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Abstract- A time domain equalization technique to be used in e Impulse response(n)  of time invariant channel is of FIR
an Orthogonal Frequency Division Multiplex (OFDM) or Dis- type with lengthk = 1024 samples.

crete Multi Tone (DMT) system is proposed, which directly min- « The TEQ is an FIR-filter with impulse response) of
imizes the delay spread of the overall channel impulse response lengthL. samples.

(CIR). It will be shown that this technique can provide superior
performance compared to recent developments of equalizers, The purpose of the TEQ is to minimize the delay spread of
which are designed to maximize the impulse energy in a certain the overall CIRh «(n) in an OFDM/DMT system, which is
window. The performance of the proposed method is demonstrat-  given by the convolutiom,(n) = h(n) &(n) . The parts of the

ed for transmission on local loop twisted pairs. The design algo- overall CIR exceeding the guard interval cause ISl and ICI, de-
rithm requires low computational complexity and is independent  nending on its distance to the guard interval and its energy [3].
of the guard interval length. Simulation and analytical results vi- | contrast to equalization techniques based on energy consid-
sualize the performance of th_e new equalizer and compare it to erations as design criteria ("energy equalizer”) [1]-[2], the "de-
those of a conventional equalizer. lay spread equalizer" incorporates the distance aspect.

The delay spread  of a discrete time functigp(n) is de-
Multicarrier modulation schemes such as Orthogonal Fre- D :Jl 0 z (n_ﬁ)z ':!heff(”)\z >0 (1)
guency Division Multiplex (OFDM) or Discrete Multi Tone E he o

(DMT) are currently applied in many applications e.g. digitalrhe energye  and the time center hfi(n) are given by

audio broadcasting (DAB), digital terrestrial broadcasting fa

(DVB-T) and asymmetrical digital subscriber line (ADSL). In w 2 _
. . .. 2 1 jomf/ f, |2
such systems, a cyclically extended guard interval is inserted E = > |Nesm” = DJ’ ‘Heff(e )| mf (2
between successive multicarrier symbols to avoid intersymbol n=—o At
and interchannel interference (ISI, ICI). A channel impulse re- 2
sponse (CIR) exceeding the duration of the given guard inter- 2 5
val will cause ISI and ICI. To mitigate such effects, the idea is n=g0 > nQhe(n) 3)
- : : . . n=o
to feed the original CIR into a time domain equalizer (TEQ)I. e overall CIRh_(n) is given by the convolution ofr)

such that the cascade of the composite channel and the equal- : . . )
: . ) . WII h a(n) and can be written in matrix notation as
izer yields an impulse response shorter than the guard interval.

Recently, equalizers have been developed, which maximiz ; - ;

the energy of the overall CIR in a given window [1]-[2]. In the he7(0) h(0) o .. 0
subsequent we call such a solution an "energy equalizer". W Ner(1) h) — hO) .. .. a(0)
propose and design a new equalizer, which directly minimize _ hw .. 0 a(1)
" N = In(K-1) .. .. ho) | O
the delay spread of the overall CIR ("delay spread equalizer")
0  h(K-=1).. h() a(Lg-1)
II. SYSTEM MODEL AND DESIGN PROCEDURE hest(K + Lp —2) 0 0 . h&K—é?
. . . ooooo- o e e e s o
In this paper, a discrete representation of a OFDM/DMT Peft H 2
system is assumed. The following parameters are considered: (@)
« The length of the guard interval, represented by a cyclic , . .
prefixisc samples. Inserting (2) and (4) into (1) yields
» The size of the discrete Fourier Transform (DFTyis sam- H_ H
) ) ; 2_4 [H QIHRA 5
ples withN » G . Consequently, there is a maximum number D = F———— (5)
of N/2 complex modulated carriers in a DMT system and & H HE
N carriers in an OFDM system. whereq is a diagonal matrix, containing the squared distances

* The time base of the samples at the output of the transmittef the samples af_(n) from the time center
iST, =1/f, = 1/2208MHz.
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2 tive CIR obtained by the "energy equalizer". The compressing
effect of the TEQ is clearly visible for both equalization tech-
Q= (6) nigues. The maximum length+1  of the CIR to avoid ISI/ICI
5 in the DMT system is marked with grey color in the subplots
0 (K+Lg-2)-n) of Fig. 1. The delay spread of the overall Chg,(n) is about
4us without time domain equalization. It is reduced tps
p? is taken as cost function and has to be minimized. A goodith the "energy equalizer" and even tus  with the pro-
choice for the time center  of the effective CIRns- Norig ,posed "delay spread equalizer".
wheren ;. denotes the time center of the original GIR
The expression in (5) leads to a quadratic optimization prob- 1
lem, where the denominator contains the energygfin) : _ Delay-Spread Equalizatig
Therefore, the matrix producnalH (H results in a hermitian ¢g ho (n) " h.. (n)
positive definite matrix and a Cholesky decomposition can be e eff;
performed. 0.6 " n

=

chofH' vy = LML (7) hefr, (M)

Energy Equalization
hetr,(N)

0.4

The matrixL in (7) is an upper triangular matrix.

