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DIGITAL RADIO FREQUENCY INTERFERENCE 
CANCELLER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of Provisional 
Patent Application No. 60/016,251, ?led Apr. 19, 1996, and 
Provisional Patent Application No. 60/016,252, ?led Apr. 
19, 1996, and both of Which are hereby incorporated by 
reference. Further, this application is related to US. Appli 
cation Ser. No. by Ciof? et al., ?led Apr. 4, 1997, 
entitled “Radio Frequency Noise Canceller”, and US. 
Application Ser. No. by Bingham et al., ?led Apr. 4, 
1997, entitled “Mitigating Radio Frequency Interference in 
Discrete Multicarrier Transmissions Systems”, both of 
Which are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to radio frequency 
(RF) interference cancellation, and more particularly, to RF 
interference cancellation in multicarrier transmission sys 
tems. 

[0004] 2. Description of the Related Art 

[0005] Bi-directional digital data transmission systems are 
presently being developed for high-speed data communica 
tion. One standard for high-speed data communications over 
tWisted-pair phone lines that has developed is knoWn as 
Asymmetric Digital Subscriber Lines (ADSL). Another 
standard for high-speed data communications over tWisted 
pair phone lines that is presently proposed is knoWn as Very 
High Speed Digital Subscriber Lines (VDSL). 

[0006] The Alliance For Telecommunications Information 
Solutions (ATIS), Which is a group accredited by the ANSI 
(American National Standard Institute) Standard Group, has 
?naliZed a discrete multi tone based approach for the trans 
mission of digital data over ADSL. The standard is intended 
primarily for transmitting video data and fast Internet access 
over ordinary telephone lines, although it may be used in a 
variety of other applications as Well. The North American 
Standard is referred to as the ANSI T1.413 ADSL Standard 
(hereinafter ADSL standard). Transmission rates under the 
ADSL standard are intended to facilitate the transmission of 
information at rates of up to 8 million bits per second 
(Mbits/s) over tWisted-pair phone lines. The standardiZed 
system de?nes the use of a discrete multi tone (DMT) 
system that uses 256 “tones” or “sub-channels” that are each 
4.3125 kHZ Wide in the forWard (doWnstream) direction. In 
the conteXt of a phone system, the doWnstream direction is 
de?ned as transmissions from the central of?ce (typically 
oWned by the telephone company) to a remote location that 
may be an end-user (i.e., a residence or business user). In 
other systems, the number of tones used may be Widely 
varied. HoWever When modulation is performed ef?ciently 
using an inverse fast Fourier transform (IFF), typical values 
for the number of available sub-channels (tones) are integer 
poWers of tWo, as for eXample, 128, 256, 512, 1024 or 2048 
sub-channels. 

[0007] The ADSL standard also de?nes the use of a 
reverse signal at a data rate in the range of 16 to 800 Kbit/s. 
The reverse signal corresponds to transmission in an 
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upstream direction, as for eXample, from the remote location 
to the central office. Thus, the term ADSL comes from the 
fact that the data transmission rate is substantially higher in 
the doWnstream direction than in the upstream direction. 
This is particularly useful in systems that are intended to 
transmit video programming or video conferencing infor 
mation to a remote location over telephone lines. 

[0008] Because both doWnstream and upstream signals 
travel on the same pair of Wires (that is, they are dupleXed) 
they must be separated from each other in some Way. The 
method of dupleXing used in the ADSL standard is Fre 
quency Division DupleXing (FDD) or echo canceling. In 
frequency division dupleXed systems, the upstream and 
doWnstream signals occupy different frequency bands and 
are separated at the transmitters and receivers by ?lters. In 
echo cancel systems, the upstream and doWnstream signals 
occupy the same frequency bands and are separated by 
signal processing. 

[0009] ANSI is producing another standard for subscriber 
line based transmission system, Which is referred to as the 
VDSL standard. The VDSL standard is intended to facilitate 
transmission rates of at least 12.98 Mbit/s and up to 51.92 
Mbit/s or greater in the doWnstream direction. To achieve 
these rates, the transmission distance over tWisted-pair 
phone lines must Generally be shorter than the lengths 
permitted using ADSL. Simultaneously, the Digital, Audio 
and Video Council (DAVIC) is Working on a similar system, 
Which is referred to as Fiber To The Curb (FTTC). The 
transmission medium from the “curb” to the customer 
premise is standard unshielded tWisted-pair (UTP) telephone 
lines. 

