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ABSTRACT 

Thisipaper aims ito design  a icontinuously iprogrammable idigital ifinite iimpulse iresponse(CPDF iFIR) ifilter ifor inon-

linear isignal ifiltering iresolutions. iThe iproposed iCPDF iFIR ifilter iencompasses iinput iblock, ihost-control 

interfacei(HCI), iregister iblocks iaided iparallel ifilter imodule, iand ian ioutput iblock. iThe iinputincepts iwith inon-

linear isequentially irepeating ichirp isignal, iwhich iis isubsequently iprocessed ifor iframe ibasedi(floating ito ifixed) 

sample igeneration iand idelay iinsertion. iHere ione isample iper iframe iis iused ito iavoid isample ioverflow iand 

quantization ierror iwith ithe iintroduction iof ione iclock idelay. iConsequently, ithe idelayed isampled isignal iwas 

subsequently iprocessed iusing iregister iblock iwhich ifunctions iin iunification iwith iHCI. iHere, iHCI ihelps iin 

coefficient iupdates ias iwell ias ilow-pass icoefficient iassignment ito ithe iButterworth idirect idiscrete iFIR ifilter ifor 

reference isignal igeneration. iOn ithe iother ihand, iit ihelps icontinuous icoefficient iupdate ito ithe iregister iblock. 

Prominently, ithe iregister iblock iuses ilow ipass icoefficients ito ifilter ieach ichirp isignal ior idelayed isamples iin ithe 

beginning, ifollowed iby ihigh-pass ifilter icoefficient iusing idirect idiscrete iFIR ifilter imodel. iCPDF iwith ilinear iand 

differential ioptimization iapproach iare iused ifor icoefficient iupdates. iThe ioverall iwork iexposes ithat ithe iproposed 

CPDF iFIR ifilter iaccomplishes ioptimal ifiltering iperformance iwith ilow iarea, iminimum ihardware iconsumption such 

as ireduced imultipliers(43) iand iadder/subtractors(42). iFurthermore, iit iexhibits isignificantly ilow idelay iof i6.166 ins. 

Such irobustness iindicates isuitability iof ithe iCPDF-FIR ifilter itowards ivaried inon-linear ifiltering iapplications 

including iindustrial iIoT idata ifiltering ior ispeech isignals. 

KEYWORDS: Continuously Iprogrammable Idigital Ifilter, Ifir Ifilter,I Ihost Icontrol Iinterface, Idelay Iinsertion, 

Iparallel Ifir, Imultiplier Ireduction 

INTRODUCTION 

The iaugmented irise iin iskills iand iallied iapplications ihave iwidened iperspective ifor idifferent idemands ipertaining to 

digital icommunication, itransmission isystems, iinternet iof ithingsi(IoT), iindustrial icommunication iand ivaried decision 

isystems. iThe itwo isignificant ifilter itechnologies iare ithe ianalog ifilters iand ithe idigital ifiltersi[1]. iNevertheless, 

ianalog ifilters iare ilow-cost, irapid iand ipossess idynamic irange iin iboth iamplitude iand ifrequency; 

digital filters igovern ithe iindustry irather idue ito iits isuperior iperformance[1-3]. iThe iadvent iof idigital signal 

iprocessingi(DSP) itechnologies ihas iwidened ithe iskyline ifor idigital ifilters iover iconventional ianalog ifilters[1].The 
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design icomplexity iand ihigheriorder idemand iof imajor idigital ifilters ihave iremained ichallenge ifor iindustry[1]. 

Furthermore, iits iefficacy ias ithe ianti-aliasing ifilter itoo ihas iremained iconfined, inevertheless inumerous idesigns have 

been iproposed isuch ias iFinite iImpulse iResponsei(FIR) ifilters iand ithe iInfinite iImpulse iResponsei(IIR) ifilters. iFIR 

filters iare irelatively ieasier ito idesign; ithough iconstraints isuch ias ihigher ihardware icomplexity iand iincreased iorder 

of idesign icause ipower iand iarea iexhaustion. iSuch iconstraints ilimit iits iemployability iin ireal-world iminiaturized 

application ienvironment. iInterestingly, ithe iability iof iFIR ifilter ito iachieve ilinear iphase icharacteristics iwith 

symmetric icoefficient imakes iit iapplicable iin inumerous iapplications. iArchitecturally, iIIR ifilters iare irelatively imore 

complex ito idesign; ihowever iits iefficacy idominates iover ithe iclassical iFIR ifilters[3]. 

