AAyop1Bol NMpooappooTikwy GiIATpwv LMS/RLS
Eqappoyn: E€iowon KavaAiou pe Xprion npooapUooTIKWV QIATPWV

Xapnc Mewpyiou, AM: M177
grad0177@di.uoa.qr

O1 avapopéc oo [1] apopouv To BiBAio "Adaptive Filter Theory” (Simon Haykin, 3°/ed.) Tou onoiou n
UAn kaAunTer nAnpwc kair AenTouEPwS 0Aa 0oa exouv avapepBei oTo Labnua.

To npoPAnua Tng efiowong kavaNiol Oe WECO WETAdOONC yia TNV KATACTOAN @aivopévwv ISl
npooeyyileTal w¢ €&NG. AnuioupyoUpe pia weudoTuxaia akohoubia [-1,+1] nou anoTeAsi To apxIko
onua nAnpogopiac. Ta XapakTnpIoTIKa Tou kavaAioU WeTadoong nepiypagovtal anod Tn ouvaptnon
METAPOPAg H(z):

H(z) = 0.04 - 0.05z* 0.07z -0.21z° -0.5z2 +0.722™° 0.362° 0.21z® 0.03z° 0.072*°

>tnv €€0d0 Tou kavaAiou (dEkTNG) npooTiBeTal BOpuBog 1GXU0G Ny £TOl WOTE TO SNR (signal-to-noise
ratio) va eivar 10dB.

To npoBAnua eykerrar otnv oxediaon kai uAonoinon evog BEATIOTOU QiATpou yia Tnv e€iowon Tou
KavaAiou, XpnoIHoMnoInvVTag TouG NpooapuoaTikoug alyopiBuoug LMS (Least Mean Squares) kal RLS
(Recursive Least Squares).

Ma Tnv e&iowon Tou kavahioU Ba xpnoihonoinBouv deiypara and To apxikd onua Tng nAnpogopiac,
KabuoTepnueva kata A, wg embupnTh ££000¢ TOU PIATPOU VM O UMOAOYIOUOC TwV NApaueTpwy Ba
yiveralr enavaAnnTika pe Baon Toug akyopibuoug LMS kai RLS. To napakatw didypaypa napouaialel Tn
MOP®I TOU CUCTAKHATOC NMOU NPOKEITAl va UAOMOINBE.
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H uhonoinon Twv alyopiBuwv LMS kai RLS &yive pe Baon 1o idlo yevikd oxnua. Ma Tov
MPOYPAMHATIONO TOUG Xpnoidonomenkav avaAuTikoi Tunol (Bpoyxol) yia TIC UVeAEEIG Kal TIC NPAgeIg
ge Olavlouara Kal Mivakes, £T01 WOTE vd €ival NANPWG MNPOodpuooIhol 0 KABe emiAoyr Twv
napapeTpwv (filter size, signal size, tap delay, SNR). Eniong uAonomn6nke EexwploTry pouTiva
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unoAoyiopoU Twv akpalwv Opiwv yid TIG NAPAPETPOUG Npocdappoyng (M, A) Kal €navaAnnTikn
digpelvnon yia Tn BeATioTn duvaTn emAoyn (wg Npog To MSE).

Ma Tn dokiun TNG opBoTNTAg Kai TNG anodoong Twv dUo UAOMOINCGEWY Xpnalponoinénkav dUo Tunol
onuarog 106dou. To NPWTO gival &va anAd onua cosine WE MIKPH Tuxaia anokAion w¢ npoc Tn ¢aon,
evw To deUTEPO €ival To i010 onua KRavTIoPEVo we npog [-1,+1], dnAadr To avTioTOIXO TETPAYWVIKO.

O1 NapakaTw ypagIKeEG NapacTAcelG Napouaialouv TA AnoTEAECHATA TNG EQAPHOYNC TWV UAOMOINCEWV

LMS kai RLS yia pnkog @iATpou M=31, kabuoTeépnon A=15 kal TIG PBEATIOTEG NAPAMPETPOUG
npocoappoyng (M kai A avTioToixa).

