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A Rank-Reduced LMMSE Canceller for Narrowband
Interference Suppression in OFDM-Based Systems
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Abstract—We present anarrowband interferencéNBI) canceller  including the new unlicensed frequency bands, e.g.irtties-
that suppresses spectral leakage in anrthogonal frequency-divi-  trial-scientific—-medica(ISM) band, where an NB signal inter-

Sli\loé‘ m”'tipl'elxmg(o':DM).'based SyStemhcauﬁed by a ”a”?"‘;]baﬁg feres with OFDM-basedlireless local area network$VLANS)
(NB) signal. In our scenario, we assume that the spectrum of the such as Hiperlan Il and IEEE 802.11a [3].

signal is within the spectrum of the OFDM signal. This can be the A - § ) .
case, e.g., omligital subscriber lineg(DSL) and in new unlicensed The general scenario in this paper is a strong NB signal, typi-
frequency bands for radio transmission. cally from another communication system, which resides within

~ The canceller makeslinear minimum mean-square errores- the same frequency band as a wideband OFDM signal. In this
timates of the spectral leakage by measuring the NBI on a few 446 severe signal-to-noise ratio (SNR) degradation will occur

modulated or unmodulated OFDM subcarriers. It uses a model t OEDM sub . due t tral leak f th
of the NB signal’s power spectral density as a priori information. 3C'0SS M0S subcarriers due 1o spectral leakage of the

Using frequency invariant design it is possible to cancel NBI from NB signal which is caused by the block processing in the OFDM
signals that are changing their frequency Iocati_on with signif_i- receiver.
cantly reduced complexity overhead. The operational complexity  Some of the OFDM subcarriers are used by the canceller for
of the canceller can be lowered by using the theory of optimal rank 6 55ring the NBI. Best performance is obtained if these sub-
reduction and using the time-bandwidth product of the NB signal. - ilent dulated). which | . i
Analytical performance evaluations, as well as Monte Carlo sim- C"’}rr'ers are silen (L_'nm_o ulated), w '(_: ISa rquwemen In C_er_'
ulations, also show that without perfecta priori information this ~ tain system scenarios in order to achieve coexistence possibil-
canceller can suppress the spectral leakage from a strong NB signal ities between the narrow- and the wideband systems. An ex-
(e.g., with equal power as the OFDM signal) to well below the back- ample of this is multicarriediscrete multitiong DMT)-based
ground noise floor for typical applications where it causes negli- pg| systems, which encounters inband RFI from amateur radio
gible signal to noise ratio and symbol error rate degradation. ’ . )
- _ _ _ _ [2]. However, the canceller can also operate without using any
Index Terms—Digital subscriber lines (DSL), discrete multitone  sjlent measurement tones with a reduced, but still significant,
(DMT), industrial—scientific—medical (ISM) band, orthogonal fre- performance improvement
guency-division multiplexing (OFDM), radio frequency interfer- Verv hiah bit-rateDSL VbSL . lected ii i
ence (RFI), wireless local area network (WLAN). 'ery 9 ', ra ( ) is selected as a specific appli-
cation scenario and we show how the canceller can be naturally
incorporated in the receiver structure for a DMT-based VDSL
. INTRODUCTION system, standardized by tReropean Telecommunication Stan-

N THIS PAPER, we present a nevarrowband interference dards Institut(ETSI) [4], and show performance examples of
I (NBI) canceller that suppresses the spectral leakage from@icelling inband RFI caused by HAM. However, the same re-
inband narrowband (NB) signal ierthogonal frequency-divi- Ceiver structure can also be used for OFDM-based radio appli-
sion multiplexing(OFDM)-based systems. This type of signafation systems. As such, we show how to cancel strong inband
interference may arise in many new communication systef¥8!in an OFDM systenwithoutusing any silent measurement
as the spectrum becomes more crowded. Examples of NBIt@es and by using a standard block code to correct errors caused
wireline systems areadio frequency interferencéRFI) from by the residual NBI after cancellation.
short-wave radio, Citizen's Band (CB) radio, and amateur radio The canceller makesinear minimum mean-square error
(HAM), which interferes withhybrid fiber coaxial(HFC) net- (LMMSE) estimates of the NBI at the receiver by measuring
works [1] anddigital subscriber linegDSL) [2]. Ineffective the interference on a few of the subcarriers close to the NB
cable shielding of a network may also cause the ingress from &ignal’s center frequency. By its construction, the canceller
ternal electrical devices in the homes, such as TVs, computéid be designed to suppress interference from NB signals that

etc. Similar scenarios of NBI may also be found in radio systerf§ange their carrier frequency, without updating the estimator
coefficients. This reduces the complexity overhead consider-

- . ) __ably. The canceller needs priori information about the NB
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Fig. 1. Baseband OFDM receiver with the frequency-domain NBI canceller
shaded. Fig. 3. Baseband PSD of NB signal with bandwidithf, /N [Hz].
Transmitter Channel Receiver for DMT in [10], [11], by using unmodulated tones, for a deter-

ministic sinusoid RF signal with known frequency. The same
idea was applied in [12] and further expanded in [13] to handle
RF signals with some unknown small bandwidth and a small
uncertainty in its center-frequency location.

In this paper, we model the NB signal as a stochastic NB
process with possibly unknown bandwidth and power spectrum.
Fig. 2. Signal path at one OFDM subchannel with spectral leakageas Furthermore, we assume that we have only a rough estimate of
interference from an N8 signal. the center frequency of the NB signal. This canceller can be de-

signed to be more robust than the cancellers mentioned above

With analytic and simulated performance evaluations wad it can suppress NB signals with wider bandwidth and larger
show that this canceller can suppress NBI in an OFDM syste#ficertainty of its center-frequency location. Because MMSE es-
to below the background noise floor in typical applicatiofimators take the background noise into account, it can also be
scenarios using silent tones. This is possible even if the totied without using silent measurement tones by modeling the
power of the NB signal is higher than for the OFDM signaleceived data on the measurement tones as part of the back-
and if the exact priori information about the NB signal is ground noise.
unknown.

A. NB Signal Model

Il. SYSTEM MODEL The NB signal is modeled as an NB stochastic process and

In the system model, we assume a general OFDM syst% model the received complex baseband signal as

and an application scenario similar as DSL or an OFDM system

that operates in unlicensed frequency bands for radio transmis- ~ 7(t) = z(t) + s(t) + v(t), —00 <t <0 1)
sion, i.e., NB signals can overlap parts of the OFDM spectrum.

In DSL, subcarriers at these overlapping frequencies mustherex(t) is the OFDM signals(t) is an unknown NB signal,
silent (unmodulated) to obtain a cooperative environment wigihdv(¢) represents other background noise which we assume
the NB system, due to the egress of modulated OFDM subcayadditive white Gaussian noiS@WGN). The baseband NB
riers which would interfere with the NB signal [7]. For radio apsignal is modeled as

plications that may not be the case in general. Although the can-

celler can cancel strong NBI quite successfully without silent s(t) = sp(t)ed2mfet )
measurement tones, the best performance is achieved if silent

measurement tones are available.

