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Abstract

This thesis presents the design of infinite impulse response (IIR) filter. The
content is divided into two main parts for different applications. The first filter design
method uses a numerical method through the extended Newton-Raphson. This
proposed design approach is applicable to applications that need the amplitude
response of a digital filter to be exactly the same as that of an analog filter. An
exemplary application in this thesis will be the design of a compensation filter for the
effects of a reconstruction filter. It ensures that the obtained output signal from the
hardware implementation of digital signal processing system is not attenuated in the
high frequency band. The results show that the proposed method can reduce the Root

Mean Square Error (RMSE) by about 3 times compared to the previous studies.

The second part of this thesis, the digital filter design using matrix operations
based on bilinear s-z transformation using the so-called bilinear Pascal matrix is
proposed. The bilinear Pascal matrix assists in the transformation from analog filter to
digital filter, making it possible to simplify the process of bilinear s-z transformation.
However, in general, a design using bilinear Pascal matrix computes the filter
coefficients in numerator and denominator terms through separate equations. Hence,
this design method is improved to the design of parametric equalizer based on a multi-

output bigquadratic digital filter which combines the computation of numerator and



denominator coefficients using only one matrix equation. The necessity for frequent
parameter adjustments is a key characteristic of parametric equalizers. As a result, this
matrix-based design can simplify the coefficient computation procedure. The
simulation results are compared with the experimental results obtained from the
actual construction of the parametric equalizer system on the STM32F769I digital signal
processor board. The experimental results show that the proposed design method can

be implemented for real-time operation.

Although, the above-mentioned parametric equalizer design still keeps filter
structure realization and filter coefficients computation apart. Therefore, the final
contribution of this thesis presents a design of instantaneously tuned parametric
equalizer. The characteristics of the parametric equalizer can be altered by modifying
the coefficients and filter structure of the multi-output biquadratic digital filter in the
form of tuning parameters. There is no need to recalculate the filter coefficients,
instead tuning the parameters in the tunable filter structure to achieve the desired
characteristics. Consequently, this proposed method is suitable to be applied as a

tunable digital filter/equalizer built on IC (Integrated Circuits) chip..
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H(z)=k[Z_ZIJ (2.7)

zZ=p

PNNSMINANDUAUBINWANUDIAENISENY z =’ Tuauni1sh (2.7) azlansaunisi

(2.8) WAYHANDUAUBINIIVUIALIAIAIZNNITN (2.9)

Jj@

H(a))=k[e. _Zl] (2.8)

Jjo
e —p

jo _
|H ()| = k[ew Zl] (2.9)
e/ /> p;
Lﬁ@LLWUﬂ'J']ﬂJa‘ILLa%;’éJC‘IT]‘UEﬂEJQ']ﬂﬁ'ﬁ'Nﬁ 2.1 sLuﬁiJﬂqiﬁl (2.9) '4]31(52],“\'1‘5
1-p,=k(-z) (2.10)
¢.(+ p)=k(1+z) (2.11)

15 (1-2p, cos((x)(,)+p12+(cos(0)c)—p1)(p1—Zl))2+(zl sin(,) - p, sin (®,))’
(1—2p1 cos,(o)c)+plz)2

212
t (2.12)

NAUNTSNA (2.10) - (2.12) wansliiudmauindussuvaunisibldudadu e
Jadpdldsp e uisiaiu-sdunvhnisundaymifananl Gaguuuuiialuvesaunisiiafu-s

#unanslagsaunish (2.13)

Xn+1 = Xn _J(kn’p1n52111)_1f(kn5p1n’zln) (213)
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ok dp, oz
kn ‘fi(kn’pIn’ZIn) af ail afl
Xn= pln > f(kn7p1n7zln)= fZ(kn’pIn’Zln) ’J(kn’plnﬂzln): a_li j a_;
Zln -f;(kn’plnﬁzln) l 1
S o
ok op, oz |
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e ﬁ :kn(l_zln)_(l_pln)’ .f‘Z :kn(1+ZIn)_cl(1+p1n)7
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5 -5
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-1 0 D > > >
fo o Jo fo
Lowpass . . Highpass
Pz 1* Peaking N™ Peaking Bhp:
x(n)o—— Shelving . === . Shelving —— y(n)
- Filter Filter .
Filter Filter
Cutoff Frequency f; Center Frequency fj Center Frequency fj Cutoff Frequency f)
Gain in dB Bandwidth BW Bandwidth BW Gain in dB
Gain in dB Gain in dB

AT 2.9 LARINISABLSENUBINIS LURSndABlaLes [8]

2.4.1 19350584UBULADN Shelving

v
o [ =3

SNUFIUEMSTUNNTOBNUUUNIINTOUBULABNANUARIHIY Shelving vulaluLea

Pe))

WU IANNNTT (2.14)

H
H(s)=1+H,(s)=1+—2 (2.14)
s+1

4‘ 4 dl ('I) 1 L U =~ aa o dl
NAUNIIN (2.14) azUsenoulumieglsasnsssanudirususUnlandsnsvee

DC (0 Hz) wiriu Hy annsadeulvallassaunisd (2.15)

H(s)= = (2.15)

We Vy=(1+H,) Aedns1ve1eil DC ¥8939930509ANUARHIU Shelving AatiunTs
USuldsunsndiwas Vo Aazdunisususeausnsivensva939asngad tngasiuadunsdl
boost (Vo>1) waznsdl cut (Vo<1) waglunIni 2.10 95uanINana UauaIn1auuInve9399s

N599ANAANIU Shelving 1ANAGA fo = 100HZ
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AW 2.10 HanaUaWBIWTIUINTRIInTunelou (2.15) fe Vo Nwmnaiiutay fo=100Hz [8]
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PN 2.10 aenudmiidd A onanauaneIn1avuIAYeIIIIINToIANR AN
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wWasuauida sndudeanduilanduatsleu (2.15) dwmsulunsal cut Faazinavinlilna

WAL LINNNSAUAUAY FIN9NTUAIELOUANNISA (2.16) hagNWA 2.11 LAAINANDUALDS
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o

wanannsnauilsifunteleunaifeielinisulamniudnsivensnie (V, =1/7,) fauu
Hendun18louro999nT0IAUR AN Shelving SuaAUTIUTsd s UNT cut ALUENIAT

Aunsi (2.17)

H(s)= ”11 . yo<1

S+
Vo

(2.17)

dmU9INT09ANNDZEY Shelving Azuansilanduaelouuulawuiea faun1si (2.18)

sH,

H(s)=1+H,,(s)=1+
() wp(S) 77

(2.18)

PUUNINTUIANNITA (2.18) TUANBULLABINUIIITNTDIAIUDENIY Shelving

v
[

Aattuaglaflsidunealounatiansnsesanudgeiin Shelving dwisunsel boost AsaunIsn

(2.19) uazdmsunsal cut Seaunisa (2.20)

1
Bl YRR Il (2.19)
s+1
s+1
Hs)=~"—; V<]
V

0

2.4.2 2993n509U0UTABN Peaking

'
v al

drelalwesdndan lga1msu boost %3 cut AMNUNTIABINITADII9INTON Peaking

1A8N1580NLUYILLTI995ATBIANUDLOUNIUAIY

Y=t Ho(sy=14- L/ )5
-—T (2.21)

patiuazlafendunnelourei1933nIes Peaking AsENAST (2.22)

s2+1+H0 s+1 s2+&s+l

H(s)= %2 = % ; V,>1 (2.22)
2 2
s+ —s+1 s +—s+1
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a1

4dl Y & = P = =
NAUNTN (2.22) wandliiuiHanauauamInNudazlaigeaninuiina1s 39
° A ¢ ca ¢ o v a1 ad ¢

gni1nualaen1s1dines 7o wavkuualavazduiusiuaintedn unnines (Q) uay
oA Y] . ~ v ~ =
LWULABRAUN1988ALUUINTDY Shelving telinanauausmsaualunsdl boost Laznsel
al % ¥ o LY & o 1 = LY % 3 1% & o
cut fipuannasiuazAesyinsnauileiduaislousmiewnsueny (Vo) asuazlaenduy
21819UVDI995n 599 Peaking Tunsal cut Asaun1s9 (2.23) LarHanoUAUDININIAIIUDVDY

1993N799 Peaking LUAAIAININA 2.12 - nA 2.14

H(s) :#; v, <1 (2.23)
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AN 2.13 HARBUALBININYUIAYBI9DTNTY Peaking Tngimualiadnunaudnans £, =

500Hz, 89319818 Vo = +16dB, kag O = 0.707,1.25, 2.5, 3, 5, [8]
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+16dB, O = 1.25, LLazﬂaﬁmﬁguéﬂaNﬁ, = 50, 200, 1000, 4000 Hz [8]
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2.5+

- = Approximate solution, G=0.5|
- Exact solution, G=0.5

s S e Approximate solution, G=2
2.0 ; ) —— Exact solution, G=2
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Uszananaidaurefuiuyasdaandes AK4556 Nun15aeans Inter IC-Sound (12S) #ae
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Tnelduaundinduditmurd uuuansalaly Android waslulasneulnsames EsP32 Mo
\Foudeaunininuiulusiwaiges STM32FA0TVGTG Hnnsdeas Wi-Fi vdeugysdanind
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AK4556
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Magnitude
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Normalized frequency

AMA 2.17 WUIRANITODNRUUINDTNIDIANMUD A NIUNR EIUITAUSUAIUD AR Lo T UTA R 11

Wdwes i [16]

=

M IBNHUUNIINTBIANUAI U U TUANENTRAUAIT 0 ang s

LY

wUaspudaaia (Digital to Digital Frequency Transformation) [17] Fadunilsluduneud

laluniseenuuuieasnses IR Iﬂ&’lﬁﬂ?iLUﬁﬂUﬁﬂﬂ?ﬁum’]EJIE]ULLE]uvﬁE]ﬂ H(s) Lﬂuﬁﬂﬂsﬁuﬂ’lﬁl

'
=

na Hz) funiswladluddies (BiLinear s-z Transformation) A9N 1WA 2.18 TILaA9
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FeroanvadluaitesiduleasnIndfana was 2) innisuvasieanduaieleuuasiialad
wourannliidui9asnsesfInanaundldwinnisulasrnud lulaiuuadiawny deluniay
aulan1seenuuulsi 2 IngdmiuniseeniuulninsasnnuadiunaansaUSunuau s
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LY

Transformation) lngaginuali @ AoAMUDFNTDIIIINTDIANAAINIURITAFULUY B9

'
£ 1 aa v o v
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BILINEAR ANALOG NORMALIZED
DESIRED TRANS- | ANALOG FREQ. | ANALOG
DIGITAL FORMATION | FILTER TRANS- | LOW-PASS
FILTER SPECS. | FORMATION FILTER
SPECS. > » SPECS.

|
APPROXIMATION THEORY
DIGITAL '?F'ETEQ_R NORMALIZED ANALOG | DESIRED
LOW-PASS | coomaTion| ANALOG LOW- | “cor~ ANALOG
TRANSFER PASS TRANS. | TRANSFER
FUNCTION TRANSFER ForRMATION FUNCTION
Gie(2) FUNCTION > Hp(s)
Hip(S)

DIGITAL-TO-DIGITAL DESIRED BILINEAR
| TRANSFORMATIONk IDIGITAL | TRANSFORMATION

g — VTRANSFER
FUNCTION
Go(2)

AINH 2.18 L@UN19NI59RNLUTINAINTDIRINA IR NaDRdunI9 [17]

Q) =tan (%j, Q, = tan (%) (2.24)

UMY AL A e UL Ae N T AU LS 11U 999N T 0 I ULUULAY999NS 09I B9A1S

[

wlasmuilifie 87 way s anudinu dedudr S =57/Q; Wududsvesnnudiday

I = o sl

LOULABAAIMSUIIINTDIANURAINIY TININUANNBYY 1 rad/sec Mmnfednsulanduieas

nsoaBunNtANdnY Q, azaetunu S =s/Q, fuazlinaunisi (2.25)

S =5Q,/Q, (2.25)

¥

FITUATUAE Z way z Wudlsainud

q

AN AANNSUIATNTDIAIUDA KUY

UL ULALIIAINTDINABINSHUasANRlUagldAN L uSAaun1ST (2.26)

1

, 1-77" -z (2.26)
§'= o, S= T
1+7 1+z
WUELNNST (2.24) wag (2.26) Tuaunsi (2.25) azle
-1 -1
1=z _, 1=z (2.27)

1+Z"  1+z!
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Lot ' /2
k:&:% (2.28)
Q, tan(w,/2)

NTUIINTTRgUaunisi (2.27) aglaauduiusvesnisuladsaunisi (2.29)
g 77 azidunsimesdmsuusunnuddndearianuduiusasaunisy (2.30)
24—n
Zl=" =t (2.29)
1-7z

_k_l_sin[(a)(;—a)o)/z]

Sl 2.30
T sin[ (@ + @,)/ 2] 220

v a Yaa

A5A51929950509ANNR MR ILTE U saUS UANLDA R LATIUTI 9 IR e N5 UAs Y Unit-
delay wesisridudislowisasnsasidviadunuudu (H,(z)) Buileidudelon A(z,7)
[16] l@arnmnudusiusainaunisn (2.30) FadloRarsanaunisy (2.31) agnuinduileandu
inglouronInTBm AR TNasuAUTIVil Inelassesnves 4(z,7) LuanrianIng 2.19
7! -n
1-nz

FauLHen TuaelaUYRNITNTBIANLAA LA INANUS UA e IuTIasLans Lo f sauns (2.32)

H(zn)=H,(2)| (2.32)

2 ——A(z.n)

T

AI>/Z ) 4
—>€A i O
=3

n

Al 2.19 Tnssa¥awes A(z,7) [16]

walian1suwUasnudsienisiuasu Unit delay (z7) Wuileddu 4(z,7) dawise

aa v a A PN

UspgnAldiuiansnsesfidviavdnduity 2995n509A0AEHIU WITNTDIANLAUAUNTY Way
1993n599ANNARaUNEA Ialguiudsilvaunsausuanuddanieanudnatsveiens
nsaslaviuiilasnsildeunisifives 7 saudesasnsesia FIR Aaanaldmadadasiadu

2433N399 FIR NanunsauTunaaudilaviui
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v Av v

$79819N1509NLUVININTBIAHIUARN AN @10150USUANUDFALANUTID UA U dB

Lo

v
£y ¥

1ne197995n1599ANUR UL UUT 99z HanTun18loumIaunsy (2.33) 3NnUUD1IATIZN

o

Y

v o & = 1 so 1 ° o aa a o a
ANMUFUNUTAINNAUNTN (2.32) f\]ﬂlﬂﬁﬂﬂsﬂUﬂ’]UI@NaWWﬁUﬁﬂﬁ]ﬁﬂi@ﬂ@f\] anaIuTnuUITUAINUD

FRlAUNAIANN1SN (2.34)

-1 -2
. _bythz +byz

H (2.33)
p( ) 1+alz’l +a2zf2
H(z ) _ b(; +b1'z_1 +b2'z_2 (2.30)
’ l-i-al'z_1 +a;Z_2 '
dle
af(n)= N A (2.35)
. 1—an+a,n’
s n’ —an+a,
=L o e (2.36)
(1) 1-amn+a,n’
P v = (2.37)
A 1—a177+a2772
) =2by=b, (1+7° )+ b, (238)
: 1—an +an’ '
2 -
b ( ) =3 M (2.39)

N —an+an’

NAUNITN (2.35) - (2.39) azuiuinA1duyseansueasnsasdilutazlaainnig

v
4

ANTUNITNALAFIEASNUTIUTEIINANFUUTLEANTUDII99INTBINULUY NUNIITLADS

<3

o
g L

AnsUUTUANLAAR (7)) AHUAENTRYDINENDUALDININANUAAINTUNATNTDIAILAAN

q
%

Huluannisi (2.34) aggnusuasanuddaniemsiives 7 Wieeiidel lnglassasnees

'
Y = (% =

2999NTDININARULUUBALINITNTBIRINANALTaUSTUANUDFRLAVTUTAAZ LARIRININA 2.21

%

NN MRARIANUFURUS ST AWTa S UUSUANNDGR (7)), Audsnuesialad
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ATNATBINIINTDIRULUY (&), hazanuddnuestaladndniavednnasnsasriaunsausu

v a

ANNARALAYIUT (@, )

LLAAIPINING 2.20

w/0=0.17r
wly=0.27
w!y=0.37
w/0=0.47r
w!,=0.57
w!y=0.67
w/0=0.77r
w!y=0.87

w/0=0.9ﬂ'

0 0.1

02 03 04 05 06 07 08 09 1

Cutoff frequency (wo) xm rad/sample

] v o & ! a ¢ o Ao Ao o s
AINA 2.20 ANUFUNUTILNINNIFUNBIUSUANNIAR (7]), ﬂ?quﬂmﬂuaimﬁla‘ﬁ

faa o
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Y
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Input

; Output

Input ba

Output
p———

v v

AR UBUULAY () 19a5NTBIRIaNA1LI5aUSU

LY

AN 2.21 (n) 1AS985190893995N589A 3

v a

paRsAlEvuT [16]

ANSPBNLUUNASNIBINaNsaUsuA b laglnadaniswlasaud A auaty
Wtail mgaunazuszgndldanuiuInTeilamufniIukarANRgeEin (eain

ausavsuldsuanudanlanienisadinesiies 1 61 Tagludwalian O Wasuwlasmia

¥
=

Tude uimaliamsesnuuuiarlimngdviasnsewilaLauanuiiuiasiauaNuaes
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LID991N 995NN NBAULUILADIUSUAIAMANWME 2 YRARD ANUINATILATLUUAINYT T4
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[
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wiatianseaniuuiagdnsfivesuiuds n iesdades ililianunsanuauwuuaing
Y941993n 584161

9819l 5AMUIMNANTULUIANAINA UL AN IO LTE3192993n 59U UA LALED us
Tupnuifuaiedsnsditgymiidousylulassairsanami 2.21 @) Falgymilintuitvinle
FEn1seonuutiansesiualdfinanidumdetiliaunsailuadne (implementation)
Fulduaeld Sondamiii Delay-Free Loop Tnedfiansan Hy(z) 9nnaunisii (2.33) 3
Fewdulaseadnnaasnseauuu Direct form Il fanndl 2.21 (1) 9rndusinisudas Hy(2)

manalmduleasnsesusuala Hiz i) luaun1syn (2.39) lanadnsidulassasrananing
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2.21 () FadlaNansannindg 2.21 (1) aznutlyn delay-free loop uansnsdulssdunsiLay

a0

ddlunmi 2.22 Bsinsevialu loop Uadanadazdunaladinasnidunises loop Un

79 2 aglaieinu unit delay (7)) 1ag

2

Input A
x(n) N

SOutput
¥(n)

_CLQ\I

LY

i 2.22 Jgg delay-free loop Miadululsasnsesddianausausumudsinlaviud

psueTgazBuaiuTIureIUsEUlyves delay-free loop anA WA 2.22 Laz
AUNIAN99) NNV k(1), v(n), p(n), haz y(n) LAAIFIALNNTN (2.40) - (2.43)

AIUFIFAU

k(n)=-nv(n)+v(n-1) (2.40)
v(n)=-np(n)+p(n-1) (2.41)
p(n)=np(n-1)—av(n)—ak(n)+x(n) (2.42)

y(n)=b,k(n)+bv(n)+b, [—alv(n) —a,k(n) +x(n)] (2.43)

WUELNNST (2.42) Tuaunisi (2.41) agla

v(n)=-n[p(n=1)a () ~ark (n) +x(n) ]+ p(n-1) (2.0

wnuannish (2.44) Tuaunsi (2.40) agld

k(n) :—ﬂ[—ﬂ[ﬂp(n—l)—alv(n)—azk(n)+x(n)]+p(n—l)]+v(n—l) (2.45)



29

IINauN151 (2.44) Fagnieuunantassaddluning 2.22 auiiuin v(n) dedeile
.:4' a ° N =g A 1Y) Y a
Nziinann1sAILIINaNN1INIded wlumen v(n) WuReiy wazd 1Tty
SnwazAeIAUAUALNITH (2.45) ANUINAVDY k(1) PULIBdoinINNITAIUINAILY k(n)
% = = o = o & ° Y a ° v a
Auynilewmilouiu Jegduuvaunmsanvaeiliansadiwinliasmniiliasiaiduy

Y] ¢ s v & A a
ANWULYN9RTINTANS dululeyminiinain delay-free loop

2.7 NM392NKUUINATNTBY FIR NenusauIugulaviui lngldmatianisudas

a
AU

N1908NLUUNATNTDIND “aﬁmmmﬂi"ugulﬁﬁuﬁim81%L%ﬂﬁﬂﬂ13LLﬂaaﬂawu5%§a
N34 first-order allpass Wnu unit delay WoN9IN9ATNTBILUU IIR fiinavaluiineunth
waadsanusaldinadadinaniuisesnseswuy FIR Tefss1udse (18], [19], [20] Ssazliiiiin
ey delay free loop Fauluinsnsaawuy IR wiasanlassasaswes FIR vsdunuutou
g antniniuldfinnsteudeoungus wirlili e damsenann Tesluswide 21 14
1lausN1599NLUUIATNTY FIR nangio i iiuuquld Inelassasnavesaasnses FIR

WUUMRELIANALEAIAINITIT 2.23

* > Vpi(n)
s\
— LA |
hipiOA hepitDA  hepi(2) hipi(M) hrpi(2M) 69 .
A ¥ F L = e/ YR I
x(n-1) x(n-2) x(n-M) x(n-2M)

x(n) > 71 > 71 pera—p 7-1 pee—p 71 @ EB Vs(m)

y o

v > ) 'Bp( n)

/1['/)_7(()} /1/’/»3(1) /1/‘[)3(._7) /1/’[)3/1\/{) 11[‘/)2(2.'1//) a )‘HI’—’(”)

v D — !
N

> Vi pa(n)

A 2.23 1598319999305 ATUAY FIR Wuuvaneesing [21]
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WUREIAU995n584 IR @mnsaldimaiianisuuasaudlagld first-order allpass

a . o ~ v PN Y] v
BNUN unit deLay VIVINAINTAINNAT LWaim@Na@'E’]‘Uau@QWq\isUu’]ﬂﬂﬁ’]u’]ﬁﬂﬂiugiﬂﬁ I@EJ

1A598519904 first-order allpass WaAAIAININA 2.24

Input

x(n) N y(n)
Input A(z) Output
f - Al
z-1 D Output
[ 4
a

AN 2.24 TAssas1vasnsesdygaidavinusaensuaudl 1 (first-order allpass filter) [21]

NUUUITNIOINIUAADAAIAUT 1 (first-order allpass filter) Tunanwi 2.24 41

Wl unit delay tivelidnunsausugunanevauewiaudld Jufadulasadiaas

nsesdyaandaavwuulyi Nhinanevausmierudlaniauiuis 6 La1dne waga1unsn

JUNARDUAUDININAINALARININA 2.25

x(n)

* > Vipi(n)

69—' Yupi(n)

4&1
> Vpp(n)
b—' Yup2(n)

TP
hipiOAN  hrpiOAN - hipi(2) hipi(M) hpi(2M) i
¥ ra A I
x(n-1) w(n-2) x(n-M) x(n-2M)
9_> ol
A@) |83 Al2) |92+ A(z) 9> AZ) 9 P niv
. é n )
v A\ Y . >
/’11'1)2(0) /1/1113(1) h]J)_?(.Z) /1Ll)3(AW /1/_])2(21‘\4)
—f\i -1
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> Vipa(n)

A 2.25 1A59a5193995n 5098 100T9aY FIR luuvanee1dnaiianansausugulaviui [21]
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fulgasnsesdyIaleuraen wnnionsulasluaiies Farudveiithauendnnsilu
13831925950 5099Lv8 L ouAlINANTENUYDI993NTETAY WAIINHANITNAABINYTY
78113 Approximation of derivatives deiruuansnafuseninnesnseteusdonuas

19995n509A VAR 1L TULA TR

AIUNTTASNRINT ST IR AT NS UgIuTina 1 asliunzandunis

<

aa o

Uszgnaltlusuiideanisnaneuausmisrnfiuiloufuredsasnsosday uadvia uas
2993nTd g MLeUEden IudTannilfensadinsasnsesdug IR vanaenis
LAEULUUANAN BT NANDUAUBIVNNTUINYBIINDINTOId e IO Uz ABN Fausira9AuE
0-7 rad Tnsnsfnualinanevauownsvuiadvuawintuiigaanudifendu anduld
se108u38 120 u-579dU (Newton-Raphson Method) TunisuAdeymiseuvannis sauiu

N13M9AANURIMINEaN Adgseileuituuua3anig (Bisection Method) Fandnnsilay
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Y

ANUNT0A191INTOI YY1 UAD NANANDUAUDINNVUIANRLDUAUIITNTOIF QYU 10ULD

o

3 v A
wgdenlalnafeanniian

Sﬂju@@uﬂ’]’iaaﬂLL‘U‘U?Qf\]iﬂﬁaxﬁsﬂﬂLSUEJNﬁﬂiS'V]‘UleENQQT\]'iﬂﬁENfjjﬁu ALLINAINT

'
v v v oa

DONLUVINATNITDIAINA umw‘mﬁqL‘Waiﬁé’uﬁuﬁ‘ﬁma%maaﬁﬁuuausé‘aﬂﬁL‘T]ma%ﬂiaa

AMURIHIUDUFUNNTLIAINING 3.1 Fazlanantuaelauseaunisi (3.1)

zZ—=p

H(z)=k(2_zl] (3.1)

1.2 T
== analog reconstruction filter

= = digital filter

4
®

Magnitude
o
o

=]
'S
T

0.2

0 L L i L
0 2000 4000 6000 8000 10000

Frequency (Hz)

U

A 3.1 We3nsesRIviaTiname AL W IRMilawINRsnIRsiAuLauzaen

AINYUYINITRUAINAEY (@A UWMBNLAYLAZWBNEIL) HINTUN18LoUVDIIIITNTD

FAVAUENNTN (3.1) MU ANAAINSAIANNIST (3.2) WAENANDUAUBINNYUINAINING 3.2
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2 T T T

H,(z) compensation filter
H(z) digital filter

Magnitude

04 -

0.2

. !
0 2000 4000 6000 8000 10000
Frequency (Hz)

ANA 3.2 NaGIEJ‘UﬁUEJQW]\‘]‘U‘IJ’I@‘U’EN’NﬁliﬂiEN‘UﬂL"UEJNE]ﬂi%WU‘SUEN’NR]SﬂiENﬁﬁuu@‘u%ﬁEJﬂ

H, (z) Tldannaunisi (3.2) 2xgntdnuduasasnsemamenansenuaIniawsnses

Y

I
ﬁﬁuuauzéaﬂ F97995NTDIVALVEILINNUIIUAUNSUSTAIaRaNanA1elunteUseulana

Y [ Y] 1

AuaNURIva HIP981UNINT 3.3

!
{

Magritude.

Froquency (Hz) Froquency (Hz) P — g o
nnnnnnnn

N

P Unit
) o), | Reconstruction | Y(t) i
» » ‘ —p - -
> DA "1 Filter H(s) L

Compensation | y(n
Main DSP of
Algorithm Reconstruction

X(V) | Anti Aliasing | Xa(ty |
) Filter > AD

filter Hi(z)

Frequency (Hz)

AN 3.3 (798719N715189IUAINTRITVATLHANTENUTDINAINTBI AUk UL FON

9 3.3 Juiieg1an1508nluUIeeINIes Notch 4 9gnt1u1seLs 8aiua9as

NIDIVALYLHNANTENUVDINAINTBINAU YINIVH Y100 NS p(n) QUINNTATIVEILNININAT
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N599YALYEY NUUT A QIO IANARINATINILNRIN T AukauzdanagyienI1vee
anUsuanatn F99vlinanaUaLDINIIIUINYDIF Y ILR AN Y(7) NduNnilaufy

NAMBUAUDINIIVUINYD93935 Notch Timanuuuliuausn

3.1 N399NUUUINIINTIVALYLNANTENUVDAINTBMN AY Laeldseileuds

AIU-5EU BwazsilauITHUIA5I%29

13T [7] WiiaueniseenuuuIsasnsesd iR Sadusuiivil e duius i
rasnsesfAuueurdensusuiivil Ingliisimuagaamaiidesnslinansuaussmisug
ronssnsesasivuaiiiy ntldsndouistaiu-s sy sn deuitutnieis
antreuitgmszuuaunsilidudadu gavhediluvssgndltlunisuaenansgny
YINAINTN AU 1YNITEDNUUUILAINUA MNANDUAUDUN VU INYBINATNTBIATIA Ly
199snsesfAunuueurden duuiawiiiudinamd 0 (D0), @ uay 7 (Amnudluadad) [27] -

v &

[28] 18T LENIAUNANDUAUDIN I VUIAN AUNUSIURININD 3.4 LazA19799 3.1

AlA/

Gain at frequency 0 = 1

B |t N ) ......... g ........ 4 ........ ........ 2 Q]

Gain at Nyquist frequency TC = A,

=
m

Magnitude

=
=Y

Gain at any frequency @, = A, : : ; A3

02

0 i i i i i i I i i
0 1000 2000 3000 4000 5000 G000 7000 8OO0 5000 10000
Frequency [Hz)

AN 3.4 mamauauawNﬁummjam%mwjﬁmwuLLauzé‘aﬂﬁuﬁuﬁmﬁa
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@

A157199 3.1 VUIAVDINANBUAUDINIVUIALLINITNTBIARINA

Correspondin
Frequency H(s) Frequency H(z) Amplitu dg Resp (f)gnse
Ql = DC W) = 0 A1 =1
Q, = Optimum frequency W2 = Wopt Ay
Q3 = Nyquist frequency of _
Digital filter W3 =T As

INA15197 3.1 eV au Funte DC iU 1 L1991 du9asAuRREIY
AUIUAVDIFINUIANLD @, UeT @, AL RINNNANDUAUBININVUIAVDINIINTDILD

I3 YA v w oA = o =
u%ﬂaaﬂq@u@umU‘V]‘Viu@@NaNﬂ’ﬁm (3.3)

H(sy=-t (3.3)
s+f.
IngfNanoUALBINIUNATRIANIND @ ¥T0AIMD @, MIFANELA1ST (3.4)
1
i St
1% (5.4)
opt .
e Ve
&
Wio A2 A9 VUATBINANDUAUBINWNVUIANGAUIANUATN LA
fopr PR ANUDTIMLIZEN
fe Al mnuddnvasasnsesfiuwuuseuzdon Tumhedsnd
UATNANDUAUBININIUIAUBIAND @ IaAudluAIadmlaaInaNn1si (3.5)
1
4, —
LT (3.5)

f;2

e A3 Ap YUIAYBIANBUAUDINIVUIATNIATWALIANUDN 7T
fi e Audlunias

fe Ao mnuddnvensasnseadiuwuueuzdon Tunihedsad
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CY .Y

TaefanTua18lauYeI9TNTBIRINADUAUNNLY A

zZ—Z
H(Z):k[z_plj (3.6)

wuan z = e’® Tuaunsn (3.6) azle

joy _ eim_zl
e =1 S5 57

FITUVUIAVDINANDUAUDINWNIUIAU PN

(cos((n)—zl)2 +sin’ (o)

H(e™)| =k
‘ ‘ cos(0) - p, )2 +sin’ (o) (3.8)

U1 @, @ WaE @ TIFUNUSAVVUIAYVBINANDUAUBINVUA 4,, 4, ke A5 90

A157991 3.1 unuAtuaun1si (3.8) azld aun1si (3.9), (3.10), wag (3.11) Audey

1-p, =k(1-2z,) (3.9)

(cos ((x)op )— z, )2 +sin’ ((Dopl)

(cos((x)om)—p1 )2 +sin’ ((Dopt)

4, =k (3.10)

A3(1+p1)=k(1+21) (3.11)

nUuINTuAUgwaNnsi (3.9), (3.10), ke (3.11) lewIAINIS1T1005 £, pi

ada

way z7 Wesanaun1stidussuvauniswuuliidudaduy deduazidenldsydouisan

e

[

Au-3198&U (Newton-Raphson Method) [29] - [30] snlglunisuAtdgymissuuaunisil a

aunsi (3.12)
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Xm+l :Xm_J(km’plm’zlm)ilf(km’plm’zlm) (312)

Wio m ABANPUVBINITYINGD

fl (kmﬂplmﬁzlm)
f(km7plm’zlm) = f‘Z (km’plm’zlm)
f;‘s(krrﬂplm’zlm)

%o ]
ok apl 821
J p) &
I (ks Pis 21 ) = % % 8_};2
1 1
d o I
_ak apl aZl_

k,=z,)=0=p)
(cos (coop, ) =z, )2 +sin? (coop, )

(cos ((Dop, ) — D )2 +sin’ (map; )

km(1+Z]m)_A3(1+plm)

f(km’plm’zlm) i _A2 +km

nuuE Ut U o Ut AUNTENIWNTBNS £, pr kay z; dnsidsundasiissnin
10 Wawsudunsving lusaunounin 3AUNWINNISIUAINI SRS 3 asluaunisi
(3.6) weasnluilsidunelourenasnsesdidva gaverinisulamnduiieannluias

NT99UALTY LARIANNITN (3.13)

, 1(z-p 1(1-pz"
H,(z)=H I(Z):;(Z_Z:]:;{l_ZIIZ—lj (3.13)

TunsArusatAud Nae9azlg5eaulTwuIA39949 (Bisection Method) [31] wila¥3890

AIAINA TLMUIzaN 998l le Root Mean Square Error (RMSE) finfidn 1agls 1910



39

AmuaAFuiueseudidesdmiunsihgsouusniu o, ()| , =0.57 Mniuliiauas

o . 2y oy 1 4« o ¥ % o
ARAITUNINNAIMUANEADIIUAU AIYAN iFﬂ' rad (Lll'e] 1 P9 ﬁ'EJUSU@\'iﬂ’]'iVl’]"?ﬂ) PIAUUILN

