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1.  LMS, 

2.  RLS, 

3.   , 

4.  ( ) . 

   . 

1.4.1  LMS 

     , 

      (1),   

  (Least Mean Square).    

         

 [13]: 

 = ̅̅ ̅̅ ̅̅ ̅ → 𝑖 , (1) 

 

 ̅̅ ̅̅ ̅̅ ̅ –   ,  –  , . 

 + = +  𝜇 𝑢 , (2) 

 

 𝜇 –  ,   , 𝑢  – 

-       -  . 

   LMS   

  –       

   𝑁 +    « – ». « » 

   « »     

    –    

   ,     

  [13]. 
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1.4.2  RLS 

   RLS (Recursive Least Square) 

   .       

 ,   LMS,      (3). 

  RLS   [14]. 

 

= ∑| | → 𝑖−
𝑘= , (3) 

 

 K – -   . 

      : 

 + = + + + . (4) 

 

   RLS  « »  

   LMS .       

   .    

        

 (2,5N2 + 4N)   « – » [11]. 

1.4.3    

   LMS      

  ,    « » , 

 RLS, ,   ,   « » 

.        

      

 [15]. 

        : 
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 + = + 𝜇𝑋𝑁 , (5) 

 

 𝑋𝑁 = [ 𝑁 , 𝑁 − ,… , 𝑁 − + ]; 
      𝑁 = [ , − ,… , − 𝑁𝑚 + ]; 
      𝑁  –   . 

     «  » 

,   LMS .     

     RLS  [15]. , 

      

,        

[16]. 

1.4.4  ( )  

     -   

       

 ,    .  

      

     .    

        k -  

     N      

  1  N. 

     « »  
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    RLS- .   

   .  ,   

,   ,    

 ,        

  [17]. 
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= 𝑇 − , (6) 

 = − . (7) 

 

 -      (8) 

(  ,        

 ,   ): 

 = 𝑃 −+ 𝑇𝑃 − . (8) 

 

 

  2 –  RLS  

      

  : 

 𝑃 = 𝑃 − − 𝑃 − 𝑇𝑃 −+ 𝑇𝑃 − . (9) 

 

     : 
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 = − + . (10) 

 

       

 ,       𝑃  

   : 

 

𝑃 − = [   
 ∞ ∞ ∞ ⋱ ∞]   

 . (11) 

 

       

, , 𝜎𝑥⁄ . 

2.3       

       , 
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       [18,19]: 

 MATLAB (  The MathWorks); 

 Maple (  Waterloo Maple Inc.); 
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     [11,12] (  3). 



 
18 

)  )  

   

 

 

  3 –     

         

    ,     

      (  3, ).  

        

      [11]. 

      

    (  3, ).   

     ,     

    .  ,   

      ,  

   [11]. 

 -       

 .       , 

      ,  . 

    - ,    

   ,   .  -

    4. 



 
19 

 

  + 

 

  4 – - ,     

 

2.5    -  

       -

.       

 Simulink   MATLAB System Block,  

  : 

        System  

MATLAB  Simulink; 

      Simulink; 

     MATLAB     

Simulink; 

   ; 

     ; 

  ; 

     ; 

     . 

   -    

 5. 



 
20 

 

  5 –   -  

         (  ) 

    .  ,    ,  

          

 (  ).      ,    

    . 

       

 6. 

 

  6 –      



 
21 

       : 

   (   ); 

   (     

  ); 

    (   

 ); 

    (    

   ); 

    . 

        

( ) , . .   .  

     ,     

 . 

 Simulate using    

       / ++. 

      , 

   m.      

 . 

2.6   

     

    :   

 ( ,   . .)  ,   

(     ). 

  7     

. 



 
22 

 

  7 –     

 

  ,         

 ,        

. 

  8 , ,       

,     ,    8 , , 

 –   -  .  

 ,        

  -    

  . 



 
23 

 

  8 –     -  

   

  9      

  8 .      

   ,     « + » 

   .     

        , 

     .     

          

20 %   . 



 
24 

 

  9 –      8  

  10      

  44 .    40     

 .       

 . 



 
25 

 

  10 –      44  

2.7  

      

- .      RLS.  

  .    

  - .     

