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Thesis Design of Tunable Multi-Output Biquadratic digital filter
And its hardware implementation on STM32F769Il
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ABSTRACT

The proposed idea is divided to 2 topics, in first issue, biquadratic digital filter
transfer function is designed from biquadratic analog transfer function prototype using
s-z transformation by bilinear Pascal matrix along with the presentation of multi-output
biquadratic digital filter structure. The second issue, tunable capability of multi-output
biquadratic digital filter will be proposed to change the frequency characteristics as
center frequency and bandwidth during online usage. From the proposed technique
can give more flexible on using digital filter when compared with tuning frequency
characteristics of analog filter by electronically controlled. The design and proposed
tunable multi-output biquadratic digital filter structure will be implemented on
discovery board: ARM CORTEX-M7 to test real-time operation and confirm the ability

to real application in hardware.
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WasuwUawesgauungll At Jevhlilddemnudndunassewinisusuieu
(calibrate) 1uszaye agslunsiianansnsssdeygiaeuasn

Ly

e dynadoyainiunisnsesuazndsldriunisnsesaiuisanagduiin (save)
dwsunstdausslula

® aNuNULIveunAlulagniemiu VLSI (Very Large Scale Integrated circuits)
ilvnsadnnasnsesdygrandvaaunsariladywinan Aulvidew wagid
FIANQNAT 2ITNTBINYYIURITATegITUBL NN TY

o Jwsnsesdyanafivaausaldnuiigiuanudiuingld Fauegtannluny
A1u biomedical applications Twmzﬁ’;wimmé’mmwmamaaﬂhia’]mia
Maulaalunsjus wonanTuIsRINse sl MR ITadELnsavinaldly
runUBTinTeEnee et uiunsasuuasAwes sampling frequency

L4

2.4 ¥UAYDIINIINTDIAYYIUAING: FIR thaz IIR Filter

a o 1

19asnsesdyaufIaluslaegrnineglailu 2 vlinautend 1995nTeednmIN

A o

Y [

HanOUAUDIBUWadlLUT A (Infinite impulse response :IIR filters) waz21995nT0I& QY QY184

NAMBUAUDIBUNAFSNA (finite impulse response :FIR filters) &4 input wag output signals

a

19921999n 7938 ey adazdauduRus A uAIBELN1S convolution sum Fuanslilugunis
(2.16) @5V IR filter wazaun139 (2.17) dm3U FIR filter

¥(1) = 3 hk)x(n k) 216
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y(n) = fz_l h(k)x(n—k) (2.17)

x(n) y(n)
Input sequence h(k),k=0,1 Output sequence

(impulse response)

v s

5UN 2.8 2995n50sdnyuidvianiuilenuvenanauaueduiad

TumsufoadululalanazAiuin output 909 IR filter Ingldaunisn (2.16) 1wz
AMUEIVBINARBUAURIBNRadeI AUl (infinite Tuniamgud) daduazldaunislunis
AWINEMSU IR filtter Tuguuuudeaundu (recursive form) unu fsil

¥n)= £ W) = 3 a,x(1-k)= 2 by(n =) .19

Feifuaunisil (2.17) wa (2.18) asduaunisuasiig (difference equations) d115U
FIR waz IR filter puddy Snguuuuvilafioalduny FIR uaz IR fitter uandluannisd
(2.19) uae (2.20) suddy Fefife Hlardudnelou (Transfer function) v89393sNT0sE QeI
wansfuuseleviognaunnd nduldlunsuanmaneuaussmnenud (frequency response)

H(z)= th(k)f" (2.19)
k=0
% akz’k
1+Xbz"

k=1

[
=

AN9LENLT9IUTENI9 FIR kag IR filter HuTUagAUNISLUS8ULNEUYDAUDLELVD

Y

WITNTDIAYYIUNT 2 VTAAIL

® FIR filters aunsalinanevavsulawvuidadulduidn Seannansivilil
LﬁﬂﬂﬁgmﬁaqmmﬁmLﬁyaumam\la (phase distortion) veddwyg1ufiAnand-
nsosdnyayanes Turasiinaneuausalaves IR fitter asfidnuaeilidudadu
Tneienizeg9BsuinaveureaLaurud (band edges)

o FRfiler vilovinlii¥uasa (realization) a¢iilassadrswuuldfinnstoundu
(nonrecursive) FsfigUnuumsfuiamuannisi (2.6) lnemss uaziilosannladl
nstleunduiliesiiviilt FIR fitter fiaflosnmae (stable) ioswnnszuuaylifing
(poles) TuvausTliadiosninwes IR fitters o19aglifiadiosnmans Wdoonuuulin
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® anIENUINNAISITONNINAR Tun1sas1ssasnsosdygruflviaaziinlu FIR
filter Uoenalu IR filter

® FIRfiltter fodldfuruduusyans (coefficients) innnndn IR fitter wieliléens
nsesd gy nffinuaNvesAIudfa (sharp cutoff filters) LyuLRed fuiiy
MN8ANI1AN Yt uAve AR UALBINIIIUIA (amplitude response) 7
wileufu nsadnsasnsesdyaianduuuy FIR agldnatlunsussananadiuny

N1 SIUYADINIT storage elements ALINNIIALE
1993NT0d Ry IUIUNADN @1NTaTaEiInsuUal (transformed) Tuidu IR digital
filters Nauyariu (equivalent) lag#l IR filtter Nlavsdnndnyasiiadneduiudusuundu
1935n59dQYIMEUIaEN NeuNavinnITulas Fdn1sasdnwaeilianuisaldiunis
9nluy FIR filters

2.4.1 2993n309FYYIUAINATTANANUAUDIBUNAHIAA (Finite impulse
Response: FIR Filter)
- 1A99a519NUFIUVDINRINTBET YRyl FIR

1993N509dy Y0 FIR NiAuantfnegeoa (casual FIR system) aansaieunandla
AILAUNTAIL

N-1
y(n) = h(k)x(n—k) (2.21)

k=0
1871 x(n) Lay y(n) WIUEIAUSYIAUNA U ILEEAIUODNUDNINITNTOIF 1M FIR
A1ua1au @3u h(k), k=0, 1, ..., N-1 tIuduusza@nduesisasnsesdyau Aosuleds

AUANBUZYDINANDUAUDIDNAE (impulse response) Tnearuduiusiuilanduaislou

q
[y

fail

H(z)= ZZ: h(k)z™* (2.22)

aunis (2.21) Wumsi@suaunisuanisduiiies (difference equation) 18929950599
Foyeyas FIR tutes Jaduaunisnuansisanuduiusnisnan lnedygimvisen yn) 9y

¥
LYY ¥

Fuiudyarawnd o nandagiuuazennwiniy

A

dmsunisaitneastilinuantinseulieuvenasnsosdyyin FIR duaiuse
lananeanva laud suuuulagnss (direct form) JUwuumALAR (cascade form) Lagivla
\BaLdu (linear phase)
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2.4.2 299305038y 1UAdIaslananauduaIBuNadidIia (Infinite impulse
Response: IIR Filter)

- 1AseaTeNUgIUURI9RINTBIFYa IR

N130sUIEANATNTOdy LI IR awnsalisulanslameannissinessnnalul

y(n)= é h(k)x(n—k) = éakx(n —k)— kfl by(n—k) (2.23)

[ a

1871 x(n) Wag y(n) LIUANEIAURYQIUNA UL ILAZAIUDDNTDINITNTOIFY QY0

T o

£ o

IR guadU dau a, tag b, unuduuszansveansasnsosdygiad IR dwmsuilsnduaislou

VOINIINTOIFYY U IR AdnwazAIil

M
> aszk M
H(z)= k:ON 3 ) Z
142 bz* l+bz" +bz " +..+byz
k=1

-1 ) -
_4taz taz +..+a,z
N

(2.24)

Tuaunsi (2.23) Afe N9 deuaunisnaiiaduiles (different equation) V833445
nsesdayaal IR tutes Fadusuuuuvesaunsiifumsussersamnuduiuslunaia Tae
deyeyuv1en y(n) %uﬁué’m@,mmﬁw s afndietdagdu x(n), x(n-1), ..., x(n-M) wazTuiy
dyanawieantusda loun y(n-1), y(n-2), .., x(n-N) Asnduaieleuluaunis (2.24) awnse
wondusEnoulauandlugUuuusoludldigutiy

H(Z):K(Z—Zl)(Z—ZZ)...(Z—ZM) (2.25)
(z=p)(z=p,)-(z=p,)

& v 1

08 2, Zy, ..., 2, AB Tsv0eHeATUsNelou H(z) Falummnanfivinladsddudane
Toufianduaud uaz py, P, oy Py A0 Wavesilanduaielou H(z) Faduaiaainivinli
Henduareloudiandustiud

dmsumsaiinashiauaudfinsinuiienuve9asnsesdyayad IR Tuaiunsai

lonanednwaug laun sUuuulaense (direct form) sUwuuAnaLAn (cascade form) gUwuy
U (parallel form) LL@%;JULLUU‘I/IiWﬁTWﬁ (transposed form)

2.5 N1598nLkUU IR filter A2835n15HUaIRMUS -2

Inginusiazifuniseaniuuieasnsesdynrundvarinnansuaus Bunad il

MialngNsasnsesdygruvinduiadlididaiidenniniasnsesdygravindunadinne
AFITIMBTERANUALAEAUAZITIUAUNANI9TNTRId Y aRdiaTiaNan D UA LD BUNAE

aa o

10 FINUBAILIINITHNIUYBINIINTOIF IR AsLANANDUAUD IDNNAd LT RaY

a a A

159071 wagldnurgarnuINdesnin Inen1509nuUUNLeN Ao N15NLUUDIINDINTOY
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[

IAUNRADNAULUY TALA 29INT0IFYYIAULUUTALIDTIITN, 299INT0IF QYY1 UULY

T o

D We

Tl wardue Fusransaldilsndunsonisiudsuliateg1slnog1anian @i sanlas
landudnglouvesszuvauasn deoglu s Tawu unluszuuddvia Meglu z lawu Fau

Ingdnusilainiseuasuuluddesunesnwuu

2.5.1 2993N30IFYYINUBUIRBNAULUY

- 2993n399d YY1 UUTRLNB3ITN (Butterworth Filter)

19Nk UUTAmesisnazinuan vusN kAR UALDIMNIYUIATEUNER

g7 q

Tur9AMUALAUNIU ASUNARBUALBIVSULIN (Amplitude response ) ARl

|H,(jQ) = % (2.26)
1+ Q
QO

Y o YY) th
We  n Ap 91wiududu  (norder)
Q, A9 anwudan ( Cutoff frequency)
AvantRveInIssdyaaLuudnmes

® |H, (j0)=1 dwmunne n (Fnsveneusidvinfunis 1 Q=0)
. 1 o u v o
o |H,(jQ)|=—=~0.707 dwmsunne n (Fnswenouse 1 Q=0)
2

o |Hn(jQO)| mmmmdwé’mﬂmiamaqﬁaawa@mﬁuaqaﬁ’mu n Tnawle Q>Q,
fe81u n=1 9MIIN1TaNAWINAY —20 db / decade Way n=2 8RINANA
WINU —40 db / decade \ud

o aqﬁuﬁ‘maa |Hn(jQ)| Lﬁ/i'lﬁ’ugmél,ﬁa Q=0 Jufs 9zAANANOUAUDILUY
'iwl,%&mqa?j@ﬁ (Maximally flat response) #i Q=0

o n3dlil n>10 nanouauedaziinlndnaneuausmsgauaRtiuf Ao n1siUdsy
nanudnauslUginsuaungaUAsuudasiuiiviule
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JUN 2.9 HARDUAUBIYDIIIINTOIFY Y10 UuuTnnasiisy

IN3UT 2.9 Azdunalaingiennuduauiiurienuuaunenliiin1sundsinuas
Y0IRIVEELABE19lA (Maximally flat) 18991 NARBUAUDININVUIALAIAAAINADARTL
nsiiiuvesrud Jdnliidinudnvauzvesiladidulululniin (Monotonic function) waziiy

AELURRNNLAIYDNITNTRIF Y IMUUTRN DI

- A
BN Q=— A UNANDUALDINIIUIA

J
2 1
|Hn(s)| = . 2n|
1+[(s/ /) 9]
_ 1
T+ ) (s 79
i ! |
T+ D7 G [ (5790
\H, ()| = 1 (2.27)
D,(s)D,(~s)

D, (s) fAelndludiea (Polynomial) voslawy s Feiisinianuamdusiuiuassuin
wazavazlain D, (s)=D,(=s) wazdnnuald n=1 waz Q, =1 anusafouilsndu
aneloulanudl

|
D,(s)D,(~s)|

L
H (s) = -
|1H,(s) ‘1_S2| ‘ (2.28)
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alel D,(s)D,(=s)=1—-5> =(1+s)(1-s5)

jQ  non stability

!