Neipapa 1°: s(n)=cos((n-1)*0.075n+randn*0.001), p=0.116, A=0.5

2nHa dekTn Ke npoadrikn BopuBou:
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AvakaTaoKeuaopEvo onpa ano eflowTn:

EFigure Ho. 3 !E
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Neipapa 2°: s(n)=[cos((n-1)*0.075n+randn*0.001)], p=0.026, A=1.0

2nHa dekTn Ke npoabrikn BopuBou:

EFigure Ho. 1 !E
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AvakaTaoKeuaopEvo onpa ano eflowTn:

EFigure Ho. 3 !E
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ZxoAia & MapaTnpnoEIg

Ta napandvw dlaypappara eivalr evOEIKTIKA TNG AEITOUpYIiag Kal TNG CUMMEPIPOPAg Twv duo unod
ggéTaon aAyopiBuwv. ZTO NpwTO NEipapa To oOnpa Tng nAnpogopiag eival apkeTd anAd kai kaTtd
OUVENEIQ Kal ol U0 aAyopiBpol ouykAivouv Xwpic 1Id1aiTepn duokoAia. ZTn deUTEPN NEPINTWON TO ONKa
€10000U YapaktnpileTar and anoTopeg alayec (AOyw KkBavtionc) kai €ral n oUykAion eival
OUOKOAOTEPN. Av Kal N CUUMNEPIPOPA Twv dUO aAyopiBuwv WS NPOc To oPpAAda oUYKAIONG (aiveTal
ouaolaoTika idia, napdAa auta o alyopiBuog RLS @aiveTal va ouykAivel e nio oTabepd pubuo, yeyovog
nou eniBeBaiwveral kaAuTepa o€ xaunhoTepa enineda BopuBou (SNR=30dB).

e Oxéon MeE TNV emAoyn TNG NAPAUETPOU MPOCAPHOYRC M yia Tov LMS, otnv ulonoinon
nepiAauBavovTal eIdIKEG POUTIVEG yIa TV €UPECN TNG WEYIOTNG TIUNAG KE Baon To "tap input power" TIP
(neipapatika [1]: TIP=X(E[Ju(n-K)|?]) ), dnAadA: 0 < p < 2/TIP. H digpelivnon yiveral enavaAnnTika
ME YPAMHIKO TPOMO, PE KPITAPIO TNV TIUA MSE. MNa Tov aAyopiBpo RLS undpyel avTioTolxn pouTiva
avaditnong Tng BEATIOTNG TIUNG TNG NapapéTpou A oto nedio [0.5 , 1.0], aAAa dev napartnpndnkav
onuavTikéG diagoponoinoeig Tnv anddoon. To Napakatw oxnpa napoucialel Tn PeTaBoAr; Tou MSE
TOU LMS yia 81ApOoPEG TILEG TOU :
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Mia akOun onuavTikn NApAPETPog OTn oxXediaon TOU CUCGTAKATOC €ival n kabuaTépnon Twv SElyPATWY
(A). Na oTabepd PNRKog QIATPOU Kal NAPAMETPOUC NPOCAPHOYNG, OOKIUEG ME BACN TO TETPAYWVIKO
onua si00dou €0eIEav OTI QUENGN OTNV TIMR TOU A €€l WG ANOTEAEOMA MIKPOTEPN akpifeia oTnv
avakaTaockeun Tou apyikoU onuatoc and To @iATpo, kabwc kai (opliakd) HEYAAUTEPO O@AAUA
oUykAionG. Tehog, 0 GUVOAIKOG XpOvoc enegepyaaiac eEapTaTtal and 1o WRKog Tou QiATpou (M=31), Je
TOV aAyopIBpo RLS va eival, onwg ATav avapevopevo, pia Tagn peyeboug nio apyog anod Tov LMS.