The iflexibility, iease iof idesign, ireliability iand iscalability iof iFIR ifilters imake iit isuitable ifor ireal-world 

DSP iapplications. iMajority iof ithe iexisting ifilter idesigns iare itime-invariant isignifying i“design iwith ifixed 

coefficients”. iHowever, ito icope iup iwith inon-linear isystems iit irequires iadopting ivarying ior icontinuously 

programmablei(say, isignal iadaptive) icoefficient iinformation. iTo iachieve iit, idigital ifilters iwith iprogrammable 

coefficient ican ibe iof igreat isignificance, iespecially ito iadapt itime-varying isystems. iSuch ifilter idesigns iwith 

programme ibased icoefficient iupdate iare ioften istated ias icontinuously iprogrammable idigital ifiltersi(CPDF). Though, 

a ifew iresearches ihave ibeen idone itowards iFIR idesign; ihowever ivery iless ieffort iis imade ifor iCPDF iFIR ifilter 

design, iwhich idoes ihave isuperior iperformance iand iemployability. iThis iwork iemphasis ion idesigning iCPDF iFIR 

filter iwith icontinuous iprogrammable icoefficients iby iusing ihost icontrol iinterface(HCI) iand iregister iblock, iwhich 

strategically ienables idynamic icoefficient, iupdate ito iperform inon-linear idata ifiltering iwithout iimposing ihuge 

hardware iutilization ior iarea idemands. 

System Model 

FIR ifilter idesign iconstraints, iCPDF iFIR idesign ioptimization iand iits iimplementation ifor ispeech isignal ifiltering 

etc. iare idiscussed ibelow. 

Fir Filter Design Constraints 

FIR ifilters iare idesigned ibased ion icertain iroutines ior ithe ialgorithms ispecifically iby iemploying idifference 

equations iin ivaried iforms ilike icascade idesign, iparallel, iladder ior iothers[5][6]. iThese idesigns iapply ia icommon 

difference iequation, igiven ias(1) 

∑ 𝑑௡𝑦(𝑘 − 𝑛) = ∑ 𝑐௠𝑥(𝑘 − 𝑚)ெ
௠ୀ଴

ே
௡ୀ଴              (1) 

The iabove iderived idifference iequation(1) iretrieves ithe ioutputi𝑦(𝑘) ifor idifferent iinstants iof𝑘 = 0,1,2, … by 

employing ian iiterative ifunctioni(2). iHere,𝑁 irepresents ithe itotal inumber iof isamples.Equationi(1) ican ifurther ibe 

derived ias(2). 

𝑦(𝑘 − 𝑛) =
ଵ

ௗబ
{∑ 𝑐௠𝑥(𝑘 − 𝑚) − ∑ 𝑑௡𝑥(𝑘 − 𝑚)ே

௡ୀଵ
ெ
௠ୀ଴ }           (2) 

Majority iof ithe iclassical iFIR ifilters iare itime-invariant isignifying ifixed icoefficient ivalues(𝑐௠  iand𝑑௡ ). 

However, iit ilimits iits iefficiency ifor inon-linear ifilter idemands. iTo icope iup iwith inon-linear isystems iand iIoT 

signals, iwhich ican ioften iexhibit inon-linear ibehave iand iabrupt ichanges, iit ibecomes ivital ito ienhance iconventional 

FIR ifilter idesigns. iTo iachieve iit, idynamically iupdating ior ituning ifilter icoefficient iis imore isignificant. iHowever, 
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idoing iso ican ibe icost-consuming iand itherefore iit iis ivital ito idesign ia icost-efficient(i.e., ilow ihardware iutilization, 

ilow ipower iand idelay) iFIR ifilter iwith icontinuously iprogrammable icoefficient ituning iis ia imust. iIn ithis iwork, ia 

iCPDF iFIR idesign iis iproposed iusing ioptimally idesigned ihost icontrol iinterface(HCI) iand iregister iblocks, iwhich 

ihelps iin icontinuously iupdating ithe icoefficient ibased ion isignal iinputs ito iaccommodate inon-linear isignal ifiltering. 

iThe iproposed iHCI iand iregister iblock ibased ifilter iincorporates ithe ialgorithm iwhich iestimates, ivalidates iand 

iupdates ifilter-coefficients idynamically iwith itime(so ias ito iadopt itime-varying inon-linear isystems isuch ias idigital 

isystem icompensator, iadaptive ifilters, inoise ifilters ior icompensator, ietc). 

