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New Precoding for Intersymbol Interference

Cancellation Using Nonmaximally Decimated

Multirate Filterbanks with Ideal FIR Equalizers
Xiang-Gen Xia, Member, IEEE

Abstract—In this paper, we propose a new precoding method
for intersymbol interference (ISI) cancellation by using non-
maximally decimated multirate filterbanks. Unlike the existing
precoding methods, such as the TH and trellis precodings, the
new precoding

i) may be independent of the ISI channel;
ii) is linear and does not have to implement any modulo

operation;
iii) gives the ideal FIR equalization at the receiver for any FIR

ISI channel including spectral-null channels;
iv) expands the transmission bandwidth in a minimum

amount.

The precoding is built on nonmaximally decimated multirate
filterbanks. Based on multirate filterbank theory, we present
a necessary and sufficient condition on an FIR ISI transfer
function in terms of its zero set such that there is a linear FIR

N X K precoder so that an ideal FIR equalizer exists, where
the integers If and IV are arbitrarily fixed. The condition is
easy to check. As a consequence of the condition, for any given
FIR ISI transfer function (not identically 0), there always exist
such linear FIR precoders. Moreover, for almost all given FIR
ISI transfer functions, there exist linear FIR precoders with size
N x {N —1}, i.e., the bandwidth is expanded by 1/_-’\7. In addition
to the conditions on the ISI transfer functions, a method for the
design of the linear FIR precoders and the ideal FIR equalizers
is also given. Numerical examples are presented to illustrate the
theory.

I. INTRODUCTION

NTERSYMBOL interference (ISI) is a common problem
Iin telecommunication systems, such as terrestrial television
broadcasting, digital data communication systems, and cellular

mobile communication systems. The main reasons for the ISI

are because of high-speed transmission and multipath fading.

There have been considerable studies for these problems, such

as [l]i[29] and [33}[40]. These studies can be primarily split

into three categories:

i) post equalization, such as least-mean—squared (LMS)

equalizer and decision feedback equalization (DEE), for

example, [1],[3], [18]7[29], and [36}[39];

ii) multicarrier modulation to increase transmission sym-

bol length, for example, [4]—[6]',

Manuscript received September 2, 1995; revised April 18, 1997. The
associate editor coordinating the review of this paper and approving it for
publication was Prof. Roberto H. Barnberger.

The author was with Hughes Research Laboratories, Malibu, CA 90265
USA. He is currently with the Department of Electrical Engineering, Univer-
sity of Delaware, Newark, DE 19716 USA (e—mail: xxia@ee.udel.edu).

Publisher Item Identifier S 1053-587X(97)07357-l.

iii) precoding techniques, such as TomlinsoniHarashima

(TH) precoding [7], [8], trellis precoding by Eyuboglu

and Forney [9], [10], matched spectral null precoding

in partial response channels [12], and other precoding

schemes, for example, [l3]—[l7] and [40].

The basic idea for DFE is that once an information symbol

has been detected, the ISI that it causes on future symbols may

be estimated and subtracted out prior to symbol detection. DFE

usually consists of a feedforward filter and feedback filter.

The feedback filter is driven by decisions of the output of the

detector, and its coefficients are adjusted to cancel the ISI on

the current symbol that results from past detected symbols. The

coefficient adjustment may be done via a linear equalizer with

LMS algorithms. The convergence of these iterative algorithms

are dependent of the channel characteristics. When a channel is

spectral null or frequency selective fading, these algorithms are

very slow and, therefore, become computationally expensive.

The performance of the existing linear equalizers significantly

degrades over frequency selective fading channels. Although

DFE has better performance than the existing linear equalizers

when the frequency fading is in the middle of a passband,

it does not offer much improvement in other fading cases.

For more details, see, for example, [3] and [35]. In post

equalization techniques, there are many research results (see,

for example, [18]—[29] and [36]—[39] on blind equalizations
where channel characteristics are assumed unknown. In blind

equalization techniques, there are approximately three groups
of results:

i) high-order statistics techniques;

ii) second-order cyclostationary statistics techniques with

oversampling;

iii) antenna array (smart antenna) multireceiver techniques;

where there is a considerable amount of overlaps between ii)

and iii).

A block diagram for TH precoding is shown in Fig. l, where

the basic idea is to equalize the signal before transmission.

