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Subband

B Processing samples having specified frequency range
by applying limited bandwidth filter

B Filter is called “Subband Filter”

® It equals to transform coding by applying decimation
and quantization to subband outputs

B Application: Channel equalizer (Transmission
equalizer), Audio equalizer, Audio coding

B In most cases, FIR filter
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Subband Filter

B The simplest subband is two-band

B Consists of Low pass FIR filter Hy(z) and High pass FIR
filter H,(z)

B Subband output is down-sampled to 1:2 (subsample)

subband
output

input
signal

0 T subband
Filter's frequency response output
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BINURTLILE (2)

m 2:19THUT)L

Subband Filter (2)

B 2:1Subsample

x(n) x(n)
||||||||||||| n ANER ||||||||||||| ninputsignal
| h@ | h@
LLenbbbeell o LLLee bl Fienng
1 2:1 sub-sample 1 2:1 sub-sample
. . ) HITHU T L% . . ) subsampled
Ll nwﬂ'j/(‘/"‘?ﬁﬁ HHHEHEEH nsubbandoutput
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IN—DINVRTAILE Halfband Filter
B N\—TJNURTLLE H(EZ) DEE H@  H@ m  Definition of halfband filter H(z) H@  HQ@
H(2)=H(z") 1 s H(2)=H(z") 1 s
H(z)+H(-z")=1 . H(z)+H(-z1)=1 .
nEREEE ®  Frequency response
— BRI /2 TR} 0 ~Av vnIZAA T — Symmetric at /2 0 ~v vnIZAA .

— AMETALAREEMES LGS
H(e)+H(-e”)=H(e!)+H(e!"))=1
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— Sum of two filters response equals to 1

H(e)+H(-e”)=H(e")+H(e!"))=1
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IN—DINURT4ILAE (2)

AL REEDEE
h(n)+(-1)"h(n)=25(n)

h(n):{uz (n=0)

0 (n=even,n=0)

H(z)= ih(n)z”‘ =+ h(=1)z' +h(0)z° +h(1)z 7 +---
H(z")= ih(n)z" = +h(=1)z7" +h(0)z° +h(1)z" +---

H(-z")= ih(n)(—z)” = h(=2)z2% —h(=1)z +h(0)2°

—h(1)z* +h(2)z*--
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Halfband Filter (2)

B Characteristic of impulse response
h(n)+(-1)"h(n)=5(n)
h(n):{uz (n=0)

0 (n=even,n=0)

H(z)= ih(n)z”‘ =--+h(=1)z"' +h(0)z° +h(1)z ' +---
H(z")= ih(n)z" =+ h(-1)z77+h(0)2° +h(1)z" +---

H(-z")= ih(n)(—z)” = h(=2)2% —h(=1)z +h(0)2°

—h(1)z' +h(2)z%---
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Hq(@)
Hi(2)=Hq(-2)

H.@)

Hy(e") = H(e" )

h(n)=(-1)"h(n) =
" EEESH \)Q/
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Mirror Filter

m  Definition of mirror filter

Ho(2) Hi(2)
H,(2)=Hq(-2) )
Hy(e) = Hy(e )
hy(n)=(-1)"hy(n) 08 )Q/
S
m  Frequency response 0 2 -
— Symmetric at /2

— Sum of two filters response
does not equals to 1
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SHI1ILE

. EEEEROZH
Ho(-2)FR(2)+H,(-2)F(2)=0
Ho(Z)Fo(Z)+ Hl(z)F1(Z)= 22"

ART1ILE
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Analysis and Synthesis

B Analysis filters and Synthesis filters

input
signal

Analysis filter

Synthesis filter
m  Condition for Perfect Reconstruction

Ho(iz)Fo(Z)+ Hl(*z )Fl(Z):O
Ho(z)F(z)+H,(2)F(z)=2z"
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STEHEK
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Y(z)=$§x(z“ﬁieXp(—12ﬂk/M )
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x(n) y(m)=x(mM) x(n)
[ ] l _LU_I_L'_I_, n
| I
y(m) |
m

Perfect Reconstruction

m  Z-transform representation for down sampling

1 M-t 1

ﬁzx(zﬁexp(—jZﬂk/M ))

x(n) y(m)=x(mM) x(n)
[ ] l _LU_I_L'_I_, n
| I
y(m) |
m
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Y(z)=
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STEBEER (2)
B FOUHUTYU T EMBTILABERE X(n) OFHAH
0 M-1
i(n)=>8(n-rm )=$Zexp( j2mk /M)
P k=0

 FILEEHIE n=...-2M, -M, 0, M, 2M... T 1, #DIFAIZIE 0
m ERXEDIE, FIZIEM=3 DEE, n=3k (kB%) TL, HDHE0

i(n)== (1+ejm2/3 ejm4/3)
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Perfect Reconstruction (2)

