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Digital RFI Cancellation in DMT-based VDSL systems
B R = = o student : Chi-Jen Chiang

hERE I ERY Advisors : Tzu-Hsien Sang

Department of Electronics Engineering
National Chiao Tung University

ABSTRACT

VDSL is a promising technology of unshielded twisted pairs in the public
telephone network for the purpose .of broadband access. A problem with this
technology is that the frequency range used for VDSL signaling is shared with
amateur radios and broadcast'AM radios. A transmitter in the proximity of a
wire will induce an electrical signal in-the wire; this is called Radio Frequency
Interference (RFI).

In general, amateur radio (HAM) is more harmful than AM in VDSL. In this
paper, we will focus on dealing with amateur radio. In regard to RFI model, the
simplest model is zero-order with a constant RFI envelope in one Zipper VDSL
symbol period [9]. But in ETSI VDSL systems, the symbol periods are several
times longer than that of Zipper VDSL. The RFI envelop in one symbol may not
be constant. Therefore, the use of such a model in digital RFI cancellation is not
fully justified. We started with a more accurate RFI model and developed an
improved way for RFI cancellation. Simulation results show support to our

assumptions and the effectiveness of our algorithm.



Contents

i I
AB S T R A C T .ttt e e e e ———— I
ACKNOWLEDGE
O ] I = N O i
LIST OF TABLES . ..ottt e e e e e e \%
LIST OF FIGURES. .. ... ittt e e e e e e e e e e \%
(O - (=] G OSSPSR 1
oo U o1 1 o] o ISR 1
1.1 Discrete Multi-Tone (DMT) Modulation...........c.ccccevveviieiii i 2
1.2 VDSL Deployment configuration ..........c.coccveveeveiiie i 4
1.3 VDSL Transmission ENVIFONMENT..........cccovvieiiiiiiiinin e 6
1.4 TheSIS OULIING ....ooviiieie e 10
(O F- T (=] U RSSO UOURSSN 11
Radio Frequency INterference ... .. .cli i i it 11
2.1 AM Droadcast radi0 ..o .. ivumeessieiansseeieesiteesseeseeseessesseessesseessesseessesseessennes 11
VAN (Y 1] g o [T T s e SRR P 14
(O F- T (=] G T USROS 19
Cancellation OF RFL ........coiiiiiiiee e 19
3.1 Requirements of RFI SUPPIeSSION .......cccveiieiieiiiieiie e 22
3.2 Jeong and Yoo’s Approach for Parameter Estimation [9]...........cccccoveviennn, 23
3.3 A Digital RFI canceller by Wise and Bingham [10] .........ccccoovveveiiiiieinnen, 24
3.4 A lterative RFI canceller by Huang [7] ......cccooeiiieiieieice e, 26
3.5 An RFI Signal Model (MOdel 1) ......ccveiieiieiiececeecee e 28
3.5.1 RFI detection and parameter estimation .............cccocovevveviiesineciieesieene 30
3.5.2 Measurement tones SEIECTION ........cccevviieiinie s 32
3.6 First order model (MOdel 2)........ooovveieiiie e 35
3.7 Reduce computation cost of RFI cancellation algorithm................cc..coe.e.. 38
(O F- o (=] G PR TUSPSOTRSN 40
Multiple RFI Cancellation............ccoooviiiiiiiiii e 40



(O F- T (=] gt TSSO RPROTRSTSS 43

SIMUIALIONS ... e e e sre e sreesrreanee s 43
5.1 Single RFISIMUIALION .....ccvviiiiiece e 44
5.2 Multiple RFI SIMUIALION ..........coiiiiiieec e 47
(O F- o (=] G TSSO SPROTRTSS 52
(@f0] 0 o] [115] o] o USROS 52
FULUIE WOTK ...ttt ettt 53
N o] 0T T | SRS 59
APPENIX B oo 60
N o] 0T T |G RO SPS 61
RETEIENCE ... e 63



LIST OF TABLES

Table 1.2 VDSL Data FateS.......cccveieiiieieiieie e sie e et nns 5
Table 2.1-1 signal strengths for AM radio noise into VDSL .........cccccceeevvennenee. 12
Table 2.1-2 The AM radio noise models for VDSL.......cccccovverviieenenienesieneen, 12
Table 2.2 Amateur Radio Bands defined by ANSI ..., 15
LIST OF FIGURES

Figure 1.2 VDSL Deployment Configuration............cccccvvveveeiiesieeieesee e 6
Figure 1.3-1 VDSL Near-End crosstalk ............ccccoovviiiiiiciic i 7
Figure 1.3-2 VDSL Far-End crosstalk ..........cccccooviiiiiiiiiciie e 7
Figure 1.3-3 VDSL Deployment Configuration alien crosstalk ...............ccc......... 8
Figure 1.3-4An example of RFI INGIESS.......ccovviiiiiiiiie e 8
Figure 1.3-5 An example of RFI €0resS .......ccvveviiiiiiie e 9
Figure 2.1-1. The Power Spectrum:Density of AM model 3 simulation............ 13
Figure 2.1-2 The magnificationof ,2.1-1in-the part of RFI peak .................... 14
Figure 2.2-1. Simulation block diagram of amateur radio...............ccccceevveenene, 16
Figure 2.2-2 The Power Spectrum Density of RFI simulation ......................... 16
Figure 2.2-3 Amateur radio vS AMmodel:3 PSD ..........c.ccceeiii i, 17
Figure 2.2-4 The PSD level oFREI vs Recelved signal..............cccccoeiiieeiieennn, 17
Figure 3-2. RFI in one DMT symbol period.........cccccovvvvevievic i, 21
Figure 3.1-1 The required level of RFI cancellation...............ccccooe i, 22
Figure 3.5-1 Hlustration fOr the CaSeS ........cccccveiieiie i 31
Figure 3.5-3 Theoretical RFI model (3.5-5) cancellation................cccccooevnennene, 33
Figure 3.5-4 Simplify RFI model (3.5-6) cancellation ..............ccccccoeiieeiieenen, 34
Figure 3.7 The flow chart of RFI cancellation algorithm ............c.ccocooeeeiiennn, 39
Figure 5 Compare with PSD for various NOISE .........cccceevvvevvevieiie e, 44
Figure 5.1-1 RFI signal suppression by Model 1 algorithm ................cccoeen 45
Figure 5.1-2 RFI signal suppression by Model 2 algorithm ................ccoceveee, 47
Figure 5.2-1 Multiple RFI signal suppression by Model 1 algorithm ................ 48
Figure 5.2-2 Multiple RFI signal suppression by Model 1 algorithm ................ 51

Figure 6-2 RFI signal suppression by time domain cancellation algorithm....... 56
Figure 6-3 RFI signal suppression by time domain cancellation algorithm....... 57
Figure 6-4 Spectral leakage in the digital domain caused by a single carrier .... 58



Chapter 1

Introduction

There are two different modulation schemes in the VDSL standard, i.e. a
single carrier modulation scheme using CAP (carrier-less amplitude phase
modulation) or QAM (quadrature amplitude modulation), and a multicarrier
modulation scheme using the DMT modulation. In this thesis we will focus on a
digital RFI cancellation in DMT-based VDSL transmission systems. The VDSL
system uses the telephone network (unshielded twisted copper wires) for
high-speed digital communication. A problem with this technique is that the
frequency range used for VDSL signaling. 1s- shared with radio amateurs and
broadcast AM radio. The unshielded.copper wire acts like a common mode
antenna that both radiates and receives energy form radio signal. This will cause
two types of RFI which ingresses and egresses [1]. In this thesis we will focus
on dealing with the problem of RFI ingress in VDSL system.

The main source of RFI is considered to be the amateur radio transmitters. This
Is because they can be located just a few meters form unshielded telephone
wires. Moreover, the high transmitted power of the amateur radio can cause a
great interference in VDSL system. There are two ways of RFI cancellation,
analog and digital. A front-end analog cancellation can prevent RFI signal
causing clipping in ADC. In order to prevent received signal clipping in ADC, at
least 25 dB of cancellation in the analog domain is needed [2]. The analog
method can suppress the RFI but often not enough. Usually the digital method

operates in the frequency domain after the FFT. In this thesis we will focus on
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algorithms which can achieve the RFI cancellation in the digital domain. With
the measurement of the RFI on unused tones and a proper RFI model, we are
able to evaluate the contribution of RFI on each tone. Then we can subtract the
estimated RFI signal from the received signal in frequency domain. Besides, the
algorithm can deal with multiple RFIs in a HAM-band. Simulation results show

that the algorithm can achieve 40dB RFI cancellation at best.

