likewise,

is also an indicator variable: a channel-in-
dependent unitary-precoder (CI-UP) transceiver is designed

1We have omitted the time-index for the sake of simplicity.

whenever . In general, the precoder matrix is a
predefined unitary matrix . Two of the most
useful examples of such a matrix are (single-carrier
transmission) and (multicarrier transmission),
in which is the normalized discrete Fourier
transform (DFT) matrix [2], [5].
Note that the aforementioned optimization problem has

six possible solutions. Each solution is associated with a
choice of the indicator variables , and .
Thus, we have the following transceiver types: (i) CI-UP ZF
system (an MMSE-based solution under both the zero-forcing
and channel-independent unitary-precoder constraints); (ii)
CI-UP Pure system (an MMSE-based solution under the
channel-independent unitary-precoder constraint); (iii) UP ZF
system (an MMSE-based solution under both the zero-forcing
and unitary-precoder constraints); (iv) UP Pure system (an
MMSE-based solution under the unitary-precoder constraint);
(v) ZF system (an MMSE-based solution under both the
zero-forcing and transmitter-power constraints); (vi) Pure
system (an MMSE-based solution under the transmitter-power
constraint).2

The solutions to the above optimization problem related to
the first two transceiver types (CI-UP ZF3 and CI-UP Pure) are
given by [2, p. 479 and p. 483]:4

(9)

(10)

(11)

The other four linear solutions (whether UP-ZF, ZF, UP-Pure,
or Pure MMSE-based solutions) to the above optimization
problem share the same structure depicted in Fig. 1. The unitary
matrices appearing in this figure stem from the singular-value
decomposition (SVD) of the effective channel matrix
; that is

(12)

where is an diagonal matrix containing
the nonzero singular values of . The th diagonal element
of is denoted as . In addition, the diagonal
matrices and depend on the particular design. Note that
the optimal transmitter and receiver matrices are, respectively,
given by [2, p. 814]:

(13)

(14)

2Note that CI-UP Pure and UP Pure transceivers do not meet the ZF con-
straint.
3Even though the CI-UP ZF transceiver does not depend upon any informa-

tion about the statistics of the noise , we shall still refer to it as a particular
type of MMSE-based transceiver for the sake of conciseness.
4We shall assume that the matrix has full column rank.
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Fig. 1. Structure of the zero-padded UP-ZF, ZF, UP-Pure, and Pure MMSE-
based transceivers.

Fig. 2. General structure of an MMSE-based optimal DFE employing zero-
padding.

Furthermore, let us observe that if one substitutes by
and by , where is an unitary matrix, the
resulting MSE remains unchanged. Indeed, this occurs since

(15)

(16)

for any unitary matrix . We therefore can insert a unitary ma-
trix at the transmitter (before the precoding process) and
its inverse at the receiver (after the equalization process)
without changing the ZF-property, the transmitter power, or the
MSE of symbols. Nevertheless, the additional unitary matrix
can be used to further minimize the average error-probability of
symbols [2, pp. 494–499].

B. ZP Optimal DFE

Fig. 2 depicts the general structure of the DFE system. In this
figure, denotes the vector containing the detected
symbols at the receiver end. The detected symbols are nonlinear
functions of the estimated symbols. The estimation in ZP-DFE
systems is implemented by means of a subtraction of the vector
from the vector . The complex-valued ma-

trix is the so-called feedforward matrix, whereas the
complex-valued matrix is the feedback matrix. Thus, we have
the estimate . Note that, since the de-
tection is implemented based on the estimate itself, the matrix
is chosen to be strictly upper triangular, so that the symbol

estimation within a data block is sequentially performed, guar-
anteeing the causality of the process [2].
The presence of a nonlinear function in the basic DFE model

hinders the search for optimal solutions, even within the simple
MMSE approach. A key hypothesis that helps one simplify the
mathematical deduction of optimal solutions is the assumption
of perfect decisions [2]. Thus, we shall assume that from
now on. It is rather intuitive that this assumption is suitable only
when the error-probability of symbols is small. Note that, by
assuming perfect decisions, the estimate can be rewritten as

.

As in the linear case, there are many ways to design the trans-
mitter, feedforward, and feedback matrices , and . Once
again, we will focus on minimizing the MSE of symbols, .
Using the same hypotheses of the linear case, the overall MSE
of symbols is given by [2]

(17)

Let us formulate the problem of designing the matrices ,
and as an optimization problem:

(18)

(19)

(20)

(21)

where is an indicator variable: the zero-forcing
constraint is enforced whenever . For , one
has a pure MMSE-based solution. Hence, for the DFE system,
we have only two distinct solutions: ZF and Pure MMSE-based
solutions. We do not consider other solutions since they are all
related to each other. The ZF solution, for instance, is also a
unitary-precoder solution and it also minimizes the error-prob-
ability of symbols [2, pp. 619–621].
The solutions to the above optimization problem related to

the two DFE systems are given by [2, p. 816]

(22)

(23)

(24)

in which and are diagonal matrices, whereas is an
unitary matrix, and is an upper trian-

gular matrix containing only 1s in its main diagonal. In fact, the
exact definitions of the diagonal matrices and , as well as
the unitary matrices and depend on the particular design,
whether a ZF or a Pure MMSE-based solution is chosen. How-
ever, the matrices and always come from QRS decompo-
sitions of diagonal matrices for both designs [2, pp. 646–656].
In the ZF case, for instance, the related QRS decomposition is

, where and are unitary matrices, whereas
is upper triangular with diagonal elements . In

addition, is the geometric mean of the diagonal ele-
ments of . See [2] and references therein for further detailed
information.