[0010] A number of modulation schemes have been pro 
posed for use in the VDSL and FTTC standards (hereinafter 
VDSL/FITC). Most of the proposed VDSL/FITC modula 
tion schemes utiliZe frequency division dupleXing of the 
upstream and doWnstream signals. Another promising pro 
posed VDSL/FITC modulation scheme uses periodic syn 
chroniZed upstream and doWnstream communication peri 
ods that do not overlap With one another. That is, the 
upstream and doWnstream communication periods for all of 
the Wires that share a binder are synchroniZed. With this 
arrangement, all the very high speed transmissions Within 
the same binder are synchroniZed and time division 
dupleXed such that doWnstream communications are not 
transmitted at times that overlap With the transmission of 
upstream communications. This is also referred to as a (i.e. 
“ping pong”) based data transmission scheme. Quiet peri 
ods, during Which no data is transmitted in either direction, 
separate the upstream and doWnstream communication peri 
ods. For eXample, With a 20-symbol superframe, tWo of the 
DMT symbols in the superframe are silent (i.e., quite period) 
for the purpose of facilitating the reversal of transmission 
direction on the phone line. In such a case, reversals in 
transmission direction Will occur at a rate of about 4000 per 
second. For eXample, quiet periods of about 10-25 us have 
been proposed. The synchroniZed approach can be used a 
Wide variety of modulation schemes, including multi-carrier 
transmission schemes such as Discrete Multi-Tone modula 
tion (DMT) or Discrete Wavelet Multi-Tone modulation 
(DNVMT), as Well as single carrier transmission schemes 
such as Quadrature Amplitude Modulation (QAM), Carri 
erless Amplitude and Phase modulation (CAP), Quadrature 
Phase Shift Keying (QPSK), or vestigial sideband modula 
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tion. When the synchronized time division dupleXed 
approach is used With DMT it is referred to as synchronized 
DMT (SDMT). 
[0011] A common feature of the above-mentioned trans 
mission systems is that tWisted-pair phone lines are used as 
at least a part of the transmission medium that connects a 
central office (e.g., telephone company) to users (e.g., resi 
dence). It is difficult to avoid tWisted-pair Wiring from all 
parts of the interconnecting transmission medium. Even 
though ?ber optics may be available from a central of?ce to 
the curb near a user’s residence, tWisted-pair phone lines are 
used to bring in the signals from the curb into the user’s 
home or business. 

[0012] Although the tWisting of the tWisted-pair phone 
lines provides some protection against eXternal radio inter 
ference, some radio interference is still present. As the 
frequency of transmission increases, the radio interference 
that is not mitigated by the tWisting becomes substantial. As 
a result, the data signals being transmitted over the tWisted 
pair phone lines at high speeds can be signi?cantly degraded 
by the radio interference. As the speed of the data transmis 
sion increases, the problem Worsens. For eXample, in the 
case of VDSL signals being transmitted over the tWisted-pair 
phone lines, the radio interference can cause signi?cant 
degradation of the VDSL signals. This problematic radio 
interference is also referred to as radio frequency noise. 

[0013] The undesired radio interference can come from a 
variety of sources. One particular source of radio interfer 
ence is amateur (or ham) radio operators. Amateur radios 
broadcast over a Wide range of frequencies With signi?cant 
amount of poWer. The amateur radio operators also tend to 
change their broadcast frequency quite often, for eXample, 
about every tWo minutes. Another source of radio interfer 
ence is AM radio transmissions by radio stations Which 
broadcast over a Wide range of frequencies. With high speed 
data transmission, the radio interference (noise) produced by 
various sources can signi?cantly degrade the desired data 
signals being transmitted over tWisted-pair phone lines. 

[0014] Consequently, the problem With using tWisted-pair 
phone lines With high frequency data transmission rates, 
such as available With ADSL and VDSL, is that radio 
interference becomes a substantial impediment to a receiver 
being able to be properly receive transmitted data signals. 
Thus, there is a need to provide techniques to eliminate or 
compensate for radio interference. 

SUMMARY OF THE INVENTION 

[0015] Broadly speaking, the invention pertains to radio 
frequency (RF) interference cancellation techniques that 
effectively estimate RF interference to transmitted data 
signals being received using a frequency domain model for 
the RF interference, and then remove the estimated RF 
interference from the received data signals. The invention 
also pertains to improved techniques for digitally ?ltering 
multicarrier modulation samples to reduce sidelobe interfer 
ence due to the RF interference. 

[0016] The invention can be implemented in numerous 
Ways, including as an apparatus, system, method, or com 
puter readable media. Several embodiments of the invention 
are discussed beloW. 

[0017] As a method for mitigating radio frequency (RF) 
interference in a multicarrier modulation system, one 
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embodiment of the invention includes the operations of: 
obtaining frequency domain data associated With a fre 
quency band; identifying a restricted frequency sub-band 
Within the frequency band; estimating a frequency of the RF 
interference Within the restricted frequency sub-band; esti 
mating the RF interference in accordance With a frequency 
domain model for the RF interference and the estimated 
frequency of the RF interference; and thereafter removing 
the estimated RF interference from the frequency domain 
data. 

[0018] As a method for mitigating radio frequency inter 
ference in a multicarrier modulation system, another 
embodiment of the invention includes the operations of: 
identifying AM radio interference to the multicarrier modu 
lation system, estimating a frequency of the AM radio 
interference, and disabling certain frequency tones of the 
multicarrier modulation system adjacent to the estimated 
frequency of the AM radio interference from carrying data 
during the data transmission, these operations occur prior to 
data transmission. Thereafter, during or folloWing data 
reception, the invention also includes the operations of 
estimating the AM radio interference in accordance With a 
frequency domain model for the AM radio interference and 
the estimated frequency of the AM radio interference, and 
removing the estimated AIM radio interference from the 
frequency domain data on those of the frequency tones of the 
multicarrier modulation system that carry data. 

