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Fig. 4.3 Results of simulation achieved by Kaufman and Lawrence.
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Table 7.1. Estimation of channel no. 1 after being changed,by

crosscorrelation of 100,200 & 400 §amp1es.
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Table 7.2,Estimation of channel ng, 2 af;er being changed,by crosscorrelation of

100,200 & 400 samples,
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Table 7.3. Estimation of channel no.3 after being changed, by crosscorre1a;ion of
100,200 & 400 samples, °
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GUDARDEPROC OPT [INSIMAINI 3

STMT LEVEL NEST .

1 GODARDIPEUC OPTIINS{4ALNI ;
2 1 DCL GAUSS ENTEY{FIXED BIN{31).FLOAT DEC{AH) JFLOAT DEC{6Ls
: FLIAT DEC(6)};
3 1 DCL MMGG ENTRY((%4%) FLOAT BINU2.%) FLOAT fpN,
FIRED 3I0,FIXED GINF IXED BIMN.(*e2) FLOAT BIN) XT3
4 1 DCt Ix FIXED CIN(31); DCL (AM.SDsYFL} DEC FLOAT{6) j
6 1 HOZE=03%
7 1 1;
8 1
9 1 ;
10 1 =03
1 1 H
12 1 4=1C003
13 ] I .
14 1 E3(12) FLIAT BIN INIT(O);
15 1 NCL U12CN)Y INIT(O); :
7o N THE FOLLOWING STATEMEMTS W GENERATE U, THE RAMDOM TRANSMITTED
SEQ&JE,NCE hild s . : : ’
i 1 FX=11;: SD ?0- AMZ0;
19 1 BO T=1 YU MM{ CALL GAUSS{IXeSD,AM,YFL)?
21 1 1 IF YFL>3Q TrEN U([)=1;;ELSFE U(Il""l'
24 1 1 DCL AALICCD) FLOAT BIN [NIT(D); AALTY=U(L )
Zk AA DL EGUAL TO U.THE INPUT TO THE CHANNEL, »
26 t 1 ©END; :
a2y t DCL v{uy3) FLOAT S3IN INIT{0); )
2B 1 RE320}
. /% THE UNIT PULSE HESPONSE OF THE CHANNEL IS HEAG .34 INTD THE .
PROGRAM 4% / :
29 1 GLT LIST{C14RES); '
3o 1 N0 5020,03;
31 1 1 CHAZOR!
BUT DATA(RES!;
32 1 IX=21} IR ELH
34 1 1 YFL=03 :
Z¥ THI aHITE NTUSE IS GENERATED IN THE FOLLOW!NG STATEMENTS o %7
35 1 1 D [=1 Ta uMiCaLlL. GAUSS([X.SD.A%.YFLloV(I) =YFL} ’
33 1 2 END;
39 1 1 OCL UMLI0CI) INIT(R);
490 1 1 122 12347T0124123) FLOAT BING
al 1 1 »11) FLTAT 3ING
42 1 1 v 12) FLOAT 81N .
43 1 1 Lel12}4CITU1241)411012.12)) FLOAT 8IN3
ay 1 t wli=1;
46 1 i =2 T3 123F (1.I-t)=1; END 3