III. PERFORMANCE OF ZERO-PADDED OPTIMAL TRANSCEIVERS

This section characterizes the performance of zero-padded
optimal transceivers by using some appropriate figures of merit.
We shall focus mainly on the MSE of symbols and the mutual
information between transmitted and estimated signals. In ad-
dition, we shall also describe the error-probability of symbols
associated with some of these transceivers, namely: minimum
error-probability and DFE MMSE-based systems.
In order to characterize the MSE performance of the

ZP transceivers, let us first define , in which
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is the deterministic channel-cor-
relation matrix, considering the transmission of data
symbols. Similarly, let us assume that , where

enjoys the same structure
as . Moreover, we shall denote explicitly that the singular
values of depend on . Thus, is the th singular
value of . By using these definitions, we have the following
result concerning the average MSE of symbols related to each
ZP optimal transceiver.
Proposition 1: The zero-paddedMMSE-based optimal trans-

ceivers have the following average MSE of symbols:5

(25)

(26)

(27)

(28)

Proof: We have just rewritten the results from [2, Tables
I.1, I.2, and I.3 in Appendix I, pp. 814–816].
The reader should notice the close relationship between the

MSE of symbols and the singular values of the effective-channel
matrix. Indeed, smaller singular values of the effective-channel
matrix lead to larger average MSE of symbols. With respect
to the average MSE of symbols related to Pure MMSE-based
systems (linear and DFE), we did not include them in Proposi-
tion 1 since the exact expressions for and ,
without assuming that the transmitted power is large, are too
complicated to be analyzed here (see [2, (13.50) and (19.113)]).
For this reason, we shall refer to zero-padded optimal trans-
ceivers without including Pure MMSE-based systems (linear
and DFE) from now on.
Another very useful figure of merit is the mutual information

between the transmitted and estimated signals. Mutual informa-
tion allows one to quantify the mutual statistical dependence
related to these two random variables. By taking this fact into
account, we have the following result concerning the average
mutual information between the transmitted vector and its es-
timate related to each ZP optimal transceiver.

5When the block size is , we set [see (2) and (3)].

Theorem 1: For the zero-paddedMMSE-based optimal trans-
ceivers, the average mutual information between the transmitted
vector and its estimate is given by:6

(29)

(30)

(31)

where is a positive number that depends on . In addition,
we have assumed that and are independent zero-mean cir-
cularly symmetric complex Gaussian random vectors.

Proof: See Appendix A.
Once again, this figure of merit is strongly related to the

singular values of the effective-channel matrix. Indeed, the
smaller the singular values of the effective-channel matrix are,
the smaller the average mutual information is.
The ultimate goal of a transmission/reception process is to

allow one to transmit symbols that, ideally, could be perfectly
detected at the receiver end. The error-probability of symbols is,
therefore, a very appealing figure of merit to quantify the per-
formance of communication systems. For the case of both the
minimum error-probability and the DFE MMSE-based systems
(see Section II), the resulting error-probability of symbols are
directly associated with the average MSE of symbols. Indeed,
it is possible to show that, for such transceivers, the average
error-probability of symbols is a monotone increasing function
of the corresponding average MSE of symbols [2, p. 579 and p.
619]. This close relationship between these two important fig-
ures of merit is quite useful, since any monotonic behavior asso-
ciated with the MSE of symbols is automatically transferred to
the error-probability of symbols associated with both the min-
imum error-probability and the DFE MMSE-based systems.

IV. EFFECT OF INCREASING THE BLOCK SIZE

This section analyzes the behavior of both the MSE and the
mutual information associated with the ZP optimal transceivers
as the number of transmitted symbols, , increases. With such
an analysis we aim at evaluating the effect of increasing the
bandwidth efficiency upon the performance of ZP optimal trans-
ceivers. Indeed, when we consider the transmission of signals
through an th-order channel, the percentage of redundant sig-
nals in the whole data block always decreases when one in-
creases the number of data symbols from to . On the
other hand, one is not allowed to increase substantially due
to delays introduced by the signal-processing building blocks of
the transceivers.
The block size does interfere in the performance of the ZP

optimal transceivers, in addition to its drawbacks in delay-con-
straint applications. As a matter of fact, the performance of

6When the block size is , we set , where is the
mutual information between the complex-valued vectors and .
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Fig. 3. Average MSE of symbols of ZP optimal transceivers as a function of
block size .

ZP optimal transceivers tends to degrade as the block size in-
creases. The author in [7] has proved that several figures of
merit that quantify the performance of single-carrier ZP trans-
ceivers present a monotone behavior with respect to . For ex-
ample, the average MSE and the average error-probability of
symbols are monotone increasing functions of . A similar be-
havior has also been reported in [2] for the other ZP optimal
transceivers after performing thorough simulation experiments.
Nonetheless, as highlighted in [2,p. 590], no theoretical proof
of this monotonic behavior is known for the case of jointly opti-
mized transceivers (linear or DFE), except for the single-carrier
ZP transceiver [2], [7]. The following results are the first attempt
to bridge this gap.
Theorem 2: The average MSE of symbols associated with

the zero-padded MMSE-based optimal transceivers is a mono-
tone increasing function of the number of transmitted symbols
per block. Mathematically, for all positive integer , one has

.
Proof: See Appendix B.