   .  

 ,      

       200 .  

      

  . -     

 .        

  , ,    40    

  .    ,      



 
26 

    ,     

   ,     

  ,     . 

,     , . .    

,      ,    

    . 



 
27 

3     -  

3.1       

 

       

 ,       

     . 

 3    : 

    ( ) ; 

   DSP ; 

   . 

         , 

  ,    . 

    DSP     

 ,      

  . 

       

 .  ,       

 DSP ,  ,   . . 

         

  .      

       

         

 : Intel, Xilinx .     

        

  - . 

    Intel  Xilinx ,   

 Intel        

  [25–27].       



 
28 

   -     

 Intel. 

3.2       

       

    . 

      

      .    

        . 

        

 ,        

   . 

3.2.1       

        , 

          

[28].         . -  

         

   ,      

.      ,  

  , , ,     

.          

 ,       . 

   DSP [29]: 

    –    

   ; 

     –  

     ; 



 
29 

   –   ( )  

   ,    ,   

  ; 

   – ,    

 (  )      

  . 

3.2.2  RLS  

          

         

      .  

 -   ,  ,   

  ,     . 

,      , 

        .  

         100  

   .    100,   

 .         

       ,     

   .       128, 

     . 

  ,      

          

   .      , 

     . 

    [30]: 

  ; 

      

(   ); 



 
30 
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    ,    
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    ,   
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 ,  ( )    . 
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 = 𝑇 −𝑠 𝑎 , (12) 
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 –   ; 

 –  ; 
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 –   ; 
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DSP – digital signal processing; 

LMS – least mean squares; 

RLS – recursive least squares. 
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  -  

 

classdef RLS_Filter < matlab.System 

    %  ,   RLS  

     

    properties (Nontunable, PositiveInteger) 

        %   

        Length = 24; 

    end 

     

    properties 

        %   

        ForgetFactor = 1.0; 

        %    

        InitialCoefficients = 0; 

        %    

        InitialInverseCorrelation = 1e3; 

    end 

     

    properties (Logical) 

        %     

        LockCoefficients = true; 

    end 

     

    properties (DiscreteState) 

        % -    

        Coefficients; 

        %   

        Desired; 

        %   

        Input; 
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        %    

        InverseCorrelation; 

        % -    

        KalmanGain; 

    end 

     

    properties (Access=protected) 

        %      (ForgetFactor) 

        %      (LockCoefficients) 

        FilterParameters; 

    end 

     

    properties (Access=protected, Nontunable) 

        %    

        InputDataType; 

    end 

     

    methods 

        %  

        function obj = RLS_Filter(varargin) 

            setProperties(obj, nargin, varargin{:}); 

        end 

    end 

     

    methods (Static, Hidden) 

        function discreteStates = CoefficientUpdate(error, discreteStates, params) 

            X = discreteStates.Input; 

            P = discreteStates.InverseCorrelation; 

            lam = params.ForgetFactor; 

             

            %     

            XP = X'*P; 

            inv = 1/(lam + XP*X); 

            K = inv*(P*X ); 
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            %     

            P = (1/lam)*(P - K*XP); 

             

            %    

            discreteStates.KalmanGain = K; 

            discreteStates.InverseCorrelation = P; 

             

            %     

            if  params.LockCoefficients 

                discreteStates.Coefficients = discreteStates.Coefficients + error*K'; 

            end 

        end 

    end 

     

    methods (Access=protected) 

        function setupImpl(obj, x) 

            %    

            inputDataTypeLocal = class(x); 

            obj.InputDataType = inputDataTypeLocal; 

            obj.FilterParameters = getFilterParameterStruct(obj); 

             

            L = obj.Length; 

            initInvCorrLocal = obj.InitialInverseCorrelation; 

             

            %       

            obj.InverseCorrelation= eye(L, inputDataTypeLocal)*initInvCorrLocal; 

             

            %       

            obj.KalmanGain = zeros(L, 1, inputDataTypeLocal); 

             

            %      

            obj.Input = zeros(L, 1, inputDataTypeLocal); 

             

            %      

            obj.Desired = zeros(L, 1, inputDataTypeLocal); 
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            %      

            obj.Coefficients = zeros(1, L); 

        end 

         

        function resetImpl(obj) 