[0019] As a method for digitally ?ltering multicarrier 
modulation samples to reduce sidelobe interference from a 
radio frequency (RF) interferer, the multicarrier modulation 
samples occur at predetermined frequency tones and form a 
multicarrier modulation symbol, an embodiment of the 
invention includes the operations of: receiving X samples of 
a multicarrier modulation symbol and y samples of a cyclic 
pre?X associated With the multicarrier modulation symbol, 
the y samples of the cyclic pre?X preceding the X samples of 
the multicarrier modulation symbol; discarding an initial 
portion of the y samples of the cyclic pre?X associated With 
the multicarrier modulation symbol; storing a remaining 
portion of the y samples of the cyclic pre?X associated With 
the multicarrier modulation symbol; retaining a ?rst portion 
of the X samples of the multicarrier modulation symbol 
Without modi?cation; and modifying a second portion of the 
X samples of the multicarrier modulation symbol in accor 
dance With the stored samples of the remaining portion of 
the y samples of the cyclic pre?X and predetermined mul 
tiplication coef?cients. 

[0020] As a receiver for a multicarrier modulation system, 
an embodiment of the invention includes: an analog-to 
digital (AID) converter, a multicarrier demodulator opera 
tively connected to the AID converter, and a digital RF 
interference canceller operatively coupled to the multicarrier 
demodulator. The A/D converter receives analog signals that 
have been transmitted to the receiver over a transmission 
media and converts the analog signals to digital time domain 
signals. The multicarrier demodulator receives the digital 
time domain signals and converts the digital time domain 
signals into digital frequency domain data. The digital RF 
interference canceller mitigates the effect of RF interference 
on the digital frequency domain data by modeling the RF 
interference in accordance With a frequency domain model. 
Preferably, the digital time domain signals include a plural 
ity of multicarrier modulation symbols carrying data, With 
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each of the symbols also including a guard band, and the 
receiver further includes a cyclic pre?x removal and Win 
doWing processor operatively connected betWeen the A/D 
converter and the multicarrier demodulator. The cyclic pre 
?x removal and WindoWing processor performs a time 
domain WindoWing operation on the symbols. 

[0021] Other aspects and advantages of the invention Will 
become apparent from the following detailed description, 
taken in conjunction With the accompanying draWings, 
illustrating by Way of example the principles of the inven 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] The present invention Will be readily understood by 
the folloWing detailed description in conjunction With the 
accompanying draWings, Wherein like reference numerals 
designate like structural elements, and in Which: 

[0023] FIG. 1 is a block diagram of a representative 
telecommunications system suitable for using the invention; 

[0024] FIG. 2 is a graph illustrating a proposed transmis 
sion poWer spectral density for VDSL/FTTC upstream com 
munications; 
[0025] FIG. 3 is a graph illustrating the magnitude of the 
maximum in-tone received poWer at a remote unit as a 
function of transmission frequency in a typical VDSL appli 
cation over tWisted-pair transmission lines; 

[0026] FIG. 4 is a graph illustrating the magnitude of the 
maximum in-tone received poWer at a remote unit as illus 
trated in FIG. 3 further taking into consideration the effects 
turning off the tones in restricted frequency bands; 

[0027] FIG. 5 is a diagram illustrating frequency tones of 
a multicarrier modulation system having radio interference 
in a restricted frequency band; 

[0028] FIG. 6 is a diagram illustrating the amount of radio 
interference induced by a radio interferer on various fre 
quency tones of a multicarrier modulation system; 

[0029] FIG. 7 is a block diagram of a receiver for a 
multicarrier modulation system according to an embodiment 
of the invention; 

[0030] FIGS. 8A-8C are diagrams illustrating various time 
domain models that modulate a sinusoid; 

[0031] FIG. 9 is a diagram of basic radio frequency (RF) 
cancellation processing according to a basic embodiment of 
the invention; 

[0032] FIGS. 11A and 10B are How diagrams of digital 
RF cancellation processing according to an embodiment of 
the invention; 

[0033] FIG. 11 is a How diagram of AM radio frequency 
(RF) cancellation processing according to an embodiment of 
the invention; 

[0034] FIG. 12 is a How diagram of pre?x removal and 
WindoWing processing according to an embodiment of the 
invention; and 

[0035] FIG. 13 is a diagram illustrating a 512 sample 
DMT symbol 1300 With a 40 sample pre?x 1302, and a 
non-rectangular, extended WindoW. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0036] In a multicarrier modulation system using Wide 
band multicarrier modulation, radio frequency (RF) inter 
ference can often prevent proper reception of data transmit 
ted by the multicarrier modulation system. The invention 
provides improved techniques for cancelling RF interfer 
ence, particularly from narroWband interferers, from the data 
transmitted by the multicarrier modulation system. More 
particularly, the invention pertains to radio frequency (RF) 
interference cancellation techniques that effectively estimate 
RF interference to transmitted data signals being received 
using a frequency domain model, and then remove the 
estimated RF interference from the received data signals. 
The invention also pertains to improved techniques for 
digitally ?ltering multicarrier modulation samples to reduce 
sidelobe interference due to the RF interference. 