MapakaTtw napouaoialovral dlaypduKdTd TOU AVAKATAOKEUAOWEVOU ONUATOC KAl TWV OQAAJATWV
oUykAionG LMS/RLS yia A=5 kai A=25:
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KaOuoTépnon A=25

AvaKkaTaoKEUAopEVO ONa:
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%%%%6%%%%%%%6%%6%%%%%6%%6%% %% %% 6% %% %%0% %% % %% %% 6% %% % %% %% %%
%%% %%%
%%%  Adaptive Channel Equalization (LMS/RLS)  %%%

%%% e —m e e %9%%
%%% %%%
%%% Harris Georgiou [AM:M177] %%%
%%% grad0177@di .uoa.gr %%%
%%% %%%
%%%%6%%6%%%%%%%6%%%%%6%%6%% %% %% %6% %% % %% %% % %% %% 6% %% % %% %% %%
Yo ——————— LMS tap input power ----——-- %

function [mstep_max] = Filt_tip(Ins, ftaps)

N=size(lIns,2); M=Ftaps;
%... calculate tap input power & max step-size value ...%
SSum=0;
for k=0:M-1,
sum=0;
for i=k+1:N, sum=sum+Ins(i)*Ins(i); end;
SSum=SSum+sum/ (N-k) ;
end;

mstep_max=2/SSum;

%%6%%%%6%%%6%%%%6%% %% %% %6%%%6%6%% 6% %% %% %% %% % %% % %%6%% %% % %% %% %

%%6%%%%6%%%6%%%%6%% %% %% %6%%%6%6%% 6% %% %% % %% %% %6%% %6%%% %% % %% %%

%%% %%%
%%%  Adaptive Channel Equalization (LMS/RLS)  %%%
%%%  —mmm e e %9%%
%%% %%%
%%% Harris Georgiou [AM:M177] %%%
%%% grad0177@di .uoa.gr %%%
%%% %%%
%9%0%%6%%%%%%%6%%6%%6%%%6%%6%% %% %% %6%%6%%%6% %% % %% %% 6% %% % %% %% %%
Yo ——————— find best LMS step size ----——-- %

function [msteps,merrs,bestmpos] =
filt_mst(lIns,Des,ftaps,dtaps,ms_min,ms_max,ms_step,verbose)

N=size(lIns,2); M=Fftaps; D=dtaps;
bestmpos=1; besterr=inf; c=1;

for mstep=ms_min:ms_step:ms_min+ms_max,
[W,E]=Filt_Ims(Ins,Des,M,D,mstep,0);
errssum=0.0;
for k=1:size(E,2), errssum=errssum+E(k)*E(k); end;
errssum=errssun/size(E,2);
if (errssum<=besterr) bestmpos=c; besterr=errssum; end;
msteps(c)=mstep; merrs(c)=errssum; c=c+1;
if (verbose~=0)
mstep
errssum
end;
end;

it (verbose~=0)
bestmpos
bestmstep=msteps(bestmpos)
besterr=merrs(bestmpos)
end;

%%6%%%6%6%%%6%%%%6%% %% %% %6%%%6%6%% 6% %% %% %% %% % %% %% %6%% %% % %% %% %
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%%%%6%%%%%%%%%6%%%%%6%%6%% %% %% 6% %% % %% %% % %% %% 6% %% % %% %% %%
%%% %9%%
%%%  Adaptive Channel Equalization (LMS/RLS)  %%%

%%%  —m e %9%%
%%% %%%
%%% Harris Georgiou [AM:M177] %%%
%%% grad0177@di .uoa.gr %%%
%%% %%%
%9%%%6%%%%%%%%%6%%%%%6%%6%% %% %% %6% %% % %% %% % %% %% 6% %% % %% %% %%
Yo ——————— LMS recursive adaptation -------- %

function [W,E] = Filt_Ims(Ins,Des, ftaps,dtaps,mstep,verbose)