            L = obj.Length; 

            initInvCorrLocal = obj.InitialInverseCorrelation; 

            inputDataTypeLocal = obj.InputDataType; 

             

            %    

            coeffLocal = obj.Coefficients; 

            coeffLocal(:) = cast(obj.InitialCoefficients, inputDataTypeLocal); 

            obj.Coefficients = coeffLocal; 

             

            %     

            obj.InverseCorrelation= eye(L, inputDataTypeLocal)*initInvCorrLocal; 

             

            %     

            obj.KalmanGain = zeros(L, 1, inputDataTypeLocal); 

             

            %    

            obj.Input = zeros(L, 1, inputDataTypeLocal); 

             

            %    

            obj.Desired = zeros(L, 1, inputDataTypeLocal); 

        end 

         

        function processTunedPropertiesImpl(obj) 

            %       

            %       

            obj.FilterParameters.ForgetFactor = ... 

                cast(obj.ForgetFactor, obj.InputDataType); 

            obj.FilterParameters.LockCoefficients = ... 

                obj.LockCoefficients; 
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        end 

         

        function [y, e, w] = stepImpl(obj, x, d) 

            %     

            discreteStates = getDiscreteState(obj); 

             

            discreteStates.Input = updateBuffer(obj, x, discreteStates.Input); 

            %    

            y = discreteStates.Coefficients*discreteStates.Input; 

            %   

            e = d - y; 

            w = zeros(1, obj.Length); 

            %    

            discreteStates=obj.CoefficientUpdate ... 

                (e,discreteStates,obj.FilterParameters); 

            w = discreteStates.Coefficients; 

            %    

            setDiscreteState(obj,discreteStates); 

        end 

         

        function filterParams = getFilterParameterStruct(obj) 

            filterParams = struct('ForgetFactor', ... 

                cast(obj.ForgetFactor,obj.InputDataType), ... 

                'LockCoefficients', obj.LockCoefficients); 

        end 

         

        function buffer = updateBuffer(~, currentInput, buffer) 

            buffer(:) = [currentInput(:); buffer(1:end-length(currentInput))]; 

        end 

         

        function setDiscreteStateImpl(obj, discreteStates) 

            obj.Input = discreteStates.Input; 

            obj.Coefficients = discreteStates.Coefficients; 

            obj.InverseCorrelation = discreteStates.InverseCorrelation; 

            obj.KalmanGain = discreteStates.KalmanGain; 
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        end 

         

        function discreteStates = getDiscreteStateImpl(obj) 

            discreteStates = struct('Input', obj.Input, ... 

                'Coefficients', obj.Coefficients, ... 

                'InverseCorrelation', obj.InverseCorrelation, ... 

                'KalmanGain', obj.KalmanGain); 

        end 

    end 

end 

 

        CD- . 
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 -    Verilog 

 RLS.v 

module RLS #( parameter N=2, parameter M=1, parameter nBits=32, parameter B=2)( 

 input clk, 

 input [nBits-1:0]y, 

 input reset, 

 input newIt, 

 input [N*nBits-1:0]x0, 

 output encounter,write,ensyscoun, 

 output [nBits-1:0]x, 

 output [31:0] iterations, 

 output load,final, 

 input [N*nBits-1:0]wireA,wireKs 

    ); 

   

 

 wire sha,shx0,shk,ens,enmult,s2,clear,clears; 

 wire[nBits-1:0] wire_a,wire_x,wirey,out1,out2,outmult,ins; 

wire[nBits-1:0] wire_s,wire_r,wire_x0,wires2,s,wire_k,t1,t2,t3; 

 wire [N*nBits-1:0] xout;  

 

 

 FlipFlop #(.N(nBits))ffy ( 

    .clk(clk),  

    .data(y),  

    .enable(load),  

    .reset(reset),  

  .clear(1'b0), 

    .out(wirey) 

    ); 
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  shifter #(.M(N*nBits),.nBits(nBits)) shiftera ( 

    .clock(clk),  

    .reset(reset),  

    .load(load),  

    .shift(sha),  

  .clear(1'b0), 

  .clearoutput(clears), 

    .Data_in(wire_a),  

    .Data_load(wireA),  

    .Data_out(wire_a),  

    .r() 

