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Abstract— It is known that radio frequency interference
(RFI) degrades the performance of DMT systems for digital
subscriber loops. The RFI signal, though narrowband in nature,
may be spread to subchannels around the RFI frequencies due
to the large sidelobes of the receiving rectangular window.
In this paper, we propose a joint consideration of channel
shortening and RFI suppression in the design of time domain
equalizers (TEQ). We will design the TEQ by minimizing
ISI, channel noise and RFI interference. Simulation results
are given to show that the proposed method can considerably
reduce interference around the RFI frequencies and increase
the transmission rate.
Keywords—time-domain equalizer, radio frequency interference, RFI suppression

I. I NTRODUCTION
Discrete multitone (DMT) modulation is a very useful
method for high-speed data transmission, e.g. asymmetric
digital subscriber lines and very high speed digital subscriber
lines (VDSL). The transmitter and receiver perform M -point
IDFT and DFT computation, respectively, where M is the
number of subchannels. For every block of M data samples,
the transmitter adds a cyclic prefix (CP) of length ν. If
the number ν is chosen to be no smaller than the order
of the channel, then interblock interference (IBI) can be
easily removed. The DFT outputs are multiplied with a set
of scalars, known as the frequency domain equalizers (FEQ).
Usually the channel is longer than ν and the receiver
includes a TEQ to shorten the channel impulse response.
Many TEQ designs have been proposed [3]-[7]. In [3], Melsa
et al. design the optimal TEQ that minimizes the out-ofwindow energy of the equivalent channel to minimizes IBI.
In [4], Arslan et al. minimize ISI and channel noise on the
tones used for transmission to design the TEQ. Per-tone
equalization for bit rate maximization is proposed in [5].
A filterbank approach to the design of TEQ for maximizing
the bit rate is given in [6]. A comprehensive overview on
TEQ and a unified design approach is available in [7].
In DMT applications such as ADSL and VDSL, some of
the frequency bands are also used by radio transmission systems, e.g., amplitude-modulation stations and amateur radio.

These radio signals can be coupled into wires and interfere;
they are known as RFI ingress [8]. The large sidelobe of
the rectangular window in conventional multicarrier systems
lead to spectral leakage. As a result, many neighboring tones
can be affected. The signal to interference noise ratio of
these tones are reduced and the total transmission rate is
decreased. To improve RFI suppression, receiver windowing
have been proposed in [9]-[10]. A combination of a raisedcosine window and per tone equalization are proposed to
suppress RFI interference in [11]. In [13], it provides a
general framework where a combined window and TEQ can
be designed to maximize the bit rate for a given number of
TEQ and window taps. A channel independent window that
minimizes output interference is given in [12].
In this paper, we propose a filterbank framework to the
design of TEQ. We consider a joint optimization of channel
shortening and RFI suppression. We will design the TEQ
by minimizing ISI, channel noise and RFI interference. We
will see that the proposed TEQ can significantly alleviate
the effect of RFI for the tones around RFI frequencies.
Simulation results are given to show that the proposed
method can considerably reduce interference and achieve
a higher transmission rate. The sections are organized as
follows: In section II, we derive the filterbank representation
of the DMT receiver. In section III, we review the TEQ
design for minimizing ISI and channel noise [4], [6]. The
TEQ design by taking RFI suppression into consideration
will be given in section IV. Simulation results are given in
section V. A conclusion is given in section VI.
II. F ILTERBANK R EPRESENTATION
Fig. 1 shows the DMT system with TEQ t(n). The size
of the IDFT matrix is M and the cyclic prefix length is ν.
The channel is modeled as an LTI filter with additive noise
v(n) and radio interference u(n). The shortened channel
becomes c(n) ∗ t(n). Let λ(n) be the part of c(n) ∗ t(n)
within a window of ν + 1 samples where the energy is most
concentrated. We can write λ(n) = g(n)(c(n) ∗ t(n)). The
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reduces to the case in Fig. 2. In the design of Tk (z), we can
exploit the extra freedom of the proposed receiver so that
the ISI, noise and RFI can be minimized.
III. TEQ DESIGN FOR MINIMUM ISI AND CHANNEL
In this section, we review the TEQ design method for
minimizing ISI and channel noise [4], [6]. Suppose the
length of the original channel c(n) is L and the lengths of
the TEQs are T . Define fk (n) = (1 − g(n))(c(n) ∗ tk (n)).
From Fig. 3, we see that the output error caused by ISI and
noise at the kth tone is ek (n) = [eisi,k (n) + enoise,k (n)]↓N ,
where
eisi,k (n) = x(n) ∗ fk (n) ∗ hk (n)/Pk ,
(1)

?
yN

enoise,k (n) = v(n) ∗ tk (n) ∗ hk (n)/Pk .