5 o

n15USeuWieu RMSE Alasuiient RMSE fid17ige waziivuaai1udils RMSE 7isfiaen

9

|~ . o o o %’ v [ qoj a a a
Wu @,() dwsunisigilusevdald LLaziunﬂﬂ TBUVBINITVNG19TUNITUTIULNBU

a1 o

AULANFI9YBY RMSE Aun1svigiasenaunnda1ninii 10% agngan1svingn lneandisu
N15791A59anei1AY p AesduA1AndHaesanineaziduaud dmanzauiian

coz(i)|i=p =, 1eRsUIDITEUsUTBUUIATITI LARIAININT 3.5

ag9lsAnudanidnszifeuisuuind witazauisaanauianain RMSE asld
Uszanas 40% Wetieuiuanddelu [6] inmueaanudinaislinanuddnvessasnsesiau

wouzdion lneianigfinufaslugiu 0.6 - 0.98xrad wellledinsIgrinan1saaelng

=

AL YAALLAUINTAAMUAFINTT 0.6 7 rad WUIN9@9ITa=TA1 RMSE laiiansinafuunnin

Tneluniseanwuund 2 AsazltwmaiatinuamNud 3 9wty F9eiaazlildduiuanainud
(] (]

P
A

Mnnzau deluihdadalusiudduunanuide [32] Jsdnauenisiiugaivuaaudiive

v [ {

a ¢ al P S A I a I Y o ad
MWW’]S’I@JL@@EVILWNWZE‘I&MQ@ NRVAZAAAINANAIA RMSE 1‘1/19’]']?1\‘1 VLGW?LauaWZJuSU 213

RANALALLAY N19¥A1015095U18NaN1ITNAaRI AN =a1NI1 RMSE
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START

Define : 0,=Q,=DC ; A=1, 0;=Q;=Nyquist Freq. of digital filter ; A3
Initial : 0,(0)=Q,(0)=n/2 ; Ay(0)=Amplitude Response of H(s) at Freq. Q,(0)

v

Define i=0; RMSE calculation ,then Obtain RMSE(0)

v
P =it
1 . 1
©,, = 0,( 1)+Fﬂ’ 0,y =0, —1)— i+ T
<+ RMSE calculation
Obtain RMSEp, RMSEy
RMSE(i)=RMSE(i-1)
y(i)=ay(i-1)
RMSE(i)~RMSEp RMSE(i)=RMSEy
(1)=op ()=
No

RMSE(i)-RMSE(i-1)< 10

Then ®,=Q,=w, and obtain optimal z |, p; and k

END

ANA 3.5 19971998952 TaUTowU IA39774

3.2 N15UFUUT92999NT09VALYENANTENUVD9RINTBN AY Taeldszideuls

Uu-51dunuuveY (Extended Newton-Raphson Method)

@ v aa o

Tusuide (6] - [7] TAULaueNISUUU9INTBIARNE A283TA1NUATUINYBT

HARDUANBINIUUINTINIY 3 9AA1NA DI UI99INT0I AULUULOUEADN UATS

panwuUAINadsllausaanaianaln RMSE Tismaslavinnans weaannisimvunya
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AMUENS 3 9193delylgTuunivinauige asuluinerdnusilagiiaueniseaniuy

'
aa v a

IagiugnAud i eiuANuLluguazanAIdANaInas vinliieasnsondnad

sonuuuiinanouausnsuIalndiAesiuisnsesfAutuukeuzdonuInty ntwdevi

2 I

n1swdasnnduiduliasnsesvamensdussuuazdainugndosuiugidwiniy lng

' '
v W v a aa v o v a

HARDUALDINNNUUIAYDINIINTBIRINdUA UM, 243INT0FINTATUAUNADS, 2933n5047]
AULUULBUTADNSUAUNVTEY Laz9asNIIfAULULLBUTAONSUAUNEDY UanIFIANNTTN

(3.14) - (3.17) 9uaeu

(cos(w) -z )2 +sin’ (o)

|H ()| = k . (3.14)
cos ()~ p,) +sin’ (®)
2jo Jjo
\H(ef‘”)‘ =k Ibszm ;;b;m ++ab2 I (3.15)
1 2
1
H(jQ)|=—on
) Q (3.16)
1+F
1
|H(jQ)|= - ;
( Q2J ( Q J (3.17)
1- s
QL‘Z QQC

dll & dl

o @ Aemuduesialad ¥9321993nT09RII
Q AerudBanveerTnsesiauLeuzaen
Qc Aommiialamyensasnseafiulouzdon
0 ﬁ@maéé{LLWﬂma%mamwsmmﬁﬁuwuLLauzﬁaﬂé’uﬁUﬁam Ingagmuualilyindy

0.707 \iielsinaneuauewsunmdy maximally flat

Tn8AMUDUS I ladU9I99INTDIR N ALALANNAT I UNUIY Hz e Anuduius

Nugsaunsi (3.18)

Q
w=—; Q=2xf (3.18)
J,

©

Y

We £ ADANNNENVDIATNTBIRTIA

f feaud au gaAudlag
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Tngluideliazdausnisoanuuuinasnsessana 2 sUuy

A Yo v &

3.2.1 N1399NLUUININTBRAINASUAUNNLY TduusiuIeaINIasfAuLUY

< A =1
LAUSADNDIUAUNAUN

'
£ v v A

ATN1599NLUVIEAMNUAITHAR B UAUDINIIYUIAYDIINTTNTBIAIN RO UAUT NI 9l

YUIALIAUNIINTRIAULUURDUTARNSURUTINTY Fatluasivualiaunisi (3.14) dea

wiriuaun1sn (3.16) wazdnbiogluguresszuvaunis axliluaunisi (3.19) Al

_ 1 \ (cos(w”)—zl)2+sin2(con)

n=l-N 2 S 3.19
\/1+an (cos((on)—pl) +sin’ (®,) (3.19)

F(k7zlﬂp1)n

2
c

Wie n ARAINUVRIIAAIUDINN VUG LRARDUALDIVNIWIATYLIAWN T

N AduaugnmudniualinansuaueInI AT vuInvinaY

A A |

3.2.2 N13522NUUUNIINTASAIadUAUNGDY TduiusiulasnsasfAuLuy

LAUTADNIUAUNED

'
Y - |

35N1990NUVITAINUA NN BUAUBINIIVUIAYDIIITNTIRINADUA UN @D 9L
YUIAWIIAURIN TR AuLULLBUZABNSURUTIdDY AsduRziIvuabiaunIsA (3.15) den

[

wirifuaumsn (3.17) uazdnbioglugUresssuuaunis teluaunisi (3.20) Asil

1 200 4 b et 4
F(k,a,,a,,b,b,) =— +k|e be'® +b, |

5 2 2
QI‘I QI‘I
o\ o
Q 0.707Q,

e n ARAINUVRIYAAIHANNVILALARAROUALDIVNIYWINTYLN ALY

2 jw, Jjo,
|e tae +a2| (3.20)

N Aaduiugamudinmualinans uauean AT vLImAY

Tunsimuagaanuiieglinaneuausmisuinresisasnseaisdeasinty ay
fualiynananuidsrogvinedivinfuiiuiaud -7 rad ve92993n309RIVA Fogatu
Tunsdififesnisimuagamiuiienun N =11 9a fau @ = {0, 0.17, 0.27, 0.37, 0.47,
057, 067, 0.77, 0.8 0.97, 8 IMNFUUNUAT @n adluaunisi (3.19) uag (3.20) Feuaglél

F1nUvRsaNNsIuL azdSwinAy N auns G aduszuvannsi Widudaduluusnuiuaunis
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1NNIRIWIUAIUS (Over determined) Wadnsyuuaumsilaluguiuuamsng dwmsuundam

'
v v o A

Aeszdeudsdaiu-smdu Insazuuseanidu 2 JULUUAD N1508NUUUIRINTBIRT s UAUT

'
v v v A

W WAgNI98NLUUINIINTDWM AN aduAUNand axlasaunsi (3.21) haz (3.22) muaeu

I o ]
k, A (km’plm’ZIm) ok dp, oz
x, =p,. |, £k, ,p,,2,,)= : (ks Pz ) =] : :
Zim 1 (km’me’ Zim ) % % %
| ok dp, Oz |

1

, f(k,.a,,a,.b, b, )= : , TP & b=

2m> TIm? " 2m m? " im> " 2m> T im® T 2m

1

a o

Tunisundgymdasidonldszileuis dadu-sndunuuaeie (Extended Newton-
Raphson Method) [33] Tun1sdagmameuliiusyuvannisildiduadudnsdu Inelu

aada o

:}I U a L4 = [ I o v Y aa a
TUABUNNITLUAIHNALUNS AT T voeseidouisdanu-s1ndu azldauisavinlanieisuna

= & a _© w a su v o o vaa Y] A
LUDNINVUEULUNINY Jiﬂii%ﬁ/!iﬂ%%ﬁﬂ @\'ﬁ«lu%giﬁjﬁﬂqiLLﬂaQNﬂNULL'U‘U Pseudo inverse 41

Yrelunsiiadniuaynsng J lnedsmsilasniy Pseudo inverse wanasaaunisi (3.23)

J'=J"n'J" (3.23)

v

Fandnn1938udasenifuLuy Pseudo inverse L i ugiusnanseidous Least
Square ﬁ’qﬂguﬁi’ﬁmmmmmﬁw%aﬁwmuaum'ﬁ%LLUﬁmﬂﬁuﬁummﬁmwmm nanfedald
FrunngaauBntunnuiianaiafyBsaainas Tnedunounsudtaymszuvaunsdld
Julsdunuuduuaunisuinnindivaudauwls (Over determined) faeszideuisdafu-

sINduLUUTENY (Extended Newton-Raphson Method) wanssaunufislunind 3.6

¥
A v 1

wonantulundnmsiiulaidentd RMSE Wudvuid iyt ugivesasnses
R3vadioanuuuiiiesanien deldaunsatsuenUszaninmusaniseanuuuldavinfiaag
idesannlaildidmdafsuevesalusuusitunveaey Wethe RMSE lusuliisuiuga
foyaduiituuaietuenaayliaummanaiin daiuluunenuiliiauededdiaduiuan

RMSE i@ Normalize Root Mean Square Error (NRMSE) %qaﬂ%ﬁméasummama%ﬂsaqﬁ

A
f(k ,a..a,.b b ) ok da, da, b b

f.(k,a,.a,.b,.b, ) 9, o 9, I I
ok da, Oda, 0b  db

(3.21)

(3.22)
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AuwuuseuzdenuimMsuesiialad RVMSE lillmheuansanuiinwatadu % uenaniuds
Ynauensmadanainduysal (Absolute Error) iWTguliisuiuseninanisnisesnuuy
MAOAYIIYIAIND 0-7 rad V84I99INTORINA WawTeuliieuAtianainlunngennud

1ne33N15911A7 NRMSE Lanesisaanisd (3.24)

START

Define : £ = 107
Initial : m = 0, k() =Pio=2Zi0o= 0.5
Or k() =ajg = ax = b]() = bzo =0.5

v

Setup jacobian matrix : J
——| Calculate J' by pseudo inverse so J”' = (J'J)" J"
Then find Ax,, from : Ax,, = J'f

v

=x, —Ax,

X

m+1

N
m=m+1 o

Yes

Obtain collect : k=ky, p1=pim» Z1=Zim
Or : kzknu a1=aim, 2= Am, b1=blms b2=b2m

END

AN 3.6 LUz s UIsIsu-TWduLUUEIY (Extended Newton-Raphson Method)

1 M

. 2
= [4(Q,) - A ]
NRMSE = | M = ) x100% 524
J

dlo M Fedhuuresrudildfunananavauesvngung
m AedduresnuanldRuaNanaUAYD IR
A(jQ) = |H (jQ)| AONANDUANBIVNIUIATDIINAINTBI]AULUULBUZEEN
A(e’®) = ‘H(e"“’)‘ ADNANDUALDINNUUINYDINATNTDIAIVIA

A(jQ) FoARRraIANUALBIIULIATEINIINTBNAUL UL UL DN
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o/

3.3 NIDANUUUINTINTDIRIND IANANYUZNINNVUIAMATIDUINTINTBIUDULE

]
=

anyounula e

31n3Fn1seenuuuiiviausluiateniiiuun awisauszgnddunuinislunis

2ONKUUINRINTBINFUToUNINAIINITUTEE AN T1UI995NT0YAYENANTENUTBIIIRIN IO

[

ALY F9lui9 NI UNIENANRUNEINITODNLUUININTDIANUDAHIUS UA UN NI

UaZIUAUNADY UALONAITAANNTITN (3.21) WAz (3.22) INUINNUIVOIAUNTIVUNINGA

NANMABNITUINANDUAUBININIUINVDINIINTBINANE AUAIYHANBUAUDINIVUIATDIIIDT

1% 1%
LYY Y v =2

nsewouzdanfimudaieluniie Hz wirdu dslusgndnnisnisiidanunsaldeenwuy
snsesAdvATinudn vz wInmileuiuIsaTNseIeurdenIUsE M TsuT Ul 16
Tngluaunisn (3.25) - (3.26) asuaniilai dun1elouveInenInNTe Mo UL ABNKAT1ITNTOI

v v W

aa dl o U
AINADUAUN P nauainu

>
H{($)Br— (3.25)
Z ,

H(z)—=—— (3.26)

AIUTBUUANNITAIMTULRANDLAY FanfaaunIsh (3.27)

Fla a2 a bNb ,---,bpm):|H(Z)|—|H(S)|

Im?> ~2m? > Pm? T om > T 1im

F(a,,a,, " a,,b, ,b , b, )= H(ejm) —|H(JQ)|
- P
Zbke_ ZBk]Qk
F(a,m L, A, b(m , blm R bpm) _ k:()P P
T+ a0 ZA JQ (3.27)
k=1

Wednaun1si (3.27) luguwuuiauming dusuwnlaymiiiesedeuisiadiu-smdu

WUV LLARIFUNTST (3.28)
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o . » k _
She | |3 8,0
k=0 _|&=0
_ P ' P
a,, 1+2ake_””‘k ZAkaf
a k=1 k=0
2m P . P
Zbke_"’”lk Z B, jQ!
a k=0 _ | k=0
Pm P P
X, = > f(almﬁazm!!.'"apmﬂbomﬂblmfl".’bpm): —J - >
b,, L+ ae™| 1> 4,/
k=1 k=0
blm
P P
me zbke_jw”k ZBkaf, (3.28)
- - k=0 | k=0
1 5 —j@,k S k
+ Zake A7)
L k=l k=0 |
R AR/ N /S N A A
ok da, Oa, da,  0b, b, b,
J(azm’azm’”'7apm’b0m’b1m"”7bpm): 3 : . :
| ok da  Oa, da, 0b,  db, b, _

e P AouUAUTDINTINTBN
n AR INRANRTINVUAliNansuaANBIH YA Y

m ABANNUAISVINGN

nuulyszidsudsifu-sndunnanlunsuadgy e ardulssdnsueaeas
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- Newton-Raphson (previous design in [6])

------- Newton-Raphson & Bisection (proposed design 1)
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o Extended Newton-Raphson 1st order (proposed design 2)
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A3slunmiig Hz deduddldvinnisvaaesiianufduad uiiiuiiy iiediuiiiansuids
HANTENUYDIAURANAIA RMSE Uag NRMSE laglumsnein 3.2 azuaninaves RMSE uag

NRMSE Ladefitasaaid fin 0.087- 0.9877rad Anaiigal 10 kHz, 20kHz Wa 40kHz Aaddu

] I a =
N1919N 3.2 AMHANAIALRAEY

Sampling Frequency 10 kHz 20 kHz 40 kHz

Design Method
RMSE NRMSE RMSE NRMSE RMSE NRMSE

Newton-Raphson (previous
0.0242 3.435% | 0.0242 3.437% | 0.02421 | 3.438%
design in [6])

Newton-Raphson & Bisection
0.01453 | 2.245% | 0.01453 | 2.244% | 0.01453 | 2.244%
(proposed design 1)

Extended Newton-Raphson 1st
0.00712 | 1.095% | 0.00712 | 1.094% [ 0.00711 | 1.093%

order (proposed design 2)

Extended Newton-Raphson
0.00374 | 0.554% | 0.00373 | 0.547% [ 0.00372 | 0.545%
2nd order (proposed design 2)
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Output from D/A
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Mnran1sneaadunwd 3.17 uandliifiuinisnisesnuuuisasiaviafiviaue axil
naneUauamUIamisuiuIsesnseaurdenlunnaud 3aarunnd1991n3snns
sonuuumenisulasludiflesiasviliguinvasvemansvauswnamaasuuUasly
MMasnsesiourden Felunmsuszgndlilunuuisssamulunumaiudsanamde
Feanuns Tugafigunsalueurdensineg Adsgnunudishoszuuidvausildamudsasionis
AudnuazresoafimioutuszuuLouzdonidy dauiniseanuuuivnaueii

ausaUssendldeaniuuiielinssiuaiudesnisvegldnusmnanla

nswidamilussuuaunsilidudadulaeerfenisiudraudineuilaiinngdn
AUIUNTISANLTUNINIOTELTEUITUIRU-SINEULUUTEIY LLEAIUTEANTNINVDINITAIUIN

U5EELAMILTALEUNT AIHUNAYBIIAINBLUNITOBNWULINTINTBIRINUEUBTUITD

v '
v W

Haggniiaue 1ngnAaeIRaNRUYNITNTOMNUAAHIUNSUAU 1-18 , AUAFY 20 kHz,

[
v v

zjwhmmﬁmmn,wi 0.2 — 9.8 kHz 9113% 100 A1 INTUTANAINITATUIULARLTOUAY

'
[

A4 tic-toc VIUSWASU MATLAB (TRan1ed19a 1 A uInduysea@nsd) wagyinnsiaas

ee

o
v @

NANTBIRIUARATIA 100 AnaIUTaya 1 A1 IABN1TNAREIREITLSUAUTDII19RINTOITL
soUay 1 Juiu wazazinudeyanaadeianun 5 assluyng Suduressasnses lnenanis

NARDILFAIAINITITN 3.3



A13197 3.3 HANITIALIAINITAILIMYBIIDNITEBNLUUNITN DI LEUD

59

DUAUINAT adait 1 adadt 2 adait 3 adai 4 dail 5 naady
N384 (und) (Gul) (ui) Guil) (ui) (ui)
1 Order 0.0108 0.0074 0.0068 0.0067 0.0068 0.0077
2" Order 0.0329 0.0326 0.0321 0.0318 0.0321 0.0323
3 Order 0.0979 0.096 0.096 0.0961 0.095 0.0962
4™ Order 0.1191 0.1188 0.1211 0.1215 0.1209 0.12028
5" Order 0.1405 0.1403 0.1398 0.1406 0.1391 0.14006
6™ Order 0.1844 0.1847 0.1897 0.1899 0.1888 0.1875
7" Order 0.2871 0.2869 0.2865 0.2893 0.2851 0.28698
8" Order 0.3211 0.319 0.3186 0.3159 0.3173 0.31838
9" Order 0.4045 0.4015 0.4023 0.4039 0.3928 0.401
10™ Order 0.5675 0.5723 0.5732 0.5698 0.5625 0.56906
11™ Order 0.6474 0.6487 0.6544 0.6569 0.6549 0.65246
12" Order 0.6974 0.6953 0.7018 0.7039 0.7045 0.70058
13" Order 0.9541 0.9476 1.0071 0.9974 1.006 0.98244
14™ Order 1.2212 1.2476 1.2435 1.247 1.2488 1.24162
15" Order 1.2854 1.2939 1.3123 1.306 1.2902 1.29756
16™ Order 1.5493 1.5462 1.5453 1.5451 1.5541 1.548
17" Order 1.8949 1.8736 1.8971 1.8985 1.8881 1.89044
18" Order 1.8609 1.8406 1.8315 1.8233 1.8237 1.836

a o

VUG LA3 BIADUN MDA LT IUNTISNAnalin wau TRl CPU: Intel core 19-12900KF 3.2

GHz, Ram: 64GB DDR5 5200 MHz, SSD: 2 TB PCIE-4.0

3.5 unagd

Tuund 3 UlAULaNaN159aNLUVIINTBIRAT e H(z) NINANDUAUDINIIVUIA

willouiuisasnsesiuuuuueusdon His) andwinisulaniudu Hiz) dwsuvaive

WANNGYNNHANTENUVRNIRINTBI]AULUULOUEARN tneldARanaln RMSE uag NRMSE

Wudstitnuszansnineesdisn1seanwuy Sainendnusidonldsesidoudsiadu-svldu

wuuYe1e (Extended Newton-Raphson Method) Tun1sudtlgymssuvauntsnlidudadu

LUUTIUIUAUNISUINNINIUIUAILUT LN BMIAINISITMBS A NS UHINTUD 8 TaUVDII9DT

N509AITA 1AENANISNAADILARAILALTAUIN
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Bnseenwuuiiviaue 1 (szdeudtudindsmasdadu-smidy) Wedeutu
FRnnseenuuuluedey (6] aunsoanifinnatn RMSE wasasls 40%
Fmseonuuuiiviaus 2 (sudeudsdisu-smdunuuree) Wedlsuiudsns
sonuuUluawise [6] aunsaandRanain RMSE wawasls 70%
Snseenuuufitiaue 2 diawSeudisuiuiiniseenuuufitiaus 1 awnsoan

Afanatn RMSE 1aasasld 51%



uni 4

%4

N1S0NLUULAZES 1IN NUNTNDAID LaLYD T RUURIN AN Y

ad a A -1 =Y ¢
Fsudasluaiiesunrdanatunsnd

(%

F3n1sentuuniIsunsnamslawesinldluunisidsannisulastuaies dadu

asulasilenduanslou s Tawuduiestduaelon z lawu Ingldluaiesuraaamnsnd
[34] nsldnsEuaNnITMaIME ng i Laue daviiuauasanlunIsuUas saudennudiely
NSAUIAIENUSEANS 19950589 59T uona Nt ulddnisuauenisldendauasuy
TUsL o3 STM32 1l oLdnsnadnsv09nTzuIUNITe 0 NRUUT anu1savinsusuiuly
g15uwasly Tneluunieziauesegisnisesnuuumsiunsnamielawessiuou 5 wuus
wUafurtasnsesarudsiniy Shelving, Nmﬂsaqmmﬁqqmu Shelving, LA¥2995NTDI

Peaking 91131 3 LUUA

4.1 n1swlaslualissaneluaiiesurdaaiunsnd

A1990NWUUNAINTOIRIN AN LA sUAUTeNISnisAanIsulasludides Faazdu
Funeulunisuuasilantuaelauwauzdeniduileidunialounava nenisuvasludidesay

Yaa 6 1 @ v
Ta38nsunu s Tuilanduaelauweuzannale

X S 2

§= (4.1)
1+z~

1

witunistdauatinisdnsuesuaunisdmsunsudasmie sludillesonsasiany

FudousgUng deiuieuntamiddinsiannisuvadluddesiianawmsng welide

¥
A a

Tunmsldau Tnevramaumsndildlunisudasludiesinugnuanainngeuesnuiy

<3

(Binomial) [34], [35], [36Jaunsaideulassaunisi (4.2)

(a—b)" =Z[k}zb @.2)

k=0

; (n n! . 5 £ '
HE) (—) =(—ﬁa wUszaAnsvomvuI Ine?l k <n
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Wanasauieanduaielaususuil N azarusalsuneniduaisloukouzdanuay

AIValaneaunsi (4.3) - (4.4) mMudny

Tasaun1si (4.3) - (4.4) AaarTun18lauwaULaoNkasAINATUIUN N Auaifu

satudlonnuaunisa (4.1) Tuaunisn (4.3) endasduitsnduaelourdiansaunisn (4.5)

g
S
T % U
—_
+ |
N
(St
e
I
=}

91NauN159 (4.5) @130k uRWLINluNIINILAIBAT TILRENTIITULANL

WO ORIAUNITN (4.7)

eSO

AN (4.6) aansadndeulnidielisunseduladsaunisi 4.7)



63

S8 (- (1+2) =38 2@(4)" z—kﬂNk"}—k @

i=0 i=0 k=0

dnglaunsn (4.7) wazdeudulsassviiniazlidunnuduiusluaunisi (4.8)

ZN:biz_i = EN:BI. [B’j]z_i (4.8)
i=0 i=0

(%

Tnerwualdt [ P, | Aelufiloiunamanmind Geazgniemlddsd

S(N=j J Ze ) = §
Pe== -1 i, j=0,1,-- N
1] =0[ n j(i_n]( ) l .]

(Y A -

10g i Az j A LaUTEUVBIUAIMA AN MIUFIRY

A 3
O Y a a o Y

9ty AduUsEanvenRInIesdyguRdviadwnlananusEnInluales
[ 13

UraAauv3ng nUAIEUUSEAN5U0999Insasd ko uzaanlnseaunish (4.10)

L}

[bi]:[Pi,j:I[Bi] (4.10)

V1 999972995 M5 LS N Aelaweshaurd anauku U Lo luunilid ur9asnseq

'
[ (%

e aunauzaensunui 2 dealugunsamaudnvesludiiesunaniamund ndndunuss

c

v '
v

28359

YY)

UAUBI29931589 TAn1sinu N=2 Tuaunisi (4.9) uAEINITaRAN TN A 8T U

@

P auslu [35] 108 UNAITUNBIIBSNLALNENLINNBUTNVLANUINALTN A DA IT

o aunsamuuavedluidissuranawminglaain (N +1)x(N +1)
® fTaLaWININAINS By | = 1ufeuniusnvesludillesianammning

aefiandu 1 yandnveuaausn

® fmsanmanusnisanauns B, :(
’ 1

N 1 ) v
j wu B, =1,R,=2,P,=10unu

a a a « a ¢ .:4' o &
®  NIFUAUITNNLNABVDIUIFAIALUNINYINNANUNTN (411) PNUY
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Pz,_/ = E,H - E—l,j—l _Pifl,j (4.11)
Wuasndndl B, R, B, Py, vedludidioihamanmindiude
P1,1 :PI,O_R),O R,=2-1-1=0
P1,2 :P1,1 _P(),l -R,=0-1-1=-2
1)2,1 :Pz,o _})1,0_1)11 =1-2-0=-1
Pz,z :Pz,l _R,l -h, :_1_0_(_2) =1
sanlluaidefunamamsndsusu 2 wglasaaunisd (4.12)
Ro=l R =Y.~ R,=1
[P, ]=|Ro=2 R,=0 PR,=-2 (4.12)
Pz,o =1 PZ,I ==l Pz,z =1

satuarlaaun1siuadlesunamayn3ndaun unassuuin (3x3) Adaunisn (4.13)

[R,]=|2:70, 2 (4.13)

FlUnaNaILYeIaNN15N (4.5) arleiS NS vdauivaun1si (4.10) Tuniswnu

Fuazdngy uiviuAeuiuusann [b,] Wu [a,] waran [B,] Hu [A,] &l

Y

[bi]z[Pi,j:I[Ai] (a.14)

4.2 AN5NLUUNITLUATNDAD ALY FIN99INTDILIULADNAULUU
4.2.1 ﬁ\‘lﬁ%ﬂdqEJIE]'L!‘UEN'NQ‘JﬂiB\TLtauzgaﬂﬁuLLUU

Harndun1elaure92995nI09kauzaondukuud msuldeonwuunIsunsnd A1

lawesvzgnuenseniu 2 fladduaielou Aonsd boost waznsdl cut Feilarduaralouves

(%

n3al cut trnnsnauilenduaslouvesnsal boost agnsLUaNARNUERTIVENE (g) Fadl
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o < .
® 139TNTBIEAYLYIULDUSHBN Peaking

Heidunelouvessasnsosdyguusuzaon Peaking IsuansfIa@uni1sa (4.15) [8]

s22+ngs/Q+QZ§ o>
sT+Qs/O+Q
H,y(s)= (4.15)
2 2
A; +QOS/Q—i-Q02 o<l
§*+Q,s/ g0+ Q5

e Q, Ao MNNDAUINANTWENYBNTINTD Peaking lumiig rad/sec

v o v =

0 Ao MOARLNALNDITIRLEUNUSAUAMNAUUUAINITOI93N 509 Peaking

[

g A9 9NTIVLIUUUVITIEY, N3l boost (g>1) kagnsal cut (g<1)

VB : 8180519818 G gnAmuatuvd iy dB, sz ssudadlid wdududqe
g ZIOG/ZO

® 333NTDY ”zplfgmuauzﬁaﬂ Shelving

Handun1elouvotl9asnIedd gy UL Uz oAU RINIY Shelving ILUaAIANT

aunsi (4.16) [8]

s7+28Q, 5+ g’ R
s? +\/§QCS+§23 N
HLPiShelving (S) g (416)
S+ \/EQCS +Q7
2 2 rg<l
s +\/2/gQ(,s+Qc /g

= = Hu a a0 . '
de Q. fie ANUDAReYNYRIINATNTBIANAANTY Shelving Tunile rad/sec

[

g 9 8RIVEIUUUUTAFUVDIINAINTDIANUDFAIHIY Shelving, n3el boost (g>1)

waznsal cut (g<1)
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Heidunnelouveisasnsesdygraueuzionninuddaiiu Shelving I uands
aun1si (4.17) 8]

gs’ + \/EQCS +Q
57+ \/EQCS +Q7
Hyp_sheving () = (4.17)
s> +2Q, s +Q?
s/ g++2/ gQus+ Q2

;e>1

;e<l1

e Q, Ao AINDARDNYDIINRINTOIANNGINIL Shelving Tumile rad/sec

@

g A8 9nTWEIBLUUIBLEUTDI9AINTDIAIUAGIHIY Shelving, A58 boost (g>1)

waznsdl cut (g<1)

4.2.2 nsuwlas sz Inedsluaiesagluadissuraaaunsng

MM3ES NSRS ndmelaesuuuAda axaesinnsulasilanduaielouresieas
nsewUULauraan His) Iniduileidunisleunasnsasnseswuuidia Hiz) ale3snsulas
TuAiesuramanm3ng [34] Faasumioutunisulat sz Mdludilesund wiazainuinnia
wsgandunslugiuvuaming wngdunsliviuasuadulszaviananseslunsdi
Fosmsusuaaaifivonasnses Suszdmalugnisusuiasunansuausmnenuives

M5BURSNIAIBlABSLUUAINE Lnelulunauwsnazyinn1swlasrnuduesialaduuudana

& A a & v i =
Juanudieyuusurdoniieaunissialuil
@
Q= tan (Ej (4.18)

do QAo mMudBeuuesNnsnIosuuLauEaen

o

o 7 AnuduestaladuessasnsesluuRIvia

WeRasanisiduneloususudl 2 (Biquadratic) ¥992995N50IMOULADN LALINAS

NIDIRIVNABAAIAIFUNTTN (4.19) - (4.20) HUAPU.
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B +Bs+B,s’
]—](S):O_'—++2S2 (4.19)
Ay+As+As
-1 )
H(z)=L0thZ bz (4.20)

1 _
a,taz +a,z

[

lnsA1duUseAnsueaasnsesdyginadnaszanalannuanusyningluiiiles

>

a a [ I3

Unaaatuning (Pascal matrix) AuAIduUT2EN5Y991995N 5098 QIO Uz AINAIANNITN

o

I3
=

(4.21) - (4.22) 1989z henANUI ST NFUUS ANDmplLAY LwavduUsyanswaudiu

[b]

[ai] = [P][Bi] (4.22)

[P][B;] (4.21)

W b, ai Ao dudszAvsluzunnmes 109199n3eRava

By, Ai Ao duuszavisluguinnmes veesnieweauzden

=l 1
P Ao ludilushamaumsndsususi 2= |2 0 =2
12—\ T

FBn1suvassasninauouzden Peaking Tunsedl boost TUilnisasnseshavia avuans

ASANUINANUSEANTNDULARLALLDUAIULEAIPIENNITN (4.23) hay (4.24) mua1RU

b, 1 1] @
bl |1 -1 1 1
ay el f==CT
a, | = 2 0 -2 QO /Q (424)
a| |1 -1 1] 1

v

BnsuUaeaInIewauzaen Peaking Tunsel cut lUiluleasnsesidia azuans

ASANUIUANUSEANONDULARLALNDUAIULEAIAIANNITN (4.25) hag (4.26) Aua1nU
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hl=|2 0 2]%/Q (4.25)

a | [1 1 1 Q;
@|=|2 0 =20 /g0 (4.26)
a, -1 1 1

A8nsulanieasnseaweurdonanua w1l Shelving Tunsal boost luiduisasnses

A3918 ITLEAINITANUIUFUUSLANT W DULAYLALLNOUAIULARIAIFNN1SA (4.27) way (4.28)

AUAIAU

b1 [1 1 17 g2

i 6 T A NN (4.27)
& (0% 1 1

LS}

DPY T N\
a =2 0 2/1\20 (4.28)
2 Wi NEABARERAA T

35n15uUa9RTNTBLaNLARNANUR MK Shelving Tunsdl cut lUiduieasnses
AINA LAAINITANUIUAUUTLANT LNBULACLA N DUF IULARIASAUNITA (4.29) - (4.30)

ANUAINU

bii=(2 0 2|30, (4.29)
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‘3‘%ﬂﬁ|,l,ﬂm'maﬂsaqLLauzﬁaﬂmmﬁqqmu Shelving Tunsal boost luiduisasnses
AANA VLLAAINITATUINFUUTLANT LNDULATLALNDUAIULANIAIAUNTTA (4.31) - (4.32)

AUAIAU

bl=l2 0 -2 229, (4.31)
b| |1 -1 1 g

a) [1 1 17 <
a |=[2 0 =229, (4.32)
AR\

FBmswlatisasnsesuaurdanaiudiaaiiu Shelving lunsdl cut Tiduasasnses

AN A VLWAAINITAIUIUFUUT LAV DU LANLAZLNDNAIULANIAIFUNTITA (4.33) - (4.34)

ANUAIAU

TAVE oy A,
hii=|2 0 2|20 (4.33)
b, MW SR \\L

| T e
al = 2 O —2 2/ch (434)
a, L\ & l/g

Tutupougnyineveinisulasludlesuraniauming Aoagindudsedns a,ms

a

duuszdnsynsiaierilva, wiriu 1

4.2.3 §79819N1588NLUY

feog1an1seenluunITUAInaAIelawesIuIL 5 wuud lneulady 29950504
AUDA KUY Shelving, 2495NT8IAIUNGINIY Shelving LagI993n54 Peaking 31U 3

WUUA B9azaaannsndnes ieldirunnuaudivedinsniodniassl (im0 4.1
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M19197 4.1 fregnuantivemsnussndalelawes 914 5 bands AaauTR? 1

Lowpass | 3 Highpass
1% Peak filter | 2" Peak filter| 3™ Peak filter
Shelving filter Shelving filter
Center or Cut off
150 400 1000 2000 10000

frequency (Hz)

