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AHHOTaumsA: B cTaTbe paccMaTpuBaeTCsl BbIYMCIUTENBHO 3(OdEKTMBHBIN (0€3 YyMHOXUTENEN)
anroputm obyyeHuns axonopasutens (echo canceller, EC) B cuctemax uucpoBon nepegayn AaHHbIX:
Single-Pair High-Speed Digital Subscriber Line, SHDSL). Anroputm 6asupyetcsa Ha ncnons3osaHum M-
nocrniegoBaTenbHOCTEN, onpedenéHHbiX ctaHgapTom (G.991.2 aona TecTMpOBaHMSA KaHana cBA3n, B
KayecTBe curHanoB ans obyyernst EC. Mcnonb3oBaHne M-nocnegoBaTenbHOCTEN NO3BONSET NOSYyYnUTb
peLLeHne Nno KpUTEPUIO HauMeHbLUMX kBagpaTtoB (Least Squares, LS) B 3agave vaeHTUmKauum sxo-
OTKNMKA C BbIYUCITUTENIBHON CIIOXXHOCTBbK, CPaBHMMOW CO CIOXHOCTbIO MPOCTEWLLEro anroputma
afjanTMBHOM unbTpauMM MO KPUTEPUIO HaUMEHbLUEro CpeaHeKBaapaTUYHOro OTKIoHeHus (Least
Mean Square, LMS).

1. BBegeHue.
BbicokockopoCcTHas nepefada AdaHHbIX MO NPOBOAHbIM KaHamam CBS3N SIBMSIETCS HENpoCTON

3agadven, ocobeHHo B YacTu npoektupoBaHusa EC. OB6blMHO AnNuHa “3HAYMTENbHOW” YacTu OTKIMKa 9XO0 B
SHDSL cuctemax moxet gocturatb 300 Us . MNoaToMy Ans caMOn BbICOKOW CKOPOCTW Mepepadv AaHHbIX

2304 kbit/s [1], Tpebyetca EC ¢ npubnuautensHo 500 koadhdpuumeHTamu. BblumcnutensHas CROXHOCTb
npocteiilwero EC Ha ocHoBe LMS anroputma paBHa 2N YMHOXEHWUIA U CINIOXEHWUIA 3@ O4HY UTepauuio, rae
N - uucno koacpdmuMeHToB aganTuBHOro unbTpa. ATo TpebyeT 3HAUYUTENbHLIX PEecypcoB B Cryyae
peanusaumm EC Ha xecTkon noruke. Kak cneacrtBue, mcnonb3oBaHue 6onee CRNoXHbIX anropuTMoB
aganTMBHOW ounbTpaunm CTaHOBUTCA NPo6neMaTuYHbIM.

B HacTosilwen crtatbe paccmaTpmBaeTcs uHom Meton obydeHua EC. B ero ocHoBe nexut
MCnonb3oBaHWe LUMPOKOMOMOCHbIX curHanoB (M-nocnepoBaTenbHocTen), pekoMeHaoBaHHbix SHDSL
ctaHgapTom. lMpuMHMMasa BO BHUMaHWE aBTOKOPPENSLMOHHbIE CBOMCTBA TakUX CUIHANOB, MOXHO MOSYYnUTb
peLLeHne 3agayn nogasrieHns 3X0 C 3pPeKTUBHOCTLIO pelleHnst no kputepuio LS. ObyueHne EC ¢ Takum
anroputMom TpebyeT Tonbko N apudMeTMyeckux onepauuit (B 4acTy OLEHKM 9XO OTKMMKA) Ha OaHy
BbIOOPKY CUrHanoB, 4Yto cpaBHumo ¢ LMS EC.

