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This paper proposes a new structure of biorthogonal linear-phase —>

filter banks (BOLPFBs) by using building blocks which can be re-
alized long filters with fewer number of building blocks than con-
ventional ones. The structure is derived from a generalization of
the building blocks of first-order LPFBs. The resulting FBs have s, ) bl | b NV BN
good performance in stopband attenuation and low implementation v i t v
costs.
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Filter banks (FBs) and their applications in the wide area of signal
processing have been studied for a few decades [1]. There are many
properties depending on the requirements. In practical applications,
linear-phase (LP) property is highly desirable since the symmetric =" I M > > {4
extension can be used at signal boundaries. Moreover, perfect re-

construction (PR) is one of the most important properties especially ®

in the field of signal compression. In this paper, we propose a new . ) .
structure of LPPREBs. Figure 1:M-channel maximally decimated filter bank. (a) conven-

éional representation. (b) polyphase representation.
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One of the most efficient approaches to implement FBs is th
lattice structure [1]. It is based on a factorization of polyphase ma-
trices of FBs. If high-order FBs are desired, they can be realized by
cascading lower-ordered building blocks. Usually order-1 (the high- 2. REVIEW

est order ofz 1 is one) building blocks are adopted as the lowest 1 BOLPFBs

order. The cascaded order-1 structure is effective in the viewpoint’

of achieving any-order FBs. However, the high-order FB requiresConsider arM-channel BOLPFB with filter lengtkM [2]. A typ-
many order-1 building blocks which increase the implementatiorical structure of a FB and its polyphase representation are shown
cost. in Fig. 1. Using the lattice structure, the analysis polyphase matrix

Therefore, finding the efficient structure of orderbuilding E(z) can always be represented as

blocks is an interesting research problem. Generally it is very com-

plicated since a general ordirbuilding block is composed of a E(z) = Gk-1(2)Gk-2(2). .. G1(2)Eo. 1)
matrix polynomial of delay elements™ (i: some integer). The ) ) ) o
problem is to guarantee the LP property and calculate its inversé PR is achieved, the causal synthesis polyphase m&(@&) is

with a reasonable cost for the synthesis bank. given as
Makur et al. proposed a new type of LPFBs called first- KDL 1 1 1
order (FO) LPFBs [3]. They are generalized versiond/ok 2M R(2 =z ¥ VE'G Y9G, (2)... G, (2. (2)

biorthogonal (BO) LPFBs _[2] where the synthesis filter lengths can
be longer than the analysis ones. In other words, each of them hgghenM is even, each matrix in (1) is represented as follows:
an order-1 analysis building block and an ortie(N > 1) synthe-

sis building block. It is an attractive feature and helps to derive an 1 {Uo Uod

efficient orderN structure. Gi(2) = ®\WA(2W, Eo=— Vo _VOJ:| (3)

V2

This paper introduces a new building block structure called
higher-order feasible (HOF) building block which can be permit- L —
ted higher-ordered BOLPFBs with fewer building blocks than theWhere‘P' = diag(U;, Vi) and
cascaded order-1 structure. Furthermore, building blocks of BO-
LPFBs and FOLPFBs are subclasses of HOF building blocks. The _ 1 vz lwpe _ ZﬁlIM/Z Om/2
proposed FBs can yield long filters with reasonable implementation V2 Iz —1Imy2 Omzz  Imp2
costs.

Notations: The identity and reversal matrices drandJ, re- If the M/2 x M /2 matricesU; andV; are nonsingular, the FB is
spectively. Also, diag) denotes a block diagonal matrix. For sim- a BOLPFB. FurthermorelJ; for i > 0 can be set tdJ; = I for
plicity, we omit matrix sizes when they are obvious. simplicity without losing completeness [4].
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Figure 2: Lattice structure of a FOLPFB; (= {2,1,1}, shown forM = 8). (a) analysis bank. (b) synthesis bank.

