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ABSTRACT Although some design methods have been proposed for

This paper discusses a new structurdvethannel IIR per- the causal and stable case [7], they mostly treated the 2-
fect reconstruction filterbanks. A novel design implementachannel FB cases. Recently, Bhchannel real IR FB [8]
tion for the new building block defined as a product of anwas presented, but the design method includes a complicated
lIR building block and an FIR building block is presented. stabilization procedure of the synthesis filters.
The IIR building blocks are written by state space represen- |n this paper, we introduce a class of IIR causal sta-
tation, in which we can easily obtain a stability of the filter- ble PRFBs obtained by cascading of FIR and IIR building
bank by placing its eigen values inside the unit circle. Dueplocks. Firstly, we present the conventional method for IR
to cascading of building blocks, we can get more free paPRFB by using state space representation [9] and the struc-
rameters. We introduce the condition how we obtain the newure of FIR degree-1 building blocks in section 2. In section
building blocks without increasing of the filter order. Addi- 3, we show the condition how we obtain the new building
tionally, by showing the simulation results, we show that ourblock without increasing the order for the case of order-1 and
proposed FBs have better stopband attenuation than a cop- Frequency responses of the proposed FBs are presented
ventional method. o and compared with the conventional method in section 4.

Index Terms-M-channel Infinite Impulse Response Per-  Notations Boldface small and capital letters represent
fect Reconstruction Filterbanks, State Space Representatiapyctors and matrices, respectivetlet(), ad j() andtrace()
FIR-IIR hybrid building blocks denote determinant, adjoint and trace of a matrix.

1. INTRODUCTION

Recently, many researchers have been studying multirate sig-
nal processing. One of the most efficient techniques for pro,
cessing wideband digital signals in communication systems’
and compressing audio, image and video signals is called #&sg. 1 shows a typical structure of af-channel maximally
filter bank (FB). A perfect reconstruction (PR) FB design in-decimated FB, wherei,(z) and F(z) are thek-th (for k =
volves its analysis and synthesis polyphase matiitesand ..M — 1) analysis and synthesis filter, respectively. In Fig.
R(2) [1]. These matrices consist of polynomialszathichis 2, the analysis and synthesis filters are shown by using the

called delay. There are two types of transfer function (TF) oholyphase matriceE (z) andR(z) represented as follows:
FBs, called finite impulse response (FIR) and infinite impulse

response (lIR). In an FIR case, the denominator of TF is 1,

2. REVIEW

1 Polyphase Structure for Filterbanks

T
so we do not need to consider its stability. On the contrary, [Ho(2) Hi(2) - Hu-1(2)]" = E(@")e(2)"

in an IIR case, the denominator involves delays. Thus, itis  [Fo(2) F1(2) --- Fu-1(2)] = e(2R(") 1)
necessary to consider its stability. Meanwhile, IIR FBs have e(z) =[1zt... zM-D)],

superiority in terms of the order of the TF. In other word, they
can be realized in lower order (much fewer multipliers and, ; " _

adders) than FIR FBs to obtain the desired response speci t_;s(lgll_\e)a(\:rot:;zighne[(lz]o)nd|t|on for PRR(Z)E(z) =cl (c€
cations [2]. While there are many well-developed FIR FB de- '
sign theories, there are few satisfactory implementations for

IIR FB design because of the problem of its stability. Several
design methods for the case of IIR PRFBs whose analysis x(n)
FB is causal stable (poles &f(z) are inside the unit circle) Ho(z) M~ 1M Fo(z)
and the synthesis FB is anti-causal stable (poleR @) are
outside the unit circle) have already been introduced. For ex- Hi(2)

ample, [3] proposed using all pass filters instead of delays in M

lossless matrices to design IR PRFB, approximately linear-

phase filters using complex all pass sections is proposed in :
[4], and orthogonal IIR 2-channel PRFBs are designed using L
all pass filters in [5]. For such FBs, synthesis filtering needs

to be performed in anti-causal fashion by introducing time re-

versal [6], which increases the storage cost of the system and _ _
may only be acceptable for image processing applications. Figure 1: AnM-channel filterbank.
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Figure 2: The polyphase representation of FBs.

2.2 1IR Filterbanks Using State Space Structure

The PR condition for generdl x M polyphase matrices

E(z) andR(z) are

_ adj(E(2)
det(E(2))

R(7=E (2 )

where obviouslyE(z) is nonsingular. For IIR FBs, causal
stable synthesis filters are obtained if @z)) is minimum
phase withE(z) being causal. The problem of constraining

E(2) with minimum phase determinant is resolved by consid-

ering the minimal factorization di(z) in state space struc-
ture.