S0 1. 1 ok TL 12301 {J, ) =L iEND
DURE KAUFMAN SIMULATES THE KAUFMAN-~LAWRCwrr £QUALIZATION
METHUD . %/
Sa | t KAUFMANIPRGC
55 2 1 SD1=S0;
56 2 1 PUT DATA(CL);
57 2 1 PUT DATA(SD};
58 2 1 X1=03
59 2z 1 DCL {Q{12,12),k{12,1)) FLOAT BIN:
. A¥ K IS THE KALMAN GATN, %/
2? g i DSL (XE120209 XPULR242)4Z0399¢1)4ZP(399,1)) FLOAT BINS
2 XP=0}
62 2 1 DCLIP(12,12),PI(12,12)) FLOAT 8IN}
/¥ PL IS TriE CrTVARIANCE MATRIX, %/
63 2 1 DCL R FLIJAT HlL R=3D1%%2;
65 2 1 DCL (DsLoMaM) =IN FIXEDID=12350L=1 jM= :2.N-12.
790 2 ba J=1 TO 123
71 2 2 FT{R )P {de® I iCITII0 1) =CllLad) $GT(L g J)=G(J sl ) IENDS
7% 2 1 P=af K=;0u230(1.1) =13
79 2 1 DO I=2 TU 399; .
80 2 2 DCLEAL12,12)3BU12412)4C(12412)) @IN FLOAT
81 2 2 CALL MUIGGIF 3Py DpheMyC)
82 2 2 CALL MYOGICFT D aNyM4PL )}
83 2 2 PI=RI+41;
84 2 2 DCL {ECIw12),H(12.1)) BIN FLOATS DCL T(1,1)} FLCAT BIN}
86 2 2 CALL MMGGLC LRl 4L sMoNLE) 3}
a7 2 2 Call MASG{E yCUY LD, LeTHg
ag 2 2 TaTERIT=1L/0TOL LY )}
20 2 2 : CALL MMGG(pI.c:T.D.M.L.K):
91 2 2 K=K*T{1y1); DCL (BB(1241}).888{12.,1)) ELOAT BIN;
93 2 2 CALL MHMGI{AsC1yuD,0 4M,C )%
94 2 2 A=1T=C}
95 2 2 CALL. MMGGUAWP LD M., P);
1) 2 2 Bl s t)=x{=411)} i
a7 2 2 CALL MMoul# i3y DM L ,BB3) IXP( %, 2)=BHB(%e1)
[+37] 2 2 XP("ui’.lrm’(‘ué’lfut*.l)*(\; i .
100 2 2 Py D)= 0% 205 DCL ZZP{141) FLOAT BING
1n2 2 2 CALL MYMGul Cla Bzl oMyl o Z28) 3 ZP(l.ll—ZZP(t.li‘
1ca 2 2 DCL X1{1241) FLLUAT JIN INITCO)
1085 2 2 DO J=12 TO 2 BY -1}
106 2 3 XKI(do 132x i 0d=141)3ENDS
164 2 2 KIChe L)=0l 1)) GIL ZZ{l41) FLOAT BIN}
110 2 2 DCL €201, 120 FLIAT NINIC2=0,C201+%)sRES ]
113 2 2 CALL MMSS(C2a k) hLakel.o22) 8 Z41ob}=220041)3
115 2 2 ZULa )2t i bavin )y
A% LIS Ve QUTIPUT OF THE CHANNEL . */
116 2 2 XE#a2) o2 {ra 20 4a{ #0115 {21 o1 )=20{141))} :
ZECTHE DECESTON WHAT was THE TRANSMITTED GIGNAL: IS MADE IN THE
FOLLOAE G STATERSKTS, ®/ :
117 2 2 1P 2212 Tran D?.IF X(12,2)>=0 FHEN UMiI-11)=1:
121 2 3 ELS! Uugl~11)=-
Yaa " E END
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X{my)d=x{*s2)5END]