Fig. 3 illustrates the monotonic behavior of the average MSE
of symbols as a function of the block size, , for ZP-based
optimal transceivers, namely: CI-UP-ZF, CI-UP-Pure, UP-ZF,
UP-Pure, ZF, and ZF-DFE systems. For this experiment, we
have used , and the channel transfer func-
tion, , given by [2, p. 580]

(32)

where (the channel is normalized). Notice that,
for this case, , which means that 9 zeros are inserted at the
end of each data block before transmitting them. Other experi-
ments with different setups are quite well-documented in [2].
Moreover, a straightforward corollary from Theorem 2 is that

the average error-probability of symbols is also a monotone
increasing function of , for the case of both the minimum

Fig. 4. Average mutual information between transmitted and estimated sym-
bols as a function of block size .

error-probability and the DFE MMSE-based systems. Such a
result follows from the fact that the average error-probability of
symbols is a monotone increasing function of the average MSE
of symbols for both the minimum error-probability and the DFE
MMSE-based systems [2].
Theorem 3: The average mutual information between trans-

mitted and estimated symbols of the zero-padded MMSE-based
optimal transceivers is a monotone decreasing function of the
number of transmitted symbols per block. Mathematically, for
all positive integer , one has .

Proof: See Appendix C.
Fig. 4 confirms the monotonic behavior of the average mu-

tual information between transmitted and estimated symbols as
a function of the block size, , for ZP-based optimal trans-
ceivers. In this experiment, we have used the same scenario pre-
viously described. Once again, it is rather clear that such a figure
of merit also degrades as increases.

V. EFFECT OF DISCARDING REDUNDANT DATA

Throughout this section, let us assume that both the order of
the FIR-channel model, , and the number of transmitted data
symbols, , are two fixed natural numbers.7 As previously de-
scribed, the task of the receiver is to generate an estimate
of the transmitted vector by processing the received vector

, with . The received vector has
elements due to the redundancy that is inserted at the transmitter
side. In order to decrease the number of samples to be processed,
one can discard up to elements of the received vector ,
yielding a new vector ,
where denotes the amount of redun-
dancy used in the equalization process.
As a particular example, if (which means that ele-

ments are removed before starting the equalization), one could
discard, for instance, the first elements of as well as the
last elements of to generate the new vector . Observe

7We therefore shall omit any dependence on these variables.
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TABLE I
AVERAGE MSE OF SYMBOLS OF ZP OPTIMAL TRANSCEIVERS AS A FUNCTION OF ( DATA SYMBOLS)

TABLE II
AVERAGE MUTUAL INFORMATION (IN NATS) BETWEEN TRANSMITTED AND ESTIMATED SYMBOLS OF ZP OPTIMAL

TRANSCEIVERS AS A FUNCTION OF ( DATA SYMBOLS)

that, in this case, . The matrix
is generated from by discarding the first rows of

, as well as the last rows of . Alternatively, one could
simply discard the last elements of in order to generate .
Note that the adopted notations for , and do
not specify which elements/rows are discarded, for the sake of
notation simplicity. The choice of the rows of to be discarded
is such that can be obtained from by removing
a given row of , without mattering which row is dis-
carded. In addition, the resulting matrix must keep the
full-column-rank property. The full-column-rank property guar-
antees that has exactly nonzero sin-
gular values, for all .
Thus, given both an th-order channel-impulse response and

a fixed rule for discarding a row of to generate
(e.g., to remove the first row of to yield
), we can generate distinct matrices , for

.8 All these matrices with reduced redundancy are constructed
from their related effective-channel matrix as previously de-
scribed. Once again, in the case of single-carrier ZP zero-forcing
linear transceiver, the authors in [2], [8] have proved theoreti-
cally that the MSE performance improves as increases,
i.e., the larger the amount of samples used in the equalization,
the better the MSE performance. Nevertheless, not even similar
empirical results had been reported for the other ZP transceivers
yet. The following theorem is an important result towards the
clarification of this point.
Theorem 4: For each , let

be the nonzero singular values of .
Thus, one always has

, where .
Proof: See Appendix D.

All the figures of merit that we presented in Section III de-
pend crucially on the singular values of the effective-channel
matrix. Theorem 4 shows the monotonic increase of these sin-
gular values with respect to . Hence, Theorem 4 sums
up the monotonic behavior of any figure of merit that directly
depends on the singular values of the effective-channel matrix.
Such a monotonic behavior does not depend on which row of

is discarded to generate . Corollary 1 gives a

8In fact, .

more formal and complete description of the utility of Theorem
4 in the analysis of ZP-based systems.
Corollary 1: Let us assume that, for each , there

exists a function such that a performancemeasure
associated with each ZP transceiver can be defined

as

(33)

If is monotone increasing for all , then is mono-
tone increasing on , i.e., , for all

. Likewise, if is monotone decreasing for all ,
then is monotone decreasing on , i.e., ,
for all .