2. NonyyeHue LS pelieHus.

Cuctema, nognexawias ungeHtnduumkaumm B npouecce obydeHna EC, onucbiBaeTcs BEKTOPOM

KO3MMULIMEHTOB NMHENHOrO UMMYNbCHOrO OTKMUKa  (axo-oTknmka) h = [lfzo,lle,---,hN_1 " BxogHbim
CUrHarnoMm 3Tol cucTembl sinsieTcss M-nocnegosatensHocts X (n) = Xx(n) c nepuogom N BbiGopok, roe
x(n)D{l,—]}, X - awnnutyga nocnegoBaTenbHOCTM, 7 - OMCKPETHOEe Bpems. BbIxogHom curHar
NUHERHO cUCTeMbI (ex0) onpeaenseTcs KaK y(n) =h"X(n) = Xh"x(n), roe
x(n) = [x(n),x(n—1),---,x(n—N+1)]. OyHKUMA  B3aMMHOM koppensuuu curHana y(n) v anemeHToB
3afiepkaHHOro Ha j BbIGOpOK BekTopa X(n — j) onpegensietcs kak

re(j) = Aiy(n)z(n ~j)=NX’h|,, —leihi|i¢_i ,amsscex i, jO{0,-,N=} . (1)
310 Bb|pa>|;eHV|e MO3BONSET OLEHUTb SJ'IeMeHTbI_BeKTOpa h kak

}Z =r (H/INX?) = hi|i:j —N_llihi|i¢j , ansi seex 4, j 0{0,1,---,N -1 . (2)
U3 (2) cnepyer, 4To ecnu VICI'IOJ'IbS);TCFI M-nocnegoBaTtenbHOCTb, TO KO3 PULUMEHTLI UMMYNIbCHOIO

OTKINMKa ONnpeaensoTcsa ¢ cMcTeMaTUYECKUMM ownBKamm.
B pmaHHOIM cTaTbe npeanaraeTcs MeTond Koppekuun Takmx owmnbok. Ons aToro, sanuwemM ypaBHEHUs!

onga Bcex hl. B matpuyHoin popme kak Rh =h, roe R - matpuua koadpduumeHToB B npasoit 4acTu

~ [~ ~ ~ Jr
ypaBHeHus (2), a h=I:lfzo,lle,---,lfz]\,_1 . 370 ypaBHeHue nossonset onpegenuTe Bektop h, T. e.
KO3(pPMLMEHTBI 9X0-0TKIIMKa 0e3 oLMOOoK Kak
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h=R'h. (3)
Pewenne ypaBHeHnus (3) Bcerma cyllecTByeT, nockonbky, Matpuua R (onpegeneHHas Ha
nHtepsane N BbIGOpOK curHana) Bcerga UHBEpPTUPyeEMasi.

BuipaxeHne (3) MOXHO nomyuntb Tawke W Apyrum cnocobom. Matpuua X nepenaBaembix
curHanos X(77) sBNSeTCS UMPKYMSHTHOM. BekTop B3auMHON Koppensuun mexay X U BEeKTOPOM 3XO-

CWUTHanoB y = [y(O),y(l),---,y(N - 1)]T onpegensieTcs kak

r. =Xy=NX"h, (4)
a KoppensuMoHHas MaTpuua CUrHanoB B JIMHEMHOW CUCTEME - KaK
R..(0)=XX" = NX°R. (5)
U3 (3), (4) u (5) cneayer, uto
h=R5 (0. (6)

YpaBHeHue (6) aTO onTumanbHOe pelueHue no kputeputo LS 3apaun ugeHtudukaumm [2]. Takum
o6pasom, (6) MoxeT BbiTb UCMONb3OBAHO ANA OLEHKU KOSMMULMEHTOB 3X0-OTKNMNKA, Tak kak matpuua R
OOHO3HAYHO onpegerneHa.

o 2
Ecnm axo curHan copepxut wym z(n) c pucnepcueint O, TO KO3(MULMEHTbI UMMYNbCHOTO
2 2 2
otknuka (3), (6) Takke onpenensalTca ¢ owmbkamu. [ucnepcus 3Tux owmbok pasHa 0, =0, /(NX7).

|_|OCKOJ'Ibe LYyM UCKaXaeT 3XO0-CurHan, 1o onpenerneHme BeKTopa l'y; Ha unHTepBane N BbI60pOK MOXeT