DCL MONE INIT(OCY; :
/% MONE IS THE NUMBER OF ERRORS IN THE QUTPUT OF THE EQUALIZER ¢/
DO J=1 TO 33531F UMIJ)~=uUlJ) THEN
MONESVINE +1; ENDS PUT DAtA(wUNEi:

QCL. F{1s2) FLOAY DECI6] INIT {0);
NELD 2 1) 10%LIGI0(L/{ SD)%%2 2)1-63
NF(1 +2)=MONEX100/382;

MONE=0 § '
PUT DATA(NF{Ls1}sNF(142))3}
END ‘K AUFYMADN ,

CALL. KAUFMANG
SHALOMS
EEK=03

2
1
M
N

DCL MOMG(997); MaM
NCL (A&A{12),8B8(
AAA=C; ©RB=0}

DO J=12 TO 2 3Y =13AAA(J)=AAA( I~ ll:END AAA(LIY=AA{T):
EHoIAAARLES (S M=0300 J=1 TO 12} SU M=SUM+BBH(Ji: o
EhD S
IF I>3 THEN D7 UU(I-3)= SUMEV( L) IEN
A WU IS ThE JUTPUT UF THE CHAN NEL . */
DCL US{959) FLDAT SIN INLIT(O): USII I=SUM+V(I);
*ND :
DCL (DsLoMsN) BIN FIXED] D=15; L= ti
DCL R({1S5) FLOAT HIN:iR= n- DCL A(IS.IS) FLOAT BIN; A=O:
DCL AJ(15,15) FLOAT BIN:i A0=D; .
BO I=1 TS 15300 J=1 TO 350:
RUT)=ROD)+Uo (JI*UU(J+]-1):FND PUT DATACR(IL) ) FEND;
R=R/ 3510,
DO I=1 TO 148t 02 J=I TO 15
AlTsd)l=riJ=1+1); (J.l)uA(l.Jl ENDEND{ AO=A}
DCL B{15:1) FLOAT BIN;:;9=9; L IR
DY I=1 T3 15§03 J=} TO 350
Btl.l)=ﬁ(I'l)vAA(J+1-ll*dU[J).&ND END..
B/ 350
PUT DATALB);
DCL CCLU1S,1) FLOAT BINICCC=0} )
00 I=1 TU 15320 Jd=1 To qco:ccc(x.1)=CCCll.l)+uu(J+:-lltAA(J);
ENDIESD;] CCC=CCC/9C93RUT DATA(CCC) ;
DCL CIPTI1S.1) FLOAT BINCOPT=SH}

DCL{ODLCINY BIN FLOAT;  CONSLO*%=107
gg;l'HINV(AUsDaDD|CON)|CALL MMGG(AD|B¢D.D¢L|COPTJ PUT DATA

/icggg;'{s THE OPTIVAL SETTING OF THE TAP GAINS IN THE TRANSVERSAL
sétEE§§.5;gRTS THE SIMULATION UF ‘THE GODARD METHODQ */

MO0 =0}
DA Kk K= 2003
DCL SK{J499.1) FLOAT BIN INIT(0); SK=0%
DCL Sa3G(141) FLUAT GIN(SGSG=0} .
DCL SKS4(1.1) FLOAT B8LN; SKSK=f)}
OCL CRCKU1B91) FLUAT BINICKCK=0} L
Z% CKCn 15 THE VECTOR OF TAB GAINS IN THE TRANSVERSAL FILTER. %/
DCL KCKC{1%.,1) FLOAT BING .
OCL KKCCU1841) FLOAT BING
DCL KCKCI{13.)} FLOAT BIN}
DCL KKKCC({L13s1) FLOAT BING
IF HES=2 THEN CKCK=KCKC)
DUL UTO1,15) FLOAT QINGUT=Q;
DCL WUUCLIBe2) FLOAT BIN INFET(O);
UUu=93 ULJU=0;516=0; UT=03}
VLU Lyt i=uuln) s
DCL (P(15,15),20(015,15)) BIN FLOATPO=0 ;P=0
D I=1 TO 157 PO(I+¥=N.76; END}{
DO KK=1 TO 319 -
Do I=t TN IS:bT(1-Il=UUU(l.l):END:D=lS:L=l=
DCL LUUUCTIS 1} FLOAT SINIUUUUE®, ] b =UU(%,1) 3
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DCL EUPT BLIN FLOAT; E0PT=D.13

EOPT=0,13
CALL MMGG{UT CKEK L 4DyL 4 SGSG) 3
OCL K{15,1) FLOAT BIN:

/¥ K IS THE KALMAN GA{N.*/ .

DCL DEIN{1415) FLOAT BINGBEINSQO; DCL BE(L 1) FLOAT BINS
CALL MMGG(UT"’D,LlDuD|5£IN,; CALL MMGGLBE N'UUUU’LIU'LIBE';
HE=QLE+E0P T DCL BEL(1541) FLOAT OIN}

BF=L/BE(L+1)} '

CALL MYGG{PO.UUUY,0,D4L+BEL} ICALL MMGG(BE I s BE 4 DsloLoK)

1P KK>AKK THEMN GO TO ACHAR] .
/% IF FLAG =€ WE SIMULATE ThZ GODARD METHODIF FLAG=1 WE
SIMULATE THE “ETHUD 'SUGGESTED IN THIS PAPER «WHICH COMBINES
KAUFMAN=L AwRENCE AND GODARD METHUDS. #*/ ’ .