Fig. 1 shows the baseband OFDM receiver used throughmeres”(t) is a complex wide-sense stationary NB signal, cen-

this paper. We assume that the use ofyalic extension tered aroundf = 0. It; Ioca_ltion relative to the baseband (down

(CE) preserves subcarrier orthogonality [8]. The number g?odulated)OFDM ,S|gnal is represented by the centerfreq_uency

subcarriers iV and the length of the CE 6 E. The CE can Je- We denotes, (t)'s PSD asPsg(f) and the corresponding

be extended with: extra samples from what is required byautocorrelation function as, (1) = E{sy(t+7)s;(#)}, where

the channel to preserve the subcarrier orthogonality. Tpese®{-} denotes expectation. Fig. 3 shows a sketchPof(f)

extra samples, which are part of the CE, are used herein fo#B0Se bandwidth is modeled to bef, /N, wheref, /N is the

nonrectangular receiver windowing that maintains subcarri@FD_M sut_)carner Sp{:\CIng],‘s the $amplmg frequency of the

orthogonality [9]. recelvec_zl signal, and is the (possibly noninteger) number of
After windowing and discrete Fourier transform (DFT) prosubcarriers spanned. o

cessing we introduce a frequency-domain NBI canceller thatFor baseband systems like DSL, the NB signal is modeled as

measures the interference on a few (un)modulated subcarr@@rresponding real stochastic process

close to the NB signal’s center frequency and subtracts NBI es-

timates from all subcarriers, see Fig. 2. This idea was introduced s(t) =% {sb(t)eﬂ”fc"'} . 3)
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Fig. 4. Framing and windowing the OFDM signeln] using a window functiono[n].

Note that this doubles the bandwidth of (2), for> b/2, since Let the DFT of one windowed OFDM frame be expressed as
the frequency content af,(¢) is translated to botlf. and— f..

Furthermore, itis important to recognize that (2) is second-order N+4&-1

circular, or proper, while the NB signal in (3)netsecond-order k] = Z w[n]r[n]e*th"k @)
circular, orimproper [14], [15]. The latter will pose some special0<k<N-1
consequences for RFI cancellation in DMT-based DSL systems L q

(SIS

[

which will be discussed later. — (wln]r[n] + wln + N]r[n + N]) oI R
These signal models account for many types of NB signals. r

The shape and bandwidth &%, (f) are design parameters for N—£_1

the L'MMSE canceller derived in Se_ctlon I_II. The V\{orst case + Z w[n]r[n]e—j%

NB signal PSD for block processed signals is approximately flat oy

[16], which is used in this paper as a design PSD when the true N1
PSD of the NB signal is unknown. n Z (w[n]r[n] + wln — N]r[n — N])

=N_&
=] 3

B. Receiver Framing and Windowing
Let samples of the received signal be denoted as

c2wnk

X e JTN . ®)

n From (8) it is seen that th& point DFT taken overV + u
rin] =r (7) = a[n] + s[n] + v[n]. (4)  samples can be expressed asMrpoint DFT taken overV
e samples. Hence, independent of the window gizéhe often
Before windowing and DFT processing, the sampled signalfi¥ed (by hardware)V-size fast Fourier transform (FFT) unitin

framed into blocks and the CE is removed. Let a long colunff! OFDM receiver can be maintained when using a nonrectan-
vector of N + 1, samples representing one OFDM frame bgular window. Note also that the subcarrier orthogonality will
denoted as be maintained when using a nonrectangular window if the CE

is increased by, samples and if the window function is a pulse
_ ﬁ] which fulfils the Nyquist criterion for intersymbol interference
2 free signalling [9]. Then, the windowing will only have an im-
w T pact on the noise parts of the received signal.
e [(l +1)N+1-CE+ 5~ 1“ ®) The windowing operation (8) can be interpreted as a fre-
guency-domain decimation frodv + n down to N samples,
=x[l] + s[l] + v[l] (6) which leads to the time-domain folding, as sketched in Fig. 5. It
can be represented with & x (N + ) size matrix

rll] = [r [l(N +CE)

wherel is a frame index witH = 0 representing the current

OFDM-frame being processed by the receiver. Note thaithe 0z Iy 0 0. I
samples used for windowing are part of the CE samples (i = | 0 0 Iy, 0 0
n < CE), see Fig. 4. I. 0z 0 I:. O
The framing (5) acts as a rectangular time-domain window w [—%] 0 0
on the NB signal which results in a spectral leakage to most % 0 . 0 9)

OFDM subcarriers. Using a nonrectangular windefs] prior

to the DFT processing, as sketched in Fig. 4, helps to reduce

the spectral leakage on subcarriers further away from its centenr
; . . . W

frequency by lowering the NBI sidelobes. Windowing can bgo

used in combination with NBI cancellation and can reduce the
. . ressed a¥r|[l].

number of subcarriers that need NBI cancellation, but reduc®s

the efficiency due to an increased CE length. 1. = 0 corresponds to a rectangular window.

0 0 w[N+4-1]

ere0, is a square zero matrix arld is an identity matrix,
th of sizexz. Then, a windowed OFDM frame can be ex-
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makes estimates of NB signal leakage onto all OFDM subcar-
riers by using only a few subcarriers located close to the center
- R o frequency of the NB signal as measurement tones.

' ' Al The received signal on subcarrieis

Tk = Tk + Sk + g, 0<kE<N-1 (13)

(I 4

e/—1
Z/ln’ .

whereT, = Zph; is the OFDM signal part (with datay,,
channel attenuatioh,,), 5 is the NBI leakage term, arg, is
AWGN. Estimates of the NBI leakagg, are derived and then
Fig. 5. Windowing operation. subtracted from each subcarrier

g/m—N
g/M+N T

20

Ur =Tk =5k = Tr+ 5k —5%) + s, 0<E<N-1(14)

as shown in Fig. 2.

Since we assume that the interference sigfiglis NB rela-
tive to the OFDM signal the autocorrelation function will have
support over several OFDM frames, thatsis(r) # 0, |7| >
(N + CE)/f,. Thus, a somewhat improved performance can
be achieved if NBl-measurements from a few sequential OFDM
frames are used. We use this in the derivation of the estimator.
Hence, let

o

=
o

Power Spectral Density [dBm/Hz]
A & o )
o o

»
o

r=[rT[=La - oT0] - PTL)] (15)

A
o
T

1

1 iy \\ y \|  represent aiL, + Ly, + 1)(V + p)-long column vector with
o o s L,, OFDM frames being processed prior ahgl frames being
0l s s Ll s S processed after frame 0, which is the current frame we consider
0 50 100 150 200 250 .
Subcarrier index, k for NBI cancellation.

LetP = L, + L,, + 1 denote the number of frames used for
NBI measurements. Using, > 0 introduces an extra delay in
the receiver byL,(N + CE)/f, seconds. By using the weak
stationary assumption (2), the correlation matrix for the NBI
C. DFT Processing component of the received signal becomes

After cyclic extension removal and windowing, the time do-

)
<)
T

Fig. 6. PSD levels for the spectral leakage by a NB signal with bandwid
b = 1.0. Raised cosine window usingsamplesN = 256 subcarriers.