®  Down sampling is convolution of M period delta
function and x(n)

i(n)= 3 6(n-rM ):ﬁhfexp(jka/ M)
r=—w k=0

m  delta function is 1 at n=...-2M, -M, 0, M, 2M... , otherwise 0

B Right side of above equation equals to 1 at n=3k
(k:integer) for M=3, otherwise 0

|(n)— (1+ejm'|2/3+ejlm4/3)
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STEHEER (3)
B i(n) & x(n) O

i(n)x(n)=ﬁ§x(n)exp(—j27zﬂk/ M)

u .:(D‘téz%?ﬁ?’hli
i R x(n)exp(—j2ank /M )z™"
[ M k=0

5 ix(n)exp(—jn(w— 2k /M)

o —

S

E‘H Z‘n—‘

X(zexp(—j27zk/M D)

)
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Perfect Reconstruction (3)

B Product of i(n) and x(n)

M-1

i(n)x(n):ﬁZx(n)exp(—jZﬂnk/ M)
k=0
® By applying z-transform

) M

z iZx(n)exp(—jZ;znk/ M)z ™"

Mz 3 X(n)exp(—jn(w— j2zk I M)
k=0 n—

E‘H Z‘H 8

=~

X(z exp(—j2zk /M)

=0
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n

X(z)fzx(n)z (z=e™)

n=—
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Review
m  z-transform

X(z):ix(n)z’" (z=e™)

n=—x
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SESEHER (4)

B U/MAOMEIER, zZEBRTIIUTOLSITREND

= Ll P 1 s=nM
":Zx(nM )z :S:Zx(s)zM =X(z") Y
™M

B x(s) DEHAS i(n)x(n) ISHBTEIMLINLEEDESET VY
YTV Oz EBRRBEEED

Y(Z):ﬁMZjX(zMiexp(—jzﬂk/M )
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Perfect Reconstruction (4)

®  Decimation to 1/M by z-transform

= Ll T 1 s=nM
":Zx(nM )z :S:Zx(s)zM =X(z") Y
™M

B x(s) corresponds to i(n)x(n), so that we have z-transform
of down sampling

Y(Z):ﬁMZjX(zMiexp(—jzﬂk/M )
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STEHEER (5)

n FYTHUT LDz ERER

X(z2)=Y(z")

y(m) It_l x(n)=y(n/M)  y(m) | .
L
x(n)
_LU_I_L'_I_,n
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Perfect Reconstruction (5)

m  Z-transform representation for up sampling

X(z2)=Y(z")

y(m) It_l x(n)=y(n/M)  y(m) | .
L
x(n)
_LU_I_L'_I_,n
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STEHEER (6)

B GERL, MEICYUTILTRE, 2ZERTIEUTOLSITRSND

S x(n/M)z" = x(s)z™ =X(z") s=n/M
n=—w S=—0 n= MS
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Perfect Reconstruction (6)

B Since M times up sampling is represented by z-
transform as follows

> kd s=n/M
dx(n/M)zZ" = x(s)z™ =X (")
n=—o s=—o0 n=Ms
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SESEHER (7)

u DANBIYT, BTG, TyT LTI, T4
VU ERRIERLIE SRR TRET D

1 N .
Y(z)= Fo(z)%z Ho(ze %2 )X (ze717*'7)
k=0

1 . .
+ Fl(z)%z H,(ze#*2)X (ze12*/2)
k=0
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Perfect Reconstruction (7)

m  Cascade connection of filtering, down sampling, up
sampling and filtering is represented by z-transform

1 N .
Y(z)= Fo(z)%z Ho(ze %2 )X (ze717*/7)
k=0

1 . .
+ Fl(z)%z H,(ze1#*2)X (ze12*/2)
k=0

input output
signal signal
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STEHEER (8)

V()= R(2)5 3 Ho(ze X (ze )
RS Yz K (e )
~ S R((H(2X(2)+ Ho(-2)X(-2)
2R)(H(2X(2)+ H(-2)X(-2)
S (R(DH(2)+ F(H(2)X(2)

+%(FD(Z)HD(7Z)+ F(2)H (-2))X(-2)
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Perfect Reconstruction (8)

Y(z)= Fo(z)%zl: Ho(ze 1242 )X (212412
+F1(z)%i H,(ze 17%/2)X (ze712%/2)

k=0
=%FQ(Z)(HO(Z)X(z)+H0(,Z)X(7z))

2R)(H(2X(2)+ H(-2)X(-2)

~ S (R(H(2)+ F(H(2)X(2)

+%(FD(Z)HD(7Z)+ F(2)H (-2))X(-2)
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STEHEER (9)