N=size(Ins,2); M=Fftaps; D=dtaps;
%... begin LMS iterations ...%

W=zeros(1,M); Uest=zeros(1,N);
ERR=zeros(1,N);

for 1=M:N-D,
if (verbose~=0) disp(N-D-i+1); end;
ut=0;
for j=1:M, ut=ut+W()*Ins(i-j+1); end; % calculate current estimate

Uest(i+D)=ut;

ERR(i)=Des(i+D)-Uest(i+D); % calculate current error
for j=1:M,
W@)=W(@)+mstep*ERR(1)*Ins(i-j+1); % adjust tap weights
end;
end;
E=Des-Uest;
%9%%%6%%6%%%%%%%6%%6%%%%%6%% %% %% %% %6% %% % %6% %% % %% %% %% %% % %% %% %
%%%%6%%6%%%%%6%%6%%%%%6%%6%% %% %% %6% %% % %% %% % %% %% 6% %% % %% %% %%
%%% %%%
%%%  Adaptive Channel Equalization (LMS/RLS)  %%%
S %%%%
%%% %%%
%%% Harris Georgiou [AM:M177] %%%
%%% grad0177@di .uoa.gr %%%
%%% %%%
%%%%6%%%%%%%6%%6%%6%%%6%%6%% %% %% %6% %% % %% %% % %% %% 6% %% % %% %% %%
Yp———————— find best RLS lambda value ---————- %

function [Isteps, lerrs,bestlpos] =
filt_Ist(Ins,Des, ftaps,dtaps,delta,ls_min, Is_max, Is_step,verbose)

N=size(lIns,2); M=Fftaps; D=dtaps;
bestlpos=1; besterr=inf; c=1;

for Istep=Is_min:ls_step:ls_max,
[W,E]=Filt_ris(Ins,Des,M,D,delta,lstep,0);
errssum=0.0;
for k=1:size(E,2), errssum=errssum+E(k)*E(K); end;
errssum=errssun/size(E,2);
if (errssum<=besterr) bestlpos=c; besterr=errssum; end;
Isteps(c)=Istep; lerrs(c)=errssum; c=c+1;
if (verbose~=0)
Istep
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errssum
end;
end;

it (verbose~=0)
bestlpos
bestlstep=Isteps(bestlpos)
besterr=lerrs(bestlpos)

end;
%9%%%6%%6%%%%%%%6%%6%%%%%6%% %% %% 6% %6% %% % %6% %% % %% %% 6% %% % %% %% %
%%%%6%%%%%%%6%%6%%%%%6%%6%% %% %% 6% %% % %% %% % %% %% 6% %% % %% %% %%
%%% %%%
%%%  Adaptive Channel Equalization (LMS/RLS)  %%%
%%% - —— e %9%%
%%% %%%
%%% Harris Georgiou [AM:M177] %%%
%%% grad0177@di .uoa.gr %%%
%%% %%%
%%0%%6%%6%%%%%6%%6%%%%%6%%6%% %% %% %% %% %%6% %% % %% %% 6% %% % %% %% %%
Yo ——————— RLS recursive adaptation -------- %

function [W,E] = Ffilt_rils(Ins,Des, ftaps,dtaps,delta, lambda,verbose)

%... begin RLS iterations ...%
N=size(lIns,2); M=Fftaps; D=dtaps;
P=eye(M)/delta;

W=zeros(1,M); Uest=zeros(1,N);
ERRx=zeros(1,N); z=zeros(1,M); g=z;

for 1=M:N-D,
if (verbose~=0) disp(N-D-i+1); end;

for j=1:M,

z()=0;

for k=1:M, z()=z()+P(.,.k)*Ins(i-j+1); end;
end;
zz=0; for j=1:M, zz=zz+Ins(i-j+1)*z(jJ); end;
g=z/(lambda+zz);

ut=0;
for j=1:M, ut=ut+W()*Ins(i-j+1); end; % calculate current estimate
Uest(i+D)=ut;
ERRx(i)=Des(i+D)-Uest(i+D); % calculate current error
for j=1:M,