main OFDM frames are turned into the frequency domain by”s :E_{SSH}
the DFT processing E{stLa)s"FLal} -+ E{sF-Lals"[L,]}
r[l] = FWI‘[Z] = X[l] + S[l] + V[l] (10) | E {S[LP]SH[—Ln]} . B {S[LP]SH[LP]}
= [Foll] - Fa_all]" (11) (16)
[ R, [0] T RS[_Ln - Lp]
where the bar represents the equivalent frequency-domain _ : . . (17)
signal andF is the orthonormal DFT matrix ' ' '
_RS[Lp + Ln] e RS[O]
Fi,= Le—’%Tm7 0<kn<N-1. (12) with Rg[k] = RE[—k] symmetry, wheré-)¥ denotes the Her-
VN mitian transpose. The frequency-domain equivale®R gfs
Fig. 6 shows examples of the spectral leakage PSD from an R- :E{ﬁH}
NB signal with bandwidthh = 1.0 (xfs/N [Hz]) and its s
center frequency is located in between two OFDM subcarriers. Rs[0] o Rs[=Ln = Ly]
A raised-cosine-shaped window was used witsamples for = : : (18)
windowing. Since the NB signal has a nonzero bandwidth the Rs[L, + L,] - R;[0]
level of the spectral leakage onto neighboring subcarriers can
vary greatly between different OFDM frames. where
HypH H
ll. LMMSE ESTIMATOR Rs{k] = FWRL[HWTFY = R [—H]. (19)

In this section, we derive an LMMSE canceller in the fre- As discussed earlier, assume for now that the subcarriers lo-
quency domain of the OFDM signal, as shown in Fig. 1. itated very close to the peak interference are unused. Hence, let
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Tr = 0, k € w wherew represents the index set of the silent When no silent measurement tones are used, (20) will be in

tones used for measuring the NBI and let the form7[l] = T [I] + 5k [1] + Uk [l], whereZ,[[] is the data on
subcarriek in OFDM framel. By assuming that the transmitted
m 1] =5kl T[] kew={my,...,mp} data is independent and unknown at the receiver the autocorre-
k k U lef-Ln, ..., L}, ~L,<0<L, lation of the measurement tones in (23) changes to
(20)
be the measurements of the NBI leakage on these tones. Re s, =E{X.X7} + E{5.,87} + 0’1
Let the M measurements from each of the = =BTRB + (Ug + 02) I (25)

L, + L, + 1 frames be collected in vectorg,[l] =
[Frn, [1] - - - Tm,, [1]]T and stacked into one column vectowhereo? is the average received data power. Without loss of

o = [Ful-La)7...T.[L,]T]T. Further, let the NBI generality itis assumed to be equal on each subcarrier. Further-
in the current frame be represented by the vectonore, itis of course also possible to have a mixture of silent and
5[0] = [30[0]---3n—1[0]]T. We construct an LMMSE es- nonsilent measurement tones where the autocorrelation matrix
timate [5] ofs[0] as then follows from (23) and (25).
The elements in the correlation matrix (18), which build up
8[0] = K7, = Rg[O];uR%};, T, (21) K, are of the form shown by (26)—(28) at the bottom of the page
o wherePs, (f) andf. area priori information abous(t) for this

where LMMSE estimator, see Fig. 3. As will be demonstrated in Sec-

tion 1V it suffices to assume a flat NB model &ft) with a band-
Ry, = F {§[0]Ff} -E {5[0]55} — AR:B (22) width b that is at least as wide as th_e bandwidth of the true NB
Ty Sy ) signal and centered arourfdto obtain a robust canceller. That
Rer, = F{T.T, } = E{8.5] } + 01 will effectively suppress NB signals that have a bandwidth less
=BTRB + ¢’I (23) than or equal td - fs/N. A simple estimate of. can be ob-
A=[0nxnz, Inxn Onxnr,]Nxpn taine(_j by using the squgred magnitude of.the FFT outputs, asin
Cnyy O 0 a periodogram, s_earchlng for the subcarriers with the s_trongest
interference and interpolate between those for the locatigh of
B=1 o . o (24) 111, 23]
0 0 Cnyxm P.NxP-M .
A. Frequency Invariance
whereo? is the variance of the AWGNy, andA, B andC If Ps,(f) needsto be changed a new correlation matrix needs
are indicator matrices. The sizgV x M) matrixC is all zeros to be recomputed, as in (19). However, it is possible to design
except forM ones positioned on different rows and columnghe canceller so that its estimator coefficients remain the same

representing how the measurement tanes {m;i,...,mys} if only the center frequency,., of the NB signal has changed,
are located if0, ..., N — 1]. That is, ifm; is a measurement to get exactly the same performance without performing a com-
tone, thenC,,, ; = 1 otherwiseC,,,, ; = 0. plex recomputation of the estimator coefficients. The theoretical

Note that for the improper baseband NBI case (2)ytltely  conditions for this are as follows.
linear MMSE estimator of[0] [15], [17] is easily obtained by 1) The frequency shift is an integer multiple of the subcarrier
also taking into account for the complex symmetric pairs of trepacing.
selected measurement tones;_, = 7, in the formulation Remark 1: In practice, by using a robust canceller design,
of the estimator (21). Then, since (2) is reBk automatically frequency shifts that are noninteger multiples of the subcarrier
becomes the augmented covariance matrix which contains #igaicing can also be handled, see Section IV.
complementary (or pseudo) covariance matrix structures, with2) The measurement tones are shifted accordingly to the new
elementsF{s,,3,}, besides the normal covariance matrix witlirequency location.

elementsE{s,,5"}. Hence, all the second-order information 3) Only measurement tones in the current frame are used
abouts will then be contained in a widely linear estimaldt (L, = L,, = 0).

N—1N-1
_ _x 1 n+p(N+CFE « [ M+q N+ CFE o 2n[nk—ml]
E{sk[p]sl[qn:NzZE{s( SEB (NEOBV et 26)
n=0 m=0 J S Js
N—1N-1
1 n—m-+ (p - Q)(N + CE) j2"fc(”*m+(p*q)(N+C‘E)) _2n[nk—mli]
= X s Ts ] N 27
PIPML ( 7. xe ¢ (27)
1 X7 27 fln—mt (p=a)(N+CE)] e —
=N / Py, (f — fo)e! T df | xe 97~ (28)
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4) A proper NB signal of the analytic type (2) is considered. Measurements Bl Estimates
Remark 2: For improper NB signals (3) this can also be han- 7,, (-L,) ® 30(0)
dled in practice by using nonrectangular receiver windowing ; ; :
that sufficiently suppresses the correlation contribution between s (=Ln) = . g\’ .
the positive and negative frequency peaks (locatetlfaj. . VE — o— U
The estimator (21) has an inherent invariance to frequency
shifts due to the properties of the discrete Fourier transform 7,,,(L,) —
(DFT). This will be demonstrated in the following. If the center _ : R
T (Lp)  —] i 0— —— ()]

frequency of the NB signal (2) shifts an integer multiples of sub-
carrers Fig. 7. Low-rank estimatot}/ tones in(L, + L,, + 1) frames are used to
f ) estimate interference in one fram¥ Subcarriers).