ObITb HEAOCTATOYHbIM. MOXHO AOCTUYL YNYYLLEHMS] peELLEHUsi, ecrnv 3TOT MHTepBan pacwuputb. Ecnn aTtoT
UHTepBan KpaTHbln N , TO BbluMcATL MaTpuuy R kaxabin pas 3aHoBO HeT HeoGxoauMocTu. ITo BedeT K
agantueBHon chbopme anroputma (6)

h(m) =R (m)¥; (m), 7)

roe Rﬁ«(m)=ZRﬁ(0)=mRR(O), Fy;(m)=Zry;(l), m - HOMep wTepauuu 6royHoro (c

N Bbibopkamu curHanos B 6rioke) anroputma. YpasHeHue (7) MoXeT BbiTb Janee ynpoLieHo Kak
0 ~ 7\ - U ~ [ U
h(m) = R (m)F. (m) = (XX" )" XY y(0) m=Agy ym. ®)

T - o
roe y(I) = [y(l),y(l +1),--,y(l+N —1)] . Ans M-nocneposatensbHoCTEN A MMeeT NpoCToW BUA
A=2Ax(N+1}]A, 9)
O CTPOKW M CTONGUbI MaTpuubl A 3TO CABUHYTbIE KOMUM HEMOZYNMpOBaHHOW M-nocnefoBaTensHOCTH, T.
€. HyNn 1 egnHuubl. YpasHeHue (9) Nnomny4yeHo Ha OCHOBE MCMONb30BaHUSA cBOMCTB M-nocnegoBaTensHOCTEN
n Toro ¢pakta, yto matpuua R . (0) sBnseTcs LMpKynsHTHOW. MHBEpTUpOBaHMe Takux MaTpuL, MOXeT BbiTb
OCYLLLECTBSIEHO aHanMTMYeckn ¢ nomoLLbto [3].
2 o o

Bblumcnenue (8) TpeGyeT N “cCrioXeHuid M YMHOXEHWA Ha KaxgoMm 6Groke B /N BbIGOpOK, T. e.

N Takvx onepauuit Ha ogHy BbIGOpKy. Takum o6Gpasom, pelleHre 3aaa4un NodaBrieHns X0 Mo Kputeputo LS

MONYYEHO C BbIYUCIUTENIBHON CMOXHOCTBIO pelleHust no kputeputo LMS. dakTuuyecku, BblUMCnUTENbHAsN
CNOXHOCTb anroputMma obydeHms EC meHblie. [eicTBUTENBHO, (8) MOXET ObITb BbIMMCIIEHO OAWMH pa3 no

OKkOH4YaHuKM obyuyeHust EC. Kpome Toro, Ha kaxgom m -M 6rioke B N BblIGOpoK TpebyeTcs TOMbKO N*?
CINOXEHUI (NOCKOMbKy MaTpuua A COAEPXKMT TONMbKO HYNW U eAVHWLbI) ANs BbluMCreHus BekTopa Ay(m),
T. €. anropuTM MOXeT OblTb BbINONHEH Ge3 yMHOXeHuA, ecnvu m wn X ABNAOTCA YMcnamu,
npeacTaBnsoOWMMKU cTeneHn dyncna 2. Ecnu ncnonb3dyetca nepeamnckpeTusaumsa curHanos, BbipaxeHue (9)
no-npexHeMmy BepHo. B aTom crniyyae, N cooTBeTCTBYeT ANMHE WUCXodHOW M-mocrnegoBaTenbHOCTH, a

maTtpula A npencraBnaeT cobon COBUHYTbIE KON HeMOﬂ,yJ'II/IDOBaHHOVI M-nocnegoBaTenbHOCTM C
OONONTHUTENTbHBIMN HYNAMMW.
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3. MogenupoBaHue.
Cnegyoowmi  npumep  OEMOHCTpMpyeT  paboToCnoCOGHOCTbL  MPEOSIOKEHHOro  anroputMa.
PaccmatpumBaeTca axo, nonyvyeHHoe ¢ nomoLllbto ounbTpa ¢ 2048 koadpdmumeHTamu. ns mogenmpoBaHus

2
MMMYIbCHOTO OTKMMKa 9XO GblMK Mcnonb3oBaHbl TectoBas JinHus #6 n Mogene A wyma (0, = —30 dBm)
n3 lNpunoxenna B [1]. NMoCKONbKY 3HauuTeNbHaA 4YacTb 3X0-OTKMMKA HaxoguTcsa B npefenax HeCKOSbKMX