1.1 Discrete Multi-Tone (DMT) Modulation

Discrete Multi-Tone modulation is the basis of the multi-carrier version of
VDSL. This type of modulationis essentially equivalent Orthogonal Frequency
Division Multiplexing (OFDM)! The basic concept of DMT is to split a serial
high data rate stream into parallel lower data: rate streams that are transmitted
simultaneously over a number. of sub-carriers. Because the symbol duration
increases for the lower data rate parallel sub-carriers, the relative amount of
dispersion in time caused by multipath delay spread is decreased. Figure 1.1-1
depicts a simplified DMT transceiver used for ADSL and VDSL. The data is
first coded using a Reed-Solomon code. After interleaving the coded bytes, the

data is modulated using a DMT modulation scheme. In the transmitter, we

assume that {X,, X ,........., X nrz2.1 (N/2: number of sub-tones) are

transmitted complex number data. DMT modulation can be performed by an

IDFT which can be implemented very efficiently as an IFFT. The sequence

{X o X, X v12.1 3 Can be considered as frequency domain signals and

each value represents a QAM constellation point. Because only real numbers



can be transmitted in a real world, we must expand the sequence to

{Re{Xo}, Xy X M X0} X N2t e, X1} for the input of the N-point
IFFT. After the N-point IFFT, the cyclic prefix (CP) is added to the DMT

symbol to mitigate the inter symbol interference (ISI) effect. L, points CP is

added to original series {Xg, X;,.ooeenn Xn.if . And a new series
Xn-t, XN o Xos XXy is obtained. Notice that L, points must be
e proper symbol

L, points cyclic prefix

at least equal to or larger than the length of channel impulse response to prevent
ISI. Besides, adding CP makes linear convolution equivalent to circular
convolution. Circular convolution in time domain is equivalent to tone-by-tone
multiplication in frequency domain.

y, =h ® x_ intime domain ®:circular convolution
=Y, =H, X, in frequency-domain

At the receiver, the channel output signal’is first shaping-filtered and converted
to digital from by an analog-digital converter (ADC). If the channel delay spread
is larger than CP, the 1SI can no longer be confined without affecting the proper
symbol. On way to deal with this issue is to introduce a FIR TEQ filter which

can shorten the overall equivalent channel length. Then, we received the time
domain signals Y, and first L, points must be removed. Accordingly in the
receiver an FFT module can serve as a demodulation. A frequency equalizer

(FEQ) is uesd to estimate H, i.e., the complex gain caused by channel. And this

can be achieved by using training sequences during the training phase before a
communication link is established. After estimating the channel effect on each

tone, we can further estimate the SNR. In a wire-line system such as DSL, the



channel capacity can be fully utilized. It means that sub-carriers with high SNRs

should be assigned with more data bits, and less data bits are carried in those

with lower SNRs. This procedure is called bit loading. Finally, the signals are

decoded and the original transmitted data can be recovered.
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Figure 1.1 A DMT-based DSL system

1.2 VDSL Deployment configuration
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Filter

The VDSL systems operates over the copper wires in much the same way

that ADSL does, but the speed is much faster than ADSL. VDSL can achieve



high data rates up to 52 Mbps downstream and 6.4 Mbps upstream. However,
the price paid for the higher speed is the shortened distance range. Due to the
large attenuation of high-frequency signals on twisted-pair lines, the deployment
of VDSL is limited to a loop length of less than 4500ft (1.5Km) form the signal
source. Table 1.2 depicts the VDSL data rates in different loop lengths.

Asymmetric Services Symmetric Services
Data Rate Data Rate
Loop Length Downstream | Upstream Each Direction
Classification Mb/s Mb/s Mb/s
Short Loop (1500 ft) 52 6.4 26
Medium Loop (3000 ft) 26 3.2 13
Long Loop (4500 ft) 6.5 0.8 6.5

Table 1.2 VDSl: Datarates [12]
Figure 1.2 shows two possible VVDSL:-deployment configuration, which can deal
with limited range of transmission..loop ‘length. For customers close to the
central office (CO), VDSL can be deployed over copper wiring from CO; this
configuration is called fiber to the exchange (FTTEx). For more-distant
customers the fiber is run to an optical network unit (ONU). This configuration

is called fiber to the cabinet (FTTCab).
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Figure 1.2 VDSL Deployment Configuration [14]

AN access network

1.3 VDSL Transmission Environment

The DSL technological advances have increased the potential capacity of the
telephone operators’ access networks, which were originally intended only to
provide a plain old telephone service (POTS). The performance of VDSL is not
only limited by signal degradation but also by different noises occur on the
telephone lines. The most common noises include crosstalk, radio frequency
interference (RFI), impulse noise and background noise.

1. Crosstalk
Crosstalk occurs when electromagnetic radiation in a wire affects another
wire in the same cable. Such coupling increases with frequency. There are two
different types of crosstalk in multi-pair access network cables, near-end

crosstalk (NEXT) and far-end crosstalk (FEXT), as show in Figurel.3-1land



1.3-2. NEXT is caused by signals traveling in the opposite direction. FEXT is

caused by signals traveling in the same direction. NEXT increases with f*°
and FEXT increases with |H(f,L)[-L-f2 where L is length of the line, f

is frequency, and |H(f,L)| is the magnitude of loop insertion gain transfer

function. NEXT is usually more harmful than FEXT because NEXT is not
attenuated by the transfer function. Higher transmitted frequency in VDSL
usually means larger crosstalk. Because VDSL signals use bandwidth up to
12MHz, these noise can be very large, especially if the crosstalk signal is
another VDSL signal at the same time and frequency. Crosstalk (NEXT and
FEXT) can be caused by VDSL signals themselves, in which case we call
them self-crosstalk (S-NEXT and S-FEXT), or by other disturbers (e.g. other
kinds of DSL signals), in-which case-we. call them alien crosstalk (A-NEXT

and A-FEXT), as show in-Figure-1.3-3.

Cable

Transmitter / \ Wire par / \ >

NEXT

Wire pair

Receiver [« \ / \ /

Figure 1.3-1 VDSL Near-End crosstalk

Cable

Wire pair / \ Transmitter

Receiver

1=l
< \/ ) wepaw\/

Figure 1.3-2 VDSL Far-End crosstalk
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2. Radio frequency interference (RFl)
RFI noise is caused by AM ‘or amateur radio (HAM) signal that is transmitted

in close proximity of a VDSL: transceiver.-There are two types of RFI which

ingresses and egresses as shown in'Figure 1.3-4 and 1.3-5.

Radiated Energy
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7
s 7 / \
7 7 / |
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7 7 // |
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e / |
Ve / |
7 / |
e X !
Central INGRESS
Office //INGREW \/l INGRESS
VTU-R
VDSL line

VTU -R: VDSL Transceiver Unit at the Remote customer site

Figure 1.3-4An example of RFI ingress [12]
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Figure 1.3-5 An example of RFI egress [12]
The most straightforward method of reducing RF egress and ingress is to use
shielded cable for all aerial sections;:but it is probably the most expensive
method. For more details, please refer to. Chapter 2.
. Impulse noise
Impulse noise is a temporary.signal that .can be narrowband or wideband and
occurs randomly. Impulse noise can be caused by a variety of electronic and
electromechanical devices, and also by atmosphere electrical surges. Impulses
can be tens of millivolts in amplitude and can last as long as hundreds of
microseconds. Therefore, the VDSL transceivers use forward error correcting
codes and interleaving to provide protection against impulse noise.
. Background noise
This noise is additive white Gaussian noise (AWGN) with fixed power
spectral density (PSD) level of -140 dBm/Hz defined in [3]. This level usually

corresponds to the reference noise floor.