[0037] Embodiments of the invention are discussed beloW 
With reference to FIGS. 1-12. HoWever, those skilled in the 
art Will readily appreciate that the detailed description given 
herein With respect to these ?gures is for explanatory 
purposes as the invention extends beyond these limited 
embodiments. 

[0038] FIG. 1 is a block diagram of a representative 
telecommunications system 2 suitable for using the inven 
tion. The telecommunications system 2 represents portions 
of a typical Wired telecommunications system that is suitable 
for the VDSL and FTTC (hereinafter VDSL/FTTC) appli 
cations. The system 2 includes a central of?ce 10 that 
services a plurality of distribution posts Which may take the 
form of optical netWork units (ONUs) 1. Each distribution 
post communicates With the central of?ce 10 over one or 
more high speed, multiplexed transmission lines 12 (e.g., a 
?ber optic line). The ONU 11 typically serves a multiplicity 
of discrete subscriber lines 15. Each subscriber line 15 
typically services a single end user that is located Within 1.5 
kilometers of the ONU 11. The end user Would have a 
remote unit 18 suitable for communicating With the ONU 11 
at very high data rates. The remote unit 18 includes a modem 
but may take the form of a variety of different devices, as for 
example, a telephone, a television, a monitor, a computer, a 
conferencing unit, etc. Of course, it is possible that the end 
user may have a plurality of phones or other remote units 18 
Wired to a single line. The subscriber lines 15 serviced by a 
single ONU typically leave the ONU 11 in a shielded binder 
21. The shielding in the binder generally serves as a good 
insulator against the emission (egress) and reception 
(ingress) of RF noise. HoWever, the last segment of this 
subscriber line, commonly referred to as a “drop”23 
branches off from the binder and is coupled directly or 
indirectly to the end user’s remote unit 18. This “drop”23 
portion of the subscriber line 15 betWeen the remote unit 18 
and the binder 21 is typically unshielded. In most applica 
tions the length of the “drop” is not more than about 30 
meters. HoWever, the unshielded Wire of the “drop”23 
effectively acts as an antenna that both emits and receives 
RF signals. Additionally, there is some concern that the 
connection 25 betWeen the ONU 11 and the tWisted-pair 
subscriber lines 15 may also serve both as an RF energy 
emission source and as the receptor of RF energy. 

[0039] The amount of energy that a particular communi 
cation system may transmit is regulated by both govern 
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mental and practical considerations. As indicated above, in 
discrete multi-tone systems suitable for use in the VDSL/ 
FTTC applications, frequency bands on the order 12 MHZ 
are being contemplated. Within that 12 MHZ frequency 
range, there are several narroW bands that are allocated to 
amateur radio users. Thus, one proposed transmission poWer 
spectral density for VDSL/FTTC upstream communications 
is illustrated in FIG. 2. In this embodiment the transmit 
poWer mask permits a maximum of —60 dBm/HZ throughout 
the majority of the frequency band. HoWever, in selected 
frequency bands Where amateur radio RF interference is 
expected (i.e., 1.8 to 2.0 MHZ, 3.5 to 4.0 MHZ, 7.0 to 7.3 
MHZ, and 10.1 to 10.15 MHZ) transmissions are limited to 
signi?cantly loWer levels. The permissible output poWer 
level in these restricted frequency bands varies someWhat 
betWeen proposals. HoWever, most parties to the VDSL/ 
FTTC standardiZation process have proposed maximum 
poWer densities in the range of approximately —70 dBm/HZ 
to —85 dBm/HZ. Regardless of the actual transmission poWer 
that is eventually agreed upon, it is clear that a conscious 
effort needs to be made to minimiZe emissions in the 
prohibited ranges. 

[0040] A number of multi-carrier modulation schemes 
have been proposed for use in the VDSL and FTTC stan 
dards (hereinafter VDSL/FTTC). One proposed multi-car 
rier solution utiliZes discrete multi-tone signals in a system 
that is similar in nature to the ADSL standard. Other 
proposed modulation schemes include carrierless amplitude 
and phase modulated (CAP) signals and discrete Wavelet 
multi-tone modulation (DWMT). In order to achieve the 
data rates required by VDSL/FTTC, the transmission band 
Width must be signi?cantly broader than the bandWidth 
contemplated by the ADSL. By Way of example, the discrete 
multi-tone system adopted for ADSL applications utiliZes a 
transmission bandWidth on the order of 1.1 MHZ, While 
bandWidths on the order of 12 MHZ are being contemplated 
for VDSL/FTTC applications. In one proposed DMT system 
for VDSL/FTTC applications, the use of 256 “tones” or 
“sub-channels” that are each 43.125 kHZ Wide is contem 
plated. 