.f62=fcl+a(N wez 29)
] ] ] ) B. Optimal Low-Rank Approximation
and given that the NBI is proper as in (2), it can be shown that

the correlation matrix (18) becomes block rotated To lower the computational complexity the Wiener estimator

8]0] = KT, in (21) can be simplified with a low-rank ap-
ﬁg[o] ﬁg[—Ln —L,] proximations,.[0] = K, T, usingsingular value decomposition
R: = . . : (30) (SVD). This is similar to the work in [18] where a Wiener esti-
~ : ' ~ mator for OFDM-channel estimation was rank reduced using
Rs[Ly + La] - Rs{0] SVD to lower the complexity. For this estimator the optimal

where the(k, 1)th element £ {5, [m + n]5;[m]}, in each block 0W-rank approximation oK is [5]
matrix is L
N K, =UZ,Q"R; 2 =Ux, V" (35)
Rs[n](k,1) =Rs[n]((kta) mod N,(t-a) mod N)»
0<k, I<N-1 (31) where U and Q are unitary matrices from the SVD of
KR%@ = UXQF and wherex, is a sizeN x M P matrix
wheremod represents the modulo operator. When a frequencynté”inﬁng ther most significant singular values (out & P),
shift occurs, as in (29), the measurement taneshiould be ro- )\; > ... > )., from X along its diagonal
tated accordingly
¥, =diag[A; -+ A 0 --- 0] (36)
w={(k+a)mod Nk € w} (32)
to reflect the new frequency location of the NB signal. _Igsjzaisnt tﬂg?gﬁi;tnsklg%glgx\iﬁ:tﬁfl’ A, are dis
ForL, = L. = 0, i.e., when only measurement tones in The structure of the rank-reduced estimator is shown in Fig. 7.

the present OFDM-frame are usdil; = Rs[0]. If the mea-  popqting the error of the high-rank estimatoreas s[0] — 8[0]
surement tones are updated as in (32), the m&ixz, 1€ the covariance matrix of the erres. = 5[0] — §,[0] for the
main the sameRz z, = Ry r, and the rows are rotated for g, _rank approximation is

RE[O]FW(k,l) = RE[O]FW((IH»a)mod N,I)- This results in that the es-

timator-coefficient in (21) only become rotated in the rows P, —E {(5[0] —5.[0]) (8]0] — 3, [0])H} 37)
K1) =K((k+a) mod N,1); 0<k<N-1; USZSM(—L) =E{(e+Kr, - K,1,)(e + Kr,, — K,T,)"} (38)
33

Alternatively, let the estimator coefficients remain unchangegh the case of no design mismatch (when a correct PSD model
K@,y = K, and perform instead a rotation of the NBIis used), the erras is orthogonal to the measurement veator
estimates before they are cancelled from the subcarriers  and

S[0] = 8[0) (ko) moa vy, OSASN—1.  (34) P, =F {ee” + (K - K,)r., 77 (K - K,)?} (39)

Consequently, if a frequency shift of the NB signal is sud- =P+ (K-K,)Re s (K-K,)" (40)
denly detected, e.g., by monitoring the FFT outputs as a peri-  —p 4 (KRF% . _K,RZI. )
odogram to locate the NBI peak, the measurement tones should ) Fote ) r“r“ﬁ

only be shifted to around the new NBI-peak location, as they X (KRE - —K,R2_ ) (41)

were at the previous frequency location, and the estimated inter-

ference rotated into position as in (34). No other changes need = P+(UXQ"-UZ,Q")(UZQ" -Ux%,Q")"

to be performed in the cancellation procedure. As a result, it (42)
becomes easier and saves a lot of computational complexityto  —p 4+ U(Z - £,)(Z - %,)¥U? (43)
cancel a NB signal which may change its frequency location, or MP

to independently cancel spectral leakage from several NB sig- =P+ Z Auiul? (44)

nals in different frequency bands. ke t1
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whereP is the error covariance matrix for the full rank esti-

— b=05
mator. Themean squared errofMSE) for the rankr estimator s o g:;;g H
is then oDz
MP MP ° ——b=50
MSE(r) = P, = trP+ Y A =MSE(MP)+ Y A} ¢
k=r+1 k=r+1
(45) @-20 r

whereMSE(M P) is the MSE for the high rankR4 P LMMSE 25

estimator (21) and where the last sum is the extra MSE intr<- \
duced by the low-rank approximation. sor \ \
-35 ) 3 )

C. Rank of the NBI \ ) \
The theory of essentially time- and bandlimited signals tel 0 \ ' \

how many dimensions are needed in the low-rank approxim 45 A

tion. In [6] it is shown that the number of most significant eiger ‘ R I

values of a time- and bandlimited signal equal¥l” + 1 where ! 2 8 4 5 6 7 8 ® 1

B is the one-sided bandwidth of a baseband signaliarsithe

length of the observation interval. Hei,is given by the PSD, Fig. 8. Relative powers for the singular values; /A7, for different

Ps, (f), of the NB signals, (¢). time—bandwidth product$, = 2BT. Solid lines represent 33 measurement

. . ones taken from three OFDM frames, dashed lines 11 tones in one frame.
We relate the bandwidth of the NB signal to the OFDI\h

subcarrier spacing @B = bf,/N, whereb is a number, as Table I sh th di imat ies in the first
sketched in Fig. 3, representing the double-sided bandwidth aple! shows the corresponding estimator energies inthe firs

of s(¢). Our observation interval, which we consider for NB '31'; b+2 gndb+3_tdﬂ|)m_er;3|fo nsd_rglatlv? ’t\lo;ht_a tOt?Leang}:j'tT]a”
cancellation, is one OFDM frame stripped from its cycli imensions (witt? = 3) for ditferen signal bandwidins

extension, givingl" — N/ f,. Hence, the effective rank of the ..The corresponding relative energies when using one frame
NB signal is with eleven measurement toneg, € 1, M = 11) are strictly,

but only slightly, closer to one; see Fig. 8 in which the dashed
reg =2BT+1=0b+1 (46) curves drops increasingly quicker than the solid for the singular
values that exceetlg = b + 1.
which indicates that it is possible to reduce the rank of the esti-For the improper NB signal model (3) the total bandwidth
mator fromM P down tob + 1 and maintain most of its perfor- spanned doubles (whefa > b/2) and the corresponding time
mance. bandwidth product becomes3T = 2b. However, baseband
However, for scenarios in which NBI cancellation is imsystems like DSL can utilize only half of the available spec-
portant the background noise power is typically much lowefum, 0 < f < f,/2, for (unique) data transmission since
than the NBI power. For this reason a slightly higher rank thahe other half obeys complex symmetry. Therefore, the effec-
res NEed often to be used in order not to sacrifice cancellati@e rank of the NB signal in the half frequency band of interest
performance. For the NBI cancellation examples shown in thiémains-.¢ = b+ 1. This means that the rule of thumb (47), i.e.,
paper, we have used same rank, can be used also for the improper NB signal cases
(baseband scenarios) provided that nonrectangular receiver win-
dowing is performed. However, the usually high SNR for many
SL applications may require a slightly higher ramk={ b + 4
= b+ 5), as mentioned earlier.

/2
T

Tlow = Teff + 2=0 +3 (47)

as a quite conservative rule of thumb. This results in virtual
the same performance for the rank reduced canceller as for éf:h / indowi the NBI leak b
full-rank canceller except for scenarios with very high SNR. € receiver windowing suppresses the eakage be-

Then, the rank may have to be slightly higher in order not ﬁg\/een the complex symmetric positive and negative frequency
sacrif,ice any performance alves. Without receiver windowing spectral leakage from

Fig. 8 shows the power in the singular valugs relative to gne_ frequen(;:yb half to fthe other riqwretz that Iih'e rar|1k :ngst
the most significant\,, for some different bandwidths of the € Increased Dy one, for cases where the rank IS selected as

NB signal represented by its time-bandwidth producthisis " = bh+ 3, 10 o_btaln _ag|m|_lar goodgderformance (for a givgn
in good agreement with (46). The PSD shape was flabasudb- as when receiver windowing Is used.
carriers wide. In this example we usédl = 11 subcarriers as