1.4 Thesis Outline

In Chapter 2, we will introduce the situation that RFI signals interfere with
VDSL systems and properties of RFI signals. In Chapter 3 we will indicate the
difference in previous RFI cancellation algorithms and propose a new RFI
cancellation algorithm. Multiple RFI cancellation is discussed in Chapter 4. The

simulation results are showed in Chapter 5.
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Chapter 2

Radio Frequency Interference

VDSL systems should avoid interfering existing services, at the same time
mitigate impairments caused by other services; emission from VDSL should be
controlled the transmitted PSD level in these radio frequency bands no higher
than -81dBm/Hz [1]. To prevent ingress, there are tow major ways to mitigate
the problem of RFI, analog and digital. An analog cancellation can prevent
received signal clipping in ADC and at least 25 dB of cancellation in the analog
domain is needed [2]. The analog 'method can suppress the RFI but often not
enough. The digital method=mostly :0perates in the frequency domain after the
FFT. In this thesis we will focus on an algorithm that achieves the RFI
cancellation in the digital domain.

The VDSL standard specifies that the RFI tests shall be performed while subject
to simulated RFI threats as specified in Section 2.1 and 2.2. Each simulated RFI
threat shall include 10 simulated AM broadcast stations in the band 535 to 1605

kHz and one amateur radio SSB transmission [3].

2.1 AM broadcast radio

Broadcast AM radio is operated to use the frequency band from 535 to 1605
kHz which overlaps VDSL band. The transmitter may use very high power up to
50KW PEP (Peek Envelope Power). So this powerful RF-transmitter can cause a

very large RFI at the neighborhood of Digital subscriber Line. But at a

11



sufficiently large distance the RFI will be small enough to be handled. There are
three model of AM radio noise in Table 1 [3]. Model 1 and Model 2 represent
urban high-density areas, and Model 3 represents a suburban environment. The
following differential mode levels are based on measurements.

(CM = common mode; DM = differential mode)

Distance to AM radio transmitter DM strength (dBm)
300 ft -30
6000 ft. 55
12000 ft. -60
24000 ft 70

Table 2.1-1 signal strengths for AM radio noise into VDSL [3]

Model 1 Model 2 Model 3
(high-density urban with (high-density urban with (suburban)
co-located transmitters) primary/secondary
transmitters)
Frequency CM DM CM DM CM DM
(kHz) dBm dBm dBm dBm dBm dBm
(50 ) (100 Q) (50 Q) (100 Q) (50 Q) (100 Q)
660 (AM) 0 -60 +5 -55 0 -60
710 (AM) 30 -30 +10 -50 +10 -50
770 (AM) -10 -70 0 -60 -10 -70
1050 (AM) +5 -55 +10 -50 +5 -55
1130 (AM) +30 -30 +30 -30 +10 -50
1190 (AM) 0 -60 0 -60 0 -60
1280 (AM) +5 -55 +5 -55 +5 -55
1330 (AM) i -60 +5 -55 +5 -55
1480 (AM) -10 -70 -10 -70 -10 -70
1600 (AM) 0 -60 0 -60 0 -60

Table 2.1-2 The AM radio noise models for VDSL [3]

NOTE 1:
CM is a longitudinal signal with the common mode terminated in 50 Ohm.

DM is a differential signal with the differential mode terminated in 100 Ohm.

12



Model 1 has 2 AM stations at 300 ft, 2 more at 6000 ft , 4 more at 12000 ft, and
2 at 24000 ft.

Model 2 has 1 AM stations at 300 ft, 5 more at 6000 ft.(with 2 at the slightly
higher level of -50 dBm) , 3 at 12000 ft, and 1 at 24000 ft.

Model 3 has 5 at 6000 ft. (two are slightly higher at -50 dBm), 3 at 12000 ft, and
2 at 24000 ft.

Fower Spectral Density of Akl model 3
'BD T T T T T T T T

|/ U OO N N A —
-1|:u:|—--- I SEUSOS SNSRI SR SN SN SN SR SRR

PTSY S Y 15 S SN SN SN SN SIS SO SN
|J|

S| N S s S s s

BT e ST I S
Vel EYUN| S S SN SRR S S S S——

180 b-----4- - e s Baaaaal BEEEEE L EEEEEEE CELEEEE EEEEEE -

dBm

15.3 il ‘ 1
IS .1 o T
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180 I i I | | | l
o 2 A B =1 10 12 14 16 13
[
® 10

Figure 2.1-1. The Power Spectrum Density of AM model 3 simulation
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Figure 2.1-2 The magnification of 2.1-1 in the part of RFI peak
(10 RFI peaks indicate 10 AM broadcast stations)

2.2 Amateur radio

Amateur radio users (HAM) ean be harmful because they can be located just
a few meters from unshielded telephone wire, and the transmitting power in
European is usually below 400W PEP (Peek Envelope Power) while it can be as
high as 1500W in the US. Amateur radio users are allowed to use several
different frequency bands, calls HAM bands, in the range 1.81MHz~30MHz.
The international HAM bands are listed in Table 2.2 [3]. The VDSL spectrum

varies with number of sub-carriers N’. There are 2 operating modes: N’=2048
and N’=4096, the sub-carriers spacing Af =4.3125KHz, The VDSL uses a large

frequency band ranging from 138KHz to 17.66MHz, and depending on N’, there
are 3 (when N’=2048) or 5 (when N’=4096) HAM-bands that overlap VDSL

spectrum.

14



HAM-band | Band start (MHz) | Band stop(MHz) | Comments
HAM-band 1 1.810 2.000
HAM-band 2 3.500 3.800
HAM-band 3 7.000 7.100 vDsLin

-ban : :
: HAM band

HAM-band 4 10.100 10.150
HAM-band 5 14.000 14.350
HAM-band 6 18.068 18.168
HAM-band 7 21.000 21.450 VDSL out of
HAM-band 8 |  24.890 24.990 HAM band
HAM-band 9 28.000 29.100

Table 2.2 Amateur Radio Bands defined by ANSI [3]

The simulation block of amateur radio:(RFI) generator uses a simulated speech

signal transmitted with SingleSide Band (SSB) modulation. The simulated

speech signal m(t) is constructed from white Gaussian noise which is band

limited to 4KHz by passing through a special speech simulation filter [4]. The

filtered signal is then switched on ‘and off to simulate speech activity. The

speech is on for 5 seconds and off for 10 seconds. During the speech activity

period of 5 seconds the speech should be switched on for 50ms and off for

150ms repeatedly to simulate syllables [5]. The block diagram of amateur radio

simulation shows as Figure 2.2-1. The Power Spectrum Density of RFI

simulation result shows as Figure 2.2-2.
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S, (1) = m(t) cos(2z £.t) - m(D)sin(2z f.t).  (2.2-1)

Srfi (t)

o

G auzzian

———»

White Gauszian MNoise

SSE AM

RFlzignal Output

Speech Signal Filter Interrupt Single Side Band
ITU-T Rec, .227 (50ms ON/ todulation
100ms OFF)

Figure 2.2-1. Simulation block diagram of amateur radio
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Figure 2.2-3 Amateur radio vs AM model 3 PSD

In Figure 2.2-3, the PSD of amatéur radio is lager than AM broadcast radio.

Therefore, the main source of RFI :is. ‘considered to be the amateur radio

transmitters. In this thesis, we will focus on dealing with amateur radio.
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Figure 2.2-4 The PSD level of RFI vs Received signal

(RFI power = -10dBm VDSL mask =-60dBm Channel: VDSL_TP1 1000 )
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In the Figure 2.2-4 we can observe that RFI significantly degrades VDSL
system performance, since RFI which is not periodic in the sub-carriers spacing
gets spread to many sub-carriers. This is because the segmentation of the
received data and removal of cyclic prefix is equivalent to multiplying the
received signal (including RFI noise) by a rectangular window. Multiplication in
time is equivalent to convolution in the frequency-domain with a sinc-like
function. Since the sidelobes of the sinc are relatively high and decay rather
slowly, RFI can effect a large number of sub-channels [11].