[0041] As Will be appreciated by those skilled in the art, 
high frequency multi-carrier signals transmitted over 
tWisted-pair transmission lines experience signi?cant attenu 
ation When they are transmitted a relatively long distance 
over the tWisted-pair lines. FIG. 3 is a graph illustrating the 
magnitude of the maximum in-tone received poWer at a 
remote unit (e.g., receiver) as a function of transmission 
frequency in a typical VDSL application over tWisted-pair 
transmission lines. By Way of example, referring to FIG. 3, 
When the transmit poWer is on the order of —60 dBm/HZ 
throughout the transmission bandWidth of a DNT based 
VDSL modulation scheme, the receive poWer at a typical 
remote user may be on the order of —70 dBm/HZ at the loWer 
end of the frequency spectrum, but may drop to as loW as 
—125 dBm/HZ at the higher end of the frequency spectrum. 
Thus, in situations Where the “drop”23 is located relatively 
far from the source, the doWnstream signals may be attenu 
ated enough by the time they reach the “drop”23 that they 
are already beloW the permissible poWer spectral density. 
FIG. 4 is a graph illustrating the magnitude of the maximum 
in-tone received poWer at a remote unit as illustrated in FIG. 
3 further taking into consideration the effects of turning off 
the tones in the restricted frequency bands. 
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[0042] In any event, in multi-carrier transmissions 
schemes such as DMT, there Will naturally be a number of 
subcarriers (tones) that fall Within the restricted frequency 
bands. Accordingly, a ?rst step in reducing transmissions in 
the restricted frequency bands is to turn off those particular 
subcarriers. This has the advantage of both reducing the 
emissions in the prohibited frequency range as Well as 
reducing the adverse impacts associated With ingress 
(receipt) of the radio signals. HoWever, as Will be appreci 
ated by those skilled in the art, it is dif?cult to contain the 
amount of poWer emitted for a particular tone tightly around 
a desired frequency center (f0). Emissions associated With a 
particular tone typically include a relatively high poWer 
emission centered about the frequency center (fc) and a 
number of side lobes of decreasing intensity extending on 
either side thereon. 

[0043] The magnitude and phase of the sidelobe poWer 
can make it difficult to limit the poWer spectral density in a 
narroW range Within the DMT transmission band by simply 
turning off the tones Within the restricted frequency band. By 
Way of example, consider a system Which uses tones that are 
43.125 kHZ Wide. If an attempt is made to form a 200 kHZ 
Wide notch in the 1.8 to 2.0 MHZ range by simply turning off 
the tones Within the 200 kHZ Wide prohibited range, the 
emission poWer at the center of the prohibited range Would 
only be reduced from —60 dBm/HZ to on the order of —73 
dBm/HZ. Obviously, this might result in emissions above the 
desired range of —70 or —85 dBm/HZ even in the center of 
the prohibited frequency range. Of course, the emission 
poWer at frequencies closer to the boundaries of the prohib 
ited frequency range Would be signi?cantly higher. Thus, if 
an attempt is made to reduce the emissions simply by turning 
off a range of tones in the multi-carrier transmissions sys 
tem, the number of tones that need to be turned off Would be 
signi?cantly higher than the number of tones associated With 
a prohibited frequency range. Although the discrete multi 
tone system is very ?exible in its ability to pick and choose 
the subcarrier frequencies, the requirement of turning off 
such large frequency bands to avoid amateur radio interfer 
ence is undesirable and may reduce system performance. 
Improved techniques for reducing RF emissions in restricted 
frequency bands are described in Us. application Ser. 
No. , ?led Apr. 4, 1997, entitled “Mitigating Radio 
Frequency Interference in Discrete Multicarrier Transmis 
sions Systems,” Which has been incorporated by reference. 

[0044] The invention primarily concerns the ingress of RF 
interference (RF energy) into tWisted-pair transmission lines 
(e.g., “drop”23). The RF interference may be from a variety 
of different RF interference sources, including an amateur 
radio operator and AM radio stations. According to the 
invention, the RF interference is able to be located, esti 
mated and cancelled from data signals being received. 

[0045] FIG. 5 is a diagram 500 illustrating frequency 
tones of a multicarrier modulation system having radio 
interference in a restricted frequency band. As an example, 
the multicarrier modulation system may be a Discrete Multi 
Tone (DMT) modulation system. The diagram 500 is a 
frequency domain illustration of a plurality of tones 502 on 
predetermined frequencies of the multicarrier modulation 
system. Data information is transmitted on the tones 502. 
HoWever, the frequencies over Which the tones 502 are able 
to be transmitted often include one or more restricted 
frequency bands in Which data should not be transmitted 
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504. However, radio interference is often produced in the 
restricted frequency band 504 because of radio transmis 
sions by others. As an example, in the restricted frequency 
band 504 illustrated in FIG. 5, a radio interferer 506 
transmits Within the restricted frequency band 504. The 
radio interferer 506, for example, could be an amateur radio 
operator and the restricted frequency band 504 could be 
associated With one of the amateur radio bands previously 
described With respect to FIG. 4. 