. ) D. Cancellation Complexi
measurement tones closest to the subcakpievith most inter- plexity

ferencew = {ko — 5, ..., ko + 5}, using either three consecu- BY considering that the SVD computation can be performed
This meansP = 3 frames(L, = L, = 1)or P = 1 estimator coefficients for a specific application scenario can

frame (L, = L, = 0), giving a rank of eithen/ P = 33 or be downloaded, or stored, into the receiver prior its operation.
MP = 11, respectively, for these two different full-rank esti-1owever, it is also possible to recompute new coefficients and

mators (21). In both cases the NBI to background noise pOWekrne poorer performance achieved where b + 3 is essentially the same
ratio was 20 dB. with and without nonrectangular receiver windowing.
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TABLE |
RELATIVE ESTIMATOR ENERGIESWITH M P = 33 MEASUREMENT TONES

S ori A/ > M b=05]b=10]b=20[b=30[b=40[b=50

r=[b+1] 0.99925 | 0.98841 | 0.98714 [ 0.98760 | 0.98834 [ 0.98908

T = |b+ 2] 1.00000 | 0.99978 | 0.99945 | 0.99923 | 0.99908 | 0.99899

7 =[b+3] 1.00000 | 1.00000 | 0.99997 | 0.99997 | 0.99995 | 0.99994
TABLE 1

COMPLEXITY REDUCTIONS USING M P MEASUREMENT TONES

Reduction of
multiplications (%) |[[6=05|b=10[b=20|{b=30|b=4.0|b=5.0
MP =33, MP =11

r=[b+1] 93,81 | 93,81 | 90,72 | 86,62 | 83,53 | 79,43
r=[b+ 2] 90,72 | 90,72 | 86,62 | 83,53 | 79,43 | 76, 34
r=[b+3] 86,62 | 86,62 | 83,53 | 79,43 | 76,33 | 73,24

download to the receiver if the application specifications shoukBI (P = 1, L,, = L, = 0). Thus, the same performance and
change. With this perspective, the continuous computatiorthe same estimator coefficients will be obtained if the interfer-
complexity, during receiver operation, can be lowered with thence would be located in between any other two subcarriers than
low-rank approximation as described below. the one selected here, as discussed in Section IlI-A.
We formulate the rank-NBI canceller (35) as [18] The average power of the interference before suppression is 0
dBm/Hz in all cases. As before, the 11 subcarriers closest to the
r r peak of the interference are used as measurement tones,
8.0 = (Z )\kukka) T, = Zpk(kaw) (48) {74,...,84}. We use a sampling frequency #f = 10 MHz
b1 b1 which gives a subcarrier spacing of 39 kHz.
The average errog = s[0] — s[0], has covariance matrix

wherep, = Arui andvy are vectors of lengtlv and M P,
respectively. Each inner produ¢t, T..), requiresM P multi- P = E{ee”} = KRz_7, K” + Rg(s(0]
plications, i.e.;- M P multiplications in total. The linear com-

H
bination ofr vectors each of lengtlV requiresr N multiplica- —KRz 3510 — Raor. K™ (50)
tions. In each framéy subcarriers are estimated simultaneously
giving when the model parameters deviate from the true. When the

modeled and true parameters agree, (50) reduces to

TMP+TN:T< MP) (49)

1+ ——
N N P = Rgjop510 — KRi_300]- (51)
multiplications per subcarrier.

The rank reduction for lowering the complexity is mostn the case of rank reductiol,, andK, replacesP andK,
valuable when more measurement tones are used than régpectively. The MSE, the PSD of the residual error, is then
time-bandwidth product specifies. The original estimator (2tjag(P) using either (50) or (51). The performance evaluations
requiresM P multiplications per subcarrier resulting in a comwhich will be presented in Sections IV-A—F are based on the
plexity reduction ofl — r(1/M P + 1/N) using the low-rank analytical expressions (50) and (51), which agree with simula-
approximation. Table Il shows examples of the complexiijon results using Monte Carlo methods (not included in these
reduction using the parameters from the previous section asttions but which are used for the DMT-VDSL application sce-
N = 256 subcarriers. nario in Section V-G and in Section 1V-H).

First, we evaluate the performance in an ideal case where we
show the level of performance that can be achieved if the NB
signal’'s PSD is modeled perfectly by using (51). Secondly, we

We evaluate the performance for an OFDM system Witk-  evaluate the performance in a mismatched case by using (50),
256 subcarriers = 2048 (FFT size 4096) in the DMT-VDSL where we assume that we have quite poorly modeled the NB
scenario in Section IV-G) and we use an NB signal whose cengggnal and also reduced the rank too much. Thereafter, we ex-
frequencyy., is located justin between two subcarriers, #77 araiine the robustness against frequency errors and bandwidths
#78,i.e..f./fsN = 77.5, which causes a large spectral leakagef the NB signal and show the effects of nonrectangular win-
onto all subcarriers even if the actual NB signal would not hawmwing and by using several OFDM frames for the canceller.
any bandwidtl{b;,,. = 0.0). In all sections except Section IV-FWhere indicated, a raised-cosine window is used witk 6
we use only the current OFDM frame in the estimation of thextra samples within the CE for windowing.

IV. PERFORMANCEANALYSIS
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Fig. 9. An ideal case; residual error PSDs after NBI cancelling. NB signff9- 10. A mismatched case; residual error PSDs after NBI cancelling. NB
bandwidthb = 2.5 subcarriers. The rank-11 residual (circle marker) and théignal PSD Gaussian shaped, bandwidth. = 2.0 (at—6 dB PSD). Modeled
rank-6 residual (cross marker) are indistinguishable in this scale. AWGigat  With b = 3.0 flat shaped. Center-frequency erraxf. = 0.2 subcarriers.
dBm/Hz. AWGN at —20 dBm/Hz.

A. Performance for an Ideal Case

In the ideal case all model parameters agree with the true M
signal. Here, we use a rectangular PSD shape for the NB sig!
bandwidth that overlapls= 2.5 OFDM subcarriers.

Fig. 9 shows the residual error PSBiag(P), before and
after NBI suppression using an LMMSE rank-11 (circle marke
o) and a rank-6 estimator (cross marker). These curves
are inseparable in this scale and lie below the backgroul
noise at—20 dBm/Hz on all subcarriers. The windowed cas
(star markerx) usespu 6 samples for windowing. As a
comparison, Fig. 9 shows also the suppression performance
a Taylor-parametrized RFI canceller using seven paramett
(square markei£d) [13].

loss [dB]

SNR

0.05

-©-- rank- 5, b=b

true

¢ rank- 5, b=3.0
—8— rank- 6, b=3.0
— fank-11,b=b

B. Performance for a Model Mismatched Case

1.5
Bandwidth b

2

true

2.5 3
(x fs/N [Hz])

Inthis evaluation we have a design mismatch betweenthe tige 11 ayerage SNR loss as a function NB signal bandwidth, . The NB

and modeled PSD of the NB signal. A rectangular PSD shagénal has flat PSD shape. The rank< and rank-11(x) estimators have
is used in our model with a DSB bandwidth that overlaps @ correctly modeled bandwidth, = b..... The rank-5(¢) and rank-7(0J)
3.0 OFDM subcarriers, but the true NB signal has a Gaussian. maters have a fixed modeled bandwidths: 3.0.
shaped PSD which overlaps... = 2.0 subcarriers (taken as
the —6 dB DSB-bandwidth from the PSD peak). Further, weovered by the rec_tangular-modeled PSD. The NBI from these
have an error in the modeled center frequency of the NB signdincovered PSD tails are not cancelled.
N|fe — fcl/fs = 0.2 subcarriers. . . .