IF FLAG=0 -THEN DO
CROCR=CACA +R*{ AA (KK} =S5GSGl 1 41) ) ;
END
FLS5E Do .
CRCH=CKCH+KX ( UM(KK J-=S5GSGL{1,.1)); .
Sk Uty THE OQUTPUT QOF THE KAUSMAN-LAWRENCE SYSTEM IS TAKEN
INSTEAD O3F THE KNOWN TEST SEAUENCE s AA . */
END .
F NES=2 THEN IF KK<30 THEN DOICKCK=CKCK] END} . -
/% THE TAP GAINS ARE KEPT UNIHAMNGED DURING THE FIRST 30 STEDS
OF THE ALGORITHM AFTER THE CHAMNGE 0OF. THE CHANNEL PULSE RESPONSE o %
IF NESz=® THEN
of THCY DOIKCKCI=C<CKIEMND
IF rk=12C THEN DOIKKKCCRCKCKIEND &
IF ARR=40 THEN DD {KKCC=CKCK END ¢
ESCRCR=COPT M) I=1 TO 1853ET(L I )=5(
E€}iCaLL MMGGIEE wE 4L oDy« EK); EEK(KK
DCL FPR{15,15) FLOAT BING
ACHAR
CALL MMGGIK UT+D,LDLPP); CALL MMGG (PP+POWDDD,P)
DgL Gl15s15) FLOAT BIN; Q=PI~-PiP=g; .
0=p; .
IF KK=MM THEN GO TO LIFNEY}
UL, 2)=00UU(%,1)}
O3 JI=15 TO 2 MY =13
UUULII . 2)=00u{Jd=1,2}}
END; -
U1+ 2)=0Y{ <n+1) g
|

m
-z
-Q
- =
-y

ALL MMGGLET s ALl oe Dy Dy
J+EOQPT; : . .

UUU(M1)=UWN*02

LIFNEY ¢
CALL MUGG{UT JCKCKsL oDyl y SKSK) 3
SKIKKy L)=3KSK(1,1)8
£% 5K IS THE QUTPAUT OF THE TRANSVERSAL FILTER. %/
END
OCL MO INIT{(O);
DCL SKU{ 297} INIT(O0)}

SKU=03 .

DO I=20% TO 395;

IF SK(Isl)>=t THEN SKU(I)=]3ELSE SKU(l)}=-13

IF AA(I)w=S5KULL) THEN MO=MO+1}

END 3

MOMO{XKK ) =MO3MD=03

PUT DATA(MOMO({KKK))

END; :

PUT DATAC(EEK)!
NES=NES+13 .
/% THE CHANGE [N 1HF CHANNEL UNIT PULSE RESPGNSE 15 MADE IN THE
FOLLUKING STATEMENTS */
DEL 1IXX-FIXED JIN{Z1)iDCLIAMY,$DD,YYFL) DEC FLOAT(6);IXX=111%
DCL MRUL2) FLOAT DEC(A) 1AMM=O0]SDN=0,.1 3

I[F NES=1 THEN O} I=1{ TO t23iCALL GAUSS {IXX +SDDs AMMyYYEL ) §
MECIISYYEL L IF MX{I)<O THEN MX{{)={=1)%M<{] )¢ :

IF l-=4 THEN D33
RES( I)=ES{ LI L+MKI{T1) )}
CHULy I=CLOd 1) R 1+MR{]) D
END
PUT DATA(MK(]]})IEND;
REVAM?

SOF:
KCKCSKCKC LS
/% IF uUD=| WE CHECK THE ERROR RATE AFTER 40 STEPS OF CONVERGENCE
0D=2 -AFTER 100 STERPS.N0=3 -~ AFTER 200 STEPSAND Q0=4 ~THE
ERKUR RATE FOF (IPTIMAL SETTING OF THE TAP GAINS. %/

IF OU=1 THEN KCKCIKKEOC
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367 ,,,...i 1 IF oD=2 THEN KCKCﬁKKkCt‘

369 1 1 IF OD=3 THEN KCKhC=CKCK3

371 1 1 1F UD=4 THEN KCWC=COPT;3

373 1 1 §5=03% LCL 55(999) FLOAT BING L.