2.2 FOLPFBs

In [3], the eigenstructure based characterizatioMedhannel BO-
LPFBs whose analysis filter lengths &l (they are calledirst-
order) and synthesis ones are equal to or longer @drwas pre-
sented. Its lattice structure of the analysis bank is

Tz 1= 7 On/2
On/2 ST =Ty
X Wdiag(Uo, ‘/())VVdianM/z7 ‘]M/Z)
1 (Impz —Imy2

V2 {IM/Z Iv,2
M/2 nonsingular matrix, and# is anM /2 x M/2 block diagonal
with Jordan blocks of sizk; (i =0,...,n, bj is nonincreasing posi-
tive integer andy |, bj = M/2) with zero eigenvalue. For example,

E(z = diag(Ul,Vl)W’ |:

4

1

whereW’ = ] eachUj andVj is anM/2 x

0 1|0
if M=6and{b}={21}, 7= { 0 0|0 |.AIsoR(2)is
0 00

obtained as follows:

R(2) = z ™diag Iy 2, Iy 2) Wdiag Uy, Vo LYW

bo
Iyz+ S 7717
M2 i;f

X

Om/2

Om /2

bt
“Ivp— ) 7
22

x WTdiag U, vit). (5)

In this structure, some patterns of the synthesis filter length can bge

permitted. IfM = 6, we can design a FOLPFB whose analysis fil-
ter length is2 x 6 = 12 and synthesis length &2 (bj = {1,1,1}),
24 (b = {2,1}) or 36 (bj = {3}). Their lattice structure is shown

3. FORMULATION OF HIGHER-ORDER FEASIBLE
BUILDING BLOCKS

In this section, we introduce the structure and properties of the
proposed HOF building blocks. They permit to have various fil-
ter lengths with one building block. Furthermore, any-order LPFBs
can be designed by cascading the HOF building blocks. To obtain
the HOF building blocks, first we generalize the building block of
FOLPFBs and then show the complete HOF structure. We consider
an even-channel BOLPFB which has the same filter lengths in both
analysis and synthesis banks.

3.1 Third-Order LPFBs as a Generalization of FOLPFBs

A block-based or time-domain structure of FBs is a good implemen-
tation to consider in a signal processing framework [5]. In this pa-
per, the structure helps to realize and understand the proposed HOF
building block. The block-based framework at the analysis sides
of BOLPFBs and FOLPFBs are depicted in Fig. 3(a) and (b), re-
spectively. For simplicity, both figures are shown fér=4, K =2

for the BOLPFB andy = {2} for the FOLPFB. In these figures,
Po=WEq, P, =&, W andP, = &, W'. Itis easily understood

that delay elements act as a shift operator at boundaries of each
M x M block transform. The difference between BOLPFBs and
FOLPFBs is the existence of lifting operators between two block
transforms. To generalize the structure of FOLPFBs, it is natural to
focus on the lifting steps.

The typical lifting step for two signals consists of one prediction
and one update operators [8]. With this consideration, the matrix
with delay elements of FOLPFBs seems to be omitted either pre-
diction or update operator with its coefficients. Conversely, more
neral structure can be achieved by adding these operators and co-
efficients. Consequently, the proposed structure with the general-
ized building block is represented as follows:

in Fig. 2. For further information of this class of FBs, please refer

to the articles [3, 6]. Obviously, whdnp = {1,...,1}, the obtained
FB is a BOLPFB.

©2007 EURASIP

1034

E(z){”1 VJ W/ Aro(2W {U‘) VO}W{I J}, ©)

EUSIPCO, Poznan 2007



the assumption in (8), the condition can be simplified as

Po T Anor(2) =z " Anor(Z7h). (10)
— P2 ~
The condition in (10) implies that the powersaih Anor(Z) de-
pends on those iAyor(2).