Proof: This is a straightforward application of The-
orem 4.
Corollary 1 is a quite generic result that characterizes the

monotonic behavior of several figures of merit associated with
the performance of ZP optimal transceivers. A particular appli-
cation of the former corollary is the next result.
Corollary 2: For all , one has

and , for zero-padded MMSE-based
optimal transceivers.

Proof: This is a consequence of Theorem 4 along with both
Proposition 1 and Theorem 1.
Table I exemplifies the monotonic behavior of the average

MSE of symbols as a function of the number of redundant ele-
ments, , used in the equalization. To obtain such results, we
have used the same scenario previously described, except for the
block size that we have fixed at . Once again, it is rather
clear that such a figure of merit also degrades as decreases.
Note that we have omitted the results for and since
they are respectively equal to and (see Propo-
sition 1). Likewise, Table II exemplifies the monotonic behavior
of the average mutual information between the transmitted and
estimated symbols as a function of the number of redundant el-
ements used in the equalization. Note that we have omitted the
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TABLE III
AVERAGE MSE OF SYMBOLS OF ZP OPTIMAL TRANSCEIVERS AS A FUNCTION OF ( DATA SYMBOLS)

results for , and since all of them are equal
to (see Theorem 1). One can observe that this figure of
merit also degrades as decreases.
It is important to note that, as a consequence of Corollary 1,

the average error-probability of symbols associated with both
the minimum error-probability and the DFE MMSE-based sys-
tems also increases whenever decreases.

VI. EFFECT OF ZEROS OF THE CHANNEL

The FIR-channel model associated with some particular
applications may be either a minimum or a non-minimum
phase channel. For the single-carrier ZP zero-forcing linear
transceiver, the authors in [2] and [8] have empirically shown
that the MSE performance gets worse whenever non-minimum
phase channels are utilized, as compared to their minimum
phase counterparts. Nonetheless, an analogous empirical result
had not been reported for the other ZP transceivers yet. In
this section, we shall mathematically clarify this point by
proving that, for both linear and DFE ZP optimal transceivers,
several figures of merit degrade in the transmissions with
non-minimum phase channels, when some redundant elements
are discarded. On the other hand, if the whole received data
block is employed to estimate the transmitted symbols, then the
figures of merit related to such transceivers are not sensitive to
whether the channel zeros are inside or outside the unit circle.
Hence, we shall verify the effect of the locations of the zeros

of the channel on the performance of ZP transceivers. Let us as-
sume that the FIR channel-impulse response is such
that its associated transfer function

has at least one zero within the unit circle. The th
zero of is denoted as , where .
Suppose we create a new channel

(34)

Thus, is an FIR channel transfer function with
the 0th zero, , replaced by . Note that

for all real , since the factor
is an all-pass filter, i.e., , for all real .
In addition, let us define , where

and .
Moreover, we will restrict ourselves to the cases in which

is generated from by discarding the last row
of the former matrix, as performed in [2] and [8]. Thus, the
following key result holds.
Theorem 5: Let us assume that the 0th zero of , is

such that . Thus

(35)

Proof: See Appendix E.
Theorem 5 plays a central role in the characterization of the

monotonic behavior associated with the MSE and mutual infor-
mation in ZP-based systems. This occurs since both of these fig-
ures of merit are directly related to the matrix (or ),
as can be readily seen in Proposition 1 and Theorem 1. In fact,
we can be more specific in this matter by stating the following
corollary.
Corollary 3: The average MSE/mutual information associ-

ated with the zero-padded MMSE-based optimal transceivers is
decreased/increased whenever at least one zero outside the unit
circle of a non-minimum phase channel is replaced by the re-
lated zero inside the unit circle, assuming that one does not use
the whole received data block to estimate the transmitted signal.

Proof: See Appendix F.
Table III exemplifies the results contained in Corollary 3 re-

lated to the average MSE of symbols. In order to obtain these
data, we have used , and channels ,
with . The previously described channel [see
(32)] has three zeros outside the unit circle. Channel is
obtained from by replacing one of these zeros outside the
unit circle, let us say , by , in such a way that the magni-
tude responses of channels and are the same. Like-
wise, is generated from by substituting one zero
that is outside the unit circle by a zero inside, in such a way that
the magnitude responses of channels and are the
same. The same procedure has been applied to generate the min-
imum phase channel from . Thus, one should read
Table III in a per-column basis. As an example, for , the
average MSE decreases whenever we substitute a zero outside



MARTINS AND DINIZ: ZERO-PADDED OPTIMAL TRANSCEIVERS 5451

TABLE IV
AVERAGE MUTUAL INFORMATION BETWEEN TRANSMITTED AND ESTIMATED SYMBOLS OF ZP OPTIMAL

TRANSCEIVERS AS A FUNCTION OF ( DATA SYMBOLS)

the unit circle by a related zero inside the unit circle, irrespec-
tive of the transceiver type. One can also notice that the average
MSE does not change whenever one uses all the redundant ele-
ments to estimate the symbols. This occurs since