Quality factor (Q) - 1 5 0.8 -

Gain (dB) 3 -5 10 -2 -5

NAIDYNNITOOALUVUTNAUT A UL BIDINTATATOIAMNAAINIY UAZIANTDY
Avudigernu Shelvingldignimuaen @ =1/42 salifuilaidudieleuensasnsasousd

v
[

ansukuuluaunsi (4.16) - (4.17) danuluasnnuaudAudsluiinisnuneaieasuwnn
WESHIMTUIRINTBIINGTI Uavn3iInUAANINa1Y/ANddn Tunisnei 4.1 aveglusy
AUDAST (H2) wiludumeunseenuuulssaawlatiieylusuauiuesidalad (rad) Ay
dairvualinnuidu (6) Wiy 44.1 kHz dsiudiewdasduanuduesdaladudaasle
ANaNURfW19 197 4.2 wanantulunised 4.2 luansan1sulasdnsvensndiua (G)
& @ a v dll s i [ Yo a v °

\Judnueneidady (g) Weswnilsidunielouteuzqenagldsnsveedadulumsduim
AN AN UHANSAIUIMANT LU AN lUMaNLA YA LM ONAIUVBIINITNTOIANAA HIY

Shelving Z4ARIRIANNTST (4.35) - (4.36) AIudIA

o = X ¢ Y] a v a a s
M13199N 4.2 mmaua’imaia% (rad) Ll,aé'ﬁ'?]@i']SUU']EJLSUﬂL'ﬁusUEN‘W’]i”ILﬂ«l(‘?’]iﬂ@ﬂ’)@lal,"ﬁ@i

AaANURAN 1

Lowpass 1" Peaking | 2™ Peaking | 3™ Peaking Highpass
Shelving filter filter filter filter Shelving filter
Center or Cut off in
normalize 0.02137 0.05699 0.14248 0.28495 1.42476
frequency (rad)
Linear Gain (g) 0.70795 0.56234 3.16228 0.79433 0.56234
b, 1 1 1.613x107* 1.0181
b =2 0 =2|x 0.018 =|-1.9997 (4.35)
b, -1 1 1 0.9822
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a,] 1 1 17 [11419x10*] [ 1.0152
a |=|2 0 —2|x| 00151 |=|-1.9998 (4.36)
a| |1 -1 1 1 0.9850

edndunisguiumindluaunisi (4.35) was (4.36) ud29zlen a,= 1.0152,
a,=-1.9998, a,=0.9850, b,= 1.0181, b =-1.9997, wag b,=0.9822 uilaevialuduyszans
fausnlumomes (a,) swfesgnuoitaladliivihiy 1 dufufsfesdituneugaiefonisi
a, visduusgdninnda Faazld b= 1.0029, b= -1.9697, b,= 0.9675, a,= 1,

a, = -1.9698 uag a,= 0.9702

@

AUUNINTUNelaUYD11995NT0IRINAANDANIY Shelving 9MNAIBY 19T 19AUAD

- 1.0029-1.9697z " +0.9675z"*

= — = (4.37)
LP_Shelvmg( ) 1_1_9698271+0.9702272

Y

landuaelouresieasniowdnaniiuiasiiy Shelving 31niieg1etesufe

(2= 27145 ~0.122427"+0.1263z
A 1-0.4972z7' +0.21562

H (4.38)

WNTun18loure9995NT0R VA Peaking 8ufl 1 31NA18819U9AUAD

0.9789-1.9005z"" +0.9247z "

(4.39)
1-1.9005z"" +0.9036z

H, (2)=

aa

Hentuaelouresiiainiesnadvia Peaking 61Ul 2 3NFIOYNTNAURD

1.0303-1.9520z"' +0.94117z">

(4.40)
1-1.9520z7'+0.9702z"°

H,, (z)=

aa

Heanduaelourseasnsonana Peaking 81uil 3 31NAI9E 19U 1IAUAD

0.9627-1.5717z"" +0.6750z

(4.41)
1-1.5717z7" +0.6378z >

H,(2)=



4.3 N3N NUAINDAB LR TULUBSAUTUIaNAR Y1 STM32

4.3.1 315ALISN LTF1NSUNRIUN

Y
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F13ALIST T AINTUAS 19N 1LURS NEAelawaswuUAIiaRauasn STM32F769I-

Discovery Fadulusiwaiwasuuin 32 On Tunszna STM32F7 lnsazlidudsenauiidfgy

Aelussdl

® wulgUseaanNanals STM32F769 ei‘jﬂﬁi’hmuﬂﬁxmawaﬂizﬁmﬁqumw Arm®

Cortex®-M7 32-bit RISC ¥1191ufiA1udige lagunulsgaiana Cortex®-M7 wdl
Auantalun1sUszananaanailenass (floating-point unit) eatuayuyaadaly

A15Uszu3ana Arm® double-precision k@ e single-precision data-processing

wannidsaunsaldyandslunisuszaianadyaiuiia (DSP) AeausIgadn

<

216 MHz %39 462 DMIPS/2.14 DMIPS/MHz

a o

AauUasdyaitdes WMBI94ECS/R a1n CIRRUS fiaulasdyrundvialu

v o

wouzden (DAC) $1uu 4 gn wazmnUasdgyarausuzdenlufdna (ADQ) S1uu

2 40 \iounenudumasineg SAl vy STM32F769 tneduUasdnaiuadiadu

o

aa o a a

wouzaon wasMmulasdyyimusurdentdundtauu WMs994 avilmauazidun

Y0 24 Un FeanansnidensnsInisdusiiegsnsgulanawg 8 kHz aulis 96 kHz

MB1225 B-00
2161000014

AN 4.1 UasaUszunanady

2

184 STM32F769! Discovery
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4.3.2 FaNARITHIMTUNITARIUN

Tuinerdnusdidenld MATLAB/Simulink Tiiduiesesdagansuasdmiunisldeu
Wesanduianaatvayuansawisidrtulaiuuesa STM32F769-Discovery Tnadiuasy

a a o a Syvaw X
LWQJLC‘]NVIﬁ'}Nqﬁﬂ@IWWQlﬂNﬂQU

® Embedded Coder® Support Package for STMicroelectronics® STM32 Jusdae
Tunsasny, oUluan, wag optimized land1usulusivaiges STM32 lagaiuisa

) ac v A o Y] &1 ' ' I3 e v
’e)@ﬂLL‘U‘U’e)aﬂE)iﬁiJLLﬁBI‘U‘Uﬁ@ﬂiﬁUi’]iﬂﬂMiUQﬂﬂiﬂmaW’NLLaz /O tinuuasntiunly

@
LNALNA

® Embedded Coder® Support Package for ARM® Cortex®-M Processors vdue

¥
=

aalandmsunisanidunmimeadiamansiiulausis CMSIS lngldnfiasnstuiag
Tfdmsudlszaanansena ARM Cortex-M Uagd mSUuaumiaimeINasnsesfiva

sesdldnsaduanuvedlausns ARM Cortex-M CMSIS 311 DSP System Toolbox™

® DSP System Toolbox™ Support Package for ARM® Cortex®-M Processors el
UTIUAY Embedded Coder® agteliaiuisnasislanniwl C 990 MATLAB®
System objects™ %38 Simulink® blocks I¢ #sazatfuayuiuiiuszaianansyga
ARM Cortex-M Tagldlausn3 DSP 494 Cortex Microcontroller Software Interface
Standard (CMSIS)

a o

4.3.3 NS5 19NISUUAINDAD LALYBSLUUNNG 5 LWUUR

Tunasaseassazendalusunsy MATLAB/SImulink Tunasa319m1s1unindae
latge3 Inelu Embedded Coder® Support Package for STMicroelectronics® STM32 il
famaadluasiiudenitsifuiiodoudefuaniauaiaeg uuuesa STM32F769-Discovery @4
TusAdeiiezdenldauindefudygiaideos anldlunmsadmsuninsaelamesie

Asnsnuiaus eglunnd 4.2 aznansdiuusznoured Simulink Alglun1sas1ease
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STM32FT7691 Discoven Yy @ @ @ STM32F7691 Discovery
7> Biquad | —»  Biquad [—® Biguad |—M Biquad |  Biquad 7- ‘]D

Selector!
Audioin Low-Pass shelving filter 15t Peak filter 2nd Peak filter 3rd Peak fiter  High-Pass shelving filter fudio Out

Al 4.2 unudaveanisadanisunsndmolawesuuuasa STM32F7691 Discovery #ag
MATLAB/Simulink

(% aa v

(1) Audio In : i wdasdgyaaueusaandudygyuaia (ADC) lnefivuin 16 T

g o

o
Y !

17U 2 Yoadygyras annsadenaudduunsgiulanus 8 kHz fiv 96 kHz lnedeyail
sonuvzlukuuynteya (Frame) Fsazanunsonsrndnuutoyasnayn (Samples per frame)

Hausl 5 9 65535

(%

(2) Audio Out : vimtiudasdyruadiaidudyyiuueuzdan (DAC lnefivuin 16
U9 917U 4 Yeadyayal annsaienaudgunsgulanaue 8 kHz fis 96 kHz lnadeya
eudnluaniiugadeys (Frame) Tavzsisrdwiudeyasetn (Samples per frame) Aaus

5 £19 65535 Lagdu13amIA1 Gain output taRILA 0-100 %

(3) Gain : wihAvEILLAzAANEUYUINVRT YN LHesNd Y IMTIITIN9A Audio

7

in 1iuamdnaunn 16 9 (nd) wuvAniasesmue Weuvaaduiavgiuduudaosden
232768 114 32767 Fspdananliiivungdiozhusemnana 1esenazdanumiaves
é’ﬁyigmﬁuwmLLazméTmJis%m%amqmﬂsaammﬁiﬂ,ﬂ ﬁaﬁ?ﬁﬂé’mﬁmmtﬂaqmiﬁazﬂuﬁdaa
-1 3 1 frensmnsdne 32768 videraiiie 1/32768 sautihnsulasssandeyaduuuy
yanaieuasy (Float) lwiusuneifudeyandinisuseaianaualazeyluguves Float
fattun1siiazdstayasentuil Audio out Feasrinnisulasdeyalinduinegluzuues Int

16Bits lnansAmIY 32768

(4) Selector : 11l 939 n&Fygy 1047 19111910 Audio in 9zt udyeyrauuuy Stereo 2
Posdeygauslun1TUszinanavznszyIiesosdyaanen siedld Selector Tunsiden

Fougraddunisiitnundssuanaliies 1 desdyeiu

£

(5) Biquad : UABN99INTBY Biquad VImTinTesdaey1uMI81993n584 infinite impulse
response (IR) uduf 2 lngazdosimvunmdulszdndiasnsaduvdendiluluguuuu (b

b, b, ag a; a,] wagLden Filter Structure vJuwuy Direct From I Transposed ag14lsAnu



75

'
= v o wa

ArduUszansniludnvuanuantfvensnies azaunsausuafinainseluszninms

yraule
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[

Masdnaean sviueguLuasn STM32F769



clear all
Fs = 44108;
Profile = 1;
switch Profile %[LP P1 P2 P3 HP]
case 1
G_dB = [-5 13 -13 1e 3];
fc = [2ee 3e0 10089 2008 7808];
Q= [e 24 24 2 al;
case 2
G_dB = [3 12.6 -2.86 -5.4 -16.3];
fc = [15@ 250 621 2048 75511;
Q= [e 4 3.91 5.83 e];
case 3
G_dB = [-2 5 -18 14 51;
fc = [1ee 158 220 689 8eea];
Q= [e 1e 3.47 3 a];
end

G = 18.7(G_dB./20);
fl = logspace(®,logl®(Fs/2),1008);

@ = tan(pi.*fc./Fs);
pascal = [ 1 1 1;
2 8 -2;
1-1 1];

:length(fe)

=1 Xlow

if 6(i)>1 Xboot
BA = [G(i)*oMe(i)*2; sgrt(2*G(i))*oMa(i) ; 1];
BAnalog(:,i) = pascal*BA(:,1);
AA = [OMB(i)"2; sqrt(2)*OMe(i) ; 1];
AAnalog(:,i) = pascal*AA(:,1);

end

if 6(i)<1 %cut
BA = [OM@(i)"2; sgrt(2)*oMe(i) ; 1];
BAnalog(:,i) = pascal®BA(:,1);
AA = [OM@(1)*2/G(1); sqrt(2/G(i))*oMe(i) ; 1];
Adnalog(:,i) = pascal*AA(:,1);

end

elseif is=length(fc) ®hi

if G(i)>1 %beot
BA = [OMB(i)*2; sqrt(2*G(1))*oMB(1) ; G(1)];
BAnalog(:,i) = pascal*BA(:,1);
An = [oMe(i)*2; sqre(2)*oMe(i) ; 17;
Adpalog(:,i) = pascal*AA(:,1);

end

if G(i)<l %cut
BA = [OMB(i)"2; sqrE(2)*OMe(i) 5 1];
BAnalog(:,i) = pascal®BA(:,1);
AA = [OMa(i)"~2; sqrt(2/G(i))*oMa(i) ; 1/G(1)];
Adnalog(:,1) = pascal*AA(:,1);

end

else %Peak

if G(i)>»1 Xboot
BA = [OMe(i)"2; G(i)*oMa(i)/Q(i) ; 1);
BAnalog(:,i) = pascal*BA(:,1);
AA = [OM@(i)"2; OMB(di)/Q(d) ; 115
Aldnalog(:,i) = pascal®*A(+,1);

end

if G(i)<l Heut
BA = [OM@(i)~2; oMe(i)/Q(i) ; 1];
BAnalog(:,i) = pascal*BA(:,1);
Ad'= [oMB(i)"2; OMe(i)/(G(1)*Q(1)) ; 1]}
Adpaleg(:,i) = pascal*Aa(:,1);

end
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BAnalog = BAnalog./AAnalog(l,:);
Adnalog = AAnalog./AAnalog(l,:);
H_Mix = ones(1,length(f1));
for i = 1:length(fc)
H_Ana(:,i) = freqz(BAnalog(:,i),AAnalog(:,i),fl,Fs);
H_Mix = H_Mix.*H_Ana(:,i);
end
figure(i+l);
semilogx(fl,20*logl@{abs(H_Mix)));
grid on
x1im([16,25608]) ;!
ylim([-15 15]);
xlabel('Frequency (Hz)')
ylabel('Gain (dB)')

for i=1:length(fc)

end

BAnalog = BAnalog';
Afnalog = AAnalog';
set_param('AnalogBilinearParaEq/Constantl’, 'Value', 'BAnalog(1,:)
set_param("AnalogBilinearParaEq/Constant2’, 'Value', 'Afnalog(1,:)
set_param('AnalogBilinearParafq/Constant3”, 'Value', 'BAnalog(2,:)
set_param('AnalogBilinearParaEq/Constantd”, 'Value', 'Afnalog(2,:)
set/param(’AnalogBilinearParaEq/Constant5", 'Value', 'BAnalog(3,:)"]
(3,1)
(4,:)
(4,1)
)

set_param('AnalogBilinearParaEq/Constant6”, 'Value', 'AfAnalog(3,:
set_param(“AnalogBilinearParaEg/Constant7", 'Value', 'BAnalog

set_param('AnalogBilinearParaEq/Constant8", 'Value', 'AAnalog
set-param('AnalogBilinearParaEq/ConstantS’, 'Value', 'BAnalog(s,:

set_param( 'Analog8ilinearParatq/Constant1@’, 'Value','AAnalog(s,:)’

Al 4.3 an3ud M-file dwfuaisuazlnandulssAnouens Coefficients loader (6)
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Worinniswuas sz nfleddunnslouwauzdaniuaunisn (5.1) - (5.3) azlanandu
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H,(z2)=H,,(2)+ H,,(2) (5.11)

Tunsdlpdrafudiafiansanilandun1aloulINToINIUAADALI UL AN IAENITHEN

|

0
Q) L (5.12)
0

DIAUTENDUVDINBUAEDDNUNL LORIANN1TN (5.12)

Q
Q)+
0

HAP(S)Z -
Q§+(%’js+s2 Q§+(

N
S

AMNAUNISNA (5.12) 43l il aR s YT s UL guiuauni1sin (5.3) waey (5.4) I8NY
ANMUAUNUSAIANNTITN (5.13) AIUHINTU Lo UVDIINITNTDEUN ARV ALEAIAIANNT

7 (5.14)

H p(s) = H s (s) = H p(5) (5.13)

H,p(2) = Hys(2) - Hyp(2) (5.14)

\Wefiansanaun1si (5.6) - (5.8) sgwuinfimendmninilouiufe —————
1+dz" +d,z

Famniundmdulasiasna Direct form Il InekennauLAEwaZINaNaUA Il

WouLEY - wengiu

W19 NBULAYIALATIAS19LUU Direct form Il h@AIna@un1sy (5.15) NUUNINIS

wlad z WnEuarlaseaunisi (5.16) wavaursasnudswdulasiasalasaning 5.1

W(z) 1
X(z) l+dz'+d,z”

(5.15)

w(n)=x(n)—dw(n-1)-d,w(n-2) (5.16)
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X (l’l) (1)

w(n-1)

w(n-2)
2N 5.1 Iﬂi\‘iﬁ%’]\‘l‘ﬂE’J\‘I’JQ‘ﬂiﬂi@ﬂﬁ%ﬁﬁiUﬂ’J@mﬁaﬂ%@QLW@@JLW]UﬁL%ﬁ@Uﬁ’U

N5UINBULARYRINIATua8louaun1sA (5.6) - (5.8) TuanuwaziAgItUMBaNEIU

v ot
znanslagadl

® T WNATDINITNTRIANNAAEIY p,, (1)

Yip (Z) > e o B
w(z) 3Gt 228 27)
yLP(n):GLPI:W(T’Z)+2W(I’Z—1)+W(]1—2):| (5.17)

® FWTULIRNAYOINIINTBIANUAGINIY y,,, (1)

YHP(Z) HeP 4
8 = G127 27
yHP(n):GHP[w(n)—Zw(n—l)+w(n—2)] (5.18)

® A WMTULWNAVDINIINTBIAVNAROUNTY ¥, (1)

Yip (2) _ 1,
() —GBP<1+22 +z )
Vap (1) = Gy [ w(n) —w(n-2)] (5.19)

nauN15N (5.17) - (5.19) awnsathudeudulassasslamaning 5.2
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w(n)

> Y1)

w(n-I)

> V(1)

w(n-2) > yBP(n)

] % aa o a aa 13
AN 5.2 Iﬂi\jaiqﬂsﬂ@ﬂflﬂf\]iﬂﬁaﬂﬂ"\]‘VlavLcUﬂ'JaLﬂimﬂ‘v}ll 3 La’]mﬁ/\!fﬂ

®  FWMTULWMNAVDINIINTRIANUDLIUNER v, (1)

MnanuduTusvastaiTuaelauluaunish (5.11) 1nguenNa1TU NN NDULAY

anusaasulansaunish (5.20)

2
%: G (14227 427 )4 G (12227 4277

Ves (1) =Gy [w(n) +2w(n—1)+w(n —2)] +G,» [w(n) —2w(n-1)+ w(n—2):|

Vas (”)ZyLP(”)+J/HP(") (5.20)

® AT FNAYDIININTBINUAROR ), (1)
MneNUdUNusvesianduanelauluaunish (5.14) Ingwen NSNS DU LAY

ansaasulinsaunisi (5.21)

() _ G (14227 +27)+ Gy (1-227+27) = G (14227 +27)

Ves (1)=G,p [w(n)+2w(n—1)+w(n—2)]+GHP [w(n)—2w(n—1)+w(n—2)]
—Gyp [W(n)—w(n—2)]
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Yap (n):yBS (n)_yBP(n) (5.21)

WeUNlASIAS199INANT 5.1 WAL AINT 5.2 W15 kagINAUNIST (5.20) way
(5.21) anansaazulassasieveasnsesdyaafdviawuulualewmsinid 5 widnalaes

it 5.3 Tngdudsednanie 5 daunsadwinldanaunisuminddalaainnisusuuss

Tualesunamalunsng wandnaunisn (5.22)

LN\ //8/] o2
Gep | |01 0 ”
A o |

SN, k( Q] (5.22)
d, & 7/ \2 .
NG, S0 1

3 1

e k= 0

Q)+ +1

> yp(n)

> Vis(n)

> V(1)

EA?_' Yar(n)

Yir(n)

A 5.3 1A59a39199993N0RaialumBnsANwUUTaTEL0 8 NA [15]

a o %

AITUNITODALUUINAINTOIF IR AL UAIBLATANAI8ITN1SE ABen1SaunIs

L As 7]
& '
a2 3

LUNS NN ENNTHRE b UNSA U MAIANUS AN T VD 9I995NT09TIFDAAR 89N ULATIAS 197995

=

nsosidaue delunindunsrindureuduniateulutremin (feed-forward path) yign

Y

finrsanannauey inlilassadadawnsali 5 wdnandeniu Fuduisasnsesiidany
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winganegad duninildusegndldnuiunsiunindatelawes esnisasnses
Peaking La¥349901909 Shelving ﬁﬁugmmm]'lﬂmiiamﬁusuamwiﬂimm’mﬁﬁ’lmu, 999
n3eeAMAGIHIY, Wazrsasnsesauiuausty Taiflofiansananilaidunielouveises
Fanantamaundn asnuinanansatiaueniseenuuulugUvasaunsuvEngld Tasasdosd

ASAALUAALNISININGT (5.22) lantiae

a/

5.2 N1598NKUUAINANITIUAINDAID LaLUaSHUUDFUNINS

n1seenuuulagliigdaziansananuduiuslnensinguuuuinsguvesilean du
anelounourdenlumalasinluaunis (5.1) - (5.5) Wiesusuiuilsiduaelounauzdan
AUKUUVBINITWURINEABLlawesaInUNT 4 Tuaunis (4.15) - (4.17) w@wnignseal boost Tag

= o ¥ a

lunsal cut LimaNzauasdnueNRUUMEINAINTIRTVAUAIBLATANKUUNAELD NS

[TV |

\Wasndnvengazgnusudadrulududssdvsivendiu Feasliawnsadaleglusuves

flanduaelousnnigiula Asiuniseenwuuluitetidsasfiansananzlunsal boost Feay
binanovausmsvuablauuinsiulunsdl boost way N5l cut wAdTDAAB LU
1As9a5199 2@ linsUS USRI veevin e ag19aseantassase s ndudeariuiu

ANduUsyanslu
5.2.1 N1599NLUUIIRINTDY Peaking LUUDHNNINT

WeRarsaniteiduniglouvevsasnsesluaunisy (5.1) - (5.3) Wisuilsunuilendu
0181oUYDIII9TNTOINOULE 0N Peaking N5t boost (¢>1) Tuaun1sh (4.15) agny

ANMUAUNUST AN IRIUN5T (5.23) way (5.24)

$2 +g(%}s+§2§ o2 g[%"js 2
o = QO + ~ + o (5.23)
s2+(°js+§2§ Q§+(°Js+s2 Qg+(°js+s2 Q§+(°Js+s2
Q Q 0 Q
Hop (s)=H,p(s)+gHy (s)+H,p(s) (5.24)

AUuNINgunelauve 119950509 Peaking AVALEAIAIANNITN (5.25)

HPK(Z):HLP(Z)+gHBP(Z)+HHP(Z) (5.25)
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n1sUsrenaldransnsesdyanmdvialunlamsinuaieedng lun150eniuuINns

N384 Peaking Lilofinnsandniassadidlunimi 5.3 w1dnaludsaunisi (5.26)

Yk (n)zyLP (”)+gy3P (n)+yHP (n) (5.26)

522  NN999NUULINAINTDIANAAKNIL Shelving LUUDFNNNAT

dlofinnsanileidudnelouvessasnsadluaunisd (5.1) - (5.3) Wisuidlsusuileidu
f18Touve199INT0 U ABNAILAFIH Y Shelving nsal boost (g>1)1uaumiﬁ (4.16)
Tnarmuald 0 =1/v2 W elinansvauesmisvuinduwuy Maximally flat 9gwumI1y

U v =%

1 uﬁmmmmammiw (5.27) oy (5.28)

s7+4/g2Q s+ gQ) gQ? L s Y 8285 (5.27)
s? +\/§QOS +Q; Q; +\/§Q0S+S2 Q; +\/§QOS+S2 Q; +x/§£20s+s2 '

5.28
H,5(s)=gH,, (s)+ H,y, (s)+gHp (s) (5.28)
Foduilsdtunelonveneasaudaniu Shelving faviauanssaaunisf (5.29)

1, (2)= g, ()% H,,,(2) + & (2) (5.29

@

nsuszendliiasnsesdynunidialumeinsinrateioing lun15eeniuuies

]

N309A1UAAHIY Shelving LIBNNIIUINIATIATIIUNNG 5.3 Lo1dnAAIENN (5.30)

Vis (n)= gy, (1) vyp (n) ++/2 s (1) (5.30)

5.2.3 N13598NUUUAINTBIAMUAGINIL Shelving UUUBANLNAT

dlofinnsanileidudnslouvessasnsadluaunisd (5.1) - (5.3) Wisuiflsusuileidu
mﬂiawuamwaﬂimLLauzﬁaﬂmm?{qﬂmu Shelving N8l boost (g>1)1uaumiﬁ (4.17)
Tnarfmuald O =1/+/2 ielinansvausamiavuimduiuy Maximally flat agnuad

U v =

AUST uaR NS (5.31) way (5.32)
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gS2 + Vg290S+Q(2) _ Qé + gS2 + \lngoS (5 31)
st + \/EQOS +Q  Ql+ \/EQOS +s7 Q +\/§Qos +s7 Q) +\/§QOS +s7
H,(s) :HLP(S)+gHHP(S)+\/§HBP(S) (5.32)

Aatulenduanglouveansanuiganiy Shelving AIViALAAIAIALNTTT (5.33)

Hu(z)=H,,(z)+gH (Z)+\/§HBP(Z) (5.33)

(% (%

n13UszenAldasnsesdugIuidiauaIBnsAnaIeI iR, lun1508NIUUINaT

7]

N8N Shelving WaRiansananlassasrdlunni 5.3 ledneadaunisi (5.34)

Vs (1) = yip (1) + @V (1) +:/g5 (1) (5.34)

5.2.4 AFN1500ALUUNISNUASNDATD AR SUUURHANNIAS

NANENRUSTINAINT 1R WerunaanuwuulugUredlaseasnasnsewaiy

LDIF NP VDUNAUBNITOINUUULAZATIINTNUAINEBlawes 2 T8n13 fo

¥
a

M1500nuyYI5I 1 : T5UILUINNTIVE g WA g VosaunIs (5.25), (5.28), uaz

(5.32) v lulAsaas e warAdUUsEaNS Grr, Gup, Gap, di, %8 d2 aU50A 1WA

¥
a 1

PNANASINENEN (5.22) lalpgnsediatdunaulalulivesmsusuasnsveny (g) laviuilag

laiAaeAurnaduUsEaNS I Aan g 5.4 () - NN 5.6 () bERILASIAS19UDIIDINTD

'
o |

Peaking, 2999N583A1UA AW U Shelving LLas’N%ﬂiaqmmﬁqum Shelving M1ua1AU

ax [ 1 v

waNINUUNIBENKULTEN 1 Udsnsnadnvarvadlassasivanaodnnlinnlsenis nanfe
§4AdlAI99INT0IAUDAAI, WATNTRIAVUDAEII, WITNTRWAUANLANIY, WITNTOWAY
AIavER, Larisansesiunaen Nilnuaudinuiunnusens nelassaiedvialuniomsin
I3 Y PN . a6 .
WUUMANEL AN AT UTUUTUI99N589 Peaking, 1995n589AU0AHTY Shelving UAE9a3

N389ANINNEINT Shelving UAAIFINTNA 5.4 (V) - 1WA 5.6 (1) Inudwy
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x() —P
yany '@1
Y

4
~

x(n) > yp(n)

> vps(n)

> yup(n)
> Vapr(n)
;" Ye(n)
Yap(n)

AT 5.4 (n) 1A59A3197935n504 Peaking (¥) 1AT9A519923N 504180 NANT D95

N394 Peaking LUUDANNINIANSUNTOONKUUIGN 1

s
x(n) (s

N

Grp
x(n) D P P 8 SR ()
> 7 ) G CP > Vs(n)

-d; -1 HA
CP <l > N > > Vip(n)
z _51 C) * Vap(n)

“dy Q sl | A
< 1> 1> \/_1/ \NZag yisn)
g —J

yap(n)

()

A 5.5 (n) 1A598319393505839AUDAHIY Shelving (1) 1AS983193935N 0@ 8L AN

NFDUIATNTDIAMUDAHIY Shelving LWUUDANNINTEINTUNITOBALUUIDTN 1
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x(n) —4

Grp
x(n) ’C? S, P> > yrp(n)
\ " C? > yas(n)
# HP

(? l'> 2 > pr(n)
= | D> vurn)

<l G A
D=0 > > yap(n)
Je Cﬂ) > Vis(h)

A9 5.6 (n) 1AT98T192999n509A110 AL Shelving (v) 1A59a5193423NT0 WAL IANA

N3BUNIINTOIANAAE Shelving luvsauunTdmTUNITOBNLULTEN 1

a

I5n15000uuyd 2 : 35H9zidunisesnuuulaesiuensivens g Whldluaunns

wn3nd silvnisdunadaadeedluaunsumindudazevieslisndudoa ¢ aly
Tasead1e8ndvsmnzivnuilddesdinsusuldsusnsves fuiuaumsumsnddmiu
meduUszansl (5.22) %Qﬂﬂ%fumﬁwimmﬁm 2 1AM U99InT0e Peaking wazLii
g, Jg @IM5U2999n504 Shelving Tagaun1Tuns nda115U2999n599 Peaking LUy
DALLNAT, 299INTBINVWAABNLATIA Shelving WUUBELNINT, WAIITTNTBINTMAGINIY
Shelving WUUBANINASILARIRIALNTTT (5.35) - (5.37) uaelATIAF199959NTDIUAAITINN

5.7 (1) - 0 5.9 (1) Aud e

v

TneAsmseonuuil 2 Teedinuandianudunsnsomasoinadal lunsdues
29950594 Peaking 19 1WNAT99INTBINNHAUAUKIUITYNUTUIUIREEMT1VE1E g B8N
vanideslalldfauandluning 5.7 () Tunsdlvessasnsesaudiasin Shelving lownmues
29950504ANAAHIUIEYNUTUIUIAMESATIENY g Wag1s9InTBINIARAUKLIZgNUTY

YUIAAIE8NT1V818 | Jg Aswanslunmi 5.8 (v) daulunsdlvesisasnsesainuiiganiu
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Shelving 1819 1AYBII99INTOIANNNENUITYNUTUVUINAILTNTIVYIE g UAEINTTNTDY
ANUDLAUNIUIEYNUTUIUINAIBENT VY |[g Aanandlunind 5.9 (1) witeRvasisnisil
Aelassasiamdnanuisaldausiudulaiuisesnsemnussan (nsdlaulaanizisasnses

Peaking, 19933N89AUDANILLAEAUDFU Shelving) IastGuanizaun1suvsngi

THopnuuuWin
‘Gép' 10 0]
Gip 0. g0 o
. 1=lo o k(jj
G120\ 2
§ d2 ] Ll Y\ (/4 | (5.35)
Lﬁa k= ;
QX+ -0 +1
)
x(n)
?_’,VPK(”)
x(n) ‘C > Vip(n)
> Vps(n)
g > yup(n)
D— yrx(n)
> gyp(n)

AT 5.7 (n) 1A59a3193995n509 Peaking (v) 1AS9A31999495N 509981810 NAN T 0U993

N394 Peaking LUUBANNATAINSUNITOONLUUIGN 2



99

(5.36)

x(n)
/2 > yis(n)
G,
x(n) —D PP D1 2iusn)
- 1 G,
C) <{| |'2> = > yup(n)
é l'> N 25 _'\/gygp(n)

AN 5.8 (n) 1A59a31929990509AUDAHY Shelving (1) 1AT3a3193939NT0IMa 8L AN

NIDUIATNTDIANUDAWIY Shelving WUUBANNINTAMTUNIT00NILUYTEN 2
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c, ][t 0o o
2
G;P 0 \/g 0 k€2,
Gpl=|0 0 g |k(QxV2)
d, 2 0 2 k
i d2 | _1 _1 1 J (537)
dlo k= 12
Q+0+1
0
x(n) =Q
D ()

x(n) »( —> Yip(n)

> gyup(n)
> ys(n)

_\7@)73}7(”)

v
S
L/
.