As it is known, any rational functio®(z) can be ex-
pressed in state space structure [9],

E(2=D+C/(A-A) !B

whereD, A, B’andC’ areM x M, mx m, mx M andM x m
matrices respectivelym < M). A is called the state tran-
sition matrix. Then to simplify, we can rewrite the above
equation

E(z =D(I+C(A—-A)'B)=DE/(2) (3)
And the synthesis polyphase matRXz) is given by
R(7=(I-C(@A-A)'B)D'=R(ZD* ()
where
A*=A-BC. (5)

SinceR(2)E(2) =1, this impliesR’(2)E'(z) = I. It is suffi-
cient to focus on factorization d(z) andR(z). The struc-
ture of the building block is shown in Fig. 3 (a) and (b).
BecauseR.(z) can be calculated by matricés B, C andD
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Figure 3: A realization of the conventional filterbanks
(a)E'(2) (DR'(2)

e Controllability condition
Themx Mk matrix

%(A,B)=[B AB A’B --- AB]

must be of rankm; this condition is calleatontrollability
condition

e Observability condition
Themx Mk matrix

0(C,A)=[CT (CA)T (CA?)T - (CAY]

must be of rankm; this condition is calledbservability
condition
To keepE(z) minimal, additional constraints have to be im-
posed in the present design. It can be seen that<f M,
full rank matricesB and C are enough to satisfy both min-
imality conditions discussed above, irrespective of the rank
of A. So, in the present design methods we assomeM
(the dimension of the matri& never exceeds the number of
channelsM) andrank(B) = rank(C) = m.

2.4 FIR Degree-1 Building Block
A class of causaM-channel FIR biorthogonal (BO) FBs of
orderL are factorized into [11]

EZ=W_(2)---Wi(2Ey (j=1,2,---m) (6)

whereEq is anM x M nonsingular matrix and which have an
FIR, anticausal inverse. In the above equation, 8AGh(z)

of E(2) uniquely, in this paper, we focus on only the structureig g first-order BO building block given by

of the building block inE(z)

e Free parameters
There is no restriction of every matrix, B, C andD.

Wmn(2) =I-UnVi+z2 UV 7)

These are all nonsingular matrices. Thus, the number ofhere-T denotes conjugate transpose and\he y, param-

parameters iM? +2mM-+ e

2.3 Controllability and Observability

In designing FBs using state space representation, we have to
impose the both conditions observability and controllability

to obtain minimal systerf(z)[10].

eter matricedJ,, andV, satisfy

1 x X
0 1 X
ViUn=1| . . .
0 0 1

YmXYm
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B} N as product of (7) and (9) as
I-zYcb-AI
Gz = %ﬂ (I-UVv'+zluvh
1UVT s 1UVT-cb > A ,
74 _ I-UV'+7-G1—-7°Go
1-Az1
UV +cb-Al » UVT , ,
where the size 0 andV isM x 1 and
(@) (®) Gi = UV —cb+AI+(cb—AIUVT,
G, = (cb—AIUVT
Figure 4: The structure of Order-1 IIR-FIR hybrid building
blocks:(a) analysis filter (b) synthesis filter. So as not to increase the order of the building block, the con-
dition is
(cb—AT)U=0.

for some integer K ym < M, where x indicates possibly Then it is rewritten by
nonzero elements. This is a generalization of the paraunitary

order-one factorization given in [12] wheké, = Vi, and A
has been used for factoring the biorthogonal lapped trans- U
form (BOLT) [13].

e Since the rank oV} Up, is ym, the McMillan degree of
W(z) asin (7) isym.

bc
¢ -

(10)

Polyphase matriceB(z) andR(z) using proposed building
blocks are expressed as

e The structure in (6) completely spans all causal FIR I_UVT_i_Z*l(UVT_A'_CbT_/\I)
PRFBs having anticausal FIR inverses. The spanned E(z) = D — (11)
> X 1-Az
analysis filters have filter lengths no greater tihéfl + + a1
1), and the McMillan degree oE(z) ranges fromL to R(z = [I-UV'—cb+ZUV'ID™" (12)

ML, wherelL is the order of the FB. .
’ . L As shown in (11) and (12), the systems of FB are IIR system
e The Type-Il synthesis polyphase matR¥(z) is given by ¢ . E(z) and (FIF\Z syst((am )foR(z)Y Fig. 4 (a) and (b) Sh)(lJW

the structures of Order-1 IIR-FIR Hybrid building blocks.