375 1 1 DCL VUISS{15) FLUAT BINIUUSS=0} DCL USS{I5) FLOAT BINiUSS=0}

379 t 1 DO Is1 TO MM

380 1 2 DO J=1% T 2 BY =13

381 1 3 USS{J)=2USSTJ= 1) IENDIUSSLLI=UU{L)

i8a 1 2 UUSS=KCKC(*, 1 )2u5S

3as 1 2 DCL SSUM FLOAT SINISSUM=0}

347 1 2 PO J=1 TO 19355UM=S5UM+UUSS{J) IEND

3uc 1 2 IF SS5UM>=0 THEN S3{I)=13ELSE S5(1)=~1IEND}

394 1 t IF NES=2 THEN : .

395 H H IF QD=0 THEN IF DEGEL=0 THEN DO
Z%¥ IN THE FIOLLOAiNS3 STATEMENTS THE UNIT PULSF RESPONSE OF THE®
CHANNEL [S5 CSUMPJTED USIMG THE CRUOSSCORRELATION METHOD, CC INCLUDES
THE COMPUTED RESPUNSE FOR 3 DIFFERENT LENGTHS OF CROSSCORRELATIONS®/

398 1 2 DCL CC{12+3) FLOAT BIN3CC=0}

400 1 2 Do s=1 TO A3

401 1 3 OCL BA(12,1) FLIAT QING 8A= 03

43 -1 3 DO I=1 Ta 113D0 J=1 TO WINDOW:

405 1 5 HA(I.1)=4A(1.lJ+ustJ+l-lJ*$s(J):END:ENDI

408 1 - 3 BA=BA/WINDO &3

409 1 3 CCl*43)=BAl#*s 1)}

410 1 .3 WINDO #4=wW INDOW#2;PUT DATA(CCL*45)) JEND |

413 S | 2 END;
;r igstills THE NUMBER OF ERRORS IN THE QUTPUT OF THE TRANSVERSAL

L .

414 1 1 NCL SOFER FLOAT 31IN;SOFER=Q}

416 1 1 D2 =201 TG 9003

417 1 2 IF SS5{l)~=Aal1) THEN SOFER=SOFER+] jEND {PUT SKIP DATA(SOFER)S

421 1 1 SnFERl=50F=H¢l"/?””°DJI SKIP nArA(soFﬁnll.

423 1 1 ap=00+131F GD=1 THREN GO TO SOF;IF 00D=2 THEN GO TO SOF;

428 1 1 IF 0OD=3 ThenN GO TJ SOF 3

43¢ 1 1 1F OD=4 THEN GG T3 SOF 3

432 1 1 KETZ:

. oD=4%3

GOODARD:;PROC OPT IONS{MAIN} ]

STMT LEVEL NEST

433 1 1 IF NES=1 THEN GO TO CHAZOR;

435 1 1 DEGEL=DEGEL +1 3

436 1 1 NES=2;1A2=2AZ+1 :IF RAZ<4 THEN DO I=1 10 i1}

440 1 2 IF CL{1s[}~=0 THEMN

441 ! 2 C1{1sL)=CCLRoRAZ)

442 1 2 ELSE Cl(1s1)=0;

443 1 2 END; ,

444 1 1 SOFSOF Y S
7% &€ WEPEAT THE wHOLE SIMULATION USING THE NEW UNIT PULSE
RESPONSE OF THE CHANNEL+AS IT 4AS COMPUTED BY CROSSCORRELATION %/

445 1 1 IF RAZ<4 , THEN GO TO CHAZORGELSE GO YO SIUM3

447 1 1 SIUM:

448 1 1 RAZ=0300=03NES=0;DEGEL=03

a5t 1 1 WINDOW=100}

452 1 3 END;

453 1 END GODARD}
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Abstract

In recent years attention has been focused in the data communication
fieTd to the development of high rate transmission systems in band
limited channels. The rate of transmission is mainly limited by the
dispersion of the transmitted signal, which causes overlapping of
successive signals. This phenomena is known as intersymbol interference.

The response of the channel in the frequency domain is not ideal.

The attenuation and delay of different frequencies of ‘the transmitted
signal are not equal, which causes amplitude and phase distortions,
and, therefore, intersymbol interference. Reduction of intersymbol
interference is obtained by using proper compensation systems known
as equalizers.