A9 5.9 (1) 1AS9E31929950599ANRGM Shelving (v) 1A59a51994A3NT0 WAL IANA

N3UAINTOIANNAAEIU Shelving LUVDANINATIMTUNITOBNLUUITN 2

pg1slsAnunisesnuuuiiiausluiadelid efiansuinanevauemisvula
Wisuiisuiulunseal boost wagnsal cut agnudamanuliguuinsiuiosainileiduaie
Teuwaurdenfunuumiaiesnuuy aziarsatanzlunsd boost FJelgmeauunsingn

wilaggnudlulaluidedaly
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5.3 NNS9BNLUUAINANITIUAINDA2D LaLashUUaANUINS

¥
3 [ o

ndgmintuluiidefiiiugn iuiAuaNYUZNANEUANDIVNIUINTBINE]

v
v

boost kay cut Lflanuanuinsiu asduluiivetddlauausnisuideynlaenisusu
Hendunelouros1eaInsoe Peaking, 29950509ANUAAHIU Shelving, LAEIIATNTDIAND

g9HU Shelving Tiaasmsiunansel boost wag cut
5.3.1 1933n509 Peaking WUUHNNIAT

N1599NKUYINTINTBY Peaking M naustl 321975 Ua12995n5990UA A WY
Shelving 1Ju19a3n5849 Peaking tnaldnisulasisasnsasanudnitiuduisasnsesninud
WAUHIUNINTEIU AITUTIR DAL THALEBNLUUIININATNTBIAMUAANIY Shelving Suduvila

NAIINNIUT URDUNITUUAILA 2921029950599 Peaking dun U aodlagdnlusl@ lnyaz

'
(%)

AMuAlA 2993n509ANUDAHIY Shelving SudUNTilaiia NN YU NANDUALDINIIVUINAS

aunsi (5.38)

H;(0)=g (5.38)
H s (e0)=1 (5.39)
|HLS (/€ )| :\/E (5.40)

\ievilsinanauauamIsruIaveInsel boost uaznsdl cut fintnauInasil axdes
nediumisvasauiifn Q, vierud crossover lUfisumisnsinatsfie Gas/2 (lunsdl
dnsweneiduniie d) ‘vﬁa\/E(lumﬂ@ué’mwmwum%aLﬁu) [9], [41] lnan508nKUY
auisuRasanileidugieleureiansnseanudsiisiy Shelving Sudud 1 fsauns (5.41)
way (5.42) Taed vo fedhmuensidadufivanifinandnsavensuni (0 dB) lunsdl boost

Gl U a =
nIvanasanNenswengund Tunsal cut

V,
H =]4—0
15(8) S/, 11 (5.41)

s/1Qy+1+v,

A== 01
0

(5.42)
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Amuals g =1+v, mduaglaflanduaisloureasnsotiourdonaAudaiNiy
Shelving Asaun159 (5.43) Tae?l g ADSNTIVEILLTIAUVDIIATNTDIAUAAINIU Shelving

LAZNARDUAUDININTUIALEAIAIAUNITN (5.44)

s/Q,+g
s/ +1

H (s)= (5.43)

|H 5 (jQ)| = (5.44)

[ '
£y a

19IUANNE Q NYINIAIUINYDINARBUAUBININUUIA B AILNLUIAIIUE crossover

[ [J

Q, fawifuafg aramnsafmualédsaunisi (5.45)
\/, | Q' +g°Q;
Q'+
g+ )=Q +g’%

g~ =g’Q) gy

Q' (g-1)=g%(g-1)
@O =g
Q=20 (5.45)

Aaudlounu Q=./gQ, 938 s = /g s Tuaunsi (5.49) iveasilaidunnelouuesins

=|# .5 (J22,)| = Vg Toe
HentuaneloureeasnTesnnudaIuIu Shelving flvdavuanslansaanisi (5.46) a1niu
2 2
(s*+Q%)0
sQ,
WhlUluaunsi (5.46) azlailsidunelounaugaonve19asnsed Peaking Aeaunsi (5.47)

N389ALRANY Shelving AalyiiAe A, (s) Amiuazle ‘I?LS Q)

W991N158Ua993N599A N LA N ULIT W93 T99ANA LA UKNUTAB WY 5 =

A Q
H s (s)= —\/ES /Ly +8 (5.46)

Jes/Q, +1

B \/§s2+QOgs/Q+Q§\/§
e Qs 0+ Qg

H () (5.47)

e Q, Ae ANUDAUINANIYRINAINTEY Peaking

a ! ad % o o 6o fa ¢ o & Q
Q 3] ﬂ']ﬂ'lﬁ)ﬁmLLWﬂLmai‘ﬁﬂﬁllW‘Llﬁﬂ‘ULLUU@Q@WLL@HS%@ﬂ@Nu bW=EO
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Mnsulasaunisn (5.47) TmduisiduaeleundiasmeiSluditesuranaunsnd

avl@saunsi (5.48)

e (9 +89Q, 1 (Og) +1)+ 2k (2 =1) 27" +hp (22 —2Q, /(0\) +1) 27

Hp(2)= 14 2k (@2 —1) 27 4k (22 -9, 1(0Y2) +1) 2

(5.48)

1
[Qi + 2, +1J
O\g

N1509NLUVINTINTBY Peaking Lng3995n589A1 Al UAIBLATANKUUNATELD NS

=
bl® kPK =

anunsavibalaeniswuuaunisi (5.1) - (5.3) adluiangun1sa18lauA391a1997995n05049

Peaking luaunsfl (5.25) F4agldiaannisi (5.49)

Gp+8Gy + GHP)+2(GLP _GHP)Z_I (G, — 86y +GHP)Z_2

(
H =
() W 2(Gr =Gup)zt + (G = Gppt Gy )z

(5.49)

dleSeuiievannsit (5.48) fuaunisi (5.49) agnuauduNUSTaaun157 (5.50) - (5.53)

Gp =k, Q2 (5.50)
Gyp =k B, /g (5.51)
Gyp= kpk (5.52)

FUUANNISIUYIS NG5 UN1988ALULIATNTBY Peaking Ntalefs

. Dlg 19 A0 o

Gip 0 g QO

G, |=|0 0 [

d | |2 0 =2 Vg0

d, | |1 -1 1 Kok (5.53)
e kpy = !
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WeolSeuilguaunsiuninda1msueanuu995n589 Peaking 19LUUANNAT LU
auN15% (5.53) UWazWUUDANUIATIIALN1TH (5.35) agnUANLANG1NADIN1SUSUaLna O

i g Tuniseenuuumeisauunns

5.3.2 19331384 Shelving LLUUHNNINT

NATNTBIANUB A Shelving LLazNﬁ]imaamm?{qﬂs\hu Shelving Wuudauu1ng
¥NI1TUIAR18AUNITODNLUUIIAINTBY Peaking WUUANNINT T3 uduaInNauns
Harddudelouneuzdonfunutianizlunsd boost ¥832993n309AMUARIKIY Shelving
LLamq%ﬂiaqmmﬁqamu Shelving Feaunsi (5.58) waz (5.55) mudriuainturhnism

NANBUAUBINIIVUIAINNANNITAINAND TILWAAINAT NTAIFUNITN (5.56) way (5.57)

AUAIAU
i ( )s2+«/2chs+ng (5.50)
S .
SR LN YO N X 0%
i ( )gs2+1/2gQCs+Q§ (5.55)
S .
B P4 2Q s+ Q2
(5.56)
(5.57)

MILYUNITODALUVINDTNTOY Peaking LUUALLIAT LANAUABATIVENY 84 AAND
Q, liiniu g duiuaglinadudasannisi (5.58) dm35u1993n309A2100A WY Shelving

wagaun1si (5.59) dmTU93INT0IANNEHIL Shelving

(5.58)

(5.59)
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INUUNINTAUNNLDUIATNTN Peaking ADNAIINANNITN (5.58) 28V INITUNU

s=g"s IUdsauni1sf (5.54) dm5U29930599ANUAA WU Shelving LaYHAIINANNITT

S o o 0w 4 L e
(5.59) Agunu S =—7 Wdaun1sf (5.55) dm5U995NT09A1UAFY Shelving Aatiy
g

fardunisaneleulndanunsouansieaunisi (5.60) - (5.61)

2
Q Q
s*+.2g glg‘s—kg(g'&]

2
(5.60)
5 +\/§%°4s+(Q°J
4 g

HLS (S)

1/4

[:I (S):gS2+ 2g§20g”4s+\/§§2§
= g +\/§QOg”4s+\/§Q§

(5.61)

ynsulasitenduetelauuausdanluaunisy (5.60) way (5.61) Thduilenduane
Toundnanedsluddes fsluilendunialoufdnares1995n5e9ANRRIN1L Shelving way

39930583ANUAAMNTY Shelving LuvaNLInTazLandlafaanITi (5.62) - (5.63) Anyandu

2 2 2
Q Q Q = Q Q _
kg {g[glfij +.2g 7g1/04 +1]+2kLS {g(gl&] —1]2 "tk [g(gﬂj —/2g 7g1/(21 +1Jz 2

HLS (Z) = Q o Q 2 Q
14 2k, {(g”(:‘j —1} 27 kg {[g&) -2 glgﬂ]z'z
i ( ) kg (\/§Q§ -h/@!logm +g)+2kHS (@Qg —g)z’1 + kg (\/gﬁé —\/Eﬂog”4 +g)z’2
N\Z)=
" 142k, (Vg Q2 = 1) 27" + ki (22 V20,87 +1) 22
il
1
kLS = Q 2 Q ( )
5.64
(1/04) +\/§T‘1+1
g g

bbEYS

1
ko=
" (Ve +v20,8" +1) (5.65)

(5.62)

(5.63)
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WanTua1819uA 998209299 90509 Shelving 7 99NLUUA 1829350504

Advialumsmsinuuuvatsie1fing azmlalaenisunuaunisn (5.1) - (5.3) ldaaunisi

o [ N

(5.29) @95U293NTDIANURAEY Shelving uazunuluannsy (5.33) 115029950509

ANNDEHIU Shelving FIUEAINAANSAIENNTITN (5.66) Lag (5.67) AUAIAU

Y

(gGLP +\/§GBP +GHP)+2(gGLP _GHP)[1 +(gG,, _\/gGBP + GHP)ZQ
1+2(GLP = G’HP)Z_1 +(GLP - GB’P + GHP)Z_Z (566)

s\Z)=

(GLP +\/§GBP +gGHP)+2(GLP _gGHP)Z_] +(Gpp _\/gGBP +gGHP)Z_2 (5.67)
142(Gp =G o)z +(Gpp =Gy + Gy )27

H s (Z)=

WaSeULNBuaNNISN (5.62) AU @un1sh (5.66) @1USUBNLUUINITNIBIAIIND A

H1U Shelving Wazaun1si (5.63) fuaun15i (5.67) d1m3U9AINTBIANUAFNIU Shelving

sl o A

ldaunsuns ngNaueeaalnisy (5.68) wag (5.69) AUAISU

E -
C5) B 2 Q
GLP g 0 0 kLS (?&)
GE | pOIRING 3
@B LS iy nmes i 171110 S
d1 2 .0 =2 T &
4, ] 1 -1 1 2 (5.68)
e ko= ) }
Q Q
[[Jﬁj 2 JZ“J
g
_GZP_ 1 0 0 | 5
1/4
G;P 0 \/g 0 kHS(g QO)
G],~1P =0 0 g kHs‘/EgMQo
d, 2 0 =2 kg (5.69)
| d, | _1 -1 1 ]
LliE] k.= |
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dlefa1suInIseenuuUaANIIRsLareauNInT lunsilved199InTesnIudd Iy
Shelving TneavhnsiUSeusiisuaunsw3ng (5.36) fuaunisi (5.68) awnUAMNLANGIIFE
fnsusuaina Q, de 1/ g"* venvniudlewSeuiiouaunsumsnd (5.37) fuaunisd
(5.69) lunsi12993n509ANA G4 U Shelving asnsanusadnsAunnanslunisusuana

» 1/4
Q, My g
5.3.3 3599NLUUNITNUASNEATDLALYDIHUUANNINT

WUREITUNITERNLUUNITILASNDAB lashuUaaNInTARIzU e U 2 3515

e
=De

v

A1399NUUUIEY] 1 - AITUNITOONLUUAILITOANNIAT T0UITUINTNTIVEE g LAy

Je w03 wlilulassadne deiulaseadianiseonuuudieisaunisnensasnses Peaking
2993N509ANA AR Shelving LLamq%ﬂimmm?{qmm Shelving a@u1salelaseasna
saufUITeausnmslids nwdl 5.4 - il 5.6 AU udaunsamIngalFdm A
duussans (5.22) azdesgniautaadniies Ingdmua1asnses Peaking azfinisusuaina
0 e [g , dmduresnsesnuifisg Shelving agiinisusuana Q, ¢e 1/g"*, way
dm3U299snIesANNAZINIY Shelving azinisusuaina Q, #o g" uarlunsdhiasnsos
Shelving asimualss 0=1/42 fefuneanunninesvesewsnses Peaking 7ilaSunisusu
ananda (0,, ), MNARAY9999TNTBIANNAAIKIU Shelving lFFunTUUANANE (
Q

o5 )» WAZANLAARNYEIIAINTRIANUAGEI Shelving NATUNISUTUANAIET (Q,) A¥

LERITIENNTT (5.70) - (5.72) Anuaeu

QPK = O \/g (5.70)
Oy = (5.71)
QOHS = Qomgl/4 (5.72)

a

I5n15000uvud 2 - 35iaviiuntsesnuuulaesiusnsiveny g i luluaunis

[
& o o

W3NG AN UENAITIUNS NFUB9199TNTBY Peaking ,3999N509ANNARINIU Shelving, Lag
1993N589ANUNGIUY Shelving AgUandfaann1si (5.53), (5.68), (5.69) Tiuvalaseasnem

TgusuiulananInanIng 5.7 — AnA 5.9 Anudnu
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WaLUSguLigun1508nNwUUAIEI T LIS A UBANLINTITNUALLANF1I AU LY
19330584 Peaking N1598NKUUAIEITANLIATALINTUTUANGYDY O Ay \[g Feazdana

v ca = a dll a a v aa v v
IWNaLLUUWUQ'ﬁLUﬂim boost HVURLAVAUUBLUIHUNGUNUITDANNINT LLaﬂu‘VlNﬂa‘Uﬂu

= & ea e v X ' I3 = v
N96 cut NULLUUAIANNNINNTU @EJ’NVLiﬂWWNNaﬂiﬁ‘UVIUUﬁQNaGLWNaGlE]UﬁUENV]'NGUUWQGUBQ

= a = o 1o & v ad °
N8 boost agnTad cut Nﬂ']']llaiill']miﬂUIﬂﬂlll"inLUu@@ﬂNLQ@uIsﬂﬂqﬁa@ﬂLLUU Iumqu@\i

1/4

Wenun1suivanaves Q, e 1/ g" dmsu9asnsaannnudainiu Shelving wagn1susu

/4 .2

anaves Q, i gt dmsuisasnsesnuigeiiu Shelving Aazdwalinisesnuwuunsdl

boost kaznIal cut AAmaNNINIIUAITUAUTUINIINTOY Peaking

5.4 N1583192999N599 Peaking Uaz2995n1589 Shelving Minduauuansawls

[

mseenuuUmILLRIndmelaeifensiiiunismamindiigndauUasnann
mswdadluaidesseluaidosinanaunindddusnludeaendiiunissenitansuay
uazienNdru Insgniauonsonrulassasnansemaeieding Nanunsalvianeuaues
09249 TBIANND AT Nf\]iﬂiaqmm?{qqmu 9AINTBWAVATIUANIL 299INTOIAY
ANLAYEN WAZIITINTBHUAAEN iwﬁgqmmiaﬁwmﬂizqﬂmﬂmwmsaq Peaking, 21993
n583AUAfHIY Shelving LLamwﬁﬂimm’mﬁqqmu Shelving fafitinauslumata 5.2

v v

wazsiide 5.3 avgnunluasneade (implementation) uuuesnUsELIana STM32F7691-

Discovery tavhidundanisuunsndmislaiwesniingiuasuuensaws deauisasinaula

17871954

o
9

ANSASI9A VAN UASNDAIBLALBSNILUUANLIATLAL LUUBALNIAS AU Ul

U9 5.2 Lariiive 5.3 AMUAU AI8N1Te8NLUUISA 1 Sautinsziianisoanuwuudsn 2 A
a PxY; I A ' ° < |

A @1u15aasunslanawnuaInudentunInd 5.10 Tngazwuanisvinanuesniuaesdiu Tu
AunsnUasAUsEINaNa STM32F7691 agyinauluaiuvadlassasaninausdaasyseunana
Aa1939 karn1oUnAAdNUSEANS 995N TB9a v lalagldAInistmasNAaIn15UY
w1snunsindalelaweslunaunisiuninddavgnanduniseyludiuiidesuuiai o
pouInes (aunsadeudugunsalduliiu vosn Raspberry Pi, Arduino {usu) 90y

o a

AdUUTEANS Gir, G, Gar, d,, wa d, avgnasnuazinanseoludalaseainemeasnseaniy

@18 USB Serial sialy



109

Peaking : g. €. and Coefficients WGLP’ Gap Gap dy STM32F769I-Disco

Calculator

Shelving : g and Q, (Matrix equation)

» yer(n) or yes(n)or yus(n)

Multiples output

> ye(n)

biquadratic digital

x(n)
o

Computer, Raspberry Pi,
Embedded system, efc...

filter structure

A4

> yrp(n)

(modified Direct

» Vgp(11)

form II)

» V55(1)

N~

> y.4p(17)

AW 5.10 LHUAMUERNFINSUNITASNRTANIS RS NBAelawa s

1AS9A3193993NT0INAULD I NANS DUIITINTBY Peaking 59 1

AN 5.4 11

1unadaasaselusunsy MATLAB/Simulink vuasansazlaununimudansawanalunin

#1 5.11 B92zwudnensIvene (g) ¥893993n3es Peaking ¥0NLUN08NIINANNITNITBONLUY

wagldlilulaseasiddaanse viliingsian1saIuANdnTIveNe89I993nT09 Peaking lnglaifas

A1UINFNUTEANTIvY Lard193U1999n589ANA A HIU Shelving kagAa U gan1u

Shelving 9 W13UIASIASI99INAINT 5.5 LagnIng 5.6 TudnwauriAeanuigasniag

Peaking @ sunuaINUABNUUIUSLATY MATLAB/SIimulink 3ZUaAIAININT 5.12 wagnnd

5.13 ANUa10U



Select Qurput:Value
Filter Type
) Paaking
Low-pass
High-pass

Bana-pass
Band-stop
Allpass

vex(n)

ﬁﬂ'—‘
ver(n)

yar(n) |,
var(n) o
Vas(n)

. ,"'AP(" ) |#.6,

110

-

2

STM32F7691 Discovery

LD

Audio Qut

AW 5,11 wunMUGeNntATIas 1IN TOIMANBIe R NANSEN95N8Y Peaking d1msu

TUswnsy Simulink

Eelect Durput:Valie
Filter Type —
! () Low-pass Shelving
~ Lowspass
% High-pass
| Band-pase

_) Band-stop

Allpass

yup(n) |, .
var(n) o]
vas(n)

Yar(n) .6,

-y

2

:

STM32F 7691 Discovery

D

Audio Out

M 5.12 UNUNTNUEDNTASIASI9NINTDMAIBLWNANFDUIIIINTBIAUDAINIY

Shelving d@wusulusunsy Simulink
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Select OurputValue
Filter Type

®) High-pass Shelving

Low-pass

High-pass 1 >

Band-pass Select Ourput

)
Band-stop . }HS{H) 1
Allpass .
+

hY
* vup(n) 3
> 1 0
% yep(n) |, 1’ l
vas(n) s @

2

STM32F768I Discovery

4

Audio In

!
vap(n) N STM32F7691 Discovery
& D -, <

Audio Out

+ o+

M 5.13 UNUNTHURDNTASIAS 199N TOMABL INANS DN I9INTDIANNDGIHY

Shelving @wsulusinsu Simulink

Tunsainisesnuuuni8359 1 agldaunisiuning (5.22) 1 WNe9aunI15.A87tuN1S
PONLUY 118331n8NI1ve18 () gnugneanluldlilulassadradeniny 5.11 - aani 5.13
281915ANIUILLANULANAIVDINITOBARUUTEN IS AULINT WAL DANUINTANTOEAD TNT

Usuawna Q, v3e Q nouundiAruiaduaunisi (5.22) Ingda1un1svMnauusInIsaIuIn

[

1UsEANSEMSUITaFULNTHALITAULINTILUEAIAINING 5.14 LaEAINT 5.15 MIUa1nU

Parametric EQ
Input
(€2, g, and Q)

!

Calculate matrix Eq. (5.22)
and send coefficients
(GLP: GHP; Ggp,dl, dz)) to filter
structure

End

lﬂl N o U a 42‘ o v aa
AN 5.14 /H9IUNTATUIMENUTEENTA NS UIG0EUUINT
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Parametric EQ
Input
(Filter type, Q,
g and Q)

Switch
Fiter type

Scale 0= Q\/E

Scale Q,=Q,/g"*

Scale Q, = Q,g"*

A

Calculate matrix Eq.(5.22)
and send coefficients
(GLP; Gup, Gpp, d1, dz) to filter
structure

a

AN 5.15 A99UNISAUIMNENUSEENSE WS U ANNNeS

Tunsain1seenwuudmiedsn 2 mflwesnauaudniivens (g) awgnsuliluaunis

'
v o

W3NG b eankuy Yinbrldaiunsaususldsuln ag199 a5 il aUN15aBNWUUA8ITA 1
TUUlUIIYa R INTUIINI5NLUUAIEITT 1 TunISAS19RIRaNISLURSNDAIBLaLYeS
VUaNsALISIYINT Y 9819lsARNNN1TeaALUURAL8TEN 2 Adaiu1satiuiasieasslaanun e

asunelAlusteN 5.2 wariiven 5.3

dmdumslinuinarsdstusunsludumsduaiuning dwiumeduussans
29930509 gnademelusunsy MATLAB Tnsaduszansisasnsesazidendeiulaseaiig
2993nT0IULETA STMB2F769 discovery suuuafsluamd 5.10 fhiluszariamsvinu
UUUDsA STM32 mninsusunuantfvesnisnunsndaelawes asilinudanvasves

@

2995n58 VAL ULUAIMIUITUTNLIAN5 9 neRINanIsSHUA3NAl8lawasavausaas1ele
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AIBATADITIY8IAINTDY Peaking S2UAUINTBIAMUAAIU Shelving TuluuaLsn

Y

WAEIAINTDIANUAGIHIY Shelving Tunuudanving Fsnisveassluunilagnageuniefiva

WITVUATNDAIBLALYDS 5 WUUARININT 5.16

STM32F769 Discovery STM32FT69 Discovery

ool T R el e bl B . )

Audio In = L J L Audio Out

LP_Shelving Peaking 1 Peaking2 Peaking3 HP_Shelving

AT 5.16 WHUNNUEBNTBIRITANT LS NEAlawes 5 wuud dusuluswnsy Simulink

5.5 Wan1inaaay

5.5.1 WAN1591889N159119IUIINNITODNUUUR YIS DENUAT

Tudeil avuanmanevauesmIIwUIaT ld9In1NT0enLUUR 1835 0duN1AT Fae
aunswninduaslasasafidiaueluiate 5.2 d1wsUtasnses Peaking 3995N509A4E
T Shelving LLamqmﬂimmmﬁqqmu Shelving IAENAREUALB I NVUIALAA IS INNT]
517 - il 5.19 muadu tnervualddianadviadude £, = 100 Hz, mm?ﬁzﬁu (f)
Wi 20 kHz, uavArmiedauiniaes O 18939950509 Peaking 9z mualiivindy 0.707

TneagUSuonsvene (G dB) Tvsiawsinnu 10 dB, 6 dB, 2 dB, -2 dB, -6 dB, kay -10 dB

\/
———G=5dB ||
'10( G=10dB

1 L 1

10° 10" 102 108 10*
Frequency (Hz)

AN 5.17 HaRBUANININUUINTIDBNLUUA LIS aaULnSIAgUSUSRSIveelAkAnsNany

YDINIINTDY Peaking
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10 .
5 |
o
z
e Of
© G=-10dB
o v -~ G=-5dB
. G=-3dB
5 - G=-1dB ||
— G=1dB
G=3dB
10 G=5dB
——G=10dB
10° 10" 102 108 10*
Frequency (Hz)

AN 5.18 HANBUANDININVUINNBBNLUUNILIDBFULINT IMEUS USR8l ALmnAN9i U

UYDINITNTDIAUAFIHIU Shelving

10t
5 %4
%) Ay
S
- 0
T G=-10dB
o G=-5dB
- G=-3dB
S |[——G=-1dB
G=1dB
G=3dB
| |[———G=5dB
. G=10dB
10° 10" 102 108 10*

Frequency (Hz)

AN 5.19 HARDUAUBININYUIATIDBNLUUNIBITOAULINSLI8USUDRI19818lAkANANIAY

= ' .
VBII9INTBIAUNEGINU Shelving
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HAT1899N19Y191UlAENAa0IUTUAIIND £, = 30 Hz, 300 Hz, 3000 Hz kag
AuAlienI1981ei1iu 10 dB wag -10 dB ,Audduviiiu 20 kHz uagaAnIaasumn
Wes O VBIINAINTBIUU Peaking 1YY 0.707 LAENARDUAUDINIIVUIAYBIIIAINTO

Peaking, 29493n984ANUARAINIU Shelving, LLamwiﬂsaqmmﬁgqmu Shelving LaRAIAININ

f1 5.20 - WA 5.22 A

ANRU

Gain (dB)

= G=10dB G=-10dB .
f,=30Hz f,=30Hz ||
— ,=300Hz -~ f,=300Hz \J'
-10 ¢ f;=3000Hz - f =3000Hz T
10° 10" 102 103 10*

a P Y aa Y a 9 | Y
AINN 5.20 NaW@Uﬂua\‘iVﬁ\iﬁﬂquVl@aﬂLLUUﬂ?ﬂ?ﬁaamuqmiiﬂﬂﬂilmfmﬂﬂ ﬁ] SL‘V?LL@ﬂm'Nﬂu

YDINAINTBY Peaking

Frequency (Hz)

10 8 e |
\
N
\
5 - |
o :
3 e
c O - >
©
@ /
5t G=10dB G=-10dB 8
f0=30HZ f0=30Hz
f,=300Hz f,=300Hz
-10 £,=3000Hz f,=3000Hz 1
10° 10" 102 103 10*

AN 5.21 NaRDUAUDINNUUINTBDNLUUAIBISodULIRTIneUSUAMLD £ Tilananeiu

VYDINITNTDIAUAFEU Shelving

Frequency (Hz)
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10 -
5 b 24
o
S
0 - — il
C ‘
® N\
(U]
5t G=10dB G=-10dB .
——f;=30Hz —f;=30Hz
—f;=300Hz ——f,=300Hz ‘
o,
-10F] —f,=3000Hz f,=3000Hz
10° 10" 102 103 10*
Frequency (Hz)

o al Y aa ) a 9 | Y]
AN 5.22 Namauﬂummwmﬂ‘waaﬂLLUUGWEJ’JﬁE)aiJmmIﬂEJ‘iJi‘le’lim f(; IMLLWﬂW’Nﬂu

YD419IINTBIANNNFINI Shelving

= 1

d1m3U2993n384 Peaking AaaNsnUTUMBARLINIRDSTsdmAdauuLIRTine RS
#e TasntsmanosUudrneAiurnimes O 18129930503UUY Peaking dsfnunly O =
0.3, 0.5, 0.707, 3, 10 wazAvualyidns1we18Li1iy 10 dB way -10 dB, AN gy
20 kHz wazAINAFUENANITBI99INTOIMUY Peaking WU 100 Hz Tngnaneuauamng

PUIAUDIIATNTDY Peaking LAAIAININTG 5.23

G=10dB G=10dB
Q=03 Q=03
10 N Q=05 Q=05
/7 I\ - Q=0.707 Q=0.707
// 1NN Q=3 G Y =3
(1 \ Q=10 Q=10
Y 728 YNk
Bl { ]
o
o
c g -
‘©
O
5t
A0}
10° 10’ 102 10° 10

Frequency (Hz)

WA 5.23 HaNBUAUDINIUINTBBNLUUAEIoANLNASIgUSUAmIDaRLINIMS O TH

WANANAUTDIIIAINTOY Peaking
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5.5.2  WaN1591884nN151N19UNNTINLUUAIISEUNIAS

N19971809N15VN9IUVDII99TNT8Y Peaking, 294350584AURAINIU Shelving, Lay

'
a 1

1IINTOIANUDAINIY Shelving NoonuuUAILIoaUNIRIAIUEWeluTe 5.3 Fagiinli

3
HAuauNInsAUIENIeNTal boost wagnsel cut Inen1snaassagiin1susunisdines
sinee) wflousunissraesmsranudieiseaunasluidedeuntd
Na9188IN1INAaRIUST USRI WYY Tneusudnsivens (G dB) TuiiA1winnu 10 dB,
6 dB, 2 dB, -2 dB, -6 dB, -10 dB LazAMUAlYTAMAA f, = 100 Hz,AuAguINY 20

kHz uazA1A0aRLNNLADS Q UBIINIINTDILUU Peaking L¥11AU 0.707 TAENARDUAUDINIS

'
a o

YUINVDINATNTDI Peaking, WATNIBIANUAAINIU Shelving, Uara9aINToIANUAAHY

Shelving WAAIAIAINI 5.24 - DINT 5.26 AILAIAU

Gain (dB)

——G=10dB

100 10" 102 10° 10*
Frequency (Hz)

AT 5.24 HARDUAUBINIULIANDDNLUUMEITFULIRSIAgUSUIR SN lkaNA I LU D

WITNTDI Peaking
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Gain (dB)

-10

— G=-10dB
G=-5dB
G=-3dB

G=1dB

G=3dB
———G=5dB
G=10dB

—G=-1dB |

10°

10"

102

Frequency (Hz)

103

10*

AN 5.25 NaRBUANBINITUINTIBDNLUUNIE0aNLINS INeUSUDMS1v8N8liANANaN LUa

1WAINTDIAMUDAIU Shelving

10 -
5,
m
z
- 0
® G=-10dB
o G=-5dB
G=-3dB
57 |——G=-1dB
~———G=1dB
-~ G=3dB
| G=5dB
-10 G=10dB
10° 10" 102 10°
Frequency (Hz)

10*

AT 5.26 HanDUAUBNITLIANEBNLUUM BT aLLNASIngUSUsn s e likanma U e

1993N589ANUDGEY Shelving

NaT1889INTINUlRENAaBIUTUAINA £ = 30 Hz, 300 Hz, 3000 Hz wazAvuali

89519818WNAU 10 dB wag -10 dB ,ANudduiniy 20 kHz uazAmedaunnines O ¥4

993N IDILUY Peaking WU 0.707 1A8NanoUaUDININTUINUDINATNTO Peaking, 1995

N394AUAAHIU Shelving, Wa¥I93INTOIANUAGIHIU Shelving UanIfanIng 5.27 - 2N

5.29 aNUa1eu
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10f 1
5 24 o3|
o
z
0 — - et
= =my g
= g
5l G=10dB G=-10dB 1
—f,=30Hz —f=30Hz
———f4=300Hz £,=300Hz | =/
10 | —f,=3000Hz ,=3000Hz | E
10° 10" 102 102 104
Frequency (Hz)

= a{' Y aa o = v ' Y]
AN 5.27 NanauaUeINUIaTieankuUMmesauunsingUSuamd f, Tiuanaaiu

YDINIINTBY Peaking

b el LB 4 o AP B AT @) 4

Gain (dB)

5L G=10dB G=10dB | / .
———f0=30Hz ———fo=30Hz
f,;=300Hz ——f,=300Hz |
o
10 Fl £,=3000Hz — f,=8000Hz| ]
10° 10" 102 102 104
Frequency (Hz)

AN 5.28 NanduduesnsIuInfeoniuuaeisauinasiasusuaud £ Tiunnaneiu

VYDINITNTVIAUDFIHIU Shelving
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10}
5 24 o3|
o
z
c O ~ ¥ ]
§ \
5l G=10dB G=-10dB 1
—1,=30Hz —f,=30Hz
£;=300Hz f4=300Hz .
-10 f,=3000Hz f,=3000Hz
10° 10" 102 103 10*
Frequency (Hz)

= a{' Y aa o = v ' Y]
AN 5.29 NanaUaUBIUIATieanLUUMEIsauNnsingUSuamd f, TWuanaaiuy

YDIHIINTBIANUNFINIL Shelving

LAZLTULAYINUNIINLUUAIYITEUNINTEINSUI9INTOY Peaking z@1015aUSU
moaRuNnmesEdwarauudnvivenesly fdunseaesSummearunnes O vos
AINTOIUU Peaking azAnualin Q = 0.3, 0.5, 0.707, 3, 10 hagAnualiensIve iU
10 dB ka -10 dB, ANNAGNIYINAY 20 kHz WazANDAUINA19YIIDINTBILUY Peaking

WU 100 Hz launanaUaueInIsuiInteIeasnsed Peaking UWaAIAININA 5.30

G=-10dB G=10dB
Q=03 - Q=03
10 L Q=05 Q=05
Q=0.707 Q=0.707
Q=3 Q=3
Q=10 - Q=10
5F |
N
o
T -
P oF S am—
T
O
5F
10t
10° 10" 102 103 10*

Frequency (Hz)

AMNA 5.30 HaRBUEUBINNNTUINTIBNLUUAIEIsREULRTInsUSUAIRI0aRLNNMeS O 1

WANAIIIUYDII99INTDY Peaking



121

NANSNARDINISIUSHUEUTENININITENLUUMEID AN LA DEUNASAULEUD

[
a v 1
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L 8 T UAINU U UE VD INANDUAUDIN IV UINVDINITAS 1ITIAILFNT AT AzuanS
Arsadana1nlultasay IneldasA1uimnn Root Mean Square Error (RMSE) LagAn
a ) ¢ o a < A a ¢ ' a
AANAAFUYTNGIEN (o) 99157099 5.3 Tneuenidu 2 nsdlfowuuiaserinaany el
T uiaussias DC Aaluaiad wuuinszilagldaularisanuden 0-70 Hz wWesainduy
GAUANINAN AT UNANTENUIINHAINTDIANUDFHUULUDIA STM32FT691 Vinlvinanauaues

AleannsaseasanintananaInTL FudutannnaIndlingIfun1TeenwUUNLLELD

M13199 5.3 Aiana1n RMSE wagianaaduysalasan (|E,.)

naonveAad, 0 — £5/2 Hz | laaulagasanudan, 0-70 Hz

RMSE in dB |Ervd in B RMSE in dB Erved i B

ﬁaa&hqmiaammumiwﬁ 5.1 0.0816 0.6618 0.0794 0.1309

ﬁaasjwmiaammumiwﬁ 5.2 0.0818 0.6455 0.0797 0.1786
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A1519% 5.4 Han15h9 CPU d1msunsiunsndalalawas 5 wuuauy STM32F769

Resources Used Available | Utilization
Program memory 40 Kbyte | 2 Mbyte 2%

Data memory 56 Kbyte | 512 Kbyte | 10.77 %
Average execution time: | 2.348 microseconds

1NAN5199 5.4 WiaNasannaiaiuniswasy 2.348 lalasiund anuseunalaeds
NANUDFYYIUUIRNIVEI CPU Fip 216 MHz wazanudlunisdudiiegilidfie 44.1 kHz

Fadleuwiniuszesnanduinedisi 22.67 llasiuil dslueualunmsvinunienainis
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lumewnsfnlunini 6.1 [15] asuiruladdiednsan1susuasunmaudfivesaasnsed
ANUAAUGNANIUTBUUUAIANAZADIYINNTAUINAIENUTEANT VR 19asNTRs T UlniA Y

AUNTUNSNG (6.1) Nt FuUsEANS lmlndun lululassasna

x(n) > > i)
A
> yss(11)
6 > Vur(n)
1 v
69_’%1’(”)
r'y
1
V(1)
AW 6.1 1A3985199943993n304AINALUATBLATANLUUMAELD 1AW
{GSPAPT  "BRND | e
XN\ )/o L 3
G, =0 0 k(j}j 6.1)
4, |2 020
h d, | _1 -1 1 |
gl g = IQ
Q)+ +1
0

Tun1safineasnsesdugrufdavuulualemsiniiannsousuidsunuaudila
s

D

il glISWABUANEUUIEANSAN [G,,, Gups Gy, dys d, | Wingluguraamsdinesa

a1usausuuld (o B ne aandudiuiuguaiuniiy/uauvesuuding (bandwidth:

a s =

bw) uazS agldlun1susuguaanudaudnans 8935nswWaew [G,,, G,y Gyp, d,, d, | W

R LP> BP>

aglugured (o B riarsananilenduaielouras 29330304 Notch wuu IR type Il T [43]

