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ABSTRACT

TheDMT (discrete multitone) based VDSL (very high speed
digital subscriber line)system is susceptible to interference
due to radio frequency transmission. It is known that win-
dowing at the receiver can reduce radio frequency interfer-
ence (RFI). In this paper, we formulate the interference of
individual tones and minimize the total interference. The
optimal window can be obtained in a closed form. The pro-
posed windows have faster roll-off in low frequency. As
a result, fewer tones will be dominated by RFI. Simula-
tionswill be given to demonstrate the usefulness of the pro-
posed design. We also see that not knowing the statistics
of the interference source leads to only a minor degrada-
tion. Therefore, we can obtain very good suppression effect
with interference-independent windows, which has the ad-
vantage that the window need not be redesigned when the
interference changes.

1. INTRODUCTION

The very high speed digital subscriber line (VDSL) trans-
mission system shares its spectrum with different types of
radio transmission, for example, amplitude-modul ation sta-
tions and amateur radio. These radio signals can be coupled
into telephone wires and interfere with the VDSL signal at
the receiving side. These types of noisein a VDSL trans-
mission system isknown as RFI ingress[1]. The magnitude
of RFI ingress depends on the cable structure, e.g. shield-
ing, twist, and physical orientation of the cable. The tones
corresponding to the RFI frequency bands can be turned off
to reduceinterferenceto radio transmission (ingress) [2][3].
These tones usually have too large interference to carry any
bits. One approach of reducing RFI effect is by applying
window at the receiver. One method that minimizes the er-
ror of the windowed signal at the DFT output is given in
[4]. A frequency-domain or time-domain windowing fol-
lowed by decision feedback equalizer [5], and a combina-
tion of raised-cosinewindow and per tone equalizer (PTEQ)
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are proposed to suppress RFI interference[6]. However, the
channel information is required in these designs. Another
work is to design the channel-independent window by min-
imizing the sidelobe energy [7]. Thiswork would introduce
ISl (inter symbol interference) and post processing is re-
quired to cancel ISl.

In this paper, we formulate the interference of individ-
ual tones at the receiver outputs. The total interference of
the tones used for transmission is given as a function of the
window coefficients. The problem can be solved by dif-
ferentiating the interference function with respect to win-
dow coefficients. When compared with well known window
(e.g. Hanning or Blackman), our proposed windows have
faster roll-off in low frequency. Asaresult, fewer tones will
be dominated by RFI. We will consider both the case when
the statistics of the interference is available to the receiver
and the case when it is not. In the ssimulation, we will see
that not knowing the statistics leads to only a minor per-
formance degradation. Interference-independent windows
have the advantage that the windows need not be updated
when the statistics of interference changes.

The paper is organized as follows. In section 2, we will
find the equivalent filter bank (FB) representation for the
convenience of analysis. In section 3, we will design the
windows for both the case when the statistics of the RFI
interference is available at the receiver and the case when
the statistics of RFI is not available. In section 4, we will
compare the performance of the receiving windows by sim-
ulations.

2. FILTERBANK REPRESENTATION

In this section, we derive thefilterbank representation of the
receiver with windowing. The representation will be useful
in formulation th interference of individual tones. Fig. 1
shows atypical DMT receiver. After the removal of cyclic
extension, M-pt DFT is performed. Assume the DMT sys-
tem has block size M with cyclic prefix (CP) length P. The
transmitted block sizeis N = P + M. Suppose the channel
order is . withl. < P andwe have L = P — [, sam-
ples of cyclic prefix not affected by the channel. Therefore



thereare M + L samples free from inter-block interference
for each block. To apply windows, the receiver takes the
M + L samples, multiplies the first L samples by window
coefficients w(n), n = 0,1,--- , L — 1 and multiplies the
last L samplesby 1 — w(n). Assumew = [wq - --wr_1]"
isthe L x 1 window coefficient vector. Fig. 2 shows the
equivalent matrix representation of the DMT receiver with
windowing. The matrix B in Fig. 2 isgiven by

0 0 Iy—r O
B = 1
(OLx(P—L) C 0 D) ’ @)
where
wWo 0 0
c=|? w @
0
0 wr—1
D=1,-C ()