Fig. 10 shows the residual error PS@iag(P) using (50), C. Varying the Bandwidth of the NB Signal
before and after the cancellation. For this case the suppressiok'sing (50), we define the average SNR loss as
of the NBI on subcarriers away froifa is still quite effective but
the residual errors on a few tones closgftare slightly above

FE {|6k|2 + |§k — §k|2}
the background noise floor at20 dBm/Hz.

E{ox|?}

A 1
SNR-loss2 N7 AZ;

In this case, the rank-11 estimator (circle markein Fig. 10) kgw
performs slightly better than the rank-6 estimator (cross marker, tr(M,P,.) (52)
x). In this case the effective rank is 4 and the rule of thumb in - (N — M)o?

(47) suggests,, = 6. The Taylor-based RFI canceller [13]

(square markef]]) is shown for comparison. whereM,, is a diagonal matrix with zeros at the indexes cor-
The increased residual errors compared to the ideal case @sponding to the measurement tonesand ones elsewhere.

pends mainly on that the Gaussian tails on the true PSD are Rig. 11 shows the average SNR loss, with exclusion of the silent
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measurement tones for different bandwidths of the NB signal. ©- rank-5,b=20 o
The frequency axis is scaled into the OFDM subcarrier spacir Bl g ;o
fs/N, whereb,.. is the true NB signal bandwidth. If the mea- 7 rank-6,b=25 ! /,,”
surement tones are also included in the SNR-loss calculation e
thenM,, = I, which gives pog
01F o /; .
SNR loss= 1+ tr(Pr) 53) = S
No? 8 ;e
g £ ,
The average SNR loss before NBI cancellation is 20 dB. Furth® S )/
the center-frequency erro¥| f. — f.|/ f. is zeroand we useda °%f : AAS ra
rectangular shape both for the modeled and the true NB signz o s L,
PSD. o el Lt
For the rank-5 and the rank-11 estimators (with circle-, ol R et s S A A
and star-x, markers in Fig. 11, respectively) we modeled th . . ‘ 1 .

L
0.3 0.4 0.5 0.6 0.7

0.1 .
Frequency error Afc (x fs/N [Hz])

bandwidth correctlyhp = b;,.. This rank-5 estimator is capable % 0.2

of giving the same performance as the rank-11 estimator iu
b < 2.0. That agrees with the rule of thumb in (47). fbar 2.0, Fig. 12. Average SNR-loss as a function of center-frequency éxior. The
the rank-5 is too low and it suffers increasingly higher SNIRB signal has a flat PSD-shape. True NB signal bandwidth,is. = 2.0 and
degradation_ modeled withb.

With the rank-6 estimator we have fixed the modeled band-_
width to 3.0 subcarriers wide. This is capable of giving goo
performance for NB signals that have smaller bandwidth. Sin
it performs almost as well as if we knew its true bandwidth |
tells how to make a robust estimator if we do not know the ban¥
width of the interfering signal. The modeled PSD should be a§_20
wide as the maximal expected width (using a flat PSD—shaplg
Then, in order to reduce the cancellation complexity the rarg
can be reduced to+-3. This is the case with the rank-6 estimato £2°
which is designed to model an NB signal with a bandwidth up 1&

b = 3.0 subcarriers. It gives good and consistent performan 2_30
for 0 < bgue < b. Then, wherbg,e > b the modeled band- *
width is too small resulting in an increasingly higher SNR los:

There are two prices to pay for selecting a too large bandwic
in the model. One is that it performs slightly worse for smalle
bandwidths as an estimator with a more correctly (narrowe
modeled bandwidth. The other is that it is not possible to redu
the rank as much for a large modeled bandwidth as for a low
modeled bandwidth, without sacrificing performance. Fig. 13. Residual error PSD after NBI cancelling for different placements

. of the measurement tones. The markers indicate the location of the 11

An example of performance loss due to a bit more aggressieasurement tones in each case.
rank-reduction is the rank-5 estimator with fixed modeled band-
width, b = 3.0, (with diamond e, markers) in Fig. 11. Here, we markers in Fig. 12, respectively). The latter estimators can better
reduced the rank below the rule of thumb, = 6. Thisis why  ajlow a frequency shift than their equivalences with: by,
it performs slightly worse than the equivalent rank-6 estimatgt the rank-5 estimator suffers from a slightly higher SNR
for b < 3.0 by suffering slightly higher SNR degradation.  degradation than the rank-6 estimator due to its lower rank.

Finally, the rank-11 estimator with = 3.0 (diamond,o,
marker in Fig. 12) gives low and consistent SNR loss for all

Fig. 12 shows the impact of center-frequency errarg, center-frequency errors in the ranged A f. < 0.5. This is be-
N|f.— f.|/fs, using (50) and (52). In this performance evalugause frequency errors less than 0.5 subcarriers on the 2.0 sub-
tion both the modeled and the true PSD shapes are flat. The te@&riers-wide PSD is still within the modeled PSD bandwidth of
signal has a baseband (DSB) bandwidtih@f. = 2.0. 3.0 subcarriers-wide NB signal.

The LMMSE rank-5 and rank-11 estimators (with circle,
and starx, markers in Fig. 12, respectively) are both designdg: Placement of Measurement Tones
with the same modeled PSD bandwidth as the tue b, ue = The placement of the measurement tones affects the suppres-
2.0. This gives no room for a frequency-shift of the NB signal’'sion performance. Fig. 13 shows the residual error PSD after
PSD from its modeled (which corresponds to a center-frequeridigl-cancelling using (51) and 11 measurement tone®(ia 1
error). Therefore, they perform worse than the rank-5 and rankKr@me) with different distances from the center peak of the NB
estimators that have= 2.5 > b, (Squareld, and triangley, signal. The markers indicate their frequency locations for each

-15

-35

-40 1 1 L
65 75 80

Subcarrier index

90

D. Impact of Center-Frequency Errors
A



2136 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 51, NO. 12, DECEMBER 2003

TABLE Il
HAM B ANDS IN EUROPE(kHz)

Band start || 1810 | 3500 | 7000 | 10100 | 14000 | 18068
Band stop | 2000 | 3800 | 7100 | 10150 | 14350 | 18168

-©- NBI
—*— NBI, windowed
- Cancelled, P=1

- Cancelled, P=1, windowed | | TABLE IV

Cancelled, P=2

Cancelled, P=2, windowed SELECTED DMT-VDSL PARAMETERS
Cancelled, P=3
Cancelled, P=3, windowed

AWGN (-30 dBm/Hz) 4 Number of subcarriers, N 2048
Sampling frequency, f, 17.664 MHz
i Subcarrier spacing, fs/(2N) 4.3125 (2 Af) kHz

- True RFL-bandwidth, by fs/(2N) || 5.0 (= 1.16Af) kHz
e ' Modeled RFI-bandwidth, bf,/(2N) || 8.625 (= 2Af) kHz

oxoxo%d

a
o

Power Spectral Density [dBm/Hz]

o2}
o

-70 Center-frequency, f. 3525 kHz
Center-frequency error, f. — fc 2.156 (= 0.5Af) kHz
-80 \ Window size, u 70 samples
-\
\

~ 11 Il
100 150 200
Subcarrier index

increases the suppression with more than 10 dB on most sub-
Fig. 14. Residual error PSDs with/without windowifyg = 6/ = 0) and carriers, except for the very few tones under the peak.

using several frames in NBI estimatiaR.= 1 uses current frame onlyl.,, = In this example the cyclic extension wasdy = 10 samples

L, = 0). P = 2 uses current and one previous franie.(= 1, L, = 0). |ong (including the windowing samples). A longer CE reduces
P = 3 uses previous, one current and one frame afidad= L, = 1). . . .

