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Abstract 
In the adaptive echo cancellation (EC) of the full-duplex two- 
wire data  transmission, the problem of double-talk which dis- 
turbs adaptation procedure always exists since the far-elid 
signal appeared cont,inuously. To provide the reliable adapt a- 
tion, the EC with decision-directed reference signal generator 
(RSG) was proposed. 

Additionally, the intersymhol interference (ISI) is anot her 
problem. Fortunately, for EC with far-end RSG, tlie iiifor- 
mation of pulse shape dispersion in channel is incliided in the 
RSG and is helpful for reducing t,he effect, of dispersive chan- 
nel. In this paper, some met.hods which sufficient.ly make use 
of this information are proposed t,o provide opt,inial receiving 
and decoding, and hence a lower bit error rate is obt.aiiied. 

1 Introduction 
In the adaptive EC applications, the appearance of tlouhle- 
talk will result in the interference and thus degrade t.he per- 
formance of adapt,ation. The double-talk det,ectors are com- 
monly used to disable or slow down the adapt,at.ion when the 
interference is large. I t  may work in speech EC because t,lie 
speech is bursty. However, in full-duplex t.wo-wire da ta  trans- 
mission, the far-end signal may continuously appear because 
the transmission is bidirectional. In other words, clouble-talk 
problem always exists in this sit,uat,ion. Fortiiiiat,ely, tlie pulse 
shapes of transmitted signal are of finite kinds. IIrrice t.lie 
decision-directed scheme can be used to produce t lie far-end 
reference signal and elimiiiat,e t,he correspondiiig iiitcrfcrencr. 
The far-end pulse shapes are est.imat,ed adaptively and trig- 
gered by estimat,ed far-end t1at.a syinhols so as generat c. t . h c  
counterpart of received far-end sigual (see [ I ] ) .  

Due t,o the dispersion in the t.ransniission. the pulse shapes 
of far-end signal in the receiving-end are dispersed, and hence 
IS1 will be resulted. Conventionally, this prohlern was COII- 

sidered and solved without any connection with t.he schemes 
of EC. However, for EC with far-end RSG, the illforination 
of dispersion in channel is included in the far-end reference 
signal estimator (RSE).  Hence, this est,imate seems helpfiil 
in dealing with the problem of IS]. Wit.11 t,liia motivation. we 
propose some met,hods which sufficiently make use of the i n -  
formation in far-end RSE to reduce the effect. of dispersion 
in channel on the det,ection of far-end t1at.a symbols and thus 
gives a lower bit error rate. 

In this paper, section 2 briefly describes the EC with RSG. 
In section 3, the methods for reliable transmission using t,lie 
information of far-end RSE will be proposed. 111 sect.ion 4 ,  
some computer simulations will be performed. Sect.ion 5 
presents the conclusion of this paper. 

2 

2.1 

EC in Data Transmission with far-end 
RSG 

Motlcls of the Transmission System and the 
Edio Caiic:cllation 

Tlie digit.al subscriber loop provides a full-duplex two-wire 
d a t a  transmission in t,he telephone network, and is an im- 
port.aiit cieiiiciit, of  I S D N .  However, there are always echo 
niitl cl ia i i i ie l  dispersion problems in t,he transmission. The 
inotlel of t,ransmission and echo cancellation is discussed in 
the following, and the corresponding block diagram is shown 
in  Figure 1.  

Let { o ( r r ] }  and { b ( 7 l ) }  be the sequences of far-end and 
near-erid tlat a symbols, respect.ively. The sending signals in 
the far-elid and near-elid are respect,ively given by 

m 

( I ! ( / )  = 2 n ( n ) s ( f  - n T ) ,  a ( f )  = b ( n ) s ( t  - nT). 

wlirre . s ( f )  is the t,ransmitt.ed pulse shape and T is the baud 
i n  t erval . 

- 1  1 Iicii, t.lie received signal r ( t )  can be written as 
, CO 

n = - s  ,,=--DL, 

wlierc {U(/)} is a white Gaussian noise, and l ( f )  = ~ ( t )  * 
h ( f ) ,  k ( f )  = . s ( / )  t f ( t ) .  h ( f )  is t.he impulse response of the 
traiisiiiissioii ~ : I i a n i i ~ l ~  f( t )  is the impulse response of echo 
pat 11 i i i  t Iic hybrid. 