% Although the powers of in (10) could have various patterns,

INPUT
INPUT

OUTPUT
OUTPUT

= there are a few requirements farto obtain good frequency re-
- f' : sponses. First, all diagonal elementsAigor(2) should have the
: HE same powers. Second, the difference between the diagonal powers
(a) (b) ' of zin Ayor(2) andAnor(Z) is |1]. Third, powers ofz should be
changed gradually to yield consecutive filter coefficients. For ex-
Figure 3: Time-domain filter bank structure (shownXbe 4, anal- ~ @mPple, there should not te® next toz *. We decide the powers

is bank). BOLPEB. (b) EOLPEB. and position_s of using thes_e rules_. o _
ysis bank). () (®) Another important rule is considered in this paper. That s, each

element offoop(z) corresponds to only one power oflt avoids
where cumbersome calculations to obtain the inverse of a HOF building
block. Furthermore, it provides a fact which can be considered
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A B -ZszTo(Z) Owm/2 Anor(1) and powers of separately to yield the inverse. It con-
To(2) = 0 ALY tributes to decrease calculation costs.
M/2 TO | A Next, we reduce the number of redundant parameters in
r 1 0 1 Apor(1). It is commonly known that positions of each matrix
—poz ! 1 0 in the LDU decomposition can be changed without any disadvan-
A _ . tage [9]. In this paper we assumg or(1) can be decomposed
At0(2) 0 ozl 1 ) into (1)
L - R Avor(1) = PDLU. (11)
1 uz O
. Furthermore, PD can be merged into the block diagonal
0 1 wz - diag'Uy, V1) since
X .
0 1 W/diag PD, PD) = diag PD, PD)W' (12)

is always true. Consequentl;iHop(l) = LU for a HOF build-
This buillding block is third-order. Obviously ifi =0, the obtained  ing block. Additionally, the structure aApor(1) is restricted to
FB is a FOLPFB (also ifoj = uj = 0, the FB is a BOLPFB). The obtain the same filter length in both banks. If we need an dder-
building block can yield wider range of filter lengths up to third- HOF puilding block,Aror (1) is limited to be the block diagonal
order. However, the third-order building block is a restricted versionmatrix whose maximum (and at least one) block SizéNs- 1).

of the HOF ones. In the next subsection, we derive the structure ofpe restriction turns out both andU have to be the block diago-
the HOF building blocks based on the concept of the third-ordefa| matrices such as

LPFBs.
L = diagLo,Ly,...) (13)

3.2 Structure of HOF Building Blocks i
U =diagUy, Uy, ...), (14)

Before we formulate a HOF building block, consider the form in

(7). The differences between each block diagonal component ip _ VRN _

A1o(2) are signs and powers af Furthermore At o(2) maintains \évr?g rl?p%e? ?r(ijafn{gu(lgr_moétlriéé's? z%eo’;]exal}: ((j’i\lag?oggl elle)r)11|e0r\1,¥§.rare

the lifting structures which imply thakto(z) belongs to a subclass ) : : '

of complete lifting matrices respectively. Afterwards, we assume the siz&gandUg is (N—
Generally arM x_M nonsingular matriB can always be fac- Dx(N-1) f.or. simplicity. - .

torized intoB = PLDU where all matrices have the sikéx M By combining (10) and the structure_Aho,:(l), we obtain the

andP is a permutation matrix. is a lower triangular matrixD is complete structure cApor(2) as follows:

a diagonal matrix, an is an upper triangular matrix [7]. By using N 2 .

the LDU matrix factorization, we assume the delay matrix instead Anor(2) =z "diag AHor (7)), —AHOF(Zi/.j)) (15)

of Ato(2) as

whereAor (1)=LU ands | ands’”- are, respectively, the powers

Anor(2) 0 -
A Z) = - 8 ofz ; andZ ; as
HOF(2) 0 —Anor(?) (8) j andz
where f\HOF(l) is an M/2 x M/2 nonsingular matrix with the Si=-1
LDU factorization andAyor(Z) has different powers of from Sj=qSij+1=sj+1 =8+ (16)
Anor(2). If E(2) has all filter lengths to b&M, the LP condition S+1j=9,—1

is represented as [1, 2]
A FurthermoreN is the highest positive power amoug; and z|-"]-,
E(z) = DX E(z 1)) (9)  which is adopted for causal filters. Consequently, the entire HOF
. building block is
whereD is the diagonal matrix with entries1 or —1, depending on
whether the filter is symmetrie{1) or antisymmetric £1). Under Ghor(2) = diag Q, V)W'Apor (W (17)
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Figure 4: Structure of analysis HOF building block (shownNbe 6 and fifth-order).

