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ABSTRACT the basic building block in Figure 1(a) are complementary
ilters. When they are added with same gain factorand kK,

This paper addresses a new approach for the design OEhey result in the perfect reconstruction:

multiband filters with step like magnitude responses and

extremely flat, weighted passbands downp@iBs. Our new H(ZFMT:J;Z. KeK, 1K|—G|:2| -K Kﬁ;a (1)
technique can also be used for the multiband step-wise g2 = =

approximation of arbitrary filter magnitude responses with where A(z) is the 2%-order aIIpass filter as in Figure 1(a):
precise transition band control. One marked advantage of the q. +72

technique is that our basic building blocks are the modified A; ( ) ZHI-T (1b)

polyphase (lIR) filters as reported in]{B]. The points of
transition from one flat-top to another, namely the multiple When K=Ky, the filter becomes an allpass function having the
transition bands of our filter are completely free of cross-over phase responsgv):
oscillations. One other advantage of this technique is that we are Koga~1

(- O
not confined to employing IIRs only. To this end perfect @(v)=-2 Z tan Mtar(er)D @
reconstruction FIR filters as in [4] can also be used. In both the L+ 0y U
FIR and IR cases our technique is general purpose and workgyherey is the normalized frequency.
for both real and complex valued filter coefficient cases.
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Figure 1: Two-path Polyphase Basic Building Block: Figure 2 Magnitude Response of the Basic Building Block
(a) The Structure, (b) The Allpass Filter Block with Gains K=1 and K=0.75. (a) Full-band, (b)

Zoomed in the Transition Band
It has controllable bandgand K, where kK is the gain of

the lower half band andKs the gain of the upper half band. If gain factors K#K then in the result the two-band filter
Figure 1(a) shows the form of the computationally as well as Will have band gains Kin the first band and Kin the second.
hardware efficient single coefficient second-order allpass Figure 2 shows the magnitude response of a sample four
building block employed in the parallel bands of the structure of coefficient (ninth order) two-band building block filter as in
Figure 1(b). Lowpass and highpass prototype filters combined inFigure 2(a) having gaind<1 in band 1 and #0.75 in band 2,



displaying smooth transition band characteristics as in cascaded, the resulting filter can be engineered to exhibit the

Figure 2(b). Additionally there are no oscillations in the desired multiband transfer function. If the simplest frequency

transition band which follows the transition band of the original transformation, that of real lowpass-to-lowpass as in (4a), or the

highpass filter (Figure 2). lowpass-to-highpass as in (4b) is used, then the mapping can be
It can be proved that the characteristics of the building block performed with first-order allpass filters.

filter is equiripple in both bands and displays a monotonic

cosine like shape in its transition region from one band to ,1 Zpe, ~ O and G:S'm("old"’new) (4a)
another. Their symmetric monotonicity in these transition M- az;few sinn(vo,d —vnew)
regions ensure oscillation free behavior. We observe the 7L o COST(Voy +Voe)  (4b
detailed behavior of the building block filter in its bands as well zgy = ———— and o=——2d_new (4b)
as in its transition region through the calculation of the filter 1+az,, COST(VO'd +V”ew)
frequency response. This is obtained by evaluating the transfer \vhere voq and vnew are the cut-off frequencies of the
function (1) on the unit circle, i.e. original and target filters respectively.
_ Ko Ky ey, Ko =Ky e (v)-2m) During transformation each delayor of the original filter is
H(V) =—-, ¢ +Te (3a) substituted with the functiono&@zew). As a consequence, the
where order of the resultant filter is kept the same as th_e starting-pc_aint
Koyl f-o 0 prototlypt_et order, and hence no increase in implementation
- _ oE 2i+1 complexity.
(po(v) 2 ; tan L+ 0y, tar( Z‘W)E (3b) On the other hand the Iowpass-tc_)-lowpass transformation
K ovenL M-a. 0 sgueezes or stretches the rest of the filter frequency response to
(Pl(V) =2 Z tan‘lg_z'tar( 2,'[\})|:| ensure that the target filter is real. It should be made clear that
1= (L+ay U the amplitude of the ripples is unchanged as a result of the
which gives stretching and squeezing process. However, the location of the
0 KK KK peaks anql _troughs of the r|pples, as well as the cut-off fre_qut_ency
DH(V)z\/MJ,MCOE(%(V)_ (pl(V)J, 2nv) eely) (3¢) and transition-band of th_e f||t_er are altered. In our appllcatl_on
% |:|2 _2 ) q the prototype two-band filter is prewarped so that the resulting
Cp(v) = tan (Ko + K Jsing, (v) + (K, = K, Jsin(gy(v) - 2rwv) target filter has the required transition bandwidth, and it is
H QKO +K, xosp, (v) + (K, = K )cogg, (v) - 2mv) centered around the new cut-off frequency. In order to create a