AIFUNS (6.2)
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2

1+r2{ 1-2cosw,z”' +z~ i 6.2)

Hrl() C'I(Z) =
! 2 |[1-(+r’)cosw,z” +r’z"
o @, A AUl Notch Tuniie rad

r A9 SAdved pole

Al duaielauvensansesdyyrufdivaiuuluamomsinaigiondng
Lawwza"uuﬁ'Lﬂuaa%ﬂiaqmmﬁuawq@ FavziinanevausmnsuuamiiaufuIeINTos
FouauAdvauuu Notch Tuaunisil (6.2) Insunuaunisiladidudeleuditavresisasnses
AUARINY LLazN%mmmmﬁqqNﬂuﬁmmﬁﬁ (6.3) uay (6.4) lwrsesnIeuaumLd

neAaunIs (6.5) aglaanuduiusiuaunisn (6.6)

G,,(1+2z7"+27)

H, . (2)= (6.3)
() l+aflz_1 +d22_2
G(1-2z7"'+27)
H, (z)=—Z (6.4)
() l+dz" +d,z”
Hy(2)=H,,(2)+ Hpp(2) (6.5)
=l = e -1 -2
HBP(Z):GLP(1+2Z i ):li-GHPq2 2z +z7) (6.6)
1+dz" +d,z
dlevhmsSeuiioumendiu seinsEunis (6.2) wag (6.6) axnun
d, ==(1+r’)cosw, (6.7)
(6.8)

2
d,=r

PINTUYIINITRINTUUNDUARVRIENNSN (6.2) waz (6.6) A lANasnIaun1sn (6.9)

2 2
(GLP+GHP)+2(GLP—GHP)Z’1+(GLP+GHP)z‘2:[1+2r ]—(1+r2)cosa)oz_l+(l+2r Jz"z



140

_ 1+ 72

G, +Gyp —T (6.10)
2(GLP_GHP)=—(1+r2)cosa)0 (6.11)
Slovhnsudaunis (6.10) uag (6.11) azlé
2 2
Gre I+7°—=(1+r")cos®, 6.1
4

1+ +(1+7%)cos w, (6.13)

Gup =

4

Tudruwes Gae 3LRANTUIVNNNBULALVDIAUNITHINTUNE LD UA IV AVD 995N T
HIunaeaRaaunsi (6.14) Wedalviegluguilsidudnalouvesiasniesmiuiuauriuazle

Faaunisi (6.15)

H,,(2) = Hy(2) = Hpp(2) (6.14)

Hyp(2) = Hyg(2) = H 1(2) (6.15)

naun157 (6.15) asnuinileritugie louRaviaun 119an3onTeeuauAINLARILIZ I
lﬁmﬂmiﬁﬂﬁqﬁﬁﬁumaiauﬁuamq%ﬂiaqmeqmé}zﬂLLasaué’hmmsﬂiaamumaam Fatiuann
flafdugnelonvetisasnsas Notch Tuaunisi (6.2) fdeanisiiiiiivasasnsesmnuduway
NUaTDIA5199993NT0NURADAT U Taen159 mirror image polynomial Tumeudau

YRIAUNITN (6.2) AU LANINTUA1ETDUVDIIIINTDIUNADAGIL

P (1477 )cos @z +27
H,,(2)= -

(6.16)
(l +r’ ) cos@yz ' +r’z”

WNUANNIST (6.2) way (6.16) Tugun1sy (6.15) AeuleanTua 18lauYedl9asnses

LOUAMUDNIULARIAIANNSA (6.17)
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1+ 72 1-2cosaw.z ' + 272 r*—(1+7*)coswyz™ +27
Hyp(2)=—" bt ARLE— ( - ) | ©1D
2 1—(1+r )cosa)oz_ +riz” 1—(1+r )cosa)oz_ +riz”

WNUHINTUE8TaUVD 995N TBILAUAINUD NUAIANNTST (6.18) Tuaunish (6.17)

avldnassaunsi (6.19)

Gyp(1-27)
Hyp(2)= "5 (6.18)
() l+dz™ +d,z”
GBP(I_Z%) 1477 1-2coswyz ' +z7 7”2—(1+I’2)cosa)oz*1+z’2

1+dz "' +d,z” 2 1—(1+r2)cosa)oz'1 +riz” 1—(1+r2)cos @z +r’z7

DN SUNNBULAYYBIANNISN (6.19) ElansaunIsh (6.20)

(6.19)

2 2
GBP(I_ZZ):|:(1+2F J—(l+r2)cosa)ozl+(l+2r )zz}—[rz—(l+r2)cosa)oz1+22] (6.20)

YnsuAaNnis (6.20) a¥lassaunisy (6.21)

(6.21)

g o ° o I a s o v N @
Tumaugaeimuali o uaz B Junmlwesiawsauiuguls nediadsaunis

(6.22) - (6.23) AuaI9U

ﬂ =cos @, (622)

(6.23)

[
[N

Faiunnaunsi (6.7), (6.8), (6.12), (6.13), uar (6.21) azanunsaideuliioglugy

MEwesNanansauTuuls (o, B) sl



d=-(1+a)p
d,=«
Gy :%(l_ﬁ)(l'i'a)

1
Gy 25(1—0{)
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(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

INARALRUSTUANNITA (6.24) - (6.28) Awsndiwesiaunsausugulaiazdou

WuwunwuaanlasanIng 6.2 8901 6.6

e eth _ W2 ¥ 48 F/\ /L1 __R._ 5

il god g

AN 6.3 ununINudenUeIAdulsEans dx fieunsausuguld

e - — 4

IR S NS

MR 6.4 uNUANUGENUBIAANUIZENS Grp ianunsausuguls



143

B
L e T
o 3 i w a £ = o 1%
AINA 6.5 LNUNINWUEDNYBIANANUTZEANT Gup Vlﬂ’m’]iﬂ"dﬁugul@

il

| |
| |
| |
| e |
> >>1
| ? & N T
| |
| |
| |

Nl 6.6 uNUNIWUGENTRIANEIUSEANS Gap TienunsauTuguls

fouanwal 2 wey nedInIsiaeutalun19n 1 Ua Laz 2 On tielgunud
A Y LAY Y ATUEIAU MILURINAINT 6.2 Ban il 6.6 Wotnlldewlulassadssiuves

193N TF YRRl UATBSANYAIE AN TIUSURULATLA WandfanIng 6.7



—(®)
(?4—

ji\
N
&)
n

v'+ =
+ S
S

<

i

l > Y1)

H— 1

I > Vup()

i
B
3
®

1
)b 4 1
(e

!

|

®_’ V.ip(n)

® = t‘@ :?—i@—»@

MW 6.7 UNUNNUADNIATE3NTITENRINTeE g RRTalUARn SNV dwsTUSUgUlaTiud

> V()

122"



145

v v ¢

1Na@UNI57 (6.23) wandliAuINNITawmes a sdunusiu 7~ F99zdinananiny

[
v o o W v o ¢

NTLAUTBILULINY MIUUEINSUANUEURUSTENIN o AULUUAIAT (bw) AWM

(9

PnANFUITUSIOY d, Tuaunisii (6.1) asil

d, :kﬂé—k(%JHc
0
ne

1

Q

N —
QF+0+1

VAN S (6.29)
T (1+Q0)+Q,10 '

WaRa15UMNN5 100 05l UNAR D UAUDININIUINYD 390N 0IANRLAUNIUL LA NS

6.8 lneweslieglusuanudlumaglinnuduiusaaunisi (6.30)

Bandwidth

Amplitude (dB)

Center Frequency

Q, Frequency

2NN 6.8 NI5ITLHBTUDIITINTBIANNAAUKY

Q Q
QIJW_QH_QL:Q_ L = .
Q,, Q,-Q (6.30)
Weo  Q,  ABAMNANANUDINATNTDIANDLOUNIY
Q,  ARAUNAARIAINAMAITDINIINTOINUALOUNIU
Q,  feAnudAnilinNNEIveIINRINTBIAINDLA UK
QO  AersmedfLinmes
Q,,  ABKULINYIYBIINIINTDIALDROUNTY
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Tneluuad Q,AoAdsueinud Q, uay Q,, Al

Q,=Q, xQ, (6.31)
WUANEINTST (6.30) waz (6.31) Tu (6.29) agla

— (1+QHQL)_(QH _QL)
B (1+QHQL)+(QH_QL)

(QH QL
(1+Q Q

H="L
1— (QH QL
(1+Q,0

HQ yl

(6.32)

\_/\_/\_/\_/

+

yinsidadlied sumudfavialaemsuny Q,, = tan (@, /2) Wy Q, = tan (o, /2)

Tuaunisy (6.32) axlasaaunisi (6.33)

(tan( /2)—tan (@, /2)

_(1+tan( /2)tan(a) /2))
S (6.33)
(tan( /2)—tan (@, /2) )
(1+tan( /2)tan(a) /2))
TguNUANUEIN LSS aannIsT (6.34)
tan (T Y D) (6.30)

1+tan(4)tan(B)
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S

l—tan( Wj
1+tan( W)
2

1-Q
o= - (6.35)
1+wa

>

S

RIEEHEANY

dlo Q,, Ao wuwmiavilugUvesenudidauiiniedu rad/sec

@, #o wuumiailugresanudaiviaiiviiaeiu rad

PNFUNITANUFUNUSVDY @ uag B AsaunIsil (6.35) uag (6.22) 93a1U1508519

o w v ¢

ATNANMUFUNUSTAAININA 6.9 Wag MW 6.10 AN TA8ALENILATIZFANUAUNUS

[
@

Hufie o awduiusiuuuaies uas B sduiudiuanuinatsvessasnsed (@,) e
2asnsedyAdTalumean s uuliiud frausluhdoiswmnzanduodeds
d1m¥unn3UTzg nAlTaIUAU2993N399ANA LAUKIUILAL 99T TIANINA LOUNY A LNTTY
w51fitnes o uas B amnsaUsugunmantAvenvsnsesuendaszeanainiy ez

willeuiuasnIseuzdenfiauITaUsuguAMIaNUR L
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a s sa ¢ v o & = ! ad s ::4' &
WISUABIUUUAIANIENUAIUAUNUTVDIAUNNANULALAIAIBAALNALABDS (Q) NYDUDYAIU

Y

bw=Q, /0 FlaeMilun158enkuuiasnsawilna i IuLarANUDEIHINIE I IUAAN
0 iy 0.707 Wievilvinaneauausadu maximally flat deiudidesnsuSuanuddnves

19InTeNRzAetlTUIUNITnes o uaz B viaei

6.2 NM3PNLUUNITNNAINIAB ALY SRANALUUBRANNIATNUSUUlATIU

MInusndmelawessuysznaulufILIaINIes Peaking, 3433n509AIUANHY
Shelving, #a229930589AUNE U Shelving F4ilaNITUNWUIVDIWNAINTBING 3 T2

WUIHAUFILINIINMMTTNAUYBINDINTBIAUAAHIU, WITINTRIANUDFEIY, UAL9TT

N399ANNALOUNIY AUTUMINZaNTzRDNL UL T NIASNBATe laeTingUTeendunan

Y v a

1INTBFINAluAIBIAsANVaNe W NANUTUUlATILT

6.2.1 N139BNKUVINTINTBY Peaking wuuaaNNInsIUTugulaviud

aa

91NT5NN5BBNUULIRINTBY Peaking Wuveauunsluuny 5 avutsoandu 2 35 Ao

aa

389 1 suendasvensliilassadas AU 2 nsTaershsvenelifaunsaving 3935
fmnzandiniunisiinneenuUYs9INTes Peaking Tanunsnysuguaudnungldviuiife
337 1 nsuensnyvenalifilassasng Mlanunsadsvudnsweelaegradassinglsl
Tududesndulidivinaunisiunsndlud Tneasasnses Peaking s dudoausugu
W TAeSTanNn 3 Ffe SnsIvene (), MUBNANN (@,), wazwuuinn (bw) dlefiansan
Wisuiflsundazadeiuisasnsssanuiuouniiu LayeeInsesnTmaLaUngs Faumaia

9

PaziuUszgndeanuuuiluiininses Peaking wuveauuasnusuguaadnueliviuife

mavszandliiasnsesdyaafivialuaiansiinnatsiednauiugulsvuiidunuguly

NM388NLLUU

WeNasanaun1siunIng (6.1) 59uf9lATA319399INTBINALLB A NANT DU T
N384 Peaking LUUBANLATANMSUITN1500ALUUN 1 sanwd 6.11 FaduwmTeadiolunis

9ONLUUNAINTBY Peaking wuuaaunns Ngnuausluiive 5.2.4
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AT 6.11 1A9A319299INTDIMANLLB A NANTBUINAINTBY Peaking huvsausnsdmsy

aaa
NN1IDDALLUUITY 1

Wisuiiunind 6.11 Aun1sepnuuLIsRInTesduAialualeinsinuane
winafiuFugulalunni 6.7 sgnuanundieadeiuidesnndifiniainmsoonuuuiees
nseslumaiasinuuuvaislemnamdsudy fefu n1398nuUVI9RINTaY Peaking LUY
aaummﬁﬁmﬂmlﬁﬁuﬁ JeanunsaUszendldlasiadnnsasniasdyianivialunisnsin
vaneienafiuugulalunmd 6.7 Tnsagdosinnisusuusislassadremuaunnsi (6.36)
i olsAlelendnA1042923n509 Peaking (V) AN M7 6.12 F38nsiidavei dansd
AnatRvenIaTnatsoine nanAedindliiodnnueniasnsesaudfiEL: y,,, 2993

NINANUNEINIU Y 1p, WATNTONAVIUDUOAUNIU: Vpp, WITNTBIAMINAUAUNY AL Ve, LAY

WATNTOIHIUNADA: V,, DONUINTBUAVIIDTNTOY Peaking 612e)

Yrk (n):yLP (”)+gy3p (”)+pr (n) (6.36)

1nlATEaT193INTRslUN N 6.12 AgiwisilimesdmuuTuau 3 Mfe o, B, uae
g Loy azduiusAuiuuning (bw), AMUANaNN (@), LazERs1T818 VBI9INTY Peaking
AIUAIAY FIAIIUTURUSUDY a0 AU bw AAUNITA (6.35) LUAAIAININT 6.9 SIUDS

ANUANTUSVOY B U @, 99naUNIT (6.22) IHAPIRININT 6.10
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Y v A

6.2.1 N1398NUUUINTINTDS Shelving wuvasusnasiuFugulaviui

N1300NLUUNITNTBIANUTAINIU Shelving kagI935NTBIAIUDGEIU Shelving

a A Nt v a v U I o= a %) o v &
Q3NWU§7Uﬂ7'§@@ﬂLL‘UUV]IﬂaLﬂEJQﬂu @Quu%qsﬂa@ﬁuqﬂﬁﬁﬂﬂui‘NWFJ%@u IG]EJﬂTiE]E]ﬂLLUU%

1% v
v au o o

nsvviludnuaeAd1aiuI9aTNIee Peaking NUFUguAMaNYM iU Uz ug Iy
UINAINNITOBNRUUNATNTBIANUAAHIULALAIUDEIHIU Shelving LUUDANNINTIZN 1
Tuunil 5 FULoNMTAFUNITUNING (6.1) FIUAUNINT 6.13 UaEAINN 6.14 d115UI3

N399ANUDAEULAYANDGHIU Shelving mudau

LP
x(n) ‘Cﬂ) I B D> T g > Vip(n)
-1 P \
: z ) - v > Vps(n)
-d; -1 HA

(ﬂ) <} > D—p—> > Vup(n)
LB v inm)

A 2N/ &l Gorl |
<J 1> 1> EN% > Vis(n)

Je U

Vep(n)

ANA 6.13 1AT9E519339INTBWAULBIMNANTEUIAINTBIATILAA B Shelving WUy

DANNINTI NS UNITIRARUUITT 1

Grp

x(n) =<ﬂ> 1 (D P> > yip(n)
J gk G (ﬂ) > yps(n)

A 2\ <l R 4
e, ™ s RN g . Yup(n)
el T | var(n)

4 T /A Gr A
<l 1> 1> > yap(n)
Jg (ﬂ) > Vus(n)

o 1% s 1% P i .
AINN 6.14 Iﬂﬁﬂﬁﬁqﬂﬁﬂ'ﬂﬁﬂﬁaﬂﬁaqﬁL'P]’]WWWW§E]3J’N"U3ﬂ§@ﬂﬁ'ﬂq3~lﬂﬁjﬂm’]u SheLvmg LLUU

AN TAIMSUNITBONLUUTON 1

imsUTudsulassasafiaunsausugulaiuiidanimg 6.7 lnefiarsanaunis
LD NAYDIINAINTBIAMUDAEIY UarAMUDFINIY Shelving AsauN1TT (6.37) Wag (6.38)

Tudnwagiieaiuieasnses Peaking lukiteonaunin faluaglalaseaswe9asnsesvany
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IANAVBIAVIUAAHIY (V5 ) WABAUAGINIY (V) Shelving WanafanInit 6.15 uazan

71 6.16 AUAGU

yLS(n):gyLP(n)+yHP(n)+\/§yBP(n) (6.37)

yHS(”):gpr(”)‘*'pr(”)'i‘\/Epr(n) (6.38)



=? l
x(n)—»@ ) D Q= > yip (1)
;1_,__/ T Vs (1)
[ [ ® R @ Yup (1)
l +
DO —E —DF I T s
»(+)
) w Qe
| ——n—m—>Vsp (1)
® —D ?—@—» QT
o |
5
g

i a6 . a o Y] Yo A
AN 6.15 9TATRIAINUNTINIU Shelvmg LL‘U‘Uaaummwﬂiuguﬂmaﬂ‘t}iu::im/lw/l

pal
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wady

lnuAaanUANApINsUTUIUVNINRINTOMIERIADERT v BLazA R sn (LunTdl

a o . = ! . o
VOINATINTDIAMNAAINIU Shelving UAZINITNITOIAMUNEGINIU Shelving AzvoUeU )

'
[ R

a 3 I Ao ] sa  ed o 1 ad s 1
nanudgudnarndunnuddn Q) dauvudinviduiusiuainledauwinines (Q) 1
Jndudeaviuguuadesinbiaedfunnnesiduaind lngazivualiyindu 0.707 wie

JosiuliliiAnnseal Over damping waz Under damping

aa v [

wilwaasnsesdygandvaluaamsinvargiednanuiuguliasinisdwesi

>

USUgu 2 AP o uae f Taedl B aglianuduiusiuanuddadaunisi (6.22) Faiutaau

v ¢

11 B fanuduiuslagnseiuaudan LagaIATIEinIsIEees o MNFUNNTANEUNUGS
(6.35) Naznuln @ dAanuduiusiagnseiuluualnmauioany uaionesdanasiudendl

YDILUUMIANAIFUNTNA (6.39)

Q, = Y (6.39)

A

sa d‘ o o w I a v a ¢ =
Lll@lla\jLLUu@'}ﬂVﬂuzﬂsﬂaﬁaﬂJﬂqiw (6.39) Vl']IMV]i']U')'H]iQG] LA INI3ULe % & 39U

U s

ANUFLTUSAUAIAEAAWNNKDS(Q) kazANdsa (Q, ) wilunseanwuuliasinueel Q

S @ (4

=0.707 f9lu @ Aagdenuduiusduanuddaissnifedeuny S vialin1susu

(% v v @

Aruddnagde Wiy o was B Widuiusiu wiluguueswesnslduaiinisusu
mmmﬁﬁmma%ﬂ%’ugumﬂwwmﬁmaiﬁmﬁuﬁm ieuAdymminadnegninusi s
‘LIWLauamiaaﬂLLU‘UWms‘U%’Uﬂ'wmmﬁﬁmzﬁwﬁumﬁﬂﬁ“wjuﬂLﬂwé’ﬂ AN UM
mnuduiussewing o uaz B iiteldlunsairesesdmiviiugu o Ingdalusli Taga
aunnsduifudues o wag B szunldainaunisi (6.29) Tnsunue1 Q, = tan (@, /2) waz

0=0.707 =1/2 9léaaunisi (6.40)

(3 )32

o=

(6.40)

S
S

[\
[\

(manz( c)}tan(c]ﬁ

insundgmmemslnadiluaunsi (6.41) azlanadnyinsaunisi (6.41)
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g 2izeos (@) (6.41)
\/5+\/1—cos2 (@)

U B = cos a, luaunsil (6.41) aglél

_N2—y1-p
o= o —l—ﬁz (6.42)

91NAUNI5N (6.42) WaNI1 3N ULNUBIN TATITMWIATAITAE A ududauly
n1seanLuU Aeluieundgmsminanazdswdasanuduiusainanleglugvesaunis
polynomial Tngau1sannidunsla 21nn1511 polynomial regression Aaen15UsEHIUAN

least squares AypolUil

o fvuali B Wumisdwesdmiunsusugu lnedmueli ge[-0.95,0.95]
Faavaenpdasfuauasa (@) 9 0.1n - 0.9x

o uwiazaved S Tedenadostu @ livhnsmnadnsves & anaunsd (6.42)
Tonanal

® 91 Ms5mes & arunsansanldidudoyadaunanisal luvned
W13 lmesUsugu faziiansundududsdasy srafunasyin polynomial
regression VLU UIeN1TUTEANRIAN least square Tegnimrldlunisadig
o A7naun1s polynomial & 4l@u191nn1s@1Liun1591 polynomial fitting
Aana1 lngdnwurauduiusveedaya o wag fa1115auanans1v

ANMUAUNUSLARININA 6.17
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o
3

parameter «
o o o o o
N w » (& ()
/
\

o

-1 -0.5 0 0.5 1
Tuning parameter 3

MWD 6.17 AudURUSsEnINA1ve o ka1 TwesUsuu 4

A9199 6.1 LARIANAANGUDI o AU ULsIa AU S anaudNiusTuaunisi (6.42)

o

B @, (rad) o
-0.95 0.90m 0.6382
-0.85 0.827 0.4571
-0.75 0.77m 0.3626
-0.65 0.737w 0.3009
-0.55 0.697 0.2574
-0.45 0.65m 0.2258
-0.35 0.617 0.2030
-0.25 0.587 0.1871
-0.15 0.55m 0.1770
-0.05 0.521 0.1721
0.05 0.487 0.1721
0.15 045w 0.1770
0.25 0.427 0.1871
0.35 0.397 0.2030
0.45 0.357 0.2258
0.55 0.31m 0.2574
0.65 0271 0.3009
0.75 0.231 0.3626
0.85 0.181 0.4571
0.95 0.107 0.6382

Y] ¢ a ° | ° a | .
NANNFURUST wanslunind 6.17 Walugnasaiidunisn1u polynomial

regression UUNUFIUYBIN1TUTEUNNAT least squares IagUayadNT LoKHIUNTEUIUNIT

polynomial curve fitting azl@@un1s polynomial Faaunsd (6.43)
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a=0.76968" —0.8221/3° +0.4634 3" +0.1983° +0.1723 (6.43)

dinun@eulugdlaseasnnasaglananing 6.18

lﬂl ¥ o ] U a [
2N 6.18 1AS9as1eMsAIIAE S UMINIITnmes o ﬁl’mﬂ

nlassadmsian o fiiauediilia o agnufulnednlusifa
wdend B Fegaimuariaiediuininesiv 0.707 Huda seduieunlusmiu
Tnsead1nsasnseannuisriiuasnsgasiig Shelving lun il 6.15 uazamil 6.16 2w
1elAs9a$199992993n309ANAA W IULAZANRAGSHIY Shelving LuUBaLARITUSUY

AudnwuglANUTNAUNIUSY o Aduiusiu B lnedaludBaining 6.19 uazani

6.20 MIUAINU



_.® ;? l
x(”)—’@ ) -+ 1 T R » yrp(n)
f\/;‘" ) T (% > Vs (1)
E:l _’® ;@ v > VHP (I’l)
oGO @-L 18 R e e - R RCR
»(+) +

] | g - i)
| — Yp (1)

@ =D D

B | |

AN 6.19 2933NT09ANUAAIY Shelving WuvBaANIMTNIUTUIUANEN YL IS IAUNTUTU @ Nduiusiu B lnednluli
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>>2
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B - [e<i} »(T) 1
Y S A A
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U
[-]
+ _+
@ Piciss 4
B |

>>1

A 6.20 1933N509ANUDFIHY Shelving wuveaunnsIUTURuAMANvaElaviuAsmiuNIUTY o Ndy

v & v

WUSNU

» yip (1)
é—!:} > Vs (1)
» yup(n)

) 4
:Qg}—+<£}—>)45(n)

.
( 'P > Vap(n)
» yp (1)
2
S lasdnludf

191
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LY

6.3 NFPBNUUUNITIUAINIAB AR AINaLUUANNIATIUTUUAnanYaLlA
LA
Viuil
ndeasuluumil 5 agnuanuusnsnesErigisnsesnuUUINTIREndmelalyos

WUUEALINATLALRENNIAT ABlUAITEBNLUUNITILUASNDATBlalwesLULaNNInTazdn1sUSy

'
o

ANAAIAIDAALNNLAD ST B ULINNEINTUIAINTOT Peaking wazn1s1ilimesanudand msu

1993n994 Shelving [44] §3a3Uaanulafani151991 6.2 AU UNITOONLUUNITILUATN

v
[

daelawesfivianuvanunInUsuguAndnuusldiun rodefiugIuINeNKUUNIT

]

9

wnsndalelawesfidvawuveanunsnuivguananvugldiuiiswiumaianisusvaina

fanan ey lyingdl boost kavnSel cut TANUANLIATAY

A15199 6.2 N151TLAD5NARIUSUALNAF NS UNITBBNLUUNITBUASNDAIB L aLEasAIN AU

AUNNT
29AINTD msdwesiidesusuana | adisadldlunisusuana
Peaking filter 0 Je
e, Q,, 1/g
Lowpass Shelving filter Q, 1/g"
Highpass Shelving filter Q, g

6.3.1 N199BNUUUNAINTDY Peaking LuudNunsnUSuguananuaelaviud

31NM13799 6.2 TudIUY89I9330589 Peaking AxiAduuansaniiasuluuni 5
2 v = = a 9 v v o & . o
Wwnes eindmsiiiunsuivaina Q,, susnatnanuduiussening O uag Q, A

aunsi (6.44)

Q,, =—2 (6.44)

' [ v
d =]

a7 b nanlilumauduliiniseenkuuluiidad asd i us I uN1INNIS0 WU

Pl

faa o |

W5 uuR3ndAlelalwesAdvaluUaNIng SuAUNSUSUAINalAARANNENLIASTY Aaly

= ¢ v o ¢

n1seenLULeinsUTuUTaunNuvemnesusuau Feniliaseianuduiug

YDINT1NBTUTURIIDI9AINTO Peaking NUTuulaviufinuueauing agladmiilines
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g lWdwsuusuguansvene, B Tddmsudsuguanudnans, uay o d@wiuuiuguiuud

a ¢ -~

091 Inedafiasansauiun1sef 6.2 Wuineasnses Peaking Axdoslsuaina O n3e
Q,, dhudwmssiumiives o FelddmiuuTuguuuuiinviguniu
N1309NLUUNITNTOY Peaking TrillAnuanuInsazaaslsuUsiaunisauduius

YDI @ WATLUUAIAN (6.35) 10NN UNITUSTUALNANIAIS19T 6.2 A9 uazladunis

ANNENIUSYRY o NUTUUTILAIRIENNIIN (6.45)

a)w
_ \/__wa 1N \/E_tan( 2b )
o= L (6.45)
‘/§+wa \/§ +tan(w2b”’j

nANUENNUSTUANNT5D (6.45) AIANSNTVEY g LU TuaNNITAUFUN UG

G ud i nd nid el lad1d 990159801 UV3993N 589 Peaking LuUANNIATT USUU
AN lavuil dadunmsusugumniives o ssdesdniidisgnsueny g Madnunme
lnpaaduiusues o, wuuainiadna (bw), kazdnsvengluniiy dB (G) wanamenIni

6.21

G= 40dB
G=25dB
G= 15dB
G=10dB
-~ G=5dB
— G=0dB
G=-5dB
G=-10dB
G=-15dB
G=-25dB
G=-40dB

Bandwidth (wbw) x m rad/sample

AN 6.21 ANMUFUNUSVRINTIRMBTUSURAY (o ) BUUnInnflIva (bw), warensivenglu

$#178 dB (G)
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6.3.2 N199ANLUUNAINTBY Shelving LuuanansnUTuguananuaelanui

MIUBUABINUNITenLUUlURITD 6.3.1 N1508NLUVIIATNTBY Peaking WUU

[
a v A

aunnsNUTugulaiuil 289 AeiugIuIINN1Te8NLULINRINTBY Shelving LUUBALNIATH

o3

a 1 (%

USuaulariui srudunisuuanasninisnai 6.2 Aen1susuainaninud

Y

o

Auauzdan (Q,)
e 1/ g dmsuiansnsesrnudainiu Shelving uaz g dmsuisansesminuiiaeinu

Shelving 1a&N1508NLUUINIINTBY Shelving wuveanuInsNUTunuanwuelaiui asld

A o

WsfiwasdmiuuiuguaNddnal

(% @

a (@) Wisssafetiune 4 Geazianuiusius

AUNI5N (6.22) Wkl @NASUIUSULEUNUAITIN 6.2 38NUINNISUSUANARINENIY

'
v aa =

o o Y 3 i a s I = <,
NITNINUAITUOAALLDUSABALLANIITULA DT ﬂ %SISUU'EU?JUQTIZJQ ARANBATITUAUAL TEUU

v
v v = Y

Y fetuRehosnauluiasngiiiuivesaunsANLELRUsanAse et aulganauludiainud

(3

Aruougaon () Tnenismnduiusues di Tudunisi (6.24) wasaunsumiznga (6.1)

ael@saunsi (6.46)

2(Qi-1)

(6.46)
Q! LT

d=—(1+a)B=

WU o 91naNnas (6.29) Tuaunisi (6.46) el

I 1+(1+Q§)—QO/Q e 2(5-1)
(1+95)+Q,/0 (Q+1)+Q,/0

2(1+97) ) 2(; ~1)

(Q+1)+Q,/0 (Q+1)+Q,/0

b Q-1
1+Q;

b

1-Q;
; (6.47)
1+
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nTuInIsUsSul@nanuddaLouzden (Q,) aAun15199 6.2 aglaaunis
ANUANITUSAIMTUIRINTBIAUDANIY Shelving karI993NTBIAIUDZEU Shelving 619

aunsil (6.48) - (6.49) mud v

@,
2 —tan” | —
1_ Q /gl/4 ( 2 j
Bis = (2 1/4) o (6.48)
+(Qo/g ) g+ta (j
2
”4 tan(a)j
I_Q 1/4 2
Bus = s (6.49)
L2 1+g" tan(a))
2

\oflansanaun1sanuduiug (6.48) - (6.49) ud9gwunansENULULAEITUNT
90NV 29990589 Peaking ABEATIVEELTIAU () dxdraisAmIsIdinesUsugueie
ﬁ'ﬁ‘lfumiﬂ%’Uauiuﬂiﬂjammmﬁw"wL‘f]uﬁaqﬁwﬁaﬁqwaﬂismuiudauﬁyﬁuEJ Toens I
mmﬁmﬁuéiwﬁwmﬁma%ﬂ%’ugu,B,mmﬁé’m @,, +azdn31v818 (G) YBII9AINTBY
AU Shelving wArAINNAFINIL Shelving DL UARIAIAINT 6.22 WazAINT 6.23

AIUAIAU
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Cutoff frequency (wo) x 7 rad/sample
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AT 6.22 APUFUNUSTEVIINITNDIUTUIU B ADdR @) Wagdnsvee (G) ves

HAINTBIANUAAWIY Shelving wuvanumnsuuguleaviui

© o o o o o o
w A OO N 0 ©

Cutoff frequency (wo) x  rad/sample
o
N

©
N

o

!
N
\
o
oo
\
o
(2]
:
o
~
.
o
N
o
o
N
o
~
o
o
o
oo
-

G=40dB
G=25dB
G=15dB
G=10dB
G=5dB

G=0dB

G=-5dB

G=-10dB
G=-15dB
~—  G=-25dB
G=-40dB

MW 6.23 AUENTUSTEIINITNeTUTUIU B,y ANNRR @ uwardnsivey (G) ves

1993NTDIAUDFINTY Shelving wuvansmsiuugulaviui
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6.4 HANAABIIABINITNINIY

NMIMPRe9IEINRINITINUTBIIN TR NEmalawe suuuRIiaNa N TaUTugula

v o a v (%

PN P8R EUDEIUIUSWATY MATLAB 198983 uuUnautlnve91995n50969L

6.4.1 HNANIINAADINITDDNLLUUIIATNTDN Peaking

[

1933N509 Peaking AzdN151d1003NADIUTUIUNIMUA 3 AT AB LUUAIATT (bw),
AHANAN (@), Wardni1e1e (g) Auluiiondelunnsvaeunalvetliauenanis
NAaesUTuUNTIEWeTTiay 1 A1 lngazlanwanaUaumMIITWIAS B UiusEnInels

AUUINTULATDANNINT FIANITNAMTITWRTUTUU @, B Uay g

N1SNAABINSEA 1 N131AaUTUFUATLLUAIAY AgvinnIsnaaedlagn1nua
AALE nanslviagy 0.3 rad/sample, N1RUARISNITIVEIBLYINAU 10 dB kag -10 dB
iloliunalTsuiieuszninansal boost uaznsdl cut wazdavneay e liuULAIaYE
AYINAY [0.01, 0.05, 0.1, 0.2, 0.5] x rad/sample TnananisvaapausauLiisunanauaues
NUUINYBINITOBNRUUAIEITALIATULAZOALUIATHANIFININT 6.24 uazAINITITnes

AAENTRI9IN TRITINNIAM TN TUTUIULARININN 19N 6.3

A15199 6.3 LWSBULEUNIITARTUTUUAMIUNITNIAGeN 1 Y943493n503 Peaking

AANURI999NTBY AMNTIWasUTUIU (Rauung) | AMNS1EiweTUTUUL (Auwns)
GdB) ), bw g B a g B a