With TH precoding there are two drawbacks: i) The transmitter

needs to know the channel characteristics, and ii) the precoding

is not reliable when the ISI channel H(.5) has spectral null or
frequency selective fading characteristics, which is because

the pre-equalizer mod[1/H[z), M] oscillates in a dramatic

way when 117(2) is close to zero. The trellis precoding scheme
proposed by Eyuboglu and Forney [9] whitens the noise at the

equalizer output. This scheme combines precoding and trellis

1053—587X1'97$10.00 © 1997 IEEE
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Fig. 1. TH precoder.
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Fig. 2. Nonmaximally decimated multirate filterbank in a communication
channel with ISI.

shaping. There are also similar drawbacks about this approach.

i) The transmitter also needs to know the ISI channel
characteristics.

ii) The trellis shaping depends on the ISI channel.

iii) The trellis precoding technique may not be suitable for

spectral-null channels either.

In the matched spectral null precoding scheme [12] in partial

response channels, certain error control codes are chosen to

match the spectral nulls of partial response channels in order to

lose less signal information through the channel. This approach

is mainly for magnetic recording systems.

We now propose a multirate filterbank as a precoder before

transmission (shown in Fig. 2), where l K indicates downsam-

pling by K, and T N indicates upsampling by N, i.e., inserting

N — 1 zeros between two adjacent samples, and H(z) is the
ISI transfer function. Later, we will see a multirate filterbank

decoder for the receiver to eliminate the ISI. If input signal

$[n] in Fig. 2 can be completely recovered from the received

signal flu] through an FIR linear system, we call that the
system in Fig. 2 has perfect reconstruction (PR) or an FIR

ideal linear equalizer. In what follows, we use “precoder” and

“multirate filterbank” interchangeably.

With the precoder proposed in Fig. 2, there are three ques-
tions to be answered:

i) What is the condition on H (7:) such that there exists
a multirate filterbank with N channels and decimation

by K in Fig. 2 so that $[n] can be recovered from flu]
through an FIR linear system?

ii) If the condition on H(z) in the first question is satisfied,
how does one design a multirate filterbank in Fig. 2 to
eliminate the ISI?

iii) If both of these two problems are solved, how does the

receiver recover the input signal $[n] from the received

flit]?

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 45, NO. 10, OCTOBER 1997

yw Blocking with block size N W”
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(b)

Fig. 3. Blocking and unblocking.

Next, we want to find brief solutions for these

questions. When K : 1, (30(3) 2 1, (31(3) 2

: GN_1(z) : 0, the precoding scheme in Fig. 2 is
equivalent to the fractionally spaced equalizer studied, for

example, [36]—[39], where the receiver needs to sample a

signal N times faster than the baud sampling. When K = 1,

the precoding concept has appeared in [39] by Tsatsanis and

Giannakis, where the precoder G1(z) : clJ : 0,17 - - - , N— 1
for N constants C; was used. As we can see, the case of

K : 1 is a very special case in our precoding scheme, and

moreover, our new precoding scheme in Fig. 2 provides other

potential precoders Gl(z),l : 0,1,---7 N — 1 rather than
only constants C], which allows one to search the optimal one

with respect to an individual channel.
When K 2 N and there are N interference channels instead

of a single channel H(z) in Fig. 2, a detailed analysis was
given by Nguyen [31]. When K > N, as mentioned in

[31], PR is impossible, but partial alias cancellation filterbanks

were proposed in [31]. The applications discussed in [31] are

in wide-band radio communications, where only part of the

signal frequencies is of interest to the user. In this paper,

we are interested in applications in the ISI channels with PR

systems in Fig. 2 and, therefore, the case of K < N. This

also implies that unlike the existing precoding techniques, the

new precoding expands the transmission bandwidth, which is

what we lose for the new precoding method, and fortunately,

we will show that the bandwidth expansion can be as small

as possible in theory.

An intuitive way to reduce the ISI generated from a lowpass

H(z) is to smoothly interpolate $[n] with a large enough

number of interpolations between samples of a7[n] so that
the interpolated one has the lowpass property. However, two

drawbacks about this approach may occur. One is that it

usually requires a large amount of increasing of data rate

(number of interpolations between samples). The other is

that a good frequency band structure for a nonlowpass, such

as bandpass, filter H(z) is required for PR. In this paper,
we want to solve the above three problems systematically.

Given two integers 0 < K < N, we present a necessary

and sufficient condition (see Theorem 1) on an FIR filter

H(3) such that there exists an FIR nonmaximally decimated
multirate filterbank with N channels and decimation by K so

that $[n] can be recovered from fln] in Fig. 2 with an FIR
synthesis bank. The condition we found is basically very weak.

In fact, it can be proved that for any given FIR filter H (2:)
not identically 0, there always exists an FIR nonmaximally

decimated multirate filterbank in Fig. 2 for recovering $[n]
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