COTEH NepBbIX KoapduLmneHToB, Bbinu BoibpaHbl M-nocnegosatensHocts ¢ N =255 [1] n koadbdpuumeHT
nepeavckpeTnsaumm 2. B atom cnyvae 6bino gocturHyto npumepHo 70 dB Echo Return Loss Enhancement
(ERLE). CpegHuin ypoBeHb nogaBreHHoro axo 61 —63 dBm. 310 npumepHo 33 dB Huxe ypoBHs wyma. B
Opyrnx ycrnoBusix oyHKUMoHupoBaHus [1] addektuBHocTb EC saBnsieTca cxoxen. MonyyeHne Takoro xe
nogaBreHus axo ¢ nomowbto LMS anroputma siBNsieTcst CnoxkHon 3agadeni. LMS anroputm nmeet nnoxyto
CXOOUMOCTb Mpu ucnonb3oBaHun ana EC koppenupoBaHHbIX curHanos. M-nocneaoBaTensHOCTb C ANMHON,
COM3MEpUMON C ANMHON unbTpa, ABMASETCS NPUMEPOM Takux curHanoB. MpvMepHO Takue e CBOMCTBa
(kak B LS EC) gna LMS EC 6binm nony4eHsbl nyLb Npy UCNonb3oBaHWM Npoueaypbl C yMeHbLLaeMbIM LLarom

cxoaMmocTm M M-nocnegosaTenbHocTM ¢ nepuogom N = 2% -1. X =0.5625V COOTBETCTBYET
aMmnnuMTyge nepefaBaeMoro Ansi TeCTUpOBaHWA KaHana cBssn PAM2 curHana [1]. OnpegeneHuve
yMeHbLUaeMoro wara cxogumoctm B LMS amroputme, onTumanbHOro Afsi BCEX CUTyauud, SBMASIETCH
3afjaden, He WMetoLer OAHO3HA4YyHOro peleHnsa. B pesynbrate, paccmatpuBaembii LMS anroputm
obecneynBaeT npumepHo 5 dB meHbwe ERLE nocne oby4veHusi, yem anroputMm Ha ocHoBe LS kputepus.
Ecnu ucnonb3oBaTth oaMHakoBbIi curHan ana LS n LMS anroputmos (M-nocnegosatensHoctb ¢ N = 255),
To LMS anroputm obecneunBaeT npumepHo 30 dB mMeHbluee nopaBneHue axo, Yem LS anroputm. Takum
obpa3om, MpeanoXeHHbIn anroputM MOXET pacCcMaTpyBaTbCHA Kak anbTEPHATUBHLI B PELLEHVMM 3adayuu
nopaeneHua axo B SHDSL mogemax v gpyrux npunoxeHusx, roe M-nocnegoBaTtenbHOCTU MOryT ObiTb
NCMNonb30BaHbl B KAYECTBE BXOOHbLIX CUrHArNoB aaanTuBHbLIX OUNbTPOB.

4. 3aknru4eHue.

B paHHom cTtaTbe paccMoTpeH MeToa obydeHus EC, B koTopom ucnonb3ywtcs M-
nocrnepoBaTtenibHOCTU, pekomeHgoBaHHble ITU-T SHDSL ctaHgaptom. briarogaps manow BblMMCIUTENbHOW
CNOXHOCTU N Ka4yecTBy, anropuTM MOXET pacCMaTpuBaTbCsl Kak arnbTEePHATMBHBINA LUMPOKO MCMOSb3yeMOMY
agantneHomy LMS anroputmy. lNMpegnaraembiini anroputm MoOXeT ObITb NPUMEHEH B NpUnoXxeHusix, roe M-
nocrnegoBaTenibHOCTM MOryT ObiTb MCMONb30OBaHbl B KayecTBe 0OOy4valolmMx curHanos, U rge Tpebyetcs
BbICOKOE KayeCTBO paboTbl MPU KOHCTPYKTMBHBLIX OFPaHUYEHUSIX Ha UCMONb3yeMble anropuTMbl aganTUBHOWM
GunbTpayun.
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Abstract: This paper describes an algorithm for computationally-efficient (multiplierless) echo
canceller (EC) training, with particular emphasis on its application in Single-Pair High-Speed Digital
Subscriber Line (SHDSL) systems. The algorithm makes use of the M-sequences, defined by
G.991.2 standard for line probing, as the EC training signals. Using these M-sequences allows the
use of the Least Squares (LS) criterion for the echo path identification problem with a reduction in
the computational cost, which is comparable with the simplest Least Mean Square (LMS) criterion
adaptive filtering algorithm.