10 0.3 0.5 3.1623 0.5878 0 3.1623 0.9511 0.2801
10 0.3 0.2 3.1623 0.5878 0.5095 3.1623 0.9511 0.691
10 0.3 0.1m 3.1623 0.5878 0.7265 3.1623 0.9511 0.8364
10 0.3 0.05m 3.1623 0.5878 0.8541 3.1623 0.9511 0.9152
10 0.3 0.017 3.1623 0.5878 0.9691 3.1623 0.9511 0.9825
-10 0.3 0.01m 0.3162 0.5878 0.9691 0.3162 0.9511 0.9456
-10 0.3 0.05m 0.3162 0.5878 0.8541 0.3162 0.9511 0.7545
-10 0.3 0.1 0.3162 0.5878 0.7265 0.3162 0.9511 0.5605
-10 0.3 0.2 0.3162 0.5878 0.5095 0.3162 0.9511 0.2676
-10 0.3 0.5 0.3162 0.5878 0 0.3162 0.9511 -0.2801




12 ; : : : : ; . :
G, bw(rad/sample)
10 F 10dB, 0.50 x7
10dB, 0.20 x7
gl 10dB, 0.10 %
10dB, 0.05x7
6l \ ——10dB, 0.01x7
——-10dB, 0.01 x7
N ————-10dB, 0.05x
4r \ ———-10dB, 0.10xx
o \ L ——-10dB, 0.20 7
T 27 / N -10dB, 0.50 x 7
S ol — A
T -2F N\ ==
s N / g
4t X /
\ \“ (,«'
6t AT .
8t
-10 -
12 . | i . . | ) i !
01 02 03 04 05 06 07 08 09
Normalized Frequency (x= rad/sample)
(n)
12 . : : : , : . : :
G, bw(rad/sample)
10dB, 0.50 7
10dB, 0.20 7
~— 10dB, 0.10 7
——10dB, 0.05 %7
——10dB, 0.01 x7
~-10dB, 0.01 %7
———-10dB, 0.05 x7
—-10dB, 0.10 x7
——-10dB, 0.20x
-10dB, 0.50 x

Magnitude (dB)

L ! L

12 . . . . .
01 02 03 04 05 06 07 08

Normalized Frequency (x = rad/sample)

(@)

0.9
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A 6.24 nan1INARBINTAIN 1 dmTuIeaInes Peaking NUTuulavuil (n) sonuuudle

aa aa
ARFULINTLAY (V) ITEAUUINT
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NSNAABINTEIT 2 msmamﬂ%’uguﬁwmmﬁﬂmq 2311N151Aa09lA8NINUAAT
WUUAIAYATIVINAU 0.17 rad/sample, ANnunA 8RIIvENBWIAAY 10 dB uax -10 dB uaz
Auualianud naneiidvingu [0.1, 0.3, 0.5, 0.7, 0.9] x rad/sample 1ngNaN1TNAADY
WU UNAMD UALBITINIULIATEINITOBNLUUAILI T ALLINTLAL AUNIATLARIFIN NG

6.25 wAZANINTAWMESANENTRIIIINTBITIIIAMI TIN5 UTUIUUARIRINN TN 6.4

M13199% 6.4 WigugumsilimesuTugudmIun1snaeesi 2 ¥943933n584 Peaking

AaNUR299INTRY AMsiaeIUIURU (eausns) | AwsliwesUTuu (aumng)
GdB) [OX bw g S a g S o

10 0.17 0.1 3.1623 0.9511 0.7265 3.1623 0.9511 0.8364
10 0.3 0.1 3.1623 0.5878 0.7265 3.1623 0.5878 0.8364
10 0.5 0.1 3.1623 0 0.7265 3.1623 0 0.8364
10 0.7 0.1 3.1623 | -0.5878 0.7265 3.1623 | -0.5878 0.8364
10 097 0.1 3.1623 | -0.9511 0.7265 3.1623 | -0.9511 0.8364
-10 0.1 0.1 0.3162 0.9511 0.7265 0.3162 0.9511 0.5605
-10 0.3 0.1 0.3162 0.5878 0.7265 0.3162 0.5878 0.5605
-10 0.57 0.1 0.3162 0 0.7265 0.3162 0 0.5605
-10 0.7t 0.1 0.3162 | -0.5878 | 0.7265 0.3162 | -0.5878 | 0.5605
-10 0.97 0.1 0.3162 | -0.9511 | 0.7265 0.3162 | -0.9511 | 0.5605




12 T T T T T T T T

Magnitude (dB)

12 . A . 1 .
0.1 0:24, = 0.3% 04./90,5/ . L0, \ " O \'J0.8

Normalized Frequency (x= rad/sample)

12 T T T T T T T T

0.9

G, wo(radlsample)

10dB, 0.1 x7
10dB, 0.3 x7
10dB, 0.5 x7
10dB, 0.7 xw
10dB, 0.9 x7
-10dB, 0.1 x7
-10dB, 0.3 x7
-10dB, 0.5x7
-10dB, 0.7 x«
-10dB, 0.9 xw

G, wo(rad/sample)

10dB, 0.1 xw
10dB, 0.3 x7
= 10dB;0.5x7
10dB, 0.7 x7
& 10dB, 0.9 x7

-10dB, 0.1 x7
—-10dB, 0.3 xx
—-10dB, 0.5x7«
————-10dB, 0.7 x=

~ -10dB, 0.9 xw

Magnitude (dB)

-12 :

0.1 0.2 03 04 05 06 0.7 0.8
Normalized Frequency (xw rad/sample)

()

0.9
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N7 6.25 NaN1INARBINTAIN 2 dMIUNAINTBY Peaking MUFUULATILT (n) DBNUUUAIY

FPeauunsay (V) 0aUUINT
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N13MAABINTaIN 3 N13MAABIUSUUAISNIIWENY IzrinTnaasslaeimuali
A1A1A Na19AIT U 0.37 rad/sample, AMnuaALULA3avilua1AsT INRY 0.17
rad/sample wagnmualionsiveeiiawiiiu [10, 8, 6, 4, 2, -2, -4, -6, -8, -10] dB lnawa
N5NABDAUTHULTIBUNERDUAUDININVUIATDIN1TDDNLUUAILTDANNIATULAZDANNIATUARN

AINNT 6.26 UarANTIHINESAMANTRIAINTBITINIAIMN TN TUTURULARRINNT 1N 6.5

M13199 6.5 WiguigumsfimesuTugudmIun1sNAGes 3 ¥943933N584 Peaking

AANUR299INTRY Ansiiwesuiugu (eaunng) | AmnsliwesuTugu (aumng)
Gdb | @, bw g B a g B a

10 0.7t 0.1 3.1623 | -0.5878 | 0.7265 3.1623 | -0.5878 | 0.8364
8 0.7 0.1 2.5119 | -0.5878 | 0.7265 2.5119 | -0.5878 | 0.8183
6 0.7 0.17m 1.9953 | -0.5878 | 0.7265 1.9953 | -0.5878 | 0.7984
o 0.7 0.1 1.5849 | -0.5878 | 0.7265 1.5849 | -0.5878 | 0.7765
2 0.7 0.1m 1.2589 | -0.5878 | 0.7265 1.2589 | -0.5878 | 0.7526
-2 0.7 017 0.7943 | -0.5878 | 0.7265 0.7943 | -0.5878 | 0.6982
-4 0.7 0.1 0.631 -0.5878 | 0.7265 0.631 -0.5878 | 0.6675
-6 0.7 0.1 0.5012 | -0.5878 | 0.7265 0.5012 | -0.5878 | 0.6344
-8 0.7 0.1 0.3981 -0.5878 | 0.7265 0.3981 -0.5878 | 0.5987
-10 0.7 0.1 0.3162 | -0.5878 | 0.7265 0.3162 | -0.5878 | 0.5605




12

10

o N

Magnitude (dB)
Ny

-4

-6

12

10

Magnitude (dB)
o

-2

-4

-6

! s L L 1 ! L

10dB
8dB
6dB
4dB
2dB
-2dB
-4dB
-6dB
—-8dB
-10dB

0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized Frequency (x= rad/sample)

(n)

0.9

L ! L !

L L

10dB
8dB

4dB
2dB
~———-2dB
-4dB
-6dB
-8dB
-10dB

0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized Frequency (x= rad/sample)

(@)

0.9
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ANT 6.26 HAN1INARDINTAIN 3 FIMTUIRINTOL Peaking NUTUULATILT (n) DBNLUUMIY

aa aa
ATDANNNTULAY () ITEAUNINT
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6.4.2 HANITNAABINITODNLUUINIINTDIAMUDAIHNIY Shelving

nsMnaeludILUe1199INT0IANA AHY Shelving a¢ldlassasnslunnd 6.19
Huvdn Tagazannsafugumnsifiwesld 2 faemuidn @, uazdnsvereidadu g lae
nsvinnuazlranAsdwes S uay g Lsﬁwlﬂiuiﬂia%ﬁal,ﬁaﬁﬂﬁwmﬂ5@@Lﬂﬁauﬂmauﬁ’ﬁ
Igviud dmsuniseenuuusieieaunsuaranunsasman 8 ananuduiusluaunisi

(6.22) wag (6.48) HIUAIAU

NsMAaeInsil 1 nasnaassUiuguAtANida azviinInaasdlagimund
Sns1ve18WU 10 dB wag -10 dB wasimunlsanuinalediaindu 0.1, 0.3, 0.5, 0.7,
0.9] x rad/sample 1ngHAN1TNARBIUIIUTIEUNARBUANBININVUIAYDINITOBNLUUMETT
AUNIATUATIANIIATUARIAINING 6.27 LLaSﬂIﬁ‘W’]ﬂﬁL@B%ﬂmﬁmﬁﬁﬂﬁliﬂi@ﬁ?uﬁzﬂ
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M3797 6.6 WSguBUNSEimasUTuuMInnaedil 1 ¥899aInIesANtnsiei Shelving

AENURI99INT0Y AIEleeIUTUU (easans) | Amnsiiiwesuiugu (ausnms)

GdB) @, g g g g
10 0.1mw 3.1623 0.9511 3.1623 0.9722
10 0.3 3.1623 0.5878 3.1623 0.7452
10 0.5 3.1623 0.0000 3.1623 0.2801
10 0.7 3.1623 -0.5878 3.1623 -0.3683
10 0.97 3.1623 -0.9511 3.1623 -0.9146
-10 0.1m 0.3162 0.9511 0.3162 0.9146
-10 0.3 0.3162 0.5878 0.3162 0.3683
-10 0.57 0.3162 0.0000 0.3162 -0.2801
-10 0.7 0.3162 -0.5878 0.3162 -0.7452
-10 097 0.3162 -0.9511 0.3162 -0.9722
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N13MARBINTAIN 2 N13MAABIUSUUAISNIIWETY 9zinnsnaasslaeimuali
ANAINUANAATIVINAU 0.37 rad/sample, wasfmualidasvenedidwvindu [10, 8, 6, 4,
2,-2, -4, -6, -8, -10] dB lAgNaN1INARBLUTIUNEUNANBUANDININYUIAYDINITOBAKUY
FreTBaunnsuazeauimsLansRIn T 6.28 uagAmIdinenaaNTRTINTeTIIN

! a § | [ =
ﬂ’]‘W’]i’]llLm@iUiUQULLﬁﬂQﬂQW’]T}QW 6.7
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AaENUR299INTBY AvnsidiweUIugu (emmng) | Awnsiweiuiugu (ENunes)
GdB) ), g B g B
10 0.3 3.1623 0.5878 3.1623 0.7452
8 0.3 2.5119 0.5878 2.5119 0.7185
6 0.3 1.9953 0.5878 1.9953 0.6895
4 0.3 1.5849 0.5878 1.5849 0.6581
2 0.3 1.2589 0.5878 1.2589 0.6242
-2 0.3 0.7943 0.5878 0.7943 0.5488
-4 0.3 0.631 0.5878 0.631 0.5073
-6 0.3 0.5012 0.5878 0.5012 0.4634
-8 0.3 0.3981 0.5878 0.3981 0.4170
-10 0.3 0.3162 0.5878 0.3162 0.3683
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6.4.3 WANISVIAABINITBBNLUUINAINTBIAUAGIHI Shelving

N13MAaeludIUYD999INT0IANNAGIHI Shelving IgAdBiUNITOONLULNDT
n309AUAAINIY Shelving Apaglilassaiidlunmi 6.20 iundnlagazusugumnsiines
1§ 2 fhienuiian o, uardasvens g lensiauasivansmnsfives 4 uay g iluly
Tassarafievihlsasnseaddsunaantaléviui dmiunseenuuumeisoaunnsazm
A1 B ananuduiusluannisfl (6.22) willousui9asnseanudfiniy Shelving win1s
genuuUEIsauInsardadldrnuduiusanaunisi (6.49) Tunsmen g

nsMAaens@i 1 nsvaassUsuguAtANdda azviInnasdlagimund
$nsveneminiy 10 dB way -10 dB wagdmualinudnatsliamiadu [0.1, 0.3, 0.5, 0.7,
0.9] xz rad/sample lagaN1IVNABIUTIUNBUNARBUAUDIN N UUIAYDINITODNWUUAIETD

AUUIATHALZDANNIATLAAIAIAINT 6.29 LATAINITINLADSANAUUTRIIATNTDITIUNY

AT TUTUIUIANIAIINT NN 6.8

o ~ PN a ¢ v A a ' .
M19719% 6.8 LU?E]‘UW|EJ‘U‘qu']llLW@?U?U%UﬂWiW@a@QW 1 %aﬁ?ﬂﬁ]iﬂi@ﬂﬂjqﬁiﬂgﬂwqu Shelvmg

ANENUF299INTBY AmnsiflipeFUsugu (eaummg) | AwnsliwesuTugu (@uunas)

GdB) a, g B g b
10 0.1 3.1623 0.9511 3.1623 0.9146
10 0.3 3.1623 0.5878 3.1623 0.3683
10 0.57 3.1623 0.0000 3.1623 -0.2801
10 0.7 3.1623 -0.5878 3.1623 -0.7452
10 0.9 3.1623 -0.9511 3.1623 -0.9722
-10 0.1m 0.3162 0.9511 0.3162 0.9722
-10 0.3 0.3162 0.5878 0.3162 0.7452
-10 0.5 0.3162 0.0000 0.3162 0.2801
-10 0.7 0.3162 -0.5878 0.3162 -0.3683
-10 0.97 0.3162 -0.9511 0.3162 -0.9146
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N13MARBINTEIN 2 N13MAABIUSUUAISNIIWETY 9zinTnaasslasimuali
ANAINUANA1ATIVINA 0.77 rad/sample, wasfmualidasveneiidnvindu [10, 8, 6, 4,
2,-2, -4, -6, -8, -10] dB lAgNaN1TNARBILUTYUTIEUNANBUAUDININYUIAYBINTOBNUUY
FreiBaunnsuazeauimILaRsRIn T 630 uagAmnITineinmaNTA2IINTeTIIN

! a § | [ d'
ﬂ’]‘W’ﬁ’]llLm@ﬁﬂﬁUﬂl«lLLﬁﬂﬂﬂﬂﬁni’Nﬂ 69

M13199 6.9 WiguguTinesUTugUNITMARDIN 2 YBINATNTBIRNUDFINTI Shelving

AuANTR9INTEY AmsiwesUTugu (eauung) ﬂ'wwﬁ'lﬁma%ﬂi"ugué?ﬁ (a1311019)
GdB) @, g B g Vi
10 0.3w 3.1623 -0.5878 3.1623 -0.7452
8 0.3 2.5119 -0.5878 2.5119 -0.7185
6 0.3 1.9953 -0.5878 1.9953 -0.6895
a 0.3 1.5849 -0.5878 1.5849 -0.6581
2 0.3 1.2589 -0.5878 1.2589 -0.6242
-2 0.3 0.7943 -0.5878 0.7943 -0.5488
-4 0.3 0.631 -0.5878 0.631 -0.5073
-6 0.3 0.5012 -0.5878 0.5012 -0.4634
-8 0.3 0.3981 -0.5878 0.3981 -0.4170
-10 0.3 0.3162 -0.5878 0.3162 :0.3683
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The matrix-based design and realization of digital parametric equalizer
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‘This paper presents the design of a digital parametric equalizer based on matrix design equations and their
corresponding digital filter structures. Matrix-based design equations are modified from the so called bilinear
Pascal matrix for sz transformation, appended with modifications in the feed-forward path of direct form-II
digital filter structure based on consideration of standard biquadratic filters compared with peaking filter,
lowpass shelving filter, and highpass shelving filter, as well as the proposed improvement procedures. Conse-
quently, matrix design equations and their corresponding multiple outputs filter structure realizations for digital
version of peaking, lowpass shelving, and highpass shelving filters can be achieved. The matrix-based design
method and the proposed filter structure are in terms of impl
of a digital filter is determined by its filter structure, while filter coefficients are calculated from the matrix
equation that corresponds to such structure. Digital filter characteristic can be determined or adjusted by
updating new filter coefficients through matrix computation. The proposed peaking, lowpass shelving, and
highpass shelving digital filters can be cascaded for use as a digital parametric equalizer. Design examples and
the resulting frequency responses are shown as well as further explanation of hardware implementation for real-
time digital parametric equalizer on STM32F769 processor. The simulation results and actual hardware fre-
quency response measurements are compared to confirm the success of the proposed matrix-based design method

sz transformation
STM32 processor

ion because the main mechanism

and its implementation.

1. Introduction

Parametric equalizers are a necessity of sound adjustment to obtain
desirable frequencies. Owing to the freedom of parameter setting,
parametric equalizers provide more flexibility compared with graphic
equalizers. In graphic equalizers, only gain (boost/or cut) of each fre-
quency band that can be adjusted by users, both center frequency and
bandwidth of each frequency band will be defined in stage of design,
cannot be adjusted by users. But in parametric equalizers, not only gain
that can be adjusted, the center frequency and bandwidth of frequency
band can also be adjusted by users. Therefore, they have a wide appli-
cation in fields of sound and musical adjustments, both for live music
and production in studio. There are essential components to a para-
metric equalizer system: peaking filter, lowpass shelving filter, and
highpass shelving filter. These components are meant to be cascade
connected to attain the desired frequency band.

Mostly the design of a digital parametric equalizer system relies on
the principle of an analog transfer function [1-2]. This approach re-
quires the s-z transformation to be in the form of a digital transfer

* Corresponding author.
E-mail address: sorawat.ch@lkmitl.ac.th (S. Chivapreecha).

https://doi.org/10.1016/.ae11e,2021 153651
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function. A design of the digital parametric equalizer in [3] using a
bilinear Pascal matrix [4-8] to s-z transform has been proposed. This
matrix-based transform offers benefit in the updating of the digital filter
coefficients resulting in characteristic adjustment during operation.
Moreover, the hardware implementation on STM32 processor has been
demonstrated using MATLAB/Simulink equipped with the supporting
library packages by STMicroelectronics [9]. The study showed an
agreement between the simulation and the hardware implementation.
However, the use of analog prototype transfer function in [3] comprises
of two conditions, boost and cut. So in fact, it appears to be comprised of
two sub-transfer functions for each which can be considered as a
drawback. In addition, the direct use of a bilinear Pascal matrix for o
order systems with matrix size 3 x 3 does not look outstanding and is not
very attractive. There is still a room for the improvement.

The design of a digital parametric equalizer filter (peaking filter)
directly in the digital domain by considering the pole-zero placement
was proposed in [10]. There are 32 possible solutions depending on
considered constraints which are derived, but only one solution that
may be of practical applications. The proposed in [11] is also direct
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Fig. 1. Block diagram of parametric equalizer.

design in the digital domain, which has problems regarding the accuracy
of bandwidth, the obtained gain not matching the specifications, and
gain at frequency 0 and & are not unity gain. The problems in [11] are
improved in [10], however only a design solution for a peaking filter is
presented, not lowpass shelving and highpass shelving filters. Due to its
quite complicated design method, it is also not suitable for realization
especially for real-time processing, The proposed in [12] is single input
multiple outputs biquadratic digital filter design where the bilinear
Pascal matrix for s-z transformation is modified based on transformation
of standard analog biquadratic filter prototypes as lowpass (LP), high-
pass (HP), bandpass (BP), bandstop (BS), and allpass (AP) filters which
corresponds to the modification of the direct form-1I digital filter
structure. Consequently, digital filter structure with single input and five
simultaneous outputs can be achieved with only one mauix design
equation for filter coefficient calculation that corresponds to filter
structure being introduced.

This paper presents the matrix-based design and filter realization of
digital peaking, LP shelving, and HP shelving filters that can be cascaded
to become a digital parametric equalizer. The modified bilinear Pascal
matrix and multi-output filter structurein [1 improved to obtain the
matrix design equations for a digital peaking filter, digital LP shelving
filter, and digital HP shelving filter, respectively. The corresponded filter
structure for each matrix equation not only gives peaking, LP shelving,
or HP shelving output but also gives multiple outputs which are LP, HP,
BP, BS, and AP outputs as well, as proposed in [12]. The peaking filter,
LP shelving filter, and HP shelving filter obtained by the proposed ma-
trix design equations and proposed filter structure realizations can be
cascade connected to form a digital parametric equalizer. Design ex-
amples and results, including hardware implementation of a digital
parametric equalizer on an STM32 processor as in [3,9], will be
demonstrated to verify the effectiveness of the design methods that can
be used as a real-time digital parametric equalizer.

This paper is organized as follows: the s-z transformation using
bilinear Pascal matrix and the method to provide 5 outputs biquadratic
digital filter simultaneously are reviewed in Section 2. In Section 3, the
proposed design method for asymmetric type and symmetric type digital
parametric equalizers will be illustrated. Simulation results with pro-
posed design methods and the hardware implementation on STM32
processor will be discussed in Section 4, and also are compared in re-
sults. Finally, conclusions of this paper will be summarized in Section 5.

2. Background
2.1. Digital parametric equalizer design using bilinear Pascal matrix
A parametric equalizer is a cascade connection of peaking filters, an

LP shelving filter, and an HP shelving filter as shown in Fig. 1.
The 2°% order transfer functions of the analog peaking, LP shelving,

and HP shelving filters [1-2] can be written as Egs. (

5+ gl /O + Q2
&+ Qos/Q+ R
S Qos/Q+ 9
& +Q05/20+ Q5

B "

Hpg(s) = [€D)]

g1

- «/ZngergQg‘g -
s V2008 + Q5

His(s) = (2)
b V20 + Q2

e — —2 < 1
4 /2]g s+ Qb2

gsz+«/2g§los+§2§‘ 0,
FEVIO O

HHS<S) = 3
5+ V2005 + 4 X
)5+ /28 + 05

where £ is center frequency in rad/sec,

Q is the quality factor related to the bandwidth of the peaking filter,

g is gain in linear scale, boost case (g > 1) and cut case (g < 1).

note: If gain is defined in dB (G in dB), then dBs must be converted to
a linear scale by using g = 10%/2°,

The design of the digital parametric equalizer in [3] requires an s-z
twransformation using a bilinear Pascal matrix [4-8]. This approach is the
same as the s-z transformation using the typical bilinear transform, but it
is more convenient to operate in the matrix calculations which are
suitable to update coefficients in the filter. The relationship of the
normalized digital frequency and analog frequency can be written as

T
Q =tan (T)

where Q is the analog frequency, @ is the normalized digital fre-
quency, T is the sampling period.

The coefficients of the digital filter can be calculated by multiplica-
tion between the bilinear Pascal matrix and the coefficients of the analog
filter in Eq. (5) individually in the numerator and denominator terms,

[au] [P][B] (5)

where [aj], [bj] are the numerator and denominator coefficient
vectors of the digital filter, respectively,

[A;]‘ [B;] are the numerator and denominator coefficient vectors of
the analog filter, respectively,

©)]

= [P][A]; [s] =

1 1 1
[P] is the Z"d order bilinear Pascal matrix = |2 0 -2 (.

1 -1 1
However, the design method in [3] has 2 conditions for each wransfer
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Fig. 2. Multiple biquadratic digital filter structure in [12].

function (boost and cut cases), equivalent to uses 6 transfer functions in
total and can be considered as a drawback of this method. Therefore, this
paper aims to reduce transfer functions caused by condition of boost or
cut, by using the structure and matrix equation of the multiple outputs
biquadratic digital filter applied to the digital parametric filter design.

2.2. Multiple outputs biquadratic digital filter

A new design of biquadratic digital filter has been proposed in [ 12].
The design can be given various outputs such as LP, HP, BP, BS, and AP
filtering outputs. This is possible by using the matrix operators for
bilinear Pascal matrix sz transformation to transform the analog
biquadratic transfer functions to digital biquadratic transfer functions.
The standard analog biquadratic equations for LP, HP, BP, BS, and AP
filters, shown in Eqs. (6)—(10) respectively.

2%

%G+ (%>s+sl

Hynls) = (6)

@

()
T~ g ®)

Hpp(s) =
Qi+ (%1 5 +is?
2+ 2
Has(s) _ Ny ©)
o+ %}s + 2
G- (%1>s+sz
Hap(s) = (10)

Using the bilinear Pascal matrix for s-z transformation to transform
Egs. (6)—(10) to be the digital wansfer functions, we obtain the digital
transfer functions as Eqs. (11)—(15).

Gu(l +2:7' 4278

Hirld) =~y an
Gep(l =227 4279
Bl o™ - N N 12
i T .
Gap(l — 272
HBP(z)7M a3)

T ltdiz +dar?

Hps(z) = Hpp(z) + Hup(2) a4

Hap(z) = Hps(z) — Hpp(2) (15)

The structure of a single input multiple outputs biquadratic digital
filter has been presented in [12]. The structure is composed of 5 co-
efficients as shown in Fig. 2. These coefficients can be calculated by
using a matrix equation which is modified from the bilinear Pascal
matrix [12] written by Eq. (16).

o 10 9 k2

@ o 1 0

. (Edlb o k(ﬂ) (16)
4 s Q

4, 1 %

wherek = m, Qy =tan (%) rad /s, fo is center frequency (Hz), F;

is sampling frequency, and Q is quality factor.

Using only one matrix equation as in Eq. (16) and a filter structure
which is modified in feed-forward path from direct form-II structure in
Fig. 2 can give 5 outputs simultaneously. The proposed design in this
paper is the improvements of modified bilinear Pascal matrix in Eq. (16)
and filter structure in Fig. 2 for the matrix-based design and filter
structure realization of digital parametric equalizer,

3. Proposed matrix design equations and filter structure
realizations for digital parametric equalizer

The transfer functions of the peaking filter, LP shelving filter, and HP
shelving filter can be represented in the matrix equations. The repre-
sentation of such equations requires the modification of Eq. (16).

In addition, the filter structure realizations must be related to the
designed matrix equations.

3.1. Asymunetric type digital parametric equalizer

The design can be considered as the transfer functions of standard
analog biquadratic LP filter, HP filter, and BP filter, Eqs. (6)—(10). These
are compared with analog prototype transfer function of peaking, LP
shelving, and HP shelving filter, Eqs. (1)-(3) inboost case. However, the
cut case is not suitable to be designed with the multiple outputs
biquadratic digital filter. This implies that the design is limited to only
the boost case. It is obvious that the amplitude response characteristics
of the boost case and cut case are asymmetric.

For asymmetric type peaking filter design, the transfer functions in
Egs. (6)—(10) can be compared to the transfer functions of an analog
peaking filter (boost; g > 1) in Eq. (1). The relation can be found as Eq.
17y

The multiple outputs biquadratic digital filter can be applicable to
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the peaking filter design. The structure in Fig. 2 can be considered and
the digital transfer function show as Eq. (18).

Hpe(2) = Hrp(2) + gHpp(2) + Hur(2)

LP shelving and HP shelving filters design can be considered in the
same manner. Through comparing the Egs. (6)—(10) with Eq. (2) and
Eq. (3), we obtain the digital transfer function of asymmetric LP shelving
and HP shelving filter in Eqs. (19)-(20), respectively. In the case of LP
shelving and HP shelving filter, Q is fixed by Q = 1/+/2.

His(z) = gHip(2) + +/2Hae(2) + Hur(2)

(18)

(19)

Hus(z) = Hip(2) + /§Har(2) + 8Hur(2)

In this paper, we provide two design solutions for parametric
equalizer realization.

(20)

Design solution 1: We design by factoring g and /g in Eqs. (18)-(20)
into the filter structure. The coefficients Grp, Gup, Gap, dy, and d» can be
calculated by the matrix equation in Eq. (16). This approach is attractive
in the sense of the simultaneously gain (g) adjustment without the
recalculation of coefficients. In addition, the characteristics of the
multiple outputs such as LP, HP, BP, BS, and AP remain. The modified
structure of the multiple outputs biquadratic digital filter with asym-
metric peaking, LP shelving, and HP shelving filter structure is as shown
in Fig. 3 (a), Fig. 4 (@), Fig. 5 (a) respectively.

Design solution 2: This approach is based on embedding g and /g into
the matrix equation. The matrix equation is used to determine the co-
efficients in Eq. (16) which is modified by adding g for the digital
peaking filter, g and /g for the shelving filter, so the matrix equation for
asymmetric digital peaking filter, LP shelving filter, and HP shelving
filter are shown in Eqgs. (21)-(23), respectively. It is clear that for the
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multiple outputs filter structure, in the case of peaking filter only, BP
output is inevitably scaled by g as shown in Fig. 3 (b), in the case of LP
shelving filter, the LP output is scaled by g and the BP output by ,/g as
shown in Fig. 4 (b), in the case of HP shelving filter, the HP output is
scaled by g and the BP output by /g as shown in Fig. 5 (b). With this
approach, the main structure can be commonly used in all filter types, by
only changing the matrix design equations.

S| 1o o kR
Gp 0 ¢ 0 5y
G 0 0 1 k(_> (1)
2 2 0 -2 Q
i 111
4 k L
] - ]
g 0 ofr e
G 0 v o e
el =10 0 1 k(go V2 ) (22)
H Y i .
} 1. 4 S ]
& 5 -
Gl o6 ey o
Grp 0 g o %
Gpl=]0 0 k(Qo x \/E) (23)
4 5 e o3 -
g g gl i
& o 1

However, the design presented in this section suffers from the
asymmetry of the amplitude response in the boost and cut cases. The
problem is due to the analog prototype transfer function because this
design considers only the boost case. This problem will be solved in the
next section.

keg(QF + 800/ (Qy/2) +1) + 2rr{@f — 1)) + kax [ — 80/(Qy/3) +1)272
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The center frequency, Qg will be defined at the midpoint gain, G/2
(in dB) or linear gain is \/g [13-14]. The 1% order analog LP shelving
filter can be written as Eq. (25), and the amplitude response shown as
Eq. (26).

s/ +e
H, il )
=) = 5

. 0 +g202
s ()l =/ r 7 ng (26)

The frequency &, providing the amplitude at the position of Q; is
equal to /g, can be determined in Eq. (27).

(25)

&+ g207
[P LI - Sl | SN o 27
i\ VEDs @7
o N
H e - THRe, 28
w56 VB[, + 1 @8
If & = /g8 or s = /gs, issubstituted into the LP shelving filter Eq.
(25) to create a new LP shelving Hys(s), so |Hus (o) = |His(/80)| =

/& the LP shelving filter transfer function can be expressed as Eq. g
<:’X§JQ i

Then, we use the LP to BP transformation by substituting s =
Eq. (28). Therefore the analog transfer function of peaking filter is found
as seen in Eq. (29).

V& +Qgs/Q+ O /8
B2+ Qs /O + Q2 /2

where ; = center frequency of peaking filter,
Q = quality factor that is relate with bandwidth, Bw = %”.
The transformation of Eq. (29) to a digital wansfer function using the

bilinear Pascal matrix is possible as in Eq. (30).

Hogls) = (29)

(30)

3.2. Symmetric type digital parametric equalizer

It is obvious that the amplitude response characteristic of boost and
cut cases are not symmetrical. This paper also proposes an approach to
solve this problem by deriving new transfer functions of peaking filter,
LP shelving filter, and HP shelving filter to be symmetrical both in boost
and cut cases.

Peaking filter-symmetric type:

(Grr + 5Grr + Gap) + 2AGrr — Grp)z™' + (Grp = gGop + Gp)2?

14 U (QF — 1)27 + Fp (@ — Qo/(27) + 1)272

14+ 2Grr — Grp)z~! + (Gre — Gop + Gap)z™?

The design of the peaking filter follows the approach of the trans-
formation of the LP shelving filter to a peaking filter using standard LP to
BP transformation. The 1% order LP shelving filter is introduced, and the
amplitude response characteristie is defined by Eq.

His(0) = g His{eo) =15 [H1s(j0) | = 3 4

A
kpg = ——----——
3
(QO+Q—“}§—+1>

The design of the peaking filter using multiple outputs biquadratic
digital filter can be now performed by substituting Egs. (11)-(13) into
the digital transfer function of the peaking filter in Eq. (

B

‘When comparing Eq. (30) with Eq. (31), we found Eq. (32).

Grp = kaQ%; Grp = kPKQ&\}?; Gp = kg (32)

Therefore, the matrix equation for the proposed symmetric peaking
filter is Eq. (33)
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g Consider in the same manner as peaking filter, from Eq. (36) by
P 1 0 0 ke Qg substituting s = g'/4s into Eq. (2) for LP shelving and from Eq. (37) by
GBP 0 g 0 Qo 1 substituting s = W:T into Eq. (3) for HP shelving filter, the new transfer
&, =[(0 ¢ 1 Fpx s where kpy = ———. : e
dyp o G .3 0% (Qg +ﬁ=+ 1) functions can be expresses as Egs. (38)—(39).
' 1, =f 1 & ¢
dl -PK o
Gz ) il +g(g%%> (38)
sis) = - 7 =z
The comparison between Eq. (21) and Eq. (33), the scaling Q with /g @k V3 %ﬂ ¥ (%)
is used in symmetric type design. ¢ ;
Lowpass and highpass shelving filters-symmetric type: ) " .
LP and HP shelving filters are considered similar to peaking filters, 7 _&+ VZ200g'Ms + /200
Husls) (39)

but starting from the biquadratic analog prototypes as Egs. (2)-(3) in 2+ V20081 s + \/§Qg
boost case. Therefore, the amplitude response of LP shelving and HP
shelving filters are shown as Eqs. 15), respectively.