. ) . . o multiband filter a set of M two-band filters are cascaded to
As the building block filter is a linear combination of two .

complementary equiripple polyphase filterg;[], the building - - ()
block filter will also have an equiripple behavior in both its H(Z):&“ﬁEK,-HK, ﬁA (Z)+K.-1—K. - ﬁJA m%
1= E 1= e i1 1= 2 7-3

bands. For the class of allpass filters (1b), which we use here, 2 Ki4 ! K
their phase response changes monotonically between zero and ) _ ) e
-21. Therefore the overall filter (3a) has magnitude response atVhere K...Kw.1 specify magnitude response gains of the overall
frequencies near DC (smal), |HW)[=Ko, and for frequencies filter in all their passbands.

near Nyquist frequencyv( close t00.5), |[HQl=Ki The Cut-off frequencies are ch_anged_through the Io_wpass—tp-
magnitude response for frequencies between DC and Nygquist i$0WPass frequency transformation as in (4a). The variable M is
determined by the dynamics @f(v) and @u(v). With reference the number of bands of the overall target filter. Each of the
to (3¢) functionsp(v) and@(v) have to be custom designed to building block filters must have magnitude response equal to

) . unity in their first band, ensuring the magnitude response shape
ifgrfheetzitagg:rgz%ﬁ)ggug(:&ﬁm}Stgcgﬁ dag)rﬁ)gommately zero created by the preceding cascaded sections are unaltered. This

The building block order, though the scaled sum of two idea is clearly exposed_m F_|gure 3, for the case of M=4'_ The
; . ; X . next band of the target filter is created through careful choice of
complementary functions, will not increase in complexity and

will retain the order of the prototype highpass/lowpass filter. the scaling factor K.

This may seem wrong at the first glance as addition of two HVI 1 Ky/1
transfer functions usually leads to the filter order equaling to the
sum of orders of the added filters. However, the key to the H.w) 1
pegged order of complexity lies in the fact that we are using the

same structure to generate both lowpass and highpass filters. KoK, 05V
[Hy(w) 1

0.5v
KoKy

THE MULTIBAND STRUCTURE

0.5v
At the heart of the multiband polyphase filter lies the two- K K Ks

path halfband building block. As its name suggests, the RO ! :

halfband filter is restricted to having cut-off at half-Nyquist.

However, this is not a problem as the cut-off can easily be

changed through the use of frequency transformations, a§:

outlined in [3-[7]. If a number of such two-bandltérs are

0.5v

igure 3 Composing Multiband Magnitude Response from
Frequency Transformed Basic Building Blocks



Every building block filter is designed with requirements for O, )

. - - 0 anOK2 0 M2 K2 w0 K2
ripples and transition bands so as to match the specifications fofH[’, = K30 1+10™ B(Tm —1HD N K; +107° Etl— K;

the overall target filter. Furthermore each building block filter Hgf;,m m1 port "7H(10)
undergoes a lowpass-to-lowpass transformation. As a result of

the stretching and squeezing on the magnitude response causeq =1-|H
by the transformation, it is not possible to calculate coefficients h lculati f th ired att " band
0j in a straightforward manner as in (4). This is because the . € caiculation o e required attenuation (passban

transition band after the transformation is not centered around”pples'ss) of the prototype polyphase filters requires solving a

the target cut-off frequency. The transformation process alsoS€! of linear equation8wsw-1XEv-1:=Bwmxa. This is a standard
linear programming problem which was solved in MATLAB

complicates the calculation of the required transition band of the™ =<' ! .
lowpass prototype filter. Therefore an iterative approach hasWith Ip" function.

forbandsj = 0O, ..., M-1.

min j

been adopted for calculation of the frequency transformation K, K, Ky O 0&, O
coefficient for each basic two-band subfilter, and is summarized O 0 *
0 Kz KM &so u‘:R O
as follows: AcK. K K g e 2 /k D 0% O11)
= = 1 = .
1. Specify the target cut-off frequenayi» and target transition 0l . M0 = : E 0- O
bandAv. (vcu=0.25 is the original filter cut-off frequency). o: O %S,M ¢ O HemH
2. Calculate coefficiera from (4a) B Koo KB b w0
3. Inverse transform the upper and lower edges X of the whereer 1..m are the required ripples.
target filter transition banh,w.=VeuztAvz into vy 7. using
-1 MULTIBAND COMPLEX STRUCTURES
= L 6
Vi =tan @g +1 amv, r, Q/ZT[ © The idea outlined for the design of multiband real IR filters
) ] has been extended to the design of complex multiband IIR
4. Modify the target cutoff frequency using: filters. This is done by combining the lowpass-to-lowpass
Av. V +v frequency transformation with a complex rotation in the
Veuz = Ve + 22 LT+ TAT- (7) frequency domain:
\Y) —V7_ ; -
LT+ AT z=cz where = gV (12)