This iwork iproposes ia irobust iCPDF iFIR ifilter idesign, iwhich iintends ito iretain ihigher iefficiency iwith ilow 

icomputational icost, ipower iand iarea iexhaustion. iFurthermore, iit iintends ito imaintain ilow icomputation itime ito 

iensure ireal-world iapplicability. 

Continuously IProgrammable IDigital IFilter IOptimization 

Practically, iretrieving𝐻(𝑧) ifrom𝐻(𝑠) iusing ibilinear itransformation imethod ican ibe ihypothesized ito ibe ithe isame ias 

derived ifrom ithe imodel icalled iSimpson’s iRule iapproximation idifference iequation. iIt iresembles idifferential 

equation isignifyingia iform iof𝐻(𝑠). iAlthough, i𝐻(𝑠) iin iFIR ifilter ican ibe idefined imerely ifor ithe ilinear itime-

invariant imodels, iother inon-linear ior itime-varying imodels itoo ican ibe iapproximated iiteratively iby imeans iof 

transform irelationship. iSuch iapproximation ihelps iin icoefficient(𝑎௡ iand𝑏௠) iestimation iand icontinuous iupdate. iIt 

becomes ifeasible ias ithe itransformation imethod iinvolved iis iequivalent ito ithe itime-domain iprocess. iFollowing ithis 

concept, ito idesign iCPDF iFIR ifilter, iwe ineed ito igenerate ithe icoefficients 𝑑௡  iand 𝑐௠  ifor 𝐷(𝑁)  iand 𝑁(𝑧) , 

respectively. iMathematically, ithese ifunctions iare ipresented iasi(3) iandi(4). 

𝐻(𝑧) ≜
∑ ௕೘௦೘ಾ

೘సబ

∑ ௔೘௦೙ಿ
೙సబ

               (3) 

Provided,i𝑠 =
௭ିଵ

௭ାଵ
 

It ican ifurther ibe iderived ias i(4). I 

𝐻(𝑧) =
∑ ௕೘(௭ିଵ)೘(௭ାଵ)ಿష೘ಾ

బ

∑ ௔೙(௭ିଵ)೙(௭ାଵ)ಿష೙ಿ
బ

≜
ே(௭)

஽(௭)
             (4) 

In(4),2 𝑇ൗ  iis ihypothesized ito ibe iunit ivalue i1 iwith ino iloss iof igenerality. iThis iis ibecause ithe iscale 

factor2
𝑇ൗ  iin ithe ibilinear itransformation ican ieasily ibe ihandled iusing(5). 

𝑏௠ ← ൫2
𝑇ൗ ൯

௠
𝑏௠ , iand 𝑎௡ ← ൫2

𝑇ൗ ൯
௡

𝑎௡             (5) 

CPDF iFIR iImplementation ifor iAudio iSignal iFiltering 

The iproposed iCPDF iFIR ifilter𝐻(𝑧) iis iderived ifrom ianalog𝐻(𝑠) iprototype imodels iwhile iensuring ithat iit ifulfills 

the ifrequency idomain icriteria iin 𝑧 -domain. iTo iachieve iit, ioptimization ihas ibeen idone iover ithe 𝑠 -domain 

coefficients. iHere, iCPDF iFIR ioptimization itakes iplace iwith ithe iinitial istep iof𝐻(𝑠) iprototype iapproximation which 

ihelps iin iidentifying ia itargeted ierror ior icost ifunction𝐻(𝑧)  icriteria iin ithe ifrequency idomain. iSubsequently, 

coefficient iupdate imechanism iis iexecuted ito iobtain𝐻(𝑧) iand iconsequent𝐻(𝑧) ifrequency iresponse. iIn ithe iproposed 
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model, iHCI ihelps iin iassigning ilow-pass icoefficient ito ithe iButterworth ifilter, iwhile isame ihelps iupdating ithe high-

pass icoefficient ito ithe iregister iblock, iwhich iemploys iparallel idiscrete iFIR ifilter idesign ito iperform ifiltering iover 

all iinput isamples. iNoticeably, iHCI iand iregister iblocks iare idesigned iin isuch imanner(Fig. i1), ithat iit iavoids iany 

additional ichip iand itherefore iis ihardware iefficient. iAs imicro-level icharacterization, iregister iblock iemploys 

coefficient iregister iand ishadow iregister ito iperform ihigh-pass icoefficient iupdate ito iaccommodate inon-linear iinput 

signal’s ifiltering. 