The structure in Fig. 2 has an equivaent filter bank repre-
sentation [8] as shown in Fig. 3. The M receiving filters
H;(z)fori=0,1,--- ,M — 1 arerelated to B and W by

Ho(Z) 1
Hq(2) z
_ -wB| | | @
H]w;l(z) ZNI*I

Using the expression of B in (1), we can verify that the
coefficients of thefirst receiving filterh(n) are given by

W_p—P+1L, (P ) n < (P L)
ho(n) = 1, -(N-L-1)<n<-P
1— W_n—N+L, (N 1) n § (N — L)
0, otherwise.
©)

We can further verify that H,(z) isrelated to Hy(z) by
Hi(z) = WV Ho(zW"), (6)

where W = ¢33 . Thei-th receiving filter is essentially a
shifted version of Hy(z).
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Figure 1: Traditional DMT receiver.
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Figure 2: Matrix representation of a DMT receiver with
windowing.
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Figure 3: Filter bank representation of aDMT receiver with
windowing.

3. OPTIMUM WINDOW DESIGN

In this section we formulate the interference of individual
tones. We show that the optimal window coefficients can
be obtained by using first order necessary condition[9]. We
will consider two cases. In the first case, the statistics of
RFI is assumed to be available to the receiver. In the sec-
ond case, we assume the statistics of RFI frequency is not
known to the receiver.

Informed receivers:

The RFI is known to be a narrow band noise. For the du-
ration of one VDSL symbol, it can be considered as sinu-
soids. We assume that RFI interference occurs at frequency

w; with amplitude «; and phase 6;,1 = 0,--- , R — 1. Thus
we can model the interference as
R—1
ag cos(win + 6;). 7

=0

To analyzetheeffect of interference, we apply theinterference-
only signal v(n) to the receiver (Fig. 3). The output of the
i-th receiving filter is

R—1
aufer ;€3O 4 ) eI (g)
=0

wl»—l

where ¢ ; = H;(e/*") and C;,i = H;(e79«1). Theinterfer-
ence at the i-th receiver output is y;(n) = w;(Nn), which
has the same amplitude as u;(n). To suppress the total in-



terference, we can minimize

=

M-1
J = of llevil* + leril) )
l 1=0,i€U
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where U isthe set of tones that are used for transmission.

CLi = WfiPHO(ej(wlfwri/M))
C; o W*iPHO(e*j(wl*Qﬂ'i/M))

N

(10)

Window design for informed receivers:
With the above expressions, the objection function in (9)
can be written as
R—1 M-1 ) )
J= Y X af [H(d@ ARy
=0 i=0.icU (11)
|H0 (efj(wlf%ri/M)”Q]

From (5) we can verify that H(e/(“1=27/M)) can be given
in terms of the window coefficients as

Ho(ej(uw*%ri/M)) = bl,i + azr,ivv7 (12)

wherethe notation’ 1" denotes Hermitian, b; ; isascalar and
a;; iIsa L x 1 column vectors given respectively by

P+M-1 _
bii = > e (w1 —2mi/M)L
=P
[a1i]m =  edwi=2mi/M)(P—Ltm) (13)

_ej(wl—QTri/M)(N—L+7r1,) .

Similarly, we can verify that Ho(e—7(«++27/M)) can be ex-
pressed by

Hy (e ICrt2mi/M)y — 4 o'l w, (14)
whereb; ; and a’; ; are respectively

P4+M-1

b;z = >
e—lj:‘(il+27r1i/M)(P—L+m) (15)

_e—j(wl+2ﬂ'i/]\1)(N—L+m) .

efj(lerQﬂ'i/]\l)l
)

[@1i)m =

Using (11) to (15), we can derive,

J= wl(ATA + ATA)w + wT(ATb + A'TD)
+(bTA + b TA )W + [|b|2 + |[b/| 2.
(16)
The matrices A and A’ are of dimensions RM x L, and b
and b’ are RM x 1 column vectors given by

; (17)