B AHAD—H (Y()=X(@) T5=HIZIF
1
Y(Z)=§(FO(Z)H0(Z)+ Fi(z)H(2))X(z)
1
+§(FO(Z)H0(—2)+ Fi(z)H (-2))X(-2)
IZHWT, LBENELERTEES, 2IBEMN0THLIEN
DETHIND
Ho(-2)Fy(z)+H,(-2)F(z)=0
Ho(Z)Fo(Z)+ H1(Z)F1(Z)=227L
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Perfect Reconstruction (9)

B For input and output matching, (Y(z)=X(2))
Y(Z):%(FO(Z)HD(ZH Fi(2)H.(2))X(z)
+%(FO(Z)H0(—Z)+ Fi(2)H(-2)X(-2)

We need arbitrary delay for the 1st term and O for the
2nd term

Ho(-2)FR(z)+H,(-2)F(z)=0
Ho(z)R(2)+H,(2)F(z)=22"
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B QMF (Quadrature Mirror Filter)

- ZREBERTREVERMBT LY
— BRSO EICEND

Hy(z)=Hy(-2)
FO(Z)=H1(—Z) F1(2)=—H0(—Z)
B CQF (Conjugate Quadrature Filter)
- T2EEROIEERETILIBHERFZHONHalfband
Filter)
Hi(z)=2""YHy(-z")

Fo(z)=Hi(-z)  FR(z)=H,(-2)
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2-band filter

B QMF (Quadrature Mirror Filter)

— Linear phase filter, but not Perfect Reconstruction
— Better band splitting

Hy(z)=Hy(-2)
FO(Z)=H1(—Z) F1(Z)=_H0(_Z)
B CQF (Conjugate Quadrature Filter)
— Non linear phase, Perfect Reconstruction (even
order coefficients are O in Halfband Filter)
Hi(z2)=2"""H,(-z7)

Fo(z)=Hi(-2)  FR(z)=H,(-2)
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21\URT4ILE (2)

B SSKF (Symmetric Short Kernel Filter)
- ERUEMEOFERI ILE

F(z)=H,(-2)
FI(Z)=—H0(—Z)
B SSKF(5,3) 71 /L2DZE DA

n fREfE
04 | -0.125
Hoz) | 1.8 0.25
2 0.75
0,2 0.5
H,(z
@) TG
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2-band filter (2)

B SSKF (Symmetric Short Kernel Filter)
— Linear phase filter, not orthogonal
Fo(z)=H.(-2)
FI(Z)=—H0(—Z)
B Example of SSKF(5,3) filter

n Coeff.
04 | -0.125
Hoz) | 1.8 0.25
2 0.75
0,2 0.5
H,(z
@) [ TG
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N-band filter

B Structure of N-band filterbank

input

®
| 1 A T 1 output
signal Ww signal

Analysis filter Synthesis filter
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N/AVRT1ILE (2) N-band filter (2)
n BRI ANV RREHE (8band) m Ideal frequency response of filterbank (8-band)
1IN — Power
1 1
0 2 7 0 2 z
iR Frequency
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N/AVERET1ILE (3) N-band filter (3)
B ANVRDBEDYINURE A ®  Subband output at 4-band
x(n) x(n
||||||||||||| n ANER ||||||||||||| ninputsignal
1 Hy@)ZIBRE #iAH 1 Sequential convolution of Hy(2)
Ll sowsan Lo bbbl fiering
1 4:1 sub-sample 1 4:1 sub-sample
L . . HIHUT L% L . . subsampled
REEE BREE ERE DYT UK Lottt subband
W N output
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N/AUERET1ILE (4) N-band filter (4)

B 4EADCTOIHE DFRE m  Coefficient of 4-point DCT

x(n)
||||||||||||| n ANE=

| EREEEDOETS.
D ARTEICEEDHTEH

| | |Xn
|| input signal
| L1 | L1 n 2 9

1 DC basis is Dy(z)

" Transform to each 4 samples
1 L e | | 4mDCTER o ] e | . 4-point DCT
/ /1 /30(2)’&4-*'\_&l_n+§ / /1 Apf/ly Dy(z) at every 4 samples
} DCT#% v . . DCT Coefficients
il | = RN EREN REE =

{855 / Signal Theory a7
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) s R 0D 5 4 Example of Freque_ncy Response
Calculation
m Excel [C&BEIRBIHFEDE ®m  Calculation of Frequency Response using Excel
HO(Z):1271+1+121 W HOZ) OHI1G) HO(Z):1271+1+121 B HO(z) OH1(2)
4" 274 K 4" 274 K
1,1 1, 1.1 1|
Hl(z):—Zzl+E+—Zz1 " Hl(z):—Zzl+E+—Zz1 .
06 06 14 fl
u, ) Hlparl}
00 00
RN N N NN N o a¥ 'th ENIE RN NN N NN NS LR N ‘\,Q 'LW '\/h '\/h ‘\>
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