Furthermore, the substitutions 0.2 n
V=LA and a=L7@ (8) 0
are introduced. The insertion of (7) and (8) into (5) results in Original
0.2
H h(n)
p2 -V E|W o ©)
A 04 n
- PR » 06 . . . .
with W= (L") H MIHOL (10) 0 20 40 60 80 100

discrete time n

In mathematics, the term on the right hand side of (9) is knowig 1: Normalized CIR(n)  of a subscriber loop (length 3 km,
as Rayleigh-quotient. Itis independent of the absolute value @fre diameter 0,4 mm) without equalization, () is the
v and ranges between the smallest and the largest eigenvalgei \ith minimized delay spread ang, (n)  is the compared
Hmin @ndy,,,. , of the hermitian matriw  [4]. Consequently,c|r compressed with method [2]. 2

the minimum delay spread is given by

Drmin = Mmin- (11) A. Interference Power

To obtainp,, , has to be chosen as the eigenvector corre-I the following, we give an approximation similar to [3] to
spondingtqu, . . The coefficient vectdr of the "delay spreagstlmate the ISI/ICI power of the subchannels at the output of

equalizer” can then be calculated by using (8). the_DFT fiIter.bank at the receiver. For this purpose, we chose
awindow of sizeg +1 , that covers as much energy of the over-
1l SIMULATION AND COMPUTATION RESULTS all CIR h«(n) as possible. The samples outside of the window
) are denoted pre- and postcursors. They contribute to the ISI
We have analyzed the performance of the described delgid |CI power. According to Fig. 2, we define the impulse re-
spread equalization method in a DMT transmission systegponseg\,pres(n) {=1..P )and,,g () &=1,..P, )
over a twisted pair subscriber loop. Hence, the GIR is agf the pre- and postcursor, which remain outside the window
sumed to be real-valued. As a consequence, real-valued equils + 1 consecutive samples. The numbegs  apd  of such
izer coefficients are sufficient. The results of the proposeﬁ;npl_ﬂse responses are determined by the |ength of the Cyc"c
equalizer are compared with those of the "energy equaliz&prefix and the overall CIRy(n) . Furthermore, the maximum
(1], [2]- length ofw, . 5(n) andw, .. ¢(n) isgivenbythesize of the
In Fig. 1, the CIR of a subscriber loop with 3 km length anthbrT. The transmitter signal of the DMT system can be as-
0,4 mm wire diameter as well as the corresponding congumed as zero mean and white Gaussian process, if nearly all
pressed impulse responses for both types of equalization @&riers are modulated with uncorrelated symbols of equal
shown. A cyclic prefix withG = 16 samples is assumed. Thgower o2, . Then, an approximation for the ISI/ICI power

effective CIR, obtained by the "delay spread equalizer" is dquen - of the m" subchanneln{=0,1,..N-1 ) is given by

noted byh (n) . In contrastto thati,; (n) ~ denotes the effece] 2),
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Fig. 2: ISl and ICl due to pre- and postcursor of the GR(n)
at the DMT-receiver.
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ISI/ICI power of them™
equalization methods. Transmission over a twisted pair sub-
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. $hamel - ()

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 powef ., , at th¥
put of the DFT filter bank in presence of zero mean additive

white Gaussian noise (AWGN) with varian@éWGN on the
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Fig. 3: ISI/ICI power ofm™ subchannel of a DMT receiver
with G = 16 and N = 128 . Subscriber loop with 3 km length,
0,4 mm wire diameter, TEQ with. = 16

coefficients.

According to (14) and (15)c,vﬁ0ise m depends on the equalizer
coefficients a(n) . Simulation and analytical results for the
noise powels
ulation results confirm (14) quite well. Further, Fig. 5 illus-
trates, that the white channel noise becomes colored after time
The convolution in (13) is denoted by ,*“. Fig. 3 shows thedomain equalization. As a consequence, the vari
subchannel of a DMT system for bothof the noise changes from subchannel to subchannel.

are shown in Fig. 5. As can be seen, sim-

afge, m

r—" :|> .
TEQ | | DFT 1 ' FEQ X
remove —= :
a(n) —>| guard |—> . '
mtervalI * ' .
N-1 ' !
L = ___.
2
C‘noise m

subchannel oufig. 4: DMT receiver with TEQ and noisy channel.

channel as shown in Fig. 4. Neglecting the removal of th€. Signal-to-distortion ratio
guard interval 2 can be calculated by (14) and (15) [5]. i i i
Onoise m Aslong as the guard interval is of adequate length, the signal