[0046] The multicarrier modulation system does not uti 
liZe the frequencies in the restricted frequency band 504. 
Hence, as illustrated in FIG. 5, the frequencies Within the 
restricted frequency band 504 are not illustrated as carrying 
data as are the frequency tones 502 outside of the restricted 
frequency band 504. HoWever, the presence of the radio 
interferer 506, even though Within the restricted frequency 
band 504, has a detrimental effect on the frequency tones 
outside the restricted frequency band 504 that are carrying 
data. Consequently, due to the radio interferer 506, the 
signals on the frequency tones 502 that are carrying data are 
corrupted by radio interference. The amount of corruption 
Will vary depending upon the transmitting poWer of the radio 
interferer 506 and hoW close the particular frequency of the 
tone is to the carrier frequency of the radio interferer 506. 

[0047] In the example illustrated in FIG. 5, the radio 
interferer 506 transmits at a frequency that is contained 
Within the restricted frequency band of the larger frequency 
range over Which the multicarrier modulation system oper 
ates. The radio interferer could also be adjacent to the 
frequency range of the multicarrier modulation system. Still 
further, as discussed With reference to FIG. 11, the radio 
interferer could occur in the frequency range of the multi 
carrier modulation system but Without regard to a restricted 
frequency band. 

[0048] FIG. 6 is a diagram 600 illustrating the amount of 
radio interference induced by the radio interferer 506 refer 
enced in FIG. 6 on various frequency tones of a multicarrier 
modulation system. In this illustration, the height of the 
arroWs on the frequency tones 602 indicate the magnitude of 
the radio interference induced on that frequency tone by the 
radio interferer 506. As can be seen from FIG. 6, the 
magnitude of the radio interference induced on the fre 
quency tones 602 decreases as the frequency becomes 
further removed from the carrier frequency of the radio 
interferer 506. In order to perform radio interference can 
cellation, the frequency tones outside of the restricted fre 
quency band 504 need to be corrected for the radio inter 
ference. In other Words, to cancel the radio interference, the 
radio interference induced on the frequency tones 602 
outside of the restricted frequency band 504 needs to be 
estimated and then subtracted from the data received on the 
frequency tones 602. The number of the frequency tones that 
are removed in frequency from the carrier frequency of the 
radio interferer 506 Which must be corrected (to mitigate the 
radio interference from the radio interferer 506 on those 
tones carrying data) depends upon the processing techniques 
utiliZed and the degree of radio frequency mitigation 
desired. 

[0049] FIG. 7 is a block diagram of a receiver 700 for a 
multicarrier modulation system according to an embodiment 
of the invention. The receiver 700 receives radio signals 701 
that have been transmitted by a multicarrier modulation 
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system. The receiver 700 operates to process the received 
radio signals 701 to recover data that Was transmitted by a 
transmitter of the multicarrier modulation system. The trans 
mitter operates to transmit the data in blocks of data (e.g., 
DMIT symbols). The cyclic pre?x is added by the transmit 
ter to provide a guard space to minimiZe inter-symbol 
interference and normally consists of a repetition of data 
from the end of a given data block. 

[0050] The radio signals 701 are received by an analog 
radio frequency interference (RFI) canceller 702. The ana 
log RFI canceller 702 operates to mitigate radio interference 
in the analog domain, and then outputs radio frequency (RF) 
corrected radio signals 704. One suitable analog RFI can 
celler is described in US. application Ser. No. , ?led 
Apr. 4, 1997, entitled “Radio Frequency Noise Canceller”, 
by Ciof? et al., Which adaptively estimates radio interference 
noise during data transmissions using information obtained 
When no data is actually being transmitted. The RF corrected 
radio signals 704 are supplied to an analog-to-digital con 
verter 706. The correction to the radio signal 701 also 
ensures that the poWer level of the RF interference is beloW 
the saturation level for the analog-to-digital converter 706. 
The analog-to-digital converter 706 converts the RF cor 
rected radio signals 704 to digital signals 708 Which are 
output to a time domain equaliZation (TEQ) circuit 710. The 
time domain equaliZation circuit 710 produces time equal 
iZed digital signals 712. The time equaliZed digital signals 
712 are then supplied to a cyclic pre?x removal and Win 
doWing processor 714. The cyclic pre?x removal and Win 
doWing processor 714 produces modi?ed digital signals 716 
Which are supplied to a multicarrier demodulator 718. The 
processing performed by the cyclic pre?x removal and 
WindoWing processor 714 is described in detail beloW With 
reference to FIG. 12. In one embodiment, the multicarrier 

demodulator 718 may be a Fast Fourier Transform The TEQ circuit 710 limits the inter-symbol interference by 

reducing the length of the channel impulse response. 

[0051] The multicarrier demodulator 718 outputs digital 
frequency signals 720 to a digital RH canceller 722. 
Although the received radio signals 701 have already under 
gone RF interference cancellation by the analog RFI can 
celler 702, additional RF interference cancellation is often 
needed. For example, additional RF interference cancella 
tion is particularly needed When a radio interferer (e.g., an 
amateur radio operator) is transmitting in a restricted fre 
quency band Within a frequency range of a multicarrier 
transmission system transmission or When AM radio broad 
casting is nearby. The digital RFI canceller 722 outputs RF 
corrected digital signals 724 to a frequency-domain equal 
iZer (FEQ) circuit 726. The FEQ circuit 726 outputs received 
digital signals 728 from Which the transmitted data are 
obtained. The FEQ circuit 726 operates on each carrier 
(subchannel) and adaptively adjusts for the attenuation and 
phase delay of each carrier. 

