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Abstract– A time domain equalization technique to be used in
an Orthogonal Frequency Division Multiplex (OFDM) or Dis-
crete Multi Tone (DMT) system is proposed, which directly min-
imizes the delay spread of the overall channel impulse response
(CIR). It will be shown that this technique can provide superior
performance compared to recent developments of equalizers,
which are designed to maximize the impulse energy in a certain
window. The performance of the proposed method is demonstrat-
ed for transmission on local loop twisted pairs. The design algo-
rithm requires low computational complexity and is independent
of the guard interval length. Simulation and analytical results vi-
sualize the performance of the new equalizer and compare it to
those of a conventional equalizer.

I. INTRODUCTION

Multicarrier modulation schemes such as Orthogonal Fre-
quency Division Multiplex (OFDM) or Discrete Multi Tone
(DMT) are currently applied in many applications e.g. digital
audio broadcasting (DAB), digital terrestrial broadcasting
(DVB-T) and asymmetrical digital subscriber line (ADSL). In
such systems, a cyclically extended guard interval is inserted
between successive multicarrier symbols to avoid intersymbol
and interchannel interference (ISI, ICI). A channel impulse re-
sponse (CIR) exceeding the duration of the given guard inter-
val will cause ISI and ICI. To mitigate such effects, the idea is
to feed the original CIR into a time domain equalizer (TEQ)
such that the cascade of the composite channel and the equal-
izer yields an impulse response shorter than the guard interval.
Recently, equalizers have been developed, which maximize
the energy of the overall CIR in a given window [1]-[2]. In the
subsequent we call such a solution an "energy equalizer". We
propose and design a new equalizer, which directly minimizes
the delay spread of the overall CIR ("delay spread equalizer").

II. SYSTEM MODEL AND DESIGNPROCEDURE

In this paper, a discrete representation of a OFDM/DMT
system is assumed. The following parameters are considered:

• The length of the guard interval, represented by a cyclic
prefix is  samples.

• The size of the discrete Fourier Transform (DFT) is  sam-
ples with . Consequently, there is a maximum number
of  complex modulated carriers in a DMT system and

 carriers in an OFDM system.
• The time base of the samples at the output of the transmitter

is .

• Impulse response  of time invariant channel is of FIR
type with length  samples.

• The TEQ is an FIR-filter with impulse response  of
length  samples.

The purpose of the TEQ is to minimize the delay spread
the overall CIR in an OFDM/DMT system, which is
given by the convolution * . The parts of the
overall CIR exceeding the guard interval cause ISI and ICI, d
pending on its distance to the guard interval and its energy [
In contrast to equalization techniques based on energy con
erations as design criteria ("energy equalizer") [1]-[2], the "d
lay spread equalizer" incorporates the distance aspect.

The delay spread of a discrete time function is d
fined as

(1)

The energy  and the time center  of  are given by

(2)

(3)

The overall CIR is given by the convolution of
with  and can be written in matrix notation as

(4)

Inserting (2) and (4) into (1) yields

(5)

where is a diagonal matrix, containing the squared distan
of the samples of  from the time center .
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is taken as cost function and has to be minimized. A good
choice for the time center of the effective CIR is ,
where  denotes the time center of the original CIR .
The expression in (5) leads to a quadratic optimization prob-
lem, where the denominator contains the energy of .
Therefore, the matrix product results in a hermitian
positive definite matrix and a Cholesky decomposition can be
performed.

(7)

The matrix  in (7) is an upper triangular matrix.
Furthermore, the substitutions

and (8)

are introduced. The insertion of (7) and (8) into (5) results in

(9)

with (10)

In mathematics, the term on the right hand side of (9) is known
as Rayleigh-quotient. It is independent of the absolute value of

and ranges between the smallest and the largest eigenvalue,
and , of the hermitian matrix [4]. Consequently,

the minimum delay spread is given by

. (11)

To obtain , has to be chosen as the eigenvector corre-
sponding to . The coefficient vector of the "delay spread
equalizer" can then be calculated by using (8).