1. Introduction.

High-speed data transmission via copper wire lines is a challenging problem, particularly in the EC
part of the modem design. Typically, the length of the “significant” portion of the echo path in SHDSL
systems may be up to 300 Ls . For the highest payload rate of 2304 kbit/s [1], the EC requires an adaptive
filter with approximately 500 coefficients. The simplest form of adaptive EC is based on the LMS adaptive
filtering algorithm, and requires about 2N multiplications and additions per algorithm iteration, where N is
the number of coefficients of adaptive filter. Hence, this computationally simplest form of adaptive filtering
algorithm requires significant resources in the case the implementation of EC in hardware. As a result, the
use of more complex adaptive filtering algorithms with better performance is even more difficult due to
implementation restrictions.

In this paper, another method for training the EC is considered. This method makes use of one of a
number of wide-spectrum signals (M-sequences) described in the SHDSL standard. The exploiting the auto-
correlation properties of these signals allows to get the solution of the echo cancellation problem with the
efficiency of the LS criterion solution. Such EC training algorithm requires only N arithmetic operations (in
echo path estimation part) per sample, which is the same as that of the LMS EC.

2. Development of Least Squares Solution.
The system to be identified during EC training is described by a vector of linear system impulse

response (echo path) coefficients h = [ho,h1,~--,hN_1]T. The input signal of the linear system is a periodic
(with N sample period) M-sequence X(n)= Xx(n), where x(n) D{l,—]} , X is the sequence
amplitude, 7 is discrete time. The linear system output (echo) signal is y(n) =h’X(n) = Xh"x(n), where
x(n) = [x(n),x(n -1),---,x(n—N + 1)]. In the case, the cross-correlation function of the signal y(n) and
the elements of j samples delayed X(n — ;) signal vector is expressed as

N-1 N-1
re () =3 yFn =)= NX°h|.o, - X7 > B forai i, jO{OL -, N=F. (1)
The expression allows the estimation of the h vector elements as
- N-1
h =g (DVINX?) =, = NS B, forall i, jO{0L- . N=F . @

It follows from (2), that the impulse response coefficients are determined with some errors if M-sequence is
used.

i#j

In the paper, a method for the correction of these errors is proposed. For that, the equations for all
h. are written in matrix form as Rh =h, where R is the matrix of coefficients in right side of (2) and

ﬁ = [ho,h1 ,---,hN_l]T. The matrix equation allows the determination of the vector h, i.e. the error-free echo
path coefficients as
h=R'h. 3)
The equation solution always exists as matrix R (estimated over N samples) always has its inverse.
The expression (3) can be also obtained in another way. For that, let us consider the matrix
X (which is circulant one) of transmitted signals X(n) on N sample time interval. The cross-correlation

—4-
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vector between X and a vector of echo signals y=Lv(0),y(1),-~~,y(N—l)]T, determined
during NV samples, is

r. =Xy=Nx"h, (4)
and correlation matrix for the signals in the linear system is

R (0)=XX" =NX°R. (5)
It follows from (3), (4) and (5), that

h=R; (Or. (6)

Equation (6) is also known as the optimal LS criterion solution of an identification problem [2]. So, (6)
can be used for echo path coefficient estimation at N samples of an M-sequence, as the matrix R is
uniquely determined at the NV sample interval.

. . . . . . 2
If echo signal has noise (usually line and measurement noise z(n) with variance 0), the

coefficients (3), (6) will be also determined with errors. The coefficient variance will be U,f = 022 /(NX2).