AWGN at —30 dB. slightly the effect of using several frames while a shorter CE

increases the effect slightly. This is because the correlation be-
case. The NB signal bandwidthtis= 2.0 with center frequency tween_ different OFDM frames is affected by the length of the
located aif, N/ f, = 77.5. The average NBI power is 0 dBm/Hz CE (distance between frames).
and background noise power-i£20 dBm/Hz. N_onrectangular wmdowmg alqne reduces thg NBI on ;ub—

When the measurement tones are placed around and &Ryriers far away fronf. re_sul_tmg m_few_ersubcarrlers needing
ering the interference peak (indicated with cirdlemarkers in B! cancellation. Where indicated in Fig. 14= 6 extra sam-
Fig. 13) the residual interference is suppressed below the bal€S are used from the CE for windowing. Using more samples
ground noise floor at 20 dBm/Hz on all subcarriers. If the mea-educes the number of subcarriers that need. NBI cancell_atlon
surement tones are placed around, but not covering the p&4gN More, butat the expense of a reduced efficiency. The inter-
(corresponding to casesl,...,=5), a strong residual peakference |s_cancglled by a similar amount V\{Ith/WIt'hout nonrect—
will remain after cancellation along the gap between the me&?gular windowing, but because of the windowing, the inter-
surement tones. In this latter case, tones away from the pdS§€Nce is suppressed to a lower level on subcarriers a bit away
show only marginally better performance:1) or worse per- Tom the peak.
Igarggr;?g(cioz\;éfihbj:t;)etgggktZitﬁZIS; (\(/)v)r.\ere the measureme&t. Application Example: RFI Cancellation in DMT-Based
In order to be cooperative it is unwise to use the pea}ﬁDSL

tones for data transmission regardless whether they are used dd1e proposed canceller can be incorporated naturally in the
measurement tones or not. Hence, it is often best to use the peieiver structure for a DMT-based VDSL modem specified
interference tones as measurements. Then, good performadi¢&TSI [4] to cancel RFI from amateur radio. The functional
is achieved at the same time as the measurement tones arefRggirements in the DSL standards specifies a mandatory
likely conflicting with subcarriers that can be used for datavoidance of transmission in the amateur radio HAM bands,
transmission. Measurement tones at the peak will also pick &@€ Table IIl, in order to avoid egress in these banHence,
more of the inherent dimensionality in the interference arsdlent measurement tones for the RFI canceller are available in
less background noise than those placed further away from these bands without sacrificing usable bandwidth.

peak. To simulate RFI noise cancellation in VDSL, we used a
DMT-VDSL system specified by ETSI. See Table IV for some
F. Effects of Windowing and Using Several Frames of the system and RFI parameters. The environment was a

Fig. 14 shows the effects [by using (51)] of windowing with &000 m—Iong TP1 cable [19] and the noise consisted of 25
raised-cosine shape in combination with the cancellation and §df-FEXT disturbers plus AWGN &t 140 dBm/Hz. We placed
effects of using more than oti@ > 1) OFDM frame for the es- the RFI-signal’s center frequency close the edge of the second
timation of the NBI(V = 256). In this example the white noise HAM band at 3525 kHz and adjusted it in between two subcar-
level is —30 dBm/Hz. Using two frame® = 2 for NBl mea- €rs. The average RFI power was equal to the average received
surement (current plus one previous frameg, = 1, L, = 0) YDSL signal power (SIR 0 dB). A center-frequency error of
increases the NBI suppression with more than 4 dB on all sub-— fe = 2.156 kHz was used, corresponding to half of the
carriers (compared to using one frame), except for the very féiPcarrier spacing (4.3125 kHz) abd= 2, byue = 1.16, see

subcarriers undgr the NBI-peak. Usifig= 3 frames (current  apye 1o sidelobe leakage at the Tx, a few extra subcarriers close to the HAM
frame, one previous, and one frame ahéagd = L, = 1) band edges may also have to be turned off.
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Fig. 15. RFI cancellation in a DMT-VDSL system with 2048 subcarriers. Fig. 16. Average SNR with/without RFI and cancellation.

Table 1v. For the canceller design, eleven measurement 1ORGSR of less than 10 on all subcarriers without RFI. In this

(M.: 11) were u_sed inone DMT fram@” = 1) and a ra|seq example the resulting average SER was obtained by using the
cosine receiver window of size = 70 samples was useq. With analytical SER expression f2Pits )-size QAM constellations
P=1, W'.”dOW'”g anq the robust-mode!ed RFI bandwidth, th n AWGN channels [21], and by assuming that the residual RFI
same estimator coefficients used in this example can also_ Sise is Gaussian distributed on each subcarrier. A comparison
used to cancel RFI successfully at any other frequency locati Hh Monte Carlo simulated and analytical SER is shown in

within Ithe H'Aﬂw lpar:.ds. \:\r/]'ﬂ,: rank reQu(cjtlon tt_he nurlnbder OTable VI where the target SER was increased to less thaf 10
(comp_ex) muftiplications that ar€ required continuously during, y o e the number of simulated bit loaded and RFI cancelled
operation was reduced from 11 to 6 per subcarrier. Without t

receiver windowing a rank of 7 (instead of 6) would be neede T frames was 10
to obtain the same performance. Note that the DFT Iengtg{ts-ro reduce the number of multiplications needed for each tone

. : ore substantially it is possible allow a residual peak within
doubled,2, d_ue to the baseband s_|gna|||ng but that only h e silent HAM band along with a gap between the measure-
of the subcarrierd)... N — 1, are of interest.

Fig. 15 shows the Monte Carlo simulation results using t ment tones, as shown in Section IV-E. Then, in order to obtain
'9. W imufat uits using t}ﬁw increased complexity reduction the modeled bandwidth, the

proposed canceller. The resulting interference is suppressed o
er of measurement tones and the rank can all be reduced
below the background AWGN floor at140 dBm/Hz, except gt the expense of a decreased robustness.

for only a few subcarriers inside the HAM band when th
reduced rank-6 canceller is used. Because of the very hilqh
average SNR in this application (background AWGN floor "~
at —140 dBm/Hz), the amount of suppression is higher than In this section we show a performance example of cancelling
in previous examples but the performance loss due to rafand NBIin an OFDM system but without using any silent
reduction becomes slightly more visible. However, increasifgeasurement tones. In this case the OFDM signal is modeled
the rank from 6 to 7 will suppress the remaining residual pow@p Part of the background noise, as discussed in Section IlI.
to below the background noise floor. Table VII shows the selected OFDM and NBI parameters and
Fig. 16 shows the resulting SNR with/without RFI and carf19. 17 shows typical PSD levels that can be expected. In this
cellation. The two SNR curves with RFI and cancellinggnd €xample the average NBI power was equal to the OFDM signal
+ markers) are indistinguishable from the SNR curve witho@ower (0 dBm/Hz, SIR 0 dB) and the SNR was 30 dB (AWGN at
any RFI present(marker). The SNR curve with RFI but no can—30dBm/Hz). The average SNR loss was reduced from 30.0 dB
cellation ¢ marker) shows significant SNR-loss on most supvithout cancellation to 10.7 dB by using the canceller. With rank
carriers. Observe in this application example that all subcarriggsluction, the number of multiplications per tone was reduced
within the HAM bands are silent and excluded when calculatirfgPm 11 (rank 11) to 2.1 (rank 2) with a minor performance loss
the SNR loss. Table V shows the corresponding avesggenol (the SNR loss increased from 10.7 to 10.8 dB). Note that the ef-
error rate (SER) to the curves in Fig. 16. A simple, but conserficient rank is 2 in this case(= 1 in (46)). Observe also that

NBI Cancellation Without Using Silent Tones

vative, bitloading algorithm was used all tones are included in the SNR-loss calculatiddi,( = I in
(52)). As in previous examples, the NBI is suppressed below the
) SNR. background measurement noise, which in this case is dominated
bitsy, = {105‘2 (1 T >J (54) by the OFDM signal itself.