Siiicc t Iic tligital cc:lio cariceller operates in the sampled 
data  ( I o i i i a i i i ,  t l i e  rcccivctl signal r ( t )  is sampled at a rate 
:V/'/' t)ef'orc proccetliiig the echo cancellation, where N I T  is 
at least twice tlie bantlwitltli of r ( f ) ,  arid typically N 2 2 for 
bipolar t raiisiiiission. Using the interleaved scheme [?] and 
deiiot.iiig t.lie sample points of any  continuous-time function 
s ( f. ) as 

L , ( n )  = r (nT + LT), 0 5 2 < N .  ( 2 )  N 
The sallipled points of r ( f )  can be expressed as, 0 5 z < N 

r , (v )  = / , ( m ) a ( 7 I - - n ? ) +  k , ( m ) b ( n - m ) + v , ( n )  ( 3 )  
A I ,  - 1  M I -  -1 

m = 0  m=O 

III  wliich, we assiime t,hat the impulse responses 1 ( t )  and t ( t )  
are caiisal and respectively spread no longer M I T  and hfkT 
secoiids. 

T l i e  different-phase samples of t,he received signal can be 
treated as t.lie 0ut.put.s of I l r  independerit channels and echo 
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paths driven by the far-end and near-end seqiiences of t1at.a 
symbols. Thus the EC and transmission model is largely 
simplified, and some implementational advantages can be ob- 
tained(see [3]). 

The model for the passband transmission is somewhat, dif- 
ferent from those of the baseband transmission. The  models 
for transmission channel and echo path are modulated to  a 
carrier frequency, and the complex-value operations are re- 
quired to  process the passband signal. After some arrange- 
ments, the echo cancellation and receiving procedure can be 
operated either in baseband or in passband, and all formula- 
tions are similar to  Eqn. (1). (The details can be referred in 

Using the techniques of adaptive filtering, the echo paths in 
each phase, kt(m), 0 5 i < N ,  can be estimated recursively. 
However, the far-end component will occupy the major part 
of the echo-cancelled residual signal y , (n)  when the estima1.e 
{ k i ( m ) }  is adapted around { k , ( m ) }  in acertain degree. If this 
residual signal is used to  adapt the echo cancellers, t,he est,i- 
mation will be severly disturbed and not converge. Hence an- 
other adaptive estimator for far-end component. will be used 
to cancel this factor in y , ( n ) ,  based on the decision-direct,etl 
scheme given in [I]. Thus t,he configurat.ion of EC wit,li ItSG 
is arranged and shown in Figure 3. 

In this decision-directed scheme, the correctness of csti- 
mated far-end dat,a symbols specially needs more at.t.erit.ion. 
In section 3, some methods will be proposed t.o provide a 
reliable decoding. 

2.2 Adaptation Procedure 
Among the variety of adaptive filtering algoritlims, LMS is 
commonly used because of its simplicity. Although t,liere are 
many sophisticated adaptation algorithms, t,hey don't. nec- 
essarily offer superiorities in  this problem. The reason is 
that the inputs of the adaptive filters, { ; ( T I . ) )  and { h ( l l ) } ,  

have only a few bits of precision. In addit,ion, in t,he case of 
spread-spectrum communication system, the spect.ra of the 
data  symbols should be very broad. Hence the eigenvalue 
spreads of the input da ta  are very close to unity, and this 
kind of input da ta  is very helpful for t,he convergence behav- 
ior of the LMS algorithm [4]. 

Because the adaptations of L , ( , n )  and Z i , ( n )  are mut~ually 
affected, the convergence behavior of these adaptatioiis are 
quite complicated. In [I], the stability was analyzed ouly for 
a few values of D. The larger t,he valiie of D is, the more 
complicated the analysis is. 