Hardware iImplementation 

Our iproposed iCPDF iFIR imodel iencompasses ifour ikey imodules. iThese iarei(Fig. i1): 

 Input iand iDelay iInsertion iModules, 

  iHost iControl iInterface, 

 Register iBlock iand iParallel iFilter iArchitecture, iand 

 Output iBlock. 

It ihas ibeen iimplemented ias iparallel-designed ibank-of ifilters, iwhere ieach ifilter ipossesses ivaried ifilter-

response ion ithe ichip.I 

 
Figure 1: Proposed iCPDF iFIR iFilter iArchitecture. 

 
Input iModules iand iDelay iInsertion 

As idepicted iin iFig. i1, iCPDF iFIR ifilter iincepts iwith ithe iinput iof ia inon-linear ichirp isignal, iwhich iis ifurther 

processed iwith ifixed ipoint iconversion iand idelay iinsertion ibefore ifiltering. iIt ihas ithree icomponents, iinput ioriginal 

signal(𝐻(𝑠), ifixed ipoint iconverter iand idelay iinsertion imodule. iConsidering isignal inon-linearity iand ivariation, iwe 

considered inon-linear ichirp isignal ias iinput iwith ithe istart ifrequency iof i1 iHz iand iend ifrequency iof i500 

Hz(additionally iwe itested iit iwith ithe imaximum ifrequency iof i4 iKHz) ito ibe ifiltered. iTo iintroduce inon-linearity 

with ithe iinput, iwe iapplied irepeating(sequence) ichirp iSignal(RCS) iin iwhich ithe ifrequency iresponse ivaries 

throughout isamples. iThe igenerated iinput isignals ialso icalled iinput isignal imatrix icharacterizes ione ichannel iper 

column, iwhere isignal icolumns iwere ibuffered iinto iframes. iTo iavoid ioverflow ior iabrupt iflooding iproblems iwe 

introduced idelay iinsertion imodule iwhich iinserted ia idelay iof ia ifew iclocks ithroughout ithe isignal. 

Host icontrol iInterface (HCI) 

In ithe iproposed iCPDF iFIR idesign(Fig. i1), iHCI iexecutes idual-tasks; ifirst ito iupdate iButterworth iFIR ifilter iwith 

low ipass icoefficient, iand isecond ito iupdate iregister iblock icontinuously iwith iupdated ihigh-pass icoefficients ifor 

further ioptimization. iStructurally(Fig.1), iHCI ipossesses ifour ikey 

functions 𝑖𝐻𝑜𝑠𝑡_𝑤_𝐷𝐴𝑇𝐴,𝐻𝑜𝑠𝑡_𝑤_𝐴𝐷𝐷𝑅𝐸𝑆,𝐻𝑜𝑠𝑡_𝑤_𝐸𝑁𝐴𝐵𝐿𝐸 iand𝐻𝑜𝑠𝑡_𝑤_𝐷𝑂𝑁𝐸. iSimultaneously, iwith iupdated low 

pass icoefficient ivalues iwith𝐻𝑜𝑠𝑡_𝑤_𝐸𝑁𝐴𝐵𝐿𝐸  iand𝐻𝑜𝑠𝑡_𝑤_𝐷𝑂𝑁𝐸  ias ihigh(or i1), iit iupdates iCPDF iFIR iregister 

block, iwhich isubsequently iestimates ithe ishadow icoefficient ito ibe ifurther iupdated ias iinput(high-pass) icoefficient 
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for ithe idiscrete iFIR ifilter ifor ifinal ichirp isample ifiltering. iFunctionally, ithe ilow ipass icoefficients iare iupdated ito 

the idiscrete iFIR ifilter ionly iwhen iwrite ienable𝐻𝑜𝑠𝑡_𝑤_𝐸𝑁𝐴𝐵𝐿𝐸 iand iwrite iDONE𝐻𝑜𝑠𝑡_𝑤_𝐷𝑂𝑁𝐸 iare ihigh ior i1. 