III. SIMULATION AND COMPUTATION RESULTS

We have analyzed the performance of the described delay
spread equalization method in a DMT transmission system
over a twisted pair subscriber loop. Hence, the CIR is as-
sumed to be real-valued. As a consequence, real-valued equal-
izer coefficients are sufficient. The results of the proposed
equalizer are compared with those of the "energy equalizer"
[1], [2].
In Fig. 1, the CIR of a subscriber loop with 3 km length and
0,4 mm wire diameter as well as the corresponding com-
pressed impulse responses for both types of equalization are
shown. A cyclic prefix with samples is assumed. The
effective CIR, obtained by the "delay spread equalizer" is de-
noted by . In contrast to that, denotes the effec-

tive CIR obtained by the "energy equalizer". The compressi
effect of the TEQ is clearly visible for both equalization tech
niques. The maximum length of the CIR to avoid ISI/IC
in the DMT system is marked with grey color in the subplo
of Fig. 1. The delay spread of the overall CIR is abou

without time domain equalization. It is reduced to
with the "energy equalizer" and even to with the pro
posed "delay spread equalizer".

Fig. 1: Normalized CIR of a subscriber loop (length 3 km
wire diameter 0,4 mm) without equalization. is th
CIR with minimized delay spread and is the compare
CIR compressed with method [2].

A. Interference Power

In the following, we give an approximation similar to [3] to
estimate the ISI/ICI power of the subchannels at the output
the DFT filter bank at the receiver. For this purpose, we cho
a window of size , that covers as much energy of the ove
all CIR as possible. The samples outside of the windo
are denoted pre- and postcursors. They contribute to the
and ICI power. According to Fig. 2, we define the impulse re
sponses ( ) and ( )
of the pre- and postcursor, which remain outside the windo
of consecutive samples. The numbers and of su
impulse responses are determined by the length of the cy
prefix and the overall CIR . Furthermore, the maximum
length of and is given by the size of the
DFT. The transmitter signal of the DMT system can be a
sumed as zero mean and white Gaussian process, if nearl
carriers are modulated with uncorrelated symbols of equ
power . Then, an approximation for the ISI/ICI powe

of the subchannel ( ) is given by
(12).
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Fig. 2: ISI and ICI due to pre- and postcursor of the CIR
at the DMT-receiver.

(12)

(13)

The convolution in (13) is denoted by „*“. Fig. 3 shows the
ISI/ICI power of the subchannel of a DMT system for both
equalization methods. Transmission over a twisted pair sub-
scriber loop with 3 km length and 0,4 mm wire diameter is con-
sidered. As a result, the ISI/ICI power of all subchannels
decreases by more than 30 dB for both equalization tech-
niques. A comparison with the simulated results in Fig. 3
shows, that (12) provides quite acceptable results.

B. Impact of Channel Noise

Time domain equalization changes noise properties at the
receiver. Parts of the DMT receiver are shown in Fig. 4. We
examined the noise power at the subchannel out-
put of the DFT filter bank in presence of zero mean additive
white Gaussian noise (AWGN) with variance on the
channel as shown in Fig. 4. Neglecting the removal of the
guard interval, can be calculated by (14) and (15) [5].

(14)

(15)

According to (14) and (15), depends on the equaliz
coefficients . Simulation and analytical results for th
noise power are shown in Fig. 5. As can be seen, si
ulation results confirm (14) quite well. Further, Fig. 5 illus
trates, that the white channel noise becomes colored after t
domain equalization. As a consequence, the variance
of the noise changes from subchannel to subchannel.

C. Signal-to-distortion ratio

As long as the guard interval is of adequate length, the sig
power at the output channel of the DFT is given by (16).
is assumed, that the transmitter modulates all carriers w
equal power .

(16)
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Fig. 3: ISI/ICI power of subchannel of a DMT receive
with and . Subscriber loop with 3 km length
0,4 mm wire diameter, TEQ with  coefficients.
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Fig. 5: Output noise power of subchannel of a DMT re-
ceiver with and in presence of AWGN at the
input of the receiver. TEQ with  coefficients.