PI ) 
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2.3 The Problem of Multiple Optimal Values of 
{i;.(m)> 

In most PSI< and QAM traiismissious. the sets of dat.a s v i i i -  

bols are usually unchanged after some phase-slriTt.iug. That 
is, there exists one maximum int,eger R sucli t,liat. the phas(!- 
shift. of mult,iples of the angle 3*/R OII any t1at.a s,vinl)ol will 
result. in another da ta  symbol in t.he set. For exiriiiple, i t  is 
easily observed that, tlie M-ary PSI< has an R wit.11 valiie Al, 
and 16-ary QAM has the value 4 .  Hence, from Eqn. ( 1  ), i t .  
follows that  the optimal value of { X ( 7 n ) }  is not unique. 'The 
values, { e ~ % p i T m } ,  o 5 p < R, are all optimal values as long 
as all original da ta  symbols are phase-shifted by the angle 
-*/R, respectively. 

Thus, if the initial value of t,he estirnat.r is not. properly 
chosen to  near the true value, t,he est,iniat.e will converge t.o 

2- 
t.lw valiie wliicli is tlic protlrict. of t.rue value and e J x p ,  for 
soine p .  I f  this estimate { / , ( m ) )  is used in the receiver, the 
receiver will errorneoitsly decide the true da ta  symbol a ( n )  to 
anot.lier da ta  symbol eJ%Pa(n),  for some p. Hence, for safty, 
t.hc training period sliould be added in the first few steps of 
adapht ion.  That  is, the correct far-end da ta  symbols are 
used t,o t.rain the estimate {lt(m.)}  to near the vicinity of the 
true valiie. 

A 

3 Reliable Transmission with the Dis- 
persive Channel 

I n  a dispersive channel, the dispersion may result in the exis- 
tence of ISI. Since the information about the dispersive chan- 
nel is obt,ained by using tlie estimate of the dispersed far-end 
pulse shapes, it is Iielpf~il for solving the aforecited prob- 
lem. I n  subsection 3.1, we will proposed some demodulation 
schemes in t,lie receiver by using the effect of dispersion in the 
chaniiel. In subsection 3.2, the information of the dispersed 
pulse will be used 1.0 develop a Kalman equalized receiver. 

3.1 Optimal Receiving using the Effects of Dis- 
persion in Channel 

Froin t.lir t Iicory of opt,imal receiver, it is known that the 
rewiwxl sigliirl at. each baiitl period can be demodulated by 
filt,criiig wit 11 t . 1 1 ~  ~i iatctied filt.er s ' ( - t )  i f  the transmitted 
pulse sliapcs are not severlv dispersed. Due to the disper- 
sioii i i i  t t i c !  t.riiiisiiiissioii cliaiinel. the original pulse shape is 
chaiigcd to / ( t ) .  llowever, to achieve an optimal demodulat,or, 
t . 1 1 ~  inirt.clietl fiIt.er slioiilti be designed for this received pulse 
sliapc. wliicli iricliides the effects of dispersion of the channel. 
[Jsiiig t.he rnat.clied filt.er I* (  - t ) ,  the output will provide a 
sufficient. st.at.ist,ic for decoding the sequence of far-end data  
synibols [5]. Fortunat.ely, the informat,ion about dispersion 
in clrari~iel is included i n  the estimates L , ( n ) ,  0 5 i < N .  
Hericc. t,lie iiit.erleaved st,ructure of receiver filter can be pro- 
posed aiid as is shown i n  Figure 3. In which, g ( n )  is the 
oiit,put. of receiver filt.er. 

Using tlie maxiiniim-likelihood principle, the far-end data  
syinbol at. t.lie n-tli baud period can be optimally estimated by 
choosing t,he dat,a symbol G(n) so as to minimize the squared 
Ericlideaii dist.aiice [U( n )  - ; ( . ) I2  if no IS1 is present, where 
g( U )  is ;tssii~netl 1.0 be normalized w.r.t. the energy of signal 

Ilowever. tlie IS1 may present, i n  the dispersed filter out- 
p i i t  pulse shape /(!) * / * ( - t ) .  Hence, some schemes can now 
b e  proposwl for decoding the oiit,prit, of receiver filter in  the 
prciseiice of ISI. 

h 

pdse I( t ) .  

it. Dc?cirioii-Fcc?clt,ack Decoding 
I.'roiii I IIC: iiiotlel tlccribetl i n  siil)sect.ion 2 ,  The far-end data  

syii~I)ols S ~ X ~ I I ~ ~ I ~ C C  cilii I)c expressed as 

.AiI - 1 

( I ( / / )  = [ ! / ( / t )  - A, , , ( l / ) ( l ( / t  - m ) + ~ ( 7 1 . ) ] / A o ( n . ) .  ( 4 )  c 
w1 = I 

N-I A l l - ]  wlicre A,,, = / : ( J ) / , ( J  + m.), and U(.) is the 
receiver filkring result of echo residue and independent of t.he 
far-erid t1at.a symbols. 