[8].
Table IV exemplifies the results contained in Corollary 3 re-

lated to the average mutual information between transmitted
and estimated symbols. To obtain such results, we have used
the same scenario previously described. Once again, one can
verify that the mutual information increases when one substi-
tutes a zero outside the unit circle by a related zero inside the
unit circle.
Another consequence of Corollary 3 is that the average MSE

of symbols associated with the zero-padded MMSE-based
optimal transceivers is increased whenever non-minimum
phase channels are utilized, instead of their minimum phase
counterparts. Similarly, the average mutual information be-
tween transmitted and estimated symbols of the zero-padded
MMSE-based optimal transceivers is decreased whenever
non-minimum phase channels are utilized, instead of their
minimum phase counterparts. It is worth mentioning that such
conclusions are valid assuming that some redundant elements
are not used in the equalization.
Moreover, as a consequence of Corollary 3, the error-proba-

bility of symbols associated with both the minimum error-prob-
ability and the DFEMMSE-based systems also decreases when-
ever a zero outside the unit circle is replaced by a related zero in-
side the unit circle. Once again, such amonotonic behavior takes
place since the error-probability of symbols related to these par-
ticular transceivers is a monotone increasing function of the av-
erage MSE of symbols in many scenarios [2]. In fact, if the en-
tire received data block is employed in the equalization, then the
error-probability of symbols related to such transceivers is not
sensitive to whether the channel zeros are inside or outside the
unit circle.

VII. CONCLUDING REMARKS

This paper addressed the analysis of zero-padded optimal
linear and DFE transceivers. The class of transceivers discussed
here includes zero-forcing and minimum mean-square-error
systems, with unitary or nonunitary precoders. The figures of
merit utilized to assess the performance of the various trans-
ceivers analyzed in this paper were the MSE and the mutual
information between the transmitted and received blocks. The
proposed analyses indicated that the reduction in the relative

amount of redundancy leads to loss in performance in terms of
MSE and mutual information, which ultimately may lead to an
increase in the bit-error rate. It is also shown how an attempt to
decrease the number of redundant elements in the equalization
in order to reduce the amount of computations might lead to loss
in performance. Moreover, we also proved that channel zeros
outside the unit circle degrade the performance as compared
to related channel zeros inside the unit circle, unless the whole
received data block is employed in the equalization process.
Simulation results corroborate the theoretical findings.
The problem of analyzing the performance of Pure MMSE-

based systems without assuming a large transmitted power still
remains open. Another interesting research direction is the the-
oretical description of the error-probability of symbols related
to all the ZP-based optimal transceivers treated in this paper.

APPENDIX A
PROOF OF THEOREM 1

Let us first consider the two channel-independent unitary-pre-
coder linear transceivers. From the hypotheses of Theorem 1
and by considering that ,
we can write

(36)

(37)

where and
. One therefore has

. Using (10) and (11), it is
possible to verify that

(38)

where, in the case of CI-UP-Pure transceivers, we have used the
fact that ,

which yields .
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Hence, by substituting (38) into (37), we finally arrive at

(39)

(40)

Considering the other three linear solutions (UP-ZF, UP-Pure,
or ZFMMSE-based linear transceivers), we know from (13) and
(14) that

(41)

where . Note that there is no interference
among symbols within a block in these ZP-MMSE-based
optimal transceivers. In other words, the resulting trans-
ceivers are comprised of parallel complex Gaussian
channels. The SNR for the th channel is given by

, in which
is the th diagonal element of , assuming the transmission
of data symbols. Thus, whenever a unitary-precoder system
is designed, one has for all [2]. In this case,

. If the ZF MMSE-based design is

employed, then [2], where

is defined in (27). Hence, .

All these three cases yield

(42)

Thus, for unitary-precoder systems, we finally arrive at

(43)

whereas for the ZF MMSE-based systems, we arrive at

(44)

(45)

in which .
With respect to the ZF-DFE system, we know from [2] that

, where and are unitary matrices. In ad-
dition, we also know from [2] that

, where is also a zero-mean circularly symmetric
complex Gaussian random vector. In addition, we still have that
and are jointly WSS random vectors, with and

.
Hence, by using the same reasoning that we have just em-

ployed to derive the results related to channel-independent uni-
tary-precoder transceivers, one has

(46)

(47)

where we have used the fact that

[2]. The authors in [2] have derived the above
result in a distinct way.

APPENDIX B
PROOF OF THEOREM 2

Before proving Theorem 2, we shall state two important aux-
iliary results, as follows.
Lemma 1: Given two sets of real numbers

and , if their ele-
ments respect the following inequalities: and

, for all , then one always
has

(48)

Proof: See [2], [7].
Lemma 2: For any positive semidefinite Hermitian matrix
, the function is monotone, i.e., whenever

.
Proof: See [10].

Now, we are able to demonstrate Theorem 2. First of all, note
that the complex-valued matrix

can be partitioned as

(49)
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Now, by defining both and

, and by using the formula for inverse of ma-
trices in partitioned form, one gets

(50)

These identities imply that and .
In other words, we can state that the diagonal elements of
and respect the hypotheses of Lemma 1. This, in turn, im-
plies that the arithmetic mean of the diagonal elements of
is, at least, as large as the arithmetic mean of the diagonal ele-
ments of . We therefore arrive at our first result

(51)

It should be mentioned that, for the CI-UP system employing
the precoder , (51) is not a new result [2], [7]. Nev-
ertheless, it has fundamental importance for the derivation of
the subsequent novel contributions. Indeed, by using Lemma 2
along with (50), we get

(52)

Thus, we can apply Lemma 1 once again, since the diagonal
elements of and respect the hypotheses of the
lemma. Hence, the arithmetic mean of the diagonal elements
of is, at least, as large as the arithmetic mean of the
diagonal elements of . We therefore arrive at our second
result

(53)

Now, observe that

(54)

where . Hence, our third result follows directly from
the observation that this is exactly the same type of problem we

have already solved to prove our first result. We therefore arrive
at our third result

(55)

In order to prove that , we will
first state three important results.
Lemma 3: A nonnegative continuous function on is

matrix-monotone if and only if it is matrix-concave.
Proof: See [11], [12].