    ); 

 

 Multiplexer2 #(.N(nBits)) mux1 ( 

    .option(s1),  

    .mult0(wire_a),  

    .mult1(wire_r),  

    .out(out1) 

    ); 

 

  shifter #(.M(N*nBits),.nBits(nBits)) shifterx0 ( 

    .clock(clk),  

    .reset(reset),  

    .load(loadx),  

  .clear(clear), 

    .shift(shx0),  

  .clearoutput(1'b0), 

    .Data_in(wire_x0),  

    .Data_load(xout),  

    .Data_out(wire_x0),  

    .r() 

    ); 
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  shifter #(.M(N*nBits),.nBits(nBits)) shifterk ( 

    .clock(clk),  

    .reset(reset),  

    .load(load),  

    .shift(shk),  

  .clearoutput(clears), 

  .clear(1'b0), 

    .Data_in(wire_k),  

    .Data_load(wireKs), 

    .Data_out(wire_k),  

    .r() 

    ); 

   

   

 Multiplexer2 #(.N(nBits)) mux2 ( 

    .option(s2),  

    .mult0(wire_x0),  

    .mult1(wire_k),  

    .out(out2) 

    ); 

   

  Multiplication #(.nBits(nBits)) mult ( 

    .clk(clk),  

    .a(out1),  

    .b(out2),  

    .enable(enmult),  

    .res(outmult) 

    ); 

 

 

 

   

  Addition #(.nBits(nBits)) add1 ( 

    .clk(clk),  

    .a(outmult),  
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    .b(s), 

  .sum(1'b1),   

    .res(wires2),  

    .enable(enadder) 

    ); 

 

 

    

  FlipFlop #(.N(nBits))ffs ( 

    .clk(clk),  

    .data(wires2),  

    .enable(ens),  

    .reset(reset),  

  .clear(clears), 

    .out(s) 

    ); 

 

 

  Addition #(.nBits(nBits)) add2 ( 

    .clk(clk),  

    .a(wirey),  

    .b(s), 

  .sum(1'b0),   

    .res(wire_r),  

    .enable(1'b1) 

    ); 

   

  Addition #(.nBits(nBits)) add3 ( 

    .clk(clk),  

    .a(outmult),  

    .b(t3), 

  .sum(1'b1),   

    .res(wire_x),  

    .enable(1'b1) 

    ); 
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  shifter #(.M(N*nBits),.nBits(nBits)) shifterx ( 

    .clock(clk),  

    .reset(reset),  

    .load(1'b0),  

    .shift(shx),  

  .clear(clear), 

    .Data_in(wire_x),  

  .clearoutput(1'b0), 

    .Data_load(),  

    .Data_out(x), 

    .r(xout) 

    ); 

  

 

 Control #(.N(N),.M(M),.B(B)) control ( 

    .clk(clk),  

    .reset(reset),  

    .newIt(newIt),  

    .load(load),  

  .write(write), 

  .iterations(iterations), 

  .ensyscoun(ensyscoun), 

  .clear(clear), 

  .clears(clears), 

    .loadx(loadx),  

    .sha(sha),  

    .shx0(shx0),  

  .final(final), 

  .encounter(encounter), 

    .s1(s1),  

    .s2(s2),  

    .enmult(enmult),  

    .enadder(enadder),  
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    .ens(ens),  

  .shk(shk), 

    .shx(shx) 

    ); 

 

  FlipFlop #(.N(nBits))ffT1 ( 

    .clk(clk),  

    .data(wire_x0),  

    .enable(1'b1),  

    .reset(reset), 

  .clear(1'b0),   

    .out(t3) 

    ); 

 

endmodule 

 

 shifter.v 

module shifter#(parameter M=4*32, parameter nBits=32) 

    ( 

  input clock, reset, load, shift, 

  input [0:nBits-1] Data_in, 

  input [0:M-1] Data_load, 

  input clearoutput, 

  input clear, 

    output reg [0:nBits-1] Data_out,   

  output reg [M-1:0] r 

    ); 

       

    

    