Ileiice. we propose a decision-feedback decoding scheme. 
('The dct.ailctl st.ruct.rrre is shown in [ 8 ] )  111 which, A, (n) ,  0 5 
i < All, are calculat,ed by using the estimates Zt(n), 0 5 i < 

E,=, 

A 

h 
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N, and the far-end da ta  symbols can be estimated by using 
the optimal decoding method described previously. 

I t  is worthy to  noticed that  the error propagat,ion in da ta  
symbol estimates is dangerous in this decision. Hence other 
methods may be used to  obtain lower bit error probabilities. 

b. Trellis Decoding 
Due to intersymbol interference, the da ta  symbols preced- 

ing the n-th one have some contribution to  the value of output 
of receiver filter, g ( n ) .  Here, the decoding trellis for the case 
of Ml = 2 and binary da ta  {*1} is proposed and shown in  
Figure 4(a). In which, A 2 ( n )  is assumed to  be tiny and neg- 
ligible, and the branch cost is defined by using the Euclidean 
distance. When the trellis is searched to  find the minimnm- 
c’istance estimates of sequences, the effecient Viterbi algo- 
rithm can be applied [6]. Figure 4(b) shows the trellis with 
complex-valued branches for the case of QPSIi t,ransinission 
with M I  = 2 and da ta  symbols { f l  f j}, _where j = fl. 
In which, the transition from Q t o  ,8 is aAo(n . )  + pAl(n.). 
The  complexity of trellis increases rapidly as the comp1exit.y 
of the signal constellation and the valne of 11.11 grow. 

3.2 Kalman Equalized Receiver using the Infor- 
mation about the Dispersed Piilse 

Since the channel is disturbed by dispersion and additive 
noise, the equalizer is used to  compensate t,he effect of dis- 
persion and smooth the noise in t,he channel. Convent,ioually, 
the equalization and the E C  worked independently. In the 
linear equalization, the filter is adapted by using t,he training 
or decision-directed schemes without influence on and the re- 
quirement of EC. However, in the configurat,ion of EC wit,h 
RSG, the effect of dispersion in channel is included in t,he es- 
timate of far-end pulse shape. This informat.ion can be used 
to  equalize the channel. Hence a Kalman equalized receiver 
is proposed, which has the output of far-end data-symbol 
sequence but not the equalized pulse-shape signal. 

3.2.1 Stat e- Space Reforiiiulat ion 
If we assume that  the echo part is sucessfully cancelled, the 
output of echo cancellation a t  the n.-t*li baud period can be 
written, from Eqn. ( I ) ,  as 

A 

A 

Y ( n )  = LA( n )  + I!( 7 z ) .  ( 5 )  

where Y ( n )  = ( y o ( n ) , y l ( . ) ,  . . . , y ~ - ~ ( n ) ) ~ ,  
A(n) = ( a ( n ) , a ( n  - I ) ,  . . . ,a(n - A4l + 

L is a N x M I  matrice with element [ I , ( j ) ]  0 5 i < N ,  0 5 
j < MI,  and 9 ( n )  = ( ~ ( n ) ,  v ~ ( n ) ,  . . . , V N - I ( ~ ) ) ~ .  

The da ta  vector A(n) can be recursively expressed as 

A(n) = MA(n - 1) + ( a ( n ) , O , .  . . , 0 )  (6)  

where M = (w) 
M I  - 1 O M I  - 1 

Applying Kalman filter t,heory [7] and using t,lie estimat,e 
i(n) a t  the a- th  baud period, we can obtain the estimate of 
far-end data-symbol vector as follows: 

P(n) M[P(n - 1 )  - G ( n  - 1)c(w - l ) P ( n  - l)]MH 

G ( n )  = P(n)2H(n)[2(n)P(n)cH(n) + RU(n)] - ’ .  ( 8 )  

= 
+ R a  (n ) . ( 7 )  

~ ( 1 1 )  = Y ( n )  - c ( n ) M i ( n  - l l n  - 1). (9)  

i ( i z l i z )  = ML(n - l l n  - 1) + G ( n ) r ( n ) .  (10) 

where R,(n) = t~z(n)I ,  R,(n) = 

and n:(n) = E[Ia(n)12]. i ( i l j )  is the eatimate of A(i) 
given dat,a from the 0-th to  the j - th  baud periods. 

l’lic equalized receiver has  the output of estimated values 
of far-end da ta  symbols in the signal constellation. These 
0ut.piit.s can directly fed to  the minimum-distance decision 
procedure to find the optimal estimates of da ta  symbols in 
t.he niaximum-likelihood crit.erion. 