X

TN

N

U 2.10 swmislnaluszunuiea (s Plane)

fatuaIsa g uentuanelaulanatl

1
Hy(s)=—— (2.29)
s+1

‘:1' a i o | a6 o ¢ acs
1NENNTITN (2.29) 138NI1299 9N TOIFYYIURTUANAAIHIUY LUUTRLADTIITN
(Butterworth lowpass filter) 9ufu# 1 uag s+1158n91 (Butterworth polynomial of
seconder filter) asnsadisugumluvesaunislain

D, (s)=s"+b _s"" +..+bs+b, (2.30)

P o a £ o a6
A15199 2.2 dUUTEANSVDI9INTDIAYYIUAINDAHIUY

n D,(s)

1 (s+1)

2 (s> +1.41425+1)

3 (s+1)(s* +s+1)

4 (s* +0.7654s +1)(s* +1.8478s +1)

5 (s +1)(s> +0.6180s +1)(s* +1.6180s +1)

6 (s> +0.5176s +1)(s* +1.4142s +1)(s* +1.9319)
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WAZANTOMISUAU 1 VBIRTNTOIEYYIALUUTRmeT ATl INaNA1ST (2.31)

lo(amin /10) -1
1 - - =
OB 010 ] (2.31)

S

n=

2log

P

- q9snsasdyaiuuurdiun (Chebyshev filter)

1995n309dy kU U T inlulinaau TRl inanauauam 1A tug1aad
wouruduganrduiniunasauazlinuduiiniign e auddvesi Ay nanaUaUes

N199UM (Amplitude response) di6iail

12 1

We & A9 AusznouAundl (Ripple factor)
C,() fo wuuwlwvlanviladusun n
G AV N NG PPN BIATRAYIRTIRANEAT

o 0O=0
C,(0)|=0

a I =
W n WuLauA

C,(0)|=1 o n (Juiavg

|H,(jo)|=1

A I a
W 7 wulava

o < '
We n 1uave

Hn (]O) =T
| | J1+é?
IC,()|=1  wune1 n

\H,(jD|= v VNA 1
&
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S P
wiu Q=2 adluauns (2.32) nanauausIneuunazlaii
J

1 (2.33)
HG| =z—o
[#,65) 1+&°C3(s/ )

Tnen

C (s/j)=0=xj(1/&)=cos(nu,)cosh(nv,)— jsin(nu,)sinh(nv,) (2.34)

Way &= »\/IO“W -1

fuuals cos(nu, ) =0 aglain

y, = 2_7; (2k+1) (2.35)

fimuali sin(ny, ) =£1 9gldan

. 1
sinh(nv,) = - (2.36)
v, = l(sinh-l lj (2.37)
n £
Azl
s =sinh(v, )sin {— 2k + 1)} — jcosh(v,)cos [— 2k + 1)} (2.38)
2n 2n

% % U = %4 d‘
LAZANTONISUAY 1 VeTIsaTnTsdy U iWlaanaunisi (2.39)

cosh™ 107 =1
loamax/l() _1

cosh™(@,)

(2.39)

ﬁummﬂugﬂﬁ 2.11 agdiuldinisiivdusuvensasnsesdyaauwuudiarastieli
Frauauidsunnuainuduinndudaunulfufoasuiunsalvonasnsesdyyin
wuuTmmesiidn egelsfiniuinsasnsesdyinduduingfu nuinnwsnsesdyyin
wuuw ezl ulasuanudiiuaunineasnsedyaiatmnnes isnegrdaau e
finsanluranuiuauriiurensasnsesdygnamuutnnuidinuniivedasees
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Anvulaein1sunisiituainaentisdunaladnnudnyuziduiliiinTuiuiasnses

Ui‘g aJ

>

MUMUUTRWESATYN NIANEIRINTRINITHNIENNTIAIUANLAINALUT & Taeuuin

anunisvasnsunIsazagaelugag 1 8 1/4/1+¢°

| H()|

5UN 2.11 HARBUALDIYRINAINTBIFY I wuulytiw

PoTo UL UTEIIsITnTasdyrauuUnmasisniazsuuiw i

2.5.2 11599NKUU9RINTBIFYYIa IR Taeldnrsuiasludiiies

2995N TRy MU TN eA LRk UHNY (Bandpass) kaztianuAuay
vga (Stop-band) MndAssfuisasnsesdygnamiagauadliuiniiiesnse
Ay UUURRO I
aﬂaiﬂsaﬂﬁmmﬂmLLUUL%ﬁmw;‘jﬂmLmummﬁmﬁﬂmwaa (Transition-band)
UoHN1199INTOIE UYL UUTALADIIITN

weuUaPn (Amplitude) va9399snsRsyIMULUTRNBSITNA @ =0 233
wAI9FITUAY (Maximally flat) U8nI1993NTOIF Y YIUMUULSTLYN

£ a0 o

199307098 Y IURUUTLTNSUFUN 3 AeRUTZENTNINALNAUI9TNTDI& By QYU

.
a o =

WUUUAMBSISNSUALN

|
[ o O =

19950 50sd v ULt susuii g aslinnududadu (Linear phase)

1INNTTNTNTOIA Y YU UUTALADIIITN

s

lunsesnuuuisasnsasdyana IR Ineldisnisuladlvdiiesidumeiiniilasunanu

auladufivrnszanunsadoulpnuanyazvensasnsesdygueuiaeniulawuaialy

[y

Tudlatu z lowuugndegauazliilavedsats ddunsalveddisBuiadduwiioudneudu
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vveasueiiufivesnssuisnisudadludlles neunaztludieganiseaniuuvedisas
nTesdIad IR Medsl Wansanlenduaislouvodnsasniasoulasn

Y(s) b
H(s)=—"=— 2.40
) X(s) s+a (2.40)
FngUaumstinailfiin
sY(s)+aY(s)=bX(s) (2.41)
Fnsulasanuatsunfuiiemanuduiusluniana
dy(t
v, ay(t) +bx(t) (2.42)
d(1)
MnTNIBTBINIRANNST (2.2) W n(T—T) 8¢ nT a¥ldnadail
nT d ¢ nT nT
| YD giq | y(t)dt=b | x(¢)dt (2.43)
aT-T dt nT-T nT-T
o1fengunAWABNA1Y (trapezoidal rule) dmdumsduiitnsmidesias
(numnerical integration) ielilunsuszinanisdundinsaseiios
nT T
] f(t)dtzz[ fnT)+ f(nT ~T)] (2.44)
nT-T

WLANLE LSRN TBuTSInTALD ailavadluannsT (2.43)
aT bT
y(nT)—y(nT—T)+7[y(nT)+y(nT—T)] = T[X(”T)WLX(’?T)] (2.45)

ynsuwlas Z Auaunisnte

Y()-Y(2)z" + Ly + Ly =28 x () + 2L x ()2 (2.46)
2 2 2 2
dnguaunisanuduiusiviagle
bT BT
Y(2) 5Ty ~ b

(2.47)

I+z +—+

2 T

2
H(z)= = =
(@) X(2) o, al ol 2(1—21J+a
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WolSsuiisumnuduius H(z) 1lanu H(s) Tuaunisi (2.40) azlain

— 71 —
s=2[ 122 :3(2 1} (2.48)
T\1+z T\ z+1

(% v 6

aun15nlnannsUseunafanusain A AN NELTUS SEIeA LR Ul AL

o = aa v vy o X v o = Yo o 'Y PN ! Y]
@u’]a@ﬂﬂ‘Uﬂ'ﬁqﬂJﬂIUI@Lllu@"ﬂ'v}a‘lfﬂ WQUI@EJW'JIU@Jﬂ"U%Nﬂ'ﬁIGUaﬂJaﬂﬂm@]'ﬂLL‘U?‘VILL@]ﬂ@'Nﬂu

<

o o 1%

dnfunsdredannudvesaaddawy Tulawuewasniglddydnuel Q luvasilulawm
Mraerlddudnuel o lumsmeruduiussewinsmuivesaasiauuaznszyiedl Sudu
nnsinsandeuanuduiusseninaedauy z =7 Faildisaunsadouldin
s=o+jQ o z=re’ wumuduiusiaesadluaunsi (2.48) ale

o+ 'Q—2 —rejw —1
/ T\ re’ +1 (2.49)

_2 (re’” =1)(re’” +1)
T (re’” +1)(re’” +1)

2 | 2rsin @
e 2 +J 2
T\1+r°+2rcosw 1+7r°+2rcosw

NANFUNAYUAIUITIAZAIUIUANNUDIAUNSNIADIAUIE L9

2 |

o== > (2.50)
T\1+r +2rcosw

oo2( s .
T\1+r +2rcosw

JUN 2.12 nswenlessyrindlawuaiawluddamu z megisnisudadludilies
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NANNTN (2.50) fdedunnindnr <1 ual o <0 uagi r>1 uas o>0 N7
r<1 oy z wneds nsdindugaegnngluiuinnauviiomisy fudevedulawua
Uanefiseudn o <0 nunefs 1 ugansoruniiaNognep3edneuussuny s nsgasiug

aganansaasuliiinisidenlesangelag vurdsdndrsvedlawuaras axldidugaiied
aegluanauniomieiaue Jwiliudlaldinasnsesildezdmuaiosniwogiutiuey
Tumnsefududndugaainaiadninvesssun s azgnidesledluifugaiiegusnianay
vilshouuszuw z egndlsimuuinaislimuadladuiiauie Tunsdli » =1 uéh
o =0 Fadugedieguursnauvianieluszun z uasifisuwihiugeioguudunisdndie

Y935EUU 5 Tunsdlianiztiaunisi (2.51) svanguhdu

I'\l+cosw) T 2
wazdndeuluguuuuiinduiuagle
QT
=2 tal'l_l 7 (2.53)

aunsilaiifunisuansauduiugseninennuivesisaeslawy Fuieuniig
Lﬁuﬂiwﬁ/\mﬁé’ﬂwmé’ﬂugﬂﬁ 2.14 mﬂgﬂ%Lﬁuiﬂmiﬁaﬂmmﬂﬂawuﬁauwaaﬂ Q ludu
AuERITa @ Junvunidedenils danniipaiuieutasnazddaefinitsuinie
o< Q<o BAAUBRATATITITLAUNINAD —T << Wiy wardaauiinis
doulossznisaedauuiidnvarlidedu lnglurraudsesdudnvarvesnisvens

v [y

A:{I P a ) =] r-:ll (=] a
AINUNBBN 1“%0487]713@@3?&0@@%8L‘LJUE“LJLLUUSUENﬂ'ﬁ‘U‘Uﬂ'NlmLGU'] @maﬂwmzmmlmmwm

' '
aa v A

v A a | a ad  a Y i
Lau‘ﬂ'E]\clﬂ'1iL%@NIUQ"UWﬂﬂ?W@JO@UWa@ﬂIUQﬁ'ﬂ']llﬂ@"ﬂcl/]amllslf@Liﬂﬂﬂu‘m'ﬂ,ﬂ?"l frequency

warping
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\{

Y

JUN 2.13 nsudasmuduiusannanudewaen Q lduanudddva o

2.5.3 N1598NKUUNRINIBNEa IR Tngldnisudasludiliesuraaamunsng

A8n1sulasludiiies (Bilinear transformation) Tneuyiasauafadinannisnsiudneosy
Tuguuusing By TduNadduisoud Tonansduiliosdounds uaisnassduiiodly
1 I o y) ao A vaal aa ¢ & & A av vo I3
Wi uad1msuauideilaldisnisudasluddes Amszandumateilasuanuauladu

a ] . & @ PR = . v

WAwngIzn1IulU (Mapping) Aztduanwuzuanoniy (One-to-one mapping) MBLAANE
13slufivgmiinnisiuasy (Aliasing) vosatunmsu F9n158519Ud@ANALININGA8I5NT
wlasludifies (Bilinear transformation) laua1nngufnius (Binomial theorem) [9] wae

aunsadeulasaaunisn (2.54) Aeil

(a +b)n = i " a" bt (2.54)
=0\ k
4 (1 n! a o £ o o
19 = —— Symn duuszavoviuny Binomial coefficients) e k <n
k) (n—k)'k!