W(GD=W(@G)+ERRX(1)*g(j) ; % adjust tap weights
end;

P=(P-g"*z)/lambda;
end;

E=Des-Uest;

%%6%%%6%6%%%6%%%%6%%%6%%%%6%%%6%6%% 6% %% %% %% %% % %% % %%6%% %% % %% %% %
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%%%%6%%%%%%%%%6%%%%%6%%6%% %% %% 6% %% % %% %% % %% %% 6% %% % %% %% %%
%%% %9%%
%%%  Adaptive Channel Equalization (LMS/RLS)  %%%

W% ~— —mmmmmmmmmmm e mm %4%9%
%%% %%%
%%% Harris Georgiou [AM:M177] %%%
%%% grad0177@di .uoa.gr %%%
%%% %%%

%%6%%%%6%%%6%%%%6%% %% %% %6%%%6%6%% 6% %% %% % %% %% %% % %6%%% %% % %% %%

disp("Adaptive Channel Equalization, LMS & RLS adaptive filters™);
disp(” Harris Georgiou [AM:M177], grad0177@di.uoa.gr®);

%... initialize constants and variables ...%
clear all;

disp("Initializing variables®);

N=200; % number of samples
M=31; % Filter order
D=25; % tap delay

H=[0.04 -0.05 0.07 -0.21 -0.5 0.72 0.36 0.0 0.21 0.03 0.07];
HN=size(H);

SNRdb=10; % selected SNR level for receiver noise
for i=1:N, s(i)=cos((i-1)*0.075*pi+0.001*randn); end;
for 1=1:N,
if (s(i)>=0) s(i)=1; else s(i)=-1; end;
end;
%... plot original signal ...%
disp("Creating original signal plot®);
figure(l);
plot(s);

axis([1,N,-2,2]);

xlabel ("time (N)");

ylabel ("S(n)");

title("Original Signal™);

disp("...<press any key to continue>...");
pause;

ns=Filter(H,1,s);

%... plot noisy signal signal ...%
%Hsqr=H."2; HSS=0;

%fFor §=1:HN, HSS=HSS+Hsqr(i); end
%v=sqrt(HSS/ (10" (SNRdb/10)));

%HSS

v=1/(10"(SNRdb/10));

rcvn_var=v

for i=1:N, nns(i)=ns(i)+randn*v; end;

%... plot noisy input signal ...%
disp("Creating noisy input signal™);
figure(l);

plot(nns);

axis([1,N,-2,2];

xlabel ("time (N)");

ylabel (*"NNS(n) ") ;

title("Noisy Input Signal™);
disp("...<press any key to continue>...");
pause;
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Yo ——————— LMS recursive adaptation -------- %

%... begin LMS iterations ...%
disp(* ");
disp("Beginning LMS iterations...");

Ins=nns; Des=s; mstep=1.0;
min_mstep=0.001; step_mstep=0.005; max_mstep=Filt_tip(Ins,M);

[MS,ME,BMP]=Filt_mst(Ins,Des,M,D,min_mstep,max_mstep,step_mstep,1);
%... plot LMS error vs mstep ...%

figure(2);

plot(MS,ME,"g");

xlabel ("mstep”);

ylabel (*"MSE");

title("LMS Error™);

disp("...<press any key to continue>...");

pause;

mstep=MS(BMP) ;
[W1,E1]=Filt_Ims(Ins,Des,M,D,mstep,1);

disp("Best LMS configuration:©);
mstep
Wi

%... plot LMS error ...%

ens=abs(El); fns=ens(M+D:N);
disp("Creating LMS error plot®);
figure(2);

plot(fns);

xlabel ("time (N)");

ylabel (*"MSE(n) ") ;

title("LMS Error™);

disp("...<press any key to continue>...");
pause;