R(2 =E;'Wi'(2)-- W (2 (8) e Free parameters
In the conventional method, there &id + 1)? parame-
whereW1(z 1) = I— UpVm+ ZUnVim, which is an- ters for the case of Order-1. In our method, a restriction
ticausal and satisfieR(z)E(z) = I for PR. Due to the imposed forA which is same as matriA in (3). There

are no restrictions of matricd, b andc. Thus, the total

possibly nonzero off-diagonal elements ¥f, Uy, the number of free parametershia? + 3m— 1.

order of W 1(z'1) can be greater than one, and thus
the synthesis bank can have filter lengths different frorrb_2 Design of Order-2 PRFBs

M(L+1).
( ) In this subsection, we introduce the new design for the case
of order-2 (n= 2) similar to order-1. We denote the proposed
3. PRFBS WITH IIR-FIR HYBRID BUILDING building block of analysis polyphase matrix as follows:

BLOCKS

. . . . _ G@=[+C@-A)B|I-UV'+zlUuV|
In this section, we introduce a novel building block obtained

by product of the conventional IIR building block and the where the size olU andV is M x 2. ThenG(z) can be
FIR BO building block. This paper considers the cases whergewritten as

the number of degrees of the new building block is one or
I1+721G14+ 722G,

two. T, 1 T
G(z)= I-UV uv
@ 17trace(A)r1+det(A)r2[ tz ]
3.1 Design of Order-1 PRFBs where
We consider the condition for the case of orderdl= 1) in Gi = CB-tracg(A)l

this part. Analysis matri¥’(z) can be rewritten by 1
G, = det(A)(I-CA™"B).

E(z) = T+c(z-A)"p The constraints can be expressed as
I-z1(cb—AI
- # ) det(A)(I-CAB)UV'=o0.

_ then it is rewritten by
whereb andc are a row and a column vector respectively.

SinceA is pole, we obtain the stable filterbankiifis placed { A =BC

inside unit circle. Our proposed building block is represented (13)



14th European Signal Processing Conference (EUSIPCO 2006), Florence, Italy, September 4-8, 2006, copyright by EURASIP

| der(A) |« ‘ :
Azl o e T ] I S S e
. .. LN by / \
—trace(A) [+— ; B
A Z‘1 ' ﬂ? / 3
» E'0-CB 3 E
] ' i/ Ll Al gl VL
Y > E% > Y NIV / | ,7 \/ N ”‘\V/ \‘fj/ XN \i
-1 b UV - \ * {
1 T B T VI
> E'l (b) [] 02 [H A:,tna‘zf:;,ﬁqw:; [ [} 1 ] 02 [} Nnn,:ahzfdﬁmuesy [} [ERE) 1
z1] (a) (b)
s E» Figure 6: Frequency responses of 4-channel order-2 prop. FB:
(a) analysis bank (b) synthesis bank.
(a) ; ;
Figure 5: The structure of IIR-FIR hybrid building blocks: R H _:R T |
(a) analysis filter (b) synthesis filter. A N 4
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Hence, our proposeB(z) andR(z) are represented as j \\ j \\ / ) / . !
; | / | a0 |
E,+z B, + 7 %E, / | |
E — D 0 l 2 14 .z/ -3
(Z) 1 - traCdA)271 + det(A)TZ ( ) VA [A] 02 0% 0¢ 0! 03 o7 09 \‘1 VW o1 02 0. 04 6 ) w0 1
R(z7 = [Ej—CB+zZUV'ID™? (15) ( ) (b)
a
where
, " Figure 7: Frequency responses of 4-channel order-2 conv. FB
Eq =1-UV [9]: (a) analysis bank (b) synthesis bank.
| = {CB —trace{A)I}Eq+ UV’
» = det(A)(I- CA™'B) — {CB —trace(A)I}. In Fig. 6, we show the frequency responses of 4-channel

rder-2 proposed IR PRFBs. These frequency responses
ave better stopband attenuation than the conventional FB
n Fig.7. Also Table 1 compares stopband attenuations of
he filterbanks. It is obvious that the proposed FBs have bet-

As it is mentioned above, filterbanks of the proposed metho
have both IIR and FIR filters. By cascading these new build:
ing blocks with order-1 and 2, we can obtain a higher orde
filterbank. Fig. 5 shows the structure of analysis and synth

; ; P ter performance than the conventional one in the same or-
sis lIIR-FIR hybrid building blocks. .
o Free araymeters 9 der. Also Fig. 8 shows frequency responses of the 8-channel
b order-2 proposed IIR PRFB,

In the c%nventional method, the number of free parame-
ters isM<+ 4M + 4 for the case of Order-2. In proposed
method, there is some restrictions same as the case of 5. CONCLUSION
Order-1. Thus, we havd?+6M — 3 parameters totallly. In this paper, a new design approach Mfchannel IIR
PRFBs based on the IIR-FIR hybrid building blocks are pre-
4. RESULTS sented. we impose the restriction in the building blocks to
. . . keep their order despite cascading of building blocks. Since
In this section, we present the design examples of _proposqgﬁr method has more free parameters than the conventional
IR PRFBs. |I’1.'[hIS. paper, we optimize th? cost fgncmbtto .one, the proposed FBs have better stopband attenuation. As
design FB which is calculated as the weighted linear combiz feature, our IIR PRFBs have IIR analysis filters and FIR

nation of these filters as follows: synthesis filters and the order of the synthesis filters are con-
M-1 i) ) sistently.
¢ = Z) (Epass“r Estop)a
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