 

   always @ (negedge reset or posedge clock) begin 

      if (reset == 0) begin 

          r <= {M{1'b0}};        
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    Data_out <= {nBits{1'b0}};    

    end 

  else if (clear==1) begin 

    r <= {M{1'b0}};        

    Data_out <= {nBits{1'b0}};    

   end 

      else if (load == 1) begin 

          r <= Data_load; 

    //Data_out <= Data_load[0:nBits-1]; 

    end 

      else if (shift == 1) begin 

   Data_out <= r[M-1:M-nBits]; 

   r[M-1:nBits] <= r[M-nBits-1:0]; 

         r[nBits-1:0] <= Data_in; 

         end 

  end 

    end 

endmodule 

 

 Control.v 

module Control #(parameter N=16, parameter M=20, parameter B=1024)( 

 input clk, reset, newIt, 

 output reg load, loadx ,sha, shx0,s1,s2, 

 output reg final,enmult,enadder,clears,ens,shx,shk,clear,encounter,write,ensyscoun, 

 output reg [31:0] iterations); 

   

  parameter Reset=4'd0; 

  parameter NewSystem=4'd1; 

  parameter NewIt=4'd2; 

  parameter Calcs=4'd3; 

  parameter WaitForMeasurement=4'd4; 

  parameter Calcr=4'd5; 

  parameter Calcx=4'd6; 

  parameter Savex=4'd7; 
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  parameter End=4'd8; 

  parameter CountSys=4'd9; 

   

  reg [3:0]state; 

  reg [31:0]counter; 

  reg [32:0] numBlocks; 

   

   

  always @ (posedge clk or negedge reset) begin   

   if (reset==0) begin 

    state<=Reset; 

   end else begin 

    case(state) 

       Reset: begin 

      load<=0; 

      loadx<=0; 

      sha<=0; 

      shx0<=0; 

      clear<=0; 

      final<=0; 

      s1<=0; 

      s2<=0; 

      enmult<=0; 

      enadder<=0; 

      ens<=0; 

      shx<=0; 

      shk<=0; 

      encounter<=0; 

      write<=0; 

      clears<=0; 

      ensyscoun<=0; 

      state <= NewSystem; 

      numBlocks<=0; 

      counter<={32{1'b0}}; 

     end 
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     NewSystem: begin 

      clear<=1; 

      state<=NewIt; 

      iterations<={32{1'b0}}; 

     end 

     NewIt: begin 

      load <= 1; 

      loadx<=1; 

      clears<=1; 

      state<=Calcs; 

       

     end 

     Calcs: begin 

      sha<=1; 

      shx0<=1; 

      s1<=0; 

      s2<=0; 

      enmult<=1; 

      enadder<=1; 

      ens<=1; 

      counter<=counter+1; 

      if(counter==N) begin 

       state<=WaitForMeasurement; 

       sha<=0; 

       counter<={32{1'd0}}; 

      end 

     end 

     WaitForMeasurement:begin 

      if(newIt==1) begin 

       state<=Calcr; 

      end 

     end 

     Calcr: begin 

      state<=Calcx; 

      shx0<=1; 



 
58 

      encounter<=1; 

      iterations<=iterations+1; 

     end 

     Calcx: begin 

      s1<=1; 

      s2<=1; 

      shx<=1; 

      shk<=1; 

      shx0<=1; 

      enmult<=1; 

      counter<=counter+1; 

      if(counter==N) begin 

       shk<=0; 

       if(iterations==M) begin 

        state<=CountSys; 

        counter<={32{1'd0}}; 

       end else begin 

        state<=NewIt; 

        counter<={32{1'd0}}; 

       end 

      end 

     end 

    CountSys: begin 

     numBlocks<=numBlocks+1; 

     state<=Savex; 

    end 

    Savex: begin 

     write<=1; 

     counter<=counter+1; 

     shx<=1; 

     if(counter==32'd0) begin 

      write<=0; 

     end 

     if (counter==N) begin 

      counter<=0; 
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      if (numBlocks==B) begin  

       state<=End; 

      end else begin 

       state<=NewSystem; 

      end 

     end 

    end 

    End: begin 

     state<=state; 

     final<=1; 

    end 

   endcase 

     

     

   end 

  end 

endmodule 

 

        CD- . 