Hence, noise in the echo signal also leads to errors in the vector h. As the noise disturbs the echo signal,
the determination of the vector r; atthe N sample interval may be insufficient. An improvement of the

solution can be achieved if the interval is extended. If the interval is extended as a multiple of N , there is no
need to re-calculate the matrix R . This leads to an adaptive form of the algorithm (6)

h(m) = R (m)¥; (m), )
where R_.(m) = IZRE (0) =mR . (0), Fy; (m) = Zrﬁ (I), m is the block (with N samples in each
block) algorithm iteration number. Equation (7) may be further simplified as
h(m) = R (m)F. (m) = (XX7)" XEZ y(z)ﬁm = Xﬁ y(z)ﬁm . ®)

where y(/) = [y(l),y(l +1),---,y({+ N - 1)]T . For M-sequences, the matrix A has the very simple form
A=RAx(N+1}]A, 9)

where rows and columns of matrix A are shifted copies of the un-modulated M-sequence, i. e. 0 and 1

values. Equation (9) is obtained on base of the M-sequences properties using and the recognition

R . (0) as a circulant matrix, which inversion may be obtained in analytical form by means of [3].

The calculations in (8) require N additions and multiplications per every block of N samples, i.e.
N such operations per sample. So, LS solution of the echo cancellation problem is obtained with the
computational cost of the LMS solution. In fact, the EC training algorithm complexity is even less than this.
Really, if there is no need to produce the EC output signal during adaptation process, (8) can be calculated
once after m periods of the M-sequence (after EC training interval). Besides, in fact, at each m -th frame of

N samples, onIyN2 additions are required (as the matrix A consists of 0 and 1 values) for the calculations
of the vector Ay(m), i. e. the algorithm may be implemented as multiplier less one if m and X have

values which are powers of 2. If signal oversampling is used, (9) is still valid. In the case, N corresponds to

unoversampled M-sequence length and A are shifted copies of the un-modulated oversampled (zero
inserted) M-sequence.

3. Simulations.

The performance of the algorithm is demonstrated by means of a below example. It was considered
the cancellation of the echo, generated by a filter with 2048 coefficients. For echo path simulation, Test Loop
#6 and Noise Model A (the worst noise scenario with 0, = =30 dBm line noise) were selected from Annex
B [1]. As the significant portion of the echo path laid in the first few hundred coefficients, an M-sequence with
N =255[1] and an oversampling rate of 2 were chosen. In this case, about 70 dB Echo Return Loss
Enhancement (ERLE) was achieved. Average suppressed echo level was —63 dBm. It was about 33 dB less
than noise level. In other test scenarios [1], the EC performance was about as this one. To get a similar echo
suppression with LMS algorithm is a difficult problem. LMS algorithm has worse convergence in case of
noisy echo and EC driving by a correlated signal (short M-sequence). An M-sequence with the length as that
of adaptive filter length is a case of such signal. Approximately the same properties (as those of LS EC) for

—5-
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LMS EC were achieved for the same length of adaptive filter only when decreased adaptation step-size and

M-sequence with N =2% =1 were used. X =0.5625V corresponds the amplitude of the transmitted
PAM2 line probing signal [1]. However, step-size decreasing in LMS algorithm, which is optimal for all
scenarios, is a problem, which has not unambiguous solution. As a result, considered LMS algorithm
provides about 5 dB less ERLE after training than considered LS criterion algorithm. If to use the same
driving signal for LS and LMS algorithms (M-sequence with N =255, then LMS algorithm provides about
30 dB less echo suppression than LS algorithm. At the same time, LS solution still exists as the signal has
unilaterally defined inverse of its correlation matrix. So, proposed algorithm may be considered as an
alternative one for for echo cancellation problem solution in SHDSL modems, and other applications, where
M-sequences are avaliable as adaptive filter input signals and the sequences length is comparable with echo
path lengths.

4. Conclusions.

This paper has described an efficient method for EC training, using the M-sequences defined in the
ITU-T SHDSL standard. Because of its computational advantages, the algorithm can be considered as an
alternative one to the widely used LMS criterion adaptive filtering algorithm. Besides, as the algorithm
provides LS solution of the echo path identification problem, achieved performance of LS criterion EC is
better than that of LMS algorithm. The proposed algorithm can be used in applications, where M-sequences
are available as training signals, and where there are high performance requirements and implementation
restrictions to the used adaptive filtering algorithms.
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