Therefore, the digital transfer function of the symmetrical LP
shelving and HP shelving filter can be shown as Eqs. (40) )

@4

2 2 2
km(g(ﬁ%) +/2 fﬁ’erl) +2km(g(§7‘}> —1)z"+km(g(g%‘77> -V E%%—Jrl)z’z

His() = 8 . (40)
1 +2km(<§%) -1 )z" +m(<§§,) V2 S+ )z*i
o) = Fas (V208 + V22 Qg +g) + s (/2O — ) 7 s (VB QS — V28 QugMt + )™ 1
w 1+ 2k (20 — 1)z + ks (/8% — V2 Qg + 1)z 2
» where k;g = — s - and kys = <ﬁgé+f;gng1/»+1)'
[us) @5) ((3) 2 20)

The digital ransfer function of the shelving filter by multiple outputs
biquadratic digital filter structure is obtained by substituting Eqs. (11)
(13) into Eq. (19) for the LP shelving filter, and Eq. (20) for the HP
shelving filter, which are shown in Egs. (4 (43), respectively.

According to the symmetric peaking filter, the gain at Q; is defined as
/& So, obtain Eq. (36) for LP shelving filter, and Eq. (37) for HP shelving
filter.

His(z) = (8G1e + /3o + Guv) + AeCrr — Gup)3™ + (8w = \/8Gr + Gux)i (42)
g 1+ 2Grr — Gup)z' + (Grp — Gop + Grp)z™?

(Gro + /8 Gor + 8Gmp) + 2AGrp — gGme)7! + (Gro — /8G2 + 36me) 2>

% b 43
() 1+ 2(Grr — Gup )z + (Gre — Gap + Gp)z? @2
4 g2 14 . A o s p
VE= T o >Q=g9" (36) When comparing Eq. (40) with Eq. (42), and Eq. (41) with Eq. (
= the matrix equations of the proposed LP shelving filter and HP shelving
filters are Eqs. (44)—(415), respectively.
20" + O 2o
oy T o
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1 . .
23 g 0 0 km(%)

Grp 0 g o £

g o 01 [ (44)
i 2 0 —of|ksV2

dy 11 1 4

dy - L ks

G|l f1oe 07,

G| |0 v o |[k(s o)

G | =0 0 8 | | kmv25 0 45)
a 20 2|7 ke

111
& . .

In the case of the LP shelving filter compared with Eq. (22) and Eq.
(44), the difference in the scaling of Q, can be found with 1/g'/*. In
addition, when comparing Eq. (23) and Eq. (45) in the case of HP shelving
filter, the distinguishable results on the scaling Q, with g!/* can be found.

Design solution 1: Aswith theasymmetric type, g and , /g are factored into
the filter structure. Therefore, the filter sructure of symmetric type digital
peaking filter, LP shelving filter, and HP shelving filter can be used with the

Gain (dB)

0.001 0.01 0.1 1
Normalized Frequency (x = rad/sample)

@
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asymmetric typeas shown inFig. 3 (a), Fig. 4 (a), Fig. 5 (a) respectively. But
the matrix equation Eq. (16) wasmodified, for peaking filter scaling Q with
/& LP shelving filter scaling Qo with 1/g*/, and HP shelving filter scaling
Qo with g!/4, In case of shelving filter, Q is fixed by Q = 1/v/2.

Design solution 2: In this solution g and /g are embedded in the matrix
equation, so the matrix equation of the peaking, LP shelving, and HP
shelving filter are shown in Eqgs. (33), (44), (45) and the structure is
commonly used as Fig. 3 (b), Fig. 4 (b), Fig. 5 (b) respectively.

The symmetric type design when compared with asymmetric type for
example in peaking filter, the scaling of Q by , /g in symmetric type design
affects to narrower bandwidth in boost case when compared with asym-
metric type design. Conversely, wider bandwidth in cut case. However, this
effect leads to symmetrical amplitude response both of boost and cut cases
for symmetric type design without any conditions asin [3]. Scaling of & by
1/g"*, for LP shelving filter and scaling of {2 by g'/ for HP shelving filter in
symmetric type design also give the beneficial effects same as peaking filter.

4. Results and hardware implementation on STM32 processor
4.1. Simulation results

In this section, the frequency responses obtained from the proposed

—O—G=-10dB
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—#—G=-6dB
—+—G=-2dB
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—&—G=10dB
Iy
=
b ] >
i}
O
5
-10
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Nomnalized Frequency (x = rad/sample)

®)
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o
z
£ 0
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L] —o—G=-10dB
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B | ——G=2dB L
—%—@=2dB
—&—@=6dB
0} [ —G=10dB
0.001 0.01 0.1 1
Il‘IUl li; d Ir (X wr d/s le)

©

Fig. 6. Amplitude responses of asymmetric type design of peaking filter (a), LP shelving filter (b), HP shelving filter (¢) for various gain in dB.
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matrix design equations for the peaking filter, LP shelving filter, and HP
shelving filter and both asymmetric and symmetric types will be shown.
Moreover, with the single input multiple outputs filter structure, other
outputs, such as LP, HP, BP, BS, and AP outputs can be shown as well.

The frequency responses from design of the peaking filter, LP
shelving filter and HP shelving filter with the same normalized digital
frequency @, as 0.01n rad/sample that related to Q, as Eq. (4), and
quality factor Q of peaking filter as 0.707 by asymmetric type design, for
various gain in dB can be shown in Fig. 6. Whereas the symmetric type
design can be shown in Fig. 7. In addition, Fig. 8 shows the comparison
of symmetric type and asymmetric type design.

From the results above, asymmetry and symmetry in amplitude re-
sponses can be seen between boost case (positive gain indB) and cut case
(negative gain in dB) from asymmetric and symmetric types of design.
From Fig. 8 considering in boost case, bandwidth of symmetric type
design is narrower than asymmetric type bandwidth. On the other hand,
bandwidth of symmetric type design is wider than asymmetric type

10t —©—G=-10dB | |
—+—G=-6dB
—+—G=-2dB
—=—G=2dB
5r —s—G=6dB |
—5—G=10dB
o
=
c 0 3
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[V]
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bandwidth in the cut case. The reason is that Q, being adjusted to
midpoint gain or at ,/g as described in Section 3.2 results in symmetric
amplitude response for both boost and cut for the symmetric type
design. However, comparing with amplitude response that obtained by
method propesed in [3] which has symmetry in amplitude responses as
well, but wider bandwidth than the proposed symmetric type design in
this paper. Moreover, in fact of increasing sub-transfer functions since
conditions of boost/cut in [3] can be eliminated by our proposed
method. For asymmetric type design when compared with [3], ampli-
tude responses in boost case are the same as in [3] only in cut case that
different. However, asymmetry of amplitude response as shown in F
from asymmetric type design in Section 3.1 is not a problem in real-
world applications or in practical such as the quasi-parametric equal-
izer on the StudioLive AR-series mixers in [15] which has the narrower
bandwidth in cut case. The users just make understanding in this fre-
quency characteristic of asymmetric type design.

As a multiple outputs filter structure, not only peaking filter, LP
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Fig. 7. Amplitude responses of symmetric type design of peaking filter (a), LP shelving filter (b), HP shelving filter (c) for various gain in dB.
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Fig. 8. Gomparison of asymmetric type and symmetric type design of peaking filter (a), LP shelving filter (b), HP shelving filter (c).

shelving, or HP shelving outputs can be provided. The filter structure
can also give other 5 outputs as shown in Fig. 9 from design solution 1
where linear gain (g) is separated from the matrix design equations and
directly realized in the filter structure, The filter structure can give 6
outputs simultaneously. However, for design solution 2 where linear
gain (g) is embedded in the matrix design equations, no gain (g) pa-
rameters appear in the filter structure. In such a case, only 3-4 other
outputs can be given as show in Fig. 10 but some variation in gain is
possible for some outputs that correspond to matrix design equations.

Some difference when comparing symmetric type design with
asymmetrie type design is the effect from scaling of Q for the peaking
filter and scaling of Qo for the LP shelving filter and HP shelving filter as
explained in Sectior This results in a slight overshoot in LP and
HP outputs of symmetric type design for the peaking filter and a
slight shift in @, by the new definition of £, after frequency scaling for
the LP shelving and HP shelving filter, respectively as can be seen in
Fig.9and F 0. These effects are not occurred in case of asymmetrie
type design.

4.2. Digital parametric equalizer implementation on STM32 processor

The matrix-based design equations and proposed filter structures of
bath peaking filter, LP shelving filter, and HP shelving filter will be
implemented on an STM32 processor to create a digital parametric
equalizer on hardware that can operate in real-time. The STM32F769
discovery board, based on the high-performance Arm® Cortex®-M7 32-
bit RISC core is connected to the audio codec WMB994ECS/R from
CIRRUS which has Hi-fi 24-bit 4-channel DAC and 2-channel ADC with
standard sample rates from 8 kHz to 96 kHz. The development tool that
used is MATLAB/Simulink with hardware support packages from
STMicroelectronics, which can be found in [3,9] for more details.

Both of asymmetric and symmetic types of digital parametric
equalizer by design solution 1 or solution 2 can be realized as in the
block diagram in Fig. 11. Updating of filter coefficients can be performed
by placing the desirable parameters of the parametric equalizer into the
matrix equations. The coefficients such as G;p, Gup, Ggp, d1, and d, can
be reloaded back into the filter structure.
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Fig. 9. Multiple outputs from design solution 1 for peaking filter (a), LP shelving filter (b), HP shelving filter (¢) for symmetric type design.

Although the proposed design method can help the users get a quick
and easy way to compute the new filter coefficients from the mawix-
based equation every time that needs to change the filter characteris-
tics, but filter coefficients calculation still requires. Further improve-
ment to variable/tunable filter structure is another approach that can
possible to research in the next step.

An example of the proposed multi-output filter structure with
peaking filter output is shown in Fig. 3 (a). The MATLAB/Simulink
model is shown i 12, we can see that the gain control (g) of the
peaking filter output is separated from the matrix design equation and
shown in the filter structure directly. In such case, it is easy to inde-
pendently adjust the gain control of the peaking filter without any ma-
trix recalculation. However, for digital parametric equalizer realization,
only the peaking filter output is used. The LP shelving and HP shelving
filter as shown in Fig. 4 (a) and Fig. 5 (a) can be considered for imple-
mentation in the same manner (see Fig. 13).

In case of design solution 1, only the matrix equation in Eq. (16) will
be used since the gain (g) is separated and used directly in filter struc-

ture. However, the difference between asymmetric versus symmetric
types is only the scaling of £ or Q before using Eq. (16) as summarized
in following the flowcharts.

10

In case of design solution 2, the gain control parameter (g) is
embedded in the mauix design equation, and so cannot be indepen-
dently adjusted as in design solution 1. Therefore, only design solution 1
of symmetric type design will be focused for hardware implementation
of digital parametric equalizer presented in this section. However, if
design solution 2 is preferred for implementation, it is possible as
explained in Section 3.

For real-time implementation, in order to give filter coefficients, the
matrix calculation will be separated and implemented on a MATLAB
M—file. Filter coefficients are connected to the filter structure that is
implemented on the STM32F769 discovery board following the idea in
Fig. 11. During real-time operation on the STM32 processor, if filter
specifications are adjusted, the filter characteristics can be changed in
real-time. The digital parametric equalizer can be created from cascade
connection of the peaking filters, including LP shelving filter in the first
band and HP shelving filter in the last band. In our experiment, the 5-
bands digital parametric equalizer in Fig. 14 is tested and the experi-
mental setup of hardware implementation and demonstration is shown

T];e 5-bands digital parametric equalizer with specifications as
shown in Table 1 will be designed and implemented on the hardware
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Fig. 10. Multiple outputs from design solution 2 for peaking filter (a), LP shelving filter (b), HP shelving filter (c) for symmetric type design.
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Fig. 11. Block diagram for realization.
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Fig. 12. Simulink model of multi-output filter structure with peaking filter output.

Parametric EQ
Input
(Qo, g, and Q)

Calculate matrix Eq. (16)
and send coefficients

structure

(Grr,Grp,Gap,dh, dy) to filter

@

Parametric EQ
Input
(Filter type, Qo,
g and Q)

Switch
Fiter type

12

Scale Q0= 0\g

Scale Q, =Q.g"

yasm) |

yAp(n) . STM32F769I Discovery

= "

. Audio Out
Calculate matrix Eq.(16)

and send coefficients

(®)

Fig. 13. The difference between asymmetric type (a) and symmetric type (b) for design solution 1.

(G, Gup, Gip,d, dy) to filter
structure

206

134 (2021) 153651



207

T. Jongsataporn and S. Chivapreecha ABUE - International Journal of Electronics and Gommumications 134 (2021) 153651
[STM32FT691 Discovery STM32F769! Discovery
W)
AD In Audio Ou

G G  ——
LP_Shelving Peaking! Peaking? Poaking3 HP_Shelving

Fig. 14. Simulink model of 5-bands digital parametric equalizer.

STM32F769 processor with a real sampling frequency of 44.1 kHz. The
frequency response of each sub-filter and overall characteristic of the
parametric equalizer can be shown by simulation compared with mea-
surement from the real hardware using dynamic signal analyzer (Agilent
36570A) as in Figs. 16-21.

Another one design example, specifications are shown in Table 2 and
the frequency responses of the overall characteristics of the parametric
equalizer by simulation compared with measurement from the hardware
can be shown in Fig. 22.

From experimental results, real hardware implementation on the
STM32F769 discovery board can give identical frequency responses as
the simulation results. However, in the low frequency range of about
0-70 Hz, the results from hardware implementation are slight attenua-
tion due to an audio CODEC chip on STM32F769 discovery board having
an HP filter inside for removing DC component and low frequency noise
from mechanical vibration in the input signal.

To confirm the accuracy of hardware implementation results
compared with simulation results of overall characteristic of 5-bands
parametric equalizer from design example 1 and design example 2 in
terms of numerical results, the raw data of frequency responses that is
measured from dynamic signal analyzer can be compared with simula-
tion results as shown in Fig. 23 (a) and Fig. 24 (a), respectively. How-
ever, if the low frequency range that affects in slightly attenuation from
the effect of HP filter in audio CODEC chip is omitted, the absolute value
of error can be shown in Fig. 23 (b) and Fig. 24 (b).

The errors obtain from comparisons can be computed as root mean

Fig. 15. Experimental setup for hardware implementation and demonstration.

Table 1 .
Parameters setting for 5-bands parametric equalizer of design example 1. squate error (RMSE) and absolute value of maximum. error (|Emax|) to
- =3 3 show the accuracy of frequency responses from proposed hardware
¥ 1) S 4 3 HE= implementation as shown in Table 3 in 2 cases: whole frequency range
shelving Peaking Peaking Peaking shelving - A
flter flter filter Filter filter from DC to half of sampling frequency, and without low frequency range
Fi 150 400 1000 2000 10,000 §
[E;:;my ’ From the numerical results can show the accuracy that obtained from
Quality N/A 1 5 0.8 N/A the real hardware implementation and can ensure that the frequency
factor (Q) responses are matched with the desired responses as simulation results,
Gain (dB) 3 - 10 -2 =5 especially if the low frequency range that effects from HP filter in
CODEC is omitted.
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Fig. 16. Comparison of simulation result (a) with measurement from the real hardware (b) for LP shelving filter.
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Fig. 17. Comparison of simulation result (a) with measurement from the real hardware (b) for 1*" peaking filter.
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11



T. Jongsataporn and S. Chivapreecha

209

AEUE - International Journal of Electronics and Communications 134 (2021) 153651

10 10dB X:10kHz Y:-2.376dB
5

o
=
c 0 0dB H—— L
£ H
V]

5 \

-10 -10dB
102 108 104 16Hz 25.6kHz
Frequency (Hz)
(@ (®)
Fig. 20. Comparison of simulation result (a) with measurement from the real hardware (b) for HP shelving filter.
fo Tods X:1kHz ¥:8.035dB
i

MERERL (| IR (LA 082 00 A \
il gmEs |
) t
2 0dB / \
E b O
£ L
S \/_\ i S

5 \

10 -10dB
102 10° 10* 16Hz 25.6kHz
Frequency (Hz)

(@)

(b)

Fig. 21. Comparison of simulation result (a) with measurement from the real hardware (b) for 5-bands parametric equalizer from design example 1.

Table 2
Parameter setting for 5-bands parametric equalizer of design example 2.
LP 1y b 59 HP
shelving Peaking Peaking Peaking shelving
fil ter filter filter filter filter
Frequency 150 250 621 2048 7551
(Hz)
Quality N/A 4 391 5.83 /A
factor (Q)
Gain (dB) 3 12.6 =2.6 —5.4 -10.3

Finally, in term of hardware STM32F769 processor/or CPU utiliza-
tion for 5-bands parametric equalizer implementation can be measured
after compilation and deployment by using Embedded Coder support
package for ARM Cortex-M processors, the diagnostic viewer can show
the used program memory and data memory as shown in Table 4. The
execution time can be estimated by using the Processor-In-the-Loop
(PIL) technique and then code execution profiling report will show the
execution time as summarized in Table 4.

From Table 4, average execution time 2.348 microseconds which is
estimated based on the CPU clock frequency is 216 MHz, the used

15

sampling frequency is 44.1 kHz that equivalents to sampling period of
22.67 microseconds. Therefore, the speed of operation/or execution
time of proposed 5-bands parametric equalizer on this CPU can operate
fast enough to use with sampling frequency 44.1 kHz in real-time
processing.

5. Conclusions

The matrix-based design of peaking, LP shelving, and HP shelving
digital filters for cascading to be a digital parametric equalizer is pro-
posed by modifications of bilinear Pascal matrix for s-z transformation
and direct form-II digital filter structure in feed-forward path. The cor-
respondence of design equations and multiple outputs filter structures
are presented. Asymmetric type and symmetric type of amplitude re-
sponses during boost/cut are considered with 2 design solutions for each
type. The proposed design method and filter structure is an alternative
solution for digital parametric equalizer design. Simulation results and
experimental results from hardware implementation on an STM32
processor for use in real-time are compared to show the success of the
proposed design and implementation.
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Fig. 24. Hardware implementation result compared with simulation result (a) and absolute value of error without low frequency range 0-70 Hz (b) from design
example 2.
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Abstract— This paper proposes a design of digital
compensation filter in order to compensate the amplitude
attenuation which is the effect of analog reconstruction filter in
digital signal processing (DSP) system. Firstly, a digital filter
H(z), that has an amplitude response closest to the amplitude
response of an analog reconstruction filter H(s) will be designed.
Then, a digital compensation filter Hi(z) can be obtained by
invert the transfer function in first step. The design solution of
H(z), can be started with the determination of amplitude
responses of analog reconstruction filter at three-point of
frequencies as 1° frequency at DC, 3™ frequency at Nyquist’s
frequency and the optimum 2™ frequency that chosen by a
bisection method. Later, a set of nonlinear equation which has a
relation three-point of freq i and their
corresponding amplitude responses will be solved for zero and
pole positi using Newt | method to make the
optimum transfer function H(z). This transfer function H(z) can
give a minimum RMSE compared with an amplitude response of
analog reconstruction filter H(s). The simulation results ensure
that the proposed designed can reduce an average RMSE by
about 40% when compared with the previous design method.

I INTRODUCTION

The most DSP systems consist of an anti-aliasing filter, an
analog to digital converter (A/D), a processor unit, a digital to
analog converter (D/A), and an output filter or reconstruction
filter [1-4]. In general, the operational frequency band of
output signal is limited by input filter, D/A sampling property
and reconstruction filter. The input of an A/D requires a
lowpass analog filter, or the anti-aliasing filter, the input
signal must be band-limited to prevent aliasing. The output of
a D/A requires a reconstruction filter. It used to prevent the
output signal from staircase effect. However, the
reconstruction filter is an analog lowpass filter and it will

attenuate the high frequency band of output signal especially,
frequency that higher than Nyquist’s frequency (#y2).
Therefore, the attenuation of output signal () will be
occurred, especially at the high frequency band. Note that, the
amplitude response of D/A output, y.(7) is different from
output of areconstruction filter y(7).

From the reason mentioned earlier, this paper will propose
the solution to solve this problem, by designing the digital
lowpass filter H(z) with an amplitude response as same as the
analog reconstruction filter H(s). Then, invert it to digital
compensation filter (Hiz)=H"'(z)). The digital compensation
filter H(z) can be implemented in DSP Unit at the last process
before an output y(») is go out, as shown in Fig. 1.

In [7], a reconstruction compensation filter was proposed
using converting an analog transfer function of reconstruction
filter to a digital filter by approximation of derivative
technique. Then, invert it for compensation system. However,
this design method cannot give enough accuracy. Therefore,
the method proposed in [8] was presented. This method can
reduce the amplitude response error between analog
reconstruction filter H(s) and obtained digital filter H(z) when
compared with results in [7]. The Newton-Raphson method
was used to solve a set of nonlinear equation to obtain pole-
zero position and gain for digital filter design by pole-zero
placements. The simulation results can show that the
amplitude response of obtained digital filter and analog
reconstruction filter are closer than those of the approximation
of derivative based. However, the results of [8] were
considered by eye and does not has performance index to
indicate how close of both amplitude responses. Therefore,
this paper uses the root mean squared error (RMSE) to
indicate the performance of design method. Moreover, the

DSP Unit
x(® | Anti Aljasing | Xa(t) %@\ | Fad y(n) va(the | Reconstruction |y(®)
—p 4 ; Digital 'y AN B
Filter g LN Compensation B Filter H{s)
g filter Hy(z)

Fig. 1 Diagram of conventional digital signal processing systerm.
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optimum 2 frequency <2 (between first frequency €, and
third frequency ;) will be selected by bisection method in
order to get the minimum RMSE. By overall, the proposed
design method can give H(z) which can reduce an average
RMSE at various cut-off frequencies range between 0.081 —
0.98r rad. compared with previous work in [8] by about 40%,
especially at cut-off frequencies range 0.61 —0.98n rad.

II.  BACKGROUND

In [8], the authors proposed scheme to achieve the gains of
the digital filter at digital frequency of the 0 (DC), ey, (cut-off
frequency) and m (Nyquist’s frequency) that are identical to
those of the analog reconstruction filter. The gains
correspond to 1, 1A/Z and As [9. 10]. respectively. Amplitude
response of 1% order analog reconstruction filter and three-
point of digital frequencies are shown in Fig. 2. and Table 1.
The parameter A; and the transfer function of the digital filter
which is designed by pole-zero placement technique are
expressed in (1)-(2), respectively.

Gain at frequency 0
1¢ ALY
na Ao i
@
E Giain at Nyquist frequency
ol n=As i
=
[}
=
04F
02 1 1 : b
Gain at cut-off frequency @ = = As

0

o 1000 2000 3000 4000 5000 6000 7000 8OO0 9000 10000
Frequency (Hz)
Fig. 2 Amplitude response of first order analog output filter.

TABLE I
GAINS OF DIGITAL COMPENSATION FILTER

Trequency Corresponding
N Gy Ha Amplitude Response
Q,-DC @,-0 A=l

Q2= cutoff frequency of

Analog filter 4 A 142
25 Nyquist frequency of . -

Digital filter

“% M
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where 4; is amplitude response gain at the Nyquist
frequency, f, is the Nyquist’s frequency in Hz and f is the
cut-off frequency of analog reconstruction filter in Hz.

The transfer function of first order digital lowpass filter is

H(z)= k[ﬁ] @
-P

Substitute z in (2) with z = e’ can give (3)

H{) :k[:::;} 3)

At ©=0, w=o; and o=r, which correspond to amplitude
responses are 1, 1/v/Z and A;. Substitute all values into (3) to
obtain (4), (5) and (6), respectively.

I=p, =k(l-z) )

A+ p)=kil+z) &)

d- {(1—2p,ms(u,)+p; #(ees(o.) = pte-a)) + (ssin(o.)- main ()| (6)

2 {1-2pycos(v, )+ £2)°

The parameters k, p; and z; are concurrently solved using
(4). (5) and (6). Since these equations are nonlinear, the
Newton-Raphson method [11, 12] is thus used and expressed
in (7).

X=Xy ’J(kwlezln)ilf(kwprwzln) 7

where
A A LA
o &, o
& Filkspaszy ) ol 4 %
%o = P s $ o 2neZ0) = | (s )| Tl 2is2) = | =2 ; k.
2 £ wpia) o o o
ey

and

A=k 0=z,)-(U-p,) o=k (+7,)-0+p,),

[ (2o Ao o) <) =) +Gu (o) e
= (1= 2p,cos( @) +2L )

The iteration is repeated until the convergence of k, p; and
z; are achieved and subsequently substituted in (2) to derive
the transfer function of the digital filter /(z). To arrive at the
compensatory scheme, the transfer function is inverted, as (8).

H;(z):H"(z):%(—Z""J:l[—“ﬂﬂ ®

z-z ) kll-zz!
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However, the performance of proposed design method in
[8] use only human eyes to indicate the similarity between
amplitude response of digital filter /(z) and amplitude
response of analog reconstruction filter 7/(s), it is no
numerical performance index. Moreover, the method in [8]
determine > is equal to cut-off frequency of analog
reconstruction filter always, However, in fact it is not
necessary to determine such 2™ frequency at that point. The
amplitude response of //(z) maybe not the most similar to
H(s) by choosing 2™ frequency at that frequency point.
Therefore, this paper proposes the RMSE as the performance
index to indicate how close of amplitude response of obtained
digital filter by proposed design method compared with
amplitude response of analog reconstruction filter with the
optimum 2" frequency point that chosen from bisection
method which gives minimum RMSE in design process.

III.  PROPOSED DESIGN

A.  Performance index of proposed design method

This paper presents the root mean square error (RMSE) as
performance index to indicate the similarity of amplitude
response between designed digital filter /(z) and analog
reconstruction filter /(s), as show in (9).

y RN A( N
RMSE = XZ[J(/QM)—A@’ )] ©)

/ m=1
where N is number of frequency point,

AGQm)=|H(j2,)| is amplitude response of analog
reconstruction filter F/(s).

is amplitude response of designed
digital filter /(z).

Afe)=|H(e)|

RMSE can be present the performance of designed
compensatory reconstruction filter system. If the RMSE
reduced to 0 means that the amplitude response of digital
filter H(z) exactly same as amplitude response of analog
reconstruction filter /(s). Thus, this paper aims to reduce
RMSE from previous design method [8], to improve the
compensatory reconstruction filter system with more
accuracy.

B. Optimum 2" frequency 22 for minimum RMSE

In |8], the 2™ frequency is defined at cut-off frequency of
analog reconstruction filter. However, at that frequency point
RMSE is not necessary to be the minimum. Hence, our
proposed design will search the optimum 2™ frequency by
using bisection method [13]. Table I is modified by changing
2™ frequency and its amplitude response which can be
obtained by bisection method as shown in Table II and in
(10).
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TABLE 1I
MODIFIED GAINS AND 2** FREQUENCY POSITION OF ITR COMPENSATION
FILTER
Frequency Corresponding
Frequency His ? :
requency s Ha) Amplitude Response
Q,-DC @1-0 Ai-1
Qa2 - optimum frequency <
e @2- 0o Az-Cy
from Bisection Method d i
Ivauist fi oy of
©s-Nyquist frequency of o N
Digital filter
C,.=
KN (10)

where C,; is the optimum amplitude response gain at the
optimum frequency. fop is the optimum frequency and f. is
the cut-off frequency of analog reconstruction filter in Hz.

From modification, we can adjust the position of 2™
frequency independently. Therefore, we conduct the
alignment position of the 2 frequency over the range
frequency of 0.0257 to 0.975x rad. at cut-off frequency 0.1z,
0.27, 0.3 =, 047, 0.5, 0.6m, 0.7x, 0.8w, and 0.9z rad. The
RMSE results are shown in Fig. 3.

 cutoff (1)

RMSE

ARIRACVLARIRARARIRATA
SSSSRANAERTIERLEECBRREEB &
36350666830 30568 00 38

@; normalized second frequency (x)

Fig. 3 The RMSE results.

From the results in Fig. 3. for example at cut-off frequency
0.17 rad.. we found that RMSE at 2" frequency 0.025n rad. is
0.009960481. If the 2™ frequency is increased. RMSE will be
decreased until reach at the minimum point. After reach the
minimum  point, RMSE will increase. Other cut-off
frequencies give the same pattern of RMSE.

Therefore, we employ the bisection method to search the
optimum 2™ frequency for minimum of RMSE. We will setup
the initial 2™ frequency for first iteration which is defined as
@2(0)=0.57 rad. Then, increase and decrease frequency from
the initial 2" frequency for each #n rad. (where, i is
number of iteration). Then, we compare the RMSE for
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selecting minimum of RMSE and set frequency at minimum
RMSE is wx(i) for next iteration. For every iteration, we
compare the difference of RMSE with previous iteration. If
the difference of RMSE becomes less than 10°%, the iteration
will be terminated. Now the last 2™ frequency (i) will be
optimum frequency o,. Flowchart of proposed design
method shows in Fig. 4. The RMSE calculations in this
flowchart also use  Newton-Raphson to solve system of
nonlinear equations as in [8] to get pole-zero positions and
gain of digital filter transfer function.

START

Define :0,=Q=DC ; Aj=1, 03=Q;=Nyquist Freq. of digital filter ; &
Initial : 0:(0)=C%(0)=1/2 ; Ax(0)=Amplitude Response of H(s) at Freq<2,(0)

| Define i=0; RMSE calculation then Obtain RMSE(0) |

1 1
Ty :(n:(l—l)—Ffr

2!+l
RMSE oaleulation
Obtain RMSEp, RMSEy

®,p =0, 1)+

P

RMSE(H)-RMSE(G-1)
@)=y (i-1)

RMSE(i-1)<RMSEp

and
RMSE(i-1)<RMSE;

RMSE<RMSEx

RMSE(i)-RMSEp
y(i)=0p

RMSE()=RMSEx
Ox(i)=0an

No.

RMSE(i)-RMSE(i-1)= 10®

Then ==, and obtain optimal zi, py and k

Fig. 4 Flowchart of proposed design method.

From example in Fig. 5, the RMSE graph is based on 1%
order analog reconstruction filter, cut-off frequency at 0.2n
rad., and the 2™ frequency over the frequency range 0.0257 to
0.9757 rad. For this example, we change the condition for
terminate the iteration to 107, First step, we calculate RMSE
at 2™ frequency @:(0)=0.5n rad.. for initial of first iteration.
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Second step, we calculate RMSE at 2" frequency of 0.25n
rad. and 0.757 rad. and then compare with RMSE at 2
frequency in previous iteration, 0.5m rad. Therefore, the
RMSE at frequency 0.257 rad. is minimum that determine is
w(1) for next step. Repeat second step, until the difference of
RMSE with previous iteration less than 10-°. In this case the
last step of iteration is i=4. The difference of RMSE is
0.000006, which is less than 10, Therefore, the optimum 2"
frequency @op is 0.04625m rad., for 1 order analog
reconstruction filter with cut-off frequency at 0.27 rad.

0054788

0.016415 >RMSE(0)

0.015169 >RMSE (1)

0013628 RMSE (2), RMSE(3)

0014217

03125% 043758

034375%  0.40625% = 0(4) = 00 ; RMSE(3)-RMSE (4)-0.000006

Fig. 5 Biscction method example.

IV.  SIMULATION RESULTS

We consider frequency in normalized form, by an actual
sampling frequency will be defined to 20 kHz for digital
filter. Cut-off frequency range of 1** order analog
reconstruction filter is 0.08x - 0.98x rad.. step by 0.027 rad.

From proposed design method in Section III. we create the
relationship  between normalized frequency of cut-off
frequency with normalized frequency of optimum 2™
frequency, as shown in Fig. 6. The optimum 2" frequency
gives the minimum RMSE.

°

0.5166m

econd frequency ()

1
'
'
1
1
i
1
1
1
1
i
0 1
¥

- o " ge T e N @

g 33 2REBRZ2ZEE R

S o c 6 o o S o o
alized cutoff frequency ()

Fig. 6 Position of 2" frequency with minimum RMSE at various cut-off
frequencies range 0.087 to 0987 rad.
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For example, if we design 1** analog reconstruction filter at
cut-off frequency 0.44n rad. From Fig. 6. the optimum 2"
frequency o2 is 0.5166m rad. By using our proposed design
method the obtained RMSE= 0.01713. However, by using the
previous design method in [8], it will define ®2 = ©.~0.44n
rad., the obtained RMSE= 0.01808. This result shows that the
RMSE from our proposed design method is less than obtained
RMSE from design method in [8].

The comparison of the obtained RMSE between our
proposed design method and method in [8] is shown in Fig. 7.
From Fig. 7. shows that RMSE from our proposed design
method is less than RMSE obtained by [8]. especially when 02
the cut-off frequency of analog reconstruction filter is over
the range 0.67-0.98n rad.

o
@

Magnitude
)
)

04

0 T n i N N i . i i
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency {Hz)

Proposed design __=======Previously design Fig. 8 Amplitude response of digital lowpass filter
0.1 at cut-off frequency 0.257 rad.

0.08

0.06

RMSE

0.04

0027

o
@

. normalized cutoff fraquency (%)

Magnitude
)
@

Fig. 7 Comparison of RMSE between proposed design method and design 1477 SRRty ¢ ke i Z
method in [8].
ool e B . W .
Figs. 8 and 9 show comparison of obtained amplitude : ;
responses from 1** order analog reconstruction filter, digital 0 i i ; i i i i H i
filter designed by method in [8]. and digital filter designed by OO 200 _polg 490G, [Ug) 6000 7000 8000 \RL0R0000

proposed design method at cut-off frequency 0.257 and 0.87 oA

rad., respectively. At cut-off frequency of 0.25m rad., in
overall the amplitude response obtained by proposed design
and method in [8]. they arc not much difference. However.

Fig. 9 Amplitude response of digital lowpass filter
at cut-off frequency 0.87 rad.

when zooming in a rectangle box (top right of Fig. 8) it shows /\\Z&f Rlﬂﬂ

that the proposed design method can give amplitude response 8

close to analog reconstruction filter more than previously Average Average

design. At cut-off frequency 0.8x rad., which is shown in Fig, Sampling RMSEof | RMSEof | RMSEreduction.

9, the proposed design method can give amplitude response is frequency "Siﬁigﬁs P;‘;‘:;’;:“

more similar {o analog reconstruction filter than design adinddid) Sethad RMSE %

method in [8]. Such results are relate to the result in Fig. 7. — " -
However, in practical the DSP system must process with W gl PP 00y 2 | S

real sampling frequency (F;) in Hz. Then, we try to simulate 20kHz 0024201366 | 0014530305 | 0009671061 | 39.96

with other sampling frequency to consider the effect of 40KkHz 0024205793 | 0014530282 | owoos7ssi2 | 3097

RMSE. The Table III shows the results of average RMSE at
the cut-off frequency range is 0.087 - 0.98n rad.. step by
0.027 rad. with sampling frequency at 10 kHz, 20 kHz and 40
kHz, respectively.