5. If the modification done is grater than the allowed frequency
error, then go to step 2, else:

6. Calculate the required transition band of the prototype
lowpass filter using:

The idea is very similar to the real case and only requires
small modifications to the equations used previously to
incorporate an additional frequency transformation (12) on the
prototype polyphase filter prior to changing its cut-off frequency

Av1 =V ~ Vg (8) through (4). The structure of Figure 1 is modified by the

addition of a phase shift byv2 to each delay operator in the

Another problem is the specification of the attenuation for transfer function. This rotates the magnitude response of the
prototype filters so that the ripples of the overall filter in each of prototype filter byAv=0.25 QA@=172) in the frequency domain.
its individual passbands have the desired value. The passband Hilbert transformer may be used to make & phase shift.
and stopband ripples,, andes, respectively of the polyphase
filter are related to each other throughggf+e?=1 [2] and the EXAMPLES
overall multiband filter is designed as a cascade of such filters.

Here we show two examples, one for the real and one for

The implication of this is that one can not get magnitude the complex case. We set similar specifications to both designs
response ripples to exactly match the specification. However,. P ' : P Y
order to make comparisons between the real and complex

one can design the basic polyphase filters so that the resultin . o i . .
ripples are smaller than the specification calls for. The geagn methods. The specifications for both filters are given in

minimum values of the magnitude response in both passbandsTable 1 and the results are presented in Figure 4 for both cases.

_ _ . : —In both cases the resulting overall IR filter order is 50 (81
Ll-;l:(;Obi:}gillghglgépka]cﬁf:ra:lfje'rlppl% andes) of the basic two multiplications). This is a vengood result considering the

ripples that were achieved in each passband. These were better
HZ, , =K? +10’%°(Kf —Kg) and &= 4] H.,(9 than what was required. The cut-off frequencies and transition
HE, | =K? +10"V10(Kg —Kf) and £=4 H, ba_nds Wer_e_ach|eved with accuracy bordering on _the floating-
point precision of the computational platform. This level of
where A is the stopband attenuation in dB of the polyphaseaccuracy can be apportioned to the prototype polyphase filters
lowpass filter employed in constructing the two-band building having only four to six coefficients as well as the simple first
block. If a number of such basic two-band building blocks are grder frequency transformations employed. As a result of the
cascaded to form a multiband filter, then the ripples in eachsmall number of computations are involved, 81. For comparison
passband become a function of all the prototype polyphasewe compared our algorithm with YULEWALK one (real filters)
lowpass filter attenuations and the minimum gaimijHih each  designed for identical specifications [8] (Figure 4a). Although
passband (passbhand ripplgscan be calculated from (10). the specifications for level values were achieved, bandedges



were all shifted approximately h¥0.0015 and ripple values
were a lot higher than for the polyphase approach (Table 1).
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Figure 4 Magnitude Responses of the Five-Band Example

Filter, (a) Compared to Yulewalk, (b) Zoomed
into Passbands
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SOME REMARKS

In this paper we presented a novel technique for the design

of multiband IIR filters, employing two-path polyphase building
blocks achieving solutions to the very stringently specified

magnitude response requirements for both real and complex
cases. The structure suggested in Figure 1 is the most efficient,
if not the only way, to implement this class of filters, as
computing the equivalent IR transfer function would necessitate
too many convolutions and hence suffer from numerical error
accumulation.
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Band Number o | o | 1] . 2 - 3 - 4
Real Filter Case
Gain 2 10 4 - 8 - 6
Ripples required/achieved [19 100/1.41 100/6.6 100/6.84 100/9.1 - 100/8.23
Ripples for "Yulewalk" [107] 0.42 15 1.15 0.4 0.1
Cutoff freq./Transition band - 0.1/0.1 0.2/0.01 0.3/0.05 0.4/0.075
Complex Filter Case

Gain 2 10 4 - 8 - 6
Ripples required/achieved [19 100/0.307 100/6.6 100/6.84 100/9.1L 100/8.£3
Cutoff freq./Transition band - -0.3/0.2 -0.1/0.02 0.1/0.1 0.3/0.15

Table 1 Specifications and Results for the, Real and Complex Multiband Filter Design Example.