Register iBlock iand iParallel iFilter iArchitecture 

As idiscussed iin ithe iprevious isection, iin iFIR ifilter, ithe ifilter-coefficients iof ithe itwo idistinct𝑠-domain iare idefined. 

Thus, iwith ireference ito ithe iupdated icoefficients, iour iproposed iCPDF iFIR ifilter imodel ifilters inon-linear iinputs 

and ithe iaboveistated iprocess icontinues itill ithe icomplete iinput isignal iis iprocessed. 

Output iBlock 

The ioutput iblock isignifies ia iconjunction iwhere idifferent iinputs icontaining ioriginal iinput idata𝐻(𝑠), ireference 

isignal, ierror idata ietc iare ipresented ialtogether. iAs idepicted iin iFig. i1, iour iproposed imodel iencompasses 

ireference idirect iFIR ifilter ibased ioutput isignal(say, ireference isignal), iCPDF iFIR ifiltered ioutput isignal, ierror, 

ienable iport iwith irespect ito iwhich ithe ioutputs ihave ibeen iobtained. iThese ioutput ipoints isignifies iefficiency iof 

ithe iproposed iCPDF iFIR ifilter ito iachieve imaximum ifilter-efficiency iwith izero ierror. 

RESULTS IAND IDISCUSSIONS 

In ithis ipaper ithe ipredominant iemphasis iwas imade ion idesigning ia ilow-cost iand icomputationally iefficient idiscrete 

iFIR ifilter idesign imodel, iwhich icould icope iup iwith inon-linear isignals ifiltering idemands. iWe iconsidered ichirp 

ispeech isignal ias iinput ifor ifilter iperformance iassessment. iAs idesign isolution, iwe ifocused ion ideveloping ia 

icontinuous iprogrammable idigital ifilter isolution iwith itwo ikey ienhancement iunits, iHost iControl iInterface(HCI) 

iand iregister iblocks ibased iparallel ifilter imodule. iHere, ithe ioverall iproposed imodel ican ibe ivisualized ito ibe 

idesigned iover isingle ichip, idue ito iefficient iinterface iof iHCI iwhich iupdates icoefficients iacross ithe iparallel 

istructure. iTo iassess iperformance iof ithe iproposed imodel, iwe iobtained isimulated ioutcomes iin iterms iof ioriginal 

isignals, ifiltered isignals, ierror iperformance ietc. iAdditionally, iwe iexamined iit ifor ihardware iutilization ias iwell. 

iThe ioverall isimulation iwas idone iusing iMATLAB i2019b iand iFPGA iHDL iplug iin iavailable iwith iSIMULINK 

itool.I 

Table 1: Code-Interface iSpecification 

Input Ports 
Port Name Data Type Bits 

Clk Boolean 1 
Reset Boolean 1 
Clk_Enable Boolean 1 
Coeff_IN sfix14_En13 14 
Write_ADDRESS unit8 8 
   
   
Write_ENABLE Boolean 1 
Write_DONE Boolean 1 
   
Filter_IN sfix14_En13 14 

Output Ports 
Ce_OUT Boolean 1 
Filter_OUT sfix14_En13 15 
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The igeneric iresource ireport ifor ithe ihardware iutilization iis igiven iin iTable i2.  

Table 2: Hardware Utilization Report 

Component Specifications Numbers 
Multipliers 14 × 14 ibit iMultiply i 43 

Adders/Subtractors 
31 × 31 ibit iAdder(1) 
31 × 31 ibit(41) 

42 

Registers 14-bit iregisters 128 
Total i1-bit iregisters - 1792 
RAMs - 0 

Multiplexers 
14-bit i2-to-1 iMultiplexer(43) 
29-bit i3-to-1 iMultiplexer(43) 
31-bit i3-to-1 iMultiplexer(41) ii 

127 

I/O ibits 
[+] iNo. iof iInput ibits: i41 
[+] iNo. iof iOutput ibits: i16 

57 

Static iShift iOperators - 0 
Dynamic iShift iOperators - 0 

 

