Digital Filter Banks

The digital filter bank is set of bandpass
filters with either a common input or a
summed output

An M-band analysis filter bank is shown

below
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Digital Filter Banks

* The subfilters H, (z) in the analysis filter
bank are known as analysis filters

* The analysis filter bank is used to
decompose the input signal x[n] into a set of
subband signals vy [n] with each subband
signal occupying a portion of the original
frequency band
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Digital Filter Banks

An L-band synthesis filter bank is shown

below . e
el ?

It performs the dual operation to that of the
analysis filter bank
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Digital Filter Banks

* The subfilters F (z) in the synthesis filter
bank are known as synthesis filters

 The synthesis filter bank is used to combine
a set of subband signals ¥ [n] (typically
belonging to contiguous frequency bands)
into one signal y[n] at its output
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Uniform Digital Filter Banks

A simple technique to design a class of
filter banks with equal passband widths is
outlined next

Let Hq(z) represent a causal lowpass digital
filter with a real impulse response hy[n]:

Ho(2) =2 holn]z™"
The filter Hg(z) is assumed to be an IR
filter without any loss of generality
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Uniform Digital Filter Banks

 Assume that Hy(z) has its passhand edge wp
and stopband edge ws around /M, where M
is some arbitrary integer, as indicated below

il M.

0 T 2n
I
M

Copyright © 2005, S. K. Mitra




Uniform Digital Filter Banks

* Now, consider the transfer function Hy (z)

whose impulse response hy[n]is given by

hi[n] = ho[nJe 12¥MM — h[nJwy",
0<k<M -1

where we have used the notationW,, =e~i2/M
» Thus,
H @) =S hdnlz " =37 hanl(aw ),

0<k<M-1
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Uniform Digital Filter Banks

* ie.,
Hy (z) =Ho(zW), 0<k<M -1

* The corresponding frequency response is
given by
H, (e1®) = Hy(el(@-2k/M)y o<k <M -1
* Thus, the frequency response of H, (z) is
obtained by shifting the response of H(z)
to the right by an amount 2rtk/M
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Uniform Digital Filter Banks

* The responses of Hy (z) , He(2), - . ., Hc(2)
are shown below

Copyright © 2005, S. K. Mitra

Uniform Digital Filter Banks

* Note: The impulse responses hy[n] are, in
general complex, and hence |H (e1®)| does
not necessarily exhibit symmetry with
respectto ® =0

 The responses shown in the figure of the
previous slide can be seen to be uniformly
shifted version of the response of the basic
prototype filter Hq(z)
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Uniform Digital Filter Banks

» The M filters defined by
H (z) =Hg(zWl), 0<k<M -1

could be used as the analysis filters in the
analysis filter bank or as the synthesis filters
in the synthesis filter bank

« Since the magnitude responses of all M
filters are uniformly shifted version of that
of the prototype filter, the filter bank
obtained is called a uniform filter bank
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Uniform DFT Filter Banks

Polyphase Implementation
« Let the prototype lowpass transfer function
be represented in its M-band polyphase
form:
Ho(@) =Y 2 E 2™)
where E,(z) is the ¢-th polyphase
component of Hy(2):

E/@) =Y o&[nlz "= sholl+nM ]z 7",
0</<M -1
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Uniform DFT Filter Banks

* Substituting z with zW,\‘}I in the expression
for Hy(z)we arrive at the M-band polyphase
decomposition of Hy (z):

H (@)= X0 2 Wy B, M)
=Ytz Wy E, M), 0<k<M -1

* In deriving the last expression we have used

the identity WM =1

13 ) :
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Uniform DFT Filter Banks

» The equation on the previous slide can be
written in matrix form as
Eo(zM)
=il M
_ K -2k oy —(M=Dk 2B (27)
H(@)=11 Wy Wy Wy N g M)

M VEy 1 2M)
0<k<M -1

14 ) :
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Uniform DFT Filter Banks

 All M equations on the previous slide can
be combined into one matrix equation as

M
e 11 1 .. 1 Eo(z™)
0 —1 R —(M-1) -1 M
Hy(2) 1 WMz WM4 WMZ‘MI’ 27E(z)
Hy(2) |=[1 Wy Wyt e W ZMD 726,z

Hzf(Z) : —:M—l —Z:M—l. L M-1? :
M-1 1 WM W MDD 7D (M

\/71
M D

* |In the above D is the M x M DFT matrix
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Uniform DFT Filter Banks

* An efficient implementation of the M-band
uniform analysis filter bank, more
commonly known as the uniform DFT
analysis filter bank, is then as shown below

M-point IDFT
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Uniform DFT Filter Banks

» The computational complexity of an M-band
uniform DFT filter bank is much smaller than
that of a direct implementation as shown

below
o — s | vt
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Uniform DFT Filter Banks

 For example, an M-band uniform DFT
analysis filter bank based on an N-tap
prototype lowpass filter requires a total of
%logz M + N multipliers

» On the other hand, a direct implementation
requires NM multipliers
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Uniform DFT Filter Banks

* Following a similar development, we can
derive the structure for a uniform DFT
synthesis filter bank as shown below

g
5
%

L-point DFT

Type | uniform DFT

Type Il uniform DFT
synthesis filter bank

synthesis filter bank
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Uniform DFT Filter Banks

e Example — Using Program 13 _8 we design
a length-23 4™-band linear-phase FIR filter
whose polyphase components are given by
Eo(2) = 0.0016369 — 0.011218882 ™" +0.063114872
+0.2208852 " — 0.02725552 " +0.00382692 >
E,(2) = 0.0031396 — 0.02517492 " +0.1475332 "
+0.14753292 " —0.02517492 ¢ +0.00313962
E,(2) = 0.003827 - 0.02725552 " +0.2208852
+0.6311492 7 —0.01121892 % +0.0016372 >
E4(z) = 0252 "
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Uniform DFT Filter Banks

 The 4 filters of the 4-channel uniform DFT
filter bank are then given by

HO(Z) 1 1 1 EO(Z4)
Hi@ | 1§ -1 —j| 2Bz
Hy(@) | |1 -1 1 =172, (2%
1 —j -1 j 2
H3(Z) J J Z—3E3(Z4)
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Uniform DFT Filter Banks

* Now Ei(z'vI ) can be expressed in terms of

Eo(z") Ho(2)
7'g (") 1| M@
z’zE?(zM) = 2| H2®

Z—(M—l)éMil(zM) Hy-1(2)

 The above equation can be used to
determine the polyphase components of an

IIR transfer function Hq(z)
23
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Uniform DFT Filter Banks

» A plot of the gain responses of the 4
analysis filters is shown below:

Four-channel uniform DFT analysis filter bank

. dB
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Uniform DFT Filter Banks

e Example — We develop a 3-band polyphase
decomposition of the transfer function
a+bz!
H@2) =",

/<1
1+cz

» From the matrix equation given in the
previous slide we have

Eq(2°) J1 1 H@
27'E,(2%) =3 Wi W2 || H(zwg)
726, (2) | T WP W[ H W)
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Uniform DFT Filter Banks

e Therefore,

Eq(2°) =1[H (@) + H (2W5) + H(@W5)]
_a+bc?z?

-1 3 1+C3273 1 1 2 2

27'Ey(2°) =4 [H (2) + W5 H (2W5) +W5'H (2W5)]

—z"( b-ac j
1+c3273

276, (2%) = J[H (2) +W5H (2W5) + W5 H (2W5))]

_»( —bc +ac?
=2 3.3
1+c’z™
2
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