NANMUFUNUTTEWINITLUIULRE (s Plane) wazssu1uwss (z Plane) A8uannig
Tnsudadludiles Bilinear transformation) MilAaaudRfsaNn1sh (2.55) UAe
-z

S = F (2.55)
z
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Walavinn19iia1sanasnsesdygiaourasn (Analog filter) MAvuann1THeATY
melaulamuaunsn (2.56) lnglunsalillalisusuvesimulas@umnnuaadl

H(s)=5 ' (2.56)

e 4 uay B, \Juduuss@ndaad uag N Aediuiududu ( Order)

[

A o i Ql' sou 1
LONIANTUNUAIZNNITN (2.55) aﬂﬁuallﬂqiﬂﬂﬂsﬂuaqHIQUGU@QQQQiﬂi@QaZUEqu

e

puaeNAaNnsn (2.56) Naglaaunisilsndunelouiasnsesdygaudauariaunisn (2.57)

H(z)=5—— (2.57)

Tl a,uwaz b, \Juduussansrimm

nAMudUTUSluENNIT (2.55) way (2.56) azled

M=

bA l_Z_] i %b 1 —1\i 1 —I\N—i
-0 | 142! _i=0i(_z ) (d+z7)

. {1—} Sa -z (1+z)"
i i=0

1+z"

H(z)= (2.58)

M=

i=0

Tuaun1s (2.58) Faaziarsananigiiavlumeuveanguniuiy (binomial
theorem) Wt IWS12N1INTE18FIEIUAMLDUAUSITUAILITONTEANUNALAAIEAST LA

ANUEUNISN (2.59) A9t

e et B N | [ R K
LR
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NEUNTN (2.59) aansaunlisuannisiviielvigunsedulansaunisi (2.60) e

%Bi<1—z*‘)"(1+z”)“=‘_ { U( Dz kk_l[Nk_’jzk} (2.60)

Inguannsi (2.60) wazildsuiulsassyiludagladumnuduiusluaunisy (2.61)

Yaz' =X 4R, ]z (2.61)

Slarvunld [ }L‘Uumamammﬂ% ( Pascal matrix)

NN |
pl,’j:z[ ]j(‘j j(—l)"” i, j=0,1,., N
n=0 n l1—n

Lot Yo (7)o

P89 7,/ A9 TIUIULDILAZIIUIUABSNUNILTUAY

aa v o

muu mamJ3vawﬁsuamqﬂiﬂﬁaqammﬂmmwamuamimmﬂwa@mwd 19U7@ma

WNSND (Pascal matrix) ﬂ‘Uﬂ’]ﬁllﬂ386‘11/]5%@\‘1'351?\]iﬂi@\‘]ﬁmmqm@uqaQﬂléf(gfﬂﬂuﬂ’ﬁﬁ (2.63)

T o

[bi] = [Pz/ ] [Bi] (2.63)

~ Ny Y & ¢ [y o o a
LUEN"\]']ﬂﬁuﬂ'ﬁlUﬂ?@@Wﬁ‘L%L‘LJU'WQﬂGUUQ']UIEJUGUEN'NQﬁﬂi@ﬂﬁwmqm@uqa@ﬂ@u@‘Uﬂ 2

SeuanunsamasnInvesnanalyisnanguT LS Sususuvenanseaslar

d N_J .] i-n T
P, :nz_jo[ ][i—nj(_l) 35,7 =0,L..,N (2.64)

n

NAUNTT (2.64) AIUVU @11150181LIRNTUIRNETU LRSS ULSNRANTUINLAILSA

1
v

LALADAUULINNDUNTIAIUIUAUI TN AD AL

- @U13aNUUIAYRIUEAALYINTLAIN (N +1)x (N +1)
- finsanuaausnnannis £ =1 dufeuniusnvesdanawmsndasiandy 1

VNADENUYDIDININ

a [ L4 1% N 1 %
- NTNADALULINIAINEUNT P, =( . ]Lsuu R,=LE,=2,P,=1 Duu
l

=De

Y a A a A a ¢ = o
- LAINANTUNEUTNNLIEBVDIUNEAALUNINLANNEUNTN (2.65) A
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i —Lija _Pi—l,j—l _B—l,j (2.65)
\uaAINg R, B,,B, uwaz P, vestamaumindiiufe
B,=B,~P,~P,=2-1-1=0
BR,=PR,—-P,~B,=1-2-0=-1
P, :Pll_Pl,o_on20_1_1:_2
b,=F,-R,-h,=-1-0-(2)=1
FofuanunsameUiamanysngsusiu 2 axldfEnnisi (2.66)
P,=1 B,=1 B, =1
pP=[P,|= szz B,=0 PB,=-2| ;i,j=0,1,2 (2.66)
P,=1 P,=-1 PB,=1

v A

Aatuazle aunsuiaaavisngsudunassiduuin (3x3) Asaun1sh (2.67)

1 1 1
[}3"]_] =2 0 -=2| N=2 (2.67)
1 -1 1

g

2.6 1A3985199892993n3509A Y gy r1auRINavaNanaUaUaIduWad Laig1ne

(Infinite Impulse Response: IIR Filter)

dmsumsastneasiinuaudfinsinulisnuve9asnssdygiad IR Tuaiunsom
lonanednwaug laun sUuuulaense (direct form) sUwuuAnaLAn (cascade form) gUwuy

U (parallel form)

2.6.1 139851929930 95098 Yy IR wuulaensa |

Tnssairansasnsosdyanal IR wuulaonss | agldmsminadnygia 2 4a Ssaunis
wasinsduLilos (2.68) dmdunsmulamugUiuuaNns recursive 184 IR filter fisinnslden
output TuafninAuanswseiud Input Jagtulueda ieniA1ves output Jaqu
y(n) FauUs M fie Sudu uaz {a,b) Foniiaduusyansues filter ( Filter coefficients)
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y(n)= éakxm—i)—ébky(n—i) (2.68)

MeE1e M =2 ; 1Uueasnsesdyaundviawuy IR dusuaes
NFUNITN (2.68) zLTBulAN

y(n) =ax(n)+ax(n-1)+a,x(n-2)-bymn-1)-b,y(n-2) (2.69)

NANNITN (2.69) arunsarhudeudulasiadsdnsu IR MSuninlaseasiauu
1ne®59 1 ( Direct Form 1) lonadl

x(n) > + + P ()
z™! 7
a, _bl
—>—> <l
= o=
a, —b,
——>—» <l

5UN 2.14 lasaasnalaensakuy | §m3U IR filter Sududes

2.6.2 139851929930 509dgysyrau IR wuulaensa Il

=T - N a Y
PNAUNTAUNINAANEULTBIANNTN (2.69) TunsaliananlasnIesdayaa IR Tu
JuivdpIfIaNNsN (2.69) Ingenfunnaudfivanisiiad z-transform aglain

H(z) = Y(z2) a,+ alzf1 + azzf2 _Y(2) y W(z)
S X(z) 1+bz'+bz?  W(z2) X(2)

(2.70)

PMNFNATN (2.70) Agdunalandnsiiusuys w(z) Wnluaunis ualiiinass
transfer function al

W9YN1SRANTUIMBNAIU AL

W) _ ! (2.71)
X(z) \l+bz"'+byz"

msaaled udidnguaunis uay take inverse z-transform 9gld
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w(n) =x(n)—bw(n—-1)—b,m(n-2) (2.72)
dlovhmsfiasameney agle
Y(z) =a,+ alz_1 + azz_2 (2.73)
W(z)

msaaled udidnguaunis uay take inverse z-transform agld
y(n) =am(n)+awn-1)+aw(n-2) (2.74)

Tunnsiasanlassasalaensakuy Il azldvieaunisy (2.72) wazaunisa (2.74) Tu
ARSI BUlATIase eludiuvesaunisi (2.72) aziunasislulaseasteandu
feedback path wayluanni1sf (2.74) avidudiuves feed forward path laseasalaunss
WU Il d1msuieasnsesdyialaseaineg IR dudvassanunsawanalaniguil 2.15 Nl
o A a £ P Y] a v & & . .
doyias win) MAnTuanannisanyfludiwysiinidiuniusenindy intermediate

signal “30dYIaAINaN

w(n) a,
x(#) ¥ > — (1)
v_
, G
_/11 win-1) &
~ -

Z—l
=
1 w(n—2)
~

5UN 2.15 lasairalagnsawuy Il sy IR filter Susuaas

Y*

2.6.3 1n5985192993N5098 YU 1IR LUUATHLAA

TunsdiNaeas IR NHduAvgasaInisasendiUseneuilandudislousondu

'
= v v

diudesqndousumas waglnemiluilsdduaisloudiudesavanliudeidususumintunils
1

(%
tY [

P30@ARWINUY AIAUNITNA (2.24) P1uas
M k
az . i) Y
H(z) == k _aytaz ta,z +..tap,z
S - _

145 b ot 1+bz" +b,z +...+byz"
k
k=1
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anunsadeulugUvesiiuszneuldidy

H(Z):ﬁ Ao +a1szl+a2szz (275)
k=1 1+b1kz_' +b2kZ_2

lne K=N/2 1o N 1udiuaug waz K=(N+1)/2 1o N ugunud visidl N Aedudu
YDIIAINTOIYI dunsh (2.75) annsadaguliinseduaulaiduy

HE@ =112 1 p, ) (2.76)
k=1 Dk (z) kK
Togil

N.(2)=ay, +a,z" +a,z" (2.77)
D.(z)=1+b,z" +b,z" (2.78)

N (2)
H, (z)=—% (2.79)

) D(z)

dunainlunsdd N uswuailsidudieleudes H,(2) diladmilsazisdidusu
windunile Weihiladduaielaunlauwansusznaunaiiiuniadulassasiauuaiann A

nstlendunneloudesundeaynsuiu

x(n) — | H,(z) P H,(2) = ¢ ¢ « ————P|H(2) |—P¥(n)

5UN 2.16 las9as193993nseadyaal IR wuumaan

dmiusvazidunvesfianduaielaudesusiardiuarunsaidenidlaseainaguuy

'
a

Tnensailad | vsevdail I AlA JUN 2.17 uanasieazideavianunedlasiasanuunannd

Tassadeguuuulnensaviinn Il Juiugiulunisasiesdussnevilenduaislougey

UM 2.17 las9a1999snsesdnaal IR wuumananldlasiasiesguwuulaenseyind |

Juesrusznauiiugruvesilanduaislougos
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2.6.4 1398131929930 5098Qysy1a¢ IIR JUMUUIUIU