 
Figure 2: Simulated iResults iFor ithe𝐅𝐢𝐥𝐭𝐞𝐫_𝐈𝐍𝐏𝐔𝐓 isignal,i𝐑𝐞𝐟_𝐎𝐔𝐓 isignal iand iDUT ifiltered 

iSignali(x-axis irepresents itime[samples], iwhile iy-axis isignifies ithe iamplitude) 
 

 
Figure 3: iSimulated iResults iFor ithe iError iPerformance 

 
(i.e., idifference ibetweeni 𝑅𝑒𝑓_𝑂𝑈𝑇  isignal iand iDUTi(CPDF iFIR ifilter) ifiltered isignal) iand isignals 

istatusThe 𝑊𝑟𝑖𝑡𝑒_𝐸𝑁𝐴𝐵𝐿𝐸  iand 𝑊𝑟𝑖𝑡𝑒_𝐷𝑂𝑁𝐸  iclock(say, iedge) istatus iover idifferent iinstants iand icorresponding 

ifiltered(signal) ioutputiare igiven iin iFig. i3. iLogic ianalyser ibased ioutputs iare idepicted iin iFig. i4. 
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Figure 4: Logic iAnalyser IBased ISignal IProcessing IAssessment. 

 

 
Figure 5: Data iinspection iperformanceFig. i5 ipresents ithe idata iinspection ioutput ifor ithe 

icomplete ideveloped imodel iand iallied isimulation. 
 

CONCLUSIONS 

Considering ithe isignificance iof irobust inon-linear ifilters ifor inon-linear isignal ifilter ipurposes, iin ithis ipaper ithe 

iemphasis iwas imade ion ideveloping ia inovel icontinuous iprogrammable idigital ifilter. iTo imeet imajor ifiltering 

idemands iFIR ifilters ihave ibeen ifound imore iefficient ifor ithose iapplications ipossessing ilinear iphase 

icharacteristics. iThe iproposed isystem iwas idesigned iin isuch imanner ithat iit icould iaccommodate ior iprovide 

ifiltering isolution ito iboth inon-linear isystems ias iwell ias ithe isignals idemanding ilinear ior inon-linear iphase 

idemands isuch ias ispeech isignal. iMore ispecifically, ithe iproposed imodel iwas iassessed iwith ispeechi(non-linear) 

isignal. iThe ioverall iproposed iCPDF ifilter iwas idesigned ias ia iparallel idirect idiscrete iFIR ifilter, iwhere ia 

isupplementary ihost iinterface iwas idesigned ito iload ilow-pass icoefficient ito ithe iButterworth ifilter. iThus, ithe 

iinclusion iof iHCI iand iregister iblock iwith iCPDF ienabled idynamic ior iadaptive icoefficient iupdate itoithe iFIR 

ifilter, iwhich iis icontinued itill iall isamples iare iprocessed ior ifiltered. iOne iof ithe ikey inovelties iof ithis iwork iis 

ithat iit iwas ideveloped ion ia isingle ichip istructure iwhich ireduced iarea iand ipower iconsumption. iThe iproposed 

iCPDF iFIR ifilter iachieves ioptimal ifiltering iaccuracy iwith ilow iarea, ipower iand idelay. iThe iimplementation iof 

iHCI iunit ienabled icoefficient iupdate isimultaneously ito ithe ilow-pass iButterworth ifilter ias iwell ias iregister iblocks 

ifor iCPDF ibased ioptimization. iSimultaneously, iin iCPDF ioptimization, ithe iinput idelayed isamples(chirp isignal) 

iwas iprocessed iwith ilow-pass icoefficients iwhich iwas isucceeded iwith ihigh ipass icoefficient iupdate ithough ishadow 

iregister. iThe isimulation iresults iaffirmed izero iChebyshev ierror iconfirming irobustness iof ithe iproposed ifilter 

idesign. iThe iproposed imodel ireduced icomputation icost ias iwell ias iarea isignificantly ithat iaffirms icomputational 

ias iwell ias ihardware iefficiency. iIt isupports ithe iusefulness iof ithe iproposed iCPDF iFIR ifilter ifor ireal-world ifilter 
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iapplications, iespecially ifor ispeech isignal ifiltering, ior idenoising, iand inumerous iindustrial isensor idata ifiltering 

iand ireconstruction. 
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