Magnitude Response [dB]
Magnitude Response [dB]

Normalized Frequency Normalized Frequency

Figure 5: Normalized frequency responses of the prop8se82 third-order BOLPFB (solid lines) and the traditiortak 32 BOLPFB
with the cascaded order-1 structure (dotted lines). (Left) analysis bank. (Right) synthesis bank.

and its inverse is building block. To realize even-order LPFBs is a challenging prob-
1 _ /T o 11 lem. Fortunately, the proposed building blo€k(z) satisfies the
Gror(2) = WAor (W diadQ = Vo). (18) e 1p building block conditionG(z) = zNDG(z 1)D [2].
Aqor (2) is formulated as It suggests that HOF building blocks can be cascaded each other
) . . without losing the LP property. The previous subsection also intro-
Anor(2) = zN diag A HoF (éfj), —Anor(Z j)) (19)  duced an order-1 building block as a subclass of a HOF building

) o block. After all, even-order LPFBs can be realized by cascading
whereQ andV areM/2 x M/2 nonsingular matrices\ior (1) =  order-1 and HOF building blocks.

UL 1, 7 =5 j+2andN is the highest positvie power among

z'jandz ;. If U=L =1, the HOF building block is the same 3.4 Comparison of the Numbers of Required Building Blocks
as an order-1 building block. Furthermorelif=T and (U —1)  and Design Parameters

is a block diagonal matrix with Jordan blocks, the building block st \ye compare the number of building blocks (excEg) to

is the same as a FOLPFBS’ component. It means that these WRe (raditional BOLPFBs. By using the HOF structure, the num-
traditional building blocks are special cases of the proposed HORg of the blocks can be at most two upNbth order. In other

structure. The building block structure is illustrated in Fig. 4. Inyyogs, the structure can have various filter lengths within two HOF
this figure, a black/white triangle indicates a delay/advance elemeryu”ding blocks. Conversely, the number of building blocks for tra-

and the number besides the triangle is the power of the element. yjiional BOLPFBs depends on their required filter lengths. In the
It can permit an odd-order (up (&1 — 1)-th order) LPFB with  ¢en_channel case, itFi)s easily calculatg(ﬂlas 1). ?
one HOF building block. Furthermore, the building black dloes Ot Next, we describe the number of design parameters. The com-
need to calculate its inverse as the matrix polynomialGor-(z) arison from third to sixth-order is shown in Table 1. In this table,
directly, since the inverse can be easily obtained as a product ¢f 1y anqg |-| areM/2, M modulo6 and a function that returns the
each element oA ior (1) andZ’; or Z ;*. largest integer less than or equal(ty, respectively. The number
of design parameters &&yor(2) in (17) could be some patterns
3.3 Realization of Even-Order LPFBs with HOF building  due to the structures & andU. However, the largest numbers are
blocks shown in the table for fair comparison. It is obvious that the HOF
In the above subsection, we formulate the HOF building block Structure always has fewer parameters than the traditional cascaded
However, only odd-order LPFBs are permitted by using a HOFOrder-1 structure. _ ) _
_ K Generally many design parameters yield better filter responses,
'e.g. Ainor (Z/)) is the product of théi, j)-th element ofA;or (1) and  however, the amount of the improvement and the eliminable num-
zZ’;. ber of parameters are trade-off. Especially if many channels or long
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Figure 6: Normalized frequency responses of the prop6sed6 fifth-order BOLPFB. (Left) analysis bank. (Right) synthesis bank.

Table 1: Comparison of the Number of Design Parameters

Order | Cascaded Order-1 HOF Build. blocks
3 3.2 2(L? +[L/2])
4 4?2 3L7 +2[L/2]
5 5L2 2(L+3[L/3] + [m/4])
6 6L° 3L2+2(3|L/3] + [m/4])

filters are required, reduction of the number of design paramete
is much recommended than slightly modification of filter perfor-

mance.

4. DESIGN

5. CONCLUSIONS

In this paper, we proposed a new structure of BOLPFBs by using
HOF building blocks. The building block is useful to design longer
filters. Furthermore, the number of building blocks is smaller than
the traditional cascaded order-1 structure which leads to reduce im-
plementation costs in practical signal processing applications. Our
future work is to derive more efficient structures.
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