..
.
?

(2)

Owing to the fact that the decimator does not change the
2
2
signal variance, we have σk2 = σisi,k
+ σnoise,k
, where
2
2
σisi,k and σnoise,k are respectively the variances of eisi,k (n)
and enoise,k (n). The signal and noise are assumed to be
uncorrelated, and x(n) is assumed to be a white WSS process
for simplicity.
Let tk be the T × 1 column vector consisting of the k-th
TEQ coefficients. The coefficients of λk (n) can be written
in a matrix form as GCtk , where C is an (L + T − 1) × T
lower triangular Toeplitz matrix with first columns given by

yN

DMT receiver with multiple TEQs.

window function g(n) is given by

1, d ≤ n ≤ d + ν,
g(n) =
0, otherwise,
where d is the synchronization delay. The scalar multiplier
1/Pk are known as the frequency domain equalizers, where
Pk is equal to Λ(z) |z=ej2πk/M .
It is known that the receiver in Fig. 1 can be redrawn as
Fig. 2 [6], where N = M +ν. The M receiving filters are frequency shifted versions of the first receiving filter H0 (z). In
particular, Hi (z) = W −iν H0 (zW i ), for i = 0, 1, . . . , M −1,
N
−1
2π
z k , and W = e−j M . If multiple TEQs
where H0 (z) =
k=ν
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are used, one for each subchannel, the receiver becomes the
one shown in Fig. 3 [6]. Now the effective channel for the kth
subchannel is c(n) ∗ tk (n), and λk (n) = g(n)(c(n) ∗ tk (n)).
Let λk (n) be the part of c(n) ∗ tk (n) inside the window,
i.e., λk (n) = g(n)(c(n) ∗ tk (n)). The k-th FEQ coefficient
Pk is given by Pk = Λk (z) |z=ej2πk/M , where Λk (z) is
the z-transform of λk (n). We note that if the order of the
shortened channel C(z)Tk (z) is not larger than cyclic prefix
length, the DMT system still has ISI free property. Also, by
setting Tk (z) = T (z) for k = 0, 1, . . . , M − 1, then Fig. 3

( c(0) c(1) · · · c(L − 1) 0 · · · 0 )T ,
and G is diagonal with [G]ii = g(i), i = 0, 1, · · · , L+T −2.
Let wk be the k-th row vector of the M -point DFT matrix.
2
Then Pk can be written as Pk = wk GCtk and thus |Pk | =
†
tk Bk tk , where
Bk = C† G† wk† wk GC.

(3)

Using matrix representation for convolution, we can write
the coefficients of fk (n) ∗ hk (n) as Hk DCtk , where Hk is
an (M + L + T − 2) × (L + T − 1) lower triangular Toeplitz
matrix with the first column given by
2π

2π

( e−j M k(M −1) e−j M k(M −2) . . . 1 0 . . . 0 )T ,

(4)

and D is diagonal, D = I − G. Using this matrix represen2
tation, σisi,k
can be expressed as
2
=
σisi,k

t†k Qisi,k tk
t†k Bk tk
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where Qisi,k = σx2 C† D† H†k Hk DC Similarly, we have
2
σnoise,k
in the following matrix form
2
σnoise,k

=

t†k Qnoise,k tk
t†k Bk tk

,

(6)

where Qnoise,k = H̃†k Rv H̃k . The matrix Rv is the (M +
T − 1) × (M + T − 1) autocorrelation matrix of v(n) and
H̃k is an (M + T − 1) × T lower triangular Toeplitz matrix
whose first column is the same as in (4) except that the last
L − 1 zeros are discarded.
IV. TEQ DESIGN INCORPORATING RFI SUPPRESSION
We assume that the statistics of interference sources are
available. The radio interference is known as a narrow
band signal and for the duration of one DMT symbol, it
can be considered as a sum of sinusoids like as u(n) =
J−1

αl cos(ωl n + θl ), where ωl is the frequency of the ll=0

th interference source, and αl and θl are the corresponding
amplitude and phase. To analyze the effect of interference,
we apply an interference-only signal u(n) to the receiver in
Fig. 3. The output of the kth tone is ek (n) = [erf i,k (n)]↓N ,
where
J−1
1  αl
[r1,l (n) + r2,l (n)],
Pk
2

erf i,k (n) =

l=0

r1,l (n) = Hk (ejωl )Tk (ejωl )ej(ωl n+θl ) ,
r2,l (n) = Hk (e−jωl )Tk (e−jωl )e−j(ωl n+θl ) .
Note that the decimators do not change the amplitude. To
suppress interference, we can we minimize
φrf i,k =