In order to satisfy the RFI egress requirements, DMT tones within HAM-band
1~5 are not modulated as shown in Figure 2.2-4. As a result, these unused tones
can be used to measure the RFI, and RFI models can be estimated with the help

of the measurements.
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Chapter 3

Cancellation Of RFI

Since the power of RFI signal may be high. In order to prevent RFI signal
clipping in ADC, a front-end analog cancellation which can suppress the RFI
power level is needed. DMT-tones in the HAM-bands must be unused in order
to avoid RFI egress. So we can use unused tones in the HAM-bands to estimate

the RFI signal model. The block diagram of RFI canceller shows as Figure 3-1.

RFI cancelled
output data

Channel

output | Front-end _
——p Analog RFL | ADC =SS gt ey .
cancellation Paralle]  —

> RFI > RFI
Modeling synthesis

Figure 3-1. Block diagram of RFI canceller

As shown in Figure 3-1, the RFI cancellation process has to be conducted
symbol by symbol. The derivation of the RFI signal model from one DMT
symbol period is the beginning of our RFI cancellation algorithm. The simplest
model is zero-order with a constant RFI envelope in one VDSL symbol period
[9]. But in ETSI VDSL systems, the symbol periods are several times longer
than that of Zipper VDSL. The RFI envelop in one DMT symbol may not be
constant. By the parameters listed below, the relationship between RFI

bandwidth and VDSL sub-carrier spacing is explained.
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1. RFI bandwidth < VDSL sub-carrier spacing

Zipper-based VDSL’s sampling rate is fixed at 22.08MHz.

Zipper VDSL
f,=22.08MHz
subcarrier spacing:

Af = BW=11.04MHz

= i =43.125KHz
subcarrier num =256

1 symbol period L 23.18us

AT
RFI bandwidth = 4K Hz
1
— 250
4K Hz #S

If the RFI bandwidth is smaller than the inter-tone spacing of the DMT system,
than the base-band function m(t) will not change much with the duration of one

DMT frame [8]. Therefore, the REl'envelope is constant.

2. RFI bandwidth =~ VDSL:sub-carrier spacing

ETSI VDSL’s sub-carriers spacing is fixed at4.3125KHz.

ETSI VDSL
f. = 35.328MHz
subcarrier spacing:

Af = BW=17.66MHz _ 4 3125KHz

subcarrier num =4096

1 symbol period :ﬁ: 231.8us

RFI bandwidth = 4KHz
1
4KHz

=250us

In this case 1 symbol period (231.8 us)~RFI period (250 us), In ETSI VDSL

systems the RFI envelop in one DMT symbol may not be constant. The
simulation of RFI signal in one DMT symbol is shown in Figure 3-2. Therefore,

the use of zero-order model in digital RFI cancellation is not fully justified. A
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more accurate first-order model is instead adopted by names [11]. In Section 3.2,

3.3, 3.4 we will introduce the previous works in digital RFI cancellation. And

our RFI cancellation algorithm is discussed in Section 3.5 and 3.6. In Section

3.7, the reduction of computation cost of our RFI cancellation algorithm will be

presented.

RFI in one DMT symbol RFI in one DMT symbol
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Figure 3-2. RFI in one DMT symbol period
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3.1 Requirements of RFI Suppression

In order to guarantee reliable VDSL system transmission, at least 20dB
signal to noise ratio (SNR) is needed. Suppose RFI signal band limited to 4KHz
bandwidth, the peak value of RFI power spectra density (PSD) is -40dBm/Hz,
which is higher than the -60dBm/Hz VDSL PSD mask. Therefore, the RFI
canceller should reduce the RFI PSD by 40dB in modulated DMT-tones [6]. But
the peak of RFI PSD have no effect on the DSL performance since these tones in
the HAM-band is not used. Those tones further away the RFI-peak which the
RFI spectral leakage contaminates need RFI suppression since they are used for
data transmission. For at least 20dB SNR in modulated DMT-tones, the required
level of RFI cancellation shows in Figure 3:1-1. But the sub-carriers with high
SNRs can be assigned with-more data bits, the desired RFI cancellation level is

as much as possible.

Power Sepctral Density

|— RX signal(band plan 998,down stream)

“or —— RFI (fc=1.92MHz)

B0 The required level of RFI cancellation 1
|
&0 ﬁx;»-ﬂ 20dB
M e 2 -—_—_—_‘_‘———.
I -100 g ] ] lZOdB
£ R —
a 120
S
-140
60 F
180 LI N
2200 L
1 2 4 6 8 10 12 14 16 18

Figure 3.1-1 The required level of RFI cancellation
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3.2 Jeong and Yoo’s Approach for Parameter Estimation [9]

The amateur radio S[n] is transmitted with SSB modulation.
S[n]= f[n]cos(27 f.nT) - f[n]sin(Z;z f.nT). (3.2-1)
where f[n] is a band-limited signal with a bandwidth of 4KHz, f[n] is a

Hilbert pair of f[n], and T is the sampling period of ADC. After N-point Fast

Fourier Transform (FFT), this RFI signal is represented as

2
27,
N

R[k]=DY s[n]e
z{[ (0] 5 [dJeli [ [l T ] 57 fe 5
Nz{ e n k)+z[n]*e_j2'“in(r+k)}. (3.2-2)

Where r= f.N.T, fC-n-Tz%,Ogrgle , and z[n]=%[f[n]+j?[n]} Here,

f [n]varies very slowly within [0, (N-1)T] considering the sampling rate, so

z[n] can be approximated to a constant within the interval[0, (N -1)T].

1— g i27(k-1) L 1— e d2mlken)
Let z[n]=12z vn R[k]=z — +z — . (3.2-3)
-5 (k=n) - Sk

l1-e¢ N l-e

Let r=L+A, I means the tone index of RFI. L means the integer part and

A means the decimal part.

1_6712ﬂ(A+L7k) . 1_e7j27r(A+L+k)
R [k]: z | Z7A 2 7A _ e (D) + 1z _,2zA 27A 27 (kD)
e N (e N —e N ) e N (e N —e N )
b b~
= + — . (3.2-4)

a_WkL a _Wk+L
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Where a=e N

b=z(@1-e?™)e N

At k=L and L+1, the right hand term of (3.2-4) is negligible, so that

— R[L+1]za_bw
0 1

(3.2-5)

Then,

o WoRIL]-WR[L +1]
~ R[L]-R[L+]]

b=(a-W,)R[L] (3.2-6)

Therefore, we can estimate the RFI signals by substituting aand b from (3.2-6)

into (3.2-4).

3.3 A Digital RFI canceller.by Wise and.Bingham [10]

806

804

RFI in one DMT symbol [10]
The RF interference is modeled in the time domain as a sinusoid 804 multiplied

by a linearly-varying envelope 806. Equation (3.3-1) which follows provides the

time domain model.

RFI(t) = rect(t)(1+at)cos[2z ft+4].  (3.3-1)
Where rect(t) is a rectangular window, f, is a carrier frequency of the radio

interference, a is a small positive constant, and ¢ is a phase offset. This time

domain model is equivalent to fitting a first-order polynomial to the modulation
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envelope of the RF interference within the time duration of a DMT symbol.

Equation (3.3-2) which follows details the conversion to the frequency domain.

F {rect(t)(1+at)} = {Si?;fz L, j%h’%— ?7: f”)‘; }} (3.3-2)

The Fourier Transform of the cosine function of Equation (3.3-1) is a Dirac
function at +f and —f. The negative frequency delta function is ignored because

its contribution at the positive frequencies is minimal.

Let f, = (n+5)Af , where n is a frequency tone number, and 6 (0<s5<1).

f =(m+n)Af

f—f =(m-03)Af (3:33)

The resulting frequency domain model is as defined in Equation (3.3-4) which

follows.

A B
+
m-6 (m-9)°

RFI_ .. :{ } (3.3:4)

Where RFI, . is the RF “interferenceto: frequency tone m due to RF

interference (n+5), where A and''B'are complex numbers that must be

determined for each symbol. Further, if non-rectangular windowing is also used
with the frequency domain model, the effect of the windowing can be
approximated by Equation (3.3-5).