The parameter in (16) denotes the magnitude of the over-
all transfer function of the subchannel, specified by the
channel and the equalizer transfer function.
The ISI/ICI power is assumed to be small compared to the sig-
nal power at the receiver. Considering the ISI/ICI power (12),
the noise power (14) and the signal power (16), the signal-to-
distortion ratio at the output of the subchannel of the
DMT receiver is given by

(17)

The signal-to-distortion ratio with and without time do-
main equalization is shown in Fig. 6 for transmission over a
twisted pair subscriber loop of 3 km length. Apart from the
notches, present with the "energy equalizer", is increased
in most subchannels for both equalization methods due to the
reduction of ISI/ICI. However, notches are present in the
function when the energy equalization method is applied. In
contrast to that, there occur no notches by the "delay spread
equalizer". The effect of such notches is a performance degra-
dation of the transmission system.
As a measure for improvement, we use the geometric mean of

, averaged over all subchannels. This value improves from
13,6 dB without TEQ to 15,0 dB with energy equalization and
even to 16,2 dB with delay spread equalization. The impact of

 on the achievable data rate is for further study.

Fig. 6: Signal-to-distortion ratio at the output of the
subchannel of a DMT receiver with , and

. Subscriber loop with 3 km length, 0,4 mm
wire diameter, TEQ with  coefficients.

D. Impact of synchronization error

A critical problem of OFDM/DMT systems is given by sym-
bol timing at the receiver [6]. For this purpose, the sensitivi
against synchronization errors at the receiver is examined
both equalization methods. Fig. 7 visualizes the ISI/ICI pow
of the subchannel as a function of synchronization offs
by transmission over a subscriber loop of 3 km length, wh
equalization is done with the conventional „energy equalizer

Fig. 7: ISI/ICI power at the receiver due to synchronizatio
offset by using the energy equalization method. DMT modul
tion with and . Subscriber loop with 3 km
length, 0,4 mm wire diameter, TEQ with coefficients
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It can be seen, that ISI/ICI power rises enormously, when sym-
bol timing is not ideal. So we can recognize, that the system
with the "energy equalizer" is rather sensitive against synchro-
nization error. In contrast to that, the system with the delay
spread equalization method is relatively insensitive, as it is
shown in Fig. 8. For various synchronization errors, a direct
comparison of the ISI/ICI power between both equalization
methods is illustrated in Fig. 9 as a contour plot.

Fig. 8: ISI/ICI power at the receiver due to synchronization
offset by using the delay spread equalization method. DMT
modulation with and . Subscriber loop with
3 km length, 0,4mm wire diameter, TEQ with coeffi-
cients.

Fig. 9: Comparison of ISI/ICI power between "delay spread
equalizer" and "energy equalizer" in the subchannels of a DMT
receiver with and as a function of synchroni-
zation offset. Subscriber loop with 3 km length, 0,4 mm wire
diameter, TEQ with  coefficients.

Assuming ideal symbol timing, ISI/ICI power is lower in mos
subchannels by using the "energy equalizer". However,
presence of synchronization errors, the ISI/ICI power with th
"delay spread equalizer" rises much less with increasing s
chronization offset than with the "energy equalizer". Cons
quently, the penalty in system performance due
synchronization error is much lower by using the delay spre
equalization method.

IV. CONCLUSION

We have designed an equalizer which minimizes the de
spread in an OFDM/DMT system. The solution was applied
a twisted pair subscriber line with 3 km length and 0,4 m
wire diameter. As a result, the equalizer can reduce the ISI/I
power in the DMT subchannels significantly. The solution wa
compared to an "energy equalizer" which maximizes the en
gy of the overall CIR in a certain window. It was demonstrate
that time domain equalization changes noise properties at
receiver. Considering noise and ISI/ICI together as distortio
the proposed "delay spread equalizer" can achieve a higher
nal-to-distortion ratio than the "energy equalizer". Furthe
more, we have examined the performance of the new equal
in the presence of symbol synchronization offsets at the rece
er. It was demonstrated, that the performance degradation
to synchronization errors is lower with the delay spread equ
ization method than with the energy equalization method. A
ready for a timing offset of about 2 samples, the difference
ISI/ICI power between both equalization methods is more th
10 dB in most subchannels.
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