Tassasneeasnsosdygia IR wuuvwu (parallel form) 1Wunssaislunisuen
1AT9a31909921995n 3098 e IR Viﬁé’uﬁuqm aamﬂud’mﬂisﬂauéaaﬁﬂgﬂwaﬁq
uenilelunnisaaaaiiiisldnanlvludmuiiud lunslésuuuusunuiuilsisudielou
VBINIINTDIEYAUUNLAYAIUEDY (partial fraction expansion) Fauandluauniseollil

H(z)=C+ 3 H,(2) (2.80)
k=1

-1
Ay +a,z

1 -2
1+b,z" +b,z

1ng H, (2)= (2.81)
Ty K=N/2\dlo N fie susureaninsnsesdayaio

N
1~

—P H,(2)

—» H,(2)

x(n) —o —» (1)

—| H,(2)

—» 4, (2)

JUN 2.18 1AsaaineeasnIesdyaad IR wuuauny

[
aa vV 1

#0nala3a1N15weNLALYEILE a8 A UNINTUA18 1o UANLUUVUIUTTUD LANA1991N
n3suIsANALARegRTIAIRUNITII s eailanduaeleuy H (2) lddwnaseaussaus

VDINAIINTOIFY QY IUUADENILA
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\AE

Hy

x(n)

>—»(1) »+) >
;Eh

‘

e

sUM 2.19 lassas1easnsesdyaia IR wuvruunldlasaiegliuulagnssedai I
Jussrdsznauiiugiuvesilsiduasloudeos

2.7 lulaslusiwaasnena ARM Cortex-M7 Uuuasn STM32F769I Discovery
Board

guUnsaluasn STM32F769 Discovery Wulslaslusiwawesiianmnsalsunsalndy
1995AdTaerlsnlalaedsnslusunsunuuigquaraiunsauilu9asiaegwasnanmienis
Tusunsuen gunsaluesn STM32F769 Faasimunzdviun1s0enuuueasAaviaruInnai
wfnsmuelnguing lnevesaiiamiuqguenssinndusvuevatsniwnmauludesesu

PANVAIYATULNG

n1sviuesn STM32F769 Discovery Tutlagiuliusea@nsniniasainuasninuinau
WeosnnnieuTengnangunsaluasa STM32F769 Discovery LobfiumIN1a1u150 901

¥z

Al
Unsal vasm STM32F769 Discovery bagiiiud1uiuasausenauniely wiedsuuse

Qe

00 S

y(mn)
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o
oY

lassasiaanlnonssuniely wazdalauiuyssaniaimveswenduisnldgunsaluue foe

dnwalzyaaii Ussa STM32F769 Discovery uansslu Uil 2.20

SUT 2.20 dnwaizweaiuedn STM32F769 Discovery

M1319% 2.3 AaudRLazIeasldeAT0IUasA STM32F769I Discovery

CPU

STMicroelectronics Arm® Cortex®-M7

Interface

4x12Cs
6xSPIs

12S
2xSDMMC
AxUSARTs
3xCANs
RJ-45

Analog to Digital Converter

3x12-bit

Digital to Analog Converter

2x12-bit

Audio

CIRRUS WMB8994ECS/R audio codec
2-channel line in through audio jack CN6
2-channel line out through audio jack
CN7

2-channel external speakers through JP2,
JP3

dxdigital microphones (ST MEMS)
2xSPDIF for digital audio-in and audio-

out
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M13199 2.3 (da) AuauTRLarIIeazIdeAvBIUBsA STM32F769! Discovery

Camera module interface 8-bit to 14-bit
RAM 512+16+4 Kbyte
128-Mbit SDRAM
Flash memory 2 Mbyte
512-Mbit Quad-SPI Flash memory
Power Supply 5V from ST LINK/V2-1 (programming and
debugging port)

512-Mbit Quad-SPI LCD display with PoE converter around
Flash memory MIPI DSI connector  PM8B800A

(MACRONIX)\

- [ [ N oo c N -
—~ “@E | o L ey ]
@) Heleh |ox 0.l o ©
= il == —— N
° Lo Lol | o g, © o
Tl B B_cgfT] (=

WI-Fl or Ext-EEP

daughterboard
connector
5V external
connector
[+] %2
(u?) o ]
— (%2
=y Qs
User push-button
power
Arduine  /USBHS\LED Four ST-MEMS ST-LINK User push-button
User LEDs 5 LED microphones on ~ COM LED

Power
Quercument | ER™"  DFSDM inputs

Ul 2.21 dnwaizveasuedn STM32F769 Discovery mnduuu



Arduino connectors

RJ45
Ethernet
connector

N
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microSD card  Inputaudio Outputaudio  Stereo
STM32F769NIH6 MCU  connector line jack line jack speaker
/oulpuls

Audio

= ] odec

. WM8994
El% SPDIF
. RCA output
‘ connector
/
SPDIF RCA
5 — input
i connector
—

Power Supply
selector

STM32F103CBT6
for ST-LINK

\ 128-Mbit SDRAM

ST LINKN/2-1 with (MICRON)

Micro-B connector

USB OTG HS with
Micro-AB connector

Ul 2.22 Anwaizavesiiuesn STM32F769 Discovery

AT 2.4 EazBeavesiuuUein STM32F769 Discovery

Reference Color Name Comment
B1 BLUE USER Alternate function Wake-up
B2 BLACK RESET -

LD1 RED USER1 PJ13

LD2 GREEN USER2 PJ5

LD3 GREEN Arduino PA12

LD4 RED OTG overcurrent | PD4

LD5 GREEN VBUS USB HS -

LD6 RED 5V Power -

LD7 RED Fault Power Current upper than 625 mA
LD8 RED/GREEN STLINK COM | Green when communication
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(74 -4

1995N5DIALUUIUNING

v v

luaaasinuagaananusuaila

3.1 UNiI

T,mEJ%"LU@mé’ﬂwmzﬁamamauauaqmqmmﬁ'mamﬂ%ﬂiaqé’cyapmﬁ%ﬁa%%uagjﬁu
dulsyansvensasnsesdyges fuiunsusuasunanauauewnInILETeINRINTeN
Funaadosinisiuialng Sdmaliliannsauuasuldviuiinile luvnefinsdives
1snsesdynmouaeniannsavhlfulluvagldnuieiinmsamunug Sidnnselnd

A O oo % ¢ aw ao e ° aa
dniladaanansalvlavaiaierdng [1], [6] AsiuluaddeminausiFange1uiiausisnis

ONLUUBALAs199YIN 93 Nssd i anakuulumanaIu1savinaula U enuly

g7

<

nstivensesnsesdymewaensuluiitvensiiausluiemuesuniie “aasnses
ﬁaymmmﬁ%ﬁa%mamsﬁmmaLmﬁwmﬁﬂ%’umlﬁ” wonantudazldinauedsnisi
Tnssaiwenasnsesdyaaiinausluahadusfawsiiornismaaeunsieuuuy
19181939 (Real-time) vugUnsaluesa STM32F7691 Discovery LitoLTuni1sdudiuds
Uixﬁw%mwmamamﬂimﬁagmmﬁ%ﬁalumamsaﬂ‘wmaLmﬁwmﬁﬂ%’umlé’ﬁﬁ%aua

WSg Ui UAUNANRUAUDINIIIUIN T LAINN1TIN8D9IN1V U

3.2 299IN9R9AYYIUAIALUAIDALATAN (Biquadratic Digital Filter)

einusiazsuiasannileidun1eloureI19IN T U UIANDUAUADS
YDIWITNITDIAY YUY 5 dUNIT AD 29ATNTOIFYYIUAIUDANIY, 19950 T0Id ey 16U
ANUDGINTIY, MITNTBIFYYIUANUDUAURNIUY, FITNTBIFYYIUANUDUAUNYRA UALIIAT

NTOIFYEYIULAUNIUNIALR A9Tl

HanduaslourodnnaTniesdygiaouiaonluaIssAnALIANIUSUAUADY 1ARd
aun1s (3.1)

N(s) _ Q; (3.1)
b(d) Q; +[ons+s2
0

Hp(s)=

Handuanglouveriavsnsesdyaneuiaentuaawsinanudgeiudunuans loas
a1n1s (3.2)



38

N(s) _ s (3.2)
D(s) Q! +(ons+s2
0

Hyp(s) =

Hsnduaeloure199InTasdygraoulaonluamsasinANALOUHILSUAUADY 10

fagung (3.3)

)
NGs) _ 0 (3.3)
D(s) Qp + (ons +5°

0

Hyp(s) =

Handudnelourensasnsosdyaaewasnlualansinanuduaungnduduass 1o

fAdun1s (3.4)

NGs) _ Q +5° (3.4)
Dis) Q; +(Q°js+sz
0

H o (s) =

LU TU18louTD999INTOIFYYIUUOUNEA LRAIINNATINVBIINITNTO

A7}

a

ToUNIUAUAAH LA 9T TRIT Y IUANUDFIHIY AIEUNT (3.5)
Hy (s)=H,,(s)+H,,(s)

2 2 2 2
Q) +s B Q N s (3.5)

Q; +(Qo)s+s2 Q; +(Q°js+s2 Q; +(Q°js+s2
0 Q 0

HnduaelouressasnTesdyaruauIasnluaIsnsANLOUHIUIRUNASUA UdDS 16

(3.6) Q; —(QOJS +5°
N(s) _ Q

H . (s)= =
D(s) Qé +[§;°]s +5°

AAUN1S (3.6)

IIUNAIATUA 81 DUVDINTTNTDIF YU ULAUNIUNIAUA LAAIINHAAUVDIINTS

NIOIFEYYIULIUNEANTUINITNTOIFY Y IUAM UL UK UAIEUNTT (3.7)

H ,p(s) = Hy(s)— Hpp(s)
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Q; —(ons+s2 . (ons

0 _ Q) +s B 0 (3.7)
Q§+(Q°]S+S2 Q§+(Q°]S+S2 Q§+(Q°js+sz

0 0 o

INAUNITNA 5 FeaziulaIianuniifigiu (Denominator term) $2f4 (Common

Denominator) WAFINLANATS AB AL (Numerator) taen1swlad s-z transformation A38
Bilinear Pascal Matrix 13131nWa1seuAflengduansleusutasn (Analog transfer function)
flaaunsi (3.8)

A+ As+ A5’ (3.8)

H(s)=
) B, +B;s+B,s’

warileidugulouddva (Digital Transfer function) fsauns7 (3.9)

a,+az "' +a,z” (3.9)

H(z)=
@) b, +bz" +b,z7

aa v

TagidruvinnnsulasiieniArduussd@nsuesasnsosdyyiunana tagldnis
wlasludillesmelraaamning @1nunil 2) guiuluninduesduuszansuedi99Inses

Y

dygaouiaen wlaaunislunsmAduUszansuseaTRIavesilALasaun1sa (3.10)

a] [1 1 1774,

al=[2 0 22| 4 (3.10)
a,| |1 -1 1] 4,
LazmduUsyAVSvenaInTesd R ITad miumeNd i Eun1s T (3.11)
b1 [1 1 1B,
b l=[2 0 =2 B (3.11)
b| |1 -1 1B,

[

A a a6 . Y
LH9N1TUNINTOIFYYIUAILDAINIY (Lowpass Filter) 91n@1n1T (3.1) WA2
WNUALARIAI LAY

al [1 1 1]/
a |=|2 0 =210
a| |1 -1 1] 0
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2

b1 1 1 17 %
O

blzzo—z/Q
bl 1 -1 1]