Ag 1 Al

bo b},
b = : ab/ = . I (18)

br-1 br_y

where A; and A] are M x L matrices, and b; and b; are
M x 1 column vectors given by

ag o a;,o
A =q aA; = : ; (19)
aym-1 aj g
bio bi,o
bl = Q] ,b; = . . (20)
by, -1 b;ij.,_l

From (16), we can obtain the solution of the optimal win-
dow w that minimizes the total interference by differentiat-
ing J with respect to w. Using first order necessary condi-
tion [9], we have

T[Re(b’A + b TANT.
(21)

—[Re(ATA + A'TA")™

where notation Re(.X') denotethe real part of X
Uninformed receivers:

We now consider the case when the statistics of RFI inter-
ference are not available to the receiver. In this case, the
frequency and amplitude of RFI are not known. We can
minimize the total interference by minimizing the follow-
ing objective function

Jh :/ | Ho(e“) | dw, (22)

where w; is the stopband bandedge. The objective function
J; isthe stopband energy of H(e/*).

Window design for uninformed receivers:

From (5) we can write Hy(e’) as

Ho(e') = s'g, (23)
wheres and g are (M + L) x 1 column vectors given by

e—jw(P—L)
w

—jw(P—L+1)
s=|°“" 8= | 1m-z | - (24)

].LfW
e—Jjw(P+M+1)

The notation 1,, denotesan n x 1 column vector whose €l-
ements are equal to one. Then the stopband energy J; can
be rewritten as

ch:/(gﬁ g)dw = g'Qg, (25)



where

Q= / i ssfdw. (26)

The elements of () are given by

—sin(m—n)ws
(Qlmn = { e P )

1 — ws, m=mn
On the other hand, we can write g as
g=d+Ew (28)

whered” =[0 1% ]J,andET=[1I, 0 -I,].
Using g = d + Ew and the first order necessary condition
[9], we can obtain the following optimal solution w that
minimizes the stopband energy

w = —(E"QE) "(E"Q"d) (29)

4. SSIMULATION

In this section, we will evaluate the proposed window de-
sign technique. The DFT size M = 1024, cyclic prefix
P = 80, and window length . = 20. The channdl is
VDSL loopl of 4500ft, and RFI noise is simulated in dif-
ferential mode with strength -55dBm and distance 6000ft
[1]. We assume the RFI noise are of frequencies 1.8M H z
and 2.0M Hz and design windows for informed receiver
and uninformed receiver. The resulting two windows are
called respectively wq (informed) and w; (uninformed).

To evaluate the performance of the two windows, we ap-
ply an interference only signal to the receiver. In this case,
the DFT output y, contains only interference. Fig. 4 shows
the RFI interference oik at the DFT outputs. It shows that
major interference occurs in the tones close to the RFI fre-
guencies and the proposed windows have faster roll-off near
the RFI source. Although Hanning and Blackman window
have faster roll-off below the tone number 390, RFI is too
small to be the dominated noise. Fig. 5 zooms in the part
of Fig. 4 for the tones of indices from 350 to 512. Fig. 5
shows that, for the proposed windows, the RFI in neighbor-
hood tones is smaller than that with other windows. As a
result, the total interference of the proposed windows will
be smaller; the total interferenceis given by

o= > o2, (30)

As a measure of performance, we calculate percentage of
improvement with respect to the rectangular window,

((brec - (b)

. 100%. (31)

Windows | Percentageimprovement
wo 83.9%
wq 83.3%
Hanning 42.9%
Blackman 39.9%

Table 1. Percentages of improvement of the windowed
DMT system in terms of RFI with respect to the conven-
tional DMT system

Loop wo w1 Hanning | Blackman
VDSLIL | 23.74 | 2352 | 23.48 23.37
VDSL2L | 22.80 | 22.78 | 2259 22.56
VDSL3L | 20.86 | 20.74 | 20.68 20.60
VDSL4L | 12.04 | 11.95 11.90 11.94

VDSL5 | 3314 | 33.09 | 32.76 32.74
VDSL6 | 24.94 | 2490 | 24.75 24.64
VDSL7 | 18.98 | 18.80 18.73 18.65

Table 2: Bit rate (Mbits/sec) on VDSL loops

Table.1 shows the percentages of improvement of the win-
dowed DMT system for the proposed windows, Hanning
window, and Blackman window [10]. It shows that the pro-
posed windows perform better than, Hanning window, and
Blackman window. It also shows that designing receiving
window without knowing the statistics of the RFI source
leads to only a minor performance degradation.