Lemma 4: Given a twice-differentiable function
, let us define , in which and
are any positive semidefinite Hermitian matrices, whereas is a
real number within the interval (0, 1). Then, is matrix-concave
if and only if the matrix is negative semidefinite for all
positive semidefinite Hermitian matrices and , and for all

.
Proof: See [11], [13].

Lemma 5: Given a constant , the function
, with , is matrix-concave.

Proof: For all positive definite Hermitian matrices
and and for all , let us consider the

derivative
. Note that the former ex-

pression can be seen as a product, let us say , in
which . As a result, for

, one has , for all
positive semidefinite Hermitian matrices and , and for all

. From Lemma 4, we have that is matrix-concave.
Now, for each natural number , one can always define the

function

(56)

where . Note that , since
. Now, let us define the set of all

positive semidefinite Hermitian matrices whose eigenvalues are
within the open interval . Thus, based on Lemma 5, it
is rather straightforward to verify that is a matrix-concave
function on . Hence, satisfies all the hypotheses
present in Lemma 3. Therefore, the function is also matrix-
monotone on . Thismeans that for all
in , one has

.
Note that, from Proposition 1, one gets

(57)

Since and , then, from the above
results, we have and .
In other words, we can state that the diagonal elements of
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and respect the hypotheses of Lemma 1.
This, in turn, implies that the arithmetic mean of the diagonal
elements of is, at least, as large as the arithmetic
mean of the diagonal elements of . This result yields

. As is a strictly monotone
increasing real function, we arrive at our last result:

(58)

APPENDIX C
PROOF OF THEOREM 3

Before demonstrating Theorem 3, let us state the following
auxiliary result.
Lemma 6: Given a constant , the function

, with , is matrix-concave.
Proof: For all distinct positive definite Hermitian matrices

and and for all , one has
and

. Now,
observe that

, where the last inequality comes from the fact
that ,
since (remember that ). Now, by
using the fact that whenever [10], we
get

. This implies that

. As a result, for ,
one has , for all positive semidefinite Hermitian
matrices and , and for all . From Lemma 4, we
have that is matrix-concave.
Now we can prove Theorem 3. Let us first note that, from

Theorem 1, the average mutual information related to the linear
transceivers is nothing but the normalized trace of a matrix

, where the specific matrix depends on the
particular type of transceiver. For instance, if the transceiver
is a UP-Pure MMSE-based system, then . One
therefore can write the average mutual information between
the transmitted and estimated vectors as the normalized trace
of the matrix , in which
is as defined in Lemma 6, with . We already know

that is a matrix-concave function. In addition, is also a
matrix-monotone function. Indeed, for each natural number
one can always define the function

(59)

Note that , since
and . Now, let us define the set

of all positive semidefinite Hermitian matrices whose
eigenvalues are within the open interval . Thus, based on
Lemma 6, it is rather straightforward to verify that is a ma-
trix-concave function on and therefore satisfies all

the hypotheses present in Lemma 3. Hence, the function is
also matrix-monotone on . This means that for all

in , one has
.

Now, let us remember from the proof of Theorem 2
that ,
and . Thus, these inequali-

ties yield

, and ,
for any increasing sequence of positive real
numbers. Furthermore, we know that there always exists a
sufficiently large natural number such that

. Hence, from what we have

just proved, one has

,

and .
As performed in Appendix B, one can apply Lemma 1

once again, since the diagonal elements of and

respect the hypotheses of such a lemma. Hence,

the arithmetic mean of the diagonal elements of
is, at least, as large as the arithmetic mean of the diagonal
elements of . Similarly, the arithmetic mean of the

diagonal elements of is, at least, as large as
the arithmetic mean of the diagonal elements of .
We therefore arrive at our desired results

(60)

(61)

whereas

(62)

in which we have used the fact that in-
creases as increases (see Theorem 2).
Now, from the proof of Theorem 2, we know that

, which implies

. Since
is a strictly monotone increasing real function, one has

(63)
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APPENDIX D
PROOF OF THEOREM 4

Before starting the proof of Theorem 4, we shall state a very
useful supporting result.
Lemma 7: Let be a rectangular ma-

trix whose SVD is , where
and are unitary matrices, and

, with . By
assuming that

, and , one has

(64)

in which , with
. In addition, , for

all , and otherwise.
Proof: See [14].

Now, note that
, in which is a unit vector, i.e., .

Since, for each , the matrix can be obtained
from by discarding a predefined row of ,
denoted as , then one has

(65)

(66)

Now, by taking into account the SVD decomposition of the
matrix , one has

(67)

where .