HINTUN1810UVDIIIATNTOIFUUIUAINAVDINAMNDUAUDIAITUDATNIU

>

(Lowpass Filter) Aaaainig (3.12)
QF+200 7' + Q27

(3.12)
 + Q/Q )4+ (202 -2)2 (O - Q/Q 1)z

H,,(z)=

LHaA15U199INTRIFYYIUAIUAFINIU (Highpass Filter) 31nauns (3.2) waa

WNUALARIAIUAS

Q
I
[\®)
o
|
)
o

S
Ju—
Ju—
J—

>
Il
N
o
|
N
O{O
N

S
—_
|
—
—

Y ‘:l'

landuaneloured995nT0d Y 1A INAVRINANDUAUBIAUDFINIY (Highpass

Filter) fl9guns (3.13)

1-2z" 4272

Q2+ Q/Q )+ (2Q2 -2)z +(Q2 - Q/Q+ 1)z

H,(2)= (3.13)

WONANTUINTNTOIFYQYIUAINA WA UKIU (Bandpass Filter) 31naun1s (3.3) Wi

WNUALARIAI A



a1

>
1
N
o
|
N
o{'CD
N

Handunneloure 99N T0sdygIaAIiavreINanaUaLBIALRLAUNIU (Bandpass

Filter) sla@unns (3.14)
o,/ Q/j 5
(/Q) ( 0)°

Hy(2)=
@ +Q/Q+1)+(2Q§ ) (@ —Q/Qﬂ)z-z

(3.14)

1IN 1AINTBIT Y IUAIUARAUNER (Band stop Filter) 31naun1s (3.5) waa

WNUALARIAIUES

a] [1 1 170
al=[2 0 =20

e Fua1elouvo9I99INT0ITYYIUATTAVRINANDUAUBIAIUARIUNEA (Band
stop Filter) fyauns (3.15)

(2 +1)+ (202 —2)z" —(Q2 +1)z7

(3.15)
@+ Q/Q 1)+ (202 —2)2 (O - Q/Q 1)z

Hyo(2) =

WHaNITNNAINTOIFYQYIULAUNIUTINA (Allpass Filter) 21nauN1T (3.7) WA2
wnuANLARIAIUATY

2
a1 11 17



a2

Handua18loure199 5N 509y Y IUAINAVDINANDUAUDILAUNIUTIMNA (Allpass

Filter) feaunig (3.16)
@ —Q/Q+ 1)+ (202 ~2)z" +(Q + Q%f 1)z

Q@+ 9%2 )+ -2)2" + (O - Q/Q 1)z

NAUNITN (3.12) - (3.16) Azulenanuadsadiuiumilouniu F9uanA19AY Ao

H,(z)= (3.16)

few aatuluiitedaliisdainausnisinlaseaiineasnsesdyain IR wuulnonss |l
iialileasnsesdaaluaieauuurangeing daznanluiitennly

aa o

3.3 2939N309E YUY IUAING UATDALUUNAIBLDIANA

o [ 1

NENNITNIATUA8TOUVDIINVINTOIFYYIUATYIS A9TIna1Iu T UENAITATUUY

anansaundngulvinsedulacail

Handua18lou992993NTIF YYIUAITAVDINAN D UAUBIANDAIHNIU (Lowpass
Filter) 91naun1s (3.12)

Q+200 27 + Q27

HLP(Z) = Q Q
(Q + %QH) +(2Q -2)z7 +(Q - %QJF 1z
Pradeulvalladu
(1+2z7"'+2z27)
H,,(2)= : (3.17)
(Q§+Q/Q+1) ey, @ Q/Q+1)
@+ Q/jrl) (92 Q/Q+1)
mnAual k= ! d = k(22 -2), d, = k(02 =
=———Qn—F—,d, =k(2Q,-2), d, =k(Q; - +1)
Q) +Q/Q+1 0
wenausadngUladu
2 -1 -2
H,,(z)= kQ (14227 +27) (3.18)

1+ a’lz_1 + dzz_2

o G,, = kQ? ansndngusielalludsaunisi (3.19)
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G,(1+2z7"+z7)

Lz TE (3.19)
l+dz" +d,z

H,,(2)=

Handunelouwei19asnsosdygIunl ”amawamauaua«mmammu (Highpass
Filter) a1na@un1s (3.13)

H,(2)= 1-2z"'+27
@ +Q/Q+1) RO -2)z (2 —Q/Q+ 1)z
P deuludladu
1 (1-2z"+z7)
H,p(2) =
(Q§+Q/Q+1) 022 . Q2 - Q/Q+1) ) (3.20)
(92 Q/Q+1) (92 Q/Q+1)

WINAVUALA f = + d, =k(295-2), d, = k(< _Q/QH)
Q + /Q+l

o G, =k awnsadaguselalunsaunisi (3.21)

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

3.21
l+dz" +d,z” 521

H,p(2)=

HnTun18loure 993N 799U IUAINAVDINANDUAUDIAMNDLAUNIY (Bandpass

Filter) Asaunns (3.14)
Q,/) Q/) )
(/QJ ( 0)*

5 +Q/Q+1)+(2Q§ L) (@ —Q/QH)Z2

Hyo(2)=
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Py deuludladu

(Q/ ) N
0 (1-27)
T Yo e 12 @3- o

(W %éﬂ) Q2+ %é+n

el o L d =k -2), d, = k() _Q% +1)
Q) +Q/Q+l Q

Q
k| =2 |(1-z7)

(QJ (3.23)
l+dz"+d,z”

H,p(2) =

4‘ Q U 1 b4 U -dl
wo Gy, =k[50j mmammgﬂmﬂmL’flumammiw (3.24)

Gp(1-27) (3.24)
l+dz" +d,z”

Hy(2) =

mnndadulasEduuulnensd | BeRsaduandIuRe oULAUALYONAIUG I

WMELAE  NBHEIN
v | vl
H(z)= w (z) |X|X(z |
1

Favsauaunis (3.19), (3.21) uax (3.24) fdnfimioutude — —
l+dz" +d,z

Weathudadulaseasrsuulaenss Il vseanadeulai

W(z) 1
X(z) l+dz"'+d,z”

YINNswlad z NNEUALLARIEUNIS

w(n) = x(n) —dw(n—1)—d,m(n—2) (3.25)



a5

naunsausadinndeuiulasaialadgy 3.1

win
x(n) .;/T\ ) P ()
71
-d
I e u(n-1)
71
-y
I e u(n-2)

5UM 3.1 laseainevenasnsesdyaaunieudiuvilouiu
Tuhusafeniulunsm y(n) WeRnsameudy uanslaaseunisy (3.26) - (3.28)

- @ UTURIANAVDIINIINTOIAIUDAHIY y,,(n)

Y (2) =G,,(1+2z"' + z7?%)
W(z)
azle Yip(n) =G p[w(n) +2w(n—1) + w(n—2)] (3.26)

- AMNIULDIANAVDIAINNATNNIY yHP(n)

Y,p(2)

W) G,p(1-2z7"+27)

azla Vup(n) = Gp[w(n) —2w(n—1)+w(n—-2)] (3.27)

- @ NTUDIANFVBIANUARAUHIY (1)

Y@ _6 -,
W(z) =Gp(1-27)

awla Vpp (1) = Gp[W(1) —w(n—2)] (3.28)
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MnENAST (3.26), (3. 27) uae (3.28) ansnsavhuFeulassadnslddesud 3.2

w(r) VA LI>GLP P11 p(H)
2 -1 Gap
wr=1) — > > - > »3ip (1)
wn—2) r-\l I\QQP P Vop(7)
L XU L~

- ANTURIANAVBIANUAUAUNER p e (1)

NANUFUNUS VI TUAELUYDIINTDIFYYIUANUARO UNEATUIIAINT DY

) a6 Y] = I Yo a
aarUDIRLLAZ 9N sedy LD g saasUlRR a7 (3.30)

Hys(2)=H p(2) + Hp(2) (3.29)
et
Yis(2) _ W(z) % Yi(2)
X(z) X(z) W(2)
YBS (Z) . -1 ) _ -1 -2
W) =[G, (1+2z" +z7)+ G, (1-2z" +z7)]
Y, (2) =G, +2z" + 22 W (2) + G,y (1-227" + 2 )W (2)
azla
Vs (n) = Gp[w(n) +2w(n—1) + w(n = 2)]+ G, [ w(n) = 2w(n —1) + w(n—2)]
ety

Vs (M) =y, (1) + y,,(1) (3.30)

- @MTURIANAVDIANIUDUOUNTUNINNA y (1)

NAMNAUNUSVDITINTUNB 1o UTDII99TN T Y IUAIUD LA UHIUTIRUAAY
IINTIFYYIUANUDANIY 29AINTOITYYINAUNAINIY bAI93INTIFYYIUAIND
wouNY ansaazulafaaunisn (3.32)



ar

H,,(2)=H,,(2)+ H,;,(2) —Hyp(2) (3.31)

V@) W@ Y,()
X(z) X)) W(2)

—%}D((ZZ)) =[G, (1+ 2z 4+ 2_2) +G(1- 2z 4+ 2_2) -G,(1- Z_Z)]

Y (2)=G,,1+2z" +z )W (2)+G,,(1-2z" + 27 W(z)
~G (1= (2)

gl

¥,10(1) = Gy [w(n) + 2w = 1)+ w(n = 2)]+ G [w(n) ~ 2w(n 1) + w(n—2)]
~ Gy [w(n)—w(n—2)]

Vupr () =y, () + Y, p (1) = ypp(n)
Vap(n) = Yy (n) = Yyp (1) (3.32)

Wt lAsaaseRIngun 3.1 uag 3.2 119IUNY WaLIINANNITA (3.30) WAy (3.32)
aunsaasUlassasivensasnsesdygiandvianuuluatennid 5 wrnalanagun 3.3

on— D win) ) ™ Lr>6'w > )
¥
[Z]ﬂ N, »1p5(17)
-d1 2 1 %‘“
] ™~ [~ [~ |
P i (1)
~J L L UV L v
I:ZEI 69—»_1-;@(1:)
—(ig _ ) ) A
<] S5 S SO

o

JUN 3.3 lassaisvensasnsesdyqaundvanuuluateniidl 5 wdne

FIE1U15009NkUULAIN8TU AI8NITETANNITIUNS NDLREIFUNITLA BN NN
ARSI NIBLUNTERNLUUIATIASI AIaUN1SA (3.33)
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G, [1 0 0] ,
G,| o 1 ol %
kQ
Gy [=|0 0 /Q (3.33)
d, 2 0 2|
4, | [1 -1 1]

Tned P S
QZ+Q/+1
0 0

Q, = Center Frequency (rad/s)

Q = Quality Factor (0.707)

[

| a &
AN UNTDBNLUULAIT

1) O (Quality factor) Ao AildlunisAuan Bandwidth (BW)

o O Wavudwalvian r Seflvesing) WasumulumeuazuavesmsiUasuan Q win
fiAmnazle Bandwidth uau nsalil O =0.7071 dwalinansuausinisauin (Amplitude

response) LU “Maximally flat” Fuvilouriuisasnsesdypainmnesisndusiuans

2)  ,ABANUINNATIA (rad)

@, = tan[%foj (3.34)

N

AQ9E19 N1IATUINNITIONKUUVBINATIABNITAMUAAT O Way Q,

nsulasdeyaeuiasnainaunisiunlenfuuuuluiluisesnsesdygundvianiy
nannswlasludiiles (Bilinear Transform) MmeUlaaatunsnddusinInua

o fo=1kHz, f =10kHz and Q=0.7071

WA Q, menisinualluaunisi (3.34)

Q,= tan[ﬂ—f(’]
F.