N—1 L power at them™ output channel of the DFT is given by (16). It
2 2 N i i i i
Onoise m= aweNT Y %_%HE(V) [k (14) is assumed, 2that the transmitter modulates all carriers with
v=-(N-1) equal powelo; .
c o2 = o2 OA |? (16)
cv) =aW) * a(=v) = a(k) a(k-v) (15) signal m = %xx Ml

k = —0
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Fig. 5: Output noise power off"  subchannel of a DMT reFig. 6: Signal-to-distortion ratig,, at the output of tid"
ceiver withG = 16 andN = 128 in presence of AWGN at thesubchannel of a DMT receiver withn = 128 G =16 and
input of the receiver. TEQ with, = 16  coefficients. 0o wen O = 10°°. Subscriber loop with 3 km length, 0,4 mm
wire diameter, TEQ with . = 16 coefficients.
The parametep | in (16) denotes the magnitude of the over-
all transfer function of then™ subchannel, specified by th®. Impact of synchronization error
channel and the equalizer transfer function. ~ Acritical problem of OFDM/DMT systems is given by sym-
The ISI/ICI power is assumed to be small compared to the sigy| timing at the receiver [6]. For this purpose, the sensitivity
nal power at the receiver. Considering the ISI/ICI power (12 gainst synchronization errors at the receiver is examined for
the noise power (14) and the signal power (16), the signal-tgyih equalization methods. Fig. 7 visualizes the ISI/ICI power
distortion ratioy at the output of ther™  subchannel of thgy the m'™ subchannel as a function of synchronization offset
DMT receiver is given by by transmission over a subscriber loop of 3 km length, when
N ‘2 equalization is done with the conventional ,,energy equalizer”.
m
Ym = T o2 —j2Tmy )
z %—%H{z(v) +%\‘c(v)] e N [dB] .60
v=—N-1)

XX

e}
The signal-to-distortion ratig,, ~with and without time do- “= g
main equalization is shown in Fig. 6 for transmission over a g
twisted pair subscriber loop of 3 km length. Apart from the™g= -90
notches, present with the "energy equalizey,, is increased® -100
in most subchannels for both equalization methods due to thes
reduction of ISI/ICI. However, notches are present infhe ~ ~
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 degrgy?ncggxnnmel 64 0 1
dation of the transmission system. 4 321
As a measure for improvement, we use the geometric mean of
IS,'eaggr\?vﬁﬁgLﬁV% g"tsligfg?j?\?vliihLzlzr\éilzgl:g]l?zr:t\i/gs ;r:dEllg. 7 ISI/I_CI power at the rec_eive_r due to synchronization
even to 16,2 dB with delay spread equalization. The impact o{'fset by using the energy equalization method. DMT modula-

. . lon with N = 128 and G = 16 . Subscriber loop with 3 km
v, On the achievable data rate is for further study. length, 0,4 mm wire diameter, TEQ with. = 16 coefficients.

synchronization offset in samples



It can be seen, that ISI/ICI power rises enormously, when symkssuming ideal symbol timing, ISI/ICI power is lower in most
bol timing is not ideal. So we can recognize, that the systesubchannels by using the "energy equalizer". However, in
with the "energy equalizer" is rather sensitive against synchrpresence of synchronization errors, the ISI/ICI power with the
nization error. In contrast to that, the system with the delaidelay spread equalizer” rises much less with increasing syn-
spread equalization method is relatively insensitive, as it ishronization offset than with the "energy equalizer". Conse-
shown in Fig. 8. For various synchronization errors, a direcfuently, the penalty in system performance due to
comparison of the ISI/ICI power between both equalizatiosynchronization error is much lower by using the delay spread
methods is illustrated in Fig. 9 as a contour plot. equalization method.

IV. CONCLUSION

[dB]
-60 We have designed an equalizer which minimizes the delay
~ spread in an OFDM/DMT system. The solution was applied on
N< a twisted pair subscriber line with 3 km length and 0,4 mm
e 70 wire diameter. As a result, the equalizer can reduce the ISI/ICI
@ power in the DMT subchannels significantly. The solution was
”35 hi compared to an "energy equalizer" which maximizes the ener-
é’ gy of the overall CIR in a certain window. It was demonstrated,
S -90 that time domain equalization changes noise properties at the
receiver. Considering noise and ISI/ICI together as distortion,
'1000 ' the proposed "delay spread equalizer" can achieve a higher sig-

nal-to-distortion ratio than the "energy equalizer". Further-
more, we have examined the performance of the new equalizer
in the presence of symbol synchronization offsets at the receiv-
er. It was demonstrated, that the performance degradation due
Fig. 8: ISI/ICI power at the receiver due to synchronizationo synchronization errors is lower with the delay spread equal-
offset by using the delay spread equalization method. DMikation method than with the energy equalization method. Al-
modulation withN = 128 andc = 16 . Subscriber loop with ready for a timing offset of about 2 samples, the difference in
3 km length, 0,4mm wire diameter, TEQ with = 16  coeffi-1SI/ICI power between both equalization methods is more than

4-372
synchronization offset
in samples

subchannel
index m

cients. 10 dB in most subchannels.
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