_F {win(t)} l¢—m _F {win(t)} lt_m
" F{rect(t)!|,,,  sinc(m)

RFI,. . = A - B = | W,
m-6 (m-9)

(3.3-5)

Instead of using three frequency tones to precisely determine A and Band &,
the offset amount & can be approximated by the following Equation (3.3-6).

~ |RFI(n+1)/W,|
~ [RFI(n+2)/W,|+|RFI (n)/W,|

(3.3-6)
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Then, using Equation (3.3-5) for tones n and n+1, two Equations (3.3-7, 3.3-8)
can be written.
X A B
D= —, 3-7
W, . + e (3.3-7)
X A B
= + .
W, 1-5 (1-9)
The complex parameters A and B are determined by the following Equation

(3.3-10).

(3.3-8)

2Xn

Al [ -1 1 W,
e R T
(1_5)2 n+1

Wl

Furthermore, high order models could be likewise used to provide an even more

MO+1
accurate model for the RF interference: RFI_, :[ > T Ak5) } (3.3-11)
k=1 - Kk

where MO is a model order for the frequency domain model, and A are

complex numbers that are determined at each symbol for each interferer.
3.4 A lterative RFI canceller by Huang [7]

In VDSL system the number of sub-carriers is large (N=2N’=4096 or

—jom

N=2N’=8192), so we can assume a=e N =1.

1. Equation (3.2-4) becomes:

b b’
+
1-W,_, 1-W

k+L

R[K] = (3.4-1)

2. Record RFI components in the HAM-band for iterative cancellation:

Ruan-vans [K1: RF1 signals in the HAM-band.

3. Choose an unused tone in the HAM-band which RFI appears (except L,

which will cause dividing by zero) to derive bl.
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b1l N b1
1_W1 1_W2L+1.

R[L+1]= (3.4-2)

Since bl, R[L+1] are complex, we can use (3.4-3) to find the real and

image part.
(1-RelW) 1-RefW,j —miwj Im{w j T
+
Reqbl C C C C ReR[L +1
{ el }} 1 2 2 1 [ e{Rl +]}}(3_4_3)
Im{b1} Im{W} Im{w_}  1-Re{W} 1-Re{W .} | LIm{RIL+1}
+ —_
— Cl C2 Cl CZ —

C,=(@1-Re{W, })*+ (Im{w,})?

And C2 = (1_ Re{W2L+1})2 + (Im {W2L+l})2'

4. By substituting bl into (3.4-1),.the estimated RFI components in the

HAM-band can be subtracted form R, . [K].

Rresidual [k] = Rham—band [k] - Restimated —bl[k]

5. Choose another tone in R,4Ik] to derive b2, as in step 3.

Take R ..[L-1 for example:

LReW) 1-Refw ) -miw} mfw, ) T
Re { b2} C C, C, C Re { Reegiaual [L — 11}
Lm{bz}]_ m{w,j Imiw, . 1-ReiW,} 1-Re{w, | Lm{RresiduaﬂLl]J'
. C C, C, c, |

6. By substituting b2 into (3.4-1), then

Rresidual [k] = Rham—band [k] - Restimated—bz[k]

7. Repeat step 5,6 to derive b3, b4...... bN until the required suppression is
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achieved. (RWLE"[EE — small enough)
ham—band

8. Finally, by substituting (b1+b2+...+bN) = b into (3.4-1), the estimated RFI
components at each tone can be subtracted form received RFI to achieve RFI

suppression.

3.5 An RFI Signal Model (Model 1)

The amateur radio S, (t) is transmitted with SSB modulation.
S, (t) = m(t) cos(27 f.ty —m(t)sin(27f.t)  (3.5-1)
S,.[n]=m[n]cos(2z f,nT) —m[n]sin(2z f.nT) _ (3.5-2)
Where m(t) is speech signal band- limited to 4KHz bandwidth, mt) is the

Hilbert transform of m(t)=, and™=T is the: sampling period of ADC. The

simplest, zero-order model of the envelope is a constant in one DMT symbol
period [9]. With SDMT (Synchronize DMT) parameters (with a 1:10 ratio of the
25 us symbol period to the shortest cycle of the 4KHz RFI signal), this model is
quite good, and 40~50 dB of RFI suppression can be achieved [2]. But one
symbol period in ETSI VDSL system is several times longer than SDMT, thus
the assumption of constant envelope is unrealistic. In our approach, the basic
idea is to use a slowly-sinusoid wave as the model of the envelope of RFI in one

DMT symbol.
S, (t) =rect(t)(c+dcos(2zft+¢))cos(2zft+¢,) (3.5-3)

1 for O<t<T_
rect(t) = Y
0 otherwise

A modulated envelope (c+dcos(2zft+d,)) is used to model the envelope
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of RFI in one DMT symbol as shown in Fig 3-2.

f, is the frequency of speech signal in one DMT symbol.
f. is not the HAM carrier frequency, which will typically be constant over

many symbols. But rather, f, is a pseudo center frequency which displaced 1

to 2 kHz from the carrier frequency because of the SSB modulation. Therefore,
f. will change from symbol to symbol [2].

T is the sampling period of ADC.

The discrete signal reads as:

S.[n]=(c+dcos(2z f.nT +¢))cos(2z fNT +¢,). (3.5-4)

After N (=2N’)-point Fast Fourier.Transform (FFT), the RFI signal is

27

represented as; RIK]= Y. S ln] e * k=0,1,2.....N-1

n=0

The operation process is described in Appendix A.
In a more concise form,

R | b b | b, b | b, 659
al_\Nk—L a _VVk+L az_vvk—(uL? 4, _VVk+(L+L') aB_VVk—(L—L) a _VVIH(L—L')
where
27A j2zA 2
L . cl-e -
a,=¢e " b el . X — W, =e "
2 2m k-L
g N
27 (A+A) j2r (A+AY) 2z
B A ek ; dl-e — i (k=(L+LY)
_ N _ o i(#+d7) L _ N
a, ==¢ bz =€ 4 27 (A+AY) Wk—(L+L‘) =€
e] N
27 (A=A j2r(A-A") 2z
A G . dl-e —i—(k=(L-LY)
_ N _ A i(g-o) L _ N
a, =e b, =e 2 —jzm_m W . .,=¢
L e N
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In VDSL system the number of sub-carriers is large (N=2N’=4096 or
N=2N’=8192), so we can assume thata,,a,and a,can be approximated by 1.

But this assumption will influence the accurate of RFI signal model. The details
are described in the section 3.5.2 (Measurement tones selection).
Furthermore, with the assumption that speech signal band limited to 4KHz we

can set L'=0 . Finallyy, The RFI signal model becomes as:

(b, +b, +b;) (b +b,” +by)
1_Wk—L 1_Wk+L
b b*
= +
1-W, ., 1-Wy .,

R[Kk] =

(3.5-6)

Equation (3.5-6) is the same as equations found in [7]. But here a different

strategy is used to cancel the REL

3.5.1 RFI detection and parameter estimation

Since the information about'theRFI is unknown, we need to do RFI
detection in advance. To detect the RF interference we can use a method that
finds the maximum absolute value among the FFT tones inside the HAM bands
and compares it with a threshold. The value of the threshold will vary with

system design but is normally set 20dB above the noise floor. When the

maximum absolute data vector (|R[k]|) is greater than the threshold, then the RFI

cancellation process is started.

One way to find L is described in [10]. The main idea of this method is

equation (3.5-7) list below. By searching unused tones (the max value (R[k1)

and the second max value (R[k 'T), we could find L out.
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\

Figure 3,5-1 Illustration for the cases
Based on (3.5-6), if we consider 1 unused tone in the HAM-band we can use it

as a known number R[k} (Dy-measuring a tone in the HAM-band) to

calculateb . We finally obtain the ‘expression of the RFI estimation on all DMT

tones. Since b and R[k] are complex, we can use (3.5-8) to find the real and

image part, according to [7].

Re{R[k 1} + j Im{R[k I} =

|

Im{b}

Re{b}+ jIm{b} . Re{b} - jIim{b}
@-Re{w_ H-jmm{w ) @-refw h-jom{w_}

_1—Re{V\/kl_L} 1- Re{V\lkl+L} Im{Wkl+L} 'm{VVk,L} T
N _
Re{b}j| _ C, C, C, C, |:Re{R[k1]}i| (359
m{w _} m{w }  1-Re{w | 1-Refw } | Lim{RK]}
i C " C C ) c
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A C,=@-Refw, )’ +(m{w, })’
C,=(1-Re{w,  h*+(m{w,  h?.