In asecond experiment, AWGN (additive white gaussian
noise) channel noiseis added. Fig. 6 showsthe SINR (signal
tointerferenceratio) of individua tones. Fig. 7 zoomsinthe
part of Fig. 6 for the tones of indicesfrom 350 to 512. From
Fig. 7 we see that the SINRs of the proposed windows are
higher than those of the other windows near the RFI source
frequency. That is, we can transmit more bits in the neigh-
boring tones by using the proposed windows. Table 2 shows
the bit rate for seven VDSL loops[1] where VDSL loop 1 to
4 are of length 4500 ft. The proposed windows have higher
bit rates for al test loops.

5. CONCLUSION

We have proposed a window design method to suppress the
effect of RFl in DMT systems. We consider both the case
when the receiver knows the statistics of the interference
(informed receiver) and the case when the statistics are not
available to the receiver (uninformed receiver). The pro-
posed windows have faster roll-off in low frequency. There-
fore, fewer tones will be dominated by RFI than in the case
of Hanning and Blackman window. Windows designed for
uninformed receiver (interference-independent window) has
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Figure 4. RFI interference of the DMT system with win-
dowing.
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Figure5: Zoomin of Fig. 4 for tones of indices from 350 to
500.

the advantage that the window coefficients need not be up-
dated when the statistics of the RFI interference changes. In
both cases, the optimal windows have closed form solution
that can be obtained by using first order necessary condi-
tion. In simulations we show that the proposed windows
have better performance than rectangular window, Hanning
window, and Blackman window. We also shows not know-
ing the statistics of the RFI source leads to only a minor
performance degradation.

6. REFERENCES

[1] “Very-high Speed Digital Subscriber Lines (VDSL)-
Metallic Interface”, ANSI T1.424, 2002.

[2] J. Bingham, “RFI Suppression in Multicarrier Trans-
mission Systems’, Proc. IEEE Globecomm , vol. 2,
pp.1026-1030,1996.

[3] LucdeClercq, M. Peeters, S. Schelstraete, and T. Pol-
let, “Mitigation of radio Interference in xDSL Trans-
mission”, IEEE Commun. Magazine, March 2000.

60
m 40
Z
@
Z
n 20
0
—w,
0 — Hanning

Blackman

0 100 200 300
tone index

400 500

Figure 6: SINR of the DMT system with windowing.

- w

60 _ WZ

~— Hanning

— Blackman
% 40
@
<
& 20

0

350 400 450 500

tone index

Figure 7. Zoomin of Fig. 6 for tones of indicesfrom 350 to

500.

(4]

(5]

(6]

(7]

(8]
(9]
(10]

A. J. Redfern, “ Receiver Window Design for Muiticar-
rier Communication Systems’, |EEE Journal Selected
Areas in Communications, vol. 20, no. 5, pp. 1029-
1036, June 2002.

S. Kapoor and S. Nedic, “Interference suppression in
DMT receiversusing windowing”, Proc, ICC, pp. 778-
782, 2000.

G. Cuypers, K. Vanbleu, G. Y sebaert, and M. Moonen,
“Combining raised cosine windowing and per tone
equalization for RFI mitigation in DMT receivers’,
ICC, vol. 4, pp. 2852-2856, May 2003.

B. Bornaand T. N. Davidson, “ Efficient filter bank de-
sign for filtered multitone modulation”, |EEE Interna-
tional Conference, vol. 1, pp. 38-42, June 2004.

P. P Vaidyanathan, Multirate Systems and Filter
Banks, Prentice Hall, 1993.

E. K. P. Chong, and S. H. Zak, Introduction to opti-
mization, New York, John Wiley & Sons, 1996.

A. V. Oppenheim, R. W. Schafer, and J. R. Buck,
Discrete-Time Signal Processing, Prentice Hall, 1999.