7(1 kHz)
=tan| ——
10 kHz
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Q,=0.325 rad /s (3.35)

wnuA1 Quaz Q, Tuaunisluamens 5 aglaflanduaielouvesdygineuiasniuy

luPananadl

2
HLP(S) _ QO — 0.1056 - (336)
, [on , 0.1056+0.45965 + s
Q)+ — |s+s
0
2 2
Hp(s)= ° = ° ; (3.37)
, (on , 0.1056+0.4596s + s
Qi+ —|s+s
0
QO
o) 0.45965
H o (s) = ——2 - ‘ : (338)
, [on . 0.1056+0.45965 + s
Qp+| —|s+s
0
Q2 +5° 0.1056 + 5
Hy(s) = 0 72 = LI (3.39)
s [QO] ,  0.1056+0.45965 + s
Q)+ — |s+s
Qé—(°]s+sz ,
N(s) _ 0 _0.1056—0.4596s + 5 (3.40)

H,,(s)=

B h 2
DG) o +(90]S+S2 0.1056 +0.45965 +

PndurhnsuUasmeilanduielouvesdygineuiaenildlagnisausisdiania
a ¢ A Yo a £ s o aa o
wvsndieliladudsyandvesilsntuarelouvesdygyruniia

o

Y]

MAFNUILANFVDINAINTDIA Y Y IURAINAFINTUNDUAIUN
D(s) =0.1056+0.4569s + 5°

a] [1 1 17[0.1056

a |=[2 0 -2|/0.459
a, | |1 -1 1 1
1.5652
—| -1.7888

0.646
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N 1 (3.41)
D(z) 1.5652-1.7888z7' +0.646z

a = a U U U a0 dgj
Asanlnaludlvadiawususazisasnsosdygralunsalneludl

14951509ANHARINNY
N,,(s)=0.1056
b, 1 1 1 (] 0.1056 0.1056
bl=l2 0 2| 0 |=[02112
b, 1 -1 1 1 0.1056
N,,(2)=0.1056+0.21 12z +0.1056z 2 (3.42)
aaaiﬂiSQﬂawuﬁgawﬂu
NHP(S)=S2

N p(z2)=1-2z"+z7 (3.43)

NAINTVIANMUALOUNIY

Ny, (s)=0.4596s

1 1 1 1 0 0.4596
b l=|2 0 —2/0459 (= 0
b| |1 -1 1 0 —0.4596
N, (2) =0.4596 —0.45962 (3.44)

’miﬂiaamm&mw&m

N, (s)=0.1056+ 57
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b1 [1 1 17[0.1056] [ 1.1056
bl=[2 0 —2| o [=]-1.7888
bl |1 -1 1 1 1.1056
Nys(2)=1.1056—1.7888z"' +1.10562 (3.45)

2995N589ANUABAUNIUTINLUA

N ,;(s)=0.1056—0.4596s + 5~

b, 1 1 11 o0.1056 0.646
b |=]2 0 -2|/-0.4596|=|-1.7888
b, 1 -1 1 1 1.5652
N, (2)=0.646—1.7888z"" +1.5652z (3.46)

et indludlsaweueruhazmanualruaisiuiuazlaianduaelounusuas

N,p(z) _0.1056+0.2112z" +0.10562 "

(3.47)
D(z) 1.5652—1.7888z"' +0.646z*

H, ,(2)=

N,»(2) _ 1-2z7"+z7

H, . (z)=
e (2) D(z) 1.5652—1.7888z"' +0.646z

(3.48)

-2
i (o= M@ 045960459z (3.49)

D(z) 1.5652-1.7888z "' +0.6462

N,»(z) 1.1056-1.7888z"' +1.1056z

H,.(2)= (3.50)

a5 (2) D(z)  1.5652—1.7888z" +0.646z7

. -1 -2
Ho ()= Np(2) _ 0.646—1.7888z _1+1.56522_2 (3.51)

D(z) 1.5652—1.7888z"" +0.646z
o b, aeseshiu 1 fafu Beuaunslwilawsd
Ho(2)= 0.0675+0.1349z" +0.0675z (35
£ 1-1.1429z7' +0.412727 '
-1 -2

H, (o) 0.6389—-1.2778z" +0.6389z (3.53)

1-1.1429z7' +0.4127z7
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0.2936—0.2936z> (3.54)
HBP(Z): —1 -2
1-1.1429z7" +0.4127z
0.7064 —1.1429z"' +0.7064z " (3.55)
Hgs(z): -1 -2
1-1.1429z7' +0.4127z
. -1 -2
HAP(Z)=O'4127 1.1429z7" + 2 (3.56)

1-1.1429z7' +0.4127z

mndagulaemslduminddnsa (3.33) suiuldinadnsvesilanduaeloudilaund
ANVINAURUENNST (3.52) - (3.56) @NTOLANIAINAUES Fanansliliiuinnisesniuuniy
aunsumingdisa avanuazhenenisidaulunisesniuvisasnsesdeyniu

WNSNAaL5991naunIsh (3.33)

'G,] [1 0 0] ,
Go| [0 1 of ¥
kQ
o l=l0 0 1 /Q
d | |2 0 2 ¢
d, | (1 -1 1]
o 1 1
do k== 2 —0.6389
Q3+ e1 (03297 (0323 70541
Q,= 0.325
0=0.7071

9V UaIAEENUAIN IS NI NGR1LULEINNS D LARIENN1ST (3.57) - (3.61)

Hertunnelouve2995nT0Id Y IUANLAAINIU

G,(1+2z7"+27)
1+ a’lzfl + dzzf2

H,,(2)=

0.0675(1+2z"' +z7)

(3.57)
1-1.1429z7" +0.4127z

H, ,(2)=

landuneleuveseasnsesdnyyIunudgEIy

G,p(1-2z"+27)
1+ a’lzf1 + a’zzf2

H,,(2)=
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0.6389(1-2z"+2z7?)
1-1.1429z7' +0.4127z*

3.58
HHP(Z) = ( :

Hntua1elouve91993n 09T Y IUANDLOUNIU

Gy (1 _Z_Z)

H, . (z)=
or(2) l+dlz_l+dzz_2

0.2936(1—z77)
H,  (z)=
ar(2) 1-1.1429z7' +0.4127z7>

(3.59)
landunglouyeeiaInsesdyIuaNuLa Ungn

Hy(2)=H p,(2)+H,;,(2)

_0.0675(1+2z7 +27%) . 0.6389(1-2z"'+z7)
1-1.142927" +0.4127z%  1-1.1429z7"' +0.4127z*

~0.7064—1.1429z7" +0.7064z
1-1.1429z7" +0.412727°

(3.60)

HnTua1elouvo9199 TN T9IFYYIUAUDLAUNIUTIINNA

H, ,(z2)=H,(z2)+ H,;(2) —H,(2)

H,p(2)=Hy —Hy(2)

_0.7064-1.1429z"' +0.7064z 0.2936(1—z7)
1-1.1429z7"' +0.4127z 1-1.1429z7"' +0.4127z*

_0.4127-1.1429z7" + 27
1-1.1429z7' +0.412727 (3.61)

azulainniseenuuultasnIesdygrufdvavinlunienlaglduramaiuning

dmsun1sulas sz melumninddnsagy awnseasneeesnsesdygiafdvaluatenid 5

1nald lnensAuuALies d,,d,,G,,, G,y 4oy Gy, ki luunilulaseaia Ui

3.3 fianunsolidyanednnlate 5 sUsuy
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3.4 299snsasdyaaluataauuunatsInanansauTuwseAla

nngulassaeiiiaue (5UA 3.3) Wulassadvenaasnsesdyauivialuniein
shnuaneiending Seaudaveulumsldouasfistuldfadulunsduossansesdy i
swaenlumawnsiniediolasiadinsasnsesdyanaiuannsausuuidls fagulunsel
YonaInsesdyyueuiaenlumeinsiniiannsauiuusddimeisnsmedidansedndlag
nsmuauanszualuda (1] fdulunuinerdnusifeiuuaalunisiiauelassaded
anunsaUFuusdld Tngsnainniswanuasidiszansenaiiingg Ausngeglulasiaiieves
d, d,, G,,, G, %z G,, Wiuiliduvensusuunsdamensiives 2 d e a was B

A1015MANUFNRUSVINI NS d,, d,, G, G, WRgluTU a uaz B 1

NeNuduTusvasilnduitulouranvsnsasdygIumNiaungaINNseanuulngly

3515119 lna-313 [4] aunsaunanslassaunis

H, (2)= 1+7? { 1- 22COS w,z” _—il- 2722 _ (3.62)
2 | 1-(+r")coswyz” +r'z
Tnedi @, = center frequency (rad)
r =radius of pole

dlaleufuilaridudnelonainaunisd (3.29)

Hy(2)=H ,(2)+ H}p(2)

H,(2)= G,,(1+2z7"+27 )_—li- G,p ({2— 2z +27) (3.63)

l+dz" +d,z
Faaunsil (3.62) uaz (3.63) axdimindiu
RS meudIuazla
l+dz"'+d,z? =1-(1+r*)cosmyz +1’z"
ety
d, =—(1+r*)cos w, (3.64)

d,=r’ (3.65)
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NATUUNOULAEALLAIN

2 2
(GLP + GHP) + 2(GLP - GHP)Z_I + (GLP + GHP)Z_Z - (1 +2r j_ 1+ Vz) Ccos 6002_1 + (l +2r ]2_2

azla 1+7° (3.66)
GLP + GHP = ( > j
ey 2(G,p, —G,p) =—(1+7")cos @, (3.67)

LAANNISNG 2 @UNIS NFUNTST (3.66) way (3.67)

Tngiaun1si (3.66) gaueae 2 Misaun1sazla

2G,, +2G,, =1+ (3.68)

PNUURAFUNISINOM G, Ineaunsn (3.67) UInaeaunsn (3.68) lansaunisi

(3.69)
4G,, =1+r" —(1+7r*)cos @,
G, - 1+7* +(1+7*)cos @, (3.69)
4
Mntuufaumsiiien G,, taetiaunisil (3.67) audeaumsd (3.68) lidaaunsi
(3.70)

4G, =1+ +(1+7r)cos @,

1+7° +(1+7%) cos o,
Gup = 4

arunsaniaduduiusveanisiines G, lvedlusu a uaz B laan

(3.70)

AMUFLNUTVDINTATUE1BTOUVDINITNTOIFY YU UNIURIRUA H ,,(2) @1U150%)

laannsldnwazviou (Mirror Image) Inaludsaainmeuaiu [5-7] lansaunis

7’ —(+7r*)coswyz +z7

H,(z)= (3.71)

1-(1+7r*)cos @,z +7r°z7
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Wagunuilanduaneleuainaunisi (3.31)

H,,(2)=H,,(2)+H,,(z)-H,,(2)

UED H ,,(2) = Hys(2) —Hyp(2)
yndnegluguilsridudelouvenaasnsesdagauauvealdssanunisi (3.72)
Hy,(2) = Hy(2)—H ,p(2) (3.72)

WaNseu oLy

2

2
GBP(I—z‘z)z{(HV ]—(l+r2)cosa)oz‘1 +(1+r ]2‘2}—[}"2 —(1+7r*)cosm,z ' +27]

2 2
wAEUN1SALL
2
G, = (3.73)
2
azle G :1—r2 (3.74)
BP 2

o/ o/

- dulssAnsanauAtnm ¢, aunsaunulusuvesiandudiuds (a, B) laasil
NAUNIN (3.64) WD d, =—(1+77)cos @,
Avuali S =cosm,

azle d =—-(1+a)p (3.75)

£ =

JUN 3.4 vdenlaezunsuvesAidulseds ¢, Nanunsausuaila
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¥
o (% =1

$ ‘:I L % 24
- duussAnsnauAtag ¢, aansaunuluguvesilaiduiunds (o, B) lanail
1NaUN15N (3.65) Wo d, =2
fvuali a =7’

azlal d,=a (3.76)