From the Iialman equations, ( 8 ) ,  (9), and ( l o ) ,  the equal- 
ized receiver seems to  have a high computational complexity 
when the value of N is large. However, in some practical 
applicat.ioiis, the value 2 or a lit.t.le more, is sufficient for the 
selcct.ion of N .  Ilence the computational complexity can be 
affortletl. I f  t.he noise power is very small in the channel ( tha t  
is. t.lie signal t.o noise power rat,io in the channel is very high), 
the l i a l l l l i 1 l l  c:st.iniat,or can fnrt.her be simplified as 

i ( n )  = Z+(n)Y(n). (11) 

where c + ( n )  is the pseudoinverse of the matrix t ( n ) .  This 
simplified equalized receiver can be easily implemented by 
sonie eigen decomposition methods and work well when the 
signal-t,o-rioise ratio is not t,oo low. 

4 Computer Simulation 
I n  the following computer simulations, the E C  with reliable 
revceiving methods is performed on two kinds of transmis- 
sion schemes including QPSK, and 16-ary QAM.  The carrier 
freqnency and t,he baud rate are respectively chosen to be 
1800 Hz arid 2400 Hz which are the same as those of V.32 
niotleni. In t.liese experiments, the durations of pulse-channel 
response I(  1 )  and pulse-echo path response k ( t )  spread 2T and 
4T seconds, respect.ively (ie. A4l = ? and Mk = 4), and the 
valnc of N is selected to be 8. Typically, the attenuation in 
cliarinel is 40 dH, and t,he loss in the hybrid circuits is about 
10 (113. llence t,he rat.io of near-end to far-end signal power 
( l k I 2  / I l l 2 )  is assigned to be 30 d B  in the simulation. Filially, 
t.he atldit.ive Gaussian white noise is added in the channel, 
and niake t.he signal-t,o-noise rat.io equal to 33 dB. 

Figitre 5 sliows t , l i c  convergeiice behaviors of estimation er- 
rors i n  t . l ic ICC system wit.11 R.SG and the reliable receiving 
sclicines iisiiig (.lie efrecc. of dispersion i n  channel. Observing 
Figure 5. t l i e r c  are t.wo st.ages of EC in the direct adapta- 
t.iori sclienic. 111 the first. st.age , the main cancellation is for 
t,lie near-end echo signal, and the adaptive RSG cannot be 
well-atlapt.etl at. t.liis time. Due t,o the errors in the decision 
of far-end data  symbols and in the adaptive RSG, there is 
more dist,iirbance in the estimation error c ( t ) ,  and hence the 
convergence rat.e of the adaptive echo canceller is slow. Until 
t.lie par(. of near-end echo is cancelled to a certain degree, the 
atlapt.at.iou of RSG can work well. Then t,he far-end signal 
can be cancelled and the rat,io of residual signal to far-end 
signal power can reach about -33 dB. 

Since t.he RSG introduces some disturbance to the adapta- 
tion of t,lie echo canceller in the early stage of adaptation, the 
two-st,age adaptation scheme is adopted. From Figure 5 ,  the 
EC of t,he t.wo-stage adapt.ation scheme seem converge faster. 