In addition, one can also define a reduced-rank approximation
for as follows:

(68)

where is a rank- matrix. By using Lemma
7, we have (69)–(74), shown at the bottom of the page, where,
for each , the column vector is
obtained from the column vector by discarding a
given element. In addition, is a nonnegative real number
that depends on . As can assume any value within the set

, we have therefore proved that
, for all .

APPENDIX E
PROOF OF THEOREM 5

First of all, observe that proving that is
equivalent to proving that . The former
matrix-inequality, however, is equivalent to demonstrating that

(75)

One can interpret the elements of the vector as the
first samples of the signal resulting from the linear con-
volution , where is a finite causal signal
whose samples are the elements of [see (1)]. By using this in-
terpretation, we shall adapt the ideas present in the demonstra-
tion of [15, Lemma 4.5] in order to arrive at the desired result.
Hence, from Parseval’s theorem, one can rewrite (75) as

(76)

in which denotes the first terms of
the polynomial

(69)

(70)

(71)

(72)

(73)

(74)
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, for .9 In other words,
. Note that

for a given sequence whose Fourier transform is ,
the Parseval’s identity holds, i.e.

(77)

Now, assuming that denotes the last
terms of the polynomial , one has

, yielding

(78)

(79)

where NC stands for noncausal signal, whereas SC stands for
strictly causal signal (all coefficients of the discrete-time Fourier
transform multiply a power of ). In addition, we have

(80)

(81)

Let us observe that, since , then
is the discrete-time Fourier transform of a

causal sequence . This means that the product
represents the discrete-time

Fourier transform of a strictly causal signal. This implies
that only has
powers of higher than . On the other hand,

may have causal and
noncausal parts. We therefore have

(82)

(83)

Remember that our aim is to prove inequality (76). From the
former identity, it follows that

(84)

(85)

(86)

9Remember that, since and are causal signals, then
is a polynomial in the variable .

where the last inequality is a consequence of the fact that
is a filter that does not modify the magnitude of discrete-time
Fourier transform of signals (all-pass filter).

APPENDIX F
PROOF OF COROLLARY 3

We know that implies that the diagonal el-
ements of are at least as large as the diagonal elements
of . Moreover, we also know that
implies that . The former expression yields

.
Thus, we also have

. These facts eventually yield that the normal-
ized trace of (or ) is at least as large
as the normalized trace of (or ). Due to
Lemma 2, it is also true that and

. From Lemma 5, we know that
. Such a fact implies that the

normalized trace of is at least as large as the
normalized trace of . The former sentence can be
rewritten as ,
which yields . In sum-
mary, all these facts show that the average MSE associated
with the new channel, , is larger than or equal to the
average MSE associated with the original channel, .
As regards the average mutual information (see Theorem

1), the aforementioned arguments along with Lemmas 3 and 6
allow one to show that the average mutual information associ-
ated with the new channel, , is smaller than or equal
to the average mutual information associated with the original
channel, .

ACKNOWLEDGMENT

The authors want to thank Prof. T. N. Ferreira and the anony-
mous reviewers for suggesting improvements to this work.

REFERENCES
[1] A. Scaglione, G. B. Giannakis, and S. Barbarossa, “Redundant filter-

bank precoders and equalizers part I: Unification and optimal designs,”
IEEE Trans. Signal Process., vol. 47, no. 7, pp. 1988–2006, July 1999.

[2] P. P. Vaidyanathan, S.-M. Phoong, and Y.-P. Lin, Signal Processing
and Optimization for Transceiver Systems. New York: Cambridge
Univ. Press, 2010.

[3] X.-G. Xia, “New precoding for intersymbol interference cancella-
tion using nonmaximally decimated multirate filterbanks with ideal
FIR equalizers,” IEEE Trans. Signal Process., vol. 45, no. 10, pp.
2431–2441, Oct. 1997.

[4] Y.-P. Lin and S.-M. Phoong, “Minimum redundancy for ISI free FIR
filterbank transceivers,” IEEE Trans. Signal Process., vol. 50, no. 4,
pp. 842–853, Apr. 2002.

[5] Y.-P. Lin, S.-M. Phoong, and P. P. Vaidyanathan, Filter Bank Trans-
ceivers for OFDM and DMT Systems. New York: Cambridge Univ.
Press, 2011.

[6] B. Muquet, Z. Wang, G. B. Giannakis, M. de Courville, and P.
Duhamel, “Cyclic prefixing or zero padding for wireless multicar-
rier transmissions?,” IEEE Trans. Commun., vol. 50, no. 12, pp.
2136–2148, Dec. 2002.

[7] S. Ohno, “Performance of single-carrier block transmissions over mul-
tipath fading channels with linear equalization,” IEEE Trans. Signal
Process., vol. 54, no. 10, pp. 3678–3687, Oct. 2006.

[8] P. P. Vaidyanathan, “On equalization of channels with ZP precoders,”
in Proc. IEEE Int. Symp. Circuits and Syst., New Orleans, LA, May
2007, pp. 1329–1332.



MARTINS AND DINIZ: ZERO-PADDED OPTIMAL TRANSCEIVERS 5457

[9] Y.-P. Lin and S.-M. Phoong, “BER minimized OFDM systems with
channel independent precoders,” IEEE Trans. Signal Process., vol. 51,
no. 9, pp. 2369–2380, Sep. 2003.