The results from Table III can show that the proposed
design method can reduce the average RMSE about 40%
compared to method in [8]. For sampling frequency effect, the
difference of average RMSE is not significant.
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V. CONCLUSIONS

This paper proposes a design of digital filter H(z) that can
give amplitude response similar to analog reconstruction filter
H(s). Then, we can convert it to Hiz), for amplitude
compensation from effect of analog reconstruction filter. The
RMSE is used as performance index to indicate the
performance of design method. This paper is based on
bisection method and Newton-Raphson method. We can find
the value of z;, p;, and & for digital filter design using pole-
zero placement technique which can gives the minimum
RMSE. The results show that the proposed design method can
reduce the average of RMSE when compared with previous
method by 40%.

This research aims to use analog reconstruction filter at the
first order and uses only three-frequency points in design step.
In the future work, RMSE will be reduced as more as possible
and also consider for analog reconstruction filter at second
order or high order including using number of frequency
points more than three points. In addition, we will include
other indexes to indicate the performance of design method,
that more proper than RMSE.
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Abstract— This paper presents a design of digital
compensation filter for compensate the amplitude attenuation
which is the effect of first order analog reconstruction filter in
digital signal processing (DSP) system. The advantage of the first
order analog reconstruction filter has low phase shift and low
delay, when it compare with high order analog reconstruction
filter. On the order hand, it has a wide transition band. Then, if
cutoff frequency is defined to cover the maximum operating
frequency, it will not be possible to reduce the distortion of the
output signal as well. However, if we design first order analog
reconstruction filters by focusing on reducing the effect of
distortion on the output signal. It will attenuate amplitude in
operating frequency range. Therefore, the attenuation effect can
be compensated by the digital compensation filter. Firstly, the
first order digital filter will be designed, that an amplitude
response should closest to the amplitude response of first order
analog reconstruction filter using the least square technique to
solve the overdetermined system of nonlinear equations. Then,
invert transfer function of obtained digital filter to be a digital
compensation filter. The simulation results ensure that the
proposed design of digital compensation filter can reduce an
average error by about 2-3 times when compared with the
previous design method. Moreover, the overall phase response
after compensation is more approached to linearity when
compared with a system without digital compensation filter.

L INTRODUCTION

Most of DSP systems consist of an anti-aliasing filter, an
analog to digital converter (A/D), a processor unit, a digital to
analog converter (D/A), and an output filter or reconstruction
filter [1-3]. The input of an ADC requires an anti-aliasing
filter. The input signal must be bandlimited to prevent

aliasing. For the same reason, the output of a DAC requires a
lowpass analog filter, called a reconstruction filter. Because,
the output signal must be bandlimited, to prevent imaging or
stair case effect (meaning Fourier coefficients being
reconstructed as spurious high-frequency mirrors). Ideally,
both filters should be brick-wall filters, constant phase delay
in the pass-band with constant flat magnitude response, and
zero. response from the Nyquist frequency, which is
impossible to perform in real. Practical filters have non-flat
frequency in the pass band and incomplete suppression of the
signal elsewhere. Because, the analog lowpass filter has the
slope or transition band.

The first step in design analog reconstruction filter is define
a maximum operating frequency (@ne) in rang of OHz to
Nyquist frequency. Then, define the first stop band frequency
of analog reconstruction filter is @ @ne (s is sampling
frequency). So, the transition band of analog reconstruction
filter 1S @ 0 O Do [5]. If we define the maximum
operating frequency close to Nyquist frequency, it will narrow
the transition band. Therefore, the high order analog
reconstruction filter is required, but it will have high phase
shift and high delay effect. Consequently, this paper we will
design an analog reconstruction filter at first order, but it has
less slope. So, when designing the passband covers all
operating frequency, it will not be able to reduce the
distortion of the output signal as well. However, if we design
first order analog reconstruction filters by focusing on
reducing the effect of distortion on the output signal. It will

DSP Unit
O | Anti Aliasing | Xa(), xX(n), y(n)‘ ya), | Reconstruction| Y(©
—> e » AD »| Main DSP Compensation > DA 1 Filter H(s) >
Algorithm Filter Hoz)

% AW\ AAL .‘.5 Yo o~ 4 -‘ pl % =N
Analog Filtered Digitized Digitized S/H Analog

Input ’I\n';)“‘l:)g Input Output Analog Ompu%

Output

Fig. 1 Diagram of conventional digital signal processing system.
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attenuate amplitude in operating frequency. Therefore, the
attenuation effect was compensated by the compensation
filter.

From the reason mentioned earlier, this paper will propose
the solution to solve this problem, by designing the digital
lowpass filter H(z) with an amplitude response as same as the
analog reconstruction filter H(s). Then, invert it to
compensation filter (FHA(z)=H(z)). The compensation filter
H{z) can be implemented in DSP Unit at the last process
before an output y(n) is go out, as shown in Fig. 1.

In [5] the author proposes compensation filter, by using
approximation of derivative technique for convert the transfer
function of analog reconstruction filter to digital filter. Then,
invest it to compensation filter. However, this design method
cannot give enough accuracy. Therefore, the method proposed
in [6] was presented. The Newton-Raphson method was used
to solve a set of nonlinear equation to obtain pole-zero
position and gain for digital filter design by pole-zero
placements. The results can show that the amplitude response
of obtained digital filter and analog reconstruction filter are
closer than those of the approximation of derivative based.
However, the results of [6] were considered by eye and does
not has performance index to indicate how close of both
amplitude responses.

So, in [7] was present the root mean squared error (RMSE)
to indicate the performance of design method. Moreover, the
optimum 2nd frequency @, will be selected by bisection
method to get the minimum RMSE. By overall, this design
method can give H(z) which can reduce an average about
40%. However, when analyzing the results from [7] at
frequencies less than 0.6n rad. The RMSE can’t be reduced
significantly. Therefore, this paper has proposed the design
method, by increasing the number frequency point. Then,
solved the overdetermined nonlinear equation system by least
square technique. The results show that the proposed designed
can reduce an average ecrror by about 2-3 times when
compared with the previous design method [6, 7].

II.  BACKGROUND

In [7], the authors propose a design that provides the
amplitude response of the digital filter at digital frequency of
the 0 (DC), o, and & (Nyquist’s frequency) that are equal to
the analog reconstruction filter. the corresponding amplitude
response is shown in Fig. 2 and Table I

TABLE
GAINS OF DIGITAL FILTER
Frequency Corresponding
Frequency H(s) H(z) Amplitude Response

Ql=DC @ =0 By=1]
Q2 = Optimum frequency @ = Oupt Ay
Q3 = Nyquist frequency of _
Digital filter D= As

T T

: ‘ Gain at frequency 0 = 1 ‘

=4
=

Magnitude
o
)
(ol
)
)
o
=
N
=}
=
o o

= :
[}
s |

g &
o
5
=
a

14
S

02r Gain atany frequency M, = A,

o i I i i i i I H i

0 1000 2000 3000 4000 5000 6000 7000 SO0DO S000 10000
Frequency (Hz)

Fig. 2 Amplitude response of first order analog reconstruction filter.

1 (1
&:
1+ f;"”;
2
where A4, is the optimum amplitude response gain at the
optimum frequency, fop: is the optimum frequency and f; is the
cut-off frequency of analog reconstruction filter in Hz.

A =

]

And
1
2

1+ j:”z

where A4; is amplitude response gain at the Nyquist
frequency, f; is the Nyquist’s frequency in Hz and £ is the
cut-off frequency of analog reconstruction filter in Hz.

The transfer function of first order digital lowpass filter is

o
Il

H(2)= k[;J @
I=h
Substitute z in (2) with z = e’ can give (3)
H(o)= k(u] ®)
e —p
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At o1, oy and a3, which correspond to amplitude responses
are A1, A» and As from table I. Substitute all values into (3) to
obtain (4}, (5) and (6), respectively.

- p=k(-2) )

pr I(cos(mw)721)2+sin2(ooopt) )
’ V(cos(mw)fp1)2+sin2(oagpr)

AQ+p)=k(1+2) (©)

The parameters 4, p; and z; are concurrently solved using
(4), (5) and (6). Since these equations are nonlinear, the
Newton-Raphson method [11, 127 is thus used and expressed
in (7).

xm+1 7 xm 7J(km7 pm7zm)71f(km7 p[)sf’ZIm) (7)

where
£z, o | O
£, Albapiez) :;f 'Z:ﬁ 2;
X, 2| D s T Ps 20) = | T3 (B Prs Zan ) s T (B P52 ) = A% ﬁ é

3
& 5 (Bar Prvo %1 ) o o o
o &p, oz
and

fi=k(=z,)=(1-p,). fi=—4 +kmv

Sy =k, (A+z,) -4+ p,,)

The iteration is repeated until the convergence of &, p; and
71 are achieved and subsequently substituted in (2) to derive
the transfer function of the digital filter H(z). To arrive at the
compensatory scheme, the transfer function is inverted, as (8).

-1

Therefore, they employ the bisection method [8] to search
the optimum 2™ frequency (o) for minimum of RMSE.

The proposed design method [7] can reduce RMSE by
approximately 40% compared to [6], especially at high cut-off
frequencies range 0.6 — 0.98n rad. However, when analyzing
the results of [7]. It was found that the cut-off frequencies less
than 0.6 rad. both methods had no significant difference in
RMSE. The both designs method [6, 7] has fix number of
frequency point in 3 points, which may not be the optimal
number of points. So, this paper presents the addition number

of frequency points to find the optimal parameter. For reduce
the RMSE value.

III. PROPOSED DESIGN

In [7], a digital filter has been proposed by define the
amplitude response of digital filter equal to the amplitude
response of analog reconstruction filter at 3 frequencies point.
However, the design method can't reduce the RMSE
significantly. Because the 3 frequency points may mnot
suitable. So, this paper will present the design method, by
increasing the frequency range for increase accuracy and
reduce errors.

Firstly, we will specify the maximum operating frequency
(@) of DSP system and acceptable stop band gain in dB
scale (G;), E.g. ®,=0.5n 1ad. and G; =-20 dB. From slope of
first order low-pass analog filter is -20dB/decade. Then we
can define the cut-off frequency of analog reconstruction filter
(@) by (9), E.g. @ = 0.15n rad.

®, — 0
o, = e ©)
10 20

where a; is sampling frequency
@ 18 Maximum operating frequency of DSP system
@ 1s cut-off frequency of analog reconstruction filter
G, 18 acceptable stop band gain in dB scale

The amplitude response of first order analog reconstruction
filter and digital filter showin (10-11) respectively.

10
[ 0| = e -
Q

e[ 4 7L TR - CLLy

where o is normalized frequency of digital filter.
€ is normahized frequency of analog reconstruction
filter.
£, is normalized cut-off frequency of analog
reconstruction filter.

This design method determines the amplitude response of
digital filter is equal the analog reconstruction filter at every
N frequencies point. The frequencies point is uniformly
distributed.
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I (cos(ml)—z)ZJrsinz(ml) 1 ]
V(cos(ml)—p)2 +sin*(w,) J1+Q—‘2
Q7
‘ (cos(w, )~ z)2 +sin*(w,) 1 (12
fw=| V(eos(@,)-p) +sin*(@,) J1+Q—22
Q)
 [Geostoy )2 wsin'(o,) 1
Y(cos(oy)-p) i 0,) J1Q

where N is number of frequency point.

x=[k z p]T
the design problem consists of solving the following problem [9].
2

(13)

minﬁ (cos(w, )~ 2)2 +sin’(w, ) - ¥
bop V(cos(mn)fp)z +sin2(03n) J1+ QF

Clearly, (13) is a nonlinear least squares optimization
problem with respect to the filter coefficients. The Gauss—
Newton method [10] is used to estimate coefficients in a least
square sense. The Gauss—Newton algorithm show in (14).

(14

Xnrty = Xm) — B

where  Ax = (J(x)" J(x)) ' J(x)" F(x)
J(x) is Jacobian matrix of f(x).

Note that [(J(x)"J(x))*J(x)7] is the pseudoinverse of J(x).
The principle of pseudoinverse is based on the Least Square
method. Thus, the number of frequency points is inversely to
the error. The Gauss—Newton algorithms are iterative descent
methods, starting from an initial point xo. And, it is necessary
to stop the iterations when |Xg+1) - Xy is less than 10
Flowchart of proposed design method shows in Fig. 3.

Define : e =10°
Initial :m=0,ke=po=2p=05

!

Setup jacobian matrix : J
P Calculate J by pseudo inverse so J* = (J7Jy"' J7
Then find Ax,, from : Ax,, = J'f

Obtain collect : k=Ky, PP 1 Z1=Zim
Or 1 k=K, 8781, 87830, D=1, D03

END

Fig. 3 Flowchart of proposed design method.

The acceptable number of frequency point (V) for cach cut-
off frequency is obtained by finding the relationship of the
number of frequency points with the cutoff frequencies. The
stop condition for obtained acceptable N is (15).

RMSE(N)~ RMSE(N-1)<107° (15)
The relationship of acceptable N and cut-off frequency in

range 0.017 - 0.997 rad. step by 0.017 rad. that show in Fig.
4.

Acceptable N seuseiaee Curve fitting second order

Point
w
<t

0 0.2 04 0.6 08 1
normalized cut-off frequency o (x rad.)

Fig. 4 The relationship of acceptable N and cut-off frequency.

From Fig. 4 we scparate analyzing in two range. The first
range is 0.01n- 0.637 rad., this data in range is curved. So, we
created a second order curve fitting (red dot line) for every
cut-off frequencies in range. The second range is 0.647 -
0.99% rad., this data in range is constant at 55 points.
Therefore, the acceptable N for every cut-off frequency
finding by (16), E.g. N(0.157) = 39 point.
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[ 786460, +293120,+26317] :00lr<w, <0637 (16)

Nw,)=
55 10637 <w, <0.997

IV. SIMULATION RESULTS

We consider frequency in normalized form, by an actual
sampling frequency will be defined to 20 kHz for digital
filter. Cut-off frequency range of 1st order analog
reconstruction filter is 0.08xn - 0.98x% rad., step by 0.02m rad.
The number of frequency points depends on the cutoff
frequency, which is derived from the method in Section 3.
The frequency point is distributed equally space from the
frequency 0-mt rad. of the digital filter. The simulation result
will compare the error values from the 3-design method, as
follows the design method [6], the design method [7] and the
proposed design method. The results of RMSE and NRMSE
are shown in Fig. 5-6, respectively.

1S40, )- Aey]

NRMSE = = %100%  (17)

A€)

K is number of frequency point for error testing.
A(j<C)1s amplitude response of analog

where

reconstruction filter.
A(e’”)is amplitude response of digital filter.

Propose Design Method

RMSE

0. 0 OWNBy X N O Q
%R T %GR % %%

o, normalized cutoff frequency (r)

Fig. 5 Comparison of RMSE between proposed design method, design
method in [6] and design method, design methodin [7].

............ Previously [6] ~==---- Previously [7] ==+ = Propose Design Method

5.0%
4.0%

3.0%

NRMSE

2.0%
1.0%

0.0%

2
E

o, normalized cutoff frequenc

Fig. 6 Comparison of NRMSE between proposed design method, design
method in [6] and design method, design method in [7].

The results clearly show the proposed design method is
more effective to reducing errors than the previous design
method, in all cutoff frequencies Both the RMSE and
NRMSE.

In fig. 7-8 show comparison of obtained frequency
response from 1% order analog reconstruction filter H(s),
digital filter designed by proposed design method H(z),
compensation filter Hy(z), and output response y(t) at cut-off
frequency 2.0m and .057 rad., respectively.

The result that shows the proposed design method can give
amplitude response is similar to analog reconstruction filter.
But, at the high frequency about more than 0.97 rad., it has
more error when compare with other frequency. Moreover,
the phase response of output response with compensation
filter has more approached to linearity when compared with a

system without compensation filter.
We = 0.20 7, fc = 2000 Hz
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Fig. 7 Frequency response at cut-off frequency 0.27 rad.
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Fig. 8 Frequency response at cut-off frequency 0.5m rad.

However, in this paper aim to compensate the amplitude
response. But in practice, an analog reconstruction filter will
effect in the phase response. This will make the phase
response is not linear. And the output signal is distorted from
the designed. So, the goal for further research is to design a
compensation filter that can compensate the amplitude
response and the phase response together. This will make the
complete compensation effect of the analog reconstruction
filter.
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The results from Table IT can show that the proposed
design method can reduce the average RMSE 3.4 times and
average NRMSE 3.14 times compared to method in [6]. But,
when compared with method in [7] the proposed design can
reduce the average RMSE 2.04 times and average NRMSE
2.05 times.

V. CoNCLURIONE

This paper proposes a design of digital filter H(z) that can
give amplitude response like analog reconstruction filter H(s).
Then, we can convert it to Hyz), for amplitude compensation
from effect of analog reconstruction filter. This paper uses
least square technique to solve the overdetermined nonlinear
equation system, to find the parameters of digital filter
transfer function. The simulation results ensure that the
proposed designed can reduce an average error by about 2-3
times when compared with the previous design method.
Moreover, the phase response is close to linearity when
compared with a system without the compensation filter.
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on STM32 Processor
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Abstract— This paper presents design and implementation
of digital parametric equalizer. The design method starts with
analog filter prototypes consisting of peak filters, low-pass shelving
filter, and high-pass shelving filter in the form of transfer
function in the s-domain. The bilinear Pascal matrix is used for
converting the transfer function in s-domain using bilinear s-z
transformation to obtain all three types of digital filter as a
transfer function in z-d in. By ding of these digital
filters result in obtaining a digital parametric equalizer. The
simulation results are shown and hardware implementation on
STM32F769 for real-time testing is also demonstrated to ensure
the successfully of the proposed design and implementation.

Keywords— Parametric Equalizer, peak filters, shelving
filters, Bilinear Pascal matrix, STM32

I INTRODUCTION

In audio applications, equalizer is a major equipment that
used to adjust or modify the frequency bands of an audio
signal. Two major types of audio equalizer are graphic equalizer
and parametric equalizer. Both of two types of audio equalizer
can be implemented in analog circuit or in digital circuit. [1]

For various applications, parametric equalizer is preferred
used in audio equalization. Of course, nowadays almost of
music or audio is in digital format, therefore digital parametric
equalizer will be an interesting aspect for sound/audio engineer
to study, design and implementation [2-4]. The design
method that is used in this paper is based on bilinear s-z
transformation. The transfer function is s-domain can be
transformed to transfer function in z-domain using bilinear
Pascal matrix [5]. Using this matrix operation, it is
convenient to transform and easily to get the digital filter
coefficients from analog filter coefficients, suitable for
coefficients updating during real-time operation. The hardware
implementation on STM32 processor is also proposed in this
paper, in order to shown the results of design process can
work in hardware with not so complicated both in hardware
development environment and the procedure by using
MATLAB/Simulink as in the design procedure [6]. The
results are shown and simulation results and hardware
experimental results are compared to ensure the correspondence.

The paper is organized as follows. Section II presents the
parametric equalizer designed from the prototype of analog
peaking filter, low-pass shelving filter, and high-pass shelving
filter then using Bilinear Pascal Matrix convert to the digital
filter. In Section IIT presents the implementation of the parametric
equalizer by STM32F769-Discovery board. In Section I'V
present the comparison result of MATLAB simulation and
hardware implementation. Conelusions are given in Section V.

978-1-7281-6486-1/20/$31.00 ©2020 IEEE
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II. DIGITAL PARAMETRIC EQUALIZER DESIGN USING
BILINEAR PASCAL MATRIX

A. Parametric Equalizer by Analog Filter Prototypes

The most of filter used in audio equalizer processing is the
peak filter, which has most of the gain at 0 dB, except for the
frequency bands that is set to have a higher gain (Boost
frequency) or some frequency bands that have a lower gain.
(Cut frequency). In the case that the frequency range starts
from O rad/sample, this type of filter is called the low-pass
shelving filter and in the case of the end frequency range =
rad/sample, this type of filter is called high-pass shelving filter.
So, we can design the filters separated by according to the
characteristic of each filter and can be cascade together
without losing each characteristic or may lose a few features
if the frequency range of each filter is very close. In this paper,
we will present the design of the paramedic equalizer with the
24 order analog prototype filters. The cascade of various 27
order filters leads to the parametric equalizer is shown in Fig. 1.
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Fig. 1. Block diagram of the cascade Parametric Equalizer.

Analog Peak filter

Transfer function of analog peak filter can be shown in (1). [1]
S +gQusl 0+
S+ Qs O+ QL

S50+
4005/ g0+ 02

g >1
Hyis)= 1

g <1

Where: € is the center frequency of peak filter in rad/sec.

Q isthe quality factor, which is related to bandwidth
of peak filter

g is gain of peak filter in linear scale, boos case
(g=1) and cut case (g<1)

note: If gain is defined in decibel (represented by G), we must
convert from log-scale to linear-scale by g =10%/20
Analog Shelving filter

Transfer functions of analog low-pass shelving filter and
high-pass shelving filter are shown in (2) - (3) respectively. [1]
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5 +\/Eﬂcs +gQ!
& +ﬁﬂcs +Q?
5 +\/Eﬂcs +Q?
b +MQCS +Ql g

;g>1
Hypls)=

@

g5t + JEQC s+ Q7
S+ \ﬁﬂcx +Q
& +\ﬁﬂcs +QF
silg +mﬂcs+ﬂf

Hyp(s) =

3

Where: Q

¢

4

is cutoff frequency inrad/sec.

is gain in linear scale, boos case (g>1) and cut
case (g<1)

B. The s-z Transformation using bilinear Pascal matrix

An important step of designing a digital parametric
equalizer is to convert from analog transfer function (FH(s)) to
digital transfer function (H(z)) using the bilinear Pascal matrix
[5]. This procedure is equivalent to the conventional bilinear
s-z transformation, but it is more convenient because it is
performed in a matrix operation, that suitable for updating
filter coefficients (new filter coefficients calculation) when
changing filter specifications or changing the frequency
characteristics of the digital parametric equalizer. In the first
step, pre-warping digital normalize frequency to analog
frequency by (4).

ol

Q=tan=2- (radivs) @)

where:  ( is frequency of analog filter

@ is normalize frequency of digital filter

Considering the transfer function of 2* order analog filter
and digital filter as shown in (5) — (6) respectively.

H(s):B” +Bs+B,s (5)
A+ As+ A5t
H) = Bl -\ DB (6)

a,+ alz’1 b azz’z

The coefficients of the digital filter are calculated from the
product of the bilinear Pascal matrix and the coefficient vector
of the analog filter as equation (7). The calculation will be
independently calculated between the numerator coefficient
and the denominator coefficient.

[b.]=[PI[B/]

[a]=[P][A] ™

Where: [bi] is numerator coefficient vectors of digital filter
[ai] is denominator coefficient vectors of digital filter
[Bi] is numerator coefficient vectors of analog filter

[Ai] is denominator coefficient vectors of analog filter

[P] is the 2" order pascal matrix =
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An example of the conversion of the analog low-pass
shelving filter in boot case to digital low-pass shelving filter
is shown as in (8)

BT 11 17] &% | [g@ +42eQ, +1
bl=|2 0 -2||2¢Q 2gQ2-2
b 1 -11 1 g —,IZgQ‘ +1

8
o] 11 17] 9] [@+20,+1 ®)
al|=|2 0 2| |¥:,|=| 202-2
@ [1 -1 1 1 @220, +1

The final step of the digital filter calculation using bilinear
Pascal matrix is dividing all coefficients by a, in order to make
apg= 1

C. Design Example

In this paper we will design 5 bands digital parametric
equalizer as the example. The design of 5 bands digital parametric
equalizer consisting of low-pass shelving filter, high-pass
shelving filter and 3 bands of peaking filter. The parameters
for setting to determine the characteristics of each filter can be
shown as follows.

TABLE 1. PARAMETERS SETTING FOR 5 BANDS PARAMETRIC
EQUALIZER OF A DESIGN EXAMPLE.
Lowpass | 1apey | g pea | 309 peak | Highpass
shelving | "o | “filter | filter | SPEVing
filter filter
ool D 400 | 1000 | 2000 | 10000
requency (Hz)
Quality factor N/A 1 5 0.8 N/A
(Q
Gain (dB) 3 -5 10 -2 5

From the example in Table1, the digital low-pass shelving
filter that obtained by bilinear Pascal matrix operation from
analog low-pass shelving filter is shown as in (9).

by 1 1 17[1.613x10™ 1.0181

hIAZ |0 e 0.018 =1=1.9997

b, 1N 5 L g 1 0.9822 )
a, 1. 1717 [1.1419%107 1.0152

aq |=|2 0 2| 0.0151 =|-1.9698

a, ISl 1 1 0.9850

By dividing all coefficients with ap, will get by = 1.0029,
by =-1.9697,b,=09675, ap= 1,a;=-1.9698 and az =
0.9702. Therefore, the transfer function of digital low-pass
shelving filter from the example above is shown as in (10).

1.0029-1.9697z" +0.9675z"
1-1.9698z7 +0.9702z7*

Ho()= (10)

Transfer function of digital high-pass shelving filter, 1%
digital peaking filter, 2" digital peaking filter, and 3¢ digital
peaking filter from the designed example are shown in (11) -
(14) respectively.

0.7145-0.1224z7" +0.12632

(11)
1-0.4972z7 40215627

Hyp(2)=
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 0.9789-1.9005z" +0.92472 (12)
Hp(2)= — 1 2
1-1.9005z" +0.90362
1.0303-1.95202" +0.941172 (13)
)= 5520 70070027
09627157172 +0.6750 (14)

Hp(2)=
72 1-1.571727" +0.6378z7

III. HARDWARE IMPLEMENTATION ON STM32 PROCESSOR

A. Development Environment

The hardware that used for the digital parametric equalizer
implementation is the STM32F7691 Discovery board, a 32bits
processor of the STM32F7 family.

The important aspects consist of.

o STM32F769 devices are based on the high-performance
Arm® Cortex®-M7 32-bit RISC core operating at up to 216
MHz frequency. The Cortex®-M7 core features a floating-
point unit (FPU) which supports Arm® double-precision
and single-precision data-processing instructions and data
types. It also implements a full sct of DSP instructions up to
216 MHz, MPU, 462 DMIPS/2.14 DMIPS/MHz .

e An audio codec WM8994ECS/R from CIRRUS with 4
DACs and 2 ADCs is connected to the SAI interface of the
STM32F769NIH6. The WM8994 has Hi-fi 24-bit 4-channel
DAC and 2-channel ADC with standard sample rates from
8kHz to 96kHz.

B. Development Tools.

The MATLAB/Simulink is chosen to be software tool for
implementing in this paper because it has a hardware support
package that is compatible with the STM32F769-Discovery
board. Additional add-ons that be installed can be listed as follows,

e Embedded Coder Support Package for STMicroelectronics
Discovery Boards provides support to Embedded Coder that
includes automated build and execution, processor-
optimized code for ARM Cortex-M.

e Embedded Coder Support Package for ARM Cortex-M
Processors lets we generate optimized code for math
operations using the CMSIS library. Use this generated code
for ARM Cortex-M processors.

e DSP System Toolbox Support Package for ARM Cortex-M
Processors, when paired with Embedded Coder, enables to
generate optimized C code from MATLAB System object
or Simulink blocks. This is done for ARM Cortex-M
processor-based systems using the Cortex Microcontroller
Software Interface Standard (CMSIS) DSP library.

C. The 5-band Digital Parametric Equalizer Implementation

The implementation process will use MATLAB/Simulink
to create the digital parametric equalizer.

STM32F7691 Discovery

In the embedded Coder Support Package for STMicro-
electronics Discovery Boards installed, there will be a
function block to interface with various hardware on the
STM32F769-Discovery board. This paper uses the audio
interface (audio in, and audio out blocks) to be an analog
interface joint with an implementation the digital parametric
equalizer using the proposed design method. In the Fig. 2
shows the components of the Simulink blocks that used for
implementation.

Audio In Block 1t is used to convert the analog signal to the
digital signal (ADC) with 16-bits 2 channels. The sampling
frequency can be chosen from 8 kHz to 96 kHz. The output
data will be as frame, and can set the number of samples per
frame (from 5 to 65535).

Audio Qut Block 1t is used to convert the digital data to the
analog signal (DAC) with 16-bits 4 channels. The sampling
frequency can be chosen from 8 kHz to 96 kHz. The input data
will be the frame that will set the number of samples per frame
from 5 to 65535 and the gain output can be set from 0-100.

Gain Block Because the signal input from the Audio in
block is 16 bits (Int) with a sign bit. When converted to binary,
the values are -32768 to 32767, which are not suitable for
processing. Therefore, the value must be converting to the
range between -1 to 1 by dividing with 32768 or multiplying
with 1/32768 and converting it to floating-point data.
Likewise, the data after processing is in the floating-point.
Therefore, in order to send the data to the Audio out block, the
data must be converting back to the Int 16 bits format by
multiplying by 32768.

Selector Block Since the signal coming from Audio in is a
stereo 2 channels, but in this paper we process with a single
signal. Therefore, the selector block must be used to select the
signal to process only 1 channel.

Bigquad Block The Biquad blocks are used to filter signals
with biquadratic infinite impulse response (IIR) filters. The
filter coefficients must be specified in the block with the
format [bo b; b2 ap a; az] and choose the filter structure as
direct from II transposed which can adjust the coefficient
during the simulation/running.

Coefficients loader It is not a block in Simulink, but it
creates by M-file script which will run on MATLAB and will
calculate the coefficients [bg b; b2 ap a; az] of all 5 bands
parametric equalizer by the proposed method described in
previous section. The operation will start by specifying the
parameter Gain (G), cutoff frequency (f) or center frequency
(/o) and quality factor (Q). After calculating the coefficients of
all 5 bands filter, we will send the values to biquad blocks on
Simulink with the setparam command. All coefficients can be
adjusted in real-time while being process on the STM32F769-
Discovery board.

‘STM32F7691 Discovery

Biquad > Biquad ‘ ,))

P{ Biquad

.

H:.) Biquad  [—B  Biquad [P
Selector
Audio In i Low-Pass shelving fiter _ 1st Peak filter
Fig. 2. Block diagram of p ic equalizer impl ion (Simulink).
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2nd Peak fiter

Audio Out

3rd Peak fiter  High-Pass shelving filter
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IV. RESULTS

A. Results from Design Example in Section 11

The experiment results obtained from the design example in
section II, by comparing the magnitude response between the
simulation results using MATLAB and the results from
implementing on the STM32F769-Discovery board with measuring
the magnitude response with the dynamic signal analyzer. Each
filter is divided into low-pass shelving filter, 1% peaking filter, 2"
peaking filter, 3" peaking filter and high-pass shelving filter. After
that, all the filters will be cascaded together to create a digital
parametric equalizer. The results will be shown in the Fig. 3-8
(Left-hand side is result by hardware implementation and right-hand - T
side is result by MATLAB simulation). 11| N AR

Gain(a8)

° \
: J
: |
: i

'Jo*'

-~ T —
Frequency ()

Fig. 7. The comparison of high-pass shelving filter from design example.

Gain@8)

w 0 ot
Froauency (42)

Fig. 8. The comparison of Parametric Eq. 5 bands from design example.

7 . o, g
I pry

[~
Fig. 3. The comparison of low-pass shelving filter from design example. . B 3
‘8 B P s £1 el B. Results of Adjustable Digital Parametric Equalizer

The experimental results can show the adjustment of
frequency characteristics of digital parametric equalizer with
the proposed method, which will use the coefficient
calculation through the bilinear Pascal matrix operation to
make it convenient to adjust the characteristics. The
experiment will change the properties of the 5 bands digital
parametric equalizer and measure the results with dynamic
signal analyzer compared with the results obtained from the
simulation by MATLAB. Digital parametric equalizer

y i 1 W KN w parameters setting and the results as shown in Table II-III and
Fig. 9-10.
TABLE I1. PARAMETER! {TTING FOR 5 BANDS PARAMETRIC
EQUALIZER OF A EXPERIMENTAL 1.
Low:pass | 1w pegy | o peg | 3 peak | Hlighpass
shelving shelving
filter filter filter
filter filter

Center or Cutoff
frequency (Hz) 200 300 1000 2000 7000

%u)ality factor N/A 24 24 2 N/A
Gain (dB) -5 13 -13 10 3
5 | H*#HV | J\‘HL] 5 k
“\ 1 H LR ] I No—
g 11 [ i {Ht— L tieer py i
4 ] H }‘M‘, T gy 1 i
x - Ee

Fig. 9. The comparison results of 5 band digital Parametric equalizer as

Fig. 6. The comparison of 3" peaking filter from design example. setting in Table 1L
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TABLEIIL.  PARAMETERS SETTING FOR 5 BANDS PARAMETRIC
EQUALIZER OF A EXPERIMENTAL 2.
I;E:{;’;:S; 1% Peak | 2™ Peak | 3" Peak I’:]}%‘v}":‘;s
filter filter filter filter filter
Center or Cutoff
Comeror o™ | 150 | 250 | 621 | 2048 | 7551
Quality factor | \ya | 4 | 301 | 583 | NA
Q
Gain (dB) 3 126 | 26 | 54 | -103

- L L T

Fig. 10. The comparison results of 5 band digital Parametric equalizer as
setting in Table IIL.

C. Dissusion

From the experimental results, it is found that the results
obtained from implementing on STM32F769-Discovery
board have the same magnitude response as the simulation on
MATLAB. In the case of separate testing, each filter has the
same characteristics as design specification. In all respects, in
the case of experimenting by cascading all 5 filters to make a
S-band digital parametric equalizer, some filters have slightly
different properties than the design. Due to the overlap of the
similar bandwidth filter, resulting in the characteristic being
slightly changed from the specified value.

In the low-frequency band (around 0-120 Hz) the
implementation results will be slightly attenuation. Because of
the audio interface chip (WM8994ECS/R) on the digital signal
processing board ( STM32F769-Discovery) will have a high-
pass filter in ADC for removing DC offset and suppressing
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low-frequency noise such as mechanical variable and wind
noise.

V. CONCLUSIONS

The design and implementation of digital parametric
equalizer is proposed in this paper. Bilinear Pascal matrix is
used in the process of s-z transformation to obtain the digital
filter transfer function. This method is convenient for digital
filter coefficient updating during frequency characteristics
adjustment of digital parametric equalizer. The hardware
implementation on STM32 processor is also presented.
MATLAB/Simulink can be used later after finish the process
of design and simulation, just only some modification and
improvement using additional add-ons software tools the
hardware can be obtained. Real-time digital parametric
equalizer can work well and the frequency characteristics are
same as the results from simulations.
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