Based on (3.5-6), the second term represents the negative-frequency term, which

can be ignored if the RFI center frequency is far from DC or Nyquist frequency.

Therefore, its contribution at the positive frequencies is minimal and we can

further simplify (3.5-8) into (3.5-9).

b=R[k]J1-W, ) (359)

Which together with (3.5-6) complete the RFI model.

3.5.2 Measurement tones selection

How do we choose the placement of measurement tones? In the simulation,
the placement of measurement tones has a-great impact on RFI estimation.
When the measurement tones are very close: to the RFI-peak, the estimation
error of RFI model will increase; but the measurement SNR (RFI /noise) is good.
When the measurement tones are placed further away from the RFI-peak, the
estimation error of RFI model is less, but SNR is lower. This kind of situation is
also mentioned in [8]. We use simulation and RFI model analysis to explain the
issue of measurement tones selection.

A simulated typical RFI signal is used as an example:
S, (t) =rect(t)(c+dcos(2zft+¢))cos(2zft +¢,)
=rect(t)(0.03+0.007 - cos (277 - 4KHz - t+1.84367))cos(2 - 3.755MHz - t+1.4764 7))

1 for 0<t<T_
rect(t) = _
0 otherwise
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Figure 3.5-2 A given RFI signal in one DMT symbol period

With these given parameter (¢ ,d , f,, f, 4 . #,), we can calculate the

theoretical value of RFI. The simulation diagram shows in Figure 3.5-3 and

3.5-4. In Figure 3.5-4 (b), the simplify RFI model (3.5-6) is not accurate at tones

close to the RFI-peak. Hence,.1f 'we use a measurement tone close to the

RFI-peak as a known number R[] to calculate b, the estimation error of

b will increase. For reducing sthe-estimation error of b, we must use a

measurement tone further away-the RFl-peak to calculate b .
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Figure 3.5-3 Theoretical RFI model (3.5-5) cancellation
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Figure 3.5-4 Simplify RFI model (3.5-6) cancellation

Furthermore, we use RFI model analysis to explain the issue of measurement
tones selection.
b b’ b, b’ b b’
Rk]=——+—""—+ 2 yEEEy + c +— . (345
a'1_\Nk—L a _VVk+L az_vka(HL) d, _\Nk+(L+L) aB_\Nkf(LfL) a, _\Nk+(|_-|_')

LetL'=0, ay =za,za,=a

RIK]= b +*b k = 0. N=T==2 5 Rri) = b + k=0...N-1
a'Wk-L a 'Wk+L 1_Wk—L l_Wk+L

2z 2z
—~A -JW(kl-L)

Assumea=e N =1-4, W, =e =1-5i

We can ignore negative-frequency term, and find out b.

Theoretical value b=R[k ]-(@-W,  )=R[k,]-((1-&i) - (1-01)) = R[k,]- (6 - &)i
Estimation value b=R[k]-(1-W, . )=R[k]-(1-W, . )=Rlk]-(1-(1-6)i) = Rk ]-oi
Estimation error b = Estimation value - Theoretical value

Estimationerror b = R[k,;]- ¢l

In the Figure 3.5-3 (b), we can observe the magnitude of the measurement tone
decreases if it is further away the RFI-peak. Therefore, the estimation error b

decreases.
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3.6 First order model (Model 2)

If we use first-order model, the RFI model shows as bellow.

S.,(t) = rect(t)(c+dt)cos(2r fit+ ¢) (3.6-1)
1 for O<t<T,_, . .o

rect(t) = Y
0 otherwise

S.[n]=(c+d-n)cos(2z fnT +¢)=(c+d- n)cos(%Z nr+¢). (3.6-2)

After N (=2N’)-point Fast Fourier Transform (FFT), the RFI signal is

2z

represented as: RLK1= 2. S, [n] e v k=012...N-1.

The operation process is described. in Appendix B.

In a more concise form,

R[k] = b, + bl* + b, + bz* + W, b, + W“*L'b; (3.6-3)
a-W., a -W, a-W. a=Wzla-W,)r [a@E -W, )
27
—-j=ZA
a=e N
bl:(l_eiZfrA)_ejZI\TA_%_ejqb
Where bz:—N-eJZ”A-eszNiA.ﬂ.eW
2
2y A g
b,=(1-e )-?e

In VDSL system the number of sub-carriers is large (N=2N’=4096 or
N=2N’=8192), so we can assume that &, is approximated by 1.
Finally, The RFI signal model becomes as:

b b* Wi -bs Wit 'bs*
+ + >+ 3
W 1-W, (1_Wk—L) (1_Wk+L)

RIK]= (3.6-4)
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a =1
b, = (1—e"2”A)‘%ej¢ b, =-N.el*® %-ej"j

Where |p= b, +h,

b, ;(1—ej2m)-%‘ej¢

Based on (3.6-4), 2 unused tones in the HAM-band are used as the known

numbers R[k] and R[k,] (by measuring 2 tones in the HAM-band) to

calculate b and b,. Since b,b,,RIk] and R[k,] are complex, we can use

(3.6-5) to find the real and image part.

- -1

[Re{b} | | My M, My My, | [Re{RIKI}]
Im {b} _ My M, My, M, im {RIk 1} (3.6-5)
Re{b } Ma; M; Mg oMy, LolRed RIKD

Lim{b } _M41 M, My M44_ i {REK T

The detail (M11, M12...... ) 1s.described-in Appendix C.

In accordance with Section 3.5.1 we can ignore the negative-frequency term.
Similarly (3.6-5) is further simplified into (3.6-6).

- -1

[Re{b} | | My My, My My, | [Re{RIKI}]
Im {b} _ My M, M, M, Im {R[k ]} (3.6-6)
Re{b, } My Mg Mg My, Re {RIK, I}

Lim{b} | [M, M, M, M, | Lim{RrKI}_

where (1-W,_,)*=(@-2-W,  +W,_ %)
=1-2 Re‘{.\Nka}‘F Re{\NHZ}—F j(—2 Im{\Nka}"‘ Im{\Nkaz}) = X4 + jY4

Wi, -by = Re{W, }-Re{bg}—Im{W,  }- Im{b}+ j(Im{W,_ }- Re{b}+Im{b,}-Re{W,_ }) = X, + JV,
Cl(k) = (1_ Re {Wk—L})Z
C3(k) = X42 +Y42
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Rl MW R X Y Imi X RefW Y,
Mﬂ_ ij) sz - Ci(kl) MB_ Q.,(kl) MM_ Q(kl)
Mﬂ:'mi:h} MZZ;—R;{ML} Mmzlm{w%é—Re{%L}-n MM:Re{Wm}-XCA:'m{%L}M
Mﬂzl—inwu} v - 'msz} MB:Re{%L}-XéHm{%M MM:—'m{%L}éme{Wm}-n

Imiw o R WX ReW Y ReW X imiw Y,

N Cl(kZ) “ Q(k2) “ Q(kz) “ C3(k2)

By substituting b and b, into (3.6-4), then we can obtain the RFI signal model.
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3.7 Reduce computation cost of RFI cancellation algorithm

For model 1, the computation cost is as follows.
b=R[k]J1-W, ) = need1complex multiplication
b b*
_|_
1-W, , 1-W

R[k]= k=0...N-1 = need 2N complex divisions

k+L

Computation cost = 2N complex divisions + 1 complex multiplication.
In physical implementation, the division is not desirable. In general, the
divisions are mostly replaced by multiplication or looking up table. However,

the equation (3.5-6) can be modified into a more computation-friendly form.
Start with

R[k]= b + b k=0:N=1 k=L
1-W, , 1-W

k+L

Let 9 = %”(k —L), then

1 1 11— SRR elh)
Wy ) e (-e)a-eM) 2 re )
B 1-e") _1-cosd —jsing _l j sing~ 05— i sing (1+cosé )
2—-2c0s6 2(1—cos8 ) 2  2(l-cosé) ' 2(l—cosd )(1+cosb )
ing (1 - ing (1 a . 1 i
_ 5__S|m9 ( +(;osi9 ):O.S_jsmé’ ( +2c0f9 ):05_]0.5.( +-COSQ )
2(1—cos” 0") 2sin” @ sing”
200529— 200529— .
~05-j05——2 -05-j05.—2  —05-j0.5-cot—
sing” A i 2
25|n?~cos—

And ¢* =2—”(k +L1), then
N

1
1-W

k+L

1 sing" . o
=——j———=05-j0.5-cot—
2 2-2cosé’ 2
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Therefore,
R[k]=b-[0.5- jO.5-coté™ |+b"-[0.5-jO.5-cotd” | k=0:N-1 k=L (3.7-1)

where 6 = Z(k-1) 6" =Z(k+L)

N N
Base on equation (3.7-1), we can simplify the computation cost of our RFI
cancellation algorithm. In (3.7-1) the trigonometric function be implemented by

CORDIC algorithm [13] that is performed by a shift and add operation. As a

result, the implementation would be easier.