[0052] Radio interference is initially modeled as a modu 
lated, WindoWed sinusoid in the time domain. FIGS. 8A-8C 
are representative diagrams illustrating examples of modu 
lated sinusoids used to model radio frequency (RF) inter 
ference. The modulation of the sinusoid can take many 
forms as illustrated in FIGS. 8A-8C. In particular, in FIG. 
8A, a time domain model modulates a sinusoid 800 using a 
rectangular envelope 802. In FIG. 8B, the time domain 
model modulates a sinusoid 804 With a linearly-varying 
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envelope 806. In FIG. 8C, the time domain model modu 
lates a sinusoid 808 With a (second-order) quadratically 
modulated envelope 810. In general, the modulated sinusoid 
is modulated by an no order polynomial modulation enve 
lope. 

[0053] According to one aspect of the invention, the 
frequency domain model for RF interference that is utiliZed 
is derived and veri?ed by the following discussion. For this 
discussion, the time domain model illustrated in FIG. 8B is 
used as the exemplary embodiment. The RF interference is 
modeled in the time domain as a sinusoid multiplied by a 
linearly-modulated rectangular WindoW. More precisely, 
Equation (1) Which folloWs provides the time domain 
model. 

[0054] Where rect(t) is a rectangular WindoW, fO is a carrier 
frequency of the radio interference, a is a small positive 
constant, and q) is a phase offset. This time domain model is 
equivalent to ?tting a ?rst-order polynomial to the modula 
tion envelope of the RF interference Within the time duration 
of a data block (e.g., DMT symbol). The time domain model 
is suitable so long as the bandWidth of the radio interference 
(i.e., radio interferer) is much less than the symbol rate of the 
transmission system. For example, in the case of a amateur 
radio operator as the radio interferer and DMT as the 
transmission system, the bandWidth of the radio interferer is 
about 2.4 MHZ Which is substantially less than the symbol 
rate of the transmission system Which is about 40 MHZ. 

[0055] Next, this time domain model is converted into the 
frequency domain for RF interference cancellation in the 
frequency domain. A Fourier Transform of the time domain 
model is performed to achieve the conversion. Equation (2) 
Which folloWs details the conversion to the frequency 
domain. 

sinlrf _il cosnf _ sinirf]} (2) 
"f (Hf)2 

[0056] The Fourier Transform of the cosine function of 
Equation (1) is a Dirac delta function at +f and —f. The 
negative frequency delta function is ignored because its 
contribution at the positive frequencies is minimal, particu 
larly When non-rectangular WindoWing as discussed beloW is 
used. HoWever, the positive component could be used if the 
data transmission system does not utiliZe non-rectangular 
WindoWing. 

[0057] As illustrated in Equation (2), there are tWo terms 
that drop off as 1/f and one term that drops off as 1/f2. Let 
f0=n+6, Where n is a frequency tone number, and 6 (0<6<1) 
being an offset amount of the carrier frequency of the RF 
interference from the frequency tone n. 

[0058] The resulting frequency domain model is as 
de?ned in Equation (3) Which folloWs. 

A B ] (3) 
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[0059] Where RFIn+rn is the RF interference to frequency 
tone m due to RF interference at a frequency n+6, Where A 
and B are complex numbers that must be determined for 
each symbol. 

[0060] Further, When non-rectangular WindoWing is also 
used With the frequency domain model, the effect of the 
WindoWing can be approximated by multiplication by a 
single complex number Wrn for each value of m, Where Wrn 
represents the phase rotation and additional attenuation 
(over that of rectangular WindoWing) due to the non-rect 
angular WindoWing operation. The complex number Wrn is 
determined from the folloWing Equation 

m _ sinc(m) 

[0061] Where Win(t) is the effective WindoW used. There 
fore, the resulting frequency domain model from Equation 
(3) noW With non-rectangular WindoWing becomes as shoWn 
in Equation 

A B (5) 

[0062] Where RFIn+rn is the RF interference to frequency 
tone m due to RF interference at a frequency n+6, Where A 
and B are complex numbers. Note that the frequency domain 
model requires that no data be transmitted on the frequency 
tones to either side of the frequency of the carrier frequency 
of the RF interference, namely frequency tones n and n+1, 
because these tones are used to determine values for A and 
B and 6. 

[0063] Instead of using three frequency tones to precisely 
determine A and B and 6, the offset amount 6 can be 
approximated by the folloWing Equation Equation (6) is 
precise When the RF interference is a pure sinusoid. 

[0064] Where Xi represents the samples values for the 
frequency domain tones. The offset amount 6 is thus 
approximately equal to |Xn_1|/{|Xn|+|Xn+1|}, Which is accu 
rate enough for estimating RF interference from an amateur 
radio operator. The frequency domain model has shoWn to 
be rather insensitive to small errors in the offset amount 6. 

[0065] Then, using Equation (5) for tones n and n+1, tWo 
equations (Equations 7 and 8) can be Written. 