J−1


1
|Pk |

2

l=0

αl2
2
2
[|ρk,l | + |ηk,l | ],
4

(7)

where
ρk,l (n) = Hk (ejωl )Tk (ejωl ), ηk,l (n) = Hk (e−jωl )Tk (e−jωl ).
(8)
Notice that the equations ρk,l and ηk,l can be expressed
as ρk,l = τ k,l tk , ηk,l = ζ k,l tk , where

An objective function that minimizes ISI, noise variance
and RFI interference is
2
2
φk = σisi,k
+ σnoise,k
+ φrf i,k =

t†k Qk tk
t†k Bk tk

V. S IMULATION R ESULTS
We evaluate the performance of the proposed TEQ design
algorithm using VDSL loops 1-7 [2]. For the first 4 loops,
long lengths (4500 ft) are used. Downstream transmission
is considered. The DFT size M = 1024 and the cyclic
prefix length ν = 80. The channel noise consists additive
white Gaussian noise of -140 dBm/Hz, and also NEXT
and FEXT crosstalk. The RFI interference is of -90 dBm
differential mode [2]. We assume the RFI interference are
of frequencies 1.05MHz, 1.9MHz and 2.0MHz. The TEQ
for each subchannel has length 30.
Table. I shows the transmission rate of the proposed
method. For comparison, we have shown the performance
of windowing methods with a single TEQ. We have shown
the cases of rectangular, Hanning, and Blackman windows
as well as the window design in [12] and the joint window
and TEQ design in [13]. The lengths of the window and the
TEQ are 10 and 20, respectively. The transmission rate is
computed using


SIN Ri
bi = log2 (1 +
) ,
Γ
where the parameter Γ corresponds to a bit error probability of 10−5 , and SINRi are obtained from simulation
measurements. To gain further insight, we show in Fig. 4

50
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Using the above derivations, φrf i,k in (7) can be rewritten
as:
t† Qrf i,k tk
φrf i,k = k †
,
(9)
tk B k tk

SINR (dB)

30

ζ k,l = Hk (e−jωl )[1 ejωl . . . ejωl (T −1) ].
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where Bk is as in (3) and Qrf i,k is
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tone index

Qrf i,k =
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1
4

l=0

αl2 [τ †k,l τ k,l + ζ †k,l ζ k,l ].

(11)

where Qk = Qisi,k + Qnoise,k + Qrf i,k . The optimal TEQ
tk minimizes the above ratio or maximizes its inverse. We
can obtain the optimal TEQs tk by finding the eigenvector corresponding to the maximum eigenvalue of Q−1
k Bk .
Notice that the ratio in (11) is proportional to the inverse of
the signal to interference ratio (SINR) of the kth subchannel.
Therefore the optimal TEQ tk will maximize the subchannel
SINRk .

τ k,l = Hk (ejωl )[1 e−jωl . . . e−jωl (T −1) ],

J−1


,

(10)

Fig. 4.

SINRs of individual tones.
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VDSL loop
1
2
3
4
5
6
7

Proposed
28.7
28.7
28.8
28.7
28.8
28.8
28.7

[12]
26.9
25.9
25.5
19.7
28.3
28.5
27.2

Blackman
26.9
25.9
25.5
19.7
28.3
28.5
27.2

Hanning
26.9
25.9
25.5
19.7
28.3
28.5
27.2

Rectangular
26.9
25.9
25.5
19.7
28.3
28.5
27.2

[13]
28.0
28.0
27.5
20.7
28.8
28.7
27.2

TABLE I
C OMPARISON OF TRANSMISSION RATE (M BITS / SEC ) ON VDSL LOOPS .

the subchannel SINRs around the RFI source frequencies
for loop 1. We see that the RFI on the subchannels near the
RFI source frequencies can be significantly reduced. Thus,
we can transmit more bits in those subchannels and a higher
transmission rate is achieved.

[12] Chien-Chang Li, and Yuan-Pei Lin, Optimal Receiver Window Design
For Radio Frequency Interference Suppression,
European Signal
Processing Conference, 2006.
[13] G. Ysebaert, K. Vanbleu, G. Cuypers, and M. Moonen, Joint Window
and Time Domain Equalizer Design for Bit Rate Maximization in DMTReceivers, IEEE Journal on Selected Areas in Communication, vol.
20, no. 5, pp. 1029-1036, June 2002.

VI. C ONCLUSION
In this paper, we use a filter bank formulation for designing TEQ incorporating RFI suppression. The proposed
TEQ can significantly alleviate the effect of RFI for the tone
around RFI frequencies. Simulation results demonstrate that
larger SINR can be obtained and higher transmission rates
can be achieved.
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