A standard block coding scheme can effectively correct
wherebitsy, is the number of bits assigned to subcartieand symbol errors that are caused by the remaining NBI after
wherel’ = 9.8 dB is the SNR gap [20] which results in ancancellation (which are most frequent at the tones close to
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TABLE V

AVERAGE SER WITH/WITHOUT RFI AND CANCELLATION. SMULATED RFI CANCELLATION, ANALYTICAL SER B/ALUATION . TARGET SER< 107

. Cancelled RFI No RFT cancellation
Without RFL | gy ronk Rank-6 No windowing With windowing
SER [ 593 x10° | 725 x10° 418 x 10" 0.33 0.038
TABLE VI

AVERAGE SER WTH/WITHOUT RFI AND CANCELLATION. ANALYTICAL VERSUS SIMULATED CANCELLATION AND SER B/ALUATION . TARGET SER< 103

X Cancelled RFI No RFI cancellation
SER || Without RFT| gy il Rank-6 No windowing With windowing
Analytical | 6.51 x 1075 6.57 x 107° 6.76 x 10~° 0.364 0.0405
Simulated | 6.47 x 10° | 653 x 10> 6.70 x 10" 0.398 0.0442
TABLE VII 10° : . :
SELECTED OFDM PARAMETERS : SRS
vvvvv W‘ltho‘uf‘ NBI cancellation
Number of subcarriers, N 256
Sampling frequency, f; 10 MHz ) ]
Subcarrier spacing, fs/N 39 (& Af) kHz 100 pronnmnn s
True NBI-bandwidth, b fs/N || 9.8 (= 0.25Af) kHz 5
Modeled NBI-bandwidth, bf;/N 39 (= Af) kHz 5
Center-frequency, fe 5.0 kHz g
Center-frequency error, f. — f. 9.8 (= 0.25Af) kHz 2102 . i
g Cancelled using silent tones: ki
§ .W‘L.(hou.t NvBI:prves.evm.t‘ . ‘*
-©-- OFDM signal level [ SIS
20 — NBI H & \
- — Cancelled NBI, rank 11 10°F BESTIIEEEEEREES g
Cancelled NBI, rank 2 g
10 ‘
1
i Cancelled rank-11 S .
0 10"' I ] ! R
10 15 20 25
SNR [dB]

Fig. 18. Probability of RS(255,243)-word error versus SNR without using
silent tones for canceller with rank 2, rank 3, and rank 11. SIR dB. Word
error rates for cancellation using silent tones, without NBI present and without
NBI cancellation, is shown for comparision.

Power Spectral Density [dBm/Hz]

—— Narrowband PSD

""" Modeled PSD
-40 - o FE, 1
.50 L ‘ . ‘ ; ‘
0 50 100 150 200 250 a a
Subcarrier index & &
Fig. 17. Typical PSD levels without using any silent measurement tones. _H .
Frequency Frequency
(@) (b)

the peak). Fig. 18 shows the SER with/without cancellation

as a function of SNR, with 0 dB SIR. The rank-2 cancelléfig. 19.

shows a performance loss compared to the rank-3 and rank-11

cancellers for higher SNRs. The rank-3 canceller uses 3.1 mogarly the same SER as if no NBI is present at all, the two cor-

tiplications per tone. A (255,243) Reed-Solomon (RS) codesponding curves are almost inseparable in Fig. 18.

and 16-QAM symbols was used and the average (received) _

signal power was 0 dBm/Hz on all subcarriers. The RS cofte Conclusions Drawn From Examples

was used without erasure decoding. The examples presented above show that it is possible to con-
As aresult of the cancellation, the SER has been lowered catruct a robust canceller with only a rough knowledge of the NB

siderably despite the fact that no silent measurement tones wagmnal’'s PSD. As long as the shape of the modeled PSD spans

used. However, because of the latter there is an SER loss cdhe true NB signal’'s PSD, as in Fig. 19, then the canceller will

pared to using silent tones. For high SNR there is an SER flogive good performance (residual PSD below background mea-

due to the remaining residual NBI peak above the AWGN floosurementnoisefloor) forvarious bandwidth and frequency errors.

see Fig. 17. However, the SER floor can be lowered by usingHowever, the PSD model in Fig. 19(b) will produce poor re-

erasures on the bad SNR tones (at the remaining NBI peakJsints. For most effective rank reduction a flat shape of the mod-

the RS decoding. Using silent tones for the canceller resultsdled PSD is best. Then, the estimator energy is best concentrated

(a) Good PSD model. (b) Poor PSD model.
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to a few dimensions. NBI signals that have a flat PSD shape arg2]
also known to be the worst for block processed transmission sys-
tems [16]. 3]

A canceller that obeys this design rule will give almost
as good performance as a canceller constructed with perfedt!
knowledge of the NB signal’'s PSD and will be less sensitive
to model errors. Using windowing reduces the number of
subcarriers that need spectral cancellation at the price of 5?5
slightly reduced efficiency. Using measurement tones from ]
more than one OFDM frame suppresses the interference eves]
more but makes it more complex to cancel NB signals which
may change its frequency location.

[7]
V. SUMMARY

An NBI canceller for OFDM systems has been derived. It ]
can be used to suppress the spectral leakage that occurs when
a strong NB signal resides in the same frequency band as tth]
OFDM signal, which can be the case for example for DSL or in
unlicensed frequency bands for radio transmission.

The canceller subtracts frequency-domain LMMSE estimate8¥
of the NBI from the received signal by measuring the interfer-
ence on a few modulated or unmodulated OFDM tones. We udél]
optimal rank reduction of the canceller and apply the time-band-
width product on the NB signal to lower the run time computa-|12]
tional complexity. This is especially valuable if many measure-
ment tones are used and the NB signal bandwidth is small.

With cognizant design, the canceller can be made invariant
to frequency shifts meaning that the estimator coefficients do
not need to be updated if the NB signal suddenly changes 1
frequency location. This avoids extra computational complexity
and makes it easier to cancel NB signals which may change thd#S]
frequency location or to cancel several NB signals with different
carrier frequencies. [16]

Performance evaluations show that this approach leads to a
robust canceller that performs good with only rough a priorim]
information about the NB signal. It is possible to suppress the
spectral leakage caused by an NB signal and reduce the average
SNR loss from, e.g., 20 or 30 dB before cancellation to nearl 8
0 dB after cancellation.

Using a DMT-based VDSL system as a specific applicatior19]
scenario it is shown how the canceller can naturally operate i[}o
a standardized receiver structure to effectively suppress strong
radiofrequencyinterference caused by amateurradio. Withage#1
eral OFDM-based receiver structure it also shown that it is still
possible to get a quite dramatic SER improvement by using the
NBI canceller and a standard block code even though no unmod-
ulated OFDM subcarriers are available as measurement tone
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