(7) 
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-continued 

Xn+l A B (3) 

[0066] Simultaneously solving these tWo equations pro 
vides a technique to determine the complex parameters A 
and B of the frequency domain model. The complex param 
eters A and B are thus determined by the following equation. 

62 p (9) 

[0067] The complex parameters A and B are determined, 
at each symbol, for each RF interferer, the Wrn is a function 
of the WindoWing and varies With each of the frequency 
tones, and the offset amount 6 is computed once per symbol 
for each RF interferer being modeled. More generally, as 
noted above, 6, A and B could be determined by simulta 
neously solving three equations obtained from Equation (5) 
for three different tones (e. g., n, n+1 and n+2), provided data 
is not transmitted on these tones. Alternatively, the system 
could determine 6 as given by Equation (6) When the RF 
interference is ?rst detected, and then again use Equation (6) 
to average over many symbols to provide an estimate that 
becomes more accurate as the number of symbols averaged 
over increases. 

[0068] In one embodiment, the frequency domain model 
provides suf?ciently accurate modeling of the RF interfer 
ence that only the model parameter A, as computed in 
Equation (9), is used for cancellation, While the model 
parameter B is assumed to be Zero. With this simpli?cation 
to the frequency domain model, the complexity is reduced, 
yet the frequency domain model still provides suf?cient 
accuracy in modeling the RF interference in many cases. As 
an example, for RF interference caused by amateur radio 
operators, this simpli?cation has shoWn to still provide 
sufficiently accurate modeling (such as in a VDSL system). 
In other cases, the simpli?cation may not be appropriate and 
the model parameter B should also be utiliZed, such as With 
higher bandWidth signals like AM radio signals. 

[0069] Furthermore, higher order models could be like 
Wise used to provide an even more accurate model for the 
RF interference. HoWever, the higher the order of the models 
used, the greater the processing requirements to compute the 
parameters for the model. Hence, more generally, the fre 
quency domain model of Equation (3) according to the 
invention is in accordance With the folloWing equation: 

Ak 

[0070] Where RFIn+rn is the RF interference at a frequency 
tone m due to a radio interferer at frequency n, 6 is an offset 
amount, MO is a model order for the frequency domain 
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model, and {Ak} are complex numbers that are determined 
at each symbol for each interferer. Hence, the frequency 
domain model derived above and de?ned by Equation (3) is 
a ?rst order model (MO=1). Of course, When non-rectan 
gular WindoWing is also used With the frequency domain 
model, the effect of the WindoWing can be approximated by 
multiplication by a single complex number Wrn for each 
value of m, as Was done in Equation 

[0071] FIG. 9 is a diagram of basic radio frequency (RF) 
cancellation processing 900 according to a basic embodi 
ment of the invention. The RF cancellation processing 900 
is preferably performed by a receiver or receiver portion of 
a transceiver of a multicarrier modulation system. 

[0072] The RF cancellation processing 900 initially 
receives 902 frequency domain data. The frequency domain 
data is data that has been transmitted by a transmitter of the 
multicarrier modulation system over a transmission media to 
a receiver. Next, a restricted frequency band having radio 
frequency (RE) interference is identi?ed 904. Then, assum 
ing that a restricted frequency band has been identi?ed as 
containing RF interference, the frequency of the RF inter 
ference Within the restricted frequency band is estimated 
906. After estimating the frequency for the RF interference, 
the RF interference is estimated 908 in accordance With the 
estimated frequency and a frequency domain model for the 
RF interference. Thereafter, the estimated RF interference is 
removed 910 from the frequency domain data. FolloWing 
block 910, the RB cancellation processing 900 is complete 
and ends. 

[0073] FIGS. 10A and 10B are How diagrams of digital 
RF cancellation processing 1000 according to an embodi 
ment of the invention. It should be noted that the digital RF 
cancellation processing 1000 is associated With the process 
ing performed by a receiver or receiver portion of a trans 
ceiver of a multicarrier modulation system upon receiving 
each symbol of a multicarrier transmission system. 

[0074] The digital RF cancellation processing 1000 ini 
tially receives 1002 data vectors Xi for a symbol. The data 
vectors Xi are typically complex numbers for each of the 
frequency tones Within a symbol. For example, in a 256 
carrier DMT system, a data point Xi Would be received for 
each of 256 frequency tones. 

[0075] Next, a restricted frequency band for RF cancella 
tion processing is selected 1004. When there are multiple 
restricted frequency bands Within the transmission fre 
quency range of the multicarrier transmission system, the 
processing described beloW is repeated for each of the 
restricted frequency bands. In any event, one of the 
restricted frequency bands is selected for RF cancellation 
processing in Which RF interference produced in the 
restricted frequency band is cancelled from the received data 
vectors X. The RF cancellation processing 100 is described 
assuming at most one RF interferer is present in each of the 
restricted frequency bands. 

[0076] Within the restricted frequency band that has been 
selected 1004, the largest data vector |Xi|L Within the 
restricted frequency band is determined 1006. Next, a deci 
sion block 1008 determines Whether the largest data vector 
|Xi|L Within the restricted frequency band is greater than a 
threshold. The value of the threshold Will vary With system 
design but is normally set to a level such that a data vector 
