JUN 3.5 vdenlaezunsuvesdulssdns d, Nanunsausuaila

¥

L4 -Q‘ o 1 ﬂ. N4 ol e
- duusEavsilamAnasi G, dansaunuluguvasilendudauds (o, B) ladail

NaunsT (3.69) 1+7* —=(1+7*)cos @,
G,p= 4

Werwuali a=r°, f=cosw,

o1& 1
azle G, =Z(1—,b’)(1+a) (3.77)

H s
a a

JUN 3.6 vdenlaazunsuvesmdulssdns G, Nanunsausuaila
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o o/

< =
- dudszansanpuaiam G,

aansawnuluguvasilanduiuds (a, B) laal

o o 1+7* +(1+7")cosw,
INAUNTSN (3.70) W G, = rrd+r) S

4

mmuali a =7, f=cosa,

gl (3.78)

=

JUT 3.7 vdenleozunsuvesadulszdns G, fawnsauiuale

v

- fuussAvsaiamuAa G, ansawnuluguvesiaiduiugs (o, B) laasl

v

< < 1-72
NAUNIIN (3.74) We Gyp =——

Auali a =7, f=cosa,

e (3.79)

'3
a a

JUT 3.8 udenlnesunIuvesrndulszdns G,, Nawnsadsuaild

>>]

}}2 d o 1 a a
L Y | | ﬁamiLﬁaummeiﬂmwm 1 UR ey 2 un

InaNdganual

[y [

ANUAIAU PINUBDT DRSIVENLNLAANNY 3 WAy Z ANUAIAU



annsaaguldrimuduiusvesmsiiwes d,, d,, G,,, G, %a% G,, WiUveg
1 L]

yuqy ~ o _ 2
(a, B) Womill Wl f=cosm,kas a=r

d =

 =—(1+7*)cos ®, > d=—(1+a)p
d,=r’ — d,=a
1+7° +(1+7")cos 1
G = 4 ° — Gp =Z(1_ﬁ)(1+a)
2 2 1
GHP=1+r +(l-;rr )cos @, —_— GHP:Z(1+ﬂ)(1+a)
1-7? 1
G,p = 5 — GBP=5(1—05)

= o < N a £d [ i3 < a
dipdudenlaezunsuvesmdnyssansiiaunsausumla wiuasudenlaszunsuay
Tuguhn 3.3 ilnlalassadrdlvdanansaiuaeue Center Frequency lalaensusuen  uag

aunsalAsumuuuss telaenisusuan  Teenlisndusaslasunlaslasasisluduans
AaguN 3.9

59
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Am\mv lm.\m.

A@mvm:\\ﬁ.

Atvnwm\m.

A:v wm\ﬁ.

A:V n?‘\m.

4

A

_Q

Aa (3 U 1 ¥
lumieadidl 5 A wavanunsausuala

SUN 3.9 1AS985190092995N 50941

Y

q

YIURAALUY
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aa v

91n3U7 3.9 uanslassainvensasnsesdygradivianuulumenid 5 e
a1u1sausuuaalaanmsfiwes 2 1 A o dmfunisaiuny Bandwidth wag B
dm3unsmuAuAn center frequency wifiteidefdosuanunfunisusuusisalsfeiseues
Computational complexity ALty f\i’ﬂmué”s@muazé‘f’m'sﬂﬁé]’aﬂ%’mﬂuimaa%ﬁaLﬁa

= = o = Y Ay Y] B
L‘Ui’EJ‘ULVIEJ‘UﬂUﬂimiﬂsﬂaﬁ']ﬂﬂllla']m’ﬁﬁﬂiULLWQVLG]

3.5 N1599NKUUNITNITBRYIaluAlBALUURaIEIRNANEIUNSaUTULAY
AlAuuUasA STM32F7691 Discovery

Iuﬁau‘ﬁ%LffJumiﬁﬂmaa%ﬁaﬁuamq%ﬂiaaﬁ’mmmﬁ%ﬁalvmalmaﬂwmaLmsﬁwm‘ﬁ
Usumlaanasieasluvugunsaluasn STM32F7691 Discovery wagnaaaun1svinaulagagyil
nM3¥aranevauemAudIaudisuiufl Simulation Ty MATLAB Fwvhauldaenades
wazAseiy eiiteBuduindeiiviaue awnsaineenuuuaanseldnuuueaudldaie
waza1unsasulduuuaanass Tnens Implement Iassad1avanunasuuueia
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UdanUUI mimjgﬂﬁmﬁ gufe MATLAB function fin1elufe Tunable Multiple
Output Biquadratic Filter Jaluilavesanidell anunsouansarsUdnegneluldngun 3.17

1 functicon [ylp, yvhp, ybp, wm_out] = Tunable MO Biguad(xzn, alpha, beta, wm_in)
&= sample_per_ frame = 4096;

3- wn = ones(3,1):

4 — ylp = ones(sample per frame, 1, 'double');

5 — vhp = ylps

& — vbp = vlps

T

8 — dl = —-(1l+alpha) *beta;

9 — d2 = alpha;

10 — Glp = 0.25*% (1-beta) * (1+alpha);

11 — Ghp = 0.25*% (14beta) * (1+alpha):

12 — Gbp = 0.5*(1l-alpha);

13

14 — wn(2:3) = wm_in;

13

16 — for n = l:sample_per_ frame

17 — wn(l) = xzn(n) — wn(2)*dl - wn(3)*d2;

18 — ylp(n) = (wn(l) + wn(3) + 2*wn(2))*Glp;
19 — vhp(n) = (wn(l) + wn(3) - 2*%wn(2)) *Ghp;
20 — ybp(n) = (wn(l) - wni(3))*Gbp;

21 — wn(3) = wn(2):

22 — wn(2) = wn(l);

23 end

24 — wm_out = wn(l:2);
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Ufeniiagauaavesuion MATLAB function fauden Memory viinideunau
TruannTinmsudaadiea lulglunisauiuluseulssananadaly Tundasan win-1)
LAy win-2)



67

viengtsnaufiouden Sum vivihiinmasaunienasis lusuAdedlddmium
NATINVDIUWAANNARH UL MmN ERUielRLd A uRuungn wazlddmium
e 9TEVIeAILALaUEa U INAA LAk U e IR A o v uavae &
Tassasadilsninaue

ufensuamasuRuApUden Multiport Switch yintifiiendeysiaiiganiane?
nnaedyraunciudn Inguieniiazgnalununinenesniifeenisidontag uien
Radio button agsuuusniivis

o

UADNFALALINALIANNATUYVINABUABDN Matrix Concatenate YMULNNIRLS8ad U

oo
[

dosvesdgaalisenludiuden Audio Out Feusyneulumedesdyarandsmedie uag

Pasdryarandsmiewdn lunwddeiasinmsdundyaiaemeainssuulvesnmilauiu
VNGRN RNt

InduIziInIsaaulndnazaItulvanlusunsuilaeankuvastudiuasa
STM32F7691 Insnsnadsl Deploy to Hardware fiauansluguil 3.18

* . Tunable_50_Biquad * - Simulink

le Edt View Disply Diagram Simulation Analysis Code Tools Help

e k- RO R B e == < of -

selector:Value
Output
LP
HP
BS
< BP
AP

oEE l@®8|e o

alpha:Value

e O O (I U |
0 0102 03 04 05 06 07 08 09 1

beta:Value

1 -08-06-04-02 0 02 04 06 08 1
[ET—— Eh
pppppp m

sUN 3.18 vimseeulnduazarnilvanlusunsuasuaialaenaly Deploy to Hardware



UNN 4

N1399NLUUNITIIABINTITNINULALAITETINVDIIINTDY
dyafdialualsmsinuatgananuiuala

4.1 unu

TuuniazldnandniseenuuunismaasuasnsiuNanITMAaD e TLARINAEHS
ya3lA39a419 Tunable Multi-output Biquadratic Digital Filter ijnauslunisoanuuy wWeom
Tuunilavuvsoondu 2 du Ao mafildannssiassnsiaudelusunsy MATLAB uasnaiild
NNITNARBITTIVUFISARISTTIULUULIA195¢ (Real-Time) tlaT9a51920479950504
doyanafdvialuaennsiinransiednnluaiieasuun Microprocessor asena ARM Cortex-M7
UUUBSA STM32F769! Discovery Board magn1simuiuulusinsy MATLAB Simulink wans
ponuuUiildinnnmsdiassmsianuazgniududisnanismaasmneensauas inlassaiimwes
293nsesdyniinausansavinuldgndes fianudamgulunisuiuudnudnvang
Al Tneusiaanmsiunaedusyansvensesnsesdyaalnivuuesnlaiuazadadie
THuléa3e nafildannisneasalSsufisutunaildainn1ssiasanisiianuriunsuans
NARBUANBINIITUIATIAd8LASee Dynamic Signal Analyzer Wudsuduisssansnmuves

1A598519989 Tunable Multi-output Biquadratic Digital Filter it iaue

4.2 HANT1FRINUUULAZINABINITNINIUVIINAIN TR Y r1uAANALuAIBLATHN
NALDIANA

nnvded 3.3 1asnsesdyaaRivialumeauuuvatsiedng Nannsnoonuuudie
aun1siun3nddnsogy udhina¥sasnsesdygafivialuatenid 5 l1dnald Tagns
AINAINes d,,d,,G,,, G,y waz Gy, wanillunululaseaing amnsawanalafiogi
AU

ammsw’%ﬂeﬁﬁﬁﬁﬂgﬂ feAuNSN (4.1)



69

G,| [1 0 0 X
G,| [0 1 ol %%
w [=[0 0 1 kQ/Q (4.1)
d | |2 0 2|
' d, | [1 -1 1]

o 1
lne k=———
Q; +Q/+l
0
Q, = Center Frequency (rad/s)

O = Quality Factor

4101509 @, WanaunIsi
T
@, = tan 7h
F
29819 N1TPRNLULTNTDIE Y ILALNITAINUAAIRILAT9AS

Jo=1kHz F, =16 kHz waz 0=0.7071

v & 1 1
MUY k=

9 = > 70.1989 =0.7571
2 .
0+ /QH (0.1989) +( 0_7071)+1
Q,= 0.1989
0=0.7071
Mntvhmsunuaduannsaisndarlddaunis (@.2)
[G,] [1 0 0]
G,| |0 1 0] 003
G, |=l0 0 02131 (4.2)
d1 2 0 =2110.7571
L d2 ] _1 -1 1 |
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Abstract— This paper presents a design and implementation
of biquadratic digital filter with the special filter structure
realization that can give five outputs simultaneously. A design
can use ordinary s-z bilinear transformation from analog
biquadratic transfer functions in order to obtain digital filters.
However, in order to make filter structure realization to give five
outputs as lowpass, highpass, bandpass, bandstop, and allpass
outputs, simple direct form II will be applied to realize filter
structure to give a single-input multi-outputs digital filter
structure. Moreover, the frequency response of proposed
biquadratic digital filter can be tuned using tuning parameters
similar electronic tuning capability in analog filter. Tuning can
give more flexible in application for digital filter, and how to
tune in proposed digital filter will be explained. A hardware
design including an FPGA implementation of proposed
biquadratic digital filter also presents in this paper. Finally,
simulation and experimental results are shown the
corresponding result.

L INTRODUCTION

Filters are widely used as key component in many
applications such as in electronics, communication systems,
and etc. However, depend on which kind of signal is
concerned, analog or digital signal. Analog filter usually used
for analog signal and digital filter is used for digital signal.
Normally frequency response of filter will be fixed, it depends
on circuit topology for analog filter or filter coefficient for
digital filter. However, frequency response of analog filter can
be tuned using electronically approach such as using bias
current control [1, 2].