N=2N’ FFT tones output| N: sub-carrier number

Jf N "
positive-frequency

negative-frequency

Received RFI tones
in the HAM band

Determine the max
[RIkT  value

[R[K ] > threshold

YES

Determine L (3.5-7)

|

Determine b (3.5-9)

|

Calculate estimation of RFI (R[k]

Subtract estimation of RFI signal
form the received data after the FFT.

Figure 3.7 The flow chart of RFI cancellation algorithm
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Chapter 4

Multiple RFI Cancellation

In VDSL transmission environment there may be more than one amateur
radio users simultaneously. Therefore, multiple RFIs should be considered.

Two cases of multiple RFIs are described as follows:

Casel: There is only one RFI source in each HAM-band. In this case the
interference between RFI_1 (RFI in HAM-bandl) and RFI_2 (RFI in
HAM-band2) can be negligible. Under this assumption we can use the
single RFI algorithm, +(3.5-6):.t0 deal with RFI_1 and RFI_2,
respectively.

Case2: There are more than.one REl sources in a HAM-band [7]. Based on the
algorithm of RFI estimation (3.5-6); ' we can extend (3.5-6) form single
RFI to multiple RFIs. The two RFI model becomes as:

R[k] = b, + b, + b, + b, (4-1)

1-W, ,  1-W,_  1-W,_  1-W
k=0:N-1,k =L, L,

The conjugate term represents the negative-frequency term, which can be
ignored if the RFI center frequency is far from DC or Nyquist frequency.
Therefore, its contribution at the positive frequencies is minimal and we can
further simplify (4-1) into (4-2).

b b

R[K] = — = 4 — 2 k=0:N-1k=L,L,. (4-2)
1-W, 1-W,
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Based on (4-2) we need two unused tones ( R[k,], R[k,]) to calculate b, and

b,.
( b b
R[k,] = : + :
1-w ., 1-w
b b
R[k,] = 1 + :
1-w , ., 1-w

_Re{b1}_ M11 M12 M13 M14 _l_Re{R[kl]}_
Im{bl} _ le Mzz M23 M24 Im{R[kl]} (4_3)
Re{bZ} M31 M32 M33 I\/|34 Re{R[kZ]}
_Im{bz}_ My M, Mgz M, _Im{R[kz]}_
where M., - 1- ReC Wy ..} i Im ;/VM} - 1- R:: {V\/'KlL } Y Im{w, |
1(1) 1(1) 1(1)
Im{w, | 1=Re (W, } SIm{w 1-Re{w, |
21 22— MZS - 24 — '
Cl(l) C1(1) Cl Cl(l)
:1—Re{WK o) _Im{WK A 1-Re{w, | ) Im{w, |
31 C1(2) 32 Cl(2) 33 C1(2) 34 Cl(z)
. Im{w, | _1- Re{W, .} _Im Wy, .} _1-Re Wy, .}
41 C1(2) 42 C1(2) 43 Cl(z)l 44 Cl(z).
Cipy=0Q-Re {WKl Ll})2 +(Im {WKl—Ll })2
Cl(l) = Re{WKl—L })2 +(Im{WK -L, })2
Cio) = 1-Re {WKZ—L1 })2 +(Im {WKZ—Ll})Z
C1(2) =(1 Re{WK L, })2+(Im{WK L, })2

We finally obtain the expression of 2 RFI signal model estimation (4-4) on the N

DMT tones.
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R[k]=b,-[ 0.5~ j0.5-cotd, |+b, | 0.5~ jO.5-cot," ]

+b,-[0.5-j0.5-cotd, |+b,-[05-jo5-cotg,” |  (4-4)
0. =2 (k-L) 6 =Z(k+L) 6, =Zk-L,) 6, =Z(k+L,)
1 _N 1 1 _N 1 2 _N 2 2 _N 2
k=0:N-1, k#L,L,

The algorithm of multiple RFI can be used in casel, too. And that the RFI signal
model in casel will be more accurate, but it will increase the modeling difficulty.

The computational complexity for multiple-RFI models is shown:

2 RFI inverse of 4x4 matrix
3 RFI inverse of 6x6 matrix

N RFI  inverse of 2Nx2N matrix

Similarly, we can extend (3.6-4)/ from single RFI to multiple RFIs. However, the

computation is too costly. The straight forward extension is omitted here.
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Chapter 5

Simulations

The placement of measurement tones has a great impact on RFI estimation.
Therefore, we must think about influence of crosstalk noise on SNR (RFI
/(noise=AWGN + crosstalk). It means that the measurement at the selected tone
includes RFI + VDSL + AWGN + Crosstalk. In our simulation environment we
use RFI noise generator in Figure 2.2-1 to generate RFI signal. And the
parameters of simulation are used in accordance with [3].

VDSL signal parameter:

1. sub-tone number N’=4096; | FFT size N=2N’=8192

2. sampling rate = 35.328MHz; sub-carrier spacing = 4.3123KHz
3. VDSL PSD mask = -60dBm/Hz; band plan 998, downstream
Channel model: Wire length =1000 feet; Cable type = TP1( 26 AWG)

Crosstalk noise: 20 VDSL self-disturbers (S-FEXT + S-NEXT)
AWGN level: -140dBm/Hz
RFI signal parameter:

1. RFI power =-10dBm;  RFI signal bandwidth = 4KHz
2. RFI PSD peak value = -40dBm/Hz
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Power Spectral Density

-20
— RX signal(band plan 998, downstream)
a0l — RFI(fc=3.755MHz)
— AWGN
ol Crosstalk (20VDSL self-disturbers)
L [ H | ]
-80 H L " I L i
2N [ H | ]
N i |
L % i j | I ]
E ! \ \\\\1 I ‘
m -120 Tl ] g
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140! | ‘ H IR | i
\
-160 w WWMW
-180 | i
I S
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Hz x 10°

Figure 5 Compare with-PSD-for various noise

5.1 Single RFI simulation

Model 1 algorithm (Section 3.5)
RFI center frequency =3.755MHz

RFI center frequency tone index=# 871

The placement of measurement tone = # 866 and #856

Distance form RFI center frequency tone index to measurement tone index:
(a) distance= #871 - #866 =5 (b) distance =#871 - #856=15

The simulation shows as follow:
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Power Spectral Density
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(a) distance =5
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(b) distance = 11
Figure 5.1-1 RFI signal suppression by Model 1 algorithm
If the measurement tones are very close to the RFI-peak, the estimation error of

RFI model will increase (performance of RFI cancellation is bad). For reducing

the error of RFI model, we can increase the distance, in Figure 5.1-1 we can
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observe that performance of (b) is better than (a). In Figure 5.1-1 (b), the
performance of RFI cancellation can achieve 30~40dB. And every modulated
tones after RFI cancellation was almost reduced under AWGN power level
(-140dBm/Hz). In Figure 5.5-1 has some residual RFI noises close to the
RFI-peak after the RFI cancellation process. However, the residual RFI noises at
the RFI-peak have no effect on the DSL performance since these tones in the
HAM-band is not used. Those tones further away the RFI-peak which the RFI
spectral leakage contaminates need RFI suppression since they are used for data

transmission.