[10] R. Bhatia, Positive Definite Matrices. Princeton, NJ: Princeton Univ.
Press, 2007.

[11] E. Jorswieck and H. Boche, “Majorization and matrix-monotone
functions in wireless communications,” Found. Trends Commun. Inf.
Theory, vol. 3, no. 6, pp. 553–701, 2006.

[12] F. Hansen and G. K. Pedersen, “Jensen’s inequality for operators and
Löwner’s theorem,” Math. Ann., vol. 258, pp. 229–241, 1982.

[13] A. W. Marshall and I. Olkin, “Inequalities: Theory of majorization
and its application,” in Mathematics in Science and Engineering.
London, U.K.: Academic, 1979.

[14] G. H. Golub and C. F. Van Loan, Matrix Computations, 3rd ed. Bal-
timore, MD: Johns Hopkins Univ. Press, 1996.

[15] P. A. Regalia, Adaptive IIR Filtering in Signal Processing and Con-
trol. New York: Marcel Dekker, 1995.

Wallace A. Martins (S’08) was born in Brazil in
1983. He received the electronics engineering degree
(cum laude) from the Federal University of Rio de
Janeiro (UFRJ), Rio de Janeiro, Brazil, in 2007,
and the M.Sc. degree in electrical engineering from
COPPE/UFRJ in 2009.
He is currently pursuing the D.Sc. degree in elec-

trical engineering at COPPE/UFRJ. He worked as a
Technical Consultant for the Instituto Nokia de De-
senvolvimento Tecnológico (INDT, Nokia Institute
of Technology Development), Brazil, and for Tech-

Knowledge Treinamento (TechKnowledge Training), Brazil. In 2008, he was a
Research Visitor with the Department of Electrical Engineering, University of
Notre Dame, Notre Dame, IN. Since 2010 he has been with the Department of
Control and Automation Industrial Engineering, Federal Center for Technolog-
ical Education Celso Suckow da Fonseca (CEFET/RJ-UnED-NI), where he is
presently a Lecturer of Engineering. His research interests are in the fields of
digital communication, cellular systems, and adaptive signal processing.
Mr. Martins received the Best Student Paper Award from EURASIP at EU-

SIPCO-2009, Glasgow, Scotland.

Paulo S. R. Diniz (F’00) was born in Niterói,
Brazil. He received the Electronics Eng. degree
(cum laude) from the Federal University of Rio
de Janeiro (UFRJ) in 1978, the M.Sc. degree from
COPPE/UFRJ in 1981, and the Ph.D. degree from
Concordia University, Montreal, P.Q., Canada, in
1984, all in electrical engineering.
Since 1979, he has been with the Department of

Electronic Engineering, UFRJ. He has also been
with the Program of Electrical Engineering (the
Graduate Studies), COPPE/UFRJ, since 1984, where

he is presently a Professor. He served as Undergraduate Course Coordinator
and as Chairman of the Graduate Department. He is one of the three senior
researchers and coordinators of the National Excellence Center in Signal
Processing. From January 1991 to July 1992, he was a visiting Research
Associatewith the Department of Electrical and Computer Engineering of
University of Victoria, Victoria, B.C., Canada. He also holds a Docent position
at Helsinki University of Technology. From January 2002 to June 2002, he was
a Melchor Chair Professor with the Department of Electrical Engineering of
University of Notre Dame, Notre Dame, IN. His teaching and research interests
are in analog and digital signal processing, adaptive signal processing, digital
communications, wireless communications, multirate systems, stochastic
processes, and electronic circuits. He has published several refereed papers
in some of these areas and wrote the books Adaptive Filtering: Algorithms
and Practical Implementation (New York: Springer, Third Edition 2008), and
Digital Signal Processing: System Analysis and Design (Cambridge, UK:
Cambridge Univ. Press, 2002) (with E. A. B. da Silva and S. L. Netto).
Dr. Diniz had served as the Technical Program Chair of the 1995 MWSCAS,

Rio de Janeiro, Brazil. He was the General Co-Chair of ISCAS2011, and
Technical Program Co-Chair of SPAWC2008. He has been on the Technical
Committee of several international conferences including ISCAS, ICECS,
EUSIPCO, and MWSCAS. He has served Vice President for Region 9 of the
IEEE Circuits and Systems Society and as Chairman of the DSP Technical
Committee of the same Society. He has also received the Rio de Janeiro State
Scientist award, from the Governor of Rio de Janeiro state. He is also a Fellow
of IEEE (for fundamental contributions to the design and implementation of
fixed and adaptive filters and Electrical Engineering Education). He has served
as Associate Editor for the following Journals: the IEEE TRANSACTIONS ON
CIRCUITS AND SYSTEMS II: ANALOG AND DIGITAL SIGNAL PROCESSING from
1996 to 1999, IEEE TRANSACTIONS ON SIGNAL PROCESSING from 1999 to
2002, and the Circuits, Systems and Signal Processing Journal from 1998
to 2002. He was a Distinguished Lecturer of the IEEE Circuits and Systems
Society during 2000 to 2001. In 2004, he served as Distinguished Lecturer of
the IEEE Signal Processing Society and received the 2004 Education Award of
the IEEE Circuits and Systems Society.