Generally, digital filter characteristics depend on filter
coefficients. If the new frequency responses are necessary, the
new filter coefficients must be recomputed before restoring
new coefficients to filter structure. The universal biquadratic
digital filter which has one input and can give five outputs
simultaneously is proposed in [3]. However, this digital filter
structure cannot tune the frequency response. The concept of
tunable approach of filter structure in [3] is proposed in [4],
however there is some mistake in derivation of lowpass and
highpass outputs in [4]. Therefore, this paper will improve
that point and also implements whole tunable single-input
multi-outputs biquadratic digital filter on an FPGA which is
an efficient solution for hardware implementation of DSP
algorithm [5, 6] to ensure that it can realize in real-world.

This paper is organized as follows, biquadratic filter both
analog prototype and digital filter will be briefly discussed in
section II. Proposed single-input multi-outputs biquadratic
digital filter structure is in section III. Section IV, an FPGA
implementation of proposed filter structure will be explained.
Results and conclusions are shown in section V and VI,
respectively.

II. BIQUADRATIC FILTER: ANALOG VS. DIGITAL FILTER

Biquadratic filter is filter in second order for both analog
and digital filters can be realized. Biquadratic analog filter
uses transfer function is s-domain and biquadratic digital filter
uses transfer function in z-domain. This section is briefly
described from analog prototype to biquadratic digital filter.

A.  Biquadratic Analog Filter

Usually, transfer functions of biquadratic analog filters in s-
domain for lowpass, highpass, bandpass, bandstop, and
allpass filters are respectively used as follows [7],

2 2
o , s ,

Hypls) = e Hp(s) =
Q§+(Q°Js+s2 Q(ZJ-I—[QO}SHZ
Q 0
o)
Hyp0) = (=
Q3+[0js+s2 Qé+[°js+sz
0 0
Q(z) —[(;(’Js+s2
H ,p(s) ZQ—.
Qg +(°js+s2
0

where Qo is center frequency in rad/s, and Q is quality

factor. All of them can mutually use in denominator of
transfer function, therefore single-input multi-outputs filter
realization is possible both of analog filter and digital filter.

B.  Biquadratic Digital Filter

In order to obtain biquadratic digital filter, a conventional
bilinear s-z transformation can be easily used to transform
from analog transfer function prototypes to digital transfer
functions in z-domain. However, a compact closed-form of
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obtained digital transfer functions for lowpass, highpass,
bandpass, bandstop, and allpass filters can be shown as
follows,

-1 -2
HLP(Z):G“’(I—'—%Z +Z,2) , (1)
1+dz" +d,z
G,,(1-2z"+z7)
H _ Gup , 2)
ne(2) 1+dz" +d,z”
G,,(1-z7) 3
H —_Yppl=Zz ) | 3)
w O T
H,(2)=H,,(2)+ H,,(2)» 4)
H p(2) = Hys(2) = Hpp(2) - )

Parameters: G.p, Gup, Gap, d1, and d> are computed as [3]

G,] [1 o .
G,| [0 1 of %
kQ, / | (6)
G, (=|0 0 1 0
d | |2 0 2f
d, 1 -1 1
1
where k= — o QO =tan ﬂ-—f;) rad/s, ];) is
Q+5+1 F,

center frequency in Hz, F, is sampling frequency, and Q is

quality factor.
III. PROPOSED FILTER STRUCTURE

A.  Single-Input Multi-Outputs Biquadratic Digital Filter

Transfer functions in (1)-(5) have common denominator.
Based on direct form II IIR filter structure, then the transfer
function in (7) can be used to realize feedback part of single-
input multi-outputs biquadratic digital filter structure as

Wa_ 1, @)
X(z) l+diz"'+d,z”

It is shown in Fig. 1.

w(n)

w(in—1)

win-2)

Fig. 1 Structure of feedback part.

Feedforward part of filter structure is considered from
numerators of (1)-(5), for example of lowpass output is
expressed in (8)

Y@ _ G 142z 422)s ®
W(z)

and by the same manner, consider for highpass and bandpass
outputs, it can give feedforward part as in Fig. 2.

N P
I/

» y1e(n)

¢
D
%
\V

- Jip (1)

L\
<1
Wn-2) P, &" » 35p (1)

Fig. 2 Structure of feedforward part.

From above, add more consideration for bandstop and
allpass outputs, it results in the whole structure as shown in
Fig. 3.

x(n » 11501

an ) T Ty e
V

»vas(n)

Ve (1)
»vap(n)

Vapl)

Fig. 3 Single-input multi-outputs biquadratic digital filter structure.

B.  Tunability of Proposed Filter Structure

An important idea to make a filter structure in Fig. 3 can
tune the frequency characteristic is breaking constant filter
coefficients as Grp, Gup, Gsp, d1, and d, into a function of
tuning parameters {c, f}. The quality factor that related to
controlling bandwidth is tuned by using o and center
frequency can be tuned by f. The formulation of Gip, Gup,
Ggp, di, and dr in term of « and f is described in [4].
However, constant filter coefficients in Fig. 3 in term of
tuning parameters can be expressed as

G,y =30 Al1+a): ©)
GHP:i(l+,B)(l+a)’ (10)
GBP:%(I—a), (11
d =—(1+a)f, (12)
dy=a. (13)

where [ =cos @, , by @, is center frequency in rad, and

a=r’ , by 7 is pole radius in unit circle which has an effect
to bandwidth adjustment. The value of & can vary from 0 < «
<1, and range of S can vary between -1 < f<1 [4].

Constant multipliers in term of tuning parameters from
(9)-(13) can be realized by following block diagrams,

(50 —»(5)
X

a— L))
' G )
1—
5.4
g

G

a

i

B
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Fig. 4 Realization diagrams of constant filter coefficients in term of
tuning parameters «, .

Therefore, the proposed tunable single-input multi-outputs
biquadratic digital filter structure can be shown in Fig. 5.

(X »—b(+
S, e, ﬁ;)_ @ _.j_l—;
\ ] \, P —*
N/ N\ () —T
FX R
+;!—( e / }}‘(4-: GO Voo ()
i
,. \ '(’D—T pent
z / \ ( » 3 a(n)
/ \
® 50 | © rosEn >3t

Fig. 5 Tunable single-input multi-outputs biquadratic digital filter.

Notice that symbol << and >> appear in Fig. 4 and Fig. 5 are
shift left and shift right operation 1 or 2 bits, respectively.

IV. ANFPGA IMPLEMENTATION

An efficient solution for hardware implementation of
digital signal processing system including digital filter mostly
uses an FPGA implementation [5, 6]. A proposed tunable
single-input multi-outputs biquadratic digital filter structure in
Fig. 5 also is implemented on an FPGA. All digital circuits
design for implementing use VHDL coding. The whole
structure for hardware implementation followed in Fig. 5 is
divided to 2 parts: feedback part and feedforward part.
However, the overall circuit that obtained from Quartus II
synthesis is shown in Fig. 6.

FB_loop:U1
cik D ck bR
rst rst w7 0] wnl7.0] LRI 0] ——— L F[7.0]
xn[7.0) [ xnl7..0] wn 7.0 wn 1[7.0} YHPIT 01 -———»/HF[7.0]
alpha(7..0) alphal7..0] wn 2700 wn 20701 vBPR .0l —>»BP[7.0]
beta[7..0) D> betal7..01 | YH—— aphair.ol BSOS —{I»BS[7..0]
_ L— betai7. 01 VAR O1 ———I4P(7.0]
—

Fig. 6 Overall circuit.

Altera Cyclone 11 FPGA, device number EP2C35F672C6
is used in our implementation with 8 bits wordlength of input
x(n), intermediate signals w(n), w(n-1), w(n-2), and all outputs
in 2’s complement format. Netlist of synthesized circuit of
feedback part and feedforward part are shown in Fig. 6 and
Fig. 8, respectively.

Fig. 8 Netlist of feedforward part.

The used resources, used pins, and speed performance of
overall circuits can be summarized in Table 1.

TABLE 1
SYNTHESIS RESULTS

Area Total Logic Elements 111 LEs.

or Total Registers 16 REGs.
used Embedded Multiplier  9-bit 11 MULTs.

resource elements
Total pins 66 pins

Speed Maximum Clock Frequency 101.44 MHz

V. RESULTS

In this section, simulation results to show frequency
responses of tunable single-input multi-outputs biquadratic
digital filter from transfer function in z-domain can be shown
and compared with experimental results obtained from its
hardware implementation using FPGA. However, the results
from hardware simulation will mainly focused only amplitude
responses of proposed digital filter.

Fig. 9 shows the amplitude responses of 5 outputs at the
same time both simulation and experimental results, and Fig.
10 is same as Fig. 9 but o and 3 are tuned to another values.

‘tq.-:zfq\_w‘ /—Ar\ ——— aﬁ;!;y‘

Nomalized Frequency

(b) Experiment

01 04 05 08 07
Normalized Frequency

(a) Simulation

Fig. 9 Amplitude responses of 5 outputs {a = 0.1875, f=0}.
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li\\_ef/-’e:_-eﬁ —e——**-a—efe - — ,a.

N/ /n/,_;.-..

03 04 05
Mormalized Frequency

(a) Simulation

Fig. 10 Amplitude responses of 5 outputs {a=0.125, f=0.75}.

(b) Experiment

Comparison in amplitude response of bith simulation and
experiment for each output can be shown in Fig. 11 - Fig. 15,
2 sets of {a, B} are used to tune the amplitude response.

1 pe—r

£d Fron

(a) {a=m(r).1875,qﬁ= 0} (b) {@=0.125, B=0.75}

Fig. 11 Simulation compared with experiment for lowpass output.

03 04 05 06 o7 THEE
Kormalized Frequency Normalized Frequancy

(a) {@=0.1875, B=0} (b) {a=0.125, B=0.75}

Fig. 12 Simulation compared with experiment for highpass output.

Ampitede Response

Normalized Frequency Normalized Frequency

(a) {a=0.1875, B=0} (b) {a=0.125, B=0.75}

Fig. 13 Simulation compared with experiment for bandpass output.

Ampliude Response

05 0% 05 06
Normalized Frequency

(b) {a=0.125, B=0.75}

" Moymalen o renue

(@) {a= 01875,8 0}

Fig. 14 Simulation compared with experiment for bandstop output.

Ampitude Resp
Armpiiuge Response

0 03 04 05 06 07
Nomkzed Fr eque Normalized Frequancy

(a) {a= 01875ﬁ 0} (b) {a=0.125, B=0.75}

Fig. 15 Simulation compared with experiment for allpass output.

From Fig. 9 - Fig. 15 can show the corresponding results
of amplitude response. But amplitude response is not exactly
same as simulation results, it is possible from 2 reasons: 1.
error from reading amplitude of outputs from oscilloscope,
and 2. finite wordlength effect because only 8 bits fixed-point
number is used in this experiment.

The hardware simulation using ModelSim simulator can
show an experimental results in time-domain of 5 outputs
simultaneously as lowpass, highpass, bandpass, bandstop, and
allpass, respectively as shown in Fig. 16. The sweep sine
input is feed to our experiment, and therefore functionality of
proposed single-input multi-outputs digital filter can be

"
Il

I‘l‘rlﬂ \I"‘L'l |

Fig. 16 Hardware simulation results of single-input multi-outputs
digital filter in time-domain.

VI. CONCLUSIONS

A single-input multi-outputs biquadratic digital filter is
proposed in this paper with a capability on tuning in
frequency response both center frequency and bandwidth
using user-defined tuning parameters. This can give more
flexible in practical use for digital filter. The proposed filter
structure is also implemented on FPGA to ensure that it can
realize. Obtained results can show the correspondence of both
simulation and experiment. However, phase response is not
considered in this paper including finite wordlength effect that
affect to accurate of frequency response and limitation of
input amplitude due to overflow inside will be future work.
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