Model 2 algorithm (Section 3.6)
RFI center frequency =1.92MHz

RFI center frequency tone index= # 443

(a)The placement of measurement tone = (# 448 ,#438)
(b)The placement of measurement tone=+( #458 ,#428)
The simulation shows as follow:

Power Spectral Density

residual RFI
I [ [} I RFI
50} | || H I —— VDSL PSD mask
l [ Il I — X= *AWGN
I I I I
E -100 7 Hﬁhiiw_ Y R
E X X X X XX LXX X X X X X X XXXH XXXXXXXXX ‘X‘ XXXXXXX
T .150 R
-200 - w ]
B vt st A e

_250 1 L 1 L 1 L 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500

subtone

(a) distance =5
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Power Spectral Density
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(b) distance = 11
Figure 5.1-2 RFI signal suppression by Model 2 algorithm
Compared with Figure 5.1-1-and 5.1-2, we can observe the model 2 algorithm is

more accurate than model -1, but the price paid is the higher computation

COst.

5.2 Multiple RFI simulation

Casel: There is only one RFI in each HAM-band.

RFI_1 center frequency f, = 3.755MHz (tone index= # 871)

RFI_2 center frequency f, = 7.05MHz (tone index= # 1635)

(a)The placement of measurement tone = ( # 870 ,#1634)
(b)The placement of measurement tone = ( # 860 ,#1624)
The simulation shows as follow:
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Power Spectral Density
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Figure 5.2-1 Multiple RFI signal suppression by Model 1 algorithm

In the Figure 5.2-1(b), the performance of RFI cancellation can achieve
30~40dB. And the performance of every modulated tones after RFI cancellation

was almost reduced under AWGN power level (-140dBm/Hz).
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Case2: There are more than one RFI in a HAM-band

RFI_1 center frequency f, = 3.755MHz (tone index= # 871)

RFI_2 center frequency f, = 3.6484MHz (tone index= # 846)

(a)The placement of measurement tone = ( # 870 ,#845)

(c)The placement of measurement tone = ( # 860 ,#835)
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Power Spectral Density
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Figure 5.2-2 Multiple RFI signal:suppression by Model 1 algorithm
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Chapter 6

Conclusion

A more accurate RFI model is used in the development of a new RFI
cancellation algorithm. It is shown that with proper assumptions of VDSL
deployment environment, the model can be reduced to a commonly-used
simplified RFI model and still remain its effectiveness if careful placement of
measurement tones is conducted. Based on our simulation, the algorithm can
achieve 40dB RFI cancellation at best, if the measurement tones are placed

further away from the RFI-peak!'Butiwhen we considered the influence of

RFI
noise(=AWGN-+Crosstalk)

crosstalk noise on SNR= , the measurement tones cannot

be further away form the RFI-peak without limitation. In Model 1 algorithm
simulation the measurement tones. should:be placed 8 -15 tones away from the
RFI-peak to give better performance of RFI cancellation; in Model 2 the
measurement tones only be placed 5 tones away from the RFI-peak to satisfy
RFI cancellation requirement. Therefore, Model 2 algorithm is more accurate
than Model 1 and the placement of measurement tones is a trade off between

low model error effects and high SNR.
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Future Work

Digital RFI cancellation may be implemented in time domain. The following

diagram shows the basic idea.

Channel rfi [ n ] RFI cancelled
Source
output | Front-end + output data Seriall To Decoder
e ANAIOZ RET ot ADC —>@—> p e}lﬁ | > FFT >
cancellation aralle

rfiModeling [n]

RFI
synthesis

g RFI detect et

Figure 6-1 REI cancellation in time domain
In our approach, the basic idea.is to model a eonstant wave as envelope of RFI
in one DMT symbol, and then try to-decrease RFI signal in time domain.

rfi(t) = rect(t) (c-cos(2z fit+¢)) (6-1)

1 for O<t<T_ ..
rect(t) = 7
0 otherwise

T is the sampling period of ADC.
Miyogeiing[N] = c-cos(2z fNT +¢)  (6-2)
After the FFT, we can obtain the RFI model in frequency domain.

R[k]= b, *b k=0...N-1 (6-3)
a_Wk—L a _Wk+L

a= eijHA/N ;l

b — (l_ejZ;zA)-E_ejyj 127N o (1_ej2nA).£.ej¢
2 2

See (3.5-9), b = R[k,]J(1-W, )
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|R[k ']|-index _k'+ |R[k "]|oindex_ k"
|R[k ]| + |R[k ]|

See (35-7), |R[L + 1]|

~|RILI|+|RIL +1]]

= L+ A (f; tone index)

After the FFT, we can measure the RFI tones from the HAM band. Using RFI

tones to calculate RFI model parameter (b,A) in frequency domain. b can

convert to RFI model parameter (c,¢#) in time domain.
b

R+ jl =

= (1_eiZﬂA).C_.ei¢

S 1-cos2zA - jsin2zA)-(cosg + jsing)

c
R]1 [1-cos(2zA) sin(2zA) ?'COS¢
_I}_{ ~sin(2zA) 1—cos(27zA)]

c

?'Sin¢
A = c
1—?-c05¢ [1-Tos(27A) Sin (2 7A) _1. R .01
A2=;—-sin¢ | - sin(27a) 1=cos(2zA) I
) 2 _ — -1 Az il 2A1
Al—tanqﬁ ¢ =tan (Al) C_cos¢

f; tone index
N-T

f.

In the above equation, we can get the RFI parameter (c, f;,¢) in time domain,

and synthesized fiyogeing [N] . Finally, rfigg,..[N] - My [N]  achieves

RFI suppression in time domain. The simulation shows as follow.
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Power Spectral Density
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Figure 6-2 RFI signal suppression:by time domain cancellation algorithm
In Figure 6-2 (a) and (c), we_can observe that the residual RFI signal in time
domain decreases and consequently _decreases the residual RFI signal in the
frequency domain. But in some simulation cases shown as Figure 6-3 (a) this
algorithm can’t reduce the residual RFI in the time domain. The simulation

shows as follow.
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Figure 6-3 RFI signal suppression by time domain cancellation algorithm
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In Figure 6-3 (a) the residual RFI signal increases, however, in the Figure 6-3 (b)
the PSD of residual RFI signal decreases. This is because the residual RFI signal
has satisfied certain conditions.
The satisfying conditions are:
1. The sub-carrier index of residual RFI signal is integer.
2. Envelope of residual RFI signal is constant.

(The residual RFI signal is a single carrier.)

ADC + DFT

A /\ A A

powel power power

>
» >

fc 0 sub-carrier index N sub-carrier index _
@ LINTENT|=05  ©) f-NTfNT|=0

Figure 6-4 Spectral leakage inithe-digital domain caused by a single carrier

A 4

(a) fc between two sub-carrierfrequency (b) fc equal to a sub-carrier

frequency.

Once the two conditions are satisfied, the RFI spectral leakage can be effective
reduced shown as Figure 6-4 (b). Therefore, if we can make residual RFI to fit
the two conditions, we can achieve the goal of RFI signal suppression, too. Until
now this algorithm seems to be effective in RFI cancellation. But in Figure 6-3
simulation case could be a special one. We need to do more simulations or
modify RFI signal model to support that RFI cancellation in time domain can

work.
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Appendix A.

S.[n]=(c+dcos2z f.NT +¢))cos(2z fNT +¢,).

(3.5-4)

After N (=2N’)-point Fast Fourier Transform (FFT), the RFI signal is

represented as:
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r=fNT=L+A ]
And F o faNT S LA Where I' means the center frequency f; tone

index of RFI. L means the integer part and A means the decimal part.

I 'means f, toneindex. L' means the integer partand A means the

decimal part.

Appendix B.

[n]=(c+d-n)cos(2zfnT +¢)=(c+d- n)cos(—nr+¢) (3.6-2)

rfl

After N (=2N’)-point Fast Fourier Transform (FFT), the RFI signal is

2

represented as: R[] = > Saln] e, k=0,12...N-1.
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Appendix C.
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