%... plot restored signal ...%
rs=Filter(W1,1,nns);
disp("Creating restored signal™);
figure(3);

plot(rs);

axis([1,N,-2,2];

xlabel ("time (N)");
ylabel("rs(n)");

title("Restored Signal™);
disp("...<press any key to continue>...");
pause;

Yo ——————— RLS recursive adaptation -------- %

%... begin RLS iterations ...%
disp("Beginning RLS iterations...");

delta=0.001; Ilambda = 1.0;
Ins=nns; Des=s;

min_Istep=0.5; step_lIstep=0.1; max_lIstep=1.0;

[LS,LE,BLP]=Filt_Ist(Ins,Des,M,D,delta,min_Ilstep,max_Istep,step_lIstep,1);
%... plot RLS error vs mstep ...%

figure(2);

plot(LS,LE,"c");

xlabel ("Istep”);
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ylabel ("MSE");

title("RLS Error™);

disp("...<press any key to continue>...");
pause;

lambda=LS(BLP) ;
[w2,eE2]=Filt_ris(Ins,Des,M,D,delta,lambda,l1);

disp("Best RLS configuration:");
lambda
w2

%... plot RLS error ...%

ens=abs(E2); fns=ens(M+D:N);
disp("Creating RLS error plot®);
figure(2);

plot(fns);

xlabel ("time (N)");

ylabel (*"MSE(n) ") ;

title("RLS Error™);

disp("...<press any key to continue>.._.");
pause;

%... plot restored signal ...%
rs=Filter(W2,1,nns);
disp("Creating restored signal™);
figure(3d);

plot(rs);

axis([1,N,-2,2];

xlabel ("time (N)");
ylabel("rs(n)");

title("Restored Signal™);
disp("...<press any key to continue>...");
pause;

%... plot combined error graph ...%

disp("Creating combined error graph®);

idx=[1:1:N-M-D+1]; LMSerr=abs(E1(M+D:N)); RLSerr=abs(E2(M+D:N));
figure(2);

plot(idx,LMSerr, "g~, idx,RLSerr,"c");

xlabel ("iterations (k)");

ylabel ("error(k)");

title("LMS/RLS Error™);

%disp(”...<press any key to continue>...");

%pause;

disp("Process completed.");

%%6%%%%6%%%6%%%%6%% %% %% %6%%%6%6%% 6% %% %% %% %% % %% % %6%6%% %% % 6% %% %
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Adaptive Channel Equalization, LMS & RLS adaptive filters
Harris Georgiou [AM:M177], grad0l177@di.uoa.gr

Initializing variables
Creating noisy input signal

Beginning LMS iterations...
Best LMS configuration:

mstep = 0.03

W1l =

Columns 1 through 7

0.0059

10

0.0145

Columns 8 through 14

-0.1294

Columns 15

-0.0092

Columns 22

0.0844

Columns 29

-0.0391

-0.0914
through
-0.0120
through

0.1639
through

-0.0292

21

28

31

0.

-0.

-0.

0.

-0.

0052

2613

0066

2606

0307

Beginning RLS iterations...
Best RLS configuration:

lambda = 1

w2 =

Columns 1 through 7

0.0052

0.0205

Columns 8 through 14

-0.1320

Columns 15

-0.0350

Columns 22

0.0939

Columns 29

-0.0564

-0.0219
through
-0.0226
through

0.1441
through

-0.0363

21

28

31

0.

-0.

-0.

0041

2446

0221

.2879

.0429

.0115

.3121

-0038

.0414

.0234

.3255

-0062

.1078

-15-

.0171

.2160

-0085

-1005

-0269

-3202

-0048

1174

.0857

-0686

.0138

.0715

-1089

.0104

-0092

-1157

.0334

.0084

-0590

.0456

.0017

.0155

.0652

-0599
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