A basic element of most equalizers is a transversal filter, which is
composed of a tapped delay line and tap multipliers. The output of

the transversal filter is the sum of outputs of all the taps, after
being multiplied by the tap gains. The various methods of equalization

differ from each other by the technique of achieving fast convergence
of the tap gains to an optimal value.

Most equalization methods are based on finding the optimal setting

of the, tap gains by minimizing the peak distortion or the mean

square error. Another classification can be made between automatic
equalizers, which remain unchanged after reaching the optimal

setting of tap gains and do not follow changes in the channel response,
and adaptive equalizers, in which tap gains are changed according

to changes in the channel response.

One of the automatic equalization methods, suggested by Kaufman and
‘Lawrence, in 1971, is based on minimizing the mean square error
Using the Kalman filter equations as a sequential algorithm for
achieving fast convergence of the tap gains to optimal setting.
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There are two basic methods using this technique. In the first, a
state vector which one of its variables is the desired output, is
computed all time of operation. (It is a recursive filter with
variable coefficients rather than a classical transversal equalizer).
This method does not use transversal filter, and it requires pre-
knowledge of the channel unit response.

The other method uses the Kalman filter equations as an algorithm
to compute the tap gains of the transversal filter. It requires
transmission of a known test sequence through the channel until

convergence is achieved. This method was suggested by Godard of IBM,
in 1974,

The advantage of methods which use the the Kalman filter equations
is fast convergence of the algorithm, which enables transmission
of actual data through the channel after a very short period of time.

These two methods which use the Kalman filter algorithm for equalization
‘are simulated and examined in this work. In addition modifications

to the above approaches are suggested, simulated and analyzed.

The ‘first suggested modification is a combination of the two mentioned
above methods. It uses the output of the Kaufman-Lawrence filter
‘instead of the known test sequence, which is needed by the Godard
method. This is done under the assumption of low error rate at the
output of the Kalman filter. This eliminates the need for halting
transmission of data and sending a known test sequence. Once conve-
rgence is achieved the Kalman filter is disengeged and we do not

have to compute continuously the state vector, as the Kaufman-
Lawrence method requires.

The method-requires however the knowledge of the unit pulse response
of the channel. This can be done by interrupting the data transmission
from time to time and transmitting a pulse, in order to find the
thannel response.Td avoid.this undesired interruption, an approach
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which uses the crosscorrelation between the input and the output of
the channel has been examined, as a mean for estimating the unit sample
response. Furthermore, to avoid transmission of a known test sequence
the estimated sequence at the output of the transversal equalizer is
used in place of the input sequence to the channel.

The second method which is suggested in this work uses the Godard
technique, but after using, for the first convergence, a known test
sequence, the estimated data at the output of the tranversal filter

is Tater taken as being errorless. It enables continuous transmission
and a possibility to follow slow changes in the channel response.

In the third suggested method the Godard approach is first used for
initial fast convergence, but tracking of channel variations is
obtained by using the well known gradient method. The system works

then as an adaptive equalizer.

The comparison among the various methods shows that best results

are achieved by using the Kaufman -Lawrence approach. The error
rate is low, and the convergence is fast. Its disadvantage is the
hecessity to compute the output continuously, which requires use of

a computer or special hardware, in a somewhat complicated computation,
all time of operation. The use of the crosscorrelation betwegen the
channel oyutput and the output of the whole system for estimating the

unit pulse response enables us to use this approach as an adaptive
equalizer,

The Godard method has been found to yield fast convergence and low
error rate {in high signal to noise ratios), although its results
“are not as good as those of the Kaufman-Lawrence method. Its disad-
vantage is the need to interrupt transmission for sending a known
test sequence.

The method suggested in this work, which combines the Kaufman-
Lawrence and Godard approaches proves to be very efficient too. Its
conyergence is fast, and its error rate low, in high - signal to
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noise ratios. It enables to follow changes in the channel unit
response, eliminates the necessity to send a known test sequence
through the channel and operates most of the time without the Kalman
filter.

Between the two other methods suggested and checked in this paper -
‘good results are obtained by the method which uses the Godard
technique with a known test sequence for first convergence, and then
uses the estimated data sequence at the output of the transversal
filter. Those results are good in high signal-to-noise ratios.

(30 db). Worst results are achieved by the third suggested method,
which combines the Godard and the gradient techniques.