If S * ( - ~ ) C ~ * * ’ ~ ~  is used as the receiver filter, the output 
valnes of t,he filt.er wonld be disturbed and hence o f t a  not 
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be decided to  the correct far-end Clara s v ~ n h o l s .  Figure G(a) 
and 7(a) show t.he sigllal corist,ellat.ions of t.lic recci\,er filt.ct 
output without using any proposed opt.itnal receiving sclietiic 
and equalization. Since the estimat,ed values of Car-etitl d a b  
symbols are always incorrect., the far-end RSG can’t correctly 
produce the counterpart of far-end signal, and hence the eclio 
canceller can not be well-adapt,ed to  cancel the echo com- 
ponents. Thus, the  resultant signal constellation is chaotic. 
Figure 6(b) and 7(b) show the signal constellations of the 
receiver filter output without any equalization, and the eclir) 
component is assumed to  be perfectly cancelled. (ie. T I i e  
disturbance is resulted only from the effect of dispersion I t :  

channel.) Figure 6(c) and 7(c) show the signal const,ell. 
tions of the filter output for the proposed E C  with RSG atid 
equalized receiver after the estimates are converged. It is ob- 
viously that  the equalized signal points are precisely focused 
on the points of original sending signal. 

5 Conclusion 
For the E C  in da ta  transmission, the double-talk probleni 
can be overcome by using t,he far-end RSG. However, t.hn 
transmission channel is usually dispersive. The IS1 probleni 
may effect the correctness of the data  symbol tlecisioti. 1 1 1  t.his 
paper, the information in  of the far-end RSC; is f i i l ly  iisctl 1.0 
deal with this problem and t,he reliable receiving sclienit!s are 
provided. By the computer simrilat,ioii, t lie perlorinatirc iilltl 

the benefit of t,he propoesd schemes are showt~.  

References 
[l] D. D. Falconer, “Adapt.ive Reference Eclio C ~ ~ ~ ( : ~ I l i ~ -  

tion,” IEEE Trans. Coinin., voi. COM-30, pp.?O83-?()94 
1982. 

[2] D. G.  Messerschmitt, “Echo Cancellatioli ili Speech antt 
Data Transmission,” IEEE J. on Se/. 24vcn i n  Comm., 

[3] E. A. Lee, and D. G. Messerschtnit,t., “Digit,al Colillnu- 
niations,” I<luwer Academic Publishers, 1988. 

[4] B. Widrow et  al., “Stat.ionary and notistatioriary learn- 
ing characteristics of the LMS adapt,ive filter,” Proc. 
IEEE, vol. 64, pp.1151-1162, 1976. 

[5] R. E. Blahut, “Digit,al Transmission of Informatioil ‘. 
Addison-Wesley Publishers, 1990. 

[6] G. D. Forney, Jr. “The Vit.erl)i Algarit.l~n~.” !’roc. [E / ; / ’ .  
vol. 61, pp.268-278, 1973. 

[7] R. E. Kalman, and R. S. Bucy, “New results i n  liriear fil- 
tering and prediction theory,” Trciiw. A SAIE, J .  of Basic 
Eng., vol. 8, pp.95-108, 1961. 

[8] H. F. Chi, “The Techniques of Atlapt.ive Filt.ering i i ~ i t l  

Their Applications in Echo Cancellat.ioir,” M .S. Di 
tation, Nat.ional Taiwan Univeraily, Taipeit TiLi\viili 

R.O.C., 1993. 

vol. SAC-2, pp.283-197, 1984. 

i 

I 

- - - - - - - - - - - - - - - - -  
Figure I : The Modcl of ’lransmission and Ikho Cancellation 

Figure 2 :The cancellation of the FKho Cancellation with Decision- 
-irected Far-cnd KSC (whcrc /)T is the dclay i n the 
rccciver) 
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Figure 5: Convergence Behavior of EC wilh RSG and Reliable Scheme in 
Q P s K  and 16-ary QAM Transmission. (a) Direct adaptation. (b)Adaptation 
wilh initial I n 0  training data. (c ,  Two-stage adaptation. (?he far-cnd RSG 
I S  allowed to he atlapicti after 50 Iicr:ailon5.) 

(a) (h) (c) 
Figure6: Signal Constcllation of QPSK (a) Without using 
any proposed Optimal Receiving scheme and Ikpalization. 
(b) No1 Equalized and No Echo Component. (distributed only 
by channel dispersion) (c) r:xldized in the proposd EC systcrn 

Figure 7: Signal Constellation of 16-ary QAM. (a) Without 
using any ptoposed Optimal Receiving schcmc and Ikyializ- 
ation. (b) Not Eqoali7d and No Echo Component . (disturbcd 
only by channel dispersion) (c) 1;iualized